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ABSTRACT

Industrial decarborsation, involving hardo-abate sectors and key carbon dioxide removal (CDR)
technologies, necessitates geologi€a disposalstorage Geologicaktoragecan be performedia
solubility and hydrodynamic trapping in sedimentary basins, or alternativalthe novel approach

of CQ mineral trappingn mafic/ultramafic lithologies, known as-gitu mineral carbonationreland
currently lacks specifidargets for the deployment ofcarbon capture and storagéCCS)or CDR
technologies By characterisinghe geological storage potential of GQyovernment targets for CCS
deployment will be more easily implemented. Thereforkistthesisinvolvesmapping,screening,
ranking, and characteritng igneous lithologies in Irelandor CQ storage via insitu mineral
carbonation Mappingof the lithologies highlighted 2§roups ofgeologicaformationsacross Ireland
considered as candidate gf@servoirsfor in-situ mineral carbonationThese geological formations
were screenedusing several criteria covering mineralogical, structural, socioeconomic, and
environmentalconditions The ranking process identified the Antrim Lava Group (ALG) flood basalts
as the most suitable for mineral carbonation, given thpgdximity to major power plants in Ndrern
Ireland and sufficient thickness for €i@jection. The autcropping netagabbro of the Connemara
MetagabbreGneiss ComplexMGC)emerged asthe most promisingcandidate reservoirin the
Republic of Ireland potentially extendingup to 10 km offshore and having high secondary
permeabilityfrom Connemaranetamorphism The Dawros Peridotite intrusion, despite its small size,
was also identified for further study due to its ultramafic compositfetrology ananergydispersive
X-Rayspectrometry (ED$ characterisationwere performed forthe geochemical characterisation of
these three reservoirs The ALGcompriseslarge glomeroporphyriticforsterite within coarse
crystallineophitic/sub-ophitic groundmass labradorite and augiteith secondarymineralisationof
mostlyCarich zeolitesHowever forsterite is often altered to iddingsite and variably to clay minerals.
The MGC contains highly anorthic plagiockaseémagnesiohornblende bughows variablg@hyllicand
propylitic alteration toquartzsericite-pyrite and epidote-chlorite-albite assemblagegespectively.
Lastly, the Dawros Peridotitis altered from its ultramafic protolith to amphibolserpentinetalc-
carbonate faciesindicatingserpentinisation andhatural carbonation hae occurred.Therefore, the
methodologies applied to the three formations identify the appropriate mineralogy for mineral
carbonation but secondary alteration productparticularly phyllosilicateand zeoliteswill also be
incorporated into carbonation reactionshere present
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1. INTRODUCTION

1.1 Background
1.1.1 Geological C£5equestratia

Geological sequestration of €@ 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 havelesgjéeiogic
(structural and stratigraphic) traps félhe accumulation of CO Alternatively, sequestration can be
achieved in deep sandstone and carbonate aquifers that induce earlier solubility and hydrodynamic
trappingfollowed bymineral trapping Zhangand Song, 200)4Hydrodynamic trappingefers to the
entrapment of buoyant fluid (supercritical €@ this caselunder an impermeable caprock, whilst
solubility trappingrefers to the dissolution of GGn the reservoir formation fluid (Zhang and Song,
2014).0ther forms of sequestration include cavern trapping within salt structuRegofipai et al.,
2022 and adsorption trapping in dry coal bed reservoirs for enhanced coal bed methane recovery
(Bachu, 2003). A further G®equestration technique, mineral trapping, immobilises, @@hin the
subsurface by precipitating out solid carbbasting, carbonate minerals for losigrm CQ trapping

and nontoxic disposal. ksitu mineral carbonation refers tiie injection and mineralisation of G@

a rock reservoir, distinguishable from-situ and surficial techniques (Kelemen et al., 2019%xitin
mineral carbonation occurs in a series of reactions. Initiediyperal dissolution in a rock formation
occurs as injected GOnteracts with and acidifies formation waters to achieve solubility trapping
(reaction (1)). Subsequently, by increasing the temperature and pressure in the reseryas CO
injected into, C@solubility will decrease, dissolved 84l dissociate, and bicarbonate and carbonate
ions form (Portier and Rochelle, 2005).

(1) CQug+ HO = HCQ = HC®'+ H = C@'+ 2H

The main requiremenfior successful mineral carbonation in a potential resource is the occurrence of
silicate minerals rich in metal divalent cations, typically’M@a&" and Fé*. The acidified formation
water promotesthe dissolution of rockbearing silicate mineralthat release these metal divalent
cations,which subsequently react with the bicarbonate and carbonate ions in the flugdsilting in

the formation of a variety of carbonate (carbéearing) minerals (reaction Y2

) 2(Ca,Mg,FéJ + CG + HC® =2(Ca,Mg,Fe)GG H

The above reactions assume the unaccountedidias will be consumed by further wateock
interactions, such as the dissolution of calciich plagioclase (reaction (3Mat buffers the pH
decreaseof the fluid enhancing solubility trapping and carbonate precipitation via mineral trapping
(Matter and Kelemen, 2009).

(3) CaAISOs + 2H + HO = C& + AbSEOs(OH)

Sedimentary lithologies typically utilised for deep sedimentary b@€hsequestration contain limited
divalent metal catiorrich silicate minerals, and so any mineral carbonation rates that occur in these
carbon capture and storageCCP systems are slow, with numerical simulations of Gulf Coast
sediments showing mineral sequestration-&,000 kg COmM 2 at rates of 0.0015 kgryr* (Xu et al.,
2004). Bettersuited lithologies for mineral carbonation are those that contain high percentages of
basic, silicate minerals such as olivifMdd,Fe.SiQ), serpentine M1gsSkO1o(OH}) and pyroxened.g.
augitet(Ca,Na)(Mg,Fe,Al, Ti)(Si2®), such as mafic/ultramafic igneous and metamorphic rocks



including basalt, gabbro, peridotite, and dunite. Basalt, a commonly used mineral carbonation
reservoir rock, is variably comprised of such reactive mineralssarapable of consumingl.8 x 16

tons of CQper year globally viaaturalcarbonation reactions (Dessert et al., 2003). Dunite, an olivine
rich rock, has been numerically simulated to be capable of stein@00 kg COM = at a rate of 0.1
kgnt®yr! (Xu et al., 2004), and pilot injection tests have verified mineralisation N two years
(Snaebjornsdattir et al., 2020). Peridotite, a lithology that comprises 0 olivine, shows promise

as a mineral carbonation reservoir rock as it containg 80 wt% of MgO+CaO=+FeO, double that of
the olivine potential in the more mineralogically diverse basalt (Marini6200atter 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 €@nd to provide reactive surfaces for mineral carbonation
reactions (Matter and Kelemen, 2008)afic to ultramafic lithologies are considered unconventional
reservoirs for CCS as their crystalline nature often lacks primary porosity and permedbingyver,
extrusive, basaltic reservoirs can contain primary porosity and permeability resulting from vesicularity
produced by the exsolution of magmatic gases from the lava flow during emplacewfesitularity

in basalts is often internally variable withirvéaflows.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., 201 Consequently, these internal sections can act as flow barriers
within basaltic reservoirs (McGrail et al., 200d@any potential igneous and metamorphic rocks with
mineral potential for carbonation can contain networks of mionacroscale geological structures,
such as faults and fractures, that form from processa®wying 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 infeQtedd
reactive surfaces for mineral carbonation (Petford, 2003; Tullborg and Larson, 2006). Secondary
permeability igparticularlyessential for storage capacity and fluid flow in plutonic/intrusive lithologies
such as gabbro or peridotitevhere primary porosity and permeabiligre low. Given the importance

of structural networks for permeability and fluidck interaction in mineral carbonation sites,
guantification of theconnectivity of thesestructural networksis crucial to determiing a mineral
carbonation reservoip potential (Matter and Kelemen, 2009).

Permeability maintenance isrucialto in-situ mineral carbonationAs carbonates mineralise in a
reservoir formation, they reduce the space available for furthep ©f@ction or serve to seal off
structural fluid flow networks over time (Paukert et al., 201R)rthermore, as carbonate minerals
precipitateand form reaction rims arounthe reactive minerals in the reservoir ragkey eventually
create larriers between the C@rich fluid and the unreacted mineral cores (Matter and Kelemen,
2009). Whilst potentially selfmiting, some studies have shown that rapid crystallisaticseppentine

in pore spaces during the hydration of olivine can produce enough stress to fracture the rock (Evans
et al., 2020). As sucharbonate mineral formation within carbonation reservoir rocks may generate
brittle deformation and create further porosity and permeability, sustaining the ability to inject and
mineralise C@® Readbn-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 texture®bservedin carbonated peridotite, with fractures even tite microscopic scale,
confirm the reaction is not selimiting (Matter and Kelemen, 2009). Naturally occurring cyclic
mineralisation and fracturingire also observed in carbonated serpentinites in Italy (Cipolli et al.,
2004).

When injecting C&into mineral carbonation reservoirs as a supercritical, siphlase fluid, the CO
plume will be buoyant. The buoyancy necessitates an impermeable seal or cap rock to prevent CO
from migrating to the surface after injection. Therefore, reservoirs suitable for supercritical CO



storage are geographically restricted because they require strict structural criteria and constant
monitoring to track possible GQOmigration. Instead, injecting G@Qaturated water instead of
supercritical Ce®can be beneficial for two reasons. First, watkssolved C@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 increaseshe number of crystalline lithologies that can serve as mineral carbonation
reservoirs (Kelemen et al., 2019). Second:-§&@urated water has a lower pH than supercriticab,CO
which enhances the dissolution of crystalline rocks, liberating more divalent metal cations available
for carbonation reactions (Fricker and Park, 200While the use of C&aturated water carries
benefits over injected supercritical gCcoinjection of water and CQinto prospective mineral
carbonation reservoirs (in the amouniseded to attain dissolution trapping) requires large quantities

of water,~26 tonnes of water for every 1 tonne of €@igfusson et al., 2015). A greater depth of CO
injection will lower the volume of water required for complete dissolution trapping (Campbell et al.,
2022).

Mineraklcarbonationbased 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, permeatyil and thickness) but can be suited for CDR using
other techniques. Esgitu mineral carbonation involves either singlep direct carbonation, utilising
rock (often comminuted to increase reaction surfaces), or more complex -stafti indirect
carbonaton by extracting Ca and Mg for the reaction (Hawrot et al., 2022%itixcarbonation
requires a suitably reactive rock for quarrying and reacting with €Qr example, mine tailings may

be repurposed for esitu carbonation, decarbonising the initial mining activities. Furthermore,
surficial mineral carbonation, also known as enhanced rock weathering (ERW), is a process in which
suitably reactive, powderetbck is spread over land or coastal areas where it reacts with atmospheric
CQ. ERW includes a Cdehnique known a®cean Alkalinity Enhanceme(@AB, where crushed
olivine or brucite is released into acidic ocean waters to react with dissolveddZ@ing carbonates
(Renforth and Henderso2017).

1.1.2 Global requirement for&bon Storagdresearch

The quantified warming of the Earth since finglustrial 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 Agreemarntasall signatories to abide by a reduction in
global greenhouse gas emissions by 45% by 2030 and to be entiretgnoetty 2030 to curb global
temperature rise to < 1.5 °C (IEA, 2022a). This global temperature increase is a product of
anthropogeniederived greenhouse gas (GHG) emissions, particularlya@ti CQ, which reached
59+6.6 GtC@&eq in 2019, 54% greater thai38 GtCQ@-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 beaddressed, in part, via decarbonisation techniques such as carbon capture and utilisation and
storage (CCUS).

The 2022 Announced Pledges Scenario, provided by the IEA (Internatiergy&gency), 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 (NZB€enario of stabilising at 1.5 °C (IEA, 2022a). The total cumulative
net CQ 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 Sustainabl



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, requirex@ase 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 witha combined capture capacity of 199 Mtpa of GGlobal 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 Captdr&Stamage (DACS) and Bioenergy with
Carbon Capture and Storage (BECCS) (IEAa)2@¥cause CDR helps offset residual emissions,
without the continued commission of power plants (excluding biofuel power generation), investment
and deployment are expecteat an unprecedented pace over the next three decades. However, CO
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 emissiotizerathan removing C©Ofrom

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 reigement for permanent geological storage for integrated capture
storage technologies, such as biochar, afforestation, ,Otel 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-Btumineral carbonation in Ireland.
Following COP26, Ireland ratified the Climate Act Z&ddcommittedto achieve a 51% reduction in
overall GHG emissions by 20@®m levels in 201Band to attain netzero GHG emissions by 2050
(DECC, 2022a). Enemgyated emissions accounted feb7% of total GHG emissions (61.8 Mi€dn
2021, of which 29% were a result of electricity generation from-r@mewable sources such as gas
coal, oil, and peatfired thermal plants (SEAI, 2022). In the same yearbon intensity was 348
gCQ/kWh, the first increase (+12% from 2020) since 2016, where levels have returned above that
recorded in 2019.

The electricity sector has been outlined for a 681% reduction in emissions by 2030 in the 2021
Climate Action Plan. Electricity interconnectors between Ireland and Northern IrelandQeead
Britain) almost continuously import and export electricity to balance theisédind 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 thendg to encourage renewable
imports.

~

To achieve largscale decarbonisation of the electricity sectokE o v [+ o]Ju S proppsesNo v
an increasen 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, 202Ra)wever, the unreliability of windeneraed
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electricityin 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 alterreasiources of electricity generation beyond
2030 andare highly suitable for CCS and BECCS facilitigmectively.

The accompanying Annex of the Climate Act 2021 includes Action Numberti@soutlines theaim

of examining the feasibility of the utilisation of CCS in Irelarith a particular focusn 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 flity, Ervia Cork CCfer power generation and refining

is currently in development (est. 2028) with an outlined capture capacity of 2.5 Mtpa (Global CCS
Institute, 2021). This contrasisith large-scale investment in offshore carbon storage, BECCS and
other technologies from the Uke.g. Drax For Ireland to keepup with the emergingdeployment of

CCSr CDR technologieits geological reservoirs for GGtorageneed characterisingOutlining the

CQ storage potential in Ireland allows for feasibility studies of potential storage reservoirs,
encouraging investment by nearby £émitters or Direct Air Capturel¥AQ facilities. The recent
emergence of mineral carbonation as a viable CCS meghgBhaebjornsdéttir et al., 202@jghlights

a need to determine potential sites for successful pilot demonstrations in Ireland.

1.3 Knowledge Gaps in Irish tsitu Mineral Carbonation

In-situ mineral carbonation is still an emerging field globally, with few implemented pilot projects and
limited coveragein governmental reportingOwing 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 starage

In-situ mineral carbonation research has focussed orfélasibility ofbasaltic rock due tds common
occurrence on Earth and itgotentially high porosity and permeability. Pilot projects in the US
(Wallulg and Iceland (CarbFix) have demonstrated the success-sifuirtarbonation in basaltic
reservoirs $naebjornsdottir et al., 2030 Mineral carbonation research has expanded into
investigating the potential of peridotites (e.g. the Oman project) due to their ideal mineral
geochemistry and evidence ofatural mineral carbonation (Kelemen and Matter, 2008ther
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 carbonatitreland 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) $ashlts.
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 C&enriched fluids.

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



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 reservbhese will be reviewed based
available geological descriptions and data and applied to mineral carborfatisibility. Fieldwork

will focus on the outcome, with rock samples taken from the most suitable candidate/s for
petrographic analysis. In ddion, Xray Energy Dispersive Spectromet(#D$ analysis will
complement the petrology, allowing insight intbe elemental compositions of individual minerals
and the degree of divalent cation loss from alteration. The progression of this study is as follows:

(1) Does lIreland have onshore or proximal offshomafic/ultramafic geological formations
capable of imsitu 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 progresse 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 20" century are still highly cited (e.g. LylE979. Because of improvements in thsectioning

rocks and subsequent microscoplyjs important to pursue new petrography, with which mineral
carbonation theory can be applieBurther mineralogical assessment of the lithologies can be studied
using EDS analig.

2. IN-SITU MINERAL CARBONATION

2.1 Notable Mineral Carbonation Studies

Existing imsitu mineral carbonation projects, such as the Wallula Basalt Pilot in the U.S. and the CarbFix
Pilot project in Iceland, have achieved suco@dsGrail 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 Hellisheidi geothermal power plant, has
successfully demonstrated-gitu mineral carbonation in midcean ridgetype basaltsFollowing 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 (Gislason et al.,
2018).A previously drilled geothermal injection well with a geotherm oft30 °C wasitilisedfor the

pilot projed intersectinga 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 injechtGGhe
subsurface, the initial tests of which were carried suMarch 2011 Fernandez de LReguera et al.,
2010). These initial injection tesisstigated thedissolution of basalt rocks at 350, avhere a C®
injection pipe fitted with a modified sparger releasesienly distributed,aerated gas into down
flowing groundvater (Gislason et al., 201&ollowing these initial testshé pilot projectsuccessfully
dissolved and injected 230 tonnes of combined pure &M@ a C&@H,S gas mixture captured from the
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nearby Hellisheidi geothermal power plant alongside locally sourced groundwater (Snaebjornsdottir
et al., 2020). Discontinuous injection operations, a result of the unstable pilot gas separation at the
CarbFix site, resulted in decreasing permeability lpétdations, and supersaturation of iresulphite

and ironoxy/hydroxide minerals within the injection well until injection ceased due to the lowered
permeability. Despite the discontinuous injection operations, recovery ofreantive tracers allows
massbalance calculations to verify the success of the pilot injection phase (Gislason et al., 2018).
Greater than 95% of subsurface injected.G@as mineralised in one year, whilst theSHwas
mineralised in onlyour months (Gislason 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 Hellisheidi geothermal power
plant in 2014, launching CarbFix2 (Gislason et al., 2@H8hFix2 utilised a deeper basalt reservoir
(approximately 750n) with temperatures exceeding 250°C. By the end of 2017, they had successfully
injected 23,200 tones of CQand 11,80Gonnesof H:S. The injectivity of the injection well remained
stable, irdicating that thereservoirpermeability was largely unaffectaedineralisation over at least

3.5 yearsClark et al., 2020 The integration of the Silverstone project at the Hellisheidi Power Plant,
scheduledo begin injection in 2025, is set to increase the annual carbon capture capacity to 34,000
tonnes of C@ Additionally, a DAC facility operated by Climeworks is under construction and will
supply C@for the CarbFidMammoth injection site near the Hellisheidi Power Plant.

2.1.2 United StatesWallulaBasalt 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 PartnBiesnipWallula,
Washington, & 977 tonnes of supercritical C@ere 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 etl., 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,-bay diffraction (XRD) analysis determined secondary alteratimerals

of illite clays, zeolites, and celadonite (White et al., 20Z@g 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 posiy to act as caprocks for the flow tops below thehine 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., PO2€9. low
permeability, massive lavas are crucial to the success of mineral carbonation in these systems due to
the use of supercritical G@s the injected fluid, which has a slower solubility trapping than mixed CO
andwater andis more buoyant. Monitdng of fluidCQ interactions via downhole fluid sampling over

two years following the CQnjection affirmed no vertical migration of the injected fluid above the
lava caprocks (McGrall et al., 20Mg¢Grail et al.2014). Some fluid G@vas documented within the
reservoir lithologieswo years postinjection 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 hadcurred overtwo years since GOnjection. Basalt vugs

and cavities hosted small globular-Fend Carich 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, ®@ carbon and oxygen stable
isotope analysis (McGrail et al.,, 2014) and as having involved the dissolution of the host basalt



mineralogy based on observation of a progressive Fe enrichment from the centre of the ankerite
nodules towards the rim. These carbonate precipitates occupid 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 investigatedsir mineral
carbonation potential in Saudi Arabi&dtrova, 202D In western and northern Saudi Arabi&]
individual basaltic lava fields of Miocene age and younger, known collectively as Harrats, cover an area
of ~90,000 km. These basalts are fresh and relatively unalteieetrova, 202 However, many of
the Harrats basalts lie above the local groundwater table, making supercriticalinf&Otion
impossible and providing little hydrostatic pressure to attempt, @@3solved in water injection
(Petrova, 2020). Furthermore, only the Harrat Rahat basalt has sufficiently thick-sedteated
basalt and an extensive groundwater aquifer to makeiin mineral carbonation potential success.
With a water column sittingpnly 225 m abovehe basementrock, carbonation processes would
require the injection of large amounts of waterachieve enough hydrostatic pressure to dissolve co
injected CQ(Petrova, 2020).e Harrat water table is also further lowered by water withdrawals for
agriculture and use in the city of Madinah to the noritherefore, exsitu mineral carbonation may
be a more suitable alternative for basalts of the Harrats (Sahin, 2016).

The Oligocenaged and tilted, syift lava flows and volcaniclastics of the Jizan Group may offer a
more suitable reservoir for #itu mineral carbonation in Saudi Arabide Jizan Group basalts cover

an estimated surface area of 50 to 500 kmz, with a poorly constrained thickness of approximately 1
km (Hughes and Johnson, 2005; Oelkers et al., 2@&2}jhebasaltic volcanics dip 2% 30° west
underneath Miocene sediments, they are suggested to be sufficiently thick and saturated with
connate waters suitable for igitu carbonation (Toes, 2020). Despite observed variable mineral
alteration to chloriteepidote-calcite assemblagédgia partial lowgrade metamorphismand a lack of
primary olivine mineralsdissolution experimentsuggest the Si release rate is similar to fresh
crystalline basalt (Oelkers et al., 2022). Tlzan Groupasalsaredensely fractured and cut by dykes
(Fedorik et al., 2023)meaningthey are structurally unfavourable for buoyant pughase C®
injectionas CQ@can migrateupwards through faultsHowever they will have good permeability for
injecting CQ-charged water, particularly in regions where the basalt alteration to calsiless
extensive (Al Malallah et al., 2021). The storage capacity is suggested-4a2b8t, 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 woclvering over 15,000 kh{Kelemen and
Matter, 2008), and comprised of peridotite, and containing areas of exceptionallydesdloped
listvenites, examples of naturally occurringsitu mineral carbonation. Mineralogical and isotopic
data suggest listvenite formdualy interactingperidotite with CG-rich fluids sourced from underlying
sediments during the obduction of the Samail Ophiolite (Falk and Kelemen, 2015). In pie&ces
process hagntirely carbonated the peridotite and represents a potential natural process that could
be replicated artificially in the form of igitu carbonation (Matter and Kelemen, 2009). The capacity
for CQ storage in the Samail Ophiolitedeormouswith models showing that by addirmpewt% CQ

to its peridotite, the ophiolite could capture onrguarter of all atmospheric carbofMatter and
Kelemen, 2009Despite this, the cost and rate of carbonation generate limiting fadtodeveloping
this resource (Streit et al., 2009)he ate of carbonation is limited due tpoor access for C&ich
fluids to the reactive peridotite surface arbacause otheir low porosity and permeability. Hydraulic
and reactiondriven fracturingare suggested as potential solutions to addréisese issuegMatter

8



and Kelemen, 2009 The company, 44.0lyas formed in 2020 to mineralise G Omanand is
currently engaged in a pilot injection test into peridotite lithologies. The injection boreholesicpeel
to reach a depth of 1000 m and utilise &riched saltwater as the injection fluid (Planet A, 2022).

2.1.4 Portugal: hCarbonProject

The hCarbon project, funded by the Fundacédo para a Ciéncia e Tecnologia, is designed to assess the
potential of insitu mineral carbonation within mafic lithologies in the Alentejo region of Portugal
(Moita et al., 2020). This regicof Portugal containseveralmajor sourcesof CQ emissions and
gabbroic intrusiongomprisingfavourablemineraloges for mineral carbonation reactions (Pedro et

al., 2020).nCarbonis currently one of the only projects exploring the potential of gabbro fesitun
mineral carbonabn with supercritical C®fluids (Pedro et al., 2020). A total of ten geological
formations were identified in the Alentejo areasubsequentlyscreened 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., 2B&0argest of the
assessed geological formations, the Beja Gabbros, was eliminated due to their proximity to a major
groundwater aquifer (Pedro et al.020). 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
Cretaceousaged Sines Massif is directly adjacent to the coast and several emiszinces
Furthermore, the offshore area of the Sines Massif is suggested to be considerable (c.%300 km
provided it directly relatedo 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 offshorg ekte

the Sines Massif would remain significan

Two rock types within the Sines Massifmelanocratic cumulate gabbro and a gabbiorite, have

been analysed for their potential for carbonation (Moita et al., 2020). The melanocratic cumulate
gabbro is composed of clinopyroxene (diopsidegite), Mgolivine (forsterite), and equal amount$ o
tschermakite amphibole and calcic plagioclase, whilst the gatitmite has a more evolved igneous
assemblage composed primarily of less calcic plagioclase.pA), clinopyroxene, a minor Faivine
(Pedro etal., 2020). Minor mineral alteration produgtscluding chlorite and serpentinsurround

the olivine and pyroxene crystals (Pedro et al., 2020). Initial experiments showwhdst 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., 204&ough

the gabbros have mineralogies conducive to producing carbonation reactions, they lack-a well
connected, extensive dicture network (Pedro et al., 2020). Testing of core samples shows low
permeability and porosity (Marques et al., 2022), makingiin carbonation challenging, if not
improbable. However, with future experimental work, these gabbroic lithologies migbtibable for
ex-situ mineral carbonation.

2.1.5 Kenya: Cella Mineral Storage

Funded by the Frontier initiative and industry funditige Cella Mineral Storage project targets basalts
within the East African Rift Valley forsitu mineral carbonatioyaiming to establish Kenya as a carbon
removal hub for the regionOf 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 CarbFixBasalt outcrops are discrete, with irregular exposure patterns, and are often elahgate
parallel to the~N-S strike of the Kenya Rift. The basalt mineralogy is divensghasising therucial



need for petrological characterisation of these lithologiscerningmineral carbonation potential
(Okoko and Olaka, 2021). The northern Kenya Rift basalts have large thicknesses and volumes,
including the largest basalt lithologghe Kalakol basalysvith a volume 0f-2901.5 kmiand an average
thickness of 785 m (Cella, 2022; Okoko and Olaka, 208&)Kalakol basalts are primarily composed

of olivine-augite, with an aphanitic groundmass and phenocrysts (3 Inm) of augite, olivine, and
plagioclase. However, weathering and mineral alteration have occurred in these basalts to variable
degrees, anctalcite and quartz are often observed infilling fractures (Boschetto, 198).Kalakol

basalts are also compact, potentially having a lower porosity and permealidityather Kenyan

basalt groups (Okoko and Olaka, 2021).

The Barrier Geothermal Fieldsistto scale up alongside a newly developed MMY 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 basalte®ir that will be used for injection is unnamed,
Cella (2022) claisthey are a young (< Wla) sequence of olivine basalts, pyroclastics and trachyte
lavas.Unlike CarbFix, Cella intemtb developtechnology for injecting supercritical gpossibly
based on the pilot at Wallujén an attemptto reduee 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 £43 it is almost fully decarbonised, running on 92% renewable

energy. Half of< vC [+ o SE] ]3C }u * (E}u P }3Z EGuo v EPCU AJ3Z (p
planned over the next decadépenywe, 2022 X dZ ]JveS ]0]SC Jv < vGC [* v EPC pe* <
surpluses in its electricity grid generated from renewabldserefore, DAC plants that require large

amounts of electricity (Mbenywe, 2022) could wg#lithe surplus without affecting the electricity

supply. By putitasing this surplus, they could also help lower energy costs for consurheiss.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 amountrefe@ged

into the atmosphereTherefore, Cella will partner with Octavia Carbon, a Kdrased DAC company

that usesamine-based air filtration, claiming its first commercial machines shall come online in 2023.

2.1.6 OtherCarbon MineralisationdasibilitySudies:Japan, ItalyGreece, Malaysia, India

Though only a few countries and companies are directly investedsituiicarbonation pilot projects,
several others have outlined potential mafic/ultramafic lithologies with potential for such
development. Japan has identified a range of mafic/ultransdftbologies, such as large serpentinite
massifs and stihctive basaltic volcanoes that have a combined capacity of an estimated 700 million
tonnes of C@storage (Okamoto et al., 2006). Depending on the thickness of the recently extruded
basalt from vécanic centres in Japasome may have the required hydrostatic pressure to suppert 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 G@hjection (Okamoto et al., 2006). A total of 40 kg of §&3 was injected

into a 10tmeter-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, highpH groundwater within serpentinite lithologies of the Gruppo di Voltri, Genovight
makepotentially feasible irsitu carbonation reservoirs (Cipolli et al., 2DONatural analogues to this
serpentinite system, such as the magnesite deposits in Malentrata, Tuscany, show that the
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concomitant presence of both G@nd silica in groundwater fluids can induce cyclic hydraulic
fracturing for serpentinite dissolution and carbon mineralisation (Boschi et al., 2009). Futdtian
serpentinites, such as theé km? Pollino Massif in the southern Apennines, may also be a potential
in-situ mineral carbonation reservoir (Dichicco et al., 2015).

Severabther basaltic formations, volcanic islands, and ophiolitic units in Grhage insitu mineral
carbonation potential, particularly the ophiolite complexes of Mount Pindos and Vourinos, which are
also conveniently located close to power plant ;Cénissions sources (Kelektsoglou, 2018).
Pleistocene alkali basalts from the Volos Region represent promisipgni@€ralisation reservoirs

due to their silicaundersaturation, abundance of @earing minerals, and high porosity ranging from
15% to 23%. Tlse alkali basalts collectively offer a substantial storage capacity of 78,000 tonnes of
CQ (Koukouzas et al., 2019).

Petrographic ankR[analysis of the Segamat Basalt in Malaysia indicates it is rich in Fe-brd@ry
minerals with lesser M@pearing 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 CQstorage capacity of the reservoir.

Globally, the largest basalt provinces, such as the Siberian Traps in Russia or the Deccan Traps in India,
havea highcapacity for mineral carbonation (Shrivastava et al., 2016). Many of these basaltic volcanic
provinces contain similar suitable mineralogigsg. high pyroxene and plagioclas&r mineral
carbonation, including associatativalent cation abundancesnd dissolution kinetics, but reaction
products and rates of carbonation avariable(Shaef et al., 2010). Reaction tests with supercritical

CQ on picritic basalts from the Igatpuri Formati¢in the Deccan Basalt volcanic provihshow the
formation of ankerite within intergranular spaces (Prasad et al., 2009), similar to results at the Wallula
site in the US. XRD analyses of baS&kwater 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,,C@ilising local water sources, for mineral
carbonation into onshore reservoirs. More recently, the injection of f&red 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 reseing are near coastlines, such as the Jizan Volcanics in
Saudi Arabia, the Deccargps in India, and the Samail ophiolite in Oman. Additionally, the continuous
extrusion of fresh migbcean ridge and ocean island basalt presents opportunities for offshore
carbonation globallyOffshore carbonation offers several benefits, includmgimal 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 CQnjection, readily accesble saline water, and in some places already existing
borehole infrastructure (Holford et al., 2021; Pereira and Gamboa, 2d28)vever, offshore
carbonation also faces challenges, such as the high initial cost of offshore injection, transposting CO
to distant sites, and establishing suitable ;G@frastructure at ports. These challenges could be
mitigated by creating offshorBAC hubs that facilitate esite CQ extraction for injection.

Two offshore carbonation projects currently in development include the Solid Carbon projeitteand
CarbFiXCQSeaStone project.he Carbon Storage Assurance Facility Enterprise (CarbonSAFE) Cascadia
project, now the Solid Carbon Project, is evaluating the possibility of storing 50 million tonnes of CO
offshoreof Washington and British Columbaadinto subseafloor basalt formations in the Cascadia
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Basin (Goldberg et al., 2018). Various methods of @sport 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,
comprisingbasalt lavas overlain with 80 thick sediments, compartmentalised by an abyssal hill
topography constrained by higiingle faults (Daviand Villinger 1992).The sediments overlying the
basalt lavas are proposed to function as low permeability capragahle of structurally trapping
injected supercritical GO (Spinelli and Fisher 2004). Regional heat flow analysesuggest
hydrothermal circulation is concentrated within upper basaltic layers, sustaining lateral transport
(Fisher et al., 2003; Hutnak et al., 200Based 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 CGBeaStone project, led by CarbFix, seeks to uselddged seawater for offshore injection and
mineral carbonation. Fluidock interaction tests using basalt and saltwater shaer 80%of Ca and

Fe were mineralised as carbonate§ &0 °C with 0.2 mol/kgw of basalt (Marieni et al., 2021).
JJA A EU  § E100Y] the fdrmation of anhydrite outpaces that of carbonates, comptde

Ca ions released from basalt dissolution, and clogs the injection well (Blounot and Dickson, 1969;
Marieni et al.,2021).In general, wer carbonation rates may be observed owing to clay mineral
(JEu 8]}vU AZ] Z ] *uPP <8 516 for(éxt@ndadperidas (Marighiet al., 2021).
Following these results, an injection well, a seawater supply well, and three monitoring wells have
been drilled at Helguvik to commence pilot offshore: @&ction (CarbFix, 2023).

2.1.8 Offshore Induced Thermal Convection

Analternative, lowercost technique utilising insitu mineralisationinvolves circulating Cebearing
surface water into suitable rock formatiomgthout an anthropogenic, industrial sour¢kelemen et

al., 2@9). Following an initial stage of offshore drilling and reservoir fracturing,irg€ztion 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, densesudace
seawater imo the reservoir, which prompts carbonation reactions with the reservoir basalts. This
reaction can be controlled to maintain reservoir temperature and potentially sequesteni@@ittle
further intervention. However, carbonation would be rdimited by the dilute Cesupply offered by
natural seawater, and slow reactivity is less likely to induce reactitwen fracturing (Matter and
Kelemen, 2009). This technique may have the potential in peridotite reservoirs due to their higher
reactivity comparedo basalt lithologies

3. METHOD

3.1 Preliminary Assessment of Irish Bedrock Geology for Mineral
Carbonation

In this study, mafic and ultramafic, unconventional reservoirs across Ireldihche identified,
characterisedand ranked using existing and available geochemical and structuralldegd@lentified
potential onshore and offshore bedrock suitable for mineral carbonation are mapped and presented
alongsideCQ emissions source€pnneally et al., 2021A ranking system developed in this work will
determine the most feasible mafic/ultramafic reservoirs in Irelafide 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) &ldS 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 offsh@enlogical maps of the
Republic of Irelands€alesl/100,000, 1/250,000), Northern Irelandl/50,000) offshore Irelandand

their associateddatasets,provided by the Geological Survey of Irelatlte Geological Survey of
Northern Ireland,and the Eiuropean Marine Observation andData Network (EMODNet)were
compiledas an initial stp to generate a carbonation potential ma@in even more detailed map of

the Tyrone Volcanic Group, publishedHbolliset 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 reservoirSome terminology used to perform this initial screening also
captured geological formations unsuitable for lsanation (e.g. use of the ternfava[extracted
7ZC}o]3] btha Le[igh Guitanehyolitesas 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-tdagbkition
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 volaanésm
discarded in the potential carbonation site map owing 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,asithur gradiens relating to

their generalabundance of mafic minerals and carbonation reactivity

Issues arisinffom this approach include a tendency for basic lavas to be intercalated with sediments
in published geological work, such that the formatioraisedimentary unit witha 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 njarity were omitted as the interbedded mafics were infrequent and only
weakly resembled the mineralogy of their former protolit&anite intrusions, where mafic enclaves
arerecorded 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 seriessofeeningcriteriaoutlined in Table 1 Whilst primary
candidate reservoirs may be discernible without this procedure, it is necessseyeenall geological
formationsto determine their characteristicand identify any potential issues that require further
assessmenfe.g. environmentagprotection). A total of 29 geological units were characterised bsitth
reservoir ages, dimensions, dominant mineralogy, and associated alteration. This data served as a
reference for screening criteria, which aids in ranking the better reservoirs fsitunmineral
carbonation. If two reservoirs score similarly, theiryrag characteristics can be compared for better
judgement of feasibility.
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Tablel: Screening and ranking criteria, based on Pedro et al. (2020), and unpublished data from CarbFix, and weighted
accordingly for bedrock of Ireland.




Screening and ranking criteria have been proposed by previous studies for unconventional reservoirs
to select the most ideal targets for-Bitu mineral carbonationRedro et al., 2020Table ). Selection
procedures use weighted criterbased ortheir relative importanceor an unconventional reservoir,
where the cumulative total of the reservoir determines the final rank. The weightings wisleble

highly subjective, depending on country restrictioasid permitting water availability, built
infrastructure, and variability withimdividual critera.

3.1.3 GeochemicaRankingQiteria: Primary Mineral Composition,and Alteration Mineralogy.

Mafic/ultramafic rocks can comprise a diverse range of mineralogical compositibase constituent
minerals of a target reservoir lithologye the primary controffor their reactivity with injected C&)

and capacity for C@storage.Reservoir lithologies comprised of minerals with fastessolution and
carbonation rates are more desirable, providbey are abundantTherefore, the reservoir lithology
primary mineralogy criterion is often more heavily weighted than others in ranking sch&adm(et

al., 2020, with fewer points awarded to those with less reactive mineratscomparethe reservoir
compositions, the anorthite content (An%) of plagioclase used as a proxfor igneous lithology
evolutionas it is gorimary constituent in allandesitic basaltbasalt, dolerite gabbro, metagabbro.
More evolved igneous rock contains fewer mafic minerals, leading to slower carbonation rates for in
situ mineral sequestrationPeridotites and serpentinites, lacking plagioclase minerals but possessing
ultramafic composition, are the least evolved and richest in mafic minefalsrefore, 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 alteratiodowever, 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, 20h2) 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 epidotechlorite facies is assumed to negatively impact theifn carbonation potential

of a reservoir, although these alteration produatsight still provide metal divalent cations for
carbonation (Power et al., 2013)\lternatively, albitisation or sericitisationf Carich plagioclase, a
valuable silicatéor mineral carbonation reactions, Ivform Na- or K-rich silicateghat do not contain

metal divalent cationsSilicificationis particularly impactful on the reservoir quality forgitu mineral
storage becausquartz isresistantto reactions,will lower permeability and porosityand provide no
divalent cations dr mineral carbonation reactionsBecause this category may implicate further
criteria, such as dominant mineralogiy was awarded lower points t@duce compounding the score.

Age is an additional consideration for alterativhere no data is availahl®ver 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 potentialithologiesmore complex and cautionary for their feasibility for @¢ection.

The degree of variations in primary and alteration mineral compositiomioieral carbonation
reservoirs is important and needs to be considered where possible in ranking schemes.
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3.1.4 PhysicaRankingQiteria: ReservoirArea/Volume,GeographicalPosition, Porosity,
Permeability, and3ratigraphy

Carbonation reservoir thickness is crucial for the success of mineral carbonation projects
(Sneebjornsddéttir et al.,, 2030 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 lineatitiatidn, or
layering,are used to estimate thickness. These estimates can be uncertain, especially in complex
geological structuredike largescale folding or discontinuous lava profilédultiple 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 thickir@ssintrusive
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 generallyat thicker than they are wide unless they are dykes, or bound by faults,
providing some constraints on their vertical thickne®sherwise, magnetic lineation, foliatipand
mineral layering within the pluton might provide an estimated minimum thickness. Given the lack of
accuratedata for the verticathicknesesof potential Irishmineralisation reservoirghis criterion

might excludefavourable reservoirs wherthickness is not well constraine@herefore, only a value

of two was given to reservoirs thia known thickness above 300 m.

Instead, ranking criteria of this study put more weiglgton surface area and outcrop pattern, which,

to some extent, relates to volume and capacity for€0rage and are easily measurabkss the C@
plume disperses laterally at the depth of injectiarlarger area will increase g€apacity andmprove

the security of a reservoiAny potential carbonation sites thgeographically dividedue 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 vol&asitioned
formationswill alsonecessitatdurther transportation ofCQ to the spread injectionvells andrequire

CQ tracingfor individualoutcrops

Because the reservoir capacity is controlled by porosity and permeability, these are important to
characterise and include as criteri@elemen et al., 2009Scoring fotthis criterionwere based upon

qualitative descriptive terms in literaturé\ny recorded pervasive fracturing or known vesicularity in

basalts can provide initial measures becaggmntitative well data is unavailable for most sites.

Evidence of amygdale precipitation in basalt wétluce porosity implicating reservoir capacity
However the presence of secondary zeolitesaimygdalesan bea positive indicator due to their high

cation exchange capacity, large surface area, patgntially highCa content (Ragnarsdéttir, 1993;

W ov v ES $3]U 1iiiV , Zu vkdulting mayXidé retdided at a local scale or
otherwise using satellite imagery or the Tellus sur{Z&yderson et al., 20)6Where volcanics were

ZA ] po E[ 32 C A E A E SZE % }]vSeX tZ E « 03 AE &
uvsl}v }(13}o]8 U 3ZCACE ACGE A} %}]vseU AZ]o+*3 §Z § Eu Z
points for either plutonic or volcanic rock&mygdaloidal volcanics withéi 1 }0]3 U }E Z]Ju% Eu ¢
JE Zu s ]A[ E}I A E v} AE VC %}]vsSe (}& SZ €E]S E] X

Lastly, the confining stratigraphy of the reservoir is an extra consideratMithout an existing
impermeable seal unit overlying the reservoir, supercriticat i@fection is unsafeHowever, this is
uncommon for most reservoirs in this study because they are exposed at the suFfasds 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
supercriical CO2 injection, reducing water consumptidturther consideration could be givea
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unconventional reservoirs with underlying sandstone reservoirs, as this might act as an extended
reservoir.For example fibasalt dissolution occurred during injection and the reaction was buffered,
the resulting fluid could mineralise into the adjacent porous sedimentary. rock

3.1.5 Socioeconomic arehvironmentalRankingGriteria: Proximity to C@SourcesUrban Centres,
Aquifers,Seawater,Mineral Prospects, andeoparks

Less infrastructure is required if storage reservoirs are proximal ts@@ces Therefore geological
formationswithin 20km from a C@source were awarded morpoints, while those farther away
receivedfewer. This criterion wasignificantand easily measurahléut the emergence oDAC and
potentialpower plantdecommissioningeduces its importancéistance from urban cergs was also
considered, favouring rurakparsely populatedreas to avoid construction restrictions and public
opposition.Therefore, geological formations that are in, or cover, rural areas will be generally more
favourable.Coastal geological unitgere preferredas seawatecan be exploited fo€CQ dissolution.
This criterion is crucial to consider due to thighwater demand during injection and the unsuitability
for supercritical C@injectionin Irish reservoirsHowever,In Ireland whereurban centres are not
densely populated anavater access is unproblematithese criteria were only influential by two
points each.Additionally, reservoirsoincidng with productive aquifers werecautioned 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 usitu carbonation project as pipelines, busier road links, and the injection footprint

will affect the surrounding area. Obtaining pats for injection in protected areas will be difficusto

these sites were excluded in this study.

3.2 Sample Preparation

Based on the results of the reservoir screeniiogy reservoirs were chosen faamplingthe Antrim
Lava Group (AL&he Tyrone Plutonic Grouphe Connemara Metagabbr@neiss ComplefMGC)
andthe DawrosPeridotiteof the DawrosCurrywongaurDoughruagh Complex (DCDEgldwork was
undertaken inD8/ 2022 to collect samples from representative outcsopf these reservoir lithologies.

Forthe ALGthree field sampledor the Upper Basalt Formation (UBWgre 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.
further three samples for the Lower Basalt Formation (LBF) were taken Blaiheadpath. Forthe

Tyrone Plutonic Grouphree gabbrosampleswere collectedfrom Beaghmore andne 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 ti@thern 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 Bome.
total of five samples werecollected from Dawros More, NorttWest Connemara, of the coastal
Dawros Peridotite. Previous studies have outlined repeated outcrops of Iherzolite and harzhadite

a mass of orthopyroxenite on the southwest side of the intrusiom{tétial., 2012). Therefore, it was
important to sample different parts of the intrusion faigreater representatiorof the lithology Two
samples were taken from arouraismall, quarried areaepresenting parbf a40,000m? outcrop of
orthopyroxenite.Three additionakamples were taken from alongside the coast on the south side of
Ballynakill HarbourHowever, thelack of primary igneous textures duritige fieldwork in this area

made it difficult todetermine theoriginal protoliths for thee threeremaining samplesSampleD3
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wascollectedcloser to outcropping harzburgiteshilst sampleD4 andsampleD5 are potentiallfrom
Iherzolite according to the published mapstbe Dawros Peridotite (Hunt et al., 2012)

Furthermore additional ALGsampleswere acquired from geological drill cafrom two boreholes.
Core samples were labelled with respect to coe either 1tn and 2tn, referring to core samples
from boreholes 03/08- 0001 GR: 326391, 406143) and 03/080002 (GR: 333053, 414144),
respectively Sample selection was madwith crystal size, alteration, vesicularity, and secondary
mineralisation being representative of the reservaiilst avoidingany localised geological features
such as localised brecciation or stockwadfkom fieldwork sampling and their visual analysis and
assessmenit was decided to focus orhtee of the four sampled reservoirdshe ALGMGC andthe
Dawros Peridotiteon which further mineralogical analysis would be carried bigh samples were
labelled with a letter denoting their localit t Antrim, Ct Southern Connemara, BDawros

All ive samples from the Dawros Peridotitere cleaned, examined, cuiith a lapdary sawat the
University of Galwayand sent to ALBetrophysics in Guildford, Surrey, Englafuwa thin sectioning
Further cutting, resin impregnation and polishing commenced to produce uncovered thin sections.
Theremaining 32 samplesom the ALG and MC@&ere examined andrimmed into blocksusing a
lapidary saw at the University of Liverpoblowever, five sampleone UBF hand sampl®ne UBF

core sample, and three PSM core samplesie too altered or fractured to be use@herefore, only

27 samples were sent to Paul Hands, Hands on Thin SectionLfd3jn 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 usingodel Leica DM50P
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 mineralssuch asolivine, plagioclaseand pyroxeng and identify any presence of existing
mineral alteration in chosen samplegsarticularly thepresence of carbonates that might suggest
mineral carbonation has occurred naturally.

The composition of the ALG basaamples was quantified usinghe point-counting software
PetrogLite, utilising 500 counts overughly10 mm x 15mm regions of each thin sectipoontrolled

by amechanical stageAbove 500 counts, limited changes were noted, with no extra value considering
the subjectiveness of the approacRepresentative areas containing phenocrysts and groundmass
were selected for pointounting to approximate relative mineral abundancéasalt samples
containing amygdalethat occupylarge percentages of the groundmass (&.rmm) are also recorded

if they appearedin the region of point countingf phyllosilicate deposition or alteration completely
obscured the original mineral, it was recordséparately Recording alteration as a separate value
might impact the estimate of the original composititsecausepyroxene, plagioclaseand olivine
could be variably affected by chloritisatioFherefore, the leashltered samples will provide stronger
estimates & primary composition

3.4 ScanningelectronMicroscopyEnergyDispersive Xray Spectroscopy

Energydispersive Xay spectroscopy(ED$ is a technique used for rapid mineral identification and
element analysisEDSnvolves firing a higlenergy 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 characteristicrays that have a specific energy value depending on the element
targeted. The detector captures the -Pays, enabling qualitative analysis of major elements
(concentrations above 10 wt%) and minor elements (concentrations betweéf Wt%) via EDS
spectra (Goldstein et al., 201 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 compositin of minerals in thin sections through an electron microscope in a non
destructive manner.

Thin sections chosen for SHADS analysis were first gently cleaned with isopropanol or ethanol to
remove fingerprints, oils, and dust from the glass slides. Thin seeti@rethen given a thin€50 nm)
carbon coaing via thermal evaporationThis process involveglacing the uncovered thin sections in
avacuum, outgassintpe chamber for 30 seconds, and evaporatiagbonfor 900ms. During the 30
second outgassingstage, the currentis slowly increased, or ramped upy prepare the rods for
evaporation.Carbon evaporatioisthen achieved byheating the contact ofwo clampedcarbon rods
via a passing currentThe thin sections are rotated in the chamber to enscomplete coverage
Depending on the contact of the carbon rods, the evaporasimgeis run until a suitable amount of
carbon coatings applied. A carbon coats usedbecause of its conductivity and low atomic number,
which does not interfere with theollection of other elemental datd hecarbon coat isequired to
inhibit electrical charging that accumulates rionconductive material when undea highenergy
electron beam.

Once carbon coatedhe thin sectionsverefixed onto an SEM stage and inserted into an SEM chamber
for imaging and analysis. In this stydye useda Zeiss Gemini 458eld EmissionGun t Scanning
Electron Microscopéitted with a backscatter electronBSEdetectorandan Oxford Instruments-X
Max EDS detector.

BSE imagewere acquired of whole thirsection slides or regianof interest onthe thin-section
samples BSE imagery is produceddigstic collisions of electrafrom the electron beam with atoms
of the thin section These collisionshange thdrajectory of the electronsElements with larger atoms
willimplicate the trajectory of more electronsausing greater scatterirand producing higher signal
from the BE detector positioned over the thin sectiofherefore, BSE imagegsan highlight
compositional changesndaid with targeting areas of interest

Predefined target areas are then set up for EDS mapping. During EDS aifadySiEM settings were
optimised toachieve a suitableZ § ] wegrdsentinghe percentage of time that th-ray is busy

and cannot process incomingrays For theX-Max ED®letector used herethe optimal dead time is
around 50%. Therefore, alower process time was usegset to five), which means that a smaller
proportion of incoming<-rays are processeallowing for better peak resolutioThe input count rate,

a measue of the number of generatedrays detected by the EDS detector each second A4&a£00,
whilst the output count rate was kept around 9,000 to maximise the data collected during acquisition.
These settinggave a dead time of around 480%.

The input count rate was found to vary across individual frames, with a greater range occurring for
areas of acquisition with lower magnification. Thariation 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 characterigtray signal is gradually stroegon the

top of the frames in the element maps produgeohd it may produce visual artefacts for montaged
frames.These artefacts areot a major issue as the relative graduatiomliscerniblefrom elemental
abundances. Where possible, smaller magnifications were used &mttyninimise 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 arieown as a fieldAt least 15 framegscans) were
imagedfor each field at a working distance of frim, a dwell time of 6fis, a 20KeV energy range,
2048 channeland a magnification of usually around 90singthe Oxford Instruments AZtg¥ersion

6.1) EDSsoftware, element countsan be displayed as individual element maps or as a multivariate
mapthat overlays multiple, variably coloured, individual elemental mdsstacquisition pocessing

of acquired EDS mayggia Zuto brightnesgand Z}E&u 0] E ] RasPperfernied to visually
enhance themto expose finer scale chemical variations and remove trace vald@eso brightnesq
was utilised to graphically present all elements at edquadhtness and contrasmaking it easier to
observe details in mineral chemical zonia@igration,and minor elemental abundancegherefore,
figures produced in this study use this processing mdfiiermalie brightnessfwas the primary option

for crosscomparing elemental abundances across the gyag each element is normsdid based on
EDSX-ray count However, low element countasre oftennot displayedbecause they areompared
with abundant mineraforming elements such as Si and O.

By using the AZtec software, EDS spectra can be used to predict mineral stoichiometric formulae.
Usingthe ZW}]vs ~ / [ (LYEBE}spezira @r a specificeaon a minerakan becreated For
produced EDS spectra, tidentified elementswere manually confirmedased on their match to the
spectral peaksSubsequently,§ Z caltulate compositiofifeature of the softwarewas used to
generatethe possible number of cations of each eleméoim a spectrum(via stoichiometry) for a
manually inputtednumber of oxygen iondf 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 TiSiprocess requires
some trial and error regarding the ingat oxygenions andis 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 fornmdarporatingan OHcomponentwhereH is not
detectable via ED$lowever, becaus@OH), has acharge of2, it can be represented by an O anion
Therefore, because hornblende compriges(OH}, the correct cation sum will correspond O3
because the charge isatched.The same process can be followed for the identification of serpentine,
where XYGE{OH) is represented by XY¥Jror mineral phases that contain no oxygen, the ion count is
set toone, and a ratio of the recorded elements can suggest stoichiometry (e.g. pyrite should have a
2:1 ratio of Fe to Cu).

The Analge Phases tool within Zec was utilised to outlin@nd group phaseshat share the same
EDS element peaks. Grouping 8pectral peaks is undertakesia aprincipalcomponent analysis
the AZtec software thatuses 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 assemiviagesver, the tool
works poorly for phases with similar chemical abundanéesthermore, small opaques or grain
tuv E] ¢+ & o]l oC 8} pv] vs](] Y E o (8 « Zuv] vsI(] %o |
requires manual adjustments where spectpglaks are misidentified. Strong stoichiometric matches
for spectra from the softwarédentified 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 inFigr8 and
4, indicating the locations of suitable lithologies forsitu mineral carbonation.
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4.1.1 Offshore Sites

Offshorecomplexes are inaccessible for sampling anel often only identified using geophysil
gravity ormagnetic surveys (Readman et al., 20@8@veral large igneous units are reported within
the continental shelf/platformadjacent to thewest coast ofreland and across the Porcupine High.

Of the igneous units identified, several are outlined in the EMODnet database. The Drol Igneous Centre
isa~200kntf o v§] po €& u e+« }( Z]P gitgated at the@ddse ¢f the northern slope of the
Porcupine High. The Tur Igneous Centr840Q knf) and Seabight Igneous Centrsvg units of
~135km? and~117 kn¥) are located on the edge of the Irish Mainland Platform and Celtic Platform,

to the southwest of Ireland. These centresmprisebasalt or phaneritic igneous rocksdicated in

the EMODNet databageln the Rockall Basin, the large8(3 km?) Hebrides Terrace Seamount is
reported. Among all the offshore mafic intrusions, the Brendan Igneous Centre, a substantial equant
mass spanning 1,500 km?, appears the most feasible candidate for offshore mineral carboation.
lies~o0A lu (E}u /E o v [« } «SU }'\Cla&& BasiRvell}\yitBiz the boundary of the
Porcupine Banlkand close enough to Ireland that it is shoimrFigurel.

Severabtherigneous units are documented within the Irisfishore(Naylor and Shannon, 2008t

do not appeaiin the EMODNet databasd@wo igneous centres are located within the confines of the
Porcupine High, the Donn Igneous Centre and the much larger Lir Igneous Centre. The @Buagate
Igneous Centre lies closely offshore of the granitic Thorr Pluton and Donegal. Lastly, the Porcupine
Median Volcanic Ridgand many laterally extensivenafic sills are identified by geophysitscated
centrally in the Porcupine Bagi@agnevin et al., 2@&).

Theearlymid Eocene lavaand tuffsof the Druid Formatiorare acknowledged as potential offshore
reservois for subsurface mineraation but are not shown on the map as their extent is not entirely
constrained $hannon et al., 2021Wells/boreholes anthterpretations of 2D seismic lines pinpoint
the local development of lavas in the northern and southern areas of the Slyne Bi&iliyan et al.,
2022.

4.1.2 OnshoreSites

Assessmentf onshore geological formations suitable for mineral carbonation in Ireland provides a

range of possible sitesigure J. /E o v [+ P }0o}PC }vS Jve vpu E}ues }uS E} %o %o]V
suitable lithologies for mineral carbonation, with variable shaped size. Igneous intrusions and

volcanics are predominantly confined to Ordovidislandarc volcanism, the Ordovician Trans Suture,
Carboniferous diatreme volcanism, or later Paleogene rocks associated with the closure of the lapetus
Ocean. Large areas of Ireland, particularly the southwest and central parts of the country, lack any
suficial mafic/ultramafic lithologies, hilst 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 Northerlreland (Figure2). In the Republic of Ireland, thesmaller
Ordovician {460 Ma) Gorumna Formation and Bunmahon Formation are composed of h@sglise

4). Carboniferous volcanism produced basalts of the Knockseefin and Knockroe Lava Flow Members
in Country Limerick and the Croghan Hill basait€ountyOffaly. Several large gabbroic igneous
intrusions are also observed in Ireland, the largest of these being the metagablihess@bnnemara
MetagabbreGneiss Complex followed by the Tyrone Plutonic Group, and younger, Paleogene
Carlingford and &ve Gullion Complexeslltramafic 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 Fhetwo largest ultramafic regions identified are the Dawros Peridotite
and the ophiolitic Deer Park Serpentinite.

4.2 Reservoir Screening

Each of the29onshoregeological unité&dentified via mappingvasscreened based on criteria outlined
in the methodology Table ). Table 2 presents the result of thesalculationswhere a higherSUM
represents a better suited mineral carbonation reservaoir.

Table2: Ranking of mafic/ultramafic geological formations in Ireland, critéZiat C12)are indicated in the methodology. A
perfect scoring reservoir would have sum of points equalling 30.

No. Formation, member, name C1l C2 C3 C4 (@5] C6 C7 C8 C9 Cl10 Ci11 Ci12 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 Sleve 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

Brittstown, Byranstown, CarrickdexteCollon, Hill of Slane, Knockerk,
7 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 Bekamp Clashford House, artderbertstown 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, Ferrlter§ Cove, Foilnamahagh, Mill Cove, Inishvickillane 3 2 1 1 1 2 3 2 2 0 0 0 10

Landing Place, Formations

15 Limerick Igneous Suit&nockroe ava Flow Member 3 -2 3 2 2 0 3 0 0 1 0 0 12
16 Limerick Igneous Suite: Knockseefiwad Flow Member 9 0 2 0 2 2 3 0 0 1 0 0 19
17 GorumnaFormation 3 -1 3 2 1 2 2 2 0 3 0 0 17
18 Connemara Metagabbr@neiss Complex 9 -1 3 2 1 2 2 2 0 3 0 0 23
19 DawrosCurrywongaurDoughruagh Complex 9 0 1 2 1 2 2 2 0 1 0 0 20
20 Lough Nafooey Arc; Finny and Knock Kilbride FormationauAtdva 3 1 1 P 1 P 3 0 2 3 0 0 12

Member

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 Mountainrmafics, incl. Callow Formation) 6 0 3 2 1 2 0 0 -2 1 0 0 13
26 Charlestown G_roup_; Bockagh» Member, Carre_lcgstle, Tawnyinagh, and 3 1 3 P P P 2 0 2 3 0 0 14

Horan Formation wittCaledonian Pyroxene Diorite
27 Mr_etabasne poq; inc. Lough Lareen or Knddmigh metagabbro of the 9 2 1 0 P P 0 0 0 o 0 0 12
Slishwood Division

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

29 IV P o[ %% ]v]S ~ul3 Uplu@ns & %o%]V]$ 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 GeopHnkse areas are likely to be protected, with
restrictions on construction, drilling, or economic developme®imilarly, the Deer Parkomplex
serpentinite despite scoring highly in the screening process, is eliminated due to its proximity to
Croagh Patrick,raimportant pilgrimageand cultural heritagesite. Nevertheless, the faulted nature

and thin outcrop of tle Deer Park Complex also negatively impact its potential as a res€xajhan

Hillwas also elinmated because of itsultural importance beingthe site ofan ancient pagaiurial
groundandseveraimedievd builds.

Several geological formations are situated beneath gravel aquifers of local importance for
groundwater resourcesbased onaquifer locationsfrom the Geological Survey of Irelandny
connection to potential aquiferseduced their score in the screening process, @avelopingsuch
lithologies formineralcarbonation may negatively impact the groundwater resource.

The highesscoring lithologies sites are the Antrim Lava Group, Connemara Metagabbros, Carlingford
Complex, and Tyrone Plutonic Groémong the three lithologies, the Antrim Lava Group consists of
amygdaloidal basalt, whereas the other sites feature intrusive dolerite and gablbsites have mafic
compositions with relatively highalcic plagioclasmdicated during screening (Figure Bhe Antrim

Lava Groupanks highest in our screening method due to its geographical extengralogy and
thicknes. It is also the only onshore geological formatiooted to have a potential seblecause of

the positioning of the Lough Neagh Glag the south of Lough Neagh (Fig@yewhichcovers part of

the ALG surface outcrofetracting from this high score somewhat is theevalence of zeolite
mineralsinfilling vesicles and vudbat will lowerthe porosity of this site requiredfor CQ injection

and storagelf thesezeolites are not calciurbearing, then theywill also notprovide any divalent
metal cations for carbonation reaction&/hilst not impacting its scoréhe lower plagioclasanorthite
content (An%jnightindicate thatthe compositionof the ALGwill contain fewer divalent metal cations

than peridotite or anorthitebearing gabbrgFigure 5) The MGCscored highly due to its unusual,
highly anorthic plagioclase and pervasive fracturing. Furthermore, it represents the largest intrusive
mafic outcropin Ireland, and studies suggest there may be a fursizeableoffshore extent not
currently indicated on offshore geological maf@ownsRose and Leak 2019. Geologically
associatedvith the MGC, theDawros peridotite of the DCDC did not scoréngly in the screening
process applied here due to its minor siEewever, the ultramafidithology of the Dawros intrusion

is outlined & having the most ideal composition alongside the serpentinite of the Deer@ariplex
(Figured).
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Antrim Lava Group
————————— Tyrone Volcanic

———————— Barrack Hill An
Sleive Gullion Complex
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—— Bellewstown
————— Balbriggan
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————— Copper Coast mafics
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LIS: Knockroe L
=== = = = = = = ||S: Knockseefin Lava Flow Member
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Connemara Metagabbro-Gneiss Formation
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—————————— Bohaun Volcanic F
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————— Ox Mountain mafics

= = = = = = = = Charlestow|

_____ Metabasite pods (Slishwood Division)

— = == = = = = = : Garrison Sill

Figure5: Theawardingof 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 formationsased 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 tabul@ablles 3 and4) due to the large
number obtained.

Table3: Hand samples of the AloBtained for this study, with corresponding locations, latitude and longitude, stratigraphy,
major features.

Sampl ' Latitude/ Strat- Macroscopic  Macroscopic  Amygdaloidal
Locality . . Colour ) - ) Notes
elD Longitude igraphy alteration fracturing IMassive
. . . 55.190362 . Dark with spherule Fe
Al Craignahulliar Landfill -6.6154887 CT™M Dark grey Fresh None Femesostasis nodules
. . . 55.190362 . .
A2 Craignahulliar Landfill -6.6154887 PSM Brick red Complete Fractured Amygdaloidal Weak,crumbly
55.188709 . )
A3 Portstewart Beach 6.7147748 UBF Pale grey Partial Fractured Amygdaloidal Small amygdales
55.188709 . . '
A4 Portstewart Beach 6.7147748 UBF Purple/red High Fractured Amygdaloidal Tabular zeolites
A5 Portstewart Beach 55.188709 UBF Pale gre High Fractured Amygdaloidal Nodular green
-6.7147748 grey 9 V9 9
54.766871 ) 2cm cream zeolites,
A6 Blackhead 5.6887769 LBF Grey Fresh None Amygdaloidal celadonite pore lining
54.766782 . L
A7 Blackhead 5.6888286 LBF Grey Fresh None Massive Olivinerich
54.768381 ]
A8 Blackhead 5.6888151 LBF Grey Fresh None Massive Flow centre
) 55.241727 ) Columnar basalt sample
A9 Giants Organ -6.5037437 CT™ Dark grey Fresh None Massive very hard

Table4: Core samples of the ALG obtained for this stwiti, corresponding locations, latitude and longitude, stratigraphy,
major features.

Sample Top/ Strat Macroscopic ~ Macroscopic ~ Amygdaloidal
ID Borehole Base (m) igraphy Colour alteration fracturing® /Massive Notes
119 03/08- 0001 5;?6 LBF Dark grey Fresh Surface Massive Flow banded, brittle
1t8 03/08- 0001 107.15 IBF Red/brown Complete Fractured Massive Altered grey+orange
107.20 bands
. 103.12 . Altered grey+orange
1t7 03/08- 0001 10321 IBF Orange/brown Complete Fractured Massive bands
102.72 . Interconnected orange
1t6 03/08- 0001 102.77 IBF Greybrown Complete Fractured Amygdaloidal amygdales
1t5 03/08- 0001 gsg()) UBF Pale grey Partial None Massive Clay altered phenocrystg
65.56 . Acicular zeolites on
1t4 03/08- 0001 65.63 UBF Grey Fresh Fractured Amygdaloidal tabular zeolites
1t3 03/08- 0001 2;21 UBF Grey Fresh Surface Massive Vitreous
1t2 03/08- 0001 gg;é UBF Purple/red Complete Fractured Amygdaloidal No aciculazeolites
1t1 03/08- 0001 23.84 UBF Purple/red Complete Fractured Amygdaloidal Large white tabular
23.90 open amygdales
2t7 03/08- 0002 282)5 LBF Grey Fresh None Massive Vitreous
69.12 ) . Tabular cream zeolites,
2t6 03/08- 0002 6919 LBF Pale grey Partial None Amygdaloidal open amygdales
2t5 03/08- 0002 283; LBF Grey Fresh None Massive Vitreous
24 0308-0002 473 LBF Grey/brown Partial None Amygdaloidal | 2Pular zeolites, open
34.79 amygdales
) 29.72 ) ) Very large, closed
2t3 03/08- 0002 2982 LBF Pale brown High Surface Amygdaloidal amygdales
212 03/08- 0002 25.67 LBF Pale brown Partial Suface  Amygdaloidal ithomarge, small open
25.77 amygdales
2t1 03/08- 0002 g;g LBF Grey Fresh Surface Massive Vitreous

aCores U% 0 * A]$8Z (E 3SuE]VP o oo « ZepyE( [ Z Vv P 3Z 8 A « +%o0]8 Candweérg Gheowis€Eunfiget@Eed
samples.
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Of the metagabbro samples retrieved adjacent to Lough Bollard, three samples were taken from areas
described bypownsRoseand Leake (2019) as Errisbeg Metagabbfes EampleC1 andampleC3)

are phaneritic, predominantly grey, and comprise vitreous dark minerals alongside lesser opaque
white minerals. Sample C1 (53.40968X.9694&) appears almost pegmatitic on one end, whilst the
other side of the sample has a smaller crystal size. Sample C3 (5341316898D) displays clear
foliation and elongatd crystals. The other, sample C4 (53.415086959852), appears more
texturally homogenous, with an exposed fresh surface that is almost aphanitic, ayrdyyith a
vitreous lustre owing to its ubiquitous dark minerals. Spvallite crystals can be observed under

hand lens; however, these appear more translucent and potentially less altered.

Sample C2 (53.410039,96837) was acquired from an outcrop that appeared very pale, with lesser
melanocratic minerals that appeared anhedral and had a particular green appearatieehiand
sample. This phaneritic, leucocratic sample was assumed to be silicified metagabbro comprising
primarily quartzofeldspathic material with lesser hornblende or pyroxdbenmnsRoseand Leake,
2019).

Sample C6 (53.4466, -10.0722) andsampleC7 (53.441172,10.0722), acquired from NortHEast
Errismore, are phaneritic, grayhite 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, andgditly lesser anhedral pale whitgellow crystals.

Sample C5 (53.41518-9.95992) was retrieved east of Lough Bollard on a small, elongatésl N
striking knoll outlined byDownsRoseand 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 metagabbradDownsRoseand 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, perhapsgote 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, nse 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 Peridos@npleD1 andsampleD2 were retrieved from

the presupposed orthopyroxenite (Hunt et al., 2013ampleD1 (53.564885;9.9736%) was taken

from an outcrop that externally appeared altered and serpentiniddolwever, fresh surfacesf
sample Diwere crystalline, dark, granular/phaneritic, with vitreous crystals. Several fractures were
notable in the hand sampléthough carbonate was ndtentifiable by eyethin red veins of iron
oxides were visiblesample D1 alsoappeared 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 (53.564841973478) was taken from a large rock expesur

in a small, partially quarried hill. The outcrop was highly fractubestciated and crumbly, with clear
evidence of serpentinisationSome rarer exposures displayedsmooth, greercoloured glassy
surface of pure serpentine, possibly ajarite. 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 surfacappearedbrecciated, with a mixture of darker minerals, alongside pale orange wavy
veining in an overall silvery grey matrix.

Sample D3 (53.568177/.9746®) appeared more homogenous and darker than sample D1 and
sampleD2. 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 ligitieured grey
material, indicating brecciation of serpentinised material.

Sample D4 angampleD5 are also serpentinised peridotites, acquired 50 m easaipleD3. Sample

D4 (53.568091:9.974286) has a silvery appearance and is foliated. It contains pale alteration products
alongside large, black, equant, opague minerals. Sample D5 (53.5681¥2091) is dark grey and
comprisedmainly of waxy melanocratic crystals alongside a minor green crystal phase. Therefore,
sample D4 andampleD5 clearly represent different compositions despite being sampled in the same
area.

4.3.1 Antrim Lava Group (n = 28mygdaloidal andviassiveBasalt)

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 oligiagng and
predominantly coarse, with an average crystal size@fl>mm. Polysynthetic albitamellartwinned
plagioclase typically comprises a third of the groundmass (Tablappearing as fresh or slightly
chloritised laths reaching 0.80.7 mm in length (Figuré). In some samples, particuladgmplel t5

of the UBF, large plagioclase phenocrysts measuring 3 x 1 mm are observed@ffjgliteese large
plagioclase phewcrysts are less evident within the LBF, as the groundmass is invariably coarse (Figure
6f).

The basalts are either subophitic or ophitic, with seconder birefringent, allotriomorphic
clinopyroxene crystals enveloping the groundmass plagioclase laths. Euhedral/idiomorphic
clinopyroxeneis absent. The size of the interstitial clinopyroxene masseesf&om 0.2 mm to 0.9

mm, although even larger examplas 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 (FguBeth generations are
subhedraltteuhedral, comprising around 1020% of the rock (Tabk), 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 (Fig8feSome olivine in a massive flow
banded basalt gample 119) of the UBHs entirely replaced by iddingsite or #&/OH minerals,
appearing brown in planpolarised 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
(Figure7). Where large olivine phenocrysts are common, they are often glomeroporphyritic and leave
large gaps where several interpenetrated crystals have lost their cores (Bgjure

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 shapile smaller amygdales are more
equant. The majority of amygdale secondary minerals are zeolites, with only three samples containing
amygdales of rare calcite accompanying zeolite (TablHo amygdales of quartzeidentified in the
samples of thistudy. Of the zeolite minerals, rhombohedral and psewgdbic crystals of firsbrder
interference are common, indicative of chabazite. These zeolitag precipitated in almost all
samples, including massive basalt, despite their limited porosity prior to secondary mineralisation
(FigureQa). For UBF and LBF samples in this study, zeolite sequences appear consistent across multiple
amygdaloidal samples. For wdkveloped amygdales, chabazite represents the first precipitated
zeolite (Figure9b, 9c, 9d and 9f), sometimes on vesicle walls lined with a thin clay deposit (FRp)te

Large radial assemblages of a fibrous or acicular zeolite, with white to yellowrfiest birefringence,

are observed projecting outwards from chabazite. These radial splays exhibit orthorhombic extinction
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and aresuggestive ofhomsonite, 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 sample8 éhd 1 t2) display a continuation of the
zeolite sequencealthoughit is not uniform. Large amygdales of samplt8 Zontain a disordered
assemblage of stubby acicular crystals that precipitated in the remainder of the pore space. This
zeolite is inerpreted to be natrolitewhich displays a speckled firstder interference pattern that is
distinguishable from the radial, ordered thomsonite needles (Fidlne Instead of natrolite, an
amygdale sequenda sample 1i2 displays a thin layer of clay over the thomsonite needles, followed
by a transition back to tabular zeolites (Fig@fe However, a second large amygdale in sampz 1
doesnot display further zeolite mineralisation following the clagated thomsonite.

Both samples of the CTM, Al and A9, are comparativelyfia@ed and aphanitic when compared
with the UBF and LBF basaBsth samples appear generally aphyric, although some small plagioclase
phenocrystsare discerned (FigureOL. The groundmass comprises intergranular, equar@l. {<mm)
pyroxene crystaland Feoxides around small (c. 0.1 mm long) plagioclase laths. Proportions of
plagioclase and feldspar are almost identical, although pyroxene is slightly more abundantjTable
Olivine was not identified during petrographic analysis, possibly altered-txiBles, obscured in the
aphanitic groundmass, or simply absent. Large (c. 0.4 mm) spherules of brebegtiteg mesostasis

are noted within the groundmass of sample Al (FedLOc), although smaller examples are also seen
for sample A9 (FigurgQc).

In summary the Upper and Lower Basalt Formations exhibit similar mineralogy and texture, with
minor variations. Both formations are olivipdnyric and coarsegrained, 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 Baalt Formation. Clinopyroxene is subophitic or ophitic, enveloping plagioclase laths, and
anhedral Two generions 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 mingatiin, such as natrolite or secondary clay
deposits.In contrast, the CTM samples are figained, aphanitic, and generally aphyric, with a
groundmass composed of pyroxene;&ddes, and small plagioclase laths, but lack olivine.
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Figure6: Petrographic images of plagioclase phenocrysts and groundmass in several basalts of the Aa@efalarised

light (PP).and (b)crosspolarised light XPlimages of sample B show large, slightly chloritisqulagioclase phenocrysts
amongst a relatively coarse groundmass of the UBF. (c) PPL and (d) XPL images of tSashuole fresh large, twinned
plagioclase phenocrysts and a glomerocryst within a much finer groundmass, also in the UBF. (e) PPL ahd{f)ib¢éPL s
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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Figure7: Petrographic images of olivine phenocrysts in sample 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 aspirelst Cr
inclusionsOphitic plagioclase and clinopyroxene (Cpx) is also observed.
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Figure8: 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 amonts of fresh olivine, but primarily chloritised centres. (e) and (g) PPL images correspond to (f) and (h)

XPL images respectively and were photographed in santpleaso from the LBF.
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Figure9: Various zeolites contained within both UBF and LBF samples. (a) The general appearance of most zeolite in massive
basalt samples, amorphous, pseudabic tabular chabazite, displaying roughly®° 9@ctures, in sample %. (b) Zeolite
sequence in samplet3. Precipitation of chabazite is followed by acicular thomsonite, and later natrolite. (¢) Zeolite sequence

in sample 14. Precipitation of zoned chabazite, followed by stubby thomsonite withwybltefringence. (d) Zeolite sequence

in sample 22. Pregpitation of pseudecubic, partially replaced, chabazite, followed by thomsonite. Smaller (e) and larger (f)
amygdales of samplet? contain clear pseudoubic, zoned chabazite. Chabazite precipitation is followed by thomsonite, a

thin clay deposit, and lat tabular zeolites assumed to be chabazite.
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FigurelO: Petrographic images of two samples of the CTM, displaying fine groundmass and large sphertiessosEssis.
(a) PPL and (b) XPL images of sample A9. (c) PPL and (d) XPL images of sample Al.

Table5: Modal analysis (vol.%) of basalt samples from the Antrim Lava Group, Northern Ireland. Based on 500+i6ints in
x 15 mm thin sections. Alteration (e.g.;&edes, phyllosilicates) may cause misrepresentation of original minerals. Estimates
of amygdale and olivine abundances are limited by recorded areas.

Stratigraphy  Sample Olivine Feldspar Pyroxene Feoxides Amygdales Phyllosilicate Calcite

A3 10.0 36.8 250 20.4 X 7.8 X
A4 10.9 28.3 37.1 X 234 0.3 X

UBF 13 24.2 42.4 234 1.8 3.6 1.8 0.6
14 8.0 40.0 250 6.8 14.8 54 X
15 13.2 40.0 26.8 6.4 4.2 9.2 0.2
19 21.7 42.9 24.6 7.4 X 34
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
21 23.4 27.4 35.0 6.8 5.0 2.4 X

LBE 2.2 16.0 43.2 26.4 3.8 10.4 0.2 X
23 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
25 154 34.2 254 4.4 17.6 3.0 X
26 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

37



4.3.2 Connemara Metagabbr@neissComplexn =7; Metagabbrqg FeldspathicPeridotite)

Sample C4 consists wiostly equant (0.5 mm) minerals of secowdder birefringence with isoclinal
extinction.Where the crystals are deformed, they become elongated and display a plethora ef high
interference coloursThesemineralsare suggestive of clinopyroxene, although several crystals display
subtlefaint green pleochroispindicatingthat amphibolitisation may have taken place. Aggregates of
these crystals can reach arounan2n, with central areas comprised of anhedral crystals with mottled
first-order interference colours andcicular crystals displaying seceodler birefringence (Figure
11b). These aggregates might represent large poikiloblasts of hornblende and #i&edietinolite or
tremolite, with relict clinopyroxene. These minerals are surrounded by turbid, equant minerals,
around 0.2 mm in size, although individual crystal bouregaare obscurednd difficult to recognise

In crosspolarised light (XPL), turbid minerals display finster birefringence and often exhibit
undulose extinction, whilst in PRLthe crystals have high, granulxtured relief. These are
associated with white or pale areas of the thin section and hand sample and repigagidclase
crystals Numerous opaque mineralappear as inclusions in relict clinopyroxene or amphibole
alongside exsolution lamellae (Figur&c).

Minerals comprising Sample C2 ayenerally similar to Sample C4, but relict clinopyroxene crystals
are individually larger and occasionally amphibolitised, forming pseudomorphs with acicular or fibrous
style textures and firsorder birefringence (Figure 12The wavy distribution of the needlike
crystals and undulose extinction migietsult fromdeformation. The secondrder birefringent rim is
suggested to represerthe remaining clinopyroxene or hornblende, with alteration to more fibrous
amphiboleor chlorite propagating from the centre difie crystal. Opaque minerals are found within

the large alteredoseudomorphsup to 0.4 mm in size (Figut®). 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 (FigjBag.

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 (Fi§ur&he 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.
Thisappearane contrastswith the smaller masses of equant anorthite that appear fresh, with only a
lightly dulled appearance in PPL and speckled texture in XPL. Large,-sedengyroxene (Figure

13d) transitions to smaller crystals that display fiostler interference colours with acicular textures,
suggestive of amphibole (Figut&b). Opaque masses found throughout the thin sectiwaalways
confined to clinopyroxene or amphibole. These are predominantly irregular grains, sometimes
reaching 0.5 mm in size. Vaninor, lenticular inclusions of opaque minerals and exsolution lamellae
exist parallel to clinopyroxene cleavage (Figl@d).

Anorthite insampleC1 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 &figare 14) The crystal

texture of the presupposed secoratder 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 pseudomorp
amphibolite over clinopyroxene. The hand sampldissinctlysheared, where the thin section exhibits
alternating lerses of anorthite interlocked with the deformed aggregates of altered clinopyroxene.
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Samples C6 and C7 are petrographically identical (Fi§jGyeBoth are mostly comprised of
hornblende, showing strong pleochroism and cleavage not observed in other safpialer (c. 0.2

mm), equant anorthite crystals appear very dark in Piéas of high birefringence amongst anorthite
might represent alteration to sericite assemblages (Figubb)lFurthermore, grains of firgirder
birefringence and very low relief are characteristic of quartz. Opaque minerals are mostly confined to
inclusions in harblende.

Sample C5 is composed of much larger crystals compared to the majority of metagabbro samples in
this study. Several amphiboles, including one individual crystal updm long, show faint green
pleochroism and observable cleavage. Some areas of amphibole show alteration to alfotdng

phase with firstorder interference colours and low relief (Figuréb). Large, fractured anorthite
appears less turbid than most of the samples in this study but displays minor patchy alteration to
sericite assemblage Smaller (c. 0.2 mm) elliptical masses of anorthite, sometimes sericitised, are also
found encapsulated within amphibole crystals (Figusa)lSubhedral areas comprising an aggregate

of grains with extremely high relief, surrounded by outer zones of low relief andofidetr
interference, were observed only in sample 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 metagabbrfrom the west side of Delaney Dome,
samples C6 and C7, are different. They feature hornblende with much stronger green pleochroism and
distinct cleavage, alongside sericatered anorthite and minor quartz and opaque minerals. Sample
C5 is also unigyeontaining larger amphibole crystals, some up to 1 cm, with faint green pleochroism
and minor sericitealtered anorthite. Additionally, subhedral pseudomorphs with high relief are
distinctive to sample C5.
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Figurell: Petrographic images 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 displathan aggregate of amphibole, adjacent to several subhedral clinopyroxene
crystals and anorthite.

Figurel2: (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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Figurel3: 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.

Figureld: 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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Figurel5: 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 seite replacement.

Figurel6: 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 sesei.
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4.3.3 Dawros Peridotite (n = &xthopyroxenite SrpentinisedPeridotite)

Sample D1 has a crystalline adcumulate texture, with bright seocoter birefringence emanating
from fractured (c. Inm) subhedral minerals (Figur&)1 With two cleavage planes intersecting0°,

the minerals are pyroxenes (Figuréb). All subhedral pyroxene crystals showed straight extinction,
occurring along the -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 cont8eteral orthopyroxenes
appear yelloworange in XPL (Figure/dd and are fractured parallel to the crystalxis. These
fractures have dveloped exsolution lamellaenost likely composed of clinopyroxene, based on their
higher birefringence compared to orthopyroxene crystals. Generally, orthopyroxene appear
characteristic of bronzite, a Rariety of enstatite. However, in PPL, the minerals are coloyngds

only a limited number of orthopyroxenes display a faint brown pleochroism. Several
orthopyroxenes do not display high birefringence or exsolution lamellae and are equant with greater
relief and fracturing (Figure7b). These arassumed to be basal sections of orthopyroxene where
intersecting cleavage is visible. Small areas between orthopyroxene crystals display bright, turquoise,
secondorder birefringence that may represent anhedral, intergranular clinopyroxene.

Threelargeveins are distinguishable on one side of the thin section (Figiag Two are infilled with
aphanitic material, displaying a mosaic of high interference colours suggestive of carbonate (e.g.
Figure Id). 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 vemating the edges of
orthopyroxene. A thirdmuch smaller vein is filled with opaque-&@de 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 birefdageimerals, possibly

talc (Figure Ta).

Sample D2 was retrieved proximal tiee orthopyroxenite of sampleD1 butappears much more
altered (Figurel8). Some areas of the thin section contain acicular or elongated minerals displaying
high birefringence with orthorhombic extinction, assumed to be fracturedhopyroxene.
Alternatively, these crystals could represent metamorpiécived orthorhombic amphibole
(anthophyllite) replacing orthopyroxene. Several elongated crystals are considerably deformed and
sheared into lenshaped masses within a talc matrix (FigiBb). The fractures and edges of some
elongated crystals have been infiltrated by a mosaic of talc that displays secdedbirefringence.
Some relict orthopyroxenes display extremely high birefringence because of alteration to talc (Figure
18c). Small opaque minerals arebservedwithin the groundmass, primarily within a deformed,

oS & Z Z vv o[ }( § o }usoHewever, I&Fér jcE50mM) equant opaque minerals
are also found in clusters alongside the deformed orthopyroxene or amphibole (Figbje In
addition, several major fractures are coated with-d>éde, distinguishable biheir rusted colour in
PPL.

Two separate areas are identified within sample D3 (FiGQa¢ and are described individually. Most

of the thinsection comprises a mixture of wavy, featHile crystals that display some seceoidler
birefringence amidst equant, higielief crystals (Figur&9b). 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 mases. Feathelike, bladed crystals are interpreted to be a mixture of amphibole and
serpentine minerals dermed around carbonate masses (Fig8b). 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 firstorder birefringence in XPL, heavily neined with opaque minerals, likely legides
(Figurel9c). The mesh texture is characteristic of serpentine with magnetite veining, and the lack of
any olivine cores suggesthese 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, featlike amphibole thaarebent along several veins.
Lastly, a large composite vein primarily comprised of serpentine contains two columns of twinned,
highly birefringent carbonate minerals (Figuréd). Large (c. 0.5 mm) opaque masses are contained
within the assemblage of amphibole and carbonate, assumed to fpiGel. In a serpentine vein
connected to a Cspinel, small (c. 0.4am), irregular, opaque masses appear to have detached from
the large Cispinel mas, suggesting alteratioor possibly oxidation (Figurksb).

Sample D4 is almost identical to sample D3 but does not contain any-tewdsined blocks of
serpentinite (Figure20). Seconebrder birefringent, feathetike minerals of amphibole envelope
several clusters of highirefringent carbonate. A small vein displays fwstler birefringence typical

of serpentine and hostsarbonate lenseén its centre (Figur@0b). A much larger carbonate vein
displaydistinctbanding that indicates its pattern of growth (Fig@@d). 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
opaqgue masses might represent removed altered material. Some relict minerals are entirely replaced
by pseudomorphs of highly birefringent, orthorhombic, acicular minerals, mntbr, abundant
opaque minerals (Figur@0c). The acicular minerals are identified as amphibole, specifically
anthophyllite, due to their orthorhombic structur@ 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 identifiatiie thin section.

In PPL, opaque minerals are easily recognised (Fjadearranged as linear, discontinuous masses
formingan interconnected network typical in a mesh texture of serpentiniteese 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 abrown masses with multicolored specks, indicative of carbonate mineralisation (Figuréd21b).
couple of veins (@.2 mm thick) elsewhere in the thin section are infilled with the same mineral.
Propagating from the opaque masses are large areas of serpentine witlorfilest interference
colours in XPL and a feathered appeararidee absence of primary mires suggests sample D5 is
entirely serpentinised.

Overall, the Dawros Peridotite sampkeshibitsignificant variability. Less altered orthopyroxerites

a crystalline adcumulate texture with subhedral bronzite orthopyroxemimor clinopyroxene, and
large carbonate veinsccompanied byopaque mineralsAltered orthopyroxerite (sample D2)is

extremely talcoseand deformed comprisng amphibole, possibly oénthophyllite and Feoxide

coated fractures.Other areas of the peridotite areompletely altered featuring feather-like

amphibole, serpentine crystals, and extensive talc. Sampledd8ains serpentinised peridotite
fragments with a serpentine mesh texture and-d&ede veins. Sample D5 is entiréyypified by a
serpentire meshtexture but with additional high-birefringence carbonate massekarge opaque
minerals, likely chromiteare commonin all serpentinitesparticularlyin sample D4.
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Figurel?: Petrographic images of sample D1. (a) A whole PPL slide scan of sangipBying 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 brordour in XPL. (c) Another area of orthopyroxene crystals witisually bright
birefringence, adjacent to minor intergranular clinopyroxene (Cpx). (d) PPL and XPL of a large magnessamplelf.
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Figurel8: 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 merals of ferritchromit. (c) PPL and XPL of relict orthopyroxene, almost entirely replaced by talc,
surrounded by acicular or elongate amphibole and fractures coated witixiBes.
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Figure19: 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,ral carbonate groundmass alongside opaque masses-gfiGel 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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Figure20: 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 serpentineral carbonate vein and several large, alterees@inel, within an amphibolearbonate 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.
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Figure21: 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 ®rim Lava Group (Sample 2t1)

Large (c. 1 mmglomeroporphyritic olivine phenocrysts are observed in the less altered ALG sample
2 t1, which EDS reveals are Mgh. Quantitative stoichiometry calculations of the cations in measured
olivine crystals present an olivine formula of MEe .sSiQ, classifying the olivine in this sample as
forsterite. Thin (c. 2pm) iddingsite reaction rims have developed on all olivine phenocrysts. On EDS
element maps, iddingsite rims shoan overall enrichment of Fe and depletion of Mg relative to
olivine. However, iddigsite rims also xhibit a gradational chemical zonation with an outwardly
increasing Mg, Al, and, to a lesser extent, Ca and decreasing Fe and Si (FiguBp&aead. 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 (Figurd2b). The positioning of hairline fractures in olivine appears to be
controlled by the location of mineral ihnsions as they are interconnected. Smaller (c. i)
fragmented olivine within the groundmass is distinguished geochemically from the forsterite
phenocrysts. EDS spectra of these olivine fragments display slightly higher countproidieing a
formula, Mg .sFe 75SiQ. This groundmass olivine is uncommon in many of the samples of this study
except sample 21.

A range of Fexide/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 (TaBB. Many FeO/OH phases are small and unpitted,
with stoichiometrically calculated formulas of Mfre sCih.gAl 104, providing a potential mineral
identification of picotite, alumachrompicotite, or berezovskit¢(Mg,Fe)(Cr,AlDs). Other FeO/OH

grains are identified as spel, appearing pitted and generally larger (e.g. Figure 22b). For pitted
textured spinel, stoichiometric calculations from EDS data provide a formMgeaFe oTo.1CrAb 60s,

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 spinelith a stoichiometric formula of MgFe sCh 7Tb.sAb 04, though the generated

cation sums are slightly higher than expected (T&)l&his FeO/OH phase exhibits higher Fe and Ti
counts compared to other spinel (Figure 22b), suggesting a greater substitutio?f of Fé"in place

of AP and C# to fit stoichiometry. These spinel grains are mostly tained within olivine
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phenocrysts. In sampletZ, a pitted spinel displays a zone richer in Fe and Ti and lacking Cr, which
indicates the presence of ulvospinel ?RE€ 1Tip.dOu.

Groundmass clinopyroxene shows a similar EDS spectral Mg count to olivine phenocryst figns but
lower compared to olivine phenocryst cores. These clinopyroxenes display a high Ca EDS count, which
makes it the most Gdch mineral in the ALG basalt samples. In addition, clinopyroxene has a minor
abundance of Fe. Stoichiometric calculations using BEpectra provide an augite formula,
(Ca)(Mg,Fe,Al)(Si,ADx), but with a low proportion of Al. EDS spectra from sampl8 2how
clinopyroxene contains equargportions of Ca and Mgyith lessr Fe Ca.ssMgo.oF&.25Ak.1Si.90s),
potentially classifiable as Hearing diopside (CaMg6k). Chemical alteration is noted in one augite
fragment that showshe 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 noAfragmented 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 infeplémioclase to be labradorite (6&a

0.7, Nav.20.5)(Al,Si)0s. Specifically, in one of the least altered sampletlj2stoichiometric calculations

of EDS spectra produce the formi2a.-Nav.3)(Ak 7Sk 3)Os. However, pervasive hairline fracturing in

this plagioclase has led to minor enrichment of Mg and Fe and a loss of Al and Ca dueato parti
chloritisation (Figure 22aJ.here 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 (Fig@®. Some labradorite contagrchloritised Mg and Fe

rich alteration coreselated to hairline fracturing in the crystals, shown as decreases in Al and Si EDS
counts andto alesser extentNa counts. Stoichiometric calculations of the formula ofsénaltered
plagioclase cores almost correspond to clinochlore var. ripiddie,Fe, A Al,Si)O1o(OH}, with the

specific stoichiometry of (MgsFea.o5Al)(Ab.1,SkgO(OH}. 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 indbradorite, although no chloritisation has occurred (Figug 2

Thin (10um), elongate (0.1 mm long),-Fe oxides are also present in the groundmass of the ALG
basalts, with a composition matching ilmenite, FeJWith a very minor Mg component to their
composition. lImenite composition is uniform across multiple basalt samples. Less common, very small
(<10 um) masses of native copper are outlined by high counts of Cu in multiple basalt samples (e.g.
211, 2t7). These are observed amongst groundmass clinopyroxene and plagioclase, although one
example is situated withi a pitted Crspinel (Figur€2b). Small (c. pim) rare grains of a different
phase produce high EDS counts of Ca and minor P suggestive of apa{if)e;drom amongst
fractured augite and labradorite.
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Figure 22: [A] Crosspolarised light, BSE, and EDS element maps of fresh glomeroporpblwitie phenocrysts and
groundmass in massive basalt (sampld 2LBF). Fe and Mg maps show iddingsite alteration on olivine; Na and K maps
indicate feldspar albitisation and zeolite variation. Ca map highlightsaBalinopyroxene andl map indicate$eldspar Al

loss in fractures. White square in BSE image indicates field for [B]. [B] BSE alente@d8Snaps of Gsspinel, native Cu
between olivine phenocrysts, and Al concentration in olivine fractures. Si map stabser8ioxides, &pinel, and ilrenite,
highlighted in Al, Cr, Fe, and Ti maps.
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Table6: Stoichiometry of several spinel 688 spectra collected from samples of the Antrim LBF. Basalts appear to contain
[ ~3}% E}A-

a range of spinel chemistries, however these caPli& } 1 %o

IV Z% ]88

\Y

ZUV% ]SS

Sagp'e A8 ixi  ixi ixi ixi ix6 ixi ixi ixi ixi ixi ixi A8
Mg 0.28 028 036 0.29 036 0.35 037 034 X 0.44 054 0.39 0.52
Al X 0.22 024 041 03 057 048 054 065 076 076 05 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 053 037 04 026 026 017 016 0.1 X X X X
Cr 0.75 075 067 09 095 091 105 104 11 1.04 1 0.96 0.84
Fe 154 151 148 123 125 11 101 109 137 0.85 0.81 0.78 0.68
Total 31 314 315 3.08 312 3.09 3.07 311 312 31 312 3.01 3.02
Sagp'e A8  ixi ixi ixi ixi ixi ixi A8 A8 ixi A8  ixi
Mg 051 062 059 069 066 063 073 06 059 07 068 0.69
Al 091 1.02 1.03 1.06 1.1 1.11 114 1.15 1.2 123 126 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 0.62 086 079 08 078 082 069 0.81 0.75 0.73 0.67 0.62
Fe 0.6 055 068 052 052 048 053 046 048 0.37 0.43 0.46
Total 3.01 3.06 3.09 307 3.06 304 309 302 302 3.02 304 305
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Figure23: 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 andfiMied, chloritecentred plagioclase, ilmenite and minor albite, sample A8,

LBF. Characteristiray 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 atfthnging input count rateTherefore, stitching of EDS montages

is not perfect althouly element variations for individual minerals are still easily distinguishable within frames.

4.4.2 Alteration ofOlivine Phenocrysts in the #rim LavaGroup (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
(Figure24) show the highest EDS Mg counts in the sample and correspondhté-&gSiQ, identical

to the composition of fresh forsterite phenocrysts measured from sample gFigure??). Fractured,

dark turbid areas under petrography, characterised by a darker appearance in BSE imagery, represent
areaswithin 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.

Figure23shows EDS element maps and BSE images of a glomeroporphyritic olivine comprising three
aligned phenocrysts. BSE imagery identifies at least two different altsvadswithin the olivine
glomerocryst matrix. EDS element maps and spectra dlaitvzones do not represent variations in

Mg but ratherin Si depletion and enrichmenh Al and, to a lesser extent, Fe. The most intensely
altered zones are concentrated around fractures in the oliviAeubiquitous Feeaction rim,
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approximately 50 um 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 ofterirmde with olivinepyroxene boundaries. In
addition, some reaction rims contain Jheh specks and clusters (Figure 25b).
Phenocryst/glomerocryst alteration rims display a series of parallel fractusaggesting a
crystallographic weakness or cleavagigFe 4b). Larger scale fractures are observed in the altered
olivine, with associated alteration zones, and are perpendicular to the previously mentioned fractures
(Figure24).

Figure24: 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 seconarder birefringence in phenocrysts correspond to discrete fragments of fresh olivine with much higher Mg
counts.

Large (c. 5Qum) silicate inclusions are noted within olivine glomerocrysts (FiQi®. Despite
morphologically appearing similar to the identified zoneds@inel inclusions, these inclusions are

void of Cr, contain Si, and are characteristically darker appearance in BSE imagery. For stoichiometric
calculations, both zones show a catismm of just under four when associated with siX &ions,
potentially suggestive of pyroxene, but a sum afs&l and Si-s* equivalent to 2.4 cations for both

zones. Via stoichinetry, the zones are distinguished by varying divalent metal cations, where one
zone comprises Ca and Mg considered augite, and the other comprises:Mgnd Fas, possibly
orthopyroxene A distinct, irregular boundary separates these two zones.

54



An EDS element map of sampl&Zhows a much smaller olivine phenocryst (Fige Relative to
other imaged phenocrysts, the iddingsite reaction rim of the olivine is minor. Except for the iddingsite,
the remaining olivine displaya similar chemisty to the surrounding chloritised groundmass,
indicating complete alteration of the phenocryst to chlorite. Plagioclase crystals in sartlar@
almost indistinguishable from the olivine matrix and phyllosilicates. Only thin (an),0fragmented,
Al-rich pagioclase remains.

Figure25: 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 withn olivine alteration rim perpendicular to bright hairline Fe veins and fractures within chloritised olivine.

55



Figure26: XPL and BSE images alongside EDS element mg&BpiMyp, Fe, Ca, Al, Na, Cr, Ti) of a large olivine phenocryst
altered to chlorite from sample 3, LBF. Angular holes within the phenocryst are sometimes infilled with either Ba
rich zeolite.

4.4.3 Zeolites of the Atrim LavaGroup

Figure 22 presents four examples of zeolite minerals in samfleoPthe 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 chakiit€adbiO:,-6HO. 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 s©:p zeolite such as scolecite, but with marked
substitution of Ca with K, equivalent to £sl& 4ALSEO10-3H:0.

Sample 25, another massive basalt of the LBF, also contains regions comprised of minerals that
petrologically display low birefringence and low reliafl these minerals exhibit a tabular, blocky
appearance and are identified as -@leh zeolites through EDS spectra, with minor Na and K
components. Formulae, determined via stoichiometric calculations, generally corresponded to
chabaziteCa, (Na25.1Ca.65)Ak.2SkO12.
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Figure 5 shows several regions of a chloritised olivine phenadtrgshave been lost. Some of these
regions withinthe 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 (NaAl3-HO) or a tabular Naich zeolite with the formula
NaALSKO:2. 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 drfdsphase is in full contact with

the surrounding chloritematrix of the phenocryst, sharing an irregular boundary. Based on its
morphology and stoichiometric calculations, this mineral is likely the tabular zeolite chakagite
(Ca.oKo.1Nay 1) AbSiOr2.

A gquence of various zeolite®mprisedarge amygdales within sampleéZ from the UBF (Figu).

An initial filling phase is composed of tabular, psegdbic crystals attached to the walls of the
vesicle EDS maps reveal that this phase is composed of two distinct piasémer phase, attached

to the vesicle wall, is predominantly- @nd Carich, with lower counts of Na and K. The outer phase
remains Srich 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
TeO12 zeolites based on resultant proportions of Al to Si, outputting the formula
Nay.26Ko.14Ca 54Ah 555k 47012. This is problematic as stoichiometric calculations for the outer zone
corresponded well to the formula N .i1Ca o Ab1SkdOi2, indicative of chabazit€a. Under the
microscope the crystals appear zoned rather than comprising two individual zeolite minerals.
Therefore, the inner phase is assumed to be chabds@alespite the disproportionate Al:Si ratio.

From the initial zeolite phasesf sample 12, propagates a larger radial assemblage of an acicular
zeolite, rich in Ca and lesser Ne acicular habit of the zeolite suggests these are lik€hy Zeolites.

The best fitting stoichiometriderived formula for the spectrum appears to beoNaa oAb 4Sh 6010

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 inputtingy,Gequivalent to @Q(OH), correspond to a whole
cation sum of 13 and suggest this is a small film of smectite comprised mostlynodr@aorillite,

with the derived formula GaMg,.6Ak Sk 7020(OH).

A final zeolite phase develops on the smeetimted acicular zeolite. This final zeolite phase appears
primarily whiteyellow in XPL, with undulose extinctiongpdo-cubic crystals, and very low relief in
PPL. Stoichiometric calculations of EDS spectra best match the formua® ®Ho AL oSk1Ow6, a
possible match for yugawaralite Ca®{)Oi6-4H0O. 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 clabazite. Some crystals of this final stage of zeolite formation (the right edge of Rigure
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 sectioB7figure
Therefore, it is interpreted that chabaziddg, alongside lesser chabazi@a, represents the last
zeolite of this sequencesmaller amygdales within sampld2lonly appear to contain chabazifea
(Figure 9e).
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Figure27: EDS element mapping (Mg, Ca, Na, K) with corresponding BSE and XPL images of a zeolite sequence in a large
amygdale of sample ®, UBF. A zoned tabular, -Beh zeolite, was the firgtrecipitated, followed by a Cand Narich

acicular zeolite, interpreted to be thomsoniBa. Mgrich clay deposition across thomsonite suggests a hiatus in zeolite
precipitation, after which chabazi®lg and chabazite€Ca have precipitated.
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Another sequence of zeolites, formed within a large amygdale in LBF sat3p|Eigure?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 uniferd@yim 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 Mgich clay such as maemorillonite or chlorite. The following zeolite sequence has not
grown uniformly within the amygdaleBetrographic observations indicate that a tabular zeolite is the
initial phase to form. However, EDS element maps reveal a chemically distinctatimglutalcium

rich zone within this zeolite phas&his zeolite is suggested to be chabazite due to its pseubc
appearance, symmetrical extinction, and dark fistler birefringence. Stoichiometric calculations
suggest botlzonesin the zeolitephaseloosely correspond to different chemical varieties of chabazite
within the same crystal. The thin €iah zone in contact with the Mgch clay has a stoichiometric
derived formula of NakKo.1Ca dAL 2Sk.sO12, almost identical to the chabazi@a notel in sample 12.

The more dominant zone of the zeolite corresponds to the stoichiometrically calculated formula
NaCa.Al. ¢Sk 1012, With negligible K, potentially considered chabahite. Other notable features are
veirtlike wavy cracks only noticeable in BSE imagery of the chaidairene.

From this initial zeolite phase (chabazite), larges@® um long), acicular, fatike, radial splays of
zeolite are developed. These zeolite splays argic@abut also contain reasonable amounts of Na
identical to radial zeolites measured in sampl2 1Therefore, these are suggested to be thomsocnite
Ca, with tle formula NassCa.ssAk.3Sk.7O10, Calculated based on stoichiometry. Precipitated following
the thomsoniteCa is an assemblage of a-zh zeolite (Figur@8). Petrography indicates this area
comprises a crosshatch, or mesh, of gyajlow birefringent acicular crystals, with orthorhombic
extinction, that ha filled the remainder of amygdale space (Fig@B. These observations and the
Narich composition suggest the last phase of this sequence is natrolite. Stoichiometric calculation
produced the formula (NaCa.1)AbSEOie, Which agrees well with the identification of natrolite.
Several crystals of the tihesonite and chabazite phases are observed within the natrolite mass. These
crystals might have been broken and incorporated during natrolite precipitation or repressiitiin
zeolite visible from the underside of the amygdale. Patches of natrolite aneo@lserved in several
areas of the pseudoubic chabazitdNa crystals (Figur2s).
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Figure28: EDS element mapping (Mg, Ca, Fe, Na, K) with corresponding BSE and XPL images of a zeolite sequence in a large
amygdale of sample 8, LBF. Zeolites have precipitated on clay coated vesicle walls. Chemically zoned chabazite is followed
by the precipitathn of radial clusters of thomsonitéa, 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, firetder birefringence colours. The largest amygdale in sample A6
comprises a zeolite that appears tabular. Stoichiometric calculations of EDS counts produce a formula
equivalent to (Naz3.4sCa.4)AbSKO12, suggesting it is Aaearing chabazitdla. Another amygdale,
containing a zeolite with a similar appearance to the chabdsé#e contains no EDS K counts and
showsan ED&lerived stoichiometric formula of (NgCa .3)Ak.2Sk 012, interpreted to be a more sodic

rich chabaziteNa. One unique amygdale contains zeolite minerals that appear identical to twinned
plagioclase andhow Naand Krich twins These twins correspond to the chabazite varieties that exist
within amygdales of sample A6. All zeolites of sample A6 are lined pgn#lick vesicle linings of
collomorph phyllosilicates. The collomorph phyllosilicate was suggested to contain celadonite because
of its blue appearance in the hand samples. However, EDS aprdicate this is an Mgch clay,
absent of K expected for celadonite.

Sample 26 of the LBF contains several fractures that interlink amygdales. These fractures are filled
with the same zeolites that are precipitated wittimygdaleshowever, amygdales are lined by Mg

and Ferich collomorph phyllosilicates, which are not present in the fractures. This phyllosilicate
appears identical to the Mglay linings measured in sample A6. EDS mapping of a filled fracture shows
both Na and Caich chemical zones (Figur29). Most of the fracture zeolite corresponds to
NaAISiOs, assimed to be chabazit®a, which also comprises the inner zone of the left amygdale in
Figure29. EDS element maps show a separateai€tazone lining the margins of this amygdale, with

an EDSlerived stoichiometric formula of (NaCa.3)AhsSk26012. Both zeolite phases appear
petrologically uniform, massive or tabular (where developed), with dark-ditdér birefringence,
suggesting they are chemical zones of the same zeolite rather than separately formed zeolite phases.
On the right side of the we in Figure29, the composition transitions to a @&h zeolite that has
entirely mineralised an amygdale on the right. Stoichiometric calculations determined the zeolite
matched the formula (N&KoiCas)AksSk1012, generally identifying chabazi@a. A separate
amygdale at the bottom of the acquisition area (Fig28®, not connected to the mapped vein, also
comprised a zeolite that shared this composition.
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Figure29: BSE and EDS element mapping (Mg, Ca, Na, K) of a tabular zeolite in amygdales and fractures ofésdBpleThe zeolite varies chemically, predominantiyddan the
mapped fracture, transitioning to @&h on theright side of the maps. CGanes are exposed on the outer end of zeolite in the large amygdale. Chlorite has only developed it



4.4.4 Primary Minerals of the Connemara Metagabldaeiss 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 Ca3BjgSteichiometric
calculations indicate that plagioclase is of anorthite variety ((Sa@4), with higher Ca than expected,
producing a skewed formula GaAl.¢Si.dOs. Zoning in the anorthite, outlined via BSE imagery,
corresponds taminor variations in EDS counts of Fe. Slightly higher EDS counts of discaraible

on the outerrim of the anorthite phase. Several fractures within the inner zone of the anorthite
contain intercalated assemblages of a mineral phase rich in K, although thisvghsismidentifiable

A more dominant phase, predominantly confined to the outer edges of the anorthite, is marked by an
increase in Na and loss of Cléhese chemical alterations atgpical for albitisation in feldspars.
Stoichiometric calculations of one albitised area produced the formula®&uAkL sSk.s0s, indicating
Cahas been lowerd relative tothe anorthitebut is still present.

Figure30: XPL and BSE imagery with EDS element mapping (Si, Mg, Fe, Ca, Al, K, Na) of a sheared netagisbfo,

Dark turbid areas in XPL correspond to anorthite represented by high Ca counts, surrounded by small patches of K and Na. A
Caabsent 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 adnddre with lesser Al and Ca
(Figure30). The amphibole display uniform composition across sample C1, identified generally as
hornblende with the interpreted formula NaCa /{(MgiFe sAb.4)(Ak:Si.1)O2(OHY, 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 changeare suggestive of chlorite alteration, a hypothesis supported by the appearance of
the phase wunder XPL and stoichiometric calculations that suggest the formula
(Mgs.7Fe& sAh 5)(Sh.oAl.1)O1o(OH}, generally indicative of ripidolitéMinor 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,
CaTiSig) that contain minor impurities of Al.

SampleC4 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.B&}ery displays aoticeablepitted

texture for the anorthite(Figure 31) This texture corresponds to alteration phases high in counts of
either K or Nareplacing the anorthite in disorderly blebs. The alteration is also associated with the
compkte 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. Contraisigly, areas of anorthite replaced by theriéh phase comprised only K,

Figure31: 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 area®f anorthite are replaced by minor assemblages of sericite;3@®o(OH). 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
characterisg¢he hornblende in this sampl&he first comprises larger (approximately 250 um) equant
crystals rich in calciurearing minerals, while the second consists of smaller, elongated
parallelogrammatic crystals measuring around 200 pm x 50 um. Despite their visual differences, these
hornblendes are chemically identical and only minor variation®bservable. Specifically, elongated
hornblendes exhibit slightly lower Fe and higher Mg counts in EDS an@ilygiisgeneral formula is
determined through stoichiometric calculations to be C#Mgs 64.1F& .81.1Akb.30.5)(Ab.3Sk.7)Ox( OH).

Carich minerals within the equant hornblende represent calcite, Ga@{hough extremely minor,
fragments of a phase containing Ti are interpreted to be titanite, Cal\&&Qy minor counts of Gire
detected in hornblendgoften proximal to thecalcite 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 Mand Fe with lesser counts of Ca (FiguB2). Stoichiometric calculations
determined the amphibole to be hornblende, with the formulasMaa sMg oF e s(Ah.sSk.6) Oz( OHY,

which contains comparably low Mg and high Fe relative to hornblende of sample GaraptkC4.

Figure32: 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 plissernible

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.
10um x 50um) elongated grains that display only high EDS counts of Si indicate quastth&iGas
mineralised in cleavage fractures of the hornblende (FiggZe Less common grains of calcite,
outlinedby high EDS counts of Ca, and minor titanite have also mineralised within hornblende. Unform
with sample C1 andampleC4, 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. Fraciitiein anorthite are
associated with albite alteration. A fadteration rim is also defined on anorthiteystals

Petrographic analysis of sample C5 identified a similar composition to other metagabbro samples of
this study but appeared much more phaneritic, with small nglref grains. At the bottonof the
element map olsampleC5 (Figure3), 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 NegCa sMgs e sAb.AAlISHO2(OH), representing hornblende.
Whilst almost impssible 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, géMg,Fe)Al|STAIG(OH). Within hornblende are small oval pockets of
anorthite, CaAkGs, distinguishable by coexisting high EDS counts of Al and Ca @3yusome of
these pockets are altered to small zones rich in K and Al, equivalent to sericH@|8¥&ho)(OH}),

also noted during petrographic alysis.

At the top of Figur&3, 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 & lsligd lesser Fe. Chlorite
replacement of hornblende appears to show minor zonation, vhitlgher Mg counts towards the
centre of the altered hornblende masses. Despite minor variations in EDS counts of Fe, Mglnd Al
chlorite isgenerally considered varietyof ripidolite.

Sample C5 contains large subhedral aggregstggiested to be pseudomorphs. These comprise a
minor groundmass of ripidolite, surrounding large (8I00um) oxides, displaying extremely high EDS
counts of Al that correspond to corundum, @ based on stoichiometric calculations. This
identification is supported by the high relief in PPL determined via petrography (Ri§urin parts

the corundum is fractured, and two zones can be distinguished in BSE imagery. These zones appear
identical in the elemenmap 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 phasesap much darker

in BSE imagery. Stoichiometric calculations identified this phase as margarit¢ AESHD.o(OH), 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 corundurhlorite pseudomorph before branching avairdsinto several

small pockets (Figurg3). 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 anfidveraiminor sulphides of
pentlandite are present withinsample C5, mostly concentrated within the pseudomorph and
characterised by high cotsof Fe and Ni. A 1dm 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 groundmasawipleC5, no greater than 2(m, showed
equally high counts of Ti and Ca representing titanite, CasliSiO
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Figure33: BSE and EDS element mapping (Si, Mg, Fe, Al, Ca, K) of alteration and corundum grains within a porphyritic
hornblenderich metagabbro,sample C5. The Hich phase represents sericite, whilst the h@h 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 comprisingicNigsilicate 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 1.8:0ith, mo Ca, suggesting enstatite

High EDSouints of Fe were expected theseorthopyroxenes based on tihigh birefringence, which
corresponds well with the identification difie bronzite variety Counts of Fe are slightly higher in the
orthopyroxene cystals relative to the interstitial matrix, although spectra of this matrix still match
that of enstatite, typical of an adcumulatBoth Caand Arich phases exist within enstatite cleavage
planes but are too small to isolateliable EDS spectra.

Several small (c. 50m) irregular masses within the sample show high EDS counts of Ca with lower Mg
counts relative to those measured in the enstatite (FigB#g This Caicher phase is identified as
clinopyroxene, with constituent cations of roughly Mglesser Cg, and minor Fe: and Ab:
determined via stoichiometry, suggesting pigeonite or augite. One suciciCaass displays a Ca EDS
count equalling the Mg count, suggesting rare occurrences of diopside (GaMgSi

EDS maps of a vein within samé (Figure34) show high counts of Mg and lesser counts of Fe,
similar to those of the measuremithopyroxene, but lack %ind show low Mn counts. Stoichiometric
calculations using the EDS spectra suggest this phase is-anoiM@rbonate, or magnesite (MgeQ©
with a minor Fe constituent. One small B mass of carbonate adjoined to this vein indicated some
presence of Carepresentingdolomite, MgCa(C&y, with equal Ca and Mg proportionEnstatite
adjacent to the vein display a very minor loss ob&i other element abundances appear unchanged.

Figure34: BSE and EDS element mapping (Si, Mg, Fe, Ca, Al) of a mafjleesfracture within an orthopyroxenite, sampl
D1. The area of alteration shows little effect on Mg count.
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Small (20um) equant or lendike FeO/OH phases are present, concentrated around the magnesite
veins (Figur&4). Stoichiometric calculations are unable to discern betweetid®l F&*, thus making

it impossible to differentiatdbetween wiistite (FeO) and magnetite (F8s). 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-bgde phase. Stoichiometric calculations suggest these minerals are
periclase (MgO). More common ([ufh) oxide minerals are found across the whole area of acquisition,

with counts of Fe, Cr, and Al. These FeO/OH phases are determined tebbariaA chromite,
Fe*Ab.7Cn 04, by stoichiometric calculations, indicatisgme sulstitution of Cr by AlOther 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 ratiof ~FeNi/S of 7:6 rather than 9:80ne minor phase rich in Ti

may beilmenite. Lastly, a larger (38m) phaseenriched in K is found amongst the orthopyroxene in

both sampled sites bus unidentifiable

The more altered orthopyroxenitesample D2 is texturally distinguishable frorsample D1 via
petrography and BSE imageyDS chemical maps indicate the sample has changed in composition
but remains geochemicaligientical to the less altered sampEL 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 magrial representing the intergranular phase (Fig@%). The intergranular phase has
subtly decreased Al and increased Fe and Mg countspédectly match the composition for Fe
bearing talc, R&Mg. sSkO1o(OH), 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 crystgitaylisariable
compositions resulting from neaniform chemical zonation. The largest chemically mapped crystal
shows a Feand Mgrich rim that stoichiometric calculations suggest is identical to the composition of
Febearing anthophyllite, FeM&:O2(OH)Y. Comparably, the centre of the crystal displays higher Ca
and lower Si counts that stoichiometric calculations suggest represent eeliite or pigeonite.
Pervasive cleavage in enstatite has led to the formation of exsolution lamellae with inclusions
displaying high EDS counts of Ca andaélseen in sample D1. The-@h inclusions appear
geochemically similar to clinopyroxene (Fig@®. An Alrich phase appears depleted in O aisd
sometimes associated wiaminor increase in K counts.

More deformed crystals in sample D2 are broken parallel to mineral cleavage into several smaller rafts
within the talc matrix (Figured6). Stoichiometric calculations reveal that these crystals closely
resemble Febearing anthophyllite, characterised by higher Si and lower Mg counts compared to
enstatite. While no Gaich phases such as apatite, clinopyroxene, oinChusions were detectedi

the vicinity of the deformed amphibole and talc, significant Al EDS counts were observed within
fractures and pitte areas of larger anthophyllite crystalsarger (c. 50um) Fe and Crrich
oxides/oxyhydroxides are numews but vary in composition compared with thosesampleD1.
These generally correspond to-§pinel, with stoichiometriccalculations indicang that Crspinel
comprises two Fe cations and only one Cr cation. Therefore, it is suggested that Gresgenel are
enriched in F& and mayrepresent either ferrichromite, P&Cr,Fé"),04 or altered varieties of Al
bearing chromite (identified in sample Ptb ferritchromit. Athin, elongated Ti mineral phase in
sampleD2 is more abundant than isampleD1, which, based on stoichiometric calculations, is
ilmenite. Althoughdifficult to isolate the phase, it contains minor Mg and very minor Mn, suggestive
of partial substitution commonly seen in ilmenite.
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Figure35: BSE and EDS element mapping (Mg, Fe, Ca, Cr, Ti, Al) of talcose enstatite and anthophyllite, in orthopyroxenite,
sampleD2. Anthophyllite appears stubby and acicular. Exsolution lamellae in altered enstatite are predominaittly Ca
possibly clinopyroxene.
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Figure36: BSE and EDS element mapping (Fe and Al) displaying deformed anthophyllite, zoned egpiaelt @nd high Al
counts within the amphibole mineral crackampleD2. Large dark masses on the bottom of the image represent carbon
flakes from carbon coating.

Figure37: PPL and XPL views of an altered boundary in orthopyroxeaieple D2. BSE and EDS acquisition shows
interlocking serpentine minerals amongst minor elongatesyiinel and apatite in the channelised areasampleD2 (see
Figurel8). 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
(Figure37) containsubiquitoushigh Mg counts but vaesin Fe counts across several mineral phases.
Outlinedby BSE imagery, chemical zonation in relict silicate minerals correspondnor increases

in Fe, Si and E + }( o }uvdeU E % E « v3]vP }VA E-]}v 8} § 0o X dZ
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 riiese

acicular minerals corresportd assemblages of serpentine. Several thin, elongateiddaphosphate

minerals arelocated within the channel, closely matching the chemical formula for apatite,
Cao(PQ)s(OH,Ch. 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
comprisingexclusivelyhigh 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 MgFe 4:SEO1, Whichsimplifies to(Mg,Fe)SiOuo,

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 chlpgtenmingtonite or anthophyllite
because there are no EDS counts of Al, and the ion ratio of Mg+Fe to Si is >1.

Figure38: XPL and BSE imagery alongside EDS element mapping (Si, Mg, Fe, Ca) of small serpentine veins surrounded by
dolomite and magnetitesample D3Dolomite 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, M@&ith 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 smallkpo@r, Carich areasorrespondingo dolomite.
Another different vein (Figur88) displays a chemical composition similar to the groundmass, with
high EDS counts of Mg, Si, O and Fe. Stoichiometric calculations canfiamalmost identical
mineralogy to the groundmassbwever, the stoichiometrically determined chemical formula for the
vein mineral matches wellith serpentine (MgsFe 3)Sh.1Os(OH), supported by petrographic
observations. On the right side of FiguB®&is meshtextured serpentine identified via petrography.
Equant silicate minerals are noticeable, and #B$sedstoichiometriccalculations confirmed these

are partially serpentinised, relict orthopyroxene porphyroclasts. Some of these large masses of
orthopyroxene have since begmseudomorphedby dolomite minerals adjacent to the serpentine
vein.

On the opposing side of treampleD3 thin section, a much thicker (over 1 mm wide) composite vein
traverses the same groundmass (Figu88). Stoichiometric calculations suggest the formula
Mgs sF& sSEOqo for this groundmasshat 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 sitows hi
EDS counts of Mg, Si&aO. The lack of Si within the angular minerals, alongside minor counts of C, is
indicative of dolomite, MgCa(G@ whilst the surrounding Mgich vein material was petrologically
indicative of serpentine, M&pOs(OH), both confirmed by stoichiometric calculations from the EDS
spectra. BSE imagery indicates clear zonation within the dolomitehis is not mappable with EDS.

Figure39: A layered element map (Si, Mg, Ca, Fe, Al) of a large composite vein in serpdraaritpleD3. 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 pirdetplentine groundmass, large greemed

masses of Gspinel, and small green specks ofdearing pentlandite. Some cyan zones aroundpitel, magnesite and talc
serpentine represent Anrichment, potentially chlorite alteration of &pinel.
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NumerousFeoxide/oxyhydroxide (FeO/OH) minerals are obséite across sample D®vith high Fe

and O EDS counts. Sometimes, minor EDS counts of Mg areatié¢eatcompanied by a reduced Fe
count. These minerals represent either magnetite valistite. Two significantly larger conjoined
oxide/oxyhydroxide (FeO/OH) minerals were compositionally mapped, revealing distinct chemical
zonation, as illustrated in Figure 3Bhecombinedcore, 0.1 mm wide, is €ich, with lower Mn, Ti,

and Co EDS countsl gradatbnally decreases towards the crystal rims, whilst Fe increases. Enveloping
the core is a 5Qm 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 Abearing chromite, FeFe >*Alb 7Cr 104, With greater F& substituting for A" towards

the rim. Spinels enveloped by Fexide/oxyhydroxide (FeO/OH) raassumed to be magnetite and
coincide with areas of groundmatisat containhigh EDS counts of Al and minor @rssibly chlorite.

Several other smaller (1@m) phases are found across all mapped areas of samplasDgell as two
larger 25um massedocatedwithin a magnesite vein. These contain EDS counts of roughly equal Fe,
Niand S, coincident with pentlandite (Feb#y, although ratios of Fe and Ni are not always ideal. A
rarer phase, represented by two discrete |25 masses of Fe, CandS was traced in the serpentine
talc-magnesite assemblagmddetermined to be chalcopyrite.

Chemical maps suggest sample D4 is geochemically simgantpleD3 but withmore variation in
groundmassand Feoxide/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 alistinguishable in this groundmass, using birefringence in XPL and
minor variations in Fe and Si EDS counts (FigDreAreas with absent Fe counts correspond to a
mineral phase with exemely high birefringence that stoichiometric calculations determined was talc,
MgsSkO10(OH). Acicular assemblages surrounding talc displayed very faint EDS Fe counts that
stoichiometry discerned as anthophyllite, o®19s 6SEO.2(OH). Both phases are interspersedith

large areas of magnesitegether withlesser masses of dolomite (Figu@.
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Figure40: XPL images and corresponding EDS element maps (Si, Mg, Fe, Cr, Al, K, Ca, S) of-talojhithmeate
groundmass and veining within a serpentinisampleD4. Phases absent in Si are large, zonespi@el (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 centiahaite core. Gspinel 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 magnesithin&dr, 50um thick vein found further along

the thin section contains dolomite but with a théerpentine bordeisolating the vein from magnesite
(Figure4l). 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 tham3bick (FiguréOand Figure

41). When bordering the larger serpentir@olomite vein, the magnesite within the groundmass
appears to display greater Fe EDS counts

Figure41: 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 ceprgsent pentlandite and pyrite.

Large subhedral oxide minerals are zoned with two discrete phases (Higur&he central zone
represents Atich spinel, MgsFe 7Fe **CihsAL10s 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 tspi@el (Figurd?2).
Like those seen isampleD3, spinelssurrounded by a partially destroyed rim of-Bg assumed to be
magnetite.In Figure39, spinel entirely comprised ferritchromit with much thicker rims of magnetite.
One of these spinel contains a small inclusib@a and Nabearing silicate, whilst another is fractured
and filled with the phase comprising magnetite. SimilasampleD3, Adrich areas within groundmass
are almost always associated with-€fiinel or magnetite opaques. An-idh phase within Figuré3
appears to have a lensoidal structure wrapping around thep@rel grain, perhaps representing the
remains ofa strain shadow.
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Figure42: XPL and BSE images corresponding to EDS element mapping of a large, -zpirgal €nclosed in magnetite
within an altered serpentinitesampleD4.

Somelarge mineral assemblages were outlinedsample D4 as potential relict minerals that have
been entirely pseudomorphed by alteration phases. FiglBelisplays 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 -Kearing mineral, althougtt possibly matchs a form of chlorite
(Ko.sMga.10 F& 33,Al) (Ab.75Sk.25) Ors, Supported by its appearance and orthorhombic extinction under
XPL. One pseudomorph comprisesiixture of the Atich phase with amphibole (Figudd). High Ca
counts indicate dolomiteorientedwith the supposed cleavage of the pseudomorph. Surrounding
these pseudomorphs are several minorp(®) Crspinel grains enclosed by thicker (@61) masses
assumed to be magnetite alteration rims. Very minor ((t0) specks of ilmenite, FeTiQvere also

noted from EDS acquisition. Minor sulphides are present across the entire sample, predominantly
displaying high EDS counts of Ni and Fe characteristic dapdite. Several opaque grains, reaching
diameters of up to 50 um (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 pum
in thickness wasaptured within the acquisition area shown in FigureBBS counts of Fe were higher

in the vein relative to groundmass amphibole, indicating a different mirgdrase . The $oichiometric
analysis identified the vein mineral as-b@aring serperihe.
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Figure43: XPL and BSE images alongside EDS element mapping (Mg, Fe, S, Cr, Ti, Ca, Al) of the sides of large altered
pseudomorphin an altered serpentinitessampleD4. The XPL image was rotated after being captured, as thelpsorphic

minerals are orthorhombic and the large left area would be in extinction (arrow shows original top). The Jaegeiy

phase assumed to be chlorite, always corresponds todreen pleochroism, and is surrounded bysginel and magnetite.

Petrological analysis aampleD5 reported a homogenous sample comprised of serpentine, opaque
minerals, and masses of carbonate. EDS data confirmed these mineral identifications)osttbf

the sample comprising a groundmass displaying high EDS counts of Mg, Si and O4@¥igure
Stoichiometric calculations of the groundmass matched the formulad¥g SO, that corresponds
precisely withserpentine, MgSiOs(OH). Carbonates were confirmed to be dolomite, MgCalO
with a slightly higher Ca EDSuiobover Mg. The opaque minerals display high EDS counts of Fe and O
and represent magnetite typical for meséxtured serpentine. Both dolomite and magnetite are
interlinked along the same boundaries within the texture. Nesfinel is present within santg D5.
However, a small, 1Am mass with a high count of Al corresponds to corundur@;Afound within
serpentine. No other counts of Al were noted within the area of acquisition, despite other samples
from the Dawros Peridotite containing-Béaring phaes within groundmas€oncerningulphides,

only small (5um) masses of pentlandite were notethdingrained within magnetite (Figuré4).
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Figure44: Petrographic images (PPL and XPL) alongside BSE and EDS element acquisition (Al, Fe, Ca) of mesh textured
serpentine that characterises sample D5. Thei€taphase represents dolomite, which is often interlinked with the green
highlighted Feich magnetie that surrounds serpentine. Two small pentlandite grains were encapsulated in some magnetite.

5. DISCUSSION

5.1 WhatA UH , U HEef2@ptibfisforMineral Carbonation?

Over the last few decades, laboratory reftikid reaction testsand pilot studieshave shown that
effective mineral carbonation of carbon dioxide requires mafic or ultramafic rocks that comprise
mineral phases rich in metal divalent cations,2Mge*, C&" (Oelkers et al., 2008As successful basalt
carbonation has been shown at pilot projects such as Wallid&sgail et al., 2011and CarbFiPEgge

von Strandmann et al., 201,.9many countries have begun to characterise basalt reservoirs for CO
injection (Pedro et al, 2020;0koko and Olaka, 202Delkers et al., 2032 Furthermore, the high
reactivity of gabbros and peridotitegdicated by natural carbonation, encouraged the development
of 44.01 in Oman and provokehde characterisation of ultramafic reservoirkélemen etl., 2018§.
Therefore, both mafic and ultramafic lithologies across Ireland were identified, screened, and ranked
for reservoir feasibility for subsurface mineral trapping ob.dMefollowing discussion exploréle
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 Carbonatioistorage in Northern Ireland:#rim Lava
Group

Comparing 29roups ofgeologicalunits (Table2), the Antrim Lava Group (ALG) has the most
favourable ranking characteristieghen considered for irsitu mineral carbonation. The ALG is large,
outcropping over a 3508m? areaand near several majoemitters in Northern Ireland (Figurd5).
TheLBF of the ALG is the bedrock underneath one of the largese@i@iers in Northern Ireland,
Ballylumford Power Station, on the north edge of Islandmagee PeninSutthermore, less than
15km to the south lies Kilroot Power Station, positioned just beyond the canbihéhe ALG outcrop

on the northern shores of Belfast Lough. The basalt rocks under and surrounding both power stations
offer potential asa CQ 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 Gub to facilitate connectivity and utilisation aflargerCQ supply.Although
slightly further afield, Cookstown Cement or smaller industries closer to DapngaCo. Tyrone are
found within 15km of the southeast edge of the ALG and may combine into a separate, smalliCO

for storage. Lastly, a pipeline or transport to store;@@issions from theurrently commissioned
CoolkeeraghPower Station in Londonderry/Derry could also integrate into al@® on the eastern

edge of the ALG.

However, despite several @&€missions sources lying within 20 km of the ALG,ij€xtion must also

be positioned where a suitable storage resendithiology is thick enough. Feasibility studiasd
companiege.g.by Cella Mineral Storage, CarbonSAFE, and recommenddtyo@srbFix) state that

the burial depth should exceed 5@0. As such, ALG surface outcrops must have a maximum or total
gross thicknesexceedingb00 m. Shallower depth (200 m) reservoirs are less secure, especially if
lacking an ovdying impermeable geological seal, and injection at such sites requires more water for
CQ 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 Al330dsn»below the
surface, although thinner deposits are recorded on the northwest of the plateau. Faulting also
influencesALG 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 (HA&uwr&n the other hand,

the thickest basalt sequees arefound within a series of faulted block® the north andeastsides

of Lough Neaghmaking them prominent targets for mineral carbonatiés the injection depth will

need tobe around 400m, the LBF will be the primary target for mineralisation rather than the UBF.
Such thickness estimates carry potentially large erebasalticlava flows can be deposited over
significant topography, making their base and associated thickness geographically variable.

While the reservoir thicknesses near Lough Neagtsuitable for mineral carbonation, their distance
from the Northern Ireland coast presents challenges, particularly regarding access to seawater.
However, alternative solutions, such as aitilg water from Lough Neagh itself, should be explored.
One option is to build a saltwater gopeline alongside a GQipeline from coastal G@mitters, or

to dissolve C@in seawater at a coastal facility before transporting it to the geological storage sites.
Both options would require a stainless steel pipetim@revent corrosion, which would be costBre
dissolved C@from Kilroot Power Statiorrould 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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Figure45: Map of C@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).
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Permeability was not directly assessed within this study and requires examination acroasioto-

and macroscale, 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 analydestrography and EDS mapping of the ALG basalts show
pervasive secondary mineralisationziolites 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 ch@hazite
and thomsoniteCa, both containing divalent cations betogl for mineral carbonationf these basalt
reservoirs were stimulated by Gfluid injection, the dissolution reactions caused by injected carbonic
acid would liberate G4 thereby generating dissolution pores and opening fractures. This process
would locally enhance permeability around injection sites (Hartman, 2006t al., 202 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 carbormatito occur. Zeolite nucleation in etch pits can instigate
fracturing by exerting a crystallisation pressure sufficient to break and expand subcritical fractures in
minerals (MonasterigGuillot et al,, 202). 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 unfilledh addition little evidence is noted fothe dilation of vesicles by
precipitated amygdales. However, ftages are pervasive acrosdtered 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 Werefore, 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 (ArB) olivine (var. forsterite) phenocrysts and glomerocrysts
rich in Mg, with lesser Fe. Samplé¢l2contained almost unaltered phenocrystghilst 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) Mg28i0(5)+ 2CQW 1D Padft+ Si@(s)

However, all olivine phenocrysts and glomerocrysts are envelopedultiphase reaction rims of
iddingsite. Therefore, even the freshest olivine has experienced alteration to some degree. lddingsite,
generally comprised of smectite clays admixed with goethite, is represented by higher EDS Fe and Al
counts and lower Mg an8i counts. The lower Mg count indicates the loss or mobilisation éf, Mg
whilst the higher Al count representise fixation of A¥*in smectite minerals, substituting for*Sior

some slstitution of F&*within goethite. EDS cannot differentiate if the high Fe count represents the
enrichment of F& or F€*. However, the formation of goethite will result in additionalPFens, whilst
smectite will comprise P& Studies have determined that most of the Fe in iddingsite is ferric
(Delvigne et al., 1979). Minor counts of Ca represent the incorporation &fv@thin smectite.
Because of the loss of Mfgand enrichment of Fé&rather than Fé", iddingsite alteration negatively
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impactsthe carbonation kinetics of olivinddowever smectite with ahigher saponite content has
been shown to have a higher cation exchange capacity and act as a potential sourcé afidiga&"
for carbonation reactions (Zeyen et al., 20Z2nectite can absorb substantial amounts gbtér CQ
leading to volumetric expansion and swelling. This processetirtepermeability and fluid flowand
decreasecarbon storage capacity (Busch et al., 200#).the other hand, if swelling pressure was
largeenough 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, inhibitintihe 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 tocthes,
suggesting some optical homogeneity of iddingsite. These parallel fractures, or lamellar fissures, are
evenl spaced between %25 um apart and oriented parallel to theaxis (001) of the olivine crystal,
projecting into chloriteed or unaltered olivineSpacing 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 smadcale fissures between the larger fissures observed in the Wital
alteration is suggested to have etched across dfigine caxis (001) along planar crystallographic
discontinuities resulting in the initial lamellar fissures (Colman, 1982; Smith et al., 1987). The
dissolution of Mg" 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 isrpreged that iddingsite alteration
exploits these lamellar fissures whereby water Hefised 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.édaeasts

of Al indicate clay deposition within fissures and hairline fractures, although it is clear from EDS
mapping that many fractures remaimclosed andre thus available fluid flow pathways. Overall, the
resultant, pervasive fissures produced dygyimlivine alteration might allow foadditional fluid
pathways for C@rich fluids during carbon mineralisation despite some clay precipitation.

Olivine phenocrysts have become glomeroporphyritic via synneusis, where crystals have accumulated
by surface tension anfiiseduring crystal growtlby interpenetration (Helz, 1987Schwindinger and
Anderson 189). Because the olivine phenocrysts are clustered, the iddingsite reaction rims alter and
envelop a smaller portion of the overall olivimess Uniformity in the thickness of the iddingsite rims

in sample 21 could be attributed to outer Feonation in the parent olivine phenocrystsccurring

after their aggregdon 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 olivim@bservations obther samplessuggestthat the
developmentof 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 ofAP*, comparedo fractured plagioclaséhindering 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 theNlg?aand Fé*in

spinel inclusions, sometimes controlled by pestrapment reequilibration and olivingspinel Mgt

Fe* interdiffusion (Kamenetsky et al., 2001), might be available for carbonation reactions. However,
when comparedvith olivine, spinel has a stronger resistance to chemical weathering and dissolution
due to its low solubility (Rasool and Ahma)23. EDS counts of Mg and Fe were indirectly
proportional within Crspinel, suggesting some substitution between?Mand Fé* 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 withinrgpmel, more commonly observed in
spinel located at the edges of the olivireor pitted Cispinel in the ALG olivine phenocrysts, EDS
element counts showed lower levels of Mg and Al compavitkd unpitted spinel, while higher counts

of Ti and Fe were recordet@hese element counts directly correlate witte alteration of Crspinel in
volcanicrocksof the Carpathiansyhichrecord an enrichment in Ti F&*, Fé*, and depletion in Mg

and AP ~D]lp“ § oXU fiioeX dZ & (}& U §Z PE }( o8 & S]}v v
have a minor impact on the chemistry of carbonate that forms via mineral carbonation processes. In
addition to possibly supplying Mgand Fé* cations for carbonation, petrographic images and EDS
element maps indicatehat Crspinelis found within hairline fractures inside olivine phenocrysts.
Capturing spinel inleisions during the growth of the olivine lattice may instigate stressuylting in
crystallographic weaknesses or defects that nucleate fractures, providing microscale fluid flow
pathways to enable some G®©arbonation.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 Wargite 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 Nalt is suggested that ZlImight involve aTschermakstyle coupled
tetrahedral substitution, pssibly incorporating F& Whilst EDS acquisition cannot differentiate
charges of Fe, a very small proportion might represenrt. Féigher proportions of Tschermakyle
substitutions might have consequences on lattice strain in clinopyroxene (Mollo et al., 2020), aiding
in the fracturing and dissolution of minerals during carbonatiéor effective mineral carbonation,
unaltered augite is ideal because it contains high abundances?4fNdgt* and lesser Fé that will

react with CQ,

Experiments on Fbearing pyroxene indicate that dissolution rates were much faster thapoee
pyroxene because of the oxidation of Fe (Hoch et al., 1996). Furthermore, augite hascioker
reaction rates than diopside because additional Al and, where applicable, Na encourage a strong
positive dissolutiorprecipitation feedback loop (Monaster@uillot et al., 202). However, closed
system studies on individual crystals may not be relevmuauseadditional Al and Na will mobilise

from surrounding gioclase and zeolites during basalt carbonation. Nevertheless, the composition
of augite in the ALG is wedlited for mineral carbonation.

Plagioclase crystals of the ALG contain high counts of Ca alongside even greater counts of Al,
equivalent to labradoritecomposition 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 @il be available duringlagioclase dissolution, suggesting

that CQ trapping will occur through calcite precipitation. Coupled substitution 6f & At for Na

and Si* occurs in faint alteration rims on plagioclase laths, evidence of partial albitisation, even in the
freshest samples. Basalts with greater albitisation will contain le¥sa@ailable for C@nineralisation

in calcite, as it is increasingly substituted faa*NCarbonation of albite can precipitate dawsonite,
NaAl(CG)(OH}), but will competefor Na and Af* 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 witpartial fracturing of the plagioclase laths, which akédar increased permeability.
Furthermore, increased Na might be beneficial in producing bicarbonate ions that buffer pH and
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increase the mass of G&ored via dissolution and solubility trapping (Matter and Kelemen, 2009).
Na' and AF* from labradorite dissolution might also be incorporated into the precipitation ofibla
zeolites shiftingthe dissolutioncarbonation reaction to the product side, as in the ca$augite
dissolution (Monasterigzuillot et al., 202). Batch experiments on plagioclase (A8 resulted in
precipitated phases of Alydroxide (gibbsite), followed by calcite that, at a late stage, showed
redissdution to boehmite (Munz et al., 2012An alternative study on both anorthite and albite
identified the precipitation of clays (kaolinite, smectite, or illite), boehmite, and a Mg, Ni, Fe
hydrotalcitelike phase, with no evidence of calcite or dawsonite (Hangx and Spiers, 2B@%5tudy
suggested that a carbonate substrate might be required to prontiléecarbonationof plagioclase

Although a lesser constituent of the ALG basalts, unaltered ilmenite is found as an accessory mineral
within all samples. Féand very minor Mg in ilmenite might be accessible for incorporation within
carbonation reactions, whilst *Tiwill not. During carbonation, with the presence of water, ilmenite
might alter to form pseudautile and leucoxene, predominantly consisting mainly of ruitel TiQ

(Micke 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 hydrothermatdineralisation ands 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 Ab@salts, owing to its low solubility and acceptance of phosphorus
from melt. Whilst comprising Gait will have a negligible impact during mineral carbonation because

of its low abundance and solubility.

Secondary mineralisation & crucialfocus for mineral carbonation studies. Only very minor calcite
mineralisation was noted in two samples from the ALG. Therefolig,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 catis otherwise available for mineral carbonation; however, it would
lower porosity andpermeability. Quartz dissolution during injection would also provide no divalent
cations for C@® mineralisation. Instead, lowemperature secondary mineralisation of zeolites is
prevalent withinthe 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 chab@aiteften sequentially
followed by fibrous thomsonit€a in several amygdales.

The dissolution of Chearing zeolitepotentially releases C&* into the solution alongside secondary

A-ZC E}AE] %Z ¢ o ~, Zu vel & oXU TiTTeX dZ Jee}opd]}v E § %o %o
than, pyroxene and intermediate plagioclase but far greater than phyllosilicates and alteration
products (Ragnarsdottii 681V , Zu vel § ohisUata iiigh vary depending on the specific

types of zeolites, though only the dissolution rates of heulandite and scolecite have been reported at
VAEC]VP 8 U% E SUE « ~Z Pv E-+ +33]EU i0Ovatall, the presencesof o XU Ti1"
secondary Gaich 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 (Caand Nd) across weakly defined boundaries, only notable in BSE imagery and
elemental maps. In one sample, chabaiia wasidentified against the walls of one vesicle and
dominant within a fracture. However, chabaz{@a has developed homoepitaxially over the
chabaziteNa and entirely compriseother amygdales within the thirsection. These chemical
variations are interpreted toesult fromhighcation exchange rates recorded for zeolites with aqueous
solutions that haelittle impact on mineral structure (Pabalan and Bertetti, 2001). As suchnigdt
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have been exchanged for €due to the change in the chemistry of the circulating hydrothermal fluid.
If CQ injection was cénjected with Nabicarbonate brine, Camight be liberated at a neh faster

rate via zeolite cation exchang€ationexchange 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, 200Lherefore, 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 ckiped vesicle walls. Clay plesition represents the first mineral
phase to form, possil 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 chabazit€Ca, which is often found solely comprising amygdales of massive basalts,
generally without phyllosilicate vesicle linin@gme 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, potentialy due to localised differences in element mobility. Such variability could
result from differential Ca release during labradorite alteratiBonllowingthe depositionchabazite,

are aciculafibrous zeolites, identified as thomsoni@a. 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 thomsonitghe last phase identified in samples of this study.

The secondary mineral sequence of the ALG has some siieddat earlystage mineral phase
crystallisation in amygdales of tertiary basalt from the Isle of Skye (Triana et al., 2012). Both basalts
display earfformed phyllosilicates, followed by chabazite (althoughv@aeties areprevalentin the

ALG) and later fibrous thomsonite. Natrolite was also noted to be epitaxial on thomsonite. The ALG
sequence observed by Walker (1951) wksmsimilarto that identified in this study, as well @asolites

in Hungary (Kénya and Szakall, 2Dlindicating acorrelation amonghydrothermal depositionof

zeolite

5.3 In-situ mineralcarbonation storage in the Republic of Ireland:
MetagabbreGneissComplexand DawrosCurrywongaurDoughruagh
Complex

Generally, very few mafic/ultramafic outcrops are situated close to majee@@tersin the Republic

of Ireland. Most powerplants (e.g. Tynagh, Edenderry, or those within Dubliojusteredacross the
centre or east side of the countnOnly thin disseminated outcrops of basalt, tuff, and minor
sedimentsare easily accessible forgitu mineral storage in these areas. Many of these are juxtaposed
by faults, which also form boundaries with surrounding sediments, tliaghjected into, require
complex and uncertain G@acing. Therefore, despite outcropping far from any emissions source, the
metagabbro of the MG@asconsidered the most promising reservoir in the Republic of Ireland. Little
emphasis was placed on reservoir proximity to €Qitters during screening because industries may
be decomnissioned or relocated and require more detailed scengtmodelling. Furthermore, the
emergence of modular DAC might allow for a primary €@am if sufficient concentrations are met
for injection. Consequently, if isitu mineral storagés deployed in Connemara, onsite DA@ht be
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the best optionasa CQ source. Alternatively, the Dawros Peridoté@d MGCmay be suitable for
smallerscaleERW or OAEprojects.

TheMGCscored highly based on isizeableoutcropping areawhich suggests greater capacity for

CQ 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 edg®ownsRoseand Leake, 201)9This offshore extension is not
indicated on EMODnegeological data but is suggested by the occurrence of Mile Rock, a small
gabbroic mass outcropping 10 km south of the Connemara cBastauseffshore drilling isaround

ten times more costly thamlrilling on land(Kelemen et al., 201 13Irilling for CQinjection could be
situated onshore and inclined southwards offshore.

To the verynortheast lies the Cashébugh Wheelaun intrusigrdescribed in detail in Leake (195
Thisintrusion & %o @& * vSe SZ }voC *]PV](] VvS %}ES]}v }( $Z }u% o £ S} E
Cashel synform, indicated by upwagdaded bedding in the metagabbro (DowRese and Leake,
2019).The remaining ErrismofBoundstoneGowla intrusion is considered to be inverteahd the
metagabbro to the south of the D3 Cashel antifosmorthward dipping (Downfose and Leake,
2019). Geochemical probeanalysis traversing the Glingkowla district observed a progressive
decrease in fractionation of metagabbro towards the nortboywnsRose and Leake, 2019).
Additionally, the least fractionated rocks within the Roundstone district were identified at higher
elevations surrounding the 30 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 PownsRoseand Leake, 2019Recause theriginalfractionation sequencavas upwards,
inversion has resulted in the least fractionated gabbro occurring stratigraphically high and at higher
elevations. Considerinthat the injection of CQwill result in rockfluid interactions at depths of
500m, thereservoirrockat this depthmight be more fractionated thathe material sampled in this
study.

A key advantage of the metagabbros during screening was its ligbhhic plagioclase, suggestive
of a high abundance of €available for mineral carbonation. All the samples collected in this study
displayed a high proportion of anorthite. During stoichiometric calculatithesCa cation count of the
anorthite appeared so large that, to balance the formula, Al and Si cations were lowerederies
formula was CaAhoSioOs. EDS mapping revealed no detectable Na counts within unaltered
anorthite, indicating that the plagioclase likely corresponded taofArHowever, this scenario is
considered unlikelyMicroprobe analysis of igneous plagioclase in peridotite and metagabbro of the
Roundstone intrusion confirea high anorthite content, ARws and Anows, respectively (Downfose

and Leake, 2019). Therefore, very minoriay bepresent inthe plagioclase of this study but at a
concentration too low to be detected by EDhe eystallisation of highly calcic plagioclase during
diffusionreaction is critically deperaht on HO content inthe melt (Lundstrom and dpley, 2006).
Highwater content decreases the liquidus temperature of magma rsefppressinghe crystallisation

of plagioclase relative to olivine and clinopyroxene, sustaining me@® ADanyushevsky, 2001).
Alternatively, a melt with an abnormally high CaO/Qavalue during petrogenesis may explain the
formation of highly calcic plagioclase (Panjasawatwong et al5)1B@8cause #D in the melt will have
had a role in stabilising the formation of abundant hornblende, it is likely that it also inthibite
plagioclase saturation and resulted in the high An% of the Connemara metagabbros.

Highly calcic plagioclase/anorthite will contaihigherproportion of Ca" than the labradorite of the
ALG .Generaly, the dissolution rate is proportional tihe anorthite content of plagioclase minerals
(Welch aad Ullman, 1996)However, this relationship is ndimear, and there are wide variations in
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dissolution rates for Geach plagioclase (Casey et al., 199)e to the abundance of anorthite in
Connemara metagabbro, dissolution will result in the mobilisation éf GéQ'>and A¥, where C&

can be incorporated into calcite, expected to be the dominant-tt&pping 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. Tlelement distributionis typical for hydrothermally altered anorthite that has
been partially albitised.Stoichiometriccalculations of the alteration product matched the formula
Ko.2iNay s:Ca.15Ah 265k 7605, 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 distingu@heatitisation
because of the absence of Na counts in EDS mapthamdmplete loss of Ca. Because hydrothermal
alteration ofanorthite to either albite or sericite involves the depletion ofCaoth will negatively
impact carbonation rates where alteration is pervasive.

Quartz and lesser sulphides of pyrite, minor chalcopyritigh rare pentlandite and sphaleriteare
associated with areas of alteration in metagabbros. These minerals are the result of hydrothermal
alteration alongsidehe sericitsation 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 niggative
affecting the abundace of C#, 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 ngtumallicing
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 alteratibas not entirely consumed the anorthite (or hornblende),
matrix stimulation (via aciding) might restore the initial permeability of the reservoir;agposing
remaining abundant silicates rich in divalent metal cations.

Hornblende of the MG@asidentified to be magnesiohornblendacross thesamplesin this study
althoughthe amphibole of sample C7 was noted to be moreriEl. 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 G@ineralisation reactionsvariable alteration of hornblende

to chlorite was noted in all samplesuggestive ofropylitic alteration toepidote-chlorite-albite
assemblage<Chloritisation of hornblende results in the mobilisation of‘Glaat may be lost to distal
facies ofincorporatedinto epidote or calcitel(arson et al., 199. Becausalissolutionof epidotecan
provide CQfor mineral carbonation reaction, propylitic alteration may not affect the abundance of
divalent cations and capacitpf CQ storage. Epidote wasnot present in samples of thistudy,
althoughit has been recordeih the MGC metagabbro8femneret al,, 1980. Nevertheless, bcause
hornblende crystalshowedminor alteration to calcite it is assumed thasome liberatedC&* from
chloritisation has been incorporated into carbonate productigmdicating a minor loss of G§torage

has occurred.

Sample C5 wamllectedfrom 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 Dowaose and Leake (2019)hu¢t petrography and

EDS mapping indicated a similar mineralogy to other samples, not suggestive of a peridotite
composition, several largeorundum aggregatesere unique to sample C5. Corundum does not
contain any metal divalent cations for neiral 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 Cashé&lough Wheelaun intrusion (e.g. Feely et al., 2017). They are also liyfmcald
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alongside magnetite, not identified in sample @&the thin section of sample C5, the corundum grains
are inset within a chlorite matrixCorundum 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 orlégmring hornblende tahlorite.
Corundum is assumed to be derived from metamorphism or metasomatisnsaodsiblyrelated to
highmagmaH,O.

Minor titanite was identified within the groundmass of the metagablirot also found within
inclusions of sheared hornblende alongside calcite. The presence of titanite within all samples
suggesstit 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 origidlthough very limited in abundance, Teight be liberated duringhe
alterationof titanite to Troxides such as rutile.

The DawrosCurrywongaurDoughruagh Complex (DCDC) represent®odhern extension of the
ConnemaraMGC It is found on the opposite side of thB4[Connemara Antiform axial tracand its
relationship with the associated metagabbrogp@orly understood (riscoll and Chew, 2021). The
DCDC is characterised by several layered mafic/ultramafic intrusions outcroppirgkoneBoth the
Currywongaun and Doughruagftrusions outcrop on prominent hills with elevations of 2mM3and
526m, respectively. Therefore, whilst the individual vertical thicknesses of the DC@kaui@vn, at

least one intrusion has a vertical thickneggver 500m. The Dawros Peridotite represents the largest

of the ultramafic intrusions in the DCDC. Whilst only outcropping across an aaeauoid 1 kn?, it
extends offshore below Ballynakill Harbour, potentially doubling its overall geographical extent. Given
the aerial extent of the outcnoes 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 forsid mineral carbonationgnhanced
weathering, otOAEprojects 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 sempee(Rothstein, 1957; Hunt et al., Z)1

EDS mapping data determined that the orthopyroxenite mostly comprisedeBeng enstatite,
possibly of bronzite variety. The high birefringence of enstatite might result from the Fe content noted
during EDS acqui®n, 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):b8nhds are not rearranged through threplacement of Mg via
hydrolysis, leaving the etatite 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., 2003)us, 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 Febearing clinopyroxene, an elevated Fe content may enhance the dissolutiorbeBFiag
enstatite through iron oxidation (Hoch et al., 199@)he carbonation ability of the Dawros
orthopyroxenite isexemplified by two veins of precipitated magnesite, evidence that natural
carbonation has occurred in these rocks to some degree. Sevemdidiedoxyhydroxides (FeO/OH)
were observed adjacent to the magnesite veins, suggesting Fe oxidatonsduring dissolution and
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subsequent mineral carbonation. Although only observed in minor amounts, magnesite veining
indicates that Mg" from orthopyroxene dissolution has already been consumed by carbonation,
suggesting reservogapacity for irsitu mineral storagéhasdecreased.

Exsolution lamellae, parallel to ti{&00) axis, are noted withirthe 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 @ugite are commonly seen for orthopyroxenite (Champness and Lorimer, 1973).
As augite isntergranularwithin the orthopyroxenite, the exsolution lamellad the orthopyroxene
might also comprise augitén the deformed orthopyroxenite of sample D2, numesacicular crystals

of augite have crystallised into th@00) axis of orthopyroxene cleavage, possibly indicating the
ongoing growth of exsolution lamellaAlternatively,these crystals were associated with amphibole

of anthophyllite variety. The yroxene structure can influence the orientation of amphibole
crystallisation, aligning amphibole with exsolution lamelae amphibole cleavag&eblen and Bish,
1988). Stoichiometric calculations could not determine if the acicular minerals represent pyrmxene
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 misoale. Numerous microstructures
have formed in the shearedrthopyroxenes of sample D@hich have separated at cleavage planes
and become incorporated in a taterpentine matrix. As such, microscale permeability may locally
increa® in such rocks, and if the injected £&xcessed 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 amphiboliteemaining Evidence for naturally occurring mineral carbonation is absent.
Contrastingly, the primary mineralogy of samplestll has been entirely lost due to alteration. The
sampling took place at outcrops suggested to be harzburgite or Iherzolite (Hunt et &2), 201
unaltered, harzburgite anttherzolitewould havehigheroverall orthopyroxenite dissolution rates due

to containing some proportion of olivine. However, sample D3 sahpleD4 show pervasive olivine
alteration to serpentine, talc, and magnesitgith dolomite veining. Sample D5 represents a sample
of serpentinite displaying typical meshtexture with lesser carbonate (var. dolomite). Sampling
locations ofsamplesD3 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 replafbere the serpentinite cannot
accommodate the volume increase, it fracturesHanley, 1992; Kelemen and Hirth, 2012). The
fracturing will extend into fresh peridotite and facilitate more serpentinisation. Crystal boundaries can
act as weaknesses dng stressinduced fracturing, resulting in fluid pathways for serpentinisation
(Shimizu and Okamoto, 201@lagnetite or carbonatecan precipitate within these veins through
processes of oxidation and carbonation, respectivelyerpentinisation propagates from
olivine/pyroxene boundaries angraduallyencloses the crystal core with an aggregate of lizardite,
chrysotile, and polygonal serpentine (Viti and Mellini, 1998). This mechasiassumed to have
formed the serpentine mesh texture displayed by s#&np5 but also observed in blocks of sample
D3. These two mesh textures in the Dawros Peridotite vary sligslgarbonate is onlgbservedin

veins within sample D5, possibly because the circulating fluid was rich enoughtm st&bilise such
phases.

90



Dissolution studies observe that a porous siliceous residue is produced freigaRtgng in serpentine
veins, opening pathways for further dissolution (Lacinska et al., 2Th&)reactioAnduced cracking
leads to faster dissolution in serpentinite than shown for pyroxdnk harzburgite.General
compositions suggest that serpentine minerals can store similar, if not slightly greater, quantities of
CQ 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 GDle to be stored, provided carbonation has not
occurred. As carbonates are already incorporated within mesh textures of Dawros serpentinite
(sampleDb), it has already been partially carbonated to a minor degree, suggesting serpentinisation
hasnegatively impactedhe reservoir potential for irsitu mineral carbonation.

Talc represents the secondary alteration of the silicates within these rocks to serpentine, tremolite,
chlorite, as well as Mgch carbonates (Abddkahman 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 groundmabke dteration of the Dawros Peridotite

to talctcarbonate assemblages is interpreted to be a product of shearing, evident from the
deformation of relict mineals and thecirculation of C@rich and HO-rich fluids derived from
amphibolitegrade metamorphism. The stability of a té&darbonate assemblage is confined to
temperatures $50°C and %02 H).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 discernibl&he incomplete sgentinisation 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., 20d&g)nesite, 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 G4, likely sourced from the alteration of clinggpxene. The precipitation of
dolomite veins might represent the earliest forming carbonate because of the limited abundance of
Cabearing minerals.

Althoughamphibolitegrade metamorphism has resulted in carbonatiorstamedegree, there is still

a considerable abundance of Kgontained in serpentine and talc minerals. Natural peridotite has
shown that complete alteration to talcarbonate assemblages represerdbout half of the
carbonation potential for serpentinite (Hansen et al., 2005). Further carbonation is required before
the formation of magnesitéquartz assemblages that characterise fully carbonated peridotite, namely
listwanite (Kelemen et al., 2011)hdrefore, there is still potential for mineral storage in the altered
serpentinite of the Dawros Peridotite via talc and the remaining serpentihe. @arbonation of the
remaining serpentine minerals will react into more talc and magnesite béifier&nal 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 ¢hreservoir sggests good permeability for-Bitu mineral carbonation.
Otherwise, the low hardness of talc might make it cheap to excavate as a sourcé*ddMuirficial
mineralisation pilots.

Sulphide mineralisatioccursin the form of pentlandite often enveloped in magnetite, although
thesemineralsare of little importance for carbonation reactions. Very rare accessory ilmenite is noted
within the Dawros samples, although too minor to be impactful on mineral carbonalio®.more
prevalent oxide minerals, identified as-§pinel, are present in both the altered orthopyroxenite
(sample D2) and the taltarbonateserpentinite (sample D3 and sample Di4arger (up to 0.4 mm)
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euhedral, zoned Gspinel were only observed in the altered serpentinite agiclosed by rims of Fe

O, assumed to be magnetite. Chemical zonation in one primaspi@el is identified as an abrupt
transition from an Afich core (alumoberezovite or possibly considered a picotite as @) to a
ferritchromit rim. The outer edges of the spinel are altered to magnetite. It is interpreted that spinel
was initially Akich but has undergone a twstage alterationin the initial stage, there is a substitution

of AlI3+ by Fe3+ and a minor replacement of Mg2+ with Fe2+, resulting ifiothmation of
ferritchromit, which is the predominant spin€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., 2009Saumurand Hattorj 2013). Smaller grains are completely altered to feltiomit

with occasional magnetite rims. Polygonal, crosscutting fractures noted across lasga€lrgrains
represent either relic trellis exsolution or octahedral spinel partings, discussealimur ad Hattori
(2013), now filled with serpentine or talc. These fractures are most apparent in theckeamnit
zones. Alich zones surrounding @earing spinel are interpreted to be chlorite derived from the
liberation of A" during ferritchromit alteration, reacting with serpentine aned+to form clinochlore
(Saumurand Hattorj 2013). Alteration of spinel to ferritchromit might libe product of heating
during amphibolitegrade metamorphism3aumurand Hattorj 2013). Chlorite appeared to have a
lensodal structure wrapping around one of the chromite grains of sample D4, possibly representing a
strain shadow produced during metamorphisrBecause the altered serpentinite is already
carbonated to a large degree, it is assumed ttie Crspinel are more resistant to carbonation
reactions than the surrounding groundmass. Minor?Miperated during further ferritchromit and
magnetite alteration might be incorporated into Mmrbonates, whilst Fé in solution will be
consumed. The precipitated chlorite might alsodigsolved and carbonatedt a later stage. At a later
stage, magnetite will progressivedjter, leaching F& that will incorporate into Féearing magnesite
until the formation of listwanite (Hansen et al., 2005).

6. SUMMARY AND FUTURE WORK

6.1 FutureWork

The findings of this thesis confirm that the ALG, MGC and Dawros Peridotite contain suitable
mineralogies for COmineralisation Havingcharactersedthe dominant mineralogy and alteration of
these reservoirsa more specific determination of the chemits of identified mineralscan follow,
achieved bysing microprobes or laser ablatiomductively coupled plasma mass spectrometog
ICRMS). Subsequently,ldiid interaction studiesan investigateghe reaction of these mineralsvith
carbonaterich fluids.

Fluidrock 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 processesuch as mineral dissolution, precipitation, and alteration, which are
important parameters for irsitu mineral carbonatiorSamplesirecleaned, dried and weighdzkfore

being placedn a reactort then fully submerged irCQ-rich fluid prepared with the desire¢pgH and
chemical compositin. These samplesan be testedas a wholerock, or as a mineral, depending on

the application Crushed or powdered rock can be tested quickly, althougmaetillepresent the true
reaction kinetics of the reservoi©nce sealed, the reactor is brought to the desired temperature and
pressure, simulating the subsurface conditio$erefore, the chemistry and temperature of the
formation water at thanjectionsite will require determinationPeriodically, small samples of the fluid
may be extracted for analysis to monitor changes in its chemical composaimironcentrationpH
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and dissolved gases are measured to track the progress of the reactibese tests can observe
changes ithe porosity, permeability, and mechanical strengthsaimples and evaluate the potential
for CQ to be converted into stable carbonatainerals.Comparisons can be made betweemrent
mineral conditions and subsequent alteratiresulting fromthe controlled carbonation reactions.
For the ALGhe dissolution ozeolite minerals will berucial to simulateasthey occupy most of the
pore space in the basalts, informég this studyFluidrock interaction tests caalsoidentify if Ca
rich zeolites provide any €dor mineralisation.Furthermore,clay alteration of olivine phenocrysts
shouldbe a clear focus for fluithteraction tests due to its prevalence in global hydrothermally altered
basalt. Whilst smectite has a highation-exchangecapacity carbonation might be implicated by its
swelling properties, particularly as it depasih minor iddingsite fractires. The experimental data
from fluid-rock interaction tests can be used to validate and refine geochemical tivagkslat could
be undertakeron the ALG.

Further study of thdViGCwill require more insight into the structural geology of the intrusion. Because
there are no available boreholes, the progressive fractionation of the intrusion with degabadrly

well understood. Té fractionationwill bevital to characterise ads extentwill 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 legd than
below sea level, sampling could better determine the size of the offshore outcrop. Foarthenated
serpentinite of the Dawros Peridotite, isotope studies could be undertaken to interpret the source of
the fluids responsible for the alteration (@anley, 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 thave a thickness greaténan 300m, potentiallyhaving thethickness desirable for in

situ mineral carbonationHowever, 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, €llus 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 ultramafisurfaceoutcrops of Ireland have been screened and ranked for their
feasibilityof storing CQ via insitu mineral carbonation. Northern Ireland encompasses several large
mafic/ultramafic complexes that may act as appropriate reservoirs forsiftage. The largest and
highestranking, the Antrim Lava Group, is proximal to severajor CQ point sources in Northern
Ireland andcontains structural and geochemical characteristics that make it suitable for mineral
carbonation. h 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 -thsigince
transportation of industrially produced G@r storage.Among these, the Connemara Metagabbro
Gneiss Complex, as well as thawrosCurywongaunrDoughruagh Compleyare the two highest
ranking candidates. This is attributed to their highly anorthic or ultramafic compositions, which offer
suitablechemistry for carbonation. Additionally, the pervasive fracturing resulting from metamorphic
deformation in Connemara suggests potential permeability for iGj@ction.
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Detailed analyses of the Antrim Lava Group, Connemara Metagdbhetss Complex, and Dawros
Peridotite (on behalf of the DCD®)ere undertakenconcerningthe main requirements for hsitu
mineral carbonation.

X

The Antrim Lava Group is sufficiently thick for mineral carbonation, surpassing time &&gth
generally outlined as a constraint for £@jection. 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 Neagdregarded as the most likely position for injection because of
thicknesses outlined from available bor#a data.

Major CQ emitters such as the Ballylumfofébwer Sation and the KilroofPower Sation are
potential industriedor decarbonigtionvia minerakarbonation in the Antrim Lava Grougince
these facilities are situated at the periphery of the basaltic plateau, transportingdCthe
plateau centre, where the thickness is sufficient for injection and carbonation processes to be
effective, will be necessary.

The UBF and LBF of tAeGcomprise almost identical compositions. Petrographic and chemical
analyses identify them as amygdaloidal and massive basalt containing large glomeroporphyritic
forsterite withinan ophitic groundmass of fresh augite and sliglattieredlabradorite.

A combination of rare iddingsite alteration @drsterite rims and common clay alteration of
forsterite cores will have negatively affected the carbonation rate and capacity of the basalts.
Iddingsite alteration rims orfiorsterite may havepositively impactedthe permeability and
access to mineral sites in olivinddD1) lamellar fissurefaveformed within it. Howeverfluid-
interaction studies will be required to assess whether smectite expansion in lamellar fissures
will implicatefluid pathways and access to olivine.

Clinopyroxene in the ALG is-Bearing, which might aid its dissolution via oxidation. Plagioclase
will provide C#& for carbonation. Although plagioclase laths show partial alteration to chlorite
or albite, fracturing during hydrothermal alteration may locally increase basalt permeability.
Porosity in both amygdaloidal and massive basalt has been entirely lost from the precipitation
of zeolites. Therefore, initial G@ch fluid pathwayswill rely on basalt permeabilitthat can
subsequently instigate the dissolution of zeolites in pore sp@ody minor calcite precipitation

is observedsuggesting some limited natural carbonation has occurred in these rocks.
Alteration of massive basalts is dominated by-i@h chabazite. For amygdaloidal basalts, a
sequential precipitation sequence stanwith clay linings, therchabaziteCa, with variable
proportions of Ca and Na, then fibrous thomsonr@a, and finally Nech natrolite. Due to high
cation exchange capacities and?Caelease during dissolution, zeolites may act as valuable
reactants for carbonation in thALG

The Connemara Metagabb®neiss Complex, sawell asthe DawrosCurrywongaun
Doughruagh Complex, are generally assumed to have a thickness betweghkirband up to

400 m, respectively, though data to support this is sparse. Becdhsefractionated MGC
intrusion is mostly inverted,CQ injection may be more suitableat higher elevatios near
Errisbeg, where basal peridotite is more common.

Given that major C&ources are located at a distance from these units, the installation of Direct
Air Capture facilities might be necessary to utilise them fesittn mineral carbonation.
Alternatively, the units might be better suited for surficial andséx mineral carbonation
projects.
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x Metagabbro fromthe MGCcontairs highly anorthic plagioclase alongsitkagnesohornblende
and clinopyroxengall comprising a high abundance divalent metal cationsHowever,
variable phyllicand popylitic alteration to sericitequartztpyrite and epidotechlorite-albite
assemblages witlegativelyimpact reservoir quality due tthe replacement of hornblendand
anorthite with quartz albiteminerals, orselicite aggregategpoor in divalent metal cations.

x Orthopyroxenites of the Dawros Peridotite the DCD@re comprised of Mgich, Febearing
enstatite and display minor natural carbonation in the form of magnesite veining. Where
altered, enstatite is talcose anddeformed to amphiboles ofanthophyllite The
harzburgite/lherzolite units show pervasive alterationaimphiboleserpentinetalc-carbonate
assemblages, indicatingamphibolitegrade metamorphismhas been accompanied by
serpentinisation and talcarbonate alterationThese assemblages also indicdie peridotite
has been carbonated to some degr&emainindibrous anthophyllite serpentine and talc still
contain large amounts of Mgwith potential for carbonation reactions. The low hardness of
talc might be beneficial for excavation for surficial mineralisation pilots

/. REFERENCES CITED

AbdelRahman, A.M., Bbesoky, H.M., Shalaby, B., Awad, H.A., Ene, A., Heikal, MAMun¥EIH.,
Fahmy, W., Taalab, S.A., and Zakaly, H.M., 2022, Ultramafic Rocks and Their Alteration Products
From Northwestern Allagi Province, Southeastern Desert, E@gptrology, Mineralogy, and
Geochemistry: Frontiers in Earth Sciencd 0, p. 894582.

Addassi, M., Omar, A., Hoteit, H., Afifi, A.M., ArkadakskiyAhmed, Z.T., Kunnummal, N., Gislason,
S.R., and Oelkers, E.H., 2022, Assessing the potential of solubility trapping in unconfined aquifers
for subsurface carbon storag8cientific Reports/. 12, p. 20452.

Al Malallah, M., 2021, Fracture Network Analysis for Carbon Mineralization in the Oligocene Jizan
Volcanics, Saudi Arabisl$thesis]: King Abdullah University of Science and Technology.

Anderson, H., Walsh, J., and Cooper, M., 2016, 14. Faults, intrusions and flood basalts: the Cenozoic
structure of the north of Ireland

Awolayo, A.N., Laureijs, C.T., Byng, J., Luhmann, A.J., Lauer, R., and Tutolo, B.M., 2022, Mineral surface
area accessibility and sensitivity constraints on carbon mineralization in basaltic aquifers:
Geochimica Et Cosmochimica Aata334, p. 29315.

Ayub, S.A., Tsegab, H., Rahmani, O., and Beiranvand Pour, A., 2020, Pote@ial foneral
carbonation in thePaleogenesegamatBasalt of Malaysiavlinerals v. 10, p. 1045.

Bachu, S., 2003, Screening and ranking of sedimentary basins for sequestrationrofy€aogical
media in response to climate chandmvironmental Geology. 44, p. 27289.

Barreto, C.J.S., de Lima, E.F., and Goldberg, K., 2017, Primary vesiclesiicleselgregation
structures and recognition of primary and secondary porosities in lava flows from the Parana
igneous province, southern BraBlulletin of Volcanology. 79, p. 117.

Bjerga, A., Konopasek, J., and Pedersen, R., 2015:dralonate alteration of ultramafic rocks within
the Leka Ophiolite Complex, Central Norwlaghos v. 227, p. 286.

Blounot, C.W., and Dickson, F.W., 1969, The solubility of anhydrite 4Ga$@CH,O from 100 to
450 C and 1 to 1000 baiseochimica Et Cosmochimica Aata33, p. 22-245.

95



Boschetto, H.B., 1988, Geology of the Lothidok Range, northern KdiBtadsis]: Dept. of Geology
and Geophysics, University of Utah.

Boschi, C., Dini, A., Dallai, L., Ruggieri, G., and Gianelli, G., 2009, Enhamege@0sequestration
by cyclic hydraulic fracturing and&ih fluid infiltration into serpentinites at Malentrata (Tuscany,
Italy): Chemical Geology. 265, p. 20226.

Bremner, D.L., Leake, B.E., and Morton, W1980, The geology of the Roundstone ultrabasic
complex, Connemar# Proceedings of the Royal Irish Academy. Section B: Biological, Geological,
and Chemical SciencdSTORp. 395433.

Busch, A., Bertier, P., Gensterblum, Y., Rother, G., Spiers, C.J., Zhang, M., and Wentinck, H.M., 2016,
On sorption and swelling of G clays:Geomechanics and Geophysics for-Grergy and Geo
Resourcesy. 2, p. 111130.

Campbell, J.S., Foteinis, S., Furey, V., Hawrot, O., Pike, D., Aeschlimann, S., Maesano, C.N., Reginato,
P.L., Goodwin, D.R., and Looger, L.L., 2022, Geochemical negative emissions technologies: Part I.
ReviewFrontiers in Climatev. 4, p. 879133.

CarbFix, 2023, Wells completed for fiester field tests of mineralizing @Ousing
seawater:https://www.carbfix.com/increasegpotential-of-carbfixstechnology

Carvalho, J., Torres, L.M., and Afilhado, A., 1998, Delimitacdo do macigalcitico de Sines
offshore a partir de dados geofisic@&mum.Serv.Geol.Powt 84, p. D5D60.

Casey, W.H., Westrich, H.R., and Holdren, G.R., 1991, Dissolution rates of plagioclase at pH= 2 and 3:
American Mineralogistv. 76, p. 21217.

Cella, 2022, [Cella Mineral Storage] Carbon Dioxide RerRavethase Application: Frontier.

Champness, P.E., and Lorimer, G.W., 1973, Precipitation (exsolution) in an orthopydaxenat of
Materials Sciengev. 8, p. 46#474.

Cipolli, F., Gambardella, B., Marini, L., Ottonello, G., and Zuccolini, M.V., 2004, Geochemistry of high
pH waters from serpentinites of the Gruppo di Voltri (Genova, Italy) and reaction path modeling of
CQ sequestration in serpentinite aquiferdpplied Geochemistry. 19, p. 78B02.

Clark, D.E., Oelkers, E.H., Gunnarsson, ., Sigfasson, B., Snaebjérnsdottir, S.O, Aradottir, E.S., and
Gislason, S.R., 2020, CarbFix2:a0@® HS mineralization during 3.5 years of continuous injection
into basaltic rocks at more than 250%@eochimica Et Cosmochimica Aata279, p. 4%6.

Coleman, R.G., and Keith, T.E., 1971, A chemical study of serpentiniZation Mountain,
California:Journal of Petrologw. 12, p. 314328.

Colman, S.M., 1982, Chemical weathering of basalts and andesites; evidence from weathering rinds:
Geological Surveyrofessional Paper

Conneally, J., Javadi, P., Jayasankar, H., Alexander, J., Henry, T., McNamara, D., and Monaghan, R.F.,
2021, The CarblE Project: Laying the Foundations for a Potential CCUS Ecosystem for Ireland,
Engineering and Geological Perspective®roceedings of the 16th Greenhouse Gas Control
Technologies Conference (GHGA), p. 2324.

Cornwall, H.R., 1956, A summary of ideas on the origin of native copper defgasitmmic Geology
v. 51, p. 61531.

Danyushevsky, L.V., 2001, The effect of small amounts@foH crystallisation of midcean ridge
and backarc basin magmakaurnal of Volcanology and Geothermal Resgarchl0, p. 26280.

96



Davis, E.E., and Villinger, 1992, Tectonic and thermal structure of the Middle Valley sedimented
rift, northern Juan de Fuca RidgeProc. Ocean Drill. Program Initial Rep, 19

DECC, 2022a, Climate Action Plan 2023: Department of the Environment, Climate and
Communications

DECC, 2022b, Climate Action Plan 2028nex ofActions: Department of the Environment, Climate
and Communications

Delvigne, J., Bisdom, E., Sleeman, J., and Stoops, G., 1979, Olivines, their pseudomorphs and secondary
products

Dessert, C., Dupré, B., Gaillardet, J., Francois, L.M., and Allégre, C.J., 2003, Basalt weathering laws and
the impact of basalt weathering on the global carbon cyCleemical Geology. 202, p. 25273.

Dichicco, M.C., Laurita, S., Paternoster, M., Rizzo, G., Sinisi, R., and Mongelli, G., 2015, Serpentinite
carbonation for C@sequestration in the southern Apennines: preliminary stuglyergy Procedja
V. 76, p. 477486.

DownsRose, K., and Leake, B.E., 2019, New light on the geology of the Roundstone intrusion, its
inversion and that of the Grampian metagabkgpeiss complex, Connemara, western Iretdnigh
Journal of Earth Scienges 37, p. 359.

A veU KXU "%] P ou vU DXU v < o0 uvU WX XU 7i1iU WZ + r(] o u}
Determining conditions for extensive olivine serpentinizatidaurnal of Geophysical Research:
Solid Earthv. 125, p. e2019JB018614.

Falk, E.S., and Kelemen, P.B., 2015, Geochemistry and petrology of listvenite in the Samail ophiolite,
Sultanate of Oman: Complete carbonation of peridotite during ophiolite emplacement:
Geochimica Et Cosmochimica Aatal60, p. 7®0.

Fedorik, J., Delaunay, A., Losi, G., Panara, Y., Menegoni, N., Afifi, A.M., Arkadakskiy, S., Al Malallah, M.,
Oelkers, E., and Gislason, S.R., 2023, Structure and fracture characterization of the Jizan group:
Implications for subsurface GB@asalt mineralizationFrontiers in Earth Scienoe 10, p. 946532.

Feely, M., Leake, B.E., Costanzo, A., Cassidy, P., and Walsh, B., 2017, Sapphire occurrences in
Connemara: field and mineralogical descriptions from an erratic, and from bedrock pelitic xenoliths
in the Grampian Metagabbr@neiss Suitdrish Journal of Earth Sciences35, p. 454.

Fernandez de La Reguera, D., Stute, M., and Matter, 20MQ, Laboratory experiments on GO
dissolution in water for carbon sequestratian, AGU Fall Meeting Abstracts, p. GGBBA9.

Fisher, A.T., Davis, E.E., Hutnak, M., Spiess, V., Zihlsdorff, L., Cherkaoui, A., Christiansen, L., Edwards,
K., Macdonald, R., and Villinger, H., 2003, Hydrothermal recharge and discharge across 50 km
guided by seamounts on a young ridge fladiture v. 421, p. 61&21.

Fricker, K.J., and Park, A.A., 2013, EffectOfdth Mg(OH)carbonation pathways for combined €0
capture and storageChemical Engineering Scieneel00, p. 33341.

Gagnevin, D., Haughton, P.D., Whiting, L., and Sagab, M.M., 2018, Geological and geophysical
evidence for a mafic igneous origin of the Porcupine Arch, offshore Ireldmgnal of the
Geological Society. 175, p. 214228.

Gislason, S.R., Sigurdardéttir, H., Aradottir, E.S., and Oelkers, E.H., 2018, A brief history of CarbFix:
Z oo VP « v A] 8}1E] « }( 3Z %EGeldy Frdectal 36, PelDI 4V

Global CCS Institute, 2022, Global Status of CCSQlatz1l CCS Institute

97

(



Global CCS Institute, 2021, Global Status of CCS 2021: Global CCS Institute

Goldberg, D.S., 2018, Integrated Heasibility Study for GGequestration in the Cascadia Basin,
Offshore ofwashington State and British Columbia (Phase 1): Final Project Report

Goldberg, D., Aston, L., Bonneville, A., Demirkanli, 1., Evans, C., Fisher, A., Garcia, H., Gerrard, M.,
Heesemann, M., and Hnottavandelleen, K., 2018, Geological storage of ©CGsubseafloor
basalt: the CarbonSAFE geasibility study offshore Washington State and British Columbia:
Energy Procedja. 146, p. 15865.

Goldstein, J.I., Newbury, D.E., Michael, J.R., Ritchie, N.W., Scott, J.H.J., and Joy, D.C., 2017, Scanning
electron microscopy and-bay microanalysisjringer.

Hangx, S.J., and Spiers, C.J., 2009, Reaction of plagioclase feldspars, witde€C@ydrothermal
conditions:Chemical Geology. 265, p. 8388.

Hansen, L.D., Dipple, G.M., Gordon, T.M., and Kellett, D.A., 2005, Carbonated serpésiivatiaite)
at Atlin, British Columbia: A geological analogue to carbon dioxide sequestr@lienCanadian
Mineralogist v. 43, p. 22239.

Harris, A.C., and Golding, S.D., 2002, New evidence of maglatirtelated phyllic alteration:
Implications for the genesis of porphyry Cu deposisologyv. 30, p. 33838.

Hartman, R.L., 2006, Zeolite dissolution phenomena: University of Michigan

Hawrot, O., Campbell, J., Buckingham, F., and Renforth, P., 2022, Geochemical Negative Emission
Technologiesn Greenhouse Gas Removal Technologies: p-1833

Helz, R.T., 1987, Diverse olivine types in lava of the 1959 eruption of Kilauea volcano and their bearing
on eruption dynamics: Volcanism in Hawaii, v. 1, p-B24

, Zu vel U DXU o E U AXU v Kol EGeU XU TiTfU v 1 }0o]8 Jec}ou:
storage in the subsurface¥SRM274266

Hoch, A.R., Reddy, M.M., and Drever, J.l.,, 1996, The effect of iron content and dissolved O2 on
dissolution rates of clinopyroxene at pH 5.8 and 25 C: preliminary re€hiésnical Geology. 132,
p. 15:156.

Hollis, S.P., Roberts, S., Cooper, M.R., Earls, G., Herrington, R., Condon, D.J., Cooper, M.J., Archibald,
S.M., and Piercey, S.J., 2012, Episodiopinolite emplacement and the growth of continental
margins: Late accretion in the Northern Irish seaibthe GrampiarATaconic orogenyBulletin v.

124, p. 17020723.

Holford, S., Schofield, N., Bunch, M., Bischoff, A., and Swierczek, E., 2021, Stpimdw@ied
volcanoesThe APPEA Journal 61, p. 62&631.

Hughes, G.W.a.G., and Johnson, R.S., 2005, Lithostratigraphy of the Red Se&eedicabiav. 10,
p. 49126.

Hunt, E., O'Dscoll B., and Daly, J.S., 2012, Parental magma composition of the syntectonic Dawros
Peridotite chromitites, NW Connemara, Irelai@@kological Magazines. 149, p. 59®05.

Hutnak, M., Fisher, A.T., Zuhlsdorff, L., Spiess, V., Stauffer, P.H., and Gable, C.W., 2006, Hydrothermal
recharge and discharge guided by basement outcrops otB®BMa seafloor east of the Juan de
Fuca Ridge: Observations and numerical mod&tsichemistry, Geophysics, Geosystamg.

IEA, 2022a, G@torage resources and their development: International Energy Agency.

98



IEA, 2022b, World Ener@utlook2022: International Energy Agency.
IEA, 2020a, CCUS in Clean Energy Transitions: International Energy Agency
IEA, 2020b, The role of CCUS in-tanbon power systems: International Energy Agency

IPCC, 2023, SYNTHESIS REPBRIHE IPCC SIXTH ASSESSMENT REPORIngARReport:
Intergovernmental Panel on Climate Change

Kamenetsky, V.S., Crawford, A.J., and Meffre, S., 2001, Factors controlling chemistry of magmatic
spinel: an empirical study of associated olivinesg@inel and melt inclusions from primitive rocks:
Journal of Petrology. 42, p. 65%71.

Kelektsoglou, K., 2018, Carbon capture and storage: A review of mineral storage inf@&@€ece:
Sustainabilityv. 10, p. 4400.

Kelemen, P.B., and Matter, J., 2008, In situ carbonation of peridotite fostGage:Proceedings of
the National Academy of Sciences105, p. 172947300.

Kelemen, P.B., Matter, J., Streit, E.E., Rudge, J.F., Curry, W.B., and Blusztajn, J., 2011, Rates and
mechanisms of mineral carbonation in peridotite: natural processes and recipes for enhanced, in
situ CQ capture and storageAnnual Review of Earth and Planetary Science39, p. 54%76.

Kelemen, P.B., and Hirth, G., 2012, Reaadtiioven cracking during retrograde metamorphism: Olivine
hydration and carbonatiorEarth and Planetary Science Letters345, p. 889.

Kelemen, P.B., Aines, R., Bennett, E., Benson, S.M., Carter, E., Coggon, J.A., De Obeso, J.C., Evans, O.,
Gadikota, G., and Dipple, G.M., 2018, In situ carbon mineralization in ultramafic rocks: Natural
processes and possible engineered methdgtsergy Procedjar. 146, p. 9202.

Kelemen, P., Benson, S.M., Pilorgé, H., Psarras, P., and Wilcox, J., 2019, An overview of the status and
challenges of CGtorage in minerals and geological formatioRsontiers in Climatev. 1, p. 9.

Kénya, P., and Szakall, S., 2011, Occurrence, composition and paragenesis of the zeolites and
associated minerals in the alkaline basalt of a ntgpe volcano at Halap Hill, Balaton Highland,
Hungary:Mineralogical Magazingv. 75, p. 2862885.

Koukouzas, N., Koutsovitis, P., Tyrologou, P., Karkalis, @namitis, A., 2019, Potential for mineral
carbonation of C@in Pleistocene basaltic rocks in Volos region (central Grektiagrals v. 9, p.
627.

Kumar, A., Shrivastava, J.P., and Pathak, V., 2017, Mineral carbonation reactions under water
saturated, hydrothermalike conditions and numerical simulations of L€&equestration in
tholeiitic basalt of the Eastern Deccan Volcanic Province, |Agiaied Geochemistry. 84, p. 87
104.

Lacinska, A.M., Styles, M.T., Bateman, K., Hall, M., and Brown, P.D., 2017, An experimental study of
the carbonation of serpentinite and partially serpentinised peridotitésntiers in Earth Science
v. 5, p. 37.

Larson, P.B., Cunningham, C.G., and Naeser, C.W., 1994, Hydrothermal alteration and mass exchange
in the hornblende latite porphyry, Rico, Coloradontributions to Mineralogy and Petrolagy:
116, p. 19215.

Leake, B.E1,957,The Cashel: Lough Wheelaun Intrusion, Co. Galw&pceedings of the Royal Irish
Academy. Section B: Biological, Geological, and Chemical Science, JSTGE)J. 155

99



Li, J., Zhang, W., Xiang, B., He, D., Yang, S., Wang, J., Li, E., Zhou, N., Sun, F., and Hu, W., 2022,
Characteristics of dissolved pores and dissolution mechanism of zdoliteeservoirs in the
Wouerhe Formation in Mahu area, Junggar BaSmergy Exploration & Exploitation. 40, p. 421
441.

Lundstrom, C.C., and Tepley, F.J., 2006, Investigating the origin of anorthitic plagioclase through a
combination of experiments and natural observatiodsurnal of Volcanology and Geothermal
Researchv. 157, p. 20221.

Lyle, P., 1979, A petrological and geochemical study of the Tertiary basaltic rocks of northeast Ireland:
Journal of Earth Sciencgs 137152.

Marieni, C., Voigt, M., Clark, D.E., Gislason, S.R., and Oelkers, E.H., 2021, Mineralization potential of
water-dissolved Coand HS injected into basalts as function of temperature: Freshwater versus
Seawaterinternational Journal of Greenhouse Gas Cont.al09, p. 103357.

Marini, L., 2006, Geological sequestration of carbon dioxide: thermodynamics, kinetics, and reaction
path modelingElsevier

Marques, F., Pedro, J., Arauljo, A., Moita, P., Carneiro, J., Sousa, P., Carvalho, J., and Correia, A., 2022,
Insights about the Sines massif: a reinterpretation of geophysical data to the assessment of the
potential for C@storage through mineral carbonatio@omunicagdes Geoldgicas 1.

Matter, J.M., Broecker, W.S., Gislason, S.R., Gunnlaugsson, E., Oelkers, E.H., Stute, M., Sigurdardottir,
H., Stefansson, A., Alfredsson, H.A., and Aradéttir, E.S., 2011, The CarbFix Pilotsteraject
carbon dioxide in basalEnergy Procedja. 4, p. 557%585.

Matter, J.M., and Kelemen, P.B., 2009, Permanent storage of carbon dioxide in geological reservoirs
by mineral carbonatioriNature Geoscience. 2, p. 83841.

Mbenywe, 2022, COP27: Kenya to benefits from Africa Carbon Markets

McGrall, B.P., Schaef, H.T., Ho, A.M., Chien, Y., Dooley, J.J., and Davidson, C.L., 2006, Potential for
carbon dioxide sequestration in flood basalts: Journal of Geophysical ResealidrEarthv. 111.

McGrail, B.P., Spane, F.A., Sullivan, E.C., Bacon, D.H., and Hund, G., 2011, The Wallula basalt
sequestration pilot projectEnergy Procedjar. 4, p. 565%660.

McGrail, B.P., Spane, F.A., Amonette, J.E., Thompson, C.R., and Brown, C.F., 2014, Injection and
monitoring at the Wallula basalt pilot projedEnergy Procedjar. 63, p. 2932948.

McGrall, B.P., Schaef, H.T., Spane, F.A., Horner, J.A., Owen, A.T., Cliff, J.B., Qafoku, O., Thompson, C.J.,
and Sullivan, E.C., 2017, Wallula basalt pilot demonstration project:imjestion results and
conclusionsEnergy Procedjar. 114, p. 5785790.

Merlini, A., Grieco, G., and Diella, V., 2009, Ferritchromite and chrechiante formation in
mélangehosted Kalkan chromitite (Southern Urals, Rusgiajerican Mineralogistv. 94, p. 1459
1467.

D]Ip“U dXU "%]“] IU : XU "EI}E U DXU v ullUu ZXU 7iioU Z u] o }u
alkali basalts of the Western Carpathians: implications for sources of detrital spinels in flysch
sedimentsiGeologica Carpathica. 57, p. 44460.

Moita, P., Berrezueta, E., Pedro, J., Miguel, C., Beltrame, M., Galacho, C., Barrulas, P., Mirdo, J., and
Carneiro, J., 2019, Experiments on mineral carbonation of]®OP  E}[s (E}u SZ t™]v o U oo
preliminary data from project InCarbon

100



Moita, P., Berrezueta, E., Pedro, J., Miguel, C., Beltrame, M., Galacho, C., Mirao, J., Barrulas, P., Araujo,
A., and Lopes, L., 2020, Experiments on mineral carbonation pinGfabbro from the Sines
massiftfirst results of project InCarbo@omunicacbes Geoldgicas 107, p. 9D6.

Mollo, S., Blundy, J., Scarlato, P., Vetere, F., Holtz, F., Bachmann, O., and Gaeta, M., 2020, A review of
the lattice strain and electrostatic effects on trace element partitioning between clinopyroxene
and melt: Applications to magmatic systems saturaieith Tschermakich clinopyroxenesarth
Science Reviews. 210, p. 103351.

MonasterioGuillot, L., Martinez, A.F., Agudo, E.R., and Navarro, C.R., 2022, Carbonation of calcium
magnesium pyroxenes: A reactidiniven fracturing:Macla: Revista De La Sociedad Espafiola De
Mineralogia p. 128129.

Micke, A., and Chaudhuri, J.B., 1991, The continuous alteration of ilmenite through pseudorutile to
leucoxeneOre Geology Reviews. 6, p. 2514.

Munz, I.A., Brandvoll, @, Haug, T.A., Iden, K., Smeets, R., Kihle, J., and Johansen, H., 2012, Mechanisms
and rates of plagioclase carbonation reactio@gochimica Et Cosmochimica Aata77, p. 251.

Myers, C., and Nakagaki, T., 2020, Direct mineralization of atmospherigs@@ natural rocks in
JapanEnvironmental Research Letteys 15, p. 124018.

Naylor, D., and Shannon, P.M2005, The structural framework of the Irish Atlantic
Margin,in Geological Society, London, Petroleum Geology Conference Series, The Geological
Society of London, p. 10a921.

ODriscoll, B., and Chew, D.M., 2021, Timescales of magmatism and metamorphism in the Connemara
Caledonides: insights from the thermal aureole of the Daw@srywongaunDoughruagh
Complex, western Irelan@eological Magaziner. 158, p. 2132150.

Oelkers, E.H., 1999, A comparison of forsterite and enstatite dissolution rates and
mechanismsin Growth, dissolution and pattern formation in geosyster@pringer p. 253267.

Oelkers, E.H., and Schott, J., 2001, An experimental study of enstatite dissolution rates as a function
of pH, temperature, and aqueous Mg and Si concentration, and the mechanism of
pyroxene/pyroxenoid dissolutiorGeochimica Et Cosmochimica Asta65, p. 1219231.

Oelkers, E.H., Gislason, S.R., and Matter, J., 2008, Mineral carbonation Bfe@@ntsv. 4, p. 333
337.

Oelkers, E.H., Arkadakskiy, S., Afifi, A.M., Hoteit, H., Richards, M., Fedorik, J., Delaunay, A., Torres, J.E.,
Ahmed, Z.T., and Kunnummal, N., 2022, The subsurface carbonation potential of basaltic rocks
from the Jizan region of Southwest Saudi Araliiternational Journal of Greenhouse Gas Control
v. 120, p. 103772.

O'Hanley, D.S., 1992, Solution to the volume problem in serpentinization: Geology, v. 207p8705
O'Hanley, D.S., 1996, Serpentinites: records of tectonic and petrological history.

Okamoto, I., Mizuochi, Y., Ninomiya, A., Kato, T., Yajima, T., and Ohs@006Tn-situ test on C®
fixation by serpentinite rock mass in Japargth International Conference on Greenhouse Gas
Control Technologies (GH@Y, Trondheim, Norway, Elsevier, Amsterdam, p.-488.

Okoko, G.O., and Olaka, L.A., 2021, Can East African rift basalts sequgs@asaGtudy of the Kenya
rift: Scientific Africanv. 13, p. e00924.

101



O'Sullivan, C.M., Childs, C.J., Sagab, M.M., Walsh, J.J., and Shannon, P.M., 2022, Tectonostratigraphic
evolution of the Slyne Basi8olid Earthv. 13, p. 1649.671.

Pabalan, R.T., and Bertetti, F.P., 2001, Catianange properties of natural zeoliteReviews in
Mineralogy and Geochemistry. 45, p. 45%18.

Pajonpai, N., Bissen, R., Pumjan, S., and Henk, A., 2022, Shape design and safety evaluation of salt
caverns for C@storage in northeast Thailanthternational Journal of Greenhouse Gas Control
120, p. 103773.

Panjasawatwong, Y., Danyushevsky, L.V., Crawford, A.J., and Harris, K.L., 1995, An experimental study
of the effects of melt composition on plagioclaselt equilibria at 5 and 10 kbar: implications for
the origin of magmatic higlAn plagioclaseContributions to Mineralogy and Petrolagy 118, p.
420-432.

Paukert, A.N., Matter, J.M., Kelemen, P.B., Shock, E.L., and Havig, J.R., 2012, Reaction path modeling
of enhanced in situ GOnineralization for carbon sequestration in the peridotite of the Samail
Ophiolite, Sultanate of Omahemical Geology. 330, p. 84.00.

Pedro, J., Aradjo, A.A., Moita, P., Beltrame, M., Lopes, L., Chambel, A., Berrezueta, E., and Carneiro, J.,
2020, Mineral carbonation of G@ mafic plutonic rocks,vscreening criteria and application to a
case study in southwest Portugélpplied Sciences. 10, p. 4879.

Pereira, R., and Gamboa, D., 2023, In situ carbon storage potential in a buried vGlealogy

Petford, N., 2003, Controls on primary porosity and permeability development in igneous rocks:
Geological Society, London, Special Publicatiorsl 4, p. 93.07.

Petrova, M.V., 2020, The Harrat volcanic Fields on the Arabian Peninsula: their geologic setting,
petrology, and suitability for carbon disposM$thesis]: King Abdullah University of Science and
Technology.

Planet A., 2022, Life Cycle Assessment and Sustainability Potential: Planet A

Pogge von StrandmanrP.A., Burton, K.W., Snaebjornsdéttir, S.0., Sigfusson, B., Aradéttir, E.S.,
Gunnarsson, |., Alfredsson, H.A., Mesfin, K.G., Oelkers, E.H., and Gislason, S.R., 2019, Rapid CO
mineralisation into calcite at the CarbFix storage site quantified using calcium isotéaese
Communicationsv. 10, p. 1983.

Portier, S., and Rochelle, C., 2005, Modellinggo@bility in pure water and Na®fpe waters from
0 to 300°C and from 1 to 300 bar: Application to the Utsira Formation at SleigDieemical
Geologyv. 217, p. 18799.

Power, I.M., Harrison, A.L., Dipple, G.M., Wilson, S., Kelemen, P.B., Hitch, M., and Southam, G., 2013,
Carbon mineralization: from natural analogues to engineered systRedews in Mineralogy and
Geochemistryv. 77, p. 30560.

Prasad, P., Sarma, D.S., Sudhakar, L., Basavaraju, U., Singh, R.S., Begum, Z., Archana, K.B., Chavan, C.D.
and Charan, S.N., 2009, Geological sequestration of carbon dioxide in Deccan basalts: preliminary
laboratory studyCurrent Sciencg. 288291.

Ragnarsdéttir, K.V., 1993, Dissolution kinetics of heulandite at fil2 2nd 25 CGeochimica Et
Cosmochimica Acta. 57, p. 2432449.

Rasool, M.H., and Ahmad, M., 2023, Reactivity of Basaltic Minerals f@egQestration via In Situ
Mineralization:A Review: Minerajs. 13, p. 1154.

102



Z u vU WXexy BW.ZShannon, P.M., and Naylor, PO05, The deep structure of the
Porcupine Basin, offshore Ireland, from gravity and magnetic studi€sological Society,
London, Petroleum Geology Conference Series, The Geological Society of London 058047

Renforth, P., and Henderson, G., 20Agsessing Ocealkalinity for carbon sequestratiofeviews
of Geophysigsr. 55, p. 63®74.

Rothstein, A.T., 1957, The Dawros peridotite, Connemara, @irarterly Journal of the Geological
Societyv. 113, p. 226.

Sahin, A., 2016, Mineral resources foisitu carbonation of C£n the Arabian Shieldnternational
Journal of Global Warming. 9, p. 27285.

Saldi, G.D., Kéhler, S.J., Marty, N., and Oelkers, E.H., 2007, Dissolution rates of talc as a function of
solution composition, pH and temperatur@eochimica Et Cosmochimica Aetasl, p. 344@8457.

Sandalow, D., Aines, R., Friedmann, J., Kelemen, P., McCormick, C., Power, ., Schmidt, B., and Wilson,
S., 2021, Carbon Mineralization Roadmap 2021: Lawrence Livermore National Lab (LLNL),
Livermore, CA (United States).

Saumur, B., and Hattori, K., 2013, Zoned@nel and ferritchromite alteration in forearc mantle
serpentinites of the Rio San Juan Complex, Dominican Repubieralogical Magazinev. 77, p.
117-136.

Schaef, H.T., McGrail, B.P., and Owen, A.T., 2010, Carbonate mineralization of volcanic province
basalts:nternational Journal of Greenhouse Gas Contrct, p. 24261.

Scherer, G.W., 1999, Crystallization in pomment and Concrete Researeh?9, p. 1341.358.

Schwindinger, K.R., and Anderson, A.T., 1989, Synneusis of kilauea iki clanggutions to
Mineralogy and Petrology. 103, p. 18798.

SEAI, 2022, Energy in Ireland 2022: Sustainable Energy Authority of Ireland.

Shannon, P.M., English, K.L., and Hanrahan, M., 2021, The stratigraphic nomenclature of the Irish
offshore basins

Shimizu, H., and Okamoto, A., 2016, The roles of fluid transport and surface reaction in reaction
induced fracturing, with implications for the development of mesh textures in serpentinites:
Contributions to Mineralogy and Petrolqgy 171, p. 418.

Shrivastava, J.P., Rani, N., and Pathak, V., 2016, Geochemical modeling and experimental studies on
mineral carbonation of primary silicates for lotgrm immobilizationof CQ in basalt from the
eastern Deccan volcanic provindeur.Indian Geophys.Union,, Sp1, p. 4258.

Sigfusson, B., Gislason, S.R., Matter, J.M., Stute, M., Gunnlaugsson, E., Gunnarsson, ., Aradottir, E.S.,
Sigurdardottir, H., Mesfin, K., and Alfredsson, H.A., 2015, Solving the aidxiae buoyancy
challenge: The design and field testing of a dissbl¥® injection systeminternational Journal of
Greenhouse Gas Contrel 37, p. 21219.

Smith, K.L., Milnes, A.R., and Eggleton, R.A., 1987, Weathering of basalt: formation of iddifaysite:
and Clay Mineralsy. 35, p. 418128.

Snaebjérnsdottir, S.0, Sigfasson, B., Marieni, C., Goldberg, D., Gislason, S.R., and Oelkers, E.H., 2020,
Carbon dioxide storage through mineral carbonatiNature Reviews Earth & Environmgnt1, p.
90-102.

103



Spinelli, G.A., and Fisher, A.T., 2004, Hydrothermal circulation within topographically rough basaltic
basement on the Juan de Fuca Ridge fl@#ochemistry, Geophysics, Geosystems

Streit, E., Kelemen, P., and Matter,2D09, Natural Carbonation of Peridotite and Applications for
Carbon Storagdn AGU Spring Meeting Abstracts, p. UZEA

Torres, J.E.A., 2020, The potential for, @@posal in western Saudi Arabia: The Jizan Group Basalts
[MSthesis]: King Abdullah University of Science and Technology

Triana R, J.M., Herrera R, J.F., Rios R, C.A., Castellanos A, O.M., Henao M, J.A., Williams, C.D., and
Roberts, C.L., 2012, Natural zeolites filling amygdales and veins in basalts from the British Tertiary
Igneous Province on the Isle of Skye, Scotl&madth Sciences Research Joymal6, p. 4563.

Tullborg, E., and Larson, S.A, 2006, Porosity in crystallineteotiter of scaleEngineering Geology
v. 84, p. 7883.

Veblen, D.R., and Bish, D.L., 1988, TEM aag 3tudy of orthopyroxene megacrysts; microstructures
and crystal chemistryAmerican Mineralogistv. 73, p. 67-691.

Viti, C., and Mellini, M., 1998, Mesh textures and bastites in the Elba retrograde serpentinites:
European Journal of Mineralogy. 10, p. 1341.359.

Walker, G.P., 1951, The amygdale minerals in the Tertiary lavas of Ireland. I. The distribution of
chabazite habits and zeolites in the Garron plateau area, County Aiimeralogical Magazine
and Journal of the Mineralogical Society 29, p. 77391.

Wallace, C.J., and Maher, K.C., 2019, Phyllic alteration and the implications of fluid composition at the
Copper Flat hydrothermal System, New Mexico, U8A:Geology Reviews. 104, p. 27293.

Welch, S.A., and Ullman, W.J., 1996, Feldspar dissolution in acidic and organic solutions:
Compositional and pH dependence of dissolution rate: Geochimica Et Cosmochimica Acta, v. 60, p.
29392948.

White, S.K., Spane, F.A., Schaef, H.T., Miller, Q.R., White, M.D., Horner, J.A., and McGralil, B.P., 2020,
Quantification of COmineralization at the Wallula basalt pilot proje&nvironmental Science &
Technologyv. 54, p. 146094616.

Xu, T., Apps, J.A., and Pruess, K., 2004, Numerical simulation dis@3al by mineral trapping in
deep aquifersApplied Geochemistry. 19, p. 917936.

Zeyen, N., Wang, B., Wilson, S.A., Paulo, C., Stubbs, A.R., Power, |. MM&tkels, M., Lanzirotti,
A., Newville, M., and Paterson, D.J., 2022, Cation exchange in smectites as a new approach to
mineral carbonationFrontiers in Climatev. 4, p. 913632.

Zhang, D., and Song, J., 2014, Mechanisms for geological carbon seque®ratiedia IUT¥, v. 10,
p. 319327.

104





