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Abstract 
 
Magma-Carbonate Interaction and CO2 Release: A Case Study from Carlingford 
Igneous Centre, Ireland 
Emelie Lagrosen 
 
Magma which intrudes into carbonate rich crust, interacts with the carbonate in several ways, for 
example by contact metamorphism and formation of marble or by metasomatism resulting in calc-
silicate skarn. These processes release volatiles, such as CO2, from the carbonate and might thus cause 
climate change. One volcanic complex where the intrusions and their surrounding metamorphic aureole 
are well exposed and therefore convenient for investigation of magma-carbonate interaction is the 
Carlingford Igneous Centre in NE of Ireland. The complex is dominated by a gabbro lopolith and a 
microgranite ring dyke, which intruded into limestone and meta-siltstone at around 62-60 Ma. 
    The purpose of this study is to investigate the extent of magma-carbonate interaction and assess the 
amount of CO2 which could have been released from the aureole at Carlingford. This is done by 
analysing major and trace elements as well as carbon and sulphur content in skarn and marble samples 
from a transect along the calc-silicate metamorphic aureole. The analytical methods used are SEM-
EDX, XRF, LA-ICP-MS and carbon and sulphur analyses. The CO2 release is calculated by comparing 
the carbon and CO2 content in the skarn and marble samples with that in the unmetamorphosed 
limestone. 
    The results show that the skarn has experienced a strong interaction with the magma, as it contains 
several high-grade minerals, such as wollastonite, vesuvianite and pyrope, and has lost almost all its 
carbon. The extent of interaction and amount of CO2 release is generally much lower in the marble, 
even though a few marble samples show a strong interaction and a high degree of degassing. On the 
other hand, the amount of marble in the aureole turns out to be significantly higher than the amount of 
skarn (70-90% compared to 10-30%). The total mass of CO2 release from the calc-silicate aureole is 
calculated to 0.64-9.06 Gt, where 1.30-2.67 Gt being the most realistic amount. This released CO2 has 
probably not caused any significant climate change on its own but may have had a small contribution 
to global warming together with other volcanoes that were active during the same period of time. 
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Populärvetenskaplig sammanfattning 
 
Magma-karbonat-interaktion och CO2-utsläpp: En studie från Carlingford Igneous 
Centre, Irland 
Emelie Lagrosen 
 
Magma som tränger in i karbonatrik jordskorpa, integrerar med karbonaten på flera olika sätt, t.ex. 
genom kontaktmetamorfos och bildande av marmor eller genom metasomatos, vilket resulterar i kalk-
silikatisk skarn. Dessa processer släpper ut flyktiga ämnen, som exempelvis CO2, från karbonaten och 
kan därmed orsaka klimatförändring. Ett vulkaniskt komplex där intrusioner och deras omgivande 
metamorfa aureoler är välexponerade och därmed lämpliga för undersökning av magma-karbonat-
interaktion är Carlingford Igneous Centre i nordöstra Irland. Komplexet domineras av en gabbro-lopolit 
och en mikrogranitisk ring-gång, som trängde in i kalksten och metasiltsten för ca 62-60 Ma.   
    Syftet med studien är att undersöka graden av magma-karbonat-interaktion och bedöma mängden 
CO2 som kan ha släppts ut från aureolen i Carlingford. Detta utförs genom analysering av huvudelement 
och spårelement samt av kol- och svavelinnehåll i skarn- och marmorprover från en transekt genom den 
kalk-silikatiska metamorfa aureolen. De analytiska metoder som används är SEM-EDX, XRF, LA-ICP-
MS samt kol- och svavelanalyser. Mängden CO2 beräknas genom att jämföra kol- och CO2-innehåll i 
skarn- och marmorprover med innehållet kol och CO2 i den ickemetamorfa kalkstenen. 
    Resultaten visar att skarn har genomgått en stark interaktion med magman, då bergarten innehåller 
flera mineral av hög metamorf grad, som exempelvis wollastonit, vesuvianit och pyrop, samt har 
förlorat nästan allt sitt kol. Graden interaktion och mängden CO2-utsläpp är generellt mycket lägre i 
marmorn än i skarnen, även fast några marmorprover visar stark interaktion och en stor del avgasning. 
Å andra sidan är mängden marmor i aureolen signifikant högre än mängden skarn (70-90% jämfört med 
10-30%). Den totala massan av CO2-utsläpp från den kalk-silikatiska delen av aureolen är beräknad till 
0,64-9,06 Gt, där 1,30-2,67 Gt anses vara den mest realistiska mängden. Detta utsläpp av CO2 har 
troligtvis inte orsakat någon signifikant klimatpåverkan på egen hand, men kan ha haft en liten 
bidragande effekt till global uppvärmning tillsammans med andra vulkaner som var aktiva under samma 
geologiska tidsperiod.      
 
Nyckelord: Magma-karbonat-interaktion, CO2, kalk-silikat, skarn, marmor, Carlingford, SEM-EDX, 
XRF, LA-ICP-MS 
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1. Introduction 
Magma-carbonate interaction is well documented in many volcanic centres and the understanding of its 

mechanisms is a continuing subject of interest for many researchers. When magma is emplaced within 

carbonate-rich crust, several processes take place, for example crustal assimilation as well as 

recrystallization and compositional change of the carbonate rock, resulting in the formation of marble 

and skarn. However, the potentially most important process from a climate perspective is the release of 

CO2 into the atmosphere. CO2 is released during emplacement of magma into the crust, both directly 

from the magma and also during prograde metamorphism in the carbonate host rock (cf. Deegan et al., 

2010; Jolis et al., 2015). The released CO2 does not only have climate relevance but may also contribute 

to overpressure in the magma reservoir (Mollo et al., 2010; Di Rocco et al., 2012; Troll et al., 2013). 

    Interaction between magma and carbonate is known to occur at volcanoes, such as Merapi in 

Indonesia, even though it has not been directly observed there, but evident from erupted products like 

xenoliths (Deegan et al., 2010). At the Carlingford Igneous Centre in Co. Louth, NE Ireland, direct 

evidences of magma-carbonate interaction have been observed in the contact between the intrusions 

and the country rock. This gives the opportunity to study the interaction and associated CO2 release, 

which may have had a significant impact on the climate. The centre belongs to the North Atlantic 

Igneous Province (NAIP) and formed 62-60 Ma in the Paleogene period, during the last stage of the 

Pangaea breakup. The Carlingford centre is dominated by two main intrusions; a gabbro lopolith 

and a microgranite ring dyke, which intruded into Silurian meta-siltstones and Carboniferous limestone 

almost at the same time. There is also a dominantly basaltic cone sheet swarm cross cutting the 

intrusions. The centre is surrounded by a well-developed metamorphic aureole, showing evidence of 

magma-carbonate interaction at the contact between the gabbro and the limestone (Meade et al., 2014). 

The aureole is composed of calc-silicate skarn and marble as well as hornfels (Osborne, 1932; Stephen, 

2011). 

 

1.1. Aims of the study 
The ultimate aim of the study is to assess the mass of CO2 that has potentially been released from the 

calc-silicate part of the metamorphic aureole at the Carlingford Igneous Centre during magma 

emplacement. In order to evaluate the mechanism and amount of CO2 release, the marble and skarn 

rocks in particular need to be analysed for major and trace elements as well as for carbon and sulphur 

contents, since marble and skarn typically show an intermediate composition between magma and 

carbonate (Mollo et al., 2010; Di Rocco et al., 2012). The analysed samples are gathered from the 

aureole at the Carlingford Igneous Centre along a transect from the unmetamorphosed limestone to the 

gabbro-skarn contact. The extent of magma-carbonate interaction is investigated using major and trace 

elements in the skarns, since compositional analyses of calc-silicate skarn provide constraints about the 

processes occurring in the aureole during magma-carbonate interaction and the amount of CO2 that was 
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released during this interaction (Di Rocco et al., 2012; Troll et al., 2013). In that way, decarbonation 

reactions taking place during skarn formation and CO2 release can be determined. The mass of CO2 

release can be calculated by comparing the composition and concentration of carbonate in the aureole 

to that in the unmetamorphosed limestone. The methods used are SEM-EDX for spot analysis and 

elemental mapping of major elements, LA-ICP-MS for elemental mapping of trace elements, XRF for 

whole rock analysis of major and trace elements and carbon analyses for determination of carbonate 

composition and concentration in whole rock. 

 

2. Background 
2.1. Contact metamorphism of carbonate rocks 
Contact or thermal metamorphism is the change of minerals and/or textures in rocks that occurs due to 

a rise in temperature when hot magma intrudes into colder country rock (Yardley, 1989). This typically 

takes place at shallow depths in the crust, where the pressure is low and the temperature difference 

between the intrusion and country rock is relatively high (Bucher & Grapes, 2011a). If the intrusion is 

felsic to intermediate, the temperature of emplacement is usually 700-900°C (Alex Strekeisen, 2018b). 

For mafic intrusions, the temperature is significantly higher, up to 1200°C (Grapes, 2006) and so the 

metamorphism is more significant. The temperatures at which contact metamorphism takes place 

typically ranges from 500-700°C and results in a decrease in volume of the country rock (Alex 

Strekeisen, 2018b).  

    The area surrounding an intrusion, which is affected by contact metamorphism, is called a 

metamorphic aureole. The size of the aureole depends on several factors, for example the size and heat 

of the intrusive body and the temperature difference between the magma and the country rock (Bucher 

& Grapes, 2011a). The large temperature gradient, which decreases away from the contact, results in 

zones of metamorphic rocks differing in mineral constituents. A shale, for instance, which is affected 

by contact metamorphism, may be altered to hornfels containing minerals such as cordierite or 

sillimanite closest to the intrusion, while the same shale further away, may develop crystals of 

andalusite (Fig. 1; The Geological Society of Glasgow n.d).  
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Figure 1. Contact metamorphism and associated rock types and minerals for different country rocks.  

(The Geological Society of Glasgow n.d.).  

 
Carbonate rocks are sedimentary rocks predominantly composed of carbonate minerals. There are two 

major types of carbonate rocks; limestones, dominated by calcite (CaCO3) and dolomites/dolostones, 

dominated by the mineral dolomite (CaMg(CO3)2). Rocks in between these endmembers are common, 

for example calcitic dolomite, dolomitic limestone and magnesian limestone. Carbonate rocks are rarely 

completely pure, meaning they contain other minerals than carbonate minerals, for example quartz, clay 

minerals and chert. Limestones and dolomites which contain a significant amount of quartz are 

sometimes referred to siliceous limestone and siliceous dolomite, respectively (Bucher & Grapes, 

2011).  

 

2.1.1. Marble 
When carbonate rocks undergo metamorphism, they form marble. During regional metamorphism in 

orogenic belts, marbles are often widespread as interlayered bands in metasedimentary rocks or in 

gneissic country rocks. Marbles are also likely to form during contact metamorphism when magma 

intrudes into carbonate-rich crust (Bucher & Grapes, 2011a). Marbles are, as well as limestones and 

dolomites, dominated by carbonate minerals, but they have been recrystallized during metamorphism 

and contain bigger crystals (Fig. 2). If the carbonate rock that undergoes metamorphism is relatively 

pure, the resulting marble retains a similar composition as the protolith, since calcite is stable at very 

high pressures and temperatures. However, if the carbonate rock is impure, containing e.g. quartz and 

possibly clay minerals, the metamorphism results in a so called calc-silicate rock. Calc-silicate is often 

used as a prefix for another metamorphic rock, for example calc-silicate marble, calc-silicate schist or 

calc-silicate hornfels, to indicate the presence of carbonates (Alex Strekeisen, 2018a). 
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Figure 2. Marble from Fauske, Norway. The white colour is due to either a very pure protolith or interaction 

with water-rich fluids. Width of sample: 14 cm (Sandatlas n.d.). 

 
2.1.2. Skarn 
Skarn is a specific type of calc-silicate rock formed by a combination of metamorphic and metasomatic 

processes, i.e. chemical alteration of rocks by hydrothermal fluids that flow or diffuse through fractures 

or pore spaces in rocks (Lents, 1998). These fluids bring additional chemical components into the 

carbonate-bearing protolith. The minerals present in the protolith are dissolved and new minerals are 

simultaneously deposited in their place, causing the rock to remain solid but change composition and 

recrystallize. The hydrothermal fluids can originate from different sources, including water from 

magma (typically containing Si, Ca, Al, Mg and Fe), shallow groundwater, deep brines or seawater 

(rich in Cl, Br and B). The most common process of skarn formation is when magma intrudes into 

carbonate rich crust, causing the hot magmatic fluids to alter the crust adjacent to the contact. Further 

away from the intrusion, marble is often formed due to prograde metamorphism and a reduced amount 

of fluids. Some magmas contain several weight percent water, which is usually very acidic and contain 

dissolved metal ions, in particular silicon and calcium. When the temperature of the water decreases to 

around 600°C, a large amount of calc-silicate minerals starts to precipitate in the carbonate country 

rock, forming skarn.  

    Although most skarns are formed in carbonate rocks, they can form in almost any other rock type, 

including granite, basalt, sandstone or shale (Alex Strekeisen, 2018b). Skarns can form on both sides 

of the magma-crust boundary, were those formed in the country rock are referred to exoskarns and those 

in the igneous intrusion to endoskarns. Except for adjacent to intrusions, skarns can also be found in 

other geological settings, for example in shallow geothermal systems, on the sea floor, along faults and 

shear zones and at depth in areas of regional metamorphism. Skarns are present on all continents and 

have been found in rocks of almost all ages (Alex Strekeisen, 2018b; King, 2019). However, the 

occurrence of high-temperature calcic skarn is relatively rare, where only around 30 have been reported 

worldwide. These types of skarn have been found close to mafic intrusions at for example the 

Carlingford Igneous Centre and on the Isle of Skye, Scotland (Beard & Drake 2007). 
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    Skarns often contain a variety of economically important metals, including Fe, Cu, Ag, Au, Pb, Zn, 

W, U, Sn and rare earth elements (REE) (Alex Strekeisen, 2018b). The word skarn originates from 

Sweden, where it was first used as a mining term to describe a relatively coarse-grained calc-silicate 

gangue rock containing iron ores. However, now the term skarn has not the same meaning, as not all 

skarns have economically viable mineralisation. Instead, skarn is now based upon its contained 

mineralogy. The rock type typically has a diverse mineral assemblage of calc-silicate minerals (Fig. 3), 

which is determined by the lithology of the country rock, the chemistry of the invading liquid and the 

temperature of the components involved (Meinert, 1992). Skarns formed from limestones are usually 

dominated by different types of garnets and clinopyroxenes, while dolomites form skarns rich in 

forsterite and phlogopite. The terms calcic, magnesian and mangan skarn are used to describe the 

dominant composition of the protolith and the resulting skarn. The composition and texture of skarns 

are often similar to that of the protolith, although most economically important skarn deposits often 

have compositions and textures controlled by the composition and pathways of the fluids. Skarns 

typically contain coarse-grained, highly coloured minerals, making them convenient for texture and 

zoning observations in hand specimen. The size of the constituent garnets can be 2-3 cm in diameter 

and the clinopyroxene crystals can have lengths of 10 cm or more. The coarse grains in skarns are 

presumably a result of recrystallization from high temperature, mineral rich fluids (Alex Strekeisen, 

2018b). 

 

 
Figure 1. Skarn from Tapuli, Sweden consisting of green diopside, pink calcite and black actinolite. Width of 

sample: 10 cm (Sandatlas n.d.). 

 
2.1.3. Mineral assemblage in contact metamorphic aureoles 
Prograde metamorphism, induced by the hot magma, creates a metamorphic aureole around the 

intrusion. The composition and texture within the aureole have experienced the greatest change close 

to the contact of the intrusion, due to the highest temperature. Further away from the contact, the aureole 

is more similar to the country rock (Geology In, 2019). Water-bearing minerals are often absent in 

carbonate rocks, while they often appear in a certain amount in marbles (Bucher & Grapes, 2011a). 
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This means that water was either present in pore spaces or got introduced during metamorphism. In 

order to form higher grade minerals, water must be added to the components in carbonate rocks. 

    Quartz-bearing carbonate rocks are dominated by the minerals calcite, dolomite and quartz. As the 

dolomite and quartz react with water, the hydrous mineral talc is formed, together with calcite and CO2. 

Talc can often be found in the outer parts of metamorphic aureoles (Bucher & Grapes, 2011a). During 

higher prograde reactions, the hydrous amphibole tremolite can form by reaction of talc, calcite and 

quartz (Metz & Trommsdorff, 1968; Bucher & Grapes, 2011a; Stephen, 2011). Tremolite is stable at 

temperatures of a maximum around 490°C and usually occurs in a relatively narrow temperature range 

of <80°C (Fig. 4) in middle zones of aureoles. In a wide inner zone around intrusive bodies, diopside is 

often formed by reaction of calcite, quartz and tremolite and the assemblage diopside, calcite and quartz 

is typical for calc-silicate marbles close to igneous intrusions. Wollastonite is also common close to 

intrusions and form by reaction of calcite and quartz, usually by the influence of H2O-rich fluids (Bucher 

& Grapes, 2011a). All of the mentioned reactions taking place in aureoles, leads to production of CO2 

due to the breakdown of carbonate. This CO2 can be released from the rocks through fractures and pore 

spaces and enter the atmosphere. The equilibrium conditions of the reactions depend on the pressure 

and temperature and on the activities of CO2 and H2O in a binary system of the two fluids (Bucher & 

Grapes, 2011a). The composition of CO2 can be expressed as XCO2, which is the ratio of numbers of 

moles of CO2 and the total number of moles of CO2 and H2O in the fluid phase (Bucher & Grapes, 

2011b). Fig. 4 shows the phase equilibria of siliceous limestones with the composition 5Qtz - 2Dol - 

1Cal in a T-XCO2diagram (Bucher & Grapes, 2011a).  

    Marbles formed from impure carbonates, containing e.g. mud, often contain a number of additional 

minerals including grossular, vesuvianite, anorthite, scapolite, zoisite and margarite (Bucher & Grapes, 

2011a). Minerals such as calcic plagioclase, phlogopite, andradite and periclase are also common in 

marbles (Alex Strekeisen, 2018a). High grade marbles often contain minerals from the humite group, 

especially chondrodite and clinohumite. In aureoles around mafic intrusions, where very high-T and 

low-P conditions occur, some anhydrous Ca-silicates and Ca-Mg-silicates can be found. These include 

larnite, rankinite, lime, tilleyite, spurrite, monticellite, åkermanite and merwinite (Bucher & Grapes, 

2011a). This large variety of minerals is a result of rapid reactions due to the extreme heat from the 

mafic intrusion and can cause fusion and partial melting of the country rocks (Grapes, 2006). 
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Figure 2. T-𝑋𝐶𝑂2diagram showing the phase equilibria of siliceous limestones with the composition 5Qtz - 2Dol 

- 1Cal at a constant pressure of 100 MPa (Bucher & Grapes, 2011a). 

 
In skarns, the reactions taking place may be similar to those observed during prograde metamorphism 

of limestone, leading to the formation of a similar suite of minerals. However, more exotic minerals 

may also be formed. Skarns are usually dominated by Ca-rich garnets and pyroxenes. The type of garnet 

is usually andradite rather than grossular and the clinopyroxenes can in some cases tend to be 

hedenbergite or johannsenite rather than diopside. This enrichment in Fe and Mn results in a dark 

coloured skarn. Minerals containing B, e.g. axinite, datolite and other borosilicates, and F, e.g. 

amphiboles, micas, aurite and humite-group minerals, are also common in skarns. Late hydrothermal 

alteration can occur in aureoles at temperatures of 400-200°C or lower, causing destruction of early 

forming anhydrous minerals in skarns. For example, garnet and clinopyroxene can be replaced by 

quartz, calcite, magnetite, hematite, pyrite and other minerals (Alex Strekeisen, 2018b). High grade 

minerals, such as wollastonite and sillimanite are also common in skarns which may be formed directly 

by carbonate-silicate reactions rather than on the prograde path as marbles (Lents, 1998).  

 
2.1.4. CO2 release during contact metamorphism 
Volcanic eruptions impact the environment and climate in several ways: release of greenhouse gases 

such as CO2 and CH4 into the atmosphere leads to global warming and SO2 causes short term global 

cooling (Ganino & Arndt, 2009). However, previous studies have shown that eruptions of tholeiitic 

magmas do not have a significantly big impact in terms of CO2 emission, as those magmas contain 

relatively small concentrations of CO2. Instead, the big climate impact is suggested to be due to emission 

of volcanic SO2 (Caldeira & Rampino, 1990; Self et al., 2006). In a study by Ganino and Arndt (2009) 

they investigated if the time of large igneous province (LIP) emplacement with associated gas release 

was correlated to mass extinctions in the last 500 Ma. They concluded that the emplacement of LIPs 

coincides with mass extinctions, but that the eruptions themselves were not the major contributor, but 
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instead the subsequent contact metamorphism of the country rock. They also stated that the LIPs have 

to be emplaced in a rock type that produces greenhouse and toxic gases, for example in carbonates, in 

order to cause global warming and mass extinctions (Ganino & Arndt, 2009; Stephen, 2011). The gases 

derived from sediments are thus suggested to have a much bigger impact on the environment than the 

magmatic gases. Since sedimentary rocks are huge reservoirs of volatiles, they can easily undergo 

degassing reactions when hot magma intrudes into these rocks. However, all sedimentary rocks do not 

contain climate modifying volatiles. For example, the major volatile phase in most sandstones is water, 

which does not have a big effect on global climate. The gas SO2 is released when sulfidic sediments, 

such as evaporites, gypsum and anhydrite is heated to high temperatures, halocarbons are released 

during contact metamorphism of salt and CH4 and hydrocarbons by contact metamorphism of organic 

carbon-rich shales and carbonates (Ganino & Arndt, 2009).  

    Pure limestone contains a high portion of CO2, but the temperature required to release this is very 

high (>950°C), so does not frequently take place in metamorphic aureoles. Impure limestone, on the 

other hand, can release large amounts of CO2 (up to 29 wt%) during contact metamorphism and 

formation of calc-silicates at temperatures of around 450-500°C (Ganino & Arndt, 2009). When crustal 

carbonate comes in contact with magma, the amount of CO3 in calcite (CaCO3) or dolomite 

(CaMg(CO3)2) decreases by uptake of quartz (SiO2) and liberation of CO2 along with the formation of 

calc-silicate minerals (e.g. Ganino & Arndt, 2009; Jolis et al., 2015). This can take place according the 

following decarbonation reaction:  

 

           Cal       Qtz          Wo 

CaCO3 + SiO2 → CaSiO3 + CO2  

  

This process can contribute to a volcano’s gas budget (e.g. Mollo et al., 2010; Troll et al., 2013), as well 

as fumerolic activity and diffuse degassing from the volcano (Werner et al., 2008; Pedone et al., 2015). 

In the preindustrial era, up to 90% of the Earth’s surface carbon (carbon in the oceans, atmosphere and 

biosphere) diffused from volcanic outgassing at arc, rift and intraplate areas (Mörner & Etiope, 2002; 

Burton et al., 2013), while the remaining carbon came from metamorphic decarbonation of carbonate 

rocks (Bickle, 1996), from tectonic regions and from the underlying mantle (Chiodini et al., 2004). 

However, the origin of the carbon coming from volcanic arc outgassing is a yet unanswered question 

(Mason et al., 2017). 

 

2.1.5. CO2 and climate change 
Although Earth’s climate is constantly changing, there have been a few periods of extreme change 

during a relatively short period of time. Over the last 200 Ma, two episodes of extreme climate change 

have been recognized from geochemical and biotic records: the Palaeocene-Eocene Thermal Maximum 

(PETM) and the Toarcian Oceanic Anoxic Event from Early Jurassic. Both events are associated with 
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carbon isotope excursions (CIE), global warming, widespread seawater anoxia and biotic extinctions 

(Cohen et al., 2007). The PETM was a sudden and intense period of global warming for around 55.5 

Ma, where the Earth’s temperature increased by 5-8°C (e.g. McInerney & Wing, 2011; Westerhold et 

al., 2012; Bowen et al., 2014). During this period, a large amount of 13C-depleted carbon was released 

into the carbon reservoirs at Earth’s surface (Stephen, 2011; Zeebe et al., 2009). The source of this 

carbon has been discussed to originate from either organic carbon release (Svensen et al., 2004; 

Whitley et al., 2019), intense volcanism (Gutjahr et al., 2017; Whitley et al., 2019) and/or interaction 

between magma and carbonate at volcanic arcs (Carter & Dasgupta, 2018; Whitley et al., 2019). The 

cause of the PETM remains a subject of debate, where some researchers suggest a sudden 

dissociation of methane hydrate from the sea bed (e.g. Dickens et al., 1995), while other propose that 

the emplacement of the North Atlantic Igneous Province (NAIP) could have been the major contributor 

to PETM (Zeebe et al., 2009). In a previous study by Cohen et al. (2007), the timing of NAIP has been 

correlated to PETM by the use of high-precision radiometric dating. They suggest that the geochemical 

and biotic changes during PETM can be explained by large-scale dissociation of methane hydrate, 

which was followed by gradual environmental change linked to the emplacement of the NAIP. High-

resolution carbon isotope records from terrestrial deposits in the Bighorn Basin (Wyoming, USA) 

spanning the PETM have been studied by Bowen et al. (2014). These records show that the PETM 

experienced two separate carbon release events, which means that one or more reservoirs capable of 

repeated, catastrophic carbon release must have been involved during the PETM (Bowen et al., 2014). 

 

2.2. Geological setting  
Hundreds of millions of years ago, Ireland had a very different tectonic setting than it has today. It was 

located in the southern hemisphere, where the northern part of Ireland was situated on Laurentia and 

the southern part belonged to Gondwana, separated by the Iapetus Ocean. In the late Silurian period, 

420 Ma, Laurentia and Gondwana collided, which resulted in the Caledonian orogeny stretching from 

the NE to the SW of Ireland (Geological Survey Ireland, 2019). A wide suture zone has been seismically 

identified in the northern part of Ireland (Anderson & Oliver, 1996; van den Berg et al., 2005). This 

suture is overlain by Ordovician and Silurian metasedimentary rocks, mainly greywackes and 

metasiltstones of greenschist facies metamorphic grade, which were accreted during the closure of the 

Iapetus Ocean, forming the Palaeozoic Longford-Down terrane. The rocks at and below the suture are 

poorly understood, although metavolcanic xenoliths have been interpreted as volcanic arc material that 

also formed during the Iapetus closure (Anderson & Oliver, 1996; Chew & Strachan, 2013). The entire 

mid and lower crust in the region has therefore been considered to originate from accreted juvenile arc 

material and probably does not have a significantly older crystalline basement. These metasedimentary 

rocks are overlain by Carboniferous limestone (Meade et al., 2014). 
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2.2.1. The North Atlantic Igneous Province 
In the early Jurassic period, around 200 Ma, Pangaea started to break up to eventually form the 

continents we have today. The breakup consisted of three major phases, where the final phase, in the 

Paleogene period, separated North America and Greenland from Europe to form the North Atlantic 

Ocean (Merali & Skinner, 2009). This resulted in one of the first recognised Large Igneous Provinces 

(LIPs) in the world; the North Atlantic Igneous Province (NAIP) (Fig. 5). The province had two major 

phases of igneous activity. Phase 1 occurred in the Paleocene epoch, 62-58 Ma, before the breakup of 

Greenland and Europe and resulted in the Thulean Plateau, a large basaltic lava plain. When this plateau 

broke up, remnants of mostly basaltic rocks were left in Baffin Island, W and SE Greenland, NW 

Iceland, N British Isles, W Norway and many of the islands in the North Atlantic. Phase 2, which is a 

syn-breakup phase, is dated to 56-54 Ma (Vogt & Avery, 1974), in the early Eocene epoch. This phase 

is represented by seaward-dipping reflector sequences (SDRS) along the continental margins, on the 

Greenland-Faeroes ridge and in E Greenland and Iceland. With an extent from E Canada, through 

Iceland and the British Isles, to W Norway, NAIP is one of the largest LIPs in the world (Saunders et 

al., 1997). 

 

 
Figure 3. Overview map of the North Atlantic Igneous Province (NAIP) (Horni et al., 2017). 

 
Studies have suggested that the mantle plume which created NAIP is the same plume that is now 

situated beneath Iceland (Saunders et al., 1997). Arguments for this theory is (1) the widespread and 

simultaneous initiation of magmatic activity, which requires a thermal event in the mantle, (2) the high 

magnesian magmas from phase 1, indicating in an unusually hot mantle source, (3) the emplacement of 

SDRS into subaerial or shallow water, suggesting buoyant support from the mantle during rifting and 

(4) the diversity in composition and isotopes in the present-day Icelandic basalts, which is observed in 

many of the Paleocene sequences. However, it is not known whether NAIP was formed during the 
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arrival of the plume head at the base of the lithosphere, causing outburst of magma or if the plume head 

was growing more slowly and the magmatic activity is due to the extension of the lithosphere (Saunders 

et al., 1997). Plate-kinematic models indicate that the plume originated on the Alpha Ridge and migrated 

down through Ellesmere Island and Baffin Island to W Greenland and eventually arrived under E 

Greenland around 60 Ma. Extensive magmatism of predominantly tholeiitic basalts occurred 

particularly in E Greenland, which during Paleogene was adjacent to Britain. Plate-kinematic and 

seismic studies imply continental drift of Greenland towards NW between ca. 60-49 Ma. Except for the 

basaltic lavas, intrusive bodies were also emplaced, for example dykes, sills and gabbro intrusions 

(Tegner et al., 1998). 

 
2.2.2. The Carlingford Igneous Centre 
As part of the NAIP, three igneous complexes in N Ireland were formed due to the intense volcanic 

activity occurring during the opening of the North Atlantic. These complexes are the Mourne Mountains 

in Co. Down, Northern Ireland, the Slieve Gullion Ring Complex in Co. Armagh, Northern Ireland and 

the Carlingford Igneous Centre in Co. Louth, Ireland (Fig. 7). The three complexes belong, together 

with the volcanic complexes in W Scotland, to the British and Irish Paleogene Igneous Province (BPIP) 

(Fig. 6) (The Geological Society of Glasgow, n.d.). Part of this igneous province consists of the Antrim 

Lava Group of mainly basaltic rocks, which formed for instance the basaltic columns of Giant’s 

Causeway in Co. Antrim, Northern Ireland (Lyle and Preston, 1997). The study area of this paper is 

focused on the Carlingford Igneous Centre, located beside the village of Carlingford on the Cooley 

Peninsula in NE Ireland. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. The British and Irish Paleogene Igneous 
Province (BPIP) (Emeleus & Gyopari, 1992 &  
Mussett et al., 1988). 

 

Figure 7. The igneous complexes Mourne 
Mountains, Slieve Gullion Ring Complex and 
Carlingford Igneous Centre (Geological Survey of 
Northern Ireland, 2017). 
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The Carlingford Igneous Centre formed 62-60 Ma, in the Paleocene epoch during phase 1 of the NAIP 

formation. The oldest component lies in the southern part of the centre near Slievenaglogh and consists 

of tholeiitic basalt and hawaiite lavas on south-facing slopes of the hill (Fig. 8; Preston, 1981). The 

Carlingford igneous centre is dominated by two main intrusions; a gabbro lopolith and a microgranite 

ring dyke, which cross cuts the lopolith. Based on field evidence, the microgranite ring dyke was the 

first intrusion into the Silurian metasiltstones and the Carboniferous limestone, followed by the gabbro 

lopolith (O’Driscoll, 2006; Meade et al., 2014). The microgranite is dated to 61.4 ± 0.8 Ma (Mitchell 

et al., 1999), while the age of the gabbro intrusion is not known. However, magma mixing structures in 

the contact regions indicate a close temporal sequence between the two intrusions (O’Driscoll, 2006). 

A dominantly basaltic cone sheet swarm, dated to 60.0 Ma, crosscuts the intrusions (Evans et al., 1973).   

    The bimodal (mafic-felsic) magmatism that occurred in Carlingford has been recognized in several 

LIPs and the processes of its origin is still a subject of debate. Based on analyses of Sr, Nd and Pb 

isotopes, major and trace elements, experimental petrology and thermodynamic modelling, Meade et 

al. (2014) have proposed an explanation of the occurrence of the bimodality in Carlingford. They imply 

that parental mafic magmas assimilated trace element-enriched partial melts of the surrounding 

metasiltstones to form microgranites. As the repeated heating events lowered the melt-production 

capacity of the crust, the granite production ceased and enriched partial melts could no longer form. 

This resulted in a subsequent return to mafic magmatism and the formation of the gabbro lopolith. Large 

caldera forming events are considered to be triggered when such mafic magmas refill felsic magma 

reservoirs and can thus alter the eruptive style of the volcano (Meade et al, 2014). 

 

 
Figure 8 a) Location of the Carlingford Igneous Centre within the North Atlantic Igneous Province (NAIP). 

Scale bar, 200 km. b) Geological map of the Carlingford Igneous Centre. The study area is within the red box. 
A-B: Approx. cross section seen in Fig. 15 Scale bar, 1 km (after Meade et al., 2014). 
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The Carlingford Igneous Centre is surrounded by a 50-200 m thick well-developed metamorphic 

aureole, which indicates that magma-crust interaction played a considerable role at Carlingford. This is 

also evident by the crustal assimilation of the country rocks. The aureole is composed of partially melted 

diopside and biotite hornfels, formed from the metasedimentary rocks as well as coarse wollastonite 

marble (Fig. 9a; Meade et al., 2014) and calc-silicate skarn (Fig. 9b-d) from metamorphism of the 

limestone (Osborne, 1932; Stephen, 2011). The gabbro intrusion is probably the dominant cause of 

metamorphism, due to its higher temperature and larger size compared to the microgranite intrusion. 

The gabbro was also cooling down more slowly than the microgranite, resulting in a larger grain size 

(Osborne, 1932).  

 

 

 

  

Figure 9. Field photos from the Carlingford Igneous Centre a) Marble b), c), d) Skarn. 

 

Not only did the intrusions affect the carbonate wall rock, but the wall rock had an influence on the 

intrusions as well. For example, crustally contaminated gabbros have been found close to the limestone 

contact, suggesting assimilation of the limestone during the gabbro intrusion (Le Bas, 1965).  In a 

previous study on the metamorphosed limestones in Carlingford, Osborne (1932) has identified several 

a 
 

b 
 

c 
 

d 
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different minerals in the aureole as a result of the metamorphism and the following pneumatolytic and 

metasomatic action. The mineral assemblages include diopside, wollastonite, grossular, andradite, 

vesuvianite, hedenbergite, monticellite, epidote, perovskite and some more. The skarn rocks in the 

region are suggested to have a relatively low occurrence, due to limited metasomatic action and to the 

lack of excess calcite in the country rocks. They have mainly been found adjacent to igneous veins and 

contain minerals such as wollastonite, hedenbergitic pyroxenes, andradite, quartz and calcite. The 

skarns have particularly been found in the Barnavave region, in the contact between the gabbro and 

limestone (Fig. 8b; Osborne, 1932). 

 

3. Methods 
3.1. Sample selection and preparation 
The samples for this study come from a traverse across the calc-silicate metamorphic aureole to the 

unmetamorphosed limestone, and also include a marble xenolith from within the gabbro of the 

Carlingford Igneous Centre. Some of the samples (starting with P), were stored in the Museum Building 

at Trinity College Dublin (TCD) and come from the Barnavave quarry (Fig. 8b). During a traverse 

through the aureole in 2011, Dr Meade collected a set of samples (starting with A). In addition, new 

samples were collected during this study (EL) along the same transect. The studied samples are 

summarised in Table 1 and the localities they come from are shown in the geological map in Fig. 10. 

The sample names are referred to “locality - type of sample - sample name” (e.g. “8-S-EL06” for skarn 

sample EL06).  

    Four samples were selected for making thin sections for petrographic analyses with optical 

microscope and SEM-EDX. These are skarn and marble samples from different localities within the 

aureole. The sample 4-C-P2751 is especially important as it comes from the contact at Barnavave 

quarry, so the thin section of this was made perpendicular to the contact, from the gabbro, through the 

skarn to the marble. This sample was also used for elemental mapping, using SEM-EDX and LA-ICP-

MS, in order to distinguish the chemical distribution from the gabbro to the marble. Eleven samples 

were large enough to prepare whole rock powders for XRF as well as carbon and sulphur analyses. 

These samples come from each visited locality within the aureole, from the xenolith and also from the 

unmetamorphosed limestone to have some background material to compare with (Table 1, Fig. 10).  
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Table 1. Sample localities, their coordinates, selected samples for thin section and powder making (samples 
starting with P are from TCD, starting with A from Dr Meade and staring with EL from this study), type of 

samples and distance to gabbro-skarn contact. 

Locality Lat., Long. Grid ref. Samples for 
thin section 

Samples 
for powder 

Type of sample 
(abbr.) 

Distance to 
contact (m) 

1  54.029996,   
-6.1559162 

J 20871 
10534 

 EL01 Limestone (L) 2500-2700 

2 54.017328,   
-6.1958011 

J 18294 
09057 

 A7 Marble (M) <100 

3 54.018138,   
-6.1965138 

J 18245 
09146 A12 A20 Marble (M) <100 

4 54.028767,   
-6.1963590 

J 18225 
10329 P2751 P2750, 

P2751 Contact (C) 0 

5 54.017488,   
-6.2028900 

J 17829 
09063 A19 A19 Marble xenolith 

within gabbro (X) 500-600 

6 54.020031,   
-6.187465 

J 18833 
09372 

 EL02 Limestone (L) 500-600 

7 54.022655,   
-6.195106 

J 18324 
09651  EL05c EL05b,  

EL05c Skarn (S) <100 

8 54.022627,   
-6.194313 

J 18376 
09649 

 EL06 Skarn (S) <100 

9 54.019032,   
-6.192067 

J 18534 
09253 

 EL07 Limestone (L) 200-300 
 
 
 

 
Figure 10. Geological map over part of the Carlingford Igneous Centre with marked out localities for sampling. 

The location of this study area is shown in Fig. 8 (Geological Survey Ireland, 2019). 
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The sample preparation and the various analyses are taken place at Trinity College Dublin (TCD). 

Before making thin sections and powders, the samples were cleaned, and areas compromised by 

weathering were removed using a circular rock saw. The samples were then photographed. Polished 

thin sections of 100 µm thickness (30 µm being a regular thickness) were made of the samples showed 

in Table 1 at the Thin Section Laboratory in the Museum Building, TCD. Before SEM analyses, the 

sections were scanned and carbon coated at the Irish Centre for Research in Applied Geosciences 

(iCRAG) lab at TCD. For the powder making, the samples where first crushed, using a Retsch BB200 

Jaw Crusher at Trinity Technology and Enterprise Centre (TTEC). The crushed rock was then sieved 

to a powder with grain size of ≤ 106 µm.  

 
3.2. SEM-EDX 
Scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDX) is a useful 

technique for determining the chemical composition of small selected areas of solid material. Some 

advantages with SEM include its high spatial resolution, simple preparation (thin section making), a 

non-destructive technique and high accuracy of quantitative elemental analysis (Reed, 2005). In this 

study, major elemental analyses of individual minerals were performed using a TESCAN S8000 SEM 

(Fig. 11) at the iCRAG lab. The SEM uses the software TESCAN Essence™ and Aztec to create spectra 

from the characteristic X-rays, producing peaks for the elements present. X-rays were collected 

simultaneously with two Oxford Xmax 150 mm2 silicon-drift energy-dispersive spectrometers (EDS). 

Accurate and precise major element data can be obtained with these instruments, provided they are 

operated with similar stringent analytical protocols as electron microprobes (Ritchie et al., 2012; 

Newbury & Ritchie, 2013; 2015). The instrument was calibrated using a suite of appropriate mineral 

standards from the Smithsonian Institute (Jarosewish et al., 1980) and Astimex MINEM25-53. The 

energy was calibrated before the analyses, using Cobalt as a standard and a WD of 15 mm. Spot analyses 

were made with a 300 pA and 20 keV electron beam, which was focused to a field of view (FoV) of 5 

µm2. Repeated analysis of a commercially available diopside standard was used for quality control. The 

measured values of the diopside was compared to certificate values from Wakefield, Quebec. Bias was 

calculated to ≤±6.8% and the uncertainty was usually ≤0.11%. 

    Skarn and marble samples were analysed in order to aid identification of the minerals present, as 

there are a number of unusual and exotic phases. Four samples were analysed with SEM (Table 1). 

These samples come from different localities and include two marbles (one is the xenolith) and two 

skarns (one is the contact) to get a wide distribution of different samples (Table 1, Fig. 10). From the 

analyses, minerals present in the samples could be recognised as well as the composition of minerals of 

interest. Where crystals showing zoning in BSE, analyses were performed both in the core and in the 

rim. As mentioned in section 3.1, elemental mapping was carried out on sample 4-C-P2751 to obtain 

the spatial distribution of the elements from the marble to the gabbro. BSE images were also taken on 

some parts of the samples, where several minerals of interest were observed. The thin sections were 
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later examined under optical microscope to be able to estimate the proportions of the different minerals 

and textures present in the samples. 

 

 
Figure 11. TESCAN S8000 SEM at TCD. 

3.3. XRF 
X-ray fluorescence (XRF) is an analytical technique for determining the chemical composition of 

samples, but compared to SEM-EDX which can only be used for solid samples, XRF can also be used 

for loose powders, liquids and slurries. (Jenkins, 1999). The concentration of the elements present in 

the samples were analysed using a Rigaku NEX CG EDXRF spectrometer (Fig. 12) at TTEC. The 

instrument provides rapid, non-destructive, multi-elemental analyses from concentrations of low ppm 

levels up to high wt% levels of elements ranging from sodium (11Na) to uranium (92U). The X-ray tube 

was set to a voltage of 25 kV and a current of 1.00 mA. Seven calibration standards were used; BCR-

2, GBW 07401, GBW 07402, GBW 07404, GBW 07406, GBW 07407, GBW 07408. After the analysis, 

the certificate values for these standards were compared to the measured values for each element and 

the bias were calculated to establish which elements worked well and which did not. There was some 

difficulty with trace element analysis, so samples were sent to Activation Laboratories Ltd. (Actlabs), 

Ancaster, Canada to be further analysed by XRF. Following the method outlined in Geiger et al. (2016), 

whole rock sample powders were processed for major and trace element analysis at Actlabs. After 

fusion with lithium metaborate/tetraborate and digestion in nitric acid, major elements were measured 

by inductively coupled plasma optical emission spectrometry (ICP‐OES), while trace elements were 

analysed by inductively coupled plasma mass spectrometry (ICP‐MS). Detection limits are 0.01 wt% 

for all major oxides as well as for loss‐on‐ignition (LOI), except for MnO and TiO, which have detection 

limits of 0.001 wt%. Data quality was verified by repeated analysis of internal reference materials. 
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    At TTEC, a total of eleven samples were analysed to cover each locality, while ten samples were 

analysed at Actlabs as there was not enough powder of sample 4-C-P2751 (Table 1, Fig. 10). After the 

analyses, concentrations of major and trace elements were obtained, which could be used for plotting 

mixing curves showing compositions between gabbro and unmetamorphosed limestone. 

 

 
Figure 12. Rigaku NEX CG EDXRF spectrometer at TCD. 

 

3.4. Carbon and sulphur analyses 
Carbon and sulphur content were analysed using a multi elemental analyser 4000 (Fig. 13) at TTEC. 

The instrument can analyse organic and inorganic carbon, sulphur and chlorine from different types of 

solid samples, including minerals, sediments, soils, ashes and wastes. Decomposition of the samples 

occur at high temperatures of up to 1500°C (Analytic Jena, 2019). Sulphur in coal was used for standard 

reference material for sulphur analysis, where bias was calculated to 0% and the uncertainty to 0.124%. 

For carbon analysis, calcium carbonate (CaCO3) was used for standard material, where the bias was 

calculated to 13.2% and the uncertainty to 1.056%.  The same eleven samples that were analysed with 

XRF were analysed for carbon and sulphur content (Table 1), where about 100 mg powder was used 

for each sample.   

 
Figure 13. Multi EA 4000 at TCD. 
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3.5. LA-ICP-MS 
Trace element concentrations along the mapped area of sample 4-C-P2751 was determined using Laser 

Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). In the technique, laser 

ablation is used to sample (remove a portion of) a sample material. This results in the formation of a 

luminous plasma, a gaseous vapor and production of fine particles. The ablated particles are transported 

to a secondary excitation source of the ICP-MS detector for atomisation and ionisation of the sampled 

material. There are many advantages with this technique, including exceptional spatial resolution, 

almost no sample preparation, speedy analysis and minimal waste products (Gonzalez, 2017). 

    LA-ICP-MS with a Teledyne Photon Machines Analyte G2 laser ablation system at TTEC (Fig. 14) 

was used for elemental mapping of the sample. The system is equipped with a 193 nm ATLex 300 ArF 

excimer laser and a HelEx II active two-volume ablation cell and uses 0.45 L/m He cell gas and 8 ml/m 

N additional gas. The instrument is connected to a Thermo Scientific iCAP-Q Quadrupole ICP-MS via 

an Aerosol Rapid Introduction System (ARIS) (e.g. Van Malderen et al., 2015; Van Acker et al., 2016). 

The ICP-MS uses a 1550 kW Ar gas with a speed of 0.6034 L/min, which was tuned to 97% Th/U, < 

0.1% ThO, using NIST612. 

    The mapping was carried out on areas of 30 x 30 m squares, using a repetition rate of 40 Hz, a scan 

speed of 180 m/s for raster and a fluence of 1.4 J/cm2. The elements 44Ca, 85Rb, 88Sr, 89Y, 90Zr, 93Nb, 
137Ba 139La, 140Ce, 181Ta, 232Th and 238U were analysed with dwell times of 200 ms and duty cycles of 

240 ms. Calibration was carried out for trace elements using a NIST 612 as calibration standard and 

BHVO (basalt) and MACS3 (carbonate) for quality control. For major elements, BHVO was used as 

calibration standard and BCR and MACS3 for quality control.   

 

 
Figure 14. Teledyne Photon Machines Analyte G2 LA-ICP-MS at TCD. 
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3.6. Mixing equations 
The concentration of major and trace elements obtained from XRF analyses and elemental mapping, 

using SEM-EDX and LA-ICP-MS, were compiled in variation diagrams. Mixing equations were then 

calculated between pure limestone and gabbro as well as between pure limestone and peloidal 

limestone, in order to test whether mixing between the components was a viable process (Langmuir, 

1978). The plots were also used to investigate the extent of magma-carbonate interaction, by 

determining the proportion of melt addition for the various skarn samples. The following mixing 

equations were used to calculate a line between the two endmembers in plots with the ratio between the 

various oxides/elements and CaO on the x-axis and 1/CaO on the y-axis: 

 

𝑓 × 𝑥1 + (1 − 𝑓) × 𝑥2
𝑓 × 𝑦1 + (1 − 𝑓) × 𝑦2                                                    (1) 

   
 
Symbols used are: f = proportion of mixing (0.0, 0.1, 0.2 … 1.0); x1 = ratio between oxide/element and 

CaO for endmember 1 (pure limestone); x2 = ratio between oxide/element and CaO for endmember 2 

(gabbro or peloidal limestone); y1 = concentration of 1/CaO for endmember 1 and y2 = concentration of 

1/CaO for endmember 2. 

 
3.7. Calculation of CO2 release 
The XRF at Actlabs measured the concentration of major and trace elements, and also the concentration 

of CO2 in the whole rock samples. The amount of CO2 could also be calculated from the carbon analysis, 

by multiplying the carbon content by the ratio of the molar mass between CO2 and C, i.e. 44 𝑔/𝑚𝑜𝑙
12 𝑔/𝑚𝑜𝑙 ≈

3.67. For the calculation of CO2 release, mean values of the most representative CO2 concentrations 

from both analyses were used. The CO2 release from the aureole could be calculated when knowing the 

densities of limestone, marble and skarn as well as the volume of the aureole. The densities were 

calculated in a study by Stephen (2011) who also analysed the metamorphic aureole at Carlingford.  

    The volume of the calc-silicate aureole was calculated in this study. From the cross section, seen in 

Fig. 15, it is apparent that the aureole (shown in grey shading), has a relatively complex shape. However, 

as an approximation, the shape of the intrusions and aureole can be modelled as a nested hemisphere or 

a nested sphere, where around half of it is made up of calc-silicates and the other half of hornfels. Both 

the model of a hemisphere and a sphere have been used for the calculations of the aureole volume (eq. 

2 & 3). The radius of the intrusions has been estimated from the geological map (Fig. 8b) and different 

thicknesses of the aureole have been used, see section 5.3. The equation used to calculate the CO2 

release from the calc-silicate aureole is the same as where used by Stephen (2011) and can be seen in 

eq. 4. The concentration of marble and skarn in the aureole is also discussed in section 5.3. 
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Figure 15. Schematic cross section of the Carlingford Igneous Centre from west to east. The aureole is 

indicated by grey shading (Meade, 2004).  

 

𝑉𝑐𝑎 (ℎ𝑒𝑚𝑖𝑠𝑝ℎ𝑒𝑟𝑒) =
𝑉𝑖+𝑎 − 𝑉𝑖 
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𝑉𝑐𝑎 (𝑠𝑝ℎ𝑒𝑟𝑒) =
𝑉𝑖+𝑎 − 𝑉𝑖 
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2
 

(3) 

 

𝐶𝑂2 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑐𝑎 =  𝐶𝑂2𝑠 + 𝐶𝑂2𝑚 =  (𝐶𝑂2 𝑐𝑜𝑛𝑐𝑙 × 𝜌𝑙 − 𝐶𝑂2 𝑐𝑜𝑛𝑐𝑠 × 𝜌𝑠) × 𝑉𝑐𝑎 × 𝑐𝑜𝑛𝑐𝑠 + 

(𝐶𝑂2  𝑐𝑜𝑛𝑐𝑙 × 𝜌𝑙 −  𝐶𝑂2 𝑐𝑜𝑛𝑐𝑚 × 𝜌𝑚) × 𝑉𝑐𝑎 × 𝑐𝑜𝑛𝑐𝑚 
(4) 

 

Symbols and abbreviations used are: V = volume, r = radius, conc = concentration,  = density, ca = 

calc-silicate aureole, a = aureole, i = intrusions, s = skarn, m = marble, l = limestone. 

 

4. Results 
4.1. Petrography 
Four samples were analysed with SEM and optical microscope (Table 1). They are all from different 

localities within the aureole and have therefore experienced different grades of metamorphism, resulting 

in a variety in mineralogy and textures. The unmetamorphosed rocks are first briefly described. They 

have not been studied with microscope or SEM, except for the contact sample which grades from gabbro 

to marble. However, they have all been studied in hand specimen and also for whole rock compositions 

using XRF. The calcic marble, including the marble xenolith, is then described, followed by the calcic 

skarn.      
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4.1.1. Limestone 
The unmetamorphosed and very low grade limestones, found at locality 1, 6 and 9 (Fig. 10), are 

typically dark grey and fine-grained (Fig. 16a). They contain mostly calcite (65-70%) with various 

fossils. The samples from locality 6 and 9 have a high amount of SiO2 (58-65%) and are relatively rich 

in Al2O3 (15%) and FeO (14%). This, together with a higher concentration of sulphur (1.5-3%) than a 

typical limestone, indicate that these limestones are muddy and probably peloid rich.     

 

4.1.2. Gabbro 
The gabbro is dominated by medium grained crystals of the plagioclase labradorite (50-70% anorthite) 

and the clinopyroxene augite. Some of the augite crystals show zoning with a higher amount of CaO in 

the core than in the rim (20% compared to 17%). Close to the skarn contact, the gabbro is altered and 

has evolved some epidote. Minor amounts of magnetite and pyrite are also found in the gabbro.  

 

4.1.3. Calcic marble 
At locality 2 and 3 (Fig. 10), the limestones are recrystallized to calcic marbles. They are typically grey 

and fine-medium grained (Fig. 16b). Sample 3-M-A12 and the marble in sample 4-C-P2751 are 

dominated by calcite (75-85%) in a granoblastic texture (Fig. 18c). They also contain accessory augite, 

wollastonite and epidote. Sample 2-M-A7 is dominated by quartz (70-80%) and some calcite (20-30%) 

with remnants of fossils, which is an agreement with Stephen (2011) who also analysed this sample. 

The marble xenolith 5-X-A19 is composed of mostly fine-medium grained wollastonite (45-50%) in a 

fine-grained matrix of vesuvianite (40-45%) (Fig. 18a, Table 2). The sample is very vesicular (Fig. 

16c), indicating in a high release of volatiles. This sample is probably the most metamorphosed sample. 

In optical microscope, most of the wollastonite grains show clear twinning and have a relatively high 

relief. The sample also contains a significant amount of the high-grade mineral tilleyite, which has high 

interference colour and high relief and are typically cracked. Some of the tilleyite crystals have 

inclusions of wollastonite (Fig. 17a). From the SEM analysis, some spots appeared to have the 

composition of quartz, but when the sample was examined in microscope, these spots seemed to be just 

holes, which could have been tilleyite pulled out during thin section making. This would indicate in an 

initially relatively high proportion of tilleyite, which is reasonable since tilleyite is formed at high 

temperatures by reaction of calcite and wollastonite (Beard & Drake, 2007). The sample also contains 

small amounts of perovskite, pyrite, a calcite vein and the unusual calcium zirconium silicate mineral 

baghdadite. 

 

4.1.4. Calcic skarn 
The calcic skarns from locality 4, 7 and 8 (Fig. 10) are fine-medium grained and have colours of light 

grey, brown, white, greenish and/or yellowish. Some of the skarns have banded macroscopic textures, 

indicating in different chemical compositions between the calc-silicate minerals and the sedimentary 
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protolith. Fractures appear in some of the skarns and some are vesicular (Fig. 16d), which is a result of 

a high degree of volatile release. No significant variation in skarn mineralogy has been observed, but 

instead zones are identified by decreasing SiO2 and Al2O3 and increasing CaO with distance from the 

contact. Sample 7-S-EL05c has a very diverse mineral assemblage, which is typical for skarns. Several 

high-grade, anhydrated minerals are present, for example wollastonite and a mixing between grossular 

garnet and vesuvianite (Fig. 18b, Table 2). The skarn in sample 4-C-P2751 also contains several high-

grade minerals, including wollastonite, vesuvianite, pyrope and epidote (Fig. 17b, 18c, 18d).  

 

 
 
 
  
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 16. Samples from the Carlingford Igneous Centre a) Unmetamorphosed limestone dominated by fine-
grained calcite (sample 1-L-EL01) b) Marble dominated by quartz and some calcite (sample 2-M-A7) c) Marble 
xenolith with mostly wollastonite and vesuvianite in a vesicular texture (sample 5-X-A19) d) Skarn dominated 
by wollastonite and vesuvianite-grossular garnet. Banded macroscopic texture and fairly vesicular (sample 7-S-

EL05c). 

a b 
 

c d 
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Figure 18. Optical microscope images showing some typical mineral assemblages and textures in metamorphic 

samples from the Carlingford Igneous Centre a) Marble xenolith composed of mostly fine-medium grained 
wollastonite in a fine-grained matrix of vesuvianite (sample 5-X-A19) b) Skarn dominated by wollastonite and 

vesuvianite as well as some augite (sample 7-S-EL05c) c) Contact between skarn (upper left) dominated by 
wollastonite and vesuvianite with minor pyrope, and marble (lower right) dominated by calcite in a granoblastic 
texture (sample 4-C-P2751) d) Skarn with a diverse mineral assemblage of mostly wollastonite, vesuvianite and 

pyrope (sample 4-C-P2751). 
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Figure 17. Backscattered 
electron images  
a) Marble xenolith dominated 
by wollastonite  
and vesuvianite, with minor 
amounts of cracked  
tilleyite (some with 
wollastonite inclusions), 
perovskite, baghdadite and a 
calcite vein (sample 5-X-A19)  
b) Skarn containing 
wollastonite, vesuvianite, 
pyrope, epidote, 
perovskite, calcite and minor 
amounts of pyrite (sample 4-
C-P2751). 
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Table 2. Minerals present in the samples analysed with SEM and optical microscope. Compositions of the 
minerals are presented in Appendix C. 

Sample 3-M-A12 7-S-EL05c 4-C-P2751 5-X-A19 

Major 
phases 

Calcite  
(75-85%) 

Wollastonite  
(45-50%) 

 
Grossular-
vesuvianite  
(35-40%) 

 

Wollastonite  
(35-40%)   

 
Vesuvianite  
(30-35%) 

 
Pyrope  

(10-15%) 
 

Wollastonite  
(45-50%) 

 
Vesuvianite  
(40-45%) 

Minor 
phases 

Augite 

Pyrite 

Clay minerals 

Augite 

Diopside 

K-feldspar 

Morimotoite 

Albite 

Kalsilite 

Biotite 

Apatite 

Zircon 

Epidote 

Calcite 

Perovskite 

Pyrite 

Diopside 

Tilleyite 

Perovskite 

Baghdadite 

Pyrite 

 

 

4.2. Elemental mapping of gabbro-marble contact 
Elemental mapping was performed on thin section 4-C-P2751 along a diagonal traverse from the gabbro 

to the marble (Fig. 19). This was done both for major elements (Fig. 20; Fig. 34 in Appendix A; Table 

5 in Appendix B) using SEM-EDX and for trace elements (Fig. 35 in Appendix A, Table 5 in Appendix 

B) using LA-ICP-MS. The mapped area has been divided into four different zones based on the 

dominant composition in different parts of the area, where zone 1 is composed of gabbro, zone 2 and 3 

different grades of skarn and zone 4 is the marble. The chemical composition was extracted from 13 

different smaller areas within the mapped area: 4 from zone 1 and 3 from each other zone (Fig. 20). 

This data was compiled in one diagram for some major elements (Fig. 21) and one for some trace 

elements (Fig. 22). It is apparent how the composition changes between the different zones. The Ca 

concentration is generally increasing from the gabbro to the marble, while the other major elements 

show a general decrease towards the marble. The trace elements are generally decreasing slightly 

towards the marble, except for the third area in the gabbro, where an increase of most of the trace 

elements is visible (Fig. 22). This deviation could possibly be due to a higher concentration of some 

REE minerals in the gabbro. From spot analyses using SEM-EDX, the minerals present in each zone 

could be distinguished. Zone 1 is dominated by labradorite and augite. In zone 2, the gabbro is gradually 

changing to skarn, still containing labradorite and augite, but also some epidote. Zone 3 is the most 
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skarn-like zone, containing high grade minerals, such as wollastonite, vesuvianite, pyrope, epidote and 

perovskite. Zone 4 is low grade skarn to marble and consist of mostly calcite, but also some wollastonite 

and epidote (Table 3). 

 

 
Figure 19. Thin section of sample 4-C-P2751, with gabbro to the left, marble to the right and skarn in between. 

Elemental mapping was performed within the blue rectangle. 

 

 
 
Figure 20. Elemental mapping of sample 4-C-P2751, showing the chemical composition in four different zones. 
The squares represent the areas the chemical data was extracted from. The blue part in the gabbro is probably a 

small marble xenolith. Note the very fine-grained assemblages in the skarn zones, making it difficult to 
distinguish e.g. wollastonite (purple) in zone 3. For individual maps of each element see Fig. 34 in Appendix A. 

 

 
Figure 21. Variation of major elements along the mapped area. The points represent the squares in Fig. 20. 
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Figure 22. Variation of trace elements along the mapped area. The points represent the squares in Fig. 20. 

 
Table 3. Minerals present in the different zones within the mapped area. The colour squares represent the same 

colours as in the mapping (Fig. 20), showing which minerals correspond to which colours. 

 
 
4.3. Major and trace elements 
4.3.1. Bulk rock analysis 
Variation diagrams were plotted for bulk rock samples using XRF data (Appendix D) with the selected 

major oxides SiO2, Al2O3, Fe2O3, MgO and the trace elements Zr and Y against CaO to illustrate how 

the composition varies between the different types of samples (Fig. 23). The pure limestone is CaO-

rich and generally poor in the other elements, while the impure muddy-rich limestones (here referred 

to peloidal limestone) typically show the opposite trend, with exception for the Al2O3 and MgO 

concentrations, which are relatively low in those limestones. The gabbros also have relatively low 

concentrations of CaO and are usually richer in the other elements than the pure limestone and the 

metamorphosed samples. The skarn and marbles generally trend from the pure limestone to the gabbro 

for the major elements and from the pure limestone to the peloidal limestone for the trace elements (Fig. 

23). 
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Figure 23. Variation diagrams for bulk rock samples, showing how the composition varies between different 
types of samples. Major and trace element data for gabbro are published data from Meade et al. (2014) and data 

for limestone and marble are combined data from this study and from Meade et al. (2014). 

 
4.3.2. In situ analysis 
Variation diagrams were also made for in situ analysis of the contact sample 4-C-P2751 with the use of 

elemental mapping data (Table 5 in Appendix B) for the same oxides and elements as for the bulk rock 

diagrams (Fig. 24). The marbles are rich in CaO and poor in the other elements, while the gabbros 

typically show the opposite. The skarn samples are generally plotted in between the marble and gabbro. 
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Figure 24. Variation diagrams for in situ analysis of sample 4-C-P2751. 

 
4.4. CO2 content 
The amount of CO2 in the samples were obtained from the XRF analysis at Actlabs (Table 11 in 

Appendix D) and also calculated from the carbon analysis at TTEC (Table 13 in Appendix E), by 

multiplying the carbon content with 3.67 (ratio of the molar mass between CO2 and C). The CO2 content 

from the two analyses are plotted against CaO in Fig. 25, to see how the amount of CO2 varies 

throughout the aureole. The results from the two analyses are very similar. The sample that differs most 

is the pure limestone (39.3% CO2 from Actlabs vs. 37.1% CO2 from TTEC). As can be seen in the 

diagram, one sample (2-M-A7) has a significantly higher amount of CO2 (30.4% from Actlabs and 

30.1% from TTEC) than the rest of the skarn and marble samples. Sample 4-C-P2750 was only analysed 

at TTEC, as there was too little powder for sending to Actlabs and is therefore not plotted in the diagram. 

However, according to the analysis at TTEC, that sample also has a much higher CO2 content than the 
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other skarn and marble samples (29.8% compared to  1.2% for most of the other skarn and marble 

samples). 

  

 
Figure 25. Diagram showing CO2 content in the skarn and marble samples as well as in the pure limestone.  

 

5. Discussion 
By investigating mineralogy and textures as well as major and trace elements in skarn and marble 

samples from the Carlingford Igneous Centre, this study aims for examine the extent of interaction 

between magma and crustal carbonate in the region and assess the amount of CO2 which has been 

released during this interaction. The discussion is divided into four parts: (1) possible processes that 

could have formed the skarn, (2) decarbonation reactions taking place in the contact regions between 

gabbro and limestone, (3) the mass of CO2 released from the aureole at Carlingford and (4) the impact 

this released CO2 could have had on the climate.     

 
5.1. Skarn formation processes 
Skarn can be formed by a variety of processes, including isochemical metamorphism (Fig. 26A), 

metamorphism of interlayered lithologies such as shale and limestone (Fig. 26B), metamorphism of 

impure lithologies resulting in skarnoid (Fig. 26C) or fluid-controlled metasomatism (Fig. 26D). The 

two major skarn forming processes are contact metamorphism and metasomatism and in many cases 

both processes are combined in the skarn formation (Meinert, 1992). During early stages of 

metamorphism, a marble aureole is typically developed around an intrusive body in carbonate rocks, 

and later, skarn is formed (e.g. Meinert, 1992; Mollo et al., 2010; Jolis et al., 2015).  
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Figure 26. Different processes of skarn formation a) Isochemical metamorphism resulting in recrystallization 
and changes in mineral stability b) Reaction skarn results from metamorphism of interlayered lithologies, e.g. 
limestone and shale c) Skarnoid produced by metamorphism of impure lithologies d) Skarn formed by fluid-

controlled metasomatism (Meinert, 1992). 

 

At Carlingford, two different scenarios of skarn formation could have been possible. The first scenario 

is thermal metamorphism of limestone with interlayered mud, which would result in a skarn with 

compositions and textures controlled by the protolith (Meinert, 1992). In the field, relatively much 

muddy limestones were found (Fig. 27a), which could have formed the skarns by thermal 

metamorphism. The second scenario is intrusion of mafic magmas into the limestone, causing the 

hydrothermal fluids from the magma to alter the limestone by metasomatism. This would occur closer 

to the contact than thermal metamorphism and result in skarns with compositions and textures 

controlled by the composition of the fluid (Meinert, 1992). Fig. 27b shows how the skarn could look 

like in the field. 
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Figure 27. Outcrops from the Carlingford Igneous Centre a) Muddy limestone from locality 9  

b) Skarn and marble from locality 7. 

 
Mixing equations can be calculated in order to test whether mixing between two components has taking 

place. This has been done for the oxides and elements in Fig. 23 and 24 from pure limestone to gabbro 

as well as from pure limestone to peloidal limestone for the whole rock samples (Fig. 28). For in situ 

analysis, mixing lines have been plotted between marble and gabbro (Fig. 29). The skarn samples 

generally show a mixing trend from the pure limestone (or from the marble for in situ analysis) to the 

gabbro. This means that they have formed by mixing between gabbro and limestone, rather than 

between mud and limestone, and thus by the second scenario. However, this is not true for the selected 

trace elements, where the skarns generally trend towards the peloidal limestone. This probably indicates 

in that thermal metamorphism, where mud and limestone where mixed, also was a process taking place 

and thus that the skarn formation is a combination of metasomatism and thermal metamorphism.  

    From the mixing lines, the proportion of melt addition can be determined. As the distance between 

two points corresponds to 10%, the skarn and marble samples are shown to have a melt addition of up 

to around 50%, where most of those samples have a maximum of around 30%. In the plots for the in 

situ analysis (Fig. 29), the skarn samples seem to be separated into two groups, which is especially clear 

in the Fe2O3, MgO, Zr and Y plots. For Fe2O3 and MgO, one group has melt addition of around 10%, 

while the other has 20-30% melt addition. The latter group corresponds to the three mapped areas in 

zone 2 in sample 4-C-P2751, which are within 1 cm from the gabbro contact (Fig. 20). The grouping 

of the mapped areas imply that reactions must have taken place in between the different zones, to cause 

the different compositions in each zone. 

 

a b 
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Figure 28. Element-ratio diagrams for bulk rock samples with mixing lines between the components limestone 

and gabbro as well as between pure and peloidal limestone. The skarn and marble samples show mixing 
between limestone and gabbro for the major oxides and between pure and peloidal limestone for the trace 

elements. The distance between the points in the mixing lines corresponds to 10% mixing. Major and trace 
element data for gabbro are published data from Meade et al. (2014) and data for limestone and marble are 

combined data from this study and from Meade et al. (2014).  
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Figure 29. Element-ratio diagrams for in situ analysis with mixing lines between the components marble and 
gabbro, showing the skarn samples as a result of mixing between the two components. The distance between the 

points in the mixing lines corresponds to 10% mixing.   

 
5.2. Decarbonation reactions 
During magma-carbonate interaction, several decarbonation reactions take place, which results in a 

chemical exchange between the magma and carbonate. The magma loses Si and Al and gains Ca from 

the carbonate, while the carbonate takes up Si and Al as well as some incompatible trace elements such 

as Nd, Zr and Th from the magma and loses Ca as well as Y and Ce (Meinert, 1992; Jolis et al., 2015). 

The Ca which is present in for example calcite (CaCO3) in limestone bonds to elements from the magma 

(e.g. Si) and forms new minerals, such as wollastonite (CaSiO3). This reaction produces CO2 which can 

be released through fractures and pore spaces in the rocks (Yardley, 1989; Stephen, 2011). 

    The mapped area of thin section 4-C-P2751 clearly shows different compositions in the different 

zones, which makes this sample convenient for determining reactions that could have taken place in the 
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contacts between these zones (Fig. 20). Since most of the high-grade minerals, which makes up the 

skarn, are present in zone 3 (adjacent to the marble), most of the decarbonation has probably taken place 

between zone 3 and zone 4 (marble). The dominate minerals in zone 4 are calcite (65%) and wollastonite 

(30%). These minerals react with H2O and gabbro, where an approximate composition has been 

estimated from zone 1 (gabbro). This reaction forms the minerals in the skarn zone 3, which is 

dominated by wollastonite, vesuvianite and pyrope (Table 2). In addition to these minerals, CO2 is also 

produced by the breakdown of calcite. By using the dominate minerals in these zones, an approximate 

reaction formula has been made as following: 

 

Cal Wo Gabbro 

22CaCO3 + 4CaSiO3 + 4CaAl2Si4(Mg,Fe)2O16 + 2H2O → 
 

Wo      Prp  Ves 

20CaSiO3 + 2Mg3Al2(SiO4)3 + Ca10(Mg,Fe)2Al4(SiO4)5(Si2O7)2(OH)4 + 22CO2  

 

From this reaction, the CO2 released between zone 3 and 4 can be calculated according to following: 

 

Sum of the amount of the products: 30 𝐶𝑎 + 35 𝑆𝑖 + 8 𝑀𝑔 + 8 𝐴𝑙 + 2 𝐹𝑒 + 4 𝐻 + 166 𝑂 = 253 

  

Proportion of carbon: 22
253

≈ 0.087 = 8.7% 

 

Proportion of CO2: 8.7 × (𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑂2
𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶

) =  8.7 × (12+(16×2)
12

) ≈ 8.7 × 3.67 ≈ 32% 

 
The proportion of CO2 in calcite (CaCO3) is 44%, which means that almost all CO2 has been released 

when the skarn in this piece of sample was formed. 

 

5.3. Mass of CO2 release  
The CO2 content in the limestone was measured to 39.3% (Actlabs) and 37.1% (TTEC) and in most of 

the skarns to around 0.7% (Fig. 30), which means that the skarn must have lost around 30% of its CO2, 

i.e. almost everything that was present in the limestone. This also agrees with the concentration of CO2 

loss in the contact between the marble and the skarn in sample 4-C-P2751 (32% CO2 loss). Even though 

most of the samples from the aureole contain around 0.7% CO2, two of the samples have a much higher 

CO2 content. These are sample 2-M-A7 (30.4% from Actlabs and 30.1% from TTEC) and 4-C-P2751 

(29.8%). The skarn in the other contact sample (4-C-P2750) has a CO2 content of around 7.6% (Fig. 

30). This means that CO2 release must have differed significantly within a short distance in the aureole.               
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Figure 30. Diagram showing CO2 content in the skarn and marble samples as well as in the pure limestone. The 

arrow shows how limestone trends to marble and skarn.    

 
According to a study by Stephen (2011), the thickness of the calc-silicate aureole is 50 m and according 

to a study by Meade et al. (2014), the thickness is 100-200 m. The studies have used different ways to 

define the aureole, where Stephen (2011) probably refer to the area which is affected by metasomatic 

processes while Meade et al. (2014) define the aureole as the whole area which is thermally affected by 

the intrusions. The amount of skarn versus marble in the aureole is another topic that can be discussed. 

By investigation of the thin section of sample 4-C-P2751, it is apparent that the marble changes to 

gabbro within just a couple of cm and that the skarn layer in between is very thin. This has also been 

observed in the field, where the skarn layers appear as relatively thin bands, of a few cm to dm, within 

outcrops dominated by marble (Fig. 31a).  

    Other observations were that most of the outcrops in the same region were composed of only marble 

and that skarn mostly were found close to igneous veins (Fig. 31b). This probably indicates that the 

skarn in the aureole does not have the shape of a circle around the intrusions, but instead a more 

complicated shape. The skarn has thus formed adjacent to veins which have been formed by fluids 

running out from the intrusions, probably in between bedding planes in the carbonate wall-rock. The 

influence of hydrothermal fluids from the magma results in the formation of calc-silicate minerals at 

the contact between the marble and the percolating fluid/melt, which is an explanation to the very thin 

skarn layers. Skarn has mostly been found in the Barnavave region, where the contact is much more 

exposed than in other regions. The concentration of skarn in the calc-silicate part of the aureole is 

estimated to 10-30%, while the rest is proposed to be composed of marble. The marble has been formed 

further away from the intrusions and veins due to thermal metamorphism (Osborne, 1932). Wollastonite 

and tremolite bearing rocks, which were both formed at temperatures of 500-700°C, were found only 

meters away from each other, suggesting that the skarns formed due to infiltration of fluids (Stephen, 
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2011), which might be a reason to why most skarns are found close to igneous veins. Osborne (1932) 

also studied the metamorphic rocks from Carlingford, where quartz found in the skarns was proposed 

to result from fluid infiltration. 

 

  
Figure 31 a) Outcrop with skarn and marble from locality 7 b) Calcite vein in peloid rich rock from locality 8. 
 

Since there are different definitions of the size of the aureole and since the concentration of skarn within 

it is not exactly known, the CO2 release from the calc-silicate aureole has been calculated using three 

different aureole thicknesses: 50 m, 100 m and 200 m, as well as two different concentrations of skarn: 

10% and 30%. The gabbro and microgranite intrusion have been approximated as both a hemisphere 

and a sphere with a diameter of 8000 m (Fig. 8b). With the use of these parameters as well as the 

measured CO2 concentration and the densities of limestone, marble and skarn, the CO2 release from the 

calc-silicate aureole could be calculated using eq. 4 in section 3.7. The density of limestone was 

calculated to 2800 kg/m3 (Stephen, 2011) and the skarn and marble densities were estimated to 2900 

kg/m3 and 3000 kg/m3, respectively. The calculated CO2 release is presented in Table 4. 
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Table 4. Volume of the aureole for aureole thicknesses of 50 m, 100 m and 200 m as well as CO2 release from 
the skarn and marble separately and together for the three aureole thicknesses and for concentrations of 10% 
respectively 30% skarn. The values are calculated for both a hemispherical model (lower values) and for a 

spherical model (higher values) of the intrusions and aureole. 

 50 m aureole 100 m aureole 200 m aureole 
Volume of 

aureole (m3) 2 544 820 949- 
5 089 641 898 

5 153 259 149- 
10 306 518 299 

10 564 128 896- 
21 128 257 793 

Conc. of skarn 
(%) 

 
10 30 10 30 10 30 

CO2 release from 
skarn (Gt) 

 

0.266- 
0.533 

0.799-
1.60 

0.540- 
1.08 

1.62-
3.24 

1.11- 
2.21 

3.32-
6.64 

CO2 release from 
marble (Gt) 

 

0.376-
0.752 

0.292-
0.585 

0.761- 
1.52 

0.592-
1.18 

1.56- 
3.12 

1.21-
2.43 

Total CO2 
release (Gt) 

0.64-
1.28 

1.09- 
2.18 

1.30- 
2.60 

2.21-
4.42 

2.67- 
5.33 

4.53-
9.06 

 

The total mass of CO2 release from the metamorphic aureole at Carlingford has been calculated to 0.64-

9.06 Gt. The most realistic scenario, based on field observations and literature studies, is an aureole 

modelled as a hemisphere with a thickness of 100-200 m containing around 10% skarn. This leads to a 

CO2 release of 1.30-2.67 Gt. In the study by Stephen (2011), the CO2 release from the aureole was 

calculated to 3.42 Gt with the use of Loss on Ignition (LOI) data from XRF, where the total amount of 

volatiles was measured and not specifically the amount of CO2, meaning that this value is an upper limit 

of CO2 release. In that study, the whole aureole was used as one unit, where particularly the marbles 

were investigated. However, despite different methods and assumptions from Stephen’s study and this 

study, the masses of CO2 release agree well with each other. 

    For the calculation of the released CO2, only the calc-silicate part of the aureole was taken into 

account and not the part containing hornfels (Fig. 32a). Even though the hornfels show evidence of 

degassing in form of fluid escape features (Fig. 32b), the amount of CO2 release was probably very low 

since the siltstone which formed the hornfels did not contain much carbon. Instead, the main volatile 

released during thermal metamorphism of the siltstone was most likely water. CO2 release did not only 

occur from the aureole at Carlingford, but also from the xenoliths in the intrusions. One mega xenolith 

with a thickness of around 15 m has been found in the Barnavave region (Fig. 32c). This xenolith is 

almost completely degassed to wollastonite marble, which indicates in a relatively large amount of CO2 

release from it. A few smaller xenoliths have also been found in the gabbro intrusion (Fig. 32d), but the 

number and the sizes of these xenoliths have not been investigated. The total CO2 release at Carlingford 

Igneous Centre is thus probably a bit higher than the calculated value of around 1.30-2.67 Gt. 
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Figure 32 a) Geological map of the Carlingford Igneous Centre. The hornfels part of the aureole is indicated by 

orange colour (after Meade et al., 2014) b) Fluid escape features in hornfels c) Mega marble xenolith in the 
Barnavave region d) Smaller marble xenolith within the gabbro intrusion (Image b, c & d courtesy of F. C. 

Meade). 
 

5.4. Climate relevance 
The CO2 release from the aureole at Carlingford lasted for about 2 million years, which gives an average 

release per year of around 650-2665 tonnes for the most realistic scenario with a 100-200 m thick 

aureole containing 10% skarn. The question is if this amount of CO2 into the atmosphere could have 

been a contributor to the PETM or to the climate in another way. As mentioned, the cause of PETM is 

a remaining subject of debate among researchers. The most likely might be that a combination of several 

factors caused this sudden and rapid temperature increase around 55.5 Ma (Stephen, 2011). Cohen et 

al. (2007) have proposed a large-scale dissociation of methane hydrate followed by gradual 

environmental change due to emplacement of a large igneous province. The Carlingford Igneous Centre 

is a relatively small volcanic complex within the large NAIP, so probably the complex by its own did 

not affect global climate, but maybe several volcanic complexes which form the NAIP could have had 

some impact. Not only the size and the relatively small amount of CO2 release from Carlingford leads 

to some speculations about its contribution to PETM, but also the timing of the Carlingford Centre. The 

dates for Carlingford are 62-60 Ma (Meade et al., 2014), i.e. about 5-7 Ma before the PETM occurred, 

which might be too long time for having any effect. The upper basalts of the Antrim lavas, the Mourne 

Mountains and the central complexes of Mull and Skye, which are also part of the NAIP, are younger 

(ca. 60-55). These complexes intruded into limestone/chalk and are of similar size and structure (mafic 

c 

a 

d 

b 
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and felsic intrusions) as Carlingford, meaning that similar processes likely occurred across the igneous 

province, and that these together could have been a contributor to PETM (Meade, 2019). 

    In the Earth’s past, magma-carbonate interaction has led to significant amounts of greenhouse gas 

release into the atmosphere (Carter & Dasgupta, 2018). One example of an intrusion where magma-

carbonate interaction and associated CO2 release occurred is the 260 Ma Panzhihua Intrusion, China, 

where the contact metamorphism resulted in a release of about 11.2 Gt CO2 (Ganino & Arndt, 2010). 

Whitley et al. (2019) have investigated how much crustal CO2 that could have been released from the 

limestone surrounding a magma reservoir similar in size to the one that produced the 2010 eruption of 

Merapi and have concluded that the amount is 0.0095-0.18 Gt crustal CO2. To put this in a context, 

comparison can be made with anthropogenic activities of CO2 release. In 2010, the CO2 emission from 

humans were ca. 35 Gt, while all degassing subaerial and submarine volcanoes have been scientifically 

estimated to release 0.13-0.44 Gt CO2 per year. This means that the CO2 emission from human activities 

in 2010 were about 80 to 270 times larger than the yearly CO2 emission from volcanoes (USGS, 2018). 

Fig. 33 shows how much CO2 different anthropogenic activities emit per year. 

 

 
 
Figure 33. Global CO2 budget from anthropogenic activities in Gt/year between 2007 and 2016 (Global Carbon 

Project [CC BY 4.0]). 
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6. Conclusions 
In this study, skarn and marble samples from a traverse across the calc-silicate metamorphic aureole at 

the Carlingford Igneous Centre were analysed using SEM-EDX, XRF, LA-ICP-MS as well as carbon 

and sulphur analyses. The purpose was to investigate the extent of magma-carbonate interaction and 

assess the mass of CO2 release from the calc-silicate part of the aureole. From the results of the different 

analyses, the following conclusions can be drawn: 

 

• The skarn in the aureole formed by a combination of metasomatism with basaltic melt and 

contact metamorphism of limestone, where the dominant process being metasomatism. 

• With the use of elemental mapping of a contact sample, reactions taking place between the 

skarn and marble have been determined and the CO2 release during this reaction has been 

calculated to 32%. 

• Different assumptions have been taken about the thickness of the calc-silicate aureole and 

how much of it that is made up of skarn and marble, respectively. The most realistic is 

probably a thickness of 100-200 m containing around 10% skarn and 90% marble. 

• The significant calcite breakdown and CO2 release occurs during skarn formation, while 

release from prograde metamorphism of pure limestone is more minor. 

• The total CO2 release from the calc-silicate aureole has been calculated to 0.64-9.06 Gt and 

for the most realistic geometry of the aureole to 1.30-2.67 Gt. 

• This amount of CO2 has probably not caused any significant climate change by its own, but 

might have, together with other volcanic complexes in the NAIP, been a small contributing 

factor to the increasing temperature during the PETM.    

  

This study has shown the great importance of the use of mineral and elemental analyses as a tool for 

investigating climate change in the Earth’s past, specifically by examining magma-carbonate 

interaction and associated CO2 release. 
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Appendix A: Elemental mapping images 
 

       
 
 

       
 
Figure 34. Elemental mapping of major elements in sample 4-C-P2751 from SEM analyses. Orange indicates in 
the element analysed. Fig. 19 shows the mapped area on the thin section and Fig. 20 shows all these elements in 

one mapping. 
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Figure 35. Elemental mapping of trace elements in sample 4-C-P2751 from LA-ICP-MS analyses. Image of the 

whole thin section in the upper left with marked out colour bar for the mapped area.  
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Appendix B: Elemental mapping tables 
 
Table 5. Composition of contact sample 4-C-P2751 from in situ analysis using elemental mapping. Major elements in %, trace elements in ppm. 

Rock type Marble Skarn Gabbro 
Area no 1 2 3 4 5 6 7 8 9 10 11 12 13 

Na 0 0 0 0 0 0 0 0.13 0.14 4.78 3.77 3.13 3.09 

Mg 2.14 1.13 1.02 2.79 3.66 4.33 7.03 7.46 6.03 3.8 6.53 7.71 7.57 

Al 1.52 0.76 0.81 10.6 9.82 12.5 10.4 11.4 11.5 18.1 16.8 17.3 18.1 

Si 10.9 7.02 5.37 23.9 21.3 29.4 36.4 44.4 43.3 52.5 53.0 51.9 51.2 

S 0 0 0 0 0 0 0 0 1.02 4.81 1.57 1.18 1.26 

K 0 0 0 0 0 0 0 0 0 0.74 0.29 0.83 1.24 

Ca 49.1 50.8 53.3 42.3 42.0 38.4 32.9 30 30.3 12.3 13.7 12.1 10.6 

Ti 0 0 0 0.17 0.39 0.48 1.29 0.99 0.91 1.54 1.14 0.91 0.92 

Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mn 0 0 0 0 0 0 0 0.26 0.28 0.16 0.17 0.22 0.22 

Fe 1.28 0.93 0.91 3.41 2.89 4.3 9.55 7.38 8.22 8.07 7.5 9.3 10.35 

Ni 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total 64.9 60.6 61.4 83.1 80.1 89.4 97.5 102 102 107 105 105 105 

Rb 0.14 0.28 0.55 0.03 0.08 0.03 0.08 0.35 0.10 23.2 16.9 148 244 

Sr 14435 14154 10121 6599 5018 4051 2479 246 79.3 1476 1149 471 445 

Y 31.9 13.3 14.8 4.72 13.6 7.21 26.3 29.1 38.1 106 138 51.8 54.9 

Zr 8.53 28.1 20.4 8.78 19.3 22.6 54.5 84.5 86 329 543 156 146 

Nb 1.31 3.12 3.88 0.85 1.51 4.99 9.37 7.4 10.9 22.8 30.9 16 18 

Ba 157 265 136 76.8 44.9 24.5 9.51 6.63 10 324 281 542 770 

La 14 7.23 8.26 4.41 6.97 9.08 13.7 6.65 13 37.7 63.8 20.7 18.6 

Ce 27.1 12.3 14.5 7.5 12 19.8 29.4 16 29.3 79 123 40 39 

Ta 0.08 0.14 0.23 0.04 0.08 0.32 0.37 0.38 0.49 1.64 2.38 0.84 1.01 

Th 1.21 0.90 1.34 0.26 0.22 3.42 2.71 1.96 3.3 15.6 21.7 6.55 7.06 
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Appendix C: Spot analysis tables 
 
Table 6. Composition in sample 3-M-A12 from spot analysis using SEM. Unk = unknown mineral. Elements in %. 

Mineral Cal Py Unk Unk Unk Unk Unk Unk Cal Unk Unk Unk Unk Unk Cal Unk Unk Unk Unk 

Na 0 0 3.27 0 3.21 3.62 0.73 0.71 0 3.17 0 0.37 1.13 0.12 0 3.25 3.15 2.28 0.12 

Mg 0 0 9.55 16.15 0.41 10.06 1.65 10.81 0 10.3 0.14 17.06 15.59 16.36 0 10.09 10.05 12.67 17.41 

Al 0.24 0.66 8.27 6.25 29.27 8.72 23.13 10.26 0.21 7.43 24.27 13.61 11.71 7.69 0.13 8.4 8.2 9.95 14.22 

Si 0 0.21 42.6 49.22 36.71 45.33 46 36.89 0.13 44.21 31.28 36.95 34.47 49.72 0 44.31 43.96 45.4 36.08 

S 0 107.14 0 0 0 0 0 0 0 0 0 0.2 0 0 0 0 0 0 0 

K 0.06 0 0.19 0 0.1 0.16 0.65 1.81 0.1 0.56 0.1 6.44 6.82 0.19 0 0.16 0.16 3.9 0.21 

Ca 50.68 0.78 34.91 25.16 13.43 36.4 19.27 17.82 52.9 35.54 38.63 1.83 5.2 25.59 52.9 35.74 36.14 20.27 4.85 

Ti 0 0 0 1.93 0 0 0.25 0 0 0 0 0 0 2.57 0 0 0 0 0 

Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fe 0 63.06 0.33 0.44 0 0.41 0 0.31 0 0.4 0 1.25 0.53 0.54 0 0.48 0.31 0.59 7.52 

Ni 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total 50.98 171.86 99.12 99.15 83.13 104.69 91.69 78.6 53.34 101.61 94.42 77.7 75.45 102.78 53.03 102.41 101.96 95.05 80.41 
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Table 7. Composition in sample 7-S-EL05c from spot analysis using SEM. Unk = unknown mineral. Elements in %. 

Mineral Di Di Unk Wo Unk Unk Unk Unk Unk Unk Unk Unk Unk Unk Cpx Unk Unk Ab 

Na 0.36 0.36 0 0 0 0 0 0 0 0 0 0 0.12 0 0.28 0.46 0.34 25.43 

Mg 18.49 18.61 0.87 0.12 0.89 0.98 0.19 0.18 0 0 0 0 0 0 12.33 12.19 11.74 0 

Al 0.66 0.66 5.57 0.14 5.67 4.55 0.18 0.19 31.77 30.92 32.03 19.11 18.79 18.62 3.76 3.7 3.92 32.42 

Si 55.86 55.75 32.39 50.73 32.75 31.18 50.78 50.62 37.81 39.68 37.95 62.32 63.23 63.2 50.05 49.45 49.49 38.49 

S 0 0 - - - - - - - - - - - - - - - - 

K 0 0 0 0 0 0 0.08 0 29.54 28.49 29.69 17.11 16.7 16.73 0.1 0.84 0.13 0.37 

Ca 24.74 24.83 32.41 46.48 32.21 31.87 46.38 46.47 0.32 0.55 0.23 0.31 0.3 0.34 23.98 22.13 23.65 0.26 

Ti 0 0 7.43 0.22 7.35 9.68 0 0.23 0 0 0 0 0 0.17 0.7 0.9 0.85 0 

Cr 0 0 0.15 0 0.13 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mn 0 0.13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fe 0.86 0.86 18.28 0.36 17.9 18.76 0.44 0.42 0.16 0.22 0.13 0.16 0.14 0 9.1 9.8 9.48 0.26 

Ni 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ba 0 0 0 0 0 0.34 0  0 0 0 0 0 0 0 0 0 0 

Total 100.98 101.21 97.1 98.04 96.9 97.37 98.06 98.12 99.6 99.87 100.03 99.01 99.28 99.05 100.3 99.46 99.61 97.23 
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Table 8. Composition in sample 7-S-EL05c from spot analysis using SEM. Unk = unknown mineral. Elements in %. 

Mineral Unk Unk Wo Unk Unk Di Ap Unk Unk Unk Unk Unk Unk Plag Unk Unk Wo 

Na 25.57 25.33 0 0.3 0 0.39 0 0 0 0 0 0 0 9.14 9.1 9.06 0 

Mg 0 0 0 0.15 0 18.53 0 0.48 0.44 0.45 23.49 23.54 23.66 0 0 0 0 

Al 32.56 32.39 0.15 0.24 0.14 0.69 0.16 18.59 17.13 18.53 17.89 17.86 17.78 0.38 0.26 0.39 0 

Si 38.55 38.71 50.88 51.03 50.82 55.26 0.89 39.14 38.76 39.09 37.21 36.81 37.19 52.7 52.91 52.67 51.04 

S - - 0 0 0 0 39.26 0 0 0 0 0 0 0 0 0 0 

K 0.3 0.43 0 0 0 0 0 0 0 0 9.76 9.61 9.68 0 0 0 0 

Ca 0.27 0.28 46.88 45.52 46.61 24.74 52.77 35.05 34.83 35.16 0.23 0.29 0.26 32.99 33.1 33.03 46.85 

Ti 0 0 0 0 0 0 0 0.68 0.89 0.77 0.43 0.48 0.47 0 0 0 0 

Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fe 0.2 0.27 0.16 0.15 0.17 0.81 0 5.38 6.83 4.94 3.86 3.79 3.72 0 0 0 0 

Ni 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ba 0 0 0 0 0 0 0.84 0 0 0 0 0 0 0 0 0 0 

Total 97.45 97.42 98.07 97.39 97.75 100.4 93.91 99.31 98.88 98.94 95.94 96.16 96.35 95.21 95.38 95.16 97.89 
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Table 9. Composition in sample 4-C-P2751 from spot analysis using SEM. Unk = unknown mineral. Elements in %. 

Mineral Cpx Cpx Cpx Cpx Cpx Cpx Cpx 
core 

Cpx 
rim Cpx Ep Cpx Cpx Cpx Grt Grt Grt Grt Prv Ep Ep Ep 

Na 0.38 0.38 0.33 0.33 0.26 0.28 0.35 0.43 0.36 0 0.32 0.31 0 0 0 0 0 0 0 0 0 

Mg 15.06 16.31 16.82 16.22 17.47 16.17 15.42 15.17 12.17 0.27 15.9 16.19 18.3 4.65 3.75 3.27 34.32 0.21 0.41 0.48 0.29 

Al 3.61 3.73 2.76 3.34 1.92 2.69 3.22 3.32 2.84 12.51 3.18 4 0.63 10.73 15.41 15.65 17.32 0.75 3.71 4.57 2.63 

Si 50.48 51.01 51.92 51.28 52.49 51.72 50.96 50.37 49.46 36.6 51.22 50.66 54.76 35.24 35.33 35.24 31.49 1.59 36.26 35.54 35.49 

S - - - - - - - - - 0 - - - 0 0 0 0 - - - - 

K 0 0 0 0 0 0 0 0 0 0.08 0 0 0 0 0 0 0 0 0.07 0 0 

Ca 18.65 19.2 19.21 19.63 18 19.78 20.08 17.64 17.36 34.58 20 18.41 25.4 34.41 34.9 35.09 1.56 38.92 33.05 33.45 33.04 

Ti 0.97 0.57 0.48 0.58 0.45 0.59 0.74 0.86 1.27 0.32 0.66 0.82 0 1.59 0 0.53 0 55.36 0 0.26 0 

Cr 0 0.68 0.37 0.47 0.35 0.19 0.14 0 0 0 0.24 0.42 0 0 0 0 0 0 0 0 0 

Mn 0.22 0.22 0.16 0.2 0.2 0.2 0.19 0.36 0.43 0 0.2 0.16 0 0 0 0 0 0 0 0 0 

Fe 10.08 7.4 7.34 7.63 7.93 7.78 7.67 10.59 15.89 12.53 7.95 8.69 0.82 7.42 5.01 5.23 0.9 1.13 22.73 21.48 24.45 

Ni 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total 99.44 99.5 99.38 99.68 99.08 99.39 98.78 98.75 99.78 96.88 99.67 99.66 99.9 94.04 94.41 95.01 85.6 97.96 96.22 95.78 95.9 
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Table 10. Composition in sample 4-C-P2751 from spot analysis using SEM. Unk = unknown mineral. Elements in %. 

Mineral Grt Prv Ep Prv Wo Wo Wo Ep Plag Plag Plag Plag Py Grt Ep 
core 

Ep 
rim Grt Grt 

Na 0 0 0 0 0 0 0 0 4.79 3.81 4.02 4.93 0 0 0 0 0 0 

Mg 3.11 0 0.2 0 0 0.54 0 0.58 0.19 0.29 0.25 0.18 0 35.05 0.29 0.19 34.9 3.11 

Al 12.97 0.17 3.01 0.21 0.19 0.18 0.15 3.7 28.89 30.13 29.84 28.36 0.23 17.49 10.74 3.78 17.02 12.97 

Si 35.05 0 35.93 0 41.47 42.76 40.54 35.35 53.09 51.38 51.44 53.51 0.26 32.35 33.49 34.92 32.42 35.05 

S 0 0 0 0 0 0.18 0.22 1.4 0 0 0 0 133.56 0 0 0 0 0 

K 0 0 0 0 0 0 0.08 0 0.29 0.21 0.22 0.33 0 0 0 0 0 0 

Ca 34.48 38.75 32.85 39.32 50.93 48.97 50.7 32.59 11.38 12.94 12.74 10.98 0.43 0.3 34.77 33.24 0.64 34.48 

Ti 0 57.55 0.4 57 0 0 0 0 0 0 0 0 0 0 1.16 0.9 0 0 

Cr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Mn 0.19 0 0 0 0 0.15 0 0 0 0 0 0 0 0 0 0 0 0.19 

Fe 8.22 0.78 24.02 1.18 0 0 0 23.52 0.98 0.9 0.81 0.66 61.52 0.56 14.32 22.74 0.72 8.22 

Ni 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Total 94.02 97.26 96.41 97.71 92.58 92.77 91.68 97.13 99.62 99.66 99.33 98.94 196.01 85.74 94.78 95.78 85.69 94.02 
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Table 11. Composition in sample 5-X-A19 from spot analysis using SEM. Unk = unknown mineral. Elements in %. 

Mineral Di Di Ves Unk Unk Bag Unk Unk Prv Py Wo Unk Unk Tly Unk Unk 

Na 0.4 0.4 0 0 0 0 0 0 0 0 0 0 0 0 0.24 0 

Mg 18.54 18.69 3.62 3.32 3.66 0 0 0 0 0 0 0 0 0 0 0 

Al 0.68 0.62 17.78 16.94 17.68 0.46 0.43 0.49 0.63 0.6 0.18 0.15 0.32 0.19 0.24 0.15 

Si 55.5 56.02 36.78 36.67 36.65 28.42 28.63 28.75 0 9.34 50.9 50.9 50.79 24.47 25.82 24.55 

S 0 0 0 0 0 0 0 0 0 0.53 0 0 0 0 0 0 

K 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.08 0 

Ca 24.9 25 35.7 35.41 35.48 40.28 40.13 40.02 38.74 7.72 47.34 47.28 47.25 54.62 53.78 55.1 

Ti 0 0 0.48 1.39 0.53 2.89 2.86 2.85 58 0 0.24 0.25 0 0 0 0 

Cr 0 0 0 0 0 0 0 0 0.74 0 0 0 0 0 0 0 

Mn 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Fe 0.82 0.86 2.22 2.69 2.27 0 0 0 0.21 66.23 0 0 0 0 0 0 

Ni 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Ba 0 0 0 0 0 24.57 24.69 24.11 0.36 0.76 0 0 0 0 0 0 

Total 100.84 101.59 96.58 96.42 96.25 96.62 96.73 96.21 98.68 85.17 98.65 98.59 98.36 79.28 80.15 79.8 
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Appendix D: XRF analysis tables 
 
Table 12. Composition in whole rock samples using XRF at Actlabs. Analysis method: FUS-ICP for all 
elements. Method used for LOI: GRAV. Oxides in %, trace elements in ppm. 

Sample 
name 

1-L-
EL01 

6-L-
EL02 

7-S-
EL05b 

7-S-
EL05c 

8-S-
EL06 

9-L-
EL07 

4-C-
P2750 

2-M-
A7 

5-X-
A19 

3-M-
A20 

Grid ref. J 20871 
10534 

J 18833 
09372 

J 18324 
09651 

J 18324 
09651 

J 18376 
09649 

J 18534 
09253 

J 18225 
10329 

J 18294 
09057 

J 17829 
09063 

J 18245 
09146 

SiO2 6.36 49.56 42.6 48.22 49.08 53.63 35.03 15.37 42.88 46.5 

Al2O3 0.66 14.16 7.86 9.93 9.48 13.83 6.8 1.92 7.1 5.88 

Fe2O3(T) 0.42 14.71 2.97 3 3.4 13.63 3.81 0.56 1.39 0.73 

MnO 0.016 0.233 0.03 0.024 0.024 0.243 0.05 0.015 0.02 0.01 

MgO 0.87 3.89 1.84 1.63 2.82 4.07 1.7 1.33 2.14 6.15 

CaO 51.34 8.33 39.17 28.4 27.39 8.02 40.34 49.09 42.67 33.7 

Na2O 0.2 2.82 0.91 2.17 2.29 2.92 0.52 0.28 0.06 1.79 

K2O 0.08 0.67 0.35 5.48 4.26 1.84 0.21 0.62 0.01 1.52 

TiO2 0.029 2.18 0.5 0.564 0.541 1.736 0.45 0.094 0.43 0.11 

P2O5 0.02 0.33 0.16 0.04 0.06 0.28 0.06 < 0.01 < 0.01 0.07 

LOI 40.27 3.46 3.26 1.22 1.04 0.48 9.62 31.47 2.61 2.92 

Total 100.3 100.3 99.65 100.7 100.4 100.7 98.57 100.8 99.31 99.4 

Ba 60 327 61 470 354 506 77 71 8 69 

Sr 511 456 818 665 888 418 1207 482 1014 140 

Y 4 45 15 14 14 44 17 9 15 11 

Sc 1 37 9 9 9 47 9 3 7 2 

Zr 26 147 153 164 183 163 104 35 158 48 

Be < 1 1 1 < 1 2 1 < 1 < 1 < 1 < 1 

V 10 447 100 86 77 365 67 23 31 44 

CO2 39.3 0.6 1.02 0.48 0.8 0.05 7.79 30.4 0.85 1.21 
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Table 13. Composition in whole rock samples using XRF data from Meade et al. (2014). Oxides in %, trace 
elements in ppm. 

Sample name Gabbro 1 Gabbro 2 Limestone 1 Marble 1 

Location Slieve Foye Slieve Foye Carlingford 
Foreshore Barnavave 

Grid ref.  
(Irish Grid) IJ 170 118 IJ 173 120 IJ 190 107 IJ 183 092 

SiO2 47.22 49.79 22.20 44.64 

TiO2 0.31 0.35 0.24 0.12 

Al2O3 27.11 21.27 4.25 5.96 

Fe2O3 2.82 4.64 1.54 0.54 

MnO 0.04 0.09 0.01 0.01 

MgO 2.92 5.11 1.90 6.41 

CaO 16.74 16.24 38.53 35.22 

Na2O 1.37 1.69 0.83 2.04 

K2O 0.17 0.22 0.92 1.80 

P2O5 0.01 0.01 0.01 0.02 

LOI 1.30 0.60 29.57 3.07 

Total 100.02 100.01 99.99 99.82 

Cr 45 231 71 26 

Ni 88 37 23 2 

V 104 145 43 49 

Zn 17 25 46 17 

Ce 5 4 22 11 

La 2 2 11 7 

Nb 1 1 6 3 

Ga 13 14 6 6 

Pb 1 < 1 19 3 

Pr < 5 < 5 < 5 < 5 

Rb 4 4 43 49 

Ba 71 78 88 74 

Sr 270 241 978 161 

Th < 1 < 1 6 3 

Y 8 10 12 14 

Zr 12 13 85 56 

U 0.1 0.2 3.2 1.2 

Th 0.3 0.4 3.1 2.7 

Pb 4.9 2.6 15.3 6.0 

La 2.3 2.3 10.9 6.2 

Ce 4.8 5.1 22.4 12.8 

Pr 0.6 0.7 2.6 1.6 

Nd 2.9 3.3 9.9 6.3 

Sm 0.9 1.1 1.9 1.3 

Eu 0.5 0.5 0.4 0.3 

Gd 1.2 1.5 1.7 1.4 

Tb 0.2 0.3 0.3 0.2 

Dy 1.4 1.8 1.5 1.4 

Ho 0.3 0.4 0.3 0.3 

Er 0.8 1.1 0.9 0.9 

Tm 0.1 0.2 0.1 0.1 

Yb 0.7 1.0 0.8 0.9 

Lu 0.1 0.2 0.1 0.1 
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Appendix E: Carbon and sulphur analysis tables 
 
Table 14. Carbon content (%) in whole rock samples. 

Sample 
name 

1-L-
EL01 

6-L-
EL02 

7-S-
EL05b 

7-S-
EL05c 

8-S-
EL06 

9-L-
EL07 

4-C-
P2550 

4-C-
P2751 

2-M-
A7 

5-X-
A19 

3-M-
A20 

Carbon  10.11 0.07 0.22 0.13 0.14 0 2.03 8.12 8.20 0.23 0.26 

 
 
Table 15. Sulphur content (%) in whole rock samples. 

Sample 
name 

1-L-
EL01 

6-L-
EL02 

7-S-
EL05b 

7-S-
EL05c 

8-S-
EL06 

9-L-
EL07 

4-C-
P2550 

4-C-
P2751 

2-M-
A7 

5-X-
A19 

3-M-
A20 

Sulphur  0.10 2.51 0.04 0.06 0.21 1.50 0.39 0.05 0.14 0.11 0.03 
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