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Abstract 

The volcanic gas composition emitted during basaltic eruptions is relatively well understood, 

but the emissions from cooling lava fields have been less studied, along with their 

environmental impacts. The study investigated the gas emission from crystallising lava, as 

well as the internal structure of lava and associated segregation veins. Gas samples were 

collected from the eruptive crater, cooling vents, and solidifying lava in Fagradalsfjall. The 

gas emissions were found rich in sulphur and sulphide-forming elements at the eruptive 

crater, while post-eruptive gas is richer in halogens, especially chlorine at the crystallising 

lava and fluorine at the cooling vent. Estimates of emissions from crystallising lava show 

significant release of metals that form chlorides. The relationship between emission and 

fractional crystallisation, along with segregation melt formation during lava solidification, 

was examined. The first minerals to from are anhydrous, forming a fully crystallised 

framework after 40-50% crystallisation. In the residual melt, volatile elements saturate and 

form a volume-rich gas phase. The gas presses the melt through the crystal framework, 

forming segregation veins. Chemical analyses of these veins reveal whether the gas phase 

escaped into the atmosphere or solidified with the melt. The similar compositions of 

segregation veins and gas from solidifying lava indicate a relationship between the internal 

lava evolution and lava degassing. Overall, the results show that gas emissions from lava are 

distinct from emissions at the vent but correlate well with the fractional emission of basalt 

melt, both in terms of origin and nature. The environmental impacts of heavy metal gas 

emissions from basalt lava are a worthy subject for future research.
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Đtdr§ttur 

Samsetning eldfjallagas samfara myndun basalthrauna er tiltölulega vel þekkt, en eiming frá 

kólnandi hraunbreiðum hefur lítið verið könnuð sem og umhverfisáhrif. Afgösun á málmum 

og ï málmleysingum frá hrauni við storknun var könnuð, sem og innri uppbygging hrauna 

og aðskilnaðaræða sem myndast við afgösunina. Gasi frá gosopi, kólnandi gígum og 

storknandi hrauni var safnað austan Fagradalsfjalls. Efnasamsetning gassýna sannreynir að 

í gosopi ríkja brennisteinn og málmar í súlfíðsamböndum, á meðan hraun gefa frá sér 

halógenríkt gas og málma í halíðsamböndum en flúorríkt gas kemur úr kólnandi gíg. Mat á 

losun þungmálma frá kólnandi hrauni sýnir umtalsverða losun málma sem mynda klóríð. 

Tengsl afgösunar við hlutkristöllun og myndun afleiddrar kviku í basalthraunum við 

storknun var kannaður. Fyrstu steindir sem kristallast eru vatnssnauðar (ólivín, plagióklas 

og klínópýroxen) og mynda heilsteypta kristalgrind eftir u.þ.b. 50% kristöllun. Inn á milli 

kristallana er afgangsbráðin þar sem rokgjörnu efnin sem haldast ekki í lausn mynda 

rúmmálsfrekan gasfasa. Gasið þrýstir bráðinni gegnum kristalgrindina til holrýma ofar í 

hrauni (svokallað ñgas-filter pressingò ferli) og myndar aðskilnaðaræðar eða holufyllingar 

(segregation veins/vesicles). Efnagreiningar æðanna leiða í ljós hvort gasfasinn hafi sloppið 

til andrúmslofts eða þést og storknað með síðust bráð hraunkvikunnar. Líkindi 

efnasamsetninga aðskilnaðaræða og gass frá storknandi hrauni benda til beinna tengsla á 

milli innri kvikuþróunnar hrauna og losunar afgangsgass frá basaltkvikunni. Í heild sýna 

niðurstöður að gaslosun frá hrauni er mjög frábrugðin losun við gosop en fellur vel að 

hlutafgösun basaltkviku, bæði hvað varðar uppruna og eðli. Umhverfisáhrif af gaslosun 

þungmálma frá basalthraunum er verðugt rannsóknarefni í framtíðinni. 
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Preface 

In this thesis, I will introduce you the research that I conducted during my PhD and its main 

outcome. In this PhD project, multiple aspects regarding lava degassing are investigated, 

from its origin, associated with lava emplacement and differentiation, to the characterisation 

of the emitted gas composition and the potential impact of such gas emission.  

The motivation for this project arises from the recent advancements in understanding the 

origin, characteristics and consequences of volcanic degassing. Such investigations revealed 

the significant compositional variability exhibited by volcanic gas emissions, both across 

different volcanoes and during a single eruption. Yet not all volcanic gas types were equally 

studied and there is limited knowledge about the secondary degassing, with a notable lack 

of information on the gases released from crystallising lava fields. Filling this gap in 

information is crucial, as lava degassing may differ significantly from at-vent emissions in 

both composition and spatiotemporal distribution. 

The scarcity of information regarding this gas type combined with the great opportunity 

offered by the Reykjanes Fires that began in 2021 led to the initiation of this project. The 

main objective is to thoroughly explore and characterise the degassing occurring at the lava 

field, investigate its composition, and evaluate its potential hazard. However, not only the 

features of the gas released by the crystallising lava are poorly constrained but also the origin 

and mechanism behind such degassing. In order to address this knowledge gap, the 

segregation process and its products, known to be associated with significant volatile 

circulation within emplacing and crystallising lava, are studied in detail and related to their 

key role for lava degassing. The thesis will thus be organised as follows: 

In the first chapter of this thesis, I will present a detailed literature review to better apprehend 

the research conducted during my PhD, its interest and contribution. Thus, I will first 

describe the state of the art about volcanic degassing, its origin and diversity, together with 

the major and trace elements involved in such process. Will then be presented the current 

understanding about the segregation process taking place in crystallising lava bodies along 

with the resulting products, the segregations, and their features. Finally, I will introduce the 

state of the art regarding Icelandic volcanism and its products, with a particular focus on the 

emitted volcanic gas and the volcanic systems investigated in this PhD. 

In the second chapter, I will introduce the geological context of the products examined in the 

project, the sampling campaigns, and the analytical methods used both for gas and lava 

analyses. Thus, this chapter starts with a broad overview of the Fagradalsfjall eruptive 

episode and its timeline. I then detail the sampling campaign conducted for gas collection 

with a quick description of each gas sample and the material used. Following that, the 

sampling sites, and associated volcanic system are introduced, together with the lava and 

segregation samples collected at each location. The measurements conducted on the different 

gas and rocks will then be detailed, first presenting the sample preparation, followed by the 

analytical methods and instruments used, along with the uncertainties associated with each 

analysis. 
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The chapter 3 will detail the results and discussion from the study of the different gas emitted 

during the Fagradalsfjall eruptions. Such gases were collected between 2021-2023 using a 

filter pack, allowing collection of both reactive species (such as SO2, HCl, HF) and aerosols. 

Following sampling, the filters were leached separately and the reactive species 

concentration measured by Ion Chromatography while the trace elements composition of the 

aerosols was measured by ICP-MS. In this chapter is discussed and compared the features 

of the primary and secondary gas composition in terms of major volatile and trace elements. 

The volatility changes of trace elements with evolving gas features (relative concentration 

of S, Cl and F; temperature, etc.) between the primary and secondary degassing are then 

investigated. Such investigation reveals important change in gas composition, shifting from 

dominated by S in the primary gas to Cl-rich and the crystallising lava and F-rich at the 

extinct-crater. This composition shift, along with temperature drop is demonstrated to affect 

the release of numerous trace elements. As a result, the secondary gas is constantly depleted 

in elements degassing as sulphide or in their elemental form, whereas enrichments in halide 

forming species are observed. Finally, a quantification of the amount of volatile trace 

elements released post-eruptively by the crystallising lava is attempted and compared to such 

results from the erupting crater and the flowing lava. Such comparison reveals limited 

liberation of many elements from the crystallising lava but significant emissions of halide-

forming species, particularly Zn. 

In Chapter 4, I will present the investigation conducted on multiple segregation veins and 

associated host lava from different Icelandic volcanic systems. Both lavas and segregations 

were analysed for major element concentration by ICP-OES and trace elements by ICP-MS. 

Additionally, mineral composition analyses were conducted using microprobe and laser 

ablation ICP-MS. Through this chapter, I will first detail the whole rock and phase 

composition of the different segregation veins and their host lava in terms of major, trace 

and volatile elements. By highlighting the similarities and differences between the 

segregations, the emplacement model and involved processes will be constrained and 

described. In particular, the composition of some segregations suggested that processes other 

than fractional crystallisation takes place during segregation formation. Additionally, the 

variable maturity stage of the segregations is hypothesised to result from progressive 

fractional crystallisation of the segregation melt, after its initial escape. The enrichment of 

certain trace elements known for their volatile behaviour in a few segregations is then used 

to investigate the volatile circulation through the segregation process and its potential 

connection with lava degassing. This enrichment is further used to estimate the metal release 

from the Eldgj§ lava field. Such estimation suggests large metal emissions associated with 

the very large volume of degassing lava. 

The last part of my PhD research will be presented in Chapter 5, in which is detailed my 

attempt to use ion selective electrodes to measure the fluorine and chlorine concentrations 

of lava samples. In this chapter, I first detail the preparation and analysis procedure, along 

with the first results obtained and the adaptions needed to obtain satisfying quantifications 

of both halogens. The revised method is thus used on a set of international and Icelandic 

standard to assess the potential of this technique, the associated uncertainties and limits. 

Such analyses reveal that ISE can be used for both F and Cl, but obtaining robust results for 

the latter is not straight forward as the chlorine selective electrode is much less sensitive than 

the fluorine one. Finally, results regarding halogen measurements of Fagradalsfjall and 

Sundhn¼ksg²gar lavas and tephras are presented and interpreted in the light of their major 

element concentrations and isotope ratios. Results show halogen concentration range that 

are well explained by an effect of both variable fractional crystallisation and magma source 
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heterogeneity (especially in F). In contrast, no lava degassing could be identified through 

analysed products as tephras and lavas showed similar halogen composition. 

The thesis will be concluded with a concise chapter summarising the major findings from 

this PhD. Perspectives on future work related to lava degassing will then be presented, based 

on the observations, results, and limitations of this thesis. 
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1 State of the art 

1.1  Volcanic degassing and volatile metal 

emissions  

Volcanic gas emissions are essential to the cycle of many chemical species such as carbon 

dioxide and water (Williams et al. 1992; Burton et al. 2013). The degassing from volcanic 

eruptions also significantly affects the atmosphere and climate through the release of 

sulphur-forming aerosols, potentially leading to volcanic winters (Rampino et al. 1988; 

Robock 2000; Oppenheimer et al. 2018), but also greenhouse gases such as CO2, H2O or 

CH4 (Cole-Dai 2010; Burton et al. 2013). Volcanic winters can have disastrous impacts on 

the Earth climate and biosphere (including human society) as demonstrated by historical 

(Laki, 1783-1784 AD, Tambora, 1815 AD) and prehistorical (Toba, 75 ka) examples 

(Rampino and Self 1992; Thordarson and Self 2003; Raible et al. 2016). Depending on the 

eruption scale, volcanic winters last from months up to millennia, thus having an immediate 

effect on the environment. In contrast, volcanic greenhouse gases rather have a long-term 

impact (ka to Ma), potentially affecting the overall climate of the planet (Kerrick 2001). In 

addition to its greenhouse effect, carbon dioxide release can also have local but deadly 

consequences, the lake Nyos disaster in 1986 being the most dramatic example, with a 

massive release of CO2 from the lake taking nearly 2000 lives (Kling et al. 1987). Finally, 

the recent Hunga Tonga-Hunga Ha'apai 2022 eruption highlighted the climatic effects of 

water released from large phreatomagmatic eruptions (Schoeberl et al. 2023). 

In this section, I will outline the key background to my thesis research. I will first describe 

the history of volcanic gas sampling and the development of the techniques used in the PhD. 

Next, a discussion regarding the origin of the volatiles within the Earth is presented, to 

highlight the elements of interest when investigating volcanic gas emissions. I then describe 

the processes that lead to formation of the volcanic gas and the behaviour of the different 

elements that will be studied in this work. A concise overview of the state of the art regarding 

the volcanic gas features and its variability across the world is then given as a framework for 

understanding the context of volcanic degassing in Iceland. Finally, I will present the current 

knowledge and associated research regarding secondary degassing and related processes, 

emphasising the interest of the work conducted during this PhD. 

1.1.1 History of volcanic gas sampling and study 

Knowledge regarding the effect of volcanic degassing is relatively recent information. 

Though volcanic gases have been a subject of attention for centuries, with population in the 

vicinity of volcanoes early identifying such gas as dangerous, the study of the volcanic gas 

was hindered until the latest part of the 20th century by the lack of appropriate techniques to 

sample and analyse it. The first proper volcanic gas collection and analyses were published 

by Day and Shepherd in 1913 revealed water dominance in the gas (Day and Shepherd 1913). 

In the following decades, multiple gas sampling were conducted worldwide, identifying 
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other species released (CO2, SO2, H2, HCl) and first indication that gas emissions have 

heterogeneous composition (Symonds et al. 1994 and reference therein). 

The modern days study of volcanic gas composition started some 50 years ago when the 

German scientist Werner Giggenbach revolutionised the volcanic gas sampling method in 

the so-called ñA Simple Method for the Collection and Analysis of Volcanic Gas Samplesò 

paper in 1975. In this article and following ones (Giggenbach 1975, 1989), Giggenbach 

developed the technique to sample simultaneously all the major gases, using pre-evacuated 

bottles partly filled with NaOH solution, inserted directly in the fumarole vent. In the so-

called Giggenbach bottles, the reactive gases are captured by the base while the non-

condensable species are trapped in the vacuum (Fig. 1.1).  

 

 

Figure 1.1. Schematic of fumarole sampling using a Giggenbach bottle. The fumarolic gas 

is pumped through a tube to the Giggenbach bottle, partially filled with a base and 

completed by vacuum. The non-condensable species in the gas accumulate in the vacuum 

whereas the acidic species dissolve in the base. Figure modified from Lee et al. (2005). 

This new sampling method allowed more exhaustive sampling and quantification of the 

major volatiles that remain gaseous after being released (H2O, CO2, CO, CH4, SO2, H2S, 

HCl, HF, HBr, H2, etc.), which together make up > 99 % of the volcanic gas (Oppenheimer 

et al. 2014). However, a second category of elements are released by volcanic degassing: the 

volatile trace elements. Here are qualified as volatiles elements that significantly partition in 

the gas phase (gas/melt partition coefficient Kd > 0.01), whereas trace elements refer to 

elements with concentration of the order of ppms or lower. In most cases, these elements are 

not released as free elements, instead forming complex species with the major volatiles such 

as sulphides, halides, oxides and hydroxides (e.g., ReO3, CuCl, TeS, etc.). Unlike the major 

volatiles, such complex species do not remain gaseous in the cold and oxidant atmospheric 

conditions but rather form aerosol by gas-to-solid conversion quickly after their escape. Such 

conversion is associated with different processes such as gas condensation or adsorption on 

solid particles (Symonds et al. 1992; Witham et al. 2005; Scholtysik and Canil 2021). The 

emissions of trace elements, which include toxic heavy metals, could thus not be sampled 

by Giggenbach bottle and required another collection method. 

To fulfill that objective and as the Giggenbach bottles were developed, Naughton et al. 

(1975) made the first attempt on sampling aerosols, along with major reactive volatile 

(mainly SO2). This technique was improved in the following years by Finnegan (1984), 

Crowe et al. (1987) and Finnegan et al. (1989), giving birth to the filter pack sampling 
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method (Fig. 1.2). In this method, the volcanic gas is pumped through a series of filters, one 

Polytetrafluoroethylene (PTFE) laminated filter collecting the particulate matter and two to 

four base-impregnated filters to collected acidic species (sulphur and halogens). 

Though the volatile trace elements only represent a minor part of the gas released by 

volcanoes, their emissions are a crucial aspect of volcanic degassing (Nriagu 1989; Aiuppa 

et al. 2003; Allard et al. 2016). Such emission of trace elements is of interest because many 

classify as heavy metals (As, Cd, Cr, Pb, Hg, etc.; World Health Organisation, 2007). Jerome 

Nriagu pointed out in 1989 that volcanic degassing represents over 20 % of the total (natural 

and anthropogenic) emissions of numerous metals such as As, Cd, Cr, Cu, Hg, Ni, Pb and 

Sb. The release of these pollutants is a significant threat for the local ecosystem, affecting 

not only the atmosphere but also the hydrosphere, soil and ultimately the biosphere (Allen 

et al. 2000; Aiuppa et al. 2000; Tam et al. 2016; Ilyinskaya et al. 2017, 2021). Such local 

pollution can be impactful in the fertile and thus populated areas surrounding volcanoes such 

as in Indonesia or the Philippines (Shoji and Takahashi 2002; Fiantis et al. 2019). 

 

Figure 1.2. Schematic of fumarole sampling using a filter pack. The fumarolic gas is 

pumped directly in the filter pack, first through a PTFE laminated filter and then a series 

(typically two to four) of base impregnated filters. The particulate matter/aerosols are 

trapped in the laminated filter whereas acidic species are collected by the base impregnated 

filters. 

1.1.2 Volatile concentrations in the solid Earth 

To track the origin of the volcanic degassing, it is necessary to study the presence of volatiles 

where the magma is formed, in the Earth crust and mantle. Using Mid-oceanic ridge basalt 

(MORB) melt inclusions, Saal et al. (2002) calculated the volatile concentration in the 

mantle source of these basalts, assumed to be representative of the depleted upper mantle. 

The authors thus estimated that the upper mantle contains around 150 ppm of H2O and S, 70 

ppm CO2, 16 ppm F and one ppm Cl. Slightly lower values were calculated by Salters and 

Stracke (2004), with estimations of 120 ppm water and sulphur, 50 ppm CO2, 11 ppm F and 

0.5 ppm Cl. The crust is much more heterogeneous than the mantle but is systematically 

enriched in volatiles. The average continental crust composition was calculated by Hans 

Wedepohl (1995), with separate estimation of the lower and upper crust, the latter being 
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more differentiated so richer in volatile, especially CO2. The average volatile concentrations 

calculated is around 7000 ppm CO2, 700 ppm S, 500 ppm Cl and F and only 1 ppm Br and 

I.  

The magma formation (whether at subduction, hotspot or rift) is produced by partial melting 

of the mantle and/or crust, typically of a few percents (e.g., Schiano et al. 1998). While the 

mantle (or crust) is melting, the volatiles behave as incompatible elements and thus partition 

in the silicate melt. Such a process results in the formation of a magma much richer in volatile 

than its source. Depending on the exact degree of partial melting and the involvement or not 

of a crustal component, the resulting magma can have a drastically different composition, 

including in terms of volatiles. Diverse processes can then affect the magma content in 

volatiles (and other elements), such as crustal contamination/assimilation or crystallisation 

and thus differentiation of the magma.  

The subsequent range of magma volatile content was presented by Oppenheimer et al. 

(2014), who summed up the average erupted magma composition from the different tectonic 

settings, from MORBs to rhyolites (Table 1.1). The pre-eruptive volatile content in MORBs 

is generally 0.1 to 0.2 weight % H2O, 1500-3000 ppm SO2, 100-600 ppm F, 50-400 ppm 

CO2 and 20-50 ppm Cl. Ocean Island basalts have similar SO2 and halogen concentrations 

but higher H2O and CO2. Magma in subduction context is richer in water and halogens but 

poorer in CO2 and SO2. Rhyolitic magmas are the richest in volatile (because more 

differentiated) but low CO2 and SO2 content. Such variable volatile concentration will in 

turn affect the composition of the gas phase issued from the magma. 

Table 1.1 Typical major volatile concentrations in the different types of magma as 

compiled by Oppenheimer et al. (2014) 

 H2O CO2 S Cl F 

MORBs < 0.5 % 50-400 ppm 800-1500 ppm 20-50 ppm 100-600 ppm 

OIBs 0.2-1 % 0.2-0.65 % < 3000 ppm 20-50 ppm 100-600 ppm 

Rhyolite 3-7 % very low < 200 ppm 600-2700 ppm 200-1500 ppm 

 

1.1.3 Formation of the gas phase and volatile partition 

In a silicate melt, the degassing behaviour of any volatile element can be governed by two 

different processes: exsolution when saturation is reached or partition in an already existing 

gas phase. Oppenheimer et al. (2014) described the situation as ñIn the broadest terms, H2O 

and CO2 exsolution are effectively controlled by the phase diagram, and trace elements by 

partition coefficientsò. Carbon dioxide is the least soluble volatile, with a solubility of 0.2 

weight percent at 10 km depth (Iacono-Marziano et al. 2012), and therefore reaches first 

saturation. As the magma rise to lower pressure, CO2 solubility decreases until carbon 

dioxide saturates and begins to exsolve, forming a gas phase. Crystallisation can also play a 

role in CO2 saturation by increasing its concentration in the residual melt. Water solubility 

is much higher than CO2 in the silicate melt (Fig. 1.3), with values above 5 % at 10 km 

(Dixon et al. 1995). This solubility however also drops as pressure decrease, reaching value 

below 1 % at depth inferior to a kilometre. Thus, as the magma keep ascending, water also 

starts to exsolve, increasing the gas phase fraction. Given the much higher water 
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concentration in the magma, the amount of gas produced by water exsolution largely exceeds 

the one produced by CO2.  

 

Figure 1.3. Water, carbon dioxide and sulphur solubilities in the silicate melt at variable 

pressure, temperature and melt composition. Figure modified from Wallace et al. (2015). 

From that moment, other volatiles such as sulphur, halogens and volatile trace elements can 

start to enter the already existing gas phase, even if they are still undersaturated in the melt, 

to an extent governed by their vapour/melt partition coefficient. The major volatiles S, Cl 

and F could thus degas either by exsolution or partition in the vapour dominated gas. In 

contrast to H2O and CO2, sulphur, chlorine and fluorine solubilities are very complex and 

poorly constrained, with strong variation depending on the exact magma composition 

(Scaillet et al. 2004; Shinohara 2009; Wallace et al. 2015). Sulphur saturation, which is 

highly dependent on oxygen fugacity (Lerner et al. 2021) was occasionally observed, 

resulting in crystallisation of S-rich minerals and thus S-depletion in the residual melt and 

associated gas phase (Edmonds et al. 2018; Sigmarsson et al. 2020). Similarly, in a magma 

with high Cl/H2O ratio, chlorine could exsolve and form a hydrosaline solution (Webster 

2004). Given the high solubility and low concentration of fluorine in magmas, F saturation 

pre-eruptively is considered unlikely. In most cases however, sulphur and halogen volatile 

behaviour is approximated by considering simple partitioning in the existing vapor phase 

(Scaillet et al. 1998; Edmonds and Wallace 2017; Edmonds and Woods 2018). Such 

partitioning is also rather complex and the partition coefficient variable, but as a general rule 

and for typical magma, sulphur is the first to partition significantly in the vapor phase, as 

soon as water exsolve, followed by chlorine whereas limited amount of fluorine partition in 

the gas phase before the magma is erupted (Carroll and Webster 2018).  

The major reactive volatiles are not the only one forming the gas phase in the magma, 

numerous trace elements following them. These volatile trace elements partly escape the 

silicate melt, to an extent dependent on their own partition coefficients. Such partition 

coefficients spans a wide range of values, some elements largely partitioning in the gas phase 

(Te, Se, Po, Hg) whereas other do not significantly leaves the melt (V, Ce, Hf; Zelenski et 

al. 2021). The erupted gas is thus the results of the multiple processes and element behaviour 

taking place at depth and its composition records numerous information regarding the 

magma composition, its origin, depth and dynamics. 

1.1.4 Features and variability of volcanic gas 

Because of the difference in magmatic processes occurring at depths (associated with each 

tectonic settings), the volcanic gas released is by no mean homogeneous. Differentiation 

prior to eruption (by fractional crystallisation) will also affect the magma composition and 

gas phase escaping from it. Since most volatile remain widely incompatible until the late 
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stage of crystallisation (amphibole, apatite, etc.), differentiation generally results in similar 

enrichment in the different volatiles and thus does not affect the subsequent gas composition. 

Sulphur is however not always incompatible as the formation of S-rich minerals is frequent 

at depth resulting in a sulphur-depleted differentiated magma and gas. Additional complexity 

regarding gas composition arises from the fact that the magmatic gas can mix with 

hydrothermal fluid, forming a bimodal volcanic gas, no longer solely representing the 

original magmatic gas. 

A general trend can however be observed with on one hand the subduction/arc associated 

volcanic gas, and on the other hand, gas emitted at intraplate/hotspot or rift volcanoes. 

Overall, the gas emissions associated with subduction volcanism are particularly rich in 

water and chlorine (details in Table 1.2). In contrast, CO2 and SO2 are more concentrated in 

volcanic gas from rift or hotspot volcanoes (Sigvaldason and El²sson 1968; Symonds et al. 

1994; Gerlach 2004; Oppenheimer et al. 2014; Zelenski et al. 2021). 

Table 1.2 Typical major volatile concentrations in subduction and rift/hotspot volcanic 

gases. 

Volcanism H2O CO2 SO2 HCl  

Subduction > 95 % < 5 % < 1 % > 1 % 

Rift/Hotspot < 90 % > 20 % > 5 % < 1 % 

 

In the last decades, it was uncovered that not only major volatile but also volatile trace 

elements are emitted at different rates depending on the tectonic settings (Aiuppa 2009; 

Gauthier et al. 2016; Edmonds and Woods 2018; Mason et al. 2024). Although substantially 

more arc volcanoes are studied for their gas composition than intraplate or rift volcanoes, 

Kơlauea extensive monitoring has allowed to compare the emission of different volcanic 
setting. In their study about metal emission of Kǭlauea, Hinkley et al. (1999) presented the 

difference of emissions between this volcano and the ones of previously studied from arc 

volcanoes (Etna, Merapi, etc.). The authors found out that the Kǭlauea gas emissions contain 

relatively more Cd and Bi but less Pb, Cu and Zn than arc gases. 

Since the beginning of the 21st century, several studies reporting volcanic gas composition 

were published, expending the available dataset on volcanic gases. Such dataset includes 

studies on additional intraplate/rift volcanoes, notably Hekla (Moune et al. 2006) and 

Holuhraun (Gauthier et al. 2016) in Iceland and Erta Ale in the East African Rift (Zelenski 

et al. 2013). Edmonds et al. (2018) compiled the available literature to characterise the 

distinction between hotspot/rift and arc volcanic gases in the article ñA distinct metal 

fingerprint in arc volcanic emissionsò. In the paper, the authors describe a systematic 

enrichment in Cd and Te in hotspot and rift gases whereas As, Sn and Tl are particularly 

enriched in arc gases. 
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Figure 1.4. Element concentration range in the volcanic gas and silicate melt. Both 

element concentrations in the gas and melt along with the partition coefficient (Kd) depends 

on the tectonic setting. Figure from Zelenski et al. (2021). 

Such difference in volatile trace element gas content depends both on the composition of the 

magma from which the gas phase formed and the gas/liquid partition coefficient of 

individual elements (Fig. 1.4). Regarding magma composition, the difference is clear, with 

diversity within volcanoes of each tectonic setting but strong trend separating the subduction 

and rift/hotspot. As subduction magmas are generally more evolved than their rift/hotspot 

counterparts, they are enriched in all incompatible elements, including the volatiles. Gases 

emitted at arc volcanoes thus tend to be relatively enriched in incompatible volatile elements. 

Zelenski et al. (2021) investigated the effect of tectonic setting on trace elements volatility 

in the different tectonic setting by calculating their partition coefficients. The authors 

revealed strong variability of volatility for many trace volatiles such as Te, Cd and Pb more 

volatile in rift/hotspot magmas, whereas Tl, Cu and Rb are more volatile in subduction 

magmas. 

Though the volatility of trace element is complex and depends on numerous factors, one key 

parameter identified is the amount of each major volatile. Indeed, many trace elements tend 

to form volatile species with sulphur, hydrogen, oxygen, chlorine or fluorine. 

Thermodynamic modelling brought insight into constraining speciation of most volatile 

elements (Symonds et al. 1992; Wahrenberger 1997; Mandon et al. 2019; Wainman et al. 

2024; Mason et al. 2024). Though model results depend on several input (temperature, 

oxygen fugacity, major gas concentrations, etc.), the diversity of speciation is clear with Cu 
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and Sb favourably forming chloride, Re oxide, Te sulphide, Mo fluoride and Cd degassing 

in its elemental form (Fig. 1.5). 

 

 

Figure 1.5. Example of volatile trace element speciation model in the gas phase from (a) 

one HCl-rich subduction volcano (Villarrica) and (b) one S-rich hotspot volcano 

(Kǭlauea). A few trace elements degas in their elemental form whereas the majority form 

complex species with sulphur, chlorine, oxygen, water and fluorine. Several elements display 

distinct speciation in the two volcanic gases, indicative of the effect of variable proportion 

of major volatiles. Figure from Mason et al. (2024). 

The variable enrichment in volatile in the subduction volcanic gas with respect to hotspot/rift 

is thus readily explained by the variation in proportion of the main ligands, especially S, Cl 

and F. However, not only the tectonic context affects the relative proportion of major 

volatiles. In fact, strong variations of gas composition take place within each eruption. 

Indeed, if volcanoes emit a generally homogeneous primary gas phase at vent during their 

eruption, degassing also takes place secondarily, from flowing and crystallising lava along 

with extinct craters. Such secondary degassing will have distinct composition in terms of 

major volatiles and thus trace elements. 

1.1.5 Secondary degassing 

In volcanology, secondary degassing refers to gas emissions from a silicate melt that has 

already partially degassed, in opposition to primary degassing, where gas escapes from 

magma considered undegassed. Secondary degassing thus includes emissions from various 

sources, such as flowing lava, crystallising lava field and extinct craters. A mechanism of 

fractional degassing takes place in which the most volatile species are released during the 

primary degassing, leaving a melt depleted in such species. The secondary degassing from 
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the depleted melt will thus release proportionally less of the most volatile species and more 

of the less volatile ones. 

Differences in gas composition due to fractional degassing were first identified at Kǭlauea 

by Gerlach (1980) and further investigated by Greenland (1984). These authors observed 

variable amount of CO2 with respect to H2O and SO2 in the gas emitted at Kǭlauea. Such 

changes were attributed to intermittent CO2 escape from the magma prior to its eruption. 

This idea was better constrained, conceptualised and quantified and by Terrence Gerlach in 

1986 in the so-called article ñExsolution of H2O, CO2, and S during eruptive episodes at 

Kǭlauea Volcano, Hawaiiò (Gerlach 1986). In their study, Gerlach described two distinct gas 

emissions, the type I gas being CO2-rich and type II CO2-poor. Type I gas is associated with 

eruption of a magma of deep origin, with no pre-eruptive degassing. In contrast, type II gas 

originates from a two-stage degassing process in which the magma was stored at shallow 

depth and lost most of its CO2 (along with minor amount water and SO2) before erupting. 

A better understanding of such multi-stage degassing process arose from studies of Etna 

degassing by Gauthier and Le Cloarec (1998) and Aiuppa et al. (2002). Gauthier and Le 

Cloarec (1998) described the metal emissions from the Etna submit craters and eruptive 

vents during different activity phases (effusive, strombolian and quiet degassing). The 

authors identified two distinct gas compositions, one mostly observed at the summit craters 

and enriched in the very volatile sulphur and polonium, the other at the eruptive vent much 

poorer in S and Po. Such difference led the authors to classify the first gas type as primary 

and the latter as secondary, because fed from a volatile-depleted source (i.e., already 

primarily degassed). Alessandro Aiuppa further characterised the occurring fractional 

degassing by focussing on the relative abondance of S, Cl and F in Etna gases (Aiuppa et al. 

2002; Aiuppa 2009). In these articles, they highlighted the higher relative proportion of S in 

the gas emitted before and during the initial stage of eruption, whereas late degassing was 

enriched in halogens and particularly fluorine. Such variability was explained by the 

progressive depletion in volatile of the magma source. The most volatile elements (in this 

case S) escape the magma during the early (primary) degassing whereas the least volatile 

ones (F) become more concentrated and escape later, in the late (secondary) degassing. 

Significant variation of syn-eruptive gas composition at a single volcano can thus occur as a 

result of intermittent pre-eruptive magma degassing, mainly affecting CO2. Nevertheless, 

the compositional difference between the syn-eruptive crater gas and the gas released from 

the flowing lava or post-eruptively could be much larger (Fig. 1.6). Indeed, the extensive 

degassing occurring at the vent, when magma reach the surface, gives birth to a silicate melt 

depleted in volatile elements. The secondary degassing from this partially degassed melt 

could thus be of a very different nature to the primary gas. The first samplings of such 

secondary gas phase were reported by Olmez et al. (1986) and Crowe et al. (1987), from 

cooling vents (extinct craters) at Kǭlauea. The collected gas was characterised by a F/S and 

Cl/S increase of almost two orders of magnitude with respect to Kǭlauea primary gas. In 

addition to major gases, Crowe et al. (1987) also collected aerosols both from active and 

extinct craters. Trace element analyses revealed variable concentration ratios between the 

cooling vent gas and the primary gas spanning over two orders of magnitude, Cu, Se and Sb 

being the most enriched in the secondary gas and Ir, As, Zn and Cd the most depleted. 
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Figure 1.6. Multistage degassing model associated with effusive eruptions. The primary 

degassing originates from an assumed non degassed silicate melt, in this case the erupting 

magma coming from depth. The primary gas is thus made up of the most volatile species and 

released syn-eruptively at the crater. In contrast, the secondary gas is emitted from a 

partially degassed silicate melt, having previously gone through the primary degassing. The 

secondary degassing can originate from different sources: syn-eruptively at the flowing lava 

and post-eruptively at the extinct crater and at the crystallising lava field. 

Since the 1980ôs, post-eruptive or lava gas samples were collected and analysed sporadically 

(Aiuppa et al. 2003; Ilyinskaya et al. 2012; Zelenski et al. 2014), but never were the focus 

of a study until Sigmarsson et al. (2020). In their paper, these authors reported several post-

eruptive gas compositions collected at the cooling crater of Holuhraun, a few weeks after 

the end of the 2014-2015 eruption. Such analyses revealed a strong change of major volatile 

proportions, the gas phase shifting from highly sulphur-dominated (mass ratio of S/Cl = 40-

52 and S/F = 108-580) to similar concentration of sulphur, chlorine and fluorine (S/Cl = 

0.45-1.6 and S/F = 0.62-2.9). As was argued in the case of Etna by Aiuppa et al. (2009), the 

relative enrichment in halogen in the secondary gas was attributed to Rayleigh distillation. 

A Reyleigh distillation (or fractionation) describe the evolution of a system with multiple 

phases in which one phase is continuously removed from the system through fractional 

distillation. In the case of volcanic degassing, the removed phase is the gas, whose escape 

deplete the melt of the most volatile species such as sulphur, increasing the proportion of 

less volatile elements such as the halogens. 

The change in relative proportion of major volatiles could be of great importance regarding 

trace element volatility and thus emissions. Such volatility change should be principally 

dependent on the availability of the main ligands for these trace elements to form volatile 

species, which were revealed to be sulphur, halogens and oxygen by thermodynamic 

modelling (Symonds et al. 1992; Symonds and Reed 1993; Wahrenberger 1997; Taran et al. 

2001; Mandon et al. 2019; Mason et al. 2021). Thus, the trace element emissions from 

secondary degassing, with higher halogens content with respect to sulphur, should be 

drastically different as suggested by Crowe et al. (1987) data. More recently, secondary gas 

emissions were investigated at Fagradalsfjall (2021-2023) by Wainman et al. (2024) who 

compared gas emissions from the flowing lava to those of the eruptive vent. The authors 

reported at-vent emissions of a gas rich in both S and S-complexing elements, whereas the 

gas emitted by the flowing lava was richer in Cl and Cl-complexing elements. Wainman et 

al. (2024) then developed a model in which progressive degassing results in gas composition 

differentiation, the flowing lava gas being the very first stage of secondary degassing, which 

continues post-eruptively as the lava crystalise (Fig. 1.7). 
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Figure 1.7. Schematic diagram from Wainman et al. (2024) of the ñobserved and modelled 

transitions in the gas and trace element composition of lava flow outgassing 

emissionsò. The first stage of secondary degassing is represented by the emissions from the 

flowing lava, with observed increase in Cl and Cl-complexing elements. The later stage of 

secondary degassing is represented by the distance lava and during crystallisation, which is 

hypothesised to have increased F proportion, due to its lower volatility. 

Thus, the crystallising lava degassing is of particular importance because some of the toxic 

heavy metals are known to form halide and could thus be intensely released during late 

secondary degassing. While for explosive eruption lava secondary degassing is expected to 

be limited, effusive eruptions display a significant proportion of gas emitted by the lava flow 

upon emplacement and cooling (Thordarson et al. 1996, 2001). Thordarson estimated that 

during Laki and Eldgj§ eruptions, around 20 % for H2O, CO2 and SO2 escaped secondarily 

but over 40 % for Cl and F.  

Unlike the primary degassing at the eruptive vent, the origin and the mechanism of the 

secondary gas release from newly emplaced lava fields remains unclear. Cashman et al. 

(1994) investigated the vesicle size distribution of the lava and concluded that only minor 

amount of gas escapes the lava while flowing. Sustained degassing of the lava after 

emplacement thus requires another mechanism, involving larger scale volatile exsolution 

and circulation within the solidifying lava. The next section presents the processes was 

identified in connection with lava internal differentiation by development of segregation 

structures in emplacing basaltic lava. 
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1.2  Segregation veins in basaltic lava  

Lava bodies (flows, sheet lobes, lakes, etc.) are not homogeneous, the internal structure of 

the lava often being rather complex with numerous sub-units. The lava is organised vertically 

as upper crust, lava core and lower (or basal) crust (Self et al. 1996). These layers are 

characterised by distinct vesicularity, crystallinity and jointing style, originating from their 

crystallisation history. In terms of thickness, the upper crust makes up to 50 % of the lava 

whereas the lower/basal crust is typically around a meter thick, the core making the rest 

(Thordarson 1995; Thordarson and Self 1998; Nikkola et al. 2019). Whitin the core and the 

lowermost part of the upper crust, darker and vesicle-rich structures called segregations, or 

segregation veins, are often present.  

This section will review the current state of the art regarding the formation of segregation 

veins and their features, to highlight how it will be used in the PhD thesis. First, I will 

describe what segregation veins are, outlining their discovery, characterisation and 

hypothesised formation processes. A summary of the main investigations regarding chemical 

composition of the segregations and their diversity is then presented, providing a base for 

interpreting the results from this thesis. Lastly, I will synthetised existing work that have 

suggested a relationship between the segregation process and lava degassing and presented 

what is known in terms of segregation volatile content. This section establishes how 

segregations are worth examining when studying the process of lava differentiation and 

degassing, which will be done during Chapter 4 of this work.   

1.2.1 What is a segregation (vein)? 

Segregations were first described and extensively studied by the Japanese geologist Hisashi 

Kuno in the second part of the 20th century (Kuno et al. 1957; Kuno 1965). Kuno described 

these structures as ñthin vesicular veins, either parallel or perpendicular to the base of the 

flowò and stated that they were formed by ñsegregation of residual liquids produced by 

fractionation of the magmas after their extrusionò. He logically named the structures 

segregation veins and used them as a tool to characterise the ñfractionation trends of basalt 

magmas in lava flowò (title of the 1965 paper). By studying segregations from several 

basaltic lava, they identified distinct differentiation trends, depending on both magma 

composition and oxygen fugacity. 

Following Kunoôs papers, increased attention was paid to the segregations and the 

information they carry. Anderson et al. (1984) attempted to constrain the physical 

mechanism leading to the formation of the segregations and developed the model of gas-

filter pressing. In this model, the residual melt is formed by crystallisation of host lava. The 

melt can then either accumulate around a bigger vesicle and form a segregation vesicle (Fig. 

1.8) or be propelled upwards by the pressure gradient induced by gas effervescence 

mechanism. The propelled (and thus segregated) residual melt then crystallises and form the 

segregation veins. 
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Figure 1.8. Original model of gas-filter pressing and segregation formation proposed by 

Anderson et al. (1984). In this model, crystallisation produces an evolved vesicle-rich 

residual melt. The schematic represents the case of a segregation vesicle formation in which 

the residual melt (in black) accumulating around a pre-existing vesicle. Occasionally, the 

exsolved gas would create such a pressure gradient that the melt would be propelled 

upwards and form the segregation veins. 

Several studies then attempted to constrains the exact conditions leading to segregation 

(Puffer and Horter 1993; Cashman et al. 1994; Goff 1996; Caroff et al. 2000; Costa et al. 

2006; Fowler et al. 2015) and compiled by Nikkola et al. (2019). Though most articles align 

with Andersonôs model, they argue for additional mechanisms such as vesicle coalescence 

(Puffer and Horter 1993), vapor differentiation (Goff 1996), Rayleigth-Taylor instability 

(Costa et al. 2006) or mush convection triggered by fluid migration (Fowler et al. 2015). 

Segregations veins are ubiquitous in basalt lavas, particularly in thick flows (Thordarson and 

Self 1998; Martin and Sigmarsson 2007; Kuritani et al. 2010; Nikkola et al. 2019) and even 

flood basalts (Philpotts et al. 1996), but has also been found in only decimetres thick lobes 

(Sheth et al. 2017). In addition, drillings in the 100-meters deep Kǭlauea Iki lava lake formed 

in 1959 revealed large amount of segregations (Helz 1980; Helz et al. 1989) of similar nature 

to those found in lava flows. In terms of lava composition, segregation veins develop 

essentially in low viscosity melt, with composition ranging from tholeiitic basalt (Martin and 

Sigmarsson 2007; Nikkola et al. 2019) to alkaline basalts (Goff 1996; Sigmarsson et al. 2009; 

Kuritani et al. 2010) and basaltic andesite (Anderson et al. 1984; Caroff et al. 2000). Field 

observation reported in the different papers suggest a highly variable proportion of 

segregation veins in a basaltic lava, ranging from 0.1-0.2 % in Surtsey lava (Sigmarsson et 

al. 2009) to several percents in Kǭlauea Iki lava lake, Kutsugata lava flow, Hafnarhraun 

pahoehoe lobe and in the Holyoke Basalt (Helz et al. 1989; Philpotts et al. 1996; Kuritani et 

al. 2010; Nikkola et al. 2019). 

A key feature of the segregations is that they form when a lava crystallises and thus mainly 

once the lava has stopped moving. For this reason, their formation is closely related to the 

cooling history of the lava flow/lobe/lake. As lava is a good insulant, cooling and 

solidification of a lava field is slow and long, the duration being primarily controlled by lava 

thickness. Based on empirical data, Hon et al. (1994) defined the relationship between crustal 

thickness and time: 

ὅ πȢπτχσzЍὸ πȢπςσσ             (1.1)  

where C800 is the thickness of crust below 800 ÁC and t is the cooling time. Taking an average 

upper crust thickness of one third of the flow, the crystallisation time of a several meters 

thick lava is on the order of days/weeks and tens of meters thick lava on the order of years 

to decades. The drillings conducted in the approximately 100-meter-deep 1959 Kǭlauea Iki 
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lava lake revealed melt presence in 1979 which was not found any more in the 1981 core, 

indicating a crystallisation time of 20-22 years (Helz and Wright 1983; Helz et al. 1989), 

which is shorter than expected from Honôs equation. This faster crystallisation is readily 

explained by the integration of additional cooling parameters (not accounted in the equation) 

such as precipitation and lateral cooling, particularly important in the case of lava lake 

cooling. The timing of segregation emplacement is the same with new segregations found 

up to the 1979 core but not in 1981 (Helz and Wright 1983). Goff (1996) attempted to 

constrain the rising speed of the segregation melt using the cooling history of the lava and 

found values of in the order of meters per day, the exact value depending on emplacement 

temperature and the thickness of the flow. 

 

Figure 1.9. Segregation development and resulting structures within the solidified lava. 

The lava cross sections show the temporal evolution (from left to right) of a lava lobe and 

internal differentiation. Figure modified from Thordarson and Self (1998). 

On the field, segregations are easily identifiable due to their darker colour, high vesicularity 

and higher crystal size. The veins are however not uniform and display diverse features. 

Kuno already observed segregations both parallel and perpendicular to the base of the flow 

(Kuno 1965). Given their cylindering shape, the vertical segregation veins were later named 

vesicles cylinders, or VC, by Goff (1977) whereas the horizontal veins were called vesicle 

sheet and later horizontal vesicle sheet, or HVS (Thordarson 1995; Goff 1996). Vesicle 

cylinders are in most cases a few cm wide and decimetres long (occasionally meters). They 

take root in the lowermost part of the lava, sometimes at the junction of several pipe vesicle 

(Thordarson 1995), but often with no apparent feeder. Similarly, the top of the VC is 

sometimes gradually disappearing in the core of the lava flow, whereas occasionally, VC are 

directly connected to a horizontal vesicle sheet (Goff 1996; Thordarson and Self 1998; 

Martin and Sigmarsson 2007; Thordarson and Sigmarsson 2009). The HVS have a typical 

thickness of 1-10 cm and spread horizontally for decimetres to meters. Horizontal vesicle 

sheets are localised in the lowest part of the upper crust of the lava (Thordarson 1995; 

Sigmarsson et al. 2009). In addition to the VC and HVS, Thordarson (1995) identified a third 

segregation type which he named megavesicle, or MV (Fig. 1.9). Such name was given as 

these segregations are made of a thin (a few cm) pod of segregation melt overlined by a large 

semi-spherical (dome-shaped) void of dimensions ranging from cm to dm. Megavesicles are 

generally located in the upper crust, above or at the same level than HVS. In the field, MV 

are in some cases connected to a VC or HVS and in others not. 
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The geometrical features of the segregations were used by Goff (1996) and Thordarson 

(1995) to study their emplacement and development. First, the fact that VC are vertical 

structures indicate lava had ceased to move at the time they formed (Goff 1996). The 

segregation process is potentially initiated before the lava flow come to rest, in which case 

the early forming VC can be deformed and eventually eliminated by the lava motion 

(Thordarson 1995; Sigmarsson et al. 2009). Bended small VC and pipe vesicles in the basal 

crust of the lava are evidence for such early segregation process. The abrupt transition from 

vertical VC to horizontal HVS indicate the presence of a horizontal impermeable boundary 

for the rising segregation melt. The HVS thus most likely formed at the contact between the 

lava core and the forming upper crust. The HVS being located at different heights (Helz et 

al. 1989; Thordarson and Self 1998; Kuritani et al. 2010; Nikkola et al. 2019) in the lava, 

establishment of HVS occurs over a sustain period of time while the upper crust is 

propagating downwards. Occasional connections between HVS and MV point out that the 

latter formed from the former. The size of the void overlying the melt pod of the MV 

indicates that MV formation is closely associated with gas accumulation. Thordarson (1995) 

proposed that when the gas accumulation rate and rheological conditions are favourable, part 

of the HVS segregation melt and gas separate and rise to form a MV, in which the melt is 

drained down to form the MV pod and the gas accumulate on the top and form the dome-

shaped void.  

1.2.2 Segregation veins composition 

Segregation veins are the product of fractional crystallisation of the lava. Thus, their 

composition differs from the host lava (HL) and was extensively studied to investigate the 

differentiation process and constrain the segregation formation. Kuno (1965) already 

examined the segregation chemical composition with the objective of characterising magma 

fractionation at surface conditions, previously only approached by the study of shallow 

intrusions, such as at Skaergaard (Wager 1939) and in Hawaii (Kuno et al. 1957). Their 

studies included segregations from tholeiites, high alumina basalt and basaltic andesite and 

largely focused on the SiO2 and total iron content as well Fe2O3/FeO ratio. Using such data, 

Kuno identified distinct silica and total iron trend in the segregation depending on the oxygen 

fugacity (indicated by Fe2O3/FeO). 

Following KunoËs work, numerous studies attempted to better constrain the differentiation 

process by analysing more segregations, generally using both major and trace element data. 

Helz (1987) presented detailed result regarding segregation composition from the Kǭlauea 

Iki lava lake, along with the segregations residual glass composition. Helz identified a clear 

progressive differentiation trend, starting from the host lava through the different segregation 

to the residual glass (Fig. 1.10).  

Examining segregations and host lava (HL) from alkali basalts, shoshonites and basaltic 

andesites, Caroff et al. (2000) highlighted the variable differentiation paths, the most evolved 

products (glass) ranging from rhyolite to phonolite. Martin & Sigmarsson (2005, 2007) used 

segregation veins and in particular their residual glass to reconstruct the differentiation path 

of magma through fractional crystallisation at surface condition. Their results allowed to 

identify that Icelandic silicic rock did not form though such differentiation process but rather 

by melting of hydrothermally altered basaltic crust. The composition of segregation veins 

from the Columbia River Basalt Group were studied by Hartley & Thordarson (2009). By 

comparing the different host rock and segregation vein composition, the authors suggested 
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that a differentiation process analogue to segregation formation (fractional crystallisation 

and buoyant rise) could explain the large-scale bimodal composition of the lava. The more 

evolved lava would thus result from a segregation-like process of the primitive one. 

 

Figure 1.10. Host lava (crosses), segregation (triangles) and residual glass (stars) 

composition from the Kǭlauea Iki  lava lake. All analysed oxides reveal the liquid line of 

decent with decrease in compatible oxide (MnO and CaO) and increase incompatible oxides 

(P2O5, K2O and Na2O), TiO2 being initially incompatible until crystallisation of oxides at 5 

% MgO (segregation concentration). Figure modified from Helz (1987). 

Besides the study of the differentiation, segregation compositions were also used to better 

constrain the conditions in which they emplaced in the crystallising lava. Using modelling 

and thermobarometers, emplacement temperature was constrained to 1100 +/- 50 ÁC (Helz 

1980; Goff 1996; Martin and Sigmarsson 2007; Sigmarsson et al. 2009). The same authors 

also estimated oxygen fugacity using ilmenite-magnetite pairs and consistently found values 

below QFM buffer for the segregation veins, whereas host lavas had values close to QFM. 

Such results lead them to state that the segregation melt generally crystallise in an 

environment isolated from the atmosphere, though one exception was observed for Masaya 

with much higher oxygen fugacity (Martin and Sigmarsson 2007). 

The compositional difference between HL and segregation also brough insight to identify 

the threshold of fractional crystallisation (FC) that can lead to residual melt segregation. 

Physically, Philpotts et al. (1996) demonstrated that around 30-35 % of FC, a rigid network 

of crystal was formed, allowing the residual melt to escape/segregate without mobilising 

crystals. This lower boundary matches well with the segregation vein composition, which 

rarely result from less than 30 % FC (Kuritani et al. 2010; Nikkola et al. 2019) but more 

generally between 30 and 50 % (Caroff et al. 2000; Martin and Sigmarsson 2007; Hartley 

and Thordarson 2009). 

Since segregations are of different nature, a special interest has also been set on investigating 

the compositional heterogeneity within the segregation veins from the same lava. Caroff et 

al. (2000) analysed vesicle cylinders, (horizontal) vesicle sheets and segregation vesicles 

(including both megavesicles and isolated melt pockets next to smaller vesicles) and 

revealed distinct composition of the different segregations. The authors observed a general 

trend with VC and HVS being less evolved (FC between 35 and 60 %) than segregation 
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vesicles, though the latter group displayed high compositional diversity (FC between 35 and 

90 %), most likely related to their variable nature. Hartley & Thordarson (2009) reported 

segregation veins resulting from 30-40 % FC, with HVS slightly more evolved than VC 

whereas Kuritani et al. (2010) identified variable HVS composition within a single lava, with 

the lowest most sheet resulting from around 60 % FC, gradually decreasing to 40 for the 

upper most ones.  

Recently, segregation heterogeneous composition was also attributed to other processes than 

variable extent of FC. To explain the presence of vesicle cylinders with higher MgO than the 

host lava Kuritani et al. (2010) suggested that during segregation formation, not only the 

residual melt and gas escaped the forming crystal network but also crystals (plagioclases and 

olivines). Nikkola et al. (2019) also found segregation veins (both VC and HVS) with similar 

composition than host lava. The authors however challenged Kuritaniôs model by pointing 

out that segregation melt only carrying the dense olivine (and not lighter crystals) in its 

migration was unlikely. Rather, Nikkola et al. (2019) suggested that during the segregation 

formation, macrocrysts from the HL were incorporated in the segregation melt (Fig. 1.11). 

Such HL macrocryst were spotted by Martin and Sigmarsson (2007) in some segregations. 

 

Figure 1.11. Models proposed by Nikkola et al. (2019) to explain the presence of poorly 

differentiated vesicle cylinder. Two models are proposed to explain such composition, (a) 

selective segregation of olivine crystals with the rising melt. This model in considered 

unlikely given the higher density of olivine with respect to other crystallising minerals. (b) 

Integration of host lava minerals (mainly olivine) in the rising segregation melt. 

The segregation emplacement is thus a complex process, resulting in formation of variable 

segregation veins of different composition. The composition of the segregations can mostly 

be explained by processes involving the liquid and solid phase (FC of different extend, 

crystal capture or removal). The segregation system can however not be exhaustively studied 

without considering the gas phase, which play a crucial role in the segregation formation. 

Such role can be studied by analysing the volatile element concentrations in the segregations 

and associated HL. 
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1.2.3 Segregation process, volatiles and lava degassing 

The segregation process is initiated by the exsolution of volatiles and the subsequent gas 

phase pressure on the residual melt. Such process is thus by nature associated with volatile 

transport in the lava, potentially leading to its escape. This link was often pointed out in 

papers studying segregation, without further investigation. Puffer and Horter (1993) and 

Caroff et al. (1997) associated the volatile escape from the lava lobe/flow with propagation 

of cracks segments or columnar joints. The volatile escape is preceded by massive volatile 

circulation as stated by Greenough et al. (1999): ñvesicle plumes provide a mean of moving 

exsolved volatile constituentsò, using volatile concentration in three host lava/segregation 

pairs from Penghu Islands, Taiwan. Indication of such degassing were presented by Martin 

and Sigmarsson (2007) with the absence of water in both the minerals and the residual glass 

from segregations. Sigmarsson et al. (2009) clearly related the lava degassing and melt 

circulation associated with the segregation process by stating ñLiquid displacement as 

described here may thus be a common process during solidification of lava flows and a 

driving mechanism for lava degassingò. Finally, in their thin (< 1 m) lava lobe, Sheth et al. 

(2017) observed VC that reach the upper surface of the flow and associated it with profuse 

degassing at the lava surface during the segregation process (Fig. 1.12). 

  

Figure 1.12. Rising cylinders as a degassing mechanism for lava flows. Figures modified  

from Sheth et al. (2017). 

If the segregation process does indeed play a large role in lava degassing, crucial information 

should be revealed by investigating the volatile content in the segregations. Though, to our 

knowledge, only the study from Greenough et al. (1999) focused on this aspect, several 

articles presented isolated volatile measurements in segregations and host lavas. The loss on 

ignition (LOI), assumed to be representative of volatile content, was measured in a few 

publications dealing with segregations. Kuritani et al. (2010) reported similar LOI in VC and 

surrounding host lava whereas HVS had slightly lower LOI. Lower loss on ignition in HVS 

than host lava were also observed by Caroff et al. (1997), though attributed it to alteration 

process. In their paper, Greenough et al. (1999) reported high LOI values, variable in the 

host lava (2.6-5.8 %) but not in the segregations (6.0-6.2 %). Variation of LOI within 

segregation system thus seem erratic, limiting its use to investigate the link between 

segregation formation and lava degassing. 

The structural water (H2O
+) content in segregations was measured as early as by Kuno 

(1965). A variable behaviour of water was identified, some segregations having H2O content 
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similar to their host lava while others are enriched in the same manner as the incompatible 

oxide P2O5. Goff (1996) also reported H2O
+ values but without showing any clear trend 

between host lava and segregations. Water being incompatible in the crystallising minerals 

in basalts, the lack of enrichment in some segregations most likely translate escape of the 

excess water through the gas phase.  

Sulphur was measured by Philpotts et al. (1996) in the Holyoke Basalt (Hartford Basin, 

USA) and a few of its segregations (called pegmatitic segregation sheets). The host lava was 

revealed very heterogeneous in S concentration ranging from 100 to 800 ppm, whereas other 

elements did not show such variability (TiO2 from 0.8 to 1.05 wt % and Zr from 68 to 96 wt 

ppm). The four ñsegregation sheetsò showed S values from 186 to 311 ppm whereas TiO2 

and Zr displayed negligible variability (1.41-1.44 % and 118-122 ppm respectively). Clearly 

sulphur concentration in both the lava and its segregations is not homogeneous and no 

obvious trend appear between the host lava and segregations. Sulphur concentrations were 

also reported by Goff (1996) in two high-alumina tholeiitic basalts but none of the analysed 

samples (whether host lava or segregation) where found above the detection limit of 10 ppm. 

Goff however presented results in terms of Cl, which is found clearly enriched in the 

segregations (particularly HVS), as the incompatible trace elements. One HVS presented Cl 

concentration of 155 ppm whereas the host lava had 39, when P2O5 was 0.57 and 0.20 %, 

suggesting Cl enrichment somewhat superior to incompatible elements. 

The trace volatile elements, including volatile metals (and metalloids), concentrations in 

segregations were scarcely studied. A few articles included measurements of the slightly 

volatile Rb and Zn (Puffer and Horter 1993; Goff 1996; Philpotts et al. 1996; Caroff et al. 

1997; Stephenson et al. 2000; Martin and Sigmarsson 2007; Hartley and Thordarson 2009; 

Nikkola et al. 2019). No particular behaviour was observed for these elements, with 

enrichment in segregation (relative to host lava) similar to other incompatible elements (Th, 

Zr, P2O5, etc.). In addition, Stephenson et al. (2000), Hartley & Thordarson (2009) and 

Kuritani et al. (2010) presented results regarding the moderately volatile Pb. In these articles, 

Pb appears to be generally enriched as the incompatible elements, but a few segregations 

display slightly higher Pb enrichment the most incompatible elements.  

To our knowledge, the only detailed investigation regarding the segregation volatile 

composition and link with degassing was presented by Greenough et al, (1999), who reported 

concentrations in S, Cl, As, Pb, Zn and Rb. Among these volatile elements, S, Cl and As 

showed high heterogeneity in the host lava, also visible in the non-volatile Sr, K and Na but 

unlike most other elements/oxide (MgO, P2O5, REE, HFSE, etc.) which are homogeneous 

(Fig. 1.13). Comparing the three segregations to their adjacent host lava reveals erratic 

enrichment in segregations for most volatiles (0.6-3 for S, 1-3 for As and 1-2 for Cl, Pb, Zn 

and Rb), uncorrelated to each other and other elements. The authors thus revealed indication 

of volatile transport in the lava leading to its heterogeneity but did not identify systematic 

trends regarding segregations. The limited number of samples and analysed trace volatiles 

prevented inferences regarding the process related to degassing. It must also be noted that 

most other studies did not see such host lava variability in Sr, K and Na, suggesting a 

peculiarity of the Taiwanese basalt flow. 
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Figure 1.13. Taiwanese host lava (filled) and segregation (empty) volatile (S and Cl) and 

refractory elements (K2O, P2O5, Sr and La) concentrations. Figure modified from 

Greenough et al. (1999). 

Thus, the scarce available data on volatile concentrations do suggest a transport of the 

volatile elements during the segregation process. The lack of a systematic study of the 

volatile concentration on an extensive dataset however prevents clear definition of the link 

between segregation formation and secondary degassing from crystallising lava.  
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1.3  Icelandic volcanic activity and products  

Volcanism around the world is associated with three distinct tectonic contexts: subduction, 

rifting and hotspot. Subduction volcanism is the result of the subduction of an oceanic 

tectonic plate under another one, either continental or oceanic. With increased pressure and 

temperature, water escapes the subducting plate and percolate to the overlying mantle 

wedge, lowering its melting point and thus favouring magma formation. Rifting also takes 

place at the boundary between two plates, either offshore as mid oceanic ridges or inland 

forming continental rift (e.g., East African Rift). In such context, magma is formed by the 

upwards motion of the mantle, to lower pressure, resulting in partial melting and subsequent 

magmatic and volcanic activity. Hotspot volcanism is the only type of intraplate volcanism 

and does not follow the tectonic plate movements, creating series of volcanic islands for 

oceanic hotspots (e.g., Hawaii, Canary Islands, R®union, etc.) or volcanic regions for 

continental hotspots (Eifel, Yellowstone). Hotspots are surface manifestation of mantle 

plumes, where the mantle convection is upwelling. This upwelling carries heat to lower 

depth, resulting in partial melting of the mantle, leading to magma genesis and eruption. 

Iceland represents a one-of-a-kind example of a mid-oceanic ridge crossing a mantle plume. 

This section will outline the range of volcanic activity and products, including the lava and 

gas, in Iceland, providing context for the research and results presented in this PhD thesis. I 

will thus first describe the different types of volcanism in Iceland, highlighting its wide range 

of activity. A concise overview of the petrology and geochemistry of Icelandic lavas is then 

given, which is essential for thorough interpretation of the results presented in Chapter 4 and 

5. Following this overview, I will present in further detail the volcanic systems investigated 

in this work, emphasising their diversities and representativity for Icelandic basaltic 

volcanism. To finish, I will give a quick introduction to Icelandic volcanic gases, 

contextualising observation conducted at Fagradalsfjall and described in Chapter 3. Overall, 

this section should underscore the interest of the Icelandic context when studying basalt lava 

degassing and provides the necessary background for the correct interpretation of results 

presented in Chapters 3, 4 and 5. 

1.3.1 Volcanism in Iceland 

The Icelandic volcanism is set up in a unique tectonic context, being associated both with 

rifting of the mid-Atlantic ridge and the Icelandic hotspot/plume, located in the centre-East 

of the island (Fig. 1.14). The peculiar geological setting of Iceland results in quasi unique 

volcanological features. Due to its dual origin, the Icelandic tectonic setting, plate boundary 

and volcanic systems are complex. The mid Atlantic ridge rises above sea level as the 

Reykjanes Volcanic Belt (RVB) in SW Iceland and the North Volcanic Zone (NVZ) to the 

North. Between these regions the plate boundary is separated between the East Volcanic 

Zone (EVZ; Fig. 1.14) and the West Volcanic Zone (WVZ) connected by the South Iceland 

Seismic Zone (SISZ) and the Mid Iceland Belt (MIB). Besides the plate boundaries are two 

other volcanically active region; the ¥rÞfi Volcanic Belt (¥VB) and the SnÞfellsnes 

Volcanic Belt (SVB). The mantle plume is approximately located at the junction of the EVZ, 

MIB and NVZ.  

Variable degrees of involvement of the mantle plume and rifting affect the different volcanic 

systems in the country (Gudmundsson 2000). The contribution of the plume is the greatest 
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in the northern part of the EVZ, whereas systems located in RVB, WVZ and SVB are 

virtually only the product of rifting.  

 

Figure 1.14. Maps of plate boundary and tectonic structures around Iceland. Left: 

Icelandic tectonic regional context. Right: Plate boundary and volcanic zones in Iceland. 

Pictures from Thordarson and Larsen (2007). 

Another major feature affecting Icelandic volcanic activity is the presence of thick ice caps 

on the volcanically active part of the island (Vatnajºkull, Langjºkull, Hofsjºkull in the 

central part of the country and MĨrdalsjºkull and Eyjafjallajºkull to the south). Such 

predominance of glacier, along with lakes and the sea, leads to frequent magma/water 

interaction. Subsequently, many eruptions are phreatomagmatic, thus increasing the 

proportion of explosive eruptions in Iceland. In addition, the evolution of the glacial cover 

and thickness, in response to climate changes, triggers pressure increase and decrease on 

underlying volcanoes. This is expected to result in a change of magma productivity at depth 

and subsequent eruption rate (Maclennan et al. 2002; Pagli and Sigmundsson 2008). 

The historical Icelandic volcanic activity  (since settlement in ca. 877 AD) was described in 

details by Thorarinsson & Saemundsson (1979) and more recently by Thordarson & Larsen 

(2007). These authors established that the majority of Icelandic volcanism is basaltic (around 

80 %), which is typical of both rifting (MORBs) and hotspot activity, but a significant 

amount of andesitic and rhyolitic products also exist. Among the 172 well characterised 

historical eruptive events (33 other events are poorly known) reported by Thordarson & 

Larsen (2007), 132 are associated with only four volcanoes of the EVZ: Gr²msvºtn, 

BarĦabunga, Hekla and Katla, the remaining 25-30 volcanic systems sharing the rest. 

Thirteen of the historical events are not single eruptions but rather classify as ñFiresò, 

corresponding to a succession of basaltic fissure eruptions in the same system over several 

years (e.g., Krafla Fires 1975-1984, nine eruptions). The two largest historical events were 

Fires taking place in the EVZ: namely Eldgj§ (ca. 934), associated with the Katla system, 

and Laki (1783-1784), associated with the Gr²msvºtn system. These events emitted 

respectively ca. 20 and 15 cubic kilometres of lava and tephra (Thordarson and Self 1993; 
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Thordarson et al. 2001; Sigurdardottir et al. 2015) and are the largest recorded historical 

effusive eruptions worldwide.  

Though basaltic activity dominates in Iceland, most eruptions categorise as explosive, 

whereas  mixed and purely effusive eruptions only represent around ten percent of the events 

each (Thordarson & Larsen, 2007). The rarity of effusive activity originates from the high 

proportion of phreatomagmatic eruptions such as the sub-marine eruption of Surtsey in 

1963-1967 and sub-glacial eruption of Eyjafjallajºkull in 2010. The fires distinguish 

themselves by being mainly effusive (60 %), often taking place on the Reykjanes peninsula 

(10th-13th century, 2021-ongoing).  

1.3.2 Icelandic volcanic rocks composition 

Because of its unique tectonic context, Iceland has always been a subject of attention for 

petrologist and geochemists, the first extensive studies dating back a century ago (Peacock 

1925; Tyrrell and Peacock 1927). Though geologists from that period had no access to the 

modern-days analytical instruments, they already described the wide diversity of the 

Icelandic petrology, not only because of the significant intermediate and silicic components, 

but also identifying two distinct series with different alkali content. A renewed interest for 

Icelandic petrology rose when the plate tectonics model from Alfred Wegener became 

widely accepted, highlighting the peculiarity of Iceland. Such interest was enhanced by the 

so-called Surtseyan eruption giving birth to Surtsey Island in 1963 followed a decade later 

by the Eldfell eruption (1973) on the neighbouring island of Heimaey. 

In his paper ñChemistry and distribution pattern of recent basaltic rocks in Icelandò, 

Jakobsson (1972) explored the existing Icelandic basalt compositions. The author 

highlighted the diversity and distribution of the basalts, with tholeiitic basalts concentrated 

in the rift zone whereas alkali-basalts are rather located on the off rift volcanic zone (SVB 

and ¥VB). Intermediate compositions were also identified, mainly found in the southern 

part of the EVZ. 

The diversity of Iceland rocks composition was early attributed to the presence of several 

mantle sources, with involvement of the Icelandic plume. Jean-Guy Schilling attempted to 

relate the variable La/Sm in measured in Reykjanes lavas to different mantle source in 

Iceland (Schilling 1973). Though such La/Sm variations were later attributed to variable 

degree of mantle partial melting, the use of isotopic ratios (87Sr/86Sr, 143Nd/144Nd, 3He/4He, 
206Pb/204Pb, 208Pb/204Pb), unaffected by partial melting, confirmed the existence of at least 

two mantellic sources in Iceland (Hart et al. 1973; Sun et al. 1975; OôNions et al. 1977; Kurz 

et al. 1985). Simultaneously, oxygen isotope composition in some evolved Icelandic basalts 

revealed that crustal melting was also involved in magma formation in Iceland 

(Muehlenbachs et al. 1974). Sigmarsson and Steinth·rsson (2007) compiled the data and 

modern view regarding Icelandic petrology (Fig. 1.15), attributing the composition of 

Icelandic basalts to the nature of mantle source, the nature of the recycled crust, the 

proportion of pyroxenite and lherzolite melting, condition of melting (pressure temperature) 

and contribution of hydrothermally altered crust.  
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Figure 1.15. Isotopic composition of Icelandic products from diverse volcanic system 

compiled by Sigmarsson and Steinthórsson (2007). The spread of both 87Sr/86Sr and 
143Nd/144Nd which do not form a straight line demonstrate that at least three compositional 

sourced are involved in the formation of Icelandic volcanic products. 

Such complexity and number of parameters affecting the magma eruption, related to the 

geological history of Iceland and its current tectonic setting, results in wide composition 

variation, making each volcanic system distinctive (Jakobsson 1979).  

1.3.3 Hekla, Eldgj§ and Reykjanes 

Three volcanic systems/zones are investigated in this thesis: the historical flood basalt of 

Eldgj§, the fluorine-rich and well-studied Hekla system and the Reykjanes peninsula, where 

a cycle of eruptive activity that could last centuries started in 2021. Eldgj§ and Reykjanes 

have names directly referring to volcanic activity respectively translating as ñfire canyonò 

and ñsmoking peninsulaò while Hekla can be translated as ñhoodedò but was in the past 

thought to be the gateway to hell. 

These volcanic systems were selected as study target for two main reasons: the diversity of 

basaltic volcanic activity they cover and the presence of developed and sampleable 

segregation structures. Reykjanes was targeted both for volcanic gas at Fagradalsfjall and 

segregations at RauĦimelur, allowing to investigate the ñFireò activity, which is currently 

taking place on the peninsula. Furthermore, the products erupted are of tholeiitic 

composition, which is the dominant component of rift volcanism in Iceland. Eldgj§ was 

selected as it represents the flood lava activity, being the largest historical eruption in Iceland. 

Segregations were thus collected from the Eldgj§ transitional basalt lava field. Finally, 

segregations from a Holocene lava from Hekla are investigated to represent both minor 

eruptions of transitional basalts but also particularly lavas richer in F.    
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Figure 1.16. Map of Iceland with highlighted the volcanic systems investigated in this 

thesis: Hekla, Eldgjá and Reykjanes peninsula. Hekla is a central volcano in South Iceland. 

Eldgjá is a 75-km long SW-NE fissure spreading between the Mýrdalsjökull and Vatnajökull 

ice caps. The Reykjanes peninsula is made of five volcanic systems, from West to East: 

Reykjanes, Svartsengi, Krýsuvík, Brennisteinsfjöll and Hengill, all of which displayed 

activity in the last eruptive cycles. Since the reawakening of the peninsula on 2020, the 

Fagradalsfjall complex erupted in 2021, 2022 and 2023 after several millennia of 

quiescence, followed by Svartsengi from December 2023 onwards. 

Hekla: 

Mount Hekla is a stratovolcano located in South Iceland at the junction between the SISZ 

and the EVZ (Fig. 1.14 and 1.16). Hekla is one of the four most productive volcanoes in 

Iceland and, unlike the three others, is not subglacial. The central volcano of Hekla (Fig. 

1.17) rises almost 1500 meters above sea level whereas its fissure swarm is approximately 

60 km long. The first eruption attributed of this stratovolcano goes back to the early 

Holocene and since settlement 23 eruptions were recorded (the last one in 2000), together 

emitting over 2 km3 of tephra dense rock equivalent (DRE) and 10 km3 of lava (Thordarson 

and Larsen 2007). Hekla is characterised by its wide range of volcanic activity (from fissure 

eruptions to Plinian) and products (from basalts to rhyolite; Jakobsson 1979; Larsen et al. 

1999). Among these 23 recorded eruptions, 18 took place at Hekla central volcano, generally 

starting by and explosive phase followed by a sustained effusive phase (Thorarinsson 1967). 

The remaining five eruptions occurred from craters within the Hekla fissure swarm but away 

from the central volcano, the last one taking place in 1913. 
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In terms of composition, all products from Hekla plot in the transitional alkalic series 

(Jakobsson 1979). The main component of the central volcano is of basaltic andesite 

composition with SiO2 content around 55 weight % (Thorarinsson 1967; Sigmarsson et al. 

1992). Fissure eruptions in the vicinity emit much more primitive lavas with SiO2 < 50 % 

and MgO > 5 %. Regarding volatiles, Hekla products are rather poor in chlorine but 

particularly rich in fluorine, the recent basaltic andesite having less than 500 ppm of Cl and 

over 1000 ppm of F (Sigvaldason and čskarsson 1976, 1986; Moune et al. 2007). Sulphur 

measured by Moune et al. (2007) in melt inclusions indicate 900 to 2600 ppm of S in the 

magma source but only 220 to 310 ppm in the residual glass of the lava from the 2000 

eruption, translating intense S degassing. Water high content in the melt inclusions (0.5-6 %; 

Moune et al. 2007; Geist et al. 2021) but low concentration in the residual glass and whole 

rock (Sigmarsson et al. 1992) indicates that water also outgasses.  

 

Figure 1.17. Pictures of Mount Hekla. Left: Sketch of the 1845 Hekla eruption drawn by 

Selsund and reported in the collection of Maurice and Katia Krafft. Right Picture of the 

modern-day Hekla from Hugi Ólafsson published by Náttúruminjasafn Íslands. 

Eldgj§: 

The Eldgj§ flood basalt eruption took place in 939 CE (Oppenheimer et al., 2018) and is the 

largest historical eruption in Iceland producing a lava field of 19.7 km3 (Thordarson et al. 

2001; Sigurdardottir et al. 2015; Morison et al. 2024) and 1.3 km3 of tephra DRE (Larsen 

2000). The Eldgj§ vents extend along a SW-NE 75-km long fissure NE of the MĨrdalsjºkull 

ice caps and is part of the larger Katla volcanic system (Fig. 1.16 and 1.18). The eruption 

occurred a few decades after the settlement of Iceland and there is no known direct 

description of the eruptions, leaving numerous questions regarding the impact of the eruption 

on the island. Nevertheless, the Landn§mab·k (book of settlement), the Old Norse 

mythology book Vѕluspѕ͕ and the observation from a monk reported in Liber Miraculum 

offer indirect accounts of events from the early years of Icelandic settlement. References to 

the Eldgj§ eruption and its dramatic effect were inferred from these documents by Larsen 

(1979), Thordarson (2010), Glauser et al. (2018) and Morison et al. (2024). The impacts 

were however not limited to Iceland, the eruption modifying the climate over a wide area 

(Oppenheimer et al., 2018; Stothers, 1998), reaching as far as China (Fei and Zhou, 2006).  

As the other systems of the southern portion of the EVZ, products of Eldgj§ eruption are 

over 99 % of transitional alkali composition, the remaining < 1 % being tholeiites. The 

transitional component (whether lava or tephra) has relatively homogeneous composition 

with SiO2: 46-48 weight %, TiO2: 4.2-4.8 %, MgO: 4.9-5.4 % and K2O: 0.64-0.81 % (Kokfelt 

et al. 2006; Thordarson and Larsen 2007; člad·ttir et al. 2008; Bindeman et al. 2008; 



 

рм 
 

Morison et al. 2024). The tholeiitic component displays higher SiO2 (~ 50 %) and MgO (up 

to > 7 %) but less incompatible oxides (K2O < 0.5 %). The halogen content of Eldgj§ 

products is relatively low with less than 1000 ppm of F and 500 ppm of Cl (Sigvaldason and 

čskarsson 1976, 1986; Moune et al. 2007). Sulphur contents were investigated in different 

Eldgj§ products, ranging from around 2000 ppm in the melt inclusion to 500-1000 in tephra 

and 100 ppm in the ñdegassed lavaò, translating progressive sulphur degassing during 

magma eruption and lava emplacement/cooling (Thordarson et al. 2001).  

 

Figure 1.18. Photo of a portion of the Eldgjá gorge and crater row, from Ilya Grigorik. 

The Eldgjá fissure eruption left a tens of kilometre-long line of such canyons and small 

craters extending from Mýrdalsjökull to Vatnajökull ice caps. 

Reykjanes volcanism: 

Volcanism on the Reykjanes peninsula has always attracted particular interest, both because 

of its geographical location and its tectonic setting. Two thirds of the Icelandic population 

live on the peninsula or its immediate vicinity which includes the capital Reykjavik and the 

international airport, Keflav²k, located respectively on the East and West of the peninsula. 

Geologically speaking, the Reykjanes eruptions represent a rare on-shore manifestation of 

mid oceanic ridge volcanism (along with Krafla in N Iceland; Wright et al. 2012), virtually 

unaffected by the Icelandic plume (Gudmundsson 2000). Such event thus supplies an 

opportunity to study a type of volcanism that is normally inaccessible. 

The Reykjanes volcanic belt, located in SW Iceland consist of five en-echelon SE-NW 

volcanic systems, from West to East: Reykjanes, Svartsengi, KrĨsuv²k, Brennisteinsfjºll and 

Hengill (Fig. 1.16). For the last millennia, the Reykjanes peninsula has exposed a cyclicity 

in its volcanic activity with series of eruptions (Fires) spanning over a few centuries followed 

by around 800 years of quiescence. The last eruptive cycle occurred between the 8th and the 
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13th centuries. Over this period, the activity migrated westwards from Brennisteinsfjºll to 

Reykjanes systems where the last eruption occurred in 1240 (SÞmundsson et al. 2020). After 

770 years without eruption, the activity on the peninsula awoke in 2020 with a series of 

seismic swarms and ground inflations (Sigmundsson et al. 2022). The eruptive sequence 

started a year later, in March 2021, with an eruption in Fagradalsfjall, a mountain ridge 

between KrĨsuv²k and Svartsengi that had not erupted in the past eruptive cycles. Following 

the 6-months long 2021 eruption in Geldingadalir, two other eruptions occurred in the 

Fagradalsfjall volcanic system, Meradalir in August 2022 (Fig. 1.19) and L²tli-Hr¼tur in 

July-August 2023. The activity then shifted to the neighbouring Svartsengi system, where a 

series of short-lived eruptions (< 2 months) started in December 2023. 

 

Figure 1.19. First hours of the Meradalir eruption on August 3rd, 2022. During this initial 

period, lava and gas were emitted through a fissure spreading over 200 meters before 

concentrating on a single vent. 

Volcanism on Reykjanes is characterised by emission of tholeiites, olivine tholeiites and 

limited amount of picrite (Jakobsson et al. 1978; Peate et al. 2009; Caracciolo et al. 2023). 

Though all products are basaltic, significant compositional difference exist between the 

different systems. Svartsengi emits more evolved lavas (MgO = 5-7 %) than the other 

systems (MgO > 7 %), whereas K2O/TiO2 indicates at least two distinct mantle source, the 

East systems containing more of the enriched mantle components and the West more of the 

depleted one (Caracciolo et al. 2023). The recent eruptions at Fagradalsfjall and Svartsengi 

emitted products with variable contributions of the two components within single eruptions, 

translating heterogeneous magma reservoirs simultaneously feeding eruptions (Halld·rsson 

et al. 2022; Matthews et al. 2024). 

Because of the primitive magma composition, the erupted products from Reykjanes have 

limited volatile content. In Fagradalsfjall lava, melt inclusion water content never exceed 0.3 

% whereas less than 0.1 % were found in the glass (Halld·rsson et al. 2022). On Reykjanes, 

sulphur concentrations range from 180 to 450 ppm in the glass but 1000-2000 ppm in the 

magmatic inclusion (Caracciolo et al. 2024). Halogens were also found in limited amount, 
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with Cl concentrations ranging from 50 to 150 and fluorine from 50 to 300 ppm, fluorine 

being slightly more abundant (Sigvaldason and čskarsson 1976, 1986). Trace volatiles are 

also found in low amounts in Reykjanes lava (Peate et al. 2009).  

1.3.4 Icelandic volcanic gas 

This thesis aims to characterise the change of gas composition from primary to secondary 

degassing at Fagradalsfjall, on the Reykjanes peninsula. Before investigating secondary 

emissions, it is crucial to have a good understanding of the state of the art about Icelandic 

gas emissions. Because of its peculiar tectonic setting, volcanic activity and petrology, 

Icelandic gas emissions are diverse. The gas composition variability was revealed by 

investigations on degassing associate with the recent eruptions in Iceland.  

Due to Iceland geographical features and demographics, most eruption on the island take 

place in remote areas and/or at high altitude. Volcanic gas sampling is thus often complex in 

Iceland, which limited the number of studies conducted on degassing from Icelandic 

volcanoes. Being the only non-glacially covered of the four most active volcanoes in Iceland, 

Hekla offered the first opportunities to study gas emissions from eruption. GuĦmundur 

Kjartansson investigated such gas emission associated with the 1947-1948 Hekla eruption, 

characterised by important flux of CO2 (Kjartanasson 1957). The four-years-long submarine 

then subaerial Surtsey eruption (1963-1967) allowed the first pristine gas samples to be 

collected by Sigvaldason and El²sson (1968). Using a tube connected to a cooled condenser 

and sampling vessel, the authors collected 13 erupting vent gas samples from 1964 to 1967. 

Though a few samples clearly displayed air contamination, the general gas composition 

could be assessed from the repeated sampling, revealing water domination (80-90 mol %), 

variable CO2 (1-10 %) and SO2 (2-15 %) and significant HCl (0.4-1.2 %). The proportion of 

CO2 in the gas progressively decreased over the eruption, most likely translating continuous 

depletion of the source in the least soluble volatiles. The Eldfell eruption in 1973 on the 

neighbouring island of Heimaey allowed Mroz and Zoller (1975) to complete the first 

aerosol sampling from an erupting volcano in Iceland revealing important emission of some 

trace metals. During the ñKrafla Fireò series of eruptions (Fig. 1.20),  the temporal variations 

of fumarolic gas composition due to magma contribution was studied, thus giving insight on 

how to investigate gas composition to infer magmatic activity (čskarsson 1984; 

Ćrmannsson et al. 1989).  
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Figure 1.20. Photo from Michael Ryan (USGS) of the Krafla fissure eruption in 1984, 

showing extensive degassing through gas plumes over the whole fissure.  

Niels čskarsson investigated the 1970 Hekla gas emissions in the paper ñThe interaction 

between volcanic gases and tephra: Fluorine adhering to tephra of the 1970 Hekla eruptionò 

(čskarsson 1980), highlighting the fluorine-rich nature of Hekla degassing. čskarsson 

evidenced that a large quantity of fluorine from the volcanic gas was adsorbed by fine-

grained tephra, subsequently causing fluorosis in grass-eating sheep (Sigurdsson and 

P§lsson, 1957). Such high rate of fluorine emissions was later shown to liberate several 

heavy metals from the basaltic andesite magma of Hekla in 2000 by Moune et al. (2006) 

using the trace element composition of snow fallen through the eruption plume and 

laboratory leaching experiments. The atmospheric loading of S, Cl and F for the same 2000 

Hekla eruption was estimated by Moune et al. (2007) using MI from the product of the 

eruption and more primitive lava from the 1913 eruption. Results of the study revealed the 

sulphur dominance over halogens but confirmed that high fluorine concentration was 

released (0.6ï3.8 Mt of SO2, 0.17 Mt of HF and 0.05ï0.1 Mt of HCl). 

In March 2010, the Eyjafjallajºkull eruption started as basaltic lava fountaining in 

Fimmvºruh§ls, offering another opportunity to study Icelandic volcanic gas composition. 

Ilyinskaya et al. (2012) collected several times the gas emitted from this basaltic lava 

fountaining, revealing a somewhat halogen-rich composition with high temporal variability 

(SO2/HCl = 0.1-10). The authors also investigated the aerosol formation and identified that 

a cold environment favours chloride over sulphide condensation. Following the 

Eyjafjallajºkull eruption, increased attention was set on gas plumes. The 2011 sub-glacial 

eruption of Gr²msvºtn was the opportunity to compare the satellite detection and the 

petrological methods regarding SO2 discharge (Sigmarsson et al. 2013). The authors 

obtained much higher values using the petrological method (1.47 Ñ 0.37 Tg) than satellite 

measurements (0.31 Tg), attributed to formation of immiscible sulphide phases, adsorption 

on tephra and dissolution in the lake.  

Finally, the basaltic fissure eruption of Holuhraun in 2014-2015 offered a unique opportunity 

to collect the grounded gas-plume (Fig. 1.21), including the aerosols emitted. Gauthier et al. 

(2016) conducted such sampling, revealing major volatile composition and trace element 

pattern similar to rift (Erta Ale) and hotspot (Kǭlauea volcano), highlighting the tectonic 
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control volcanic on gas composition. Environmental impact of this eruption (the largest in 

Iceland since Laki eruption in 1783) was also assessed by Stef§nsson et al. (2017), Ilyinskaya 

et al. (2017) and Pfeffer et al. (2018) revealing country wide impact on air and water quality. 

The total sulphur discharge was also estimated using satellite measurements, ground-based 

measurements and petrological method, all obtaining similar results, of the order of 10 Tg 

of SO2 (Gauthier et al. 2016; Pfeffer et al. 2018; Bali et al. 2018). Lack of CO2 in the primary 

gas collected there leaned the authors to suggest that carbon dioxide escaped prior to the 

eruption, potentially around the BarĦabunga central volcano (Gauthier et al. 2016; Bali et al. 

2018; Sigmarsson et al. 2020). 

 

Figure 1.21. Photos of the Barðabunga eruption and associated degassing, during which 

extensive monitoring and study of the gas emissions were conducted. Left: photo from 

Ilyinskaya et al. (2017) showing the intense gas emissions around the eruptive crater in 

January 2015. Photo from Pfeffer et al. (2018) illustrating the monitoring conditions at the 

eruption site. 

Over the past few decades, significant progress has been made in characterising the volcanic 

degassing in Iceland. However, non-eruptive degassing however remains much less 

constrained. While inter-eruptive vent degassing is generally negligible in Iceland (with 

magmatic heat and gas primarily feeding hydrothermal systems), this is not the case of the 

post-eruptive lava degassing (Thordarson et al. 1996, 2001). Since the composition of gases 

can differ markedly from those released during eruptions (Sigmarsson et al. 2020), 

addressing this knowledge gap is crucial. This thesis aims to investigate this subject, 

examining the current gas emissions on the Reykjanes peninsula along with degassing 

structures from emplaced lava fields (segregations). 

Overall, the research conducted during my PhD and presented in this thesis aim to address 

the pending questions regarding lava degassing. The main associated research questions, 

highlighted by the gaps in knowledge described in this chapter, are: How does the gas 

emitted by the crystallising lava differ from emission at the associated eruptive crater?  What 

explains the main compositional difference between the crystallising lava gas and the 

primary gas or other secondary gases? How does a stagnant and cooling lava actually degas? 

What is the role of the gas phase during the segregation process, and can it result in lava 

degassing? How do the halogens F and Cl affect the liberation of volatile trace elements? 

How heterogeneous is lava in terms of F and Cl content and is it affected by fractional 

crystallisation, degassing and/or magma source heterogeneity?  

The aim of this thesis is to address these questions and give comprehensive overview of the 

lava degassing process, from its origin to its potential consequences. In that objective, three 
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distinct axes were followed, corresponding to the Chapters 3, 4 and 5 of this work. The first 

one is the investigation of the post-eruptive degassing, focusing on the crystallising lava 

emissions and its comparison with the degassing taking place at the eruptive crater. The 

second one is the detailed characterisation of the segregation process and associated 

structures in several basaltic lavas, with a special emphasis on volatile species behaviour. 

The last one is the characterisation of Cl and F concentration heterogeneity and its origin 

within Reykjanes volcanic products, and potential implications. Taken together, these results 

should help us understanding how important it is to consider the lava differentiation though 

segregation formation, and subsequent halogen-rich degassing. 
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2 Fieldwork and methods 

Studying the origin, process and the characteristics of lava degassing requires the use of 

different types of data. To study the system comprehensively, it is essential to sample both 

volcanic gas and solidified lava flow, along with its internal structure. The composition of 

these samples in terms of major and trace elements, as well as volatiles, must thus be 

measured. This chapter provides a detailed description of the sampling sites and the methods 

used for sample collection, processing, and analysis conducted during the PhD research. 

2.1  Sampling sites  

2.1.1 Fagradalsfjall eruptions 

The volcanic gas sampling campaign was conducted at the Fagradalsfjall volcanic system, 

where the first eruptive activity on the Reykjanes peninsula was reported since ca. 1240 CE. 

Unlike the other volcanic systems of the peninsula, Fagradalsfjall was quiescent in the last 

millennia, with no identified eruption in the last 5 ka (SÞmundsson et al. 2020). In 2021, 

after a year of ground inflation and seismic swarms (Sigmundsson et al. 2022), a basaltic 

eruption started on March 19th 2021 in the Geldingadalir valley.  

The 2021 eruption and its chronology were described in detail by Pedersen et al. (2022), 

Barsotti et al. (2023) and J¼l²usd·ttir et al. (2024) and were reported live on the webpage of 

the Institute of Earth Sciences of the University of Iceland (https://jardvis.hi.is). The first 

two weeks of the eruption (Phase I; Fig. 2.1a) were quite constant with emission of around 

5 m3/s of lava from a short fissure (Pedersen et al. 2022). Phase II of the eruption spanned 

over April and consisted of a series of fissure opening and crater formation with magma 

extruded alternatively from one vent to the other. The extrusion rate over phase II was similar 

to phase I. At the end of April, the activity focused on what would become the main crater, 

thus initiating phase III (Fig. 2.1b). After a few days of sustained activity, a pulsating phase 

started, with few minutes of quiescent followed by intense fountaining activity (up to over 

200 m). Such change in eruption dynamics was associated with increased average extrusion 

rate (9-13 m3/s). In late June, the eruption activity changed again, entering phase IV (Fig. 

2.1c), which was characterised by much longer cycles of fountaining and pauses (from a few 

hours to over a day) with similar extrusion rate than phase III. In September 2021, the activity 

stopped for nine days before reawakening for a week until September 18th, when the last 

lava emission was reported. The total volume of lava extruded over the entire eruption was 

measured around 0.15 km3, covering an area of 4.9 km2 with a thickness above 100 m around 

the crater (J¼l²usd·ttir et al. 2024). 
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Figure 2.1. First stages of the Geldingadalir eruption and its crater row. The different 

panels show the development between (a) April 5th, (b) May 3rd and (c) July 3rd, 2021. 

Picture modified from Barsotti et al. (2023). 

In late December 2021 a new dyke intrusion occurred beneath Fagradalsfjall, but stopped at 

shallow depth without erupting (Parks et al. 2023). The system then remained quiescent until 

the next summer, when a new dyke intrusion started on July 30th, 2022. After three days of 

intense seismicity, the dyke reached the surface on August 3rd in the Meradalir valley (one 

km NE of Geldingadalir), resulting in a fissure eruption (Fig 1.19). The first day of eruption 

was quite intense with extrusion rate of over 30 m3/s erupted from a several hundred meters 

long fissure (Parks et al. 2023). The activity then exponentially decreased until the end of 

the eruption on 21 August. Eleven months with no eruptive activity followed the Meradalir 

eruption, until a new dyke propagated in early July 2023. The dyke erupted on July 11th, 

forming a 800 m long fissure about 2 km NE of the previous eruption, besides the Litli Hr¼tur 

hill (J¼l²usd·ttir et al. 2024). As what happened in 2022, this eruption started by an intense 

phase with over 50 m3/s of effusion rate before gradually decreasing and concentrating on a 

single vent. By the beginning of August, the effusion rate had dropped below 1 m3/s and the 

eruption stopped a couple of days later on August 5th. As of August 2025, no detected dyke 

intrusion occurred in the Fagradalsfjall system since the Litli Hr¼tur eruption. 

As the eruptions were ongoing, a large and locally very thick lava field formed. The average 

lava thickness was measured 30 meters for the 2021 Geldingadalir eruption and ca. 10 meters 
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for the 2022 and 2023 eruptions (J¼l²usd·ttir et al. 2024). Locally, thicker lava emplaced, 

reaching over 100 meters in the Geldingadalur former valley (Pedersen et al. 2022), as shown 

on figure 2.2. Such lava accumulation slowly cools down and crystallises, initiating a post-

eruptive degassing. The crystallising lava gas emissions lasts for a duration that directly 

depends on the lava thickness (Hon et al. 1994), which can go on for decades when lava 

thickness is of several tens of meters. 

 

Figure 2.2. Geldingadalir former valley filled with a thick and degassing lava field and 

the 2021 main eruptive vent. Photo from March 2022. 

2.1.2 Fagradalsfjall gas sampling 

The sampling campaign of syn-eruptive and post-eruptive volcanic gas from Fagradalsfjall 

spanned from 2021 to 2023, with variable success. Two types of volatiles (Cf. section 1.1.1) 

were the target of this sampling campaign: the major reactive species (S, Cl and F) present 

in significant amount in the gas (generally > 0.1 %) and the aerosols/particulate matter made 

of elements generally present in trace amount (ppts to ppms weight). To collect the reactive 

species, paper (cellulose) filters impregnated with a base were used. The paper filters used 

were either WhatmanÈ 47 mm or MilliporeÈ 37 mm diameter. Before going on the field, 

these filters were put for a minute in a base solution (either NaHCO3 or NaOH) containing 

10 % glycerol. The based used was NaHCO3 during the 2021 and 2022 sampling which was 

replaced for practical reasons by NaOH in 2023 with no visible effect on the results. Aerosols 

were collected on PTFE membrane filters. The PTFE filters used were SterlitechÈ 

(laminated, 1 Õm pore size and unlaminated, 0.2 Õm pore size) and MilliporeÈ (unlaminated; 

1 Õm pore size) 47-mm diameter filters. 

Different sampling setups were employed over the sampling campaign (Fig. 2.3), combining 

an 83 L/min DustbusterÈ pump and a SKCÈ 11 L/min pump. Initially, 47 mm diameter 

filter packs were used with a series of two or three paper filters set up in a row followed or 

not by a PTFE filter connected to the DustbusterÈ pump. Analyses of the paper filters 
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revealed similar S, Cl and F concentrations in the three filters, though saturation was not 

reached (relatively low concentrations). Such results were related to potentially too high 

pumping rate, and thus PTFE and paper filters were separated to use different pumps. 

Consequently, different concentrations were obtained in the three filters, decreasing from 

first to last. While aerosols were still sampled at 83 L/min, reactive major gases were 

collected simultaneously but separately, connected to the SKCÈ 11 L/min pump and using 

the MilliporeÈ 37 mm filters. Typical sampling time was 30 minutes, resulting in collection 

of 2.5 m3 of gas/air mixture (0.33 m3 when the 11 L/min pump was used). 

 

Figure 2.3. Photos of post-eruptive lava gas sampling showing the two set ups used. (a) 

One filter pack made of both PTFE laminated filters for aerosol collection and base 

impregnated filters, connected to the 83 L/min Dustbuster® pump. The photo corresponds 

to the sample GD-2, collected on a lava channel, 1 km SSW of the main 2021 eruptive vent. 

(b) Two separated filter packs touching each other and connected by tape to collect very 

similar gas. The laminated filter is connected to the 83 L/min Dustbuster® pump whereas 

the base impregnated filters are connected to the SKC® 11 L/min pump. The photo 

corresponds to the sample MD-8, collected on the Meradalir lava field, 100 m N of the main 

2022 eruptive vent. 
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The sampling campaign started seven weeks after the end of the Geldingadalur eruption, in 

November 2021 (Fig. 2.4, Table 3.1). On November 11, we collected the reactive gas emitted 

from the former lava lake west of the crater (GD-1; Fig. 2.5a) and from a lava channel south 

of the same crater (GD-2, Fig. 2.5b). Gas was sampled from the same lava channel a week 

later (GD-3), which then included particulate matter collection. On November 24, two 

additional gas samples were collected, on the rim of the extinct crater (GD-4, Fig. 2.5d) and 

at its foot (GD-5; only reactive volatiles; Fig. 2.5c). The next year, on March 1, gas was 

sampled again from the lava channel (GD-6) and the crater foot (GD-7). In July, new 

sampling of the extinct crater gas emissions (GD-9) and the lava degassing at its foot (GD-

8) were conducted. 

 

Figure 2.4. Gas sampling locations on a satellite photo of the Fagradalsfjall lava field. In 

blue are indicated the post-eruptive lava sample locations, in green the post-eruptive crater 

one, in yellow the syn-eruptive crater one, pink syn-eruptive lava and beige burning moss. 
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The Meradalir eruption in August 2022 offered a great opportunity to sample the syn-

eruptive gas from the crater. The crater being located in a valley, its gas emissions were often 

blown on the surrounding hills, allowing optimal gas collection. Five samples (MD-2 to MD-

6; Fig. 2.5e) were thus collected there while the eruption was ongoing. One and two months 

later, on September and October 2022, gas was sampled from the crystallising lava, roughly 

100 m from the Meradalir crater (MD-7 and MD-8; Fig. 2.5f). In March 2023, three post-

eruptive gas samples were collected: one from the Meradalir lava at the same location as 

MD-8 (MD-9), one at the cooling Geldingadalir crater (GD-10) and one at its foot (GD-11).  

 

Figure 2.5. Photos of the Geldingadalir (2021) and Meradalir (2022) sampling sites where 

syn- and post-eruptive gas was collected. (a) correspond to where GD-1 was collected, (b) 

GD-2 and 3, (c) GD-5, GD-7, GD-8 and GD-11, (d) GD-4, GD-9 and GD-10, (e) MD-2 to 

MD-6, (f) MD-7 to MD-9. 

In summer 2023, the Litli Hr¼tur eruption revealed itself more complex for gas sampling 

because of the flatness of the area (apart from the Litli Hr¼tur hill itself) and unfavourable 

wind direction. One flowing lava (syn-eruptive lava) gas sampled was however collected 

(LH-1) along with the smoke from the extensive moss fire (LH-2). Analyses from both Litli 

Hr¼tur samples were however not used in this thesis. The syn-eruptive lava LH-1 displayed 

concentrations close to blank for the vast majority of volatiles, preventing characterisation 

of the gas composition. LH-2 on the other hand displayed significant concentrations in many 
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elements, but most of them are not volatile whereas volatile elements were present in low 

concentration.  

Over the whole sampling period (2021-2023), three background air samples were collected 

on the Reykjanes Peninsula, five kilometres east of the eruption sites while no eruption was 

ongoing. The sampled background air was collected in altitude (> 100 m, just like the 

volcanic gas) resulting in minimal sea aerosol influence, on an old lava field to have similar 

potential dust component as the real gas samples.  

2.1.3 Lava and segregation sampling 

In 2021 and 2022, solidified lava fields and segregations from Reykjanes, Eldgj§, Hekla, 

Laki and ĩj·rs§ were sampled. The studied material was extracted from outcrops or boulders 

using a hammer and a chisel. The host lava was collected in the vicinity of a segregation but 

not directly adjacent to avoid potential local compositional gradient. 

In September 2021, a sampling campaign was conducted at Laki and ĩj·rs§ to look for 

segregations. At ĩj·rs§, a few segregations and associated lava were collected on a cliff along 

the bank of the ĩj·rs§ river (63Á55'53"N 20Á39'11"W, Fig. 2.6). No exploitable sample could 

however be analysed, as the segregations were small, weathered and often mixed with host 

lava. Laki segregations were sampled around the fissure (64Á01'53"N 18Á18'57"W) and at 

the distal flow, 20 km SE of the crater row (63Á53'55"N 17Á44'10"W). Only one segregation 

sample from Laki was found analysable but measurements displayed inconsistent 

composition and were not further considered. 

 

Figure 2.6. Lava and segregation sampling sites (green stars) and associated volcanic 

system/eruption (red line/triangle).  

To collect better quality samples, the site of the RauĦimelur quarry, on the Reykjanes 

peninsula, was selected since it is known to host numerous segregations in an olivine 

tholeiitic lava (64Á2'2"N, 22Á3'53"W; Martin and Sigmarsson, 2005). This lava field 

originates from the 5-6 ka old Hr¼tagj§ shield volcano associated with the KrĨsuv²k system 
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(https://www.visitreykjanes.is; https://ferlir.is). From a four to six meters high outcrop were 

extracted in September 2021 and June 2022 numerous segregations of different nature along 

with the host lava. Most segregations were directly extracted from the outcrop (Fig. 2.7), 

whereas a few came from boulders on the ground. These rock samples, complemented by 

two others collected by Martin and Sigmarsson (2005), are examined in this thesis. 

The neighbouring Sk¼lat¼nshraun lava field was also examined for segregation material in 

June 2022. Located a few km East of RauĦimelur (64Á3'19"N, 22Á0'9"), Sk¼lat¼nshraun is 

2.5 ka old and originated from the Brennisteinsfjºll volcanic system (Sigurgeirsson and 

ĩorbergsson, 2021). Two segregations and their host lava were collected along a cycling 

path, from a three meters high outcrop. 

 

Figure 2.7. Main outcrop hosting the segregations sampled and studies in this thesis. (a) 

outcrop in the Rauðimelur quarry (b) outcrop of the Eldgjá lava, next to the Hólmsá river 

(c) outcrop of an early Holocene Hekla basalt lava. 
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In addition to the tholeiitic-dominated Reykjanes peninsula, material was collected from 

volcanic systems of the Eastern Volcanic Zone, emitting basalt of transitional alkali 

composition (Jakobsson 1979). In this volcanic region, host lava and segregation sampling 

was conducted from the 844 km2 historical Eldgj§ (939 AD) lava field (Sigurdardottir et al. 

2015). The lava field is made of two main branches, the eastern one being partly buried under 

the more recent Laki lava (1783-1784 AD). In August 2022, Segregation and host lava were 

collected from two locations from the southwestern branch of Eldgj§. At the first site, the 

Kriki formation a few km NE of Kºtlujºkull, one vesicle cylinders and its surrounding host 

lava were collected from a boulder (63Á38'43"N 18Á43'39"W). The other Eldgj§ segregations 

and associated host lava were extracted from a several meters thick outcrop close to the 

H·lms§ river, 20 km East of MĨrdalsjºkull (63Á37'54"N, 18Á29'38"W). 

Finally, an early Holocene basalt lava of Hekla volcanic system was examined. In August 

2022, segregations and host lava were collected from a quarry roughly 15 km SW of Hekla 

central volcano (63Á57'27"N, 20Á0'57"W), where a small lava field is well exposed. This 

Holocene lava (4 ï 12 ka; Jakobsson 1979) does not originates from the Hekla ridge itself 

but rather from a small basaltic crater, also belonging to the Hekla system. In this quarry, 

numerous boulders with abundant and clear segregations are present. Thus, all segregations 

from Hekla except the horizontal vesicle sheet (H-HVS) were extracted from boulders. 

2.2  Analytical method s for gas samples  

2.2.1 Major reactive volatiles 

After volcanic gas collection, filter packs were set in a clean plastic bag until returning in 

the laboratory. The proximity of the studied area to the laboratory (Institute of Earth 

Sciences, IES, University of Iceland, Reykjavik) allowed processing of the filters in the 

hours following sampling. The paper filters were transversed individually from the filter 

pack to 120 mL clean SavillexÈ beakers using Teflon tweezers and approximately 20 mL of 

Milli-Q water was added. The paper filters were then left at least a day on a vibrating table 

to allow complete leaching of the collected acidic species (SO2, HCl and HF) in the water. 

A couple of hours before the analysis, 1-2 drops of hydrogen peroxide were added to oxidize 

any sulphide into sulphate and allow simple quantification of sulphur concentration. When 

a large quantity of gas was collected on the field (generally during syn-eruptive sampling), 

a 1:10 or 1:20 dilution of the leachate from the first filter was conducted before 

measurements to avoid having element concentration (especially SO4-) above quantification 

limit. Additionally, before each run of analysis, leachate of background air and/or blank 

filters were also prepared. 

Before completing Ion Chromatography, 0.7 mL of each leachate (or diluted leachate) were 

aliquoted into a vial. Along with the samples were prepared vials of in-house standards 

ranging from 0.025 to 10 ppm F- and 0.5 to 200 ppm Cl- and SO4- for calibration, with the 1 

ppm F- / 20 ppm Cl- and SO4- standard being measured repeatedly and used to monitor 

instrumental drift. Pure Milli-Q water vials were also analysed to avoid memory effect after 

high concentration samples measurement and to measure the background noise. The content 

of all vials was then inserted in the Thermo DionexÈ 2000 Ion Chromatography (Fig. 2.8a). 

As a result of the different retention time of each species, the chromatogram showed 
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distinctive F-, Cl- and SO4- peaks (in this order). No bromine peak could be seen suggesting 

low Br- concentration.  

 

Figure 2.8. Instruments used for analyses of the volcanic gas and rock (lava and 

segregation) samples. The volcanic gas was analysed by (a) Thermo Dionex® 2000 Ion 

Chromatography (IES) for the S, Cl and F concentrations and (b) Agilent® 7500 ICP-MS  

(LMV) for trace element concentrations. The lava and segregation mineralogical 

composition was analysed in-situ by (c) Electron probe microanalyzer (IES and LMV) for 

the major elements and (d) LA-ICP-MS for the trace elements (LMV). The whole-rock 

composition of lava and segregation was measured using (e) an ICP-OES (IES) for the 

major elements and (b) an Agilent® 7500 (LMV) for trace element concentrations. 

As expected, the leachate from the first filter of each sample generally displayed much higher 

values than the subsequent filters. In the least concentrated gas samples, the second and third 

filters displayed concentrations similar to the blank filter leachate. Due to significant air 

dilution, most post-eruptive gas samples displayed lower volatile concentration than the syn-

eruptive gas. Thus, a few samples had all three filter leachates displaying F-, Cl- and/or SO4- 

undistinguishable from blank, translating very low volatile concentrations. Such results are 

particularly true in the case of sulphur, often not significantly present in the post-eruptive 

gas. Additionally, because of glycerol interference, fluorine measurements had higher 
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quantification limit. Thus, a few gas samples have detectable fluorine concentration but too 

low to be quantified. 

When filter leachate concentration was significantly above the corresponding blank filter, 

the concentration of sulphur, chlorine and fluorine was obtained by subtracting the 

concentration measured in the blank filter from that of the gas filters. Gas concentration was 

retrieved by adding together the concentrations of the three filters. Leachate concentration 

was converted into absolute leachate content, and the air concentration was then calculated 

using the sampled volume. 

2.2.2 Trace elements 

After sampling, the PTFE filters were set up in a clean Teflon beaker and left in a hood. They 

were then transported to a cleanroom at the Laboatory Magmas and Volcanoes (LMV) where 

they would be prepared and analysed. Once in the clean laboratory, approximately five or 

ten grams of diluted acid mixture (0.4 M HNO3 and 0.05 M HF) were put on the filter. The 

closed beaker was then left for several weeks on a hot plate at warm temperature (80-90 ÁC) 

to extract the trace elements from the filter.  

An aliquot of each solution was then analysed by a quadrupole Inductively Coupled Plasma 

Mass Spectrometry (ICP-MS), either the Agilent 7500 or Agilent 8900 (Fig. 2.8b). Sixty-

one elements were analysed: Li, Be, B, Sc, Ti, V, Cr, Mn, Fe, Ni, Co, Ni, Cu, Zn, Ga, Ge, 

As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, 

Sm, Eu, Tb, Gd, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, Ir, Pt, Au, Tl, Pb, Bi, Th, U. The 

reaction cell in Helium mode was used to reduce interferences for elements having atomic 

masses ranging from Sc to As. Instrument calibration was done using two synthetic standards 

containing 1 and 10 ppb of all analysed trace elements, except Ru, Rh, Pd, Te, Re, Ir, Pt and 

Au, about four times less concentrated.  

Reproducibility and signal ratios were calculated for each set of analyses. For each element, 

the measurement precision was inferred from the relative standard deviation (RSD) obtained 

from repeated measurement of the same sample (reproducibility). For the November 2022 

analyses (session during which to largest set of leachates were analysed), the reproducibility 

on the 1 ppm standard is found better 10 % for all elements apart from B and Ti whereas on 

the blank solution higher variability are found but always below 30 % except for Ga (36 %) 

and Mo (62 %). Signal ratio between the 10 and 1 ppb standards allows to check 

measurement quality. Most elements show ratios close to 10 (Ñ 0.5), whereas V, Cr, Fe, Zr, 

Pd, Pt, Au has ratios between 7 and 9.5 or 10.5 and 13. In contrast, Li, B, Ti, Mn, Sr and Ba 

had signal ratio far from 10 (< 7 or > 13), translating poor quantification.  

The quality of the measurement and calibration was also verified by converting the signal 

measured in rock standards (BHVO-2, BEN and BIR-1) to element concentration using the 

artificial standards. Comparing the obtained BHVO-2 composition with the known values 

reveal good quantification for most elements. The only elements that are poorly quantified 

in BHVO-2 are B, Ge, Ag, Te, Re, Pt and Tl (measured concentrations 2-10 times the 

literature values) and Ru, Pd, Rh, Ir and Au (measured concentrations over 10 times the 

literature values). The vast majority of these elements have measured signal in BHVO-2 

similar to blank, explaining their poor accuracy. 
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2.3  Analytical method for rock samples  

2.3.1 Sample preparation 

The segregations and host lavas directly extracted from the outcrops were put in clean plastic 

bags. Boulders containing segregations were brought back to the IES (Fig. 2.9). When 

needed, a saw was used to expose the segregation material and facilitate its extraction (Fig. 

2.9c). The segregation material was carefully examined, and grains were handpicked making 

sure to exclude host lava and contaminated material. Once the selection was done, the 

samples were cleaned three times for ten minutes in distilled water in an ultrasonic bath. The 

clean samples were then powdered using agate grinding mill or an agate mortar (when less 

than 10 grams were available). Agate was used to avoid trace metal contamination of the 

powders. The mortar/grinding mill were pre-contaminated with the sample before powdering 

to minimise potential cross contamination, and the material was carefully cleaned between 

each sample. In addition to powder, thin section or epoxy mounts were also made for several 

samples. 

 

Figure 2.9. Photos of boulders from Rauðimelur (a and b) and Eldgjá (c) presenting 

several vesicle cylinders (sometimes empty) surrounded by host lava. The diameters of the 

VC are typically a couple of cm. The segregation material from these VC was collected using 

a small chisel before handpicking the grains.  
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2.3.2 Mineralogical analyses 

The petrology of five samples from RauĦimelur (R-HL2, R-VC1, R-VC2, R-VC3 and R-

MV1) and one Eldgj§ sample (E-VC) were analysed in detail. Thin sections were made with 

the samples R-HL2, R-VC2, R-VC3 whereas grains from R-VC1, R-MV1 and E-VC were 

set up on epoxy mounts. The thin sections/epoxy mounts were first examined by optical 

microscopy and then secondary electron microscope (SEM; Fig. 2.8c). Numerous pictures 

were taken, allowing to characterise the petrography of each sample (size and shape of 

minerals, phase proportion and vesicularity). 

The phase composition of the epoxy mount samples was then analysed in January 2022 by 

electron probe microanalyzer (EPMA) at the LMV whereas the thin sections were analysed 

at the IES in June 2022. In both cases, an accelerating voltage of 15 kV and a current of 15 

nA were used. Beam width varied between five and ten Õm. Generally, a larger beam was 

used to measure the micrographic texture composition since such texture presented 

heterogeneous small-scale features. Acquisition time varied depending on mineral and 

program used but was always of the order of minutes. To calibrate the microprobe, three 

standards were used, either natural minerals of similar composition (at IES) or synthetic 

crystals (at LMV). Each mineral was analysed using a different program (defining which 

oxides concentrations are measured) and calibration standards. The raw data were corrected 

by the ZAF procedure (accounting for the effect of atomic number, absorption and 

fluorescence excitation; Armstrong 1991). 

The segregations R-VC1, R-MV1 and E-VC were also examined for trace element 

concentrations in the different phases. This was done by laser ablation (LA-ICP-MS; Fig. 

2.8d) at the LMV during which the concentration in 23 elements was measured: Li, Al, Ca, 

Sc, V, Cr, Fe, Ni, Cu, Zn, As, Se, Rb, Sr, Y, Zr, Cd, Sn, Ba, Ce, Pb, Bi and Th. All elements 

appeared above detection limit at least once. The beam of the laser ranged from 40 to 60 Õm 

in width, limiting the analyses to the largest phase. To quantify the element concentrations, 

an internal standard was used: Ca for the plagioclases, clinopyroxenes and micrographic 

texture and Fe for olivines and oxides. The calibration was made based on the concentration 

in these elements measured in each phase by EPMA analysis. Because the micrographic 

texture presented the most heterogeneous composition, including in Ca (and Fe), there is 

significant uncertainty on the conversion factor of the order of 50 % (< 10 % for the other 

phases).  

2.3.3 Whole-rock analyses 

Rock samples (segregations and host lavas) were analysed for major, trace and volatile 

element concentrations. The method described below corresponds to the analyses I 

conducted for the segregations and lavas. The same analyses of major and trace elements 

concentrations were conducted on Fagradalsfjall lavas at the same laboratories, but by other 

members of the ISE. The segregations and host lavas major element concentrations were 

measured by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) at the 

IES. In a carbon crucible, 100 mg of the sample and standard powder were put and mixed 

with 250 mg of lithium borate (LiBO2). The mixture was then set in a furnace at 1000 ÁC for 

a couple of hours to dissolve the sample powder. After allowing the molten mixture to cool, 

it was transferred into 50 mL of a diluted nitric solution (5 % HNO3, 1.33 % HCl and 1.33 
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% C2H2O4). The solution was then analysed by the ICP-OES ThermoFisherÈ iCAP 7400 

Duo (Fig. 2.8e). 

Measurement reproducibility for three international basalt standards (BHVO-1, BIR-1 and 

W-2), of similar composition to our samples were used to estimate analytical precision. To 

calibrate the instrument accuracy, three Icelandic rock standards were used B-THO, A-THO 

and B-ALK. Lithium concentrations were used as an inner standard for each sample. The 

analysed oxides were SiO2, TiO2, Al2O3, FeO, MnO, MgO, CaO, Na2O, K2O and P2O5. Iron 

was analysed as a whole without distinguishing FeO and Fe2O3. The analyses giving a sum 

inferior to 97 % were assumed wrong and the samples were rerun.  

The trace element concentrations of the rock samples were measured in solution using an 

ICP-MS Agilent 7500. In a clean room, 200 mg of ammonium bifluoride (NH4HF2) were 

weighted and put in a SavillexsÈ beaker, together with 50 to 60 mg of sample and standard 

powders. The mixtures were put in a furnace set up at 220 ÁC to allow full dissolution of the 

powder. After 24 hours, the furnace was cooled down to 20 ÁC allowing the sample to cool 

down before adding 1 mL of concentrated nitric acid (HNO3 14 N) in the beaker, which was 

then closed and left for a day on a hot plate (80 ÁC). Following this, the beakers were opened 

and the plate set at 70 ÁC to allow total evaporation. A cycle of ricing and evaporation was 

then repeated three times to eliminate the fluorides. This was made by inserting 0.5 ml of 

HNO3 14 M in the beaker, which was put on the plate at 70 ÁC for a few hours before opening 

the beaker and leaving it to evaporate at 100 ÁC. 

Once the cycles completed, the beakers were cooled down and half-filled with HNO3 7M 

and rinsed at 60 ÁC before transferring the solution into a vial. Such rinsing and transfer were 

performed three times. The beakers were then filled with deionised (DI) water, rinsed for a 

couple of hours and dried on the hot plate. From each vial of stock solution was taken 1.2 g 

(for samples) or 7 g (for standards) of rock equivalent with a 1 mL pipette and transferred to 

the previously dried beakers and once again put on the hot plate to allow complete 

evaporation. A last cycle of addition of diluted HF-HNO3 solution (HNO3 0.4 M/HF 0.05M), 

rinsing at 90 ÁC and transfer a new vial (dilute solution vial) was repeated three times. 

Diluted acid was then added to the diluted solution to obtain a dilution factor of 5000. 

Aliquot of these diluted solutions were then made and run on the ICP-MS. The instrument 

calibration was done using the standard BHVO-2 whereas BIR-1 and BEN were used for 

analytical quality check (measurement accuracy). The measurement precision was 

calculated based on the reproducibility (the relative standard deviation) on BHVO-2.  

During the November 2022 run (also the session with the most rock solutions analysed) B, 

Ru and Te had BHVO-2 concentration below detection limit whereas Li, Se, Re had 

concentration below quantification limit. In the standards BIR-1 and BEN, many element 

concentrations were below detection or quantification limit (B, Se, Mo, Ru, Rh, Te, Cs, Re, 

Ir, Au and Tl in Bir-1; B, Ru, Te and Re in BEN) while BEN has no reference concentration 

for Se, Ru, Rh, Pd, Ag, Te, Re, Ir, Pt, Au and Bi. Elements below quantification limits and/or 

with no reference values for both standards thus have unknown accuracies (B, Se, Ru, Rh, 

Te, Re, Ir and Au). All other elements have values within 30 % of what is recommended, 

except for Pd, Ag, Sb, W and Pt. In this thesis however, we are mostly interested in 

comparing the samples to each other, making the precision/reproducibility more critical than 

accuracy. In BHVO-2 and BEN, all elements above quantification limits have relative 
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standard deviation (RSD) below 10 %, whereas in BIR-1 As has RSD of 12 %, W 17 % and 

U 18 %. 

2.3.4 Whole-rock volatile element measurements 

Water and sulphur measurement 

The major volatiles other than halogens of the rock samples were analysed by CHNS/S 

multielement analyser at the LMV. This instrument permits simultaneous measurements of 

carbon, hydrogen, nitrogen and sulphur in the rock samples. To do that, twenty to forty mg 

of dried powders were mixed with five to ten mg of vanadium oxide (V2O5) serving as a 

catalyst. The mixture was then combusted at very high temperature (1800 ÁC) under high 

purity oxygen. Through combustion, all volatiles were oxidised, carbon forming CO2, 

hydrogen H2O, sulphur SO2 and nitrogen diverse oxides. The gas mixture (combustion 

products) was then transported by helium flow out of the combustion chamber and various 

absorbents were present to trap the undesirable species (such as hydrogen chloride and 

fluoride). The remaining gas then went through a gas chromatography column to separate 

the different species, before flowing to the thermal conductivity detector, where element 

concentration is quantified. 

The instrument was calibrated with an organic analytical standard: 2,5-Bis (5-tertbutyl-

benzoxazol-2-yl) thiophene of composition C26H26N2O2S. The measurement quality and 

eventual drift was assessed using repeated measurements of a reference soil material (BBOT 

standard, 72.5 % C, 7.4 % S and O, 6.5 % N and 6.1 % H) and acetic acid (C6H8O6). 

Incoherent results were observed for carbon and nitrogen, showing either erratic or constant 

values, most likely related to air contamination. Only S and H concentrations are thus 

discussed in this thesis. 

 

Figure 2.10. Instruments used for volatile concentration analyses in the rock samples. (a) 

CHNS/S multielement analyser at the LMV to measure hydrogen and sulphur concentrations 

and. (b) Ion selective electrodes at the IES to measure the fluorine and chlorine 

concentrations. 

The precision of element concentration in the different powders was assessed by analysing 

each sample several times. Depending on the constancy of the results, each sample was 

analysed between two and six times to obtain the statistical error on element concentrations. 

The RSD was variable from one sample to another, primarily dependent on their volatile 

element concentration. Thus, the sample with the lowest S concentration had RSD (2ů) up 

to 67 % but lower than 5% for the most concentrated ones. Hydrogen, which is present in 
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larger concentration than sulphur had RSD ranging from 0 to 15 %. Carbon concentrations 

constantly display very high RSD (generally > 50 %), translating poor precision 

measurement and potential contamination. 

Halogen extraction from rock powders  

The fluoride and chloride whole rock measurements were conducted using Cole-ParmerÈ 

Ion Selective Electrodes (ISE). This technique was applied both on the segregations and host 

lava but also on numerous volcanic products from the new cycle of eruption on Reykjanes  

(samples from Matthews et al. 2024). The exact procedure was however different for the two 

datasets, the segregation/host lava analyses only yielding interpretable results for Fluorine 

whereas the method was affined to obtain satisfying measurements also for Cl for the new 

Reykjanes products. The Chapter 5 of this thesis is dedicated to the presentation of the tests 

regarding the ISE measurements conducted during the PhD and their main results to assess 

its reliability and precision of such measurement procedure. The procedure detailed below 

correspond to the one used initially, before the revisions described in Chapter 5. 

The use of an ISE is based on the exchange of ions between the solution of interest and the 

reference solution through the electrode membrane. The electrode response is dependent on 

the ion exchange rate and thus on the ion concentration in the analysed solution. Before using 

the ISE, the halogens must be extracted of from the rock powders. Such extraction is based 

on the analytical preparation described in Stecher (1998) for F analysis. The sample 

preparation was made in two platinum crucibles, and samples were thus prepared by pairs. 

In each crucible, 0.5 g of rock powders were mixed with 3 g of 5:1 Na2CO3-ZnO mixture. 

One gram of Na2CO3-ZnO was then added to cover the crucible content. Since chlorine is 

generally a minor component of Na2CO3 such fondant needed to be as pure as possible. Both 

Na2CO3 and ZnO and were dried before being used. Once the mixture was covered, the 

platinum crucibles were then set in a furnace heated gradually (100ÁC every 20-30 mins) up 

to 950ÁC for 30-40 min and then cooled at room temperature.  

To leach the cake (cooled sample-fondant mixture), 30 mL of DI water were added to the 

crucibles. A couple of clean ethanol drops were also added to avoid extracting chemicals 

affecting the leachate colour, which complicate the subsequent titration process. The 

crucibles are then left in the oven overnight at 80 ÁC for complete leaching. Following that, 

the crucibles were left to cool at room temperature and their content was filtered through a 

WhatmanÈ filter into a polyethylene bottle. The residue was rinsed repeatedly with DI water 

and filtered in the bottle. The solution was then slowly acidified to pH 5 using concentrated 

HNO3 in order to eliminate the CO2. The use of a pH electrode revealed strong Cl 

contamination originating from the storing solution of the electrode (even if it is well 

cleaned) and thus avoided. The use of bromocresol green was thus favoured. Finally, DI 

water was added to make the solution 30, 50 or 100 mL.  

Halogen measurements by Ion Selective Electrode 

An Ion Selective Electrode is a sensor made of an indicator electrode and a reference 

electrode. The indicator electrode contains an ion selective membrane, through which only 

the targeted ion diffuses. This results in an ion concentration gradient across the membrane 

generating an electrochemical potential in the indicator electrode. Thus, once both electrodes 

are immerged into a solution, the potential difference between the two electrodes can be 

measured. This measured potential E obeys to the Nerst equation:  
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Where E0 is the standard electrode potential (constant at a give temperature), R is the gas 

constant (8.314 J/K/mol), T the temperature (K), n is the charge of the ion measured, Fa is 

the Faraday constant (96480 C/mol) and a is the ion activity.  

For chlorine selective electrode measurements, a small aliquot (~ 9 mL) of the sample 

leachate was taken. A series of standard (also 9 mL) with concentrations ranging from 0.1 to 

1000 ppm were made in parallel. The Cole-ParmerÈ electrode was filled with a reference 

solution of 10 % KOH and then immerged in the Cl standards, agitated by a stirrer. The 

leachates were then analysed by the electrode, paying attention to clean the electrode 

between each measurement to avoid memory effects. Because of the sensitivity of the 

electrode, efforts were made to keep the same reading condition (steering speed, electrode 

placement, volume of solution analysed, etc.). The sample leachate revealed variable 

electrode potential, ranging from values similar to the 10 ppm standard up to significantly 

more than pure DI water. This matter is discussed in detail in the Chapter 5 of this thesis, 

where results of diverse tests are presented. 

Before using the fluorine electrode, it was necessary to add a Total Ionic Strength Adjustment 

Buffer (TISAB) to decomplex fluorine and maintain a constant ionic strength in the 

measured solutions. The TISAB used was made of 57 mL glacial acetic acid, 58 g sodium 

chloride 12 g trisodium citrate dehydrate dissolved in 1 L of DI water adjusted to pH 5.5 by 

adding sodium hydroxide (NaOH). TISAB was added to both the sample leachate and a 

series of standards with composition ranging from 0.3 to 20 ppm. Each solution to analyse 

in an aliquot of 9 mL, 1:1 mixing between the F- standard/sample leachate and TISAB. A 

minimum of two hours was necessary for the reaction with TISAB to operate before 

measuring the solutions.  

Measurements were conducted is the same way as for chlorine but with a Cole-ParmerÈ 

fluorine selective electrode filled with diluted potassium chlorine. Once both the standard 

solution and the sample leachates were measured, the fluorine concentration by calibration 

method was obtain by converting the electrode potential to F concentration using the 

calibration curve built by the standards. This curve was linear (R2 > 0.99) down to 0.3 ppm 

F, translating very good sensitivity for the range of fluorine investigated. 

Because of the presence of fluorine complexes (even after adding TISAB), it was found that 

the calibration method underestimates the real fluorine concentration. A correction by the 

standard addition method was thus required, which tends to overestimate the F concentration 

by the same amount. A more concentrated fluorine solution (from 100 to 1000 ppm, mixed 

1:1 with TISAB) was thus added to each leachate, aiming to increase the electrode potential 

by 30 mV (equivalent to tripling the F concentration). The solution was then left to rest for 

two additional hours before remeasuring them. From the measured potential can be 

calculated the so-called standard addition method concentration using this equation: 

ὅ ὅ  z ᶻρπ               (2.2) 

where Cx is the concentration of the analysed leachate and Vx its volume, Cs is the 

concentration of the added standard, Vs is its volume, ȹE is the difference in electrode 

potential between the solution before and after adding concentrated solution and S is the 
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slope of the calibration curve in mV per ten-fold increase in fluoride concentration. The real 

F concentration in each leachate was obtained by averaging the concentrations obtained by 

the calibration and standard addition methods (Stecher 1983, 1998).
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3.1  Abstract  

Eruptions of basalt are known to emit a gas phase composed of H2O, CO2, SO2, H2S, HCl 

and HF but also trace elements, including toxic heavy metals. While the gas composition 

released during an eruption has been well studied, the post-eruptive gas emission remains 

poorly characterised, and its environmental impact is largely unknown. During the 2021 and 

2022 Fagradalsfjall eruptions, gas was collected from an active crater and the post-eruptive 

gas from actively degassing but extinct crater and from the crystallising lava field. A 

compositional shift is observed from a sulphur dominated syn-eruptive gas phase (mass 

ratios S/Cl ~ 20, S/F ~ 50) to a halogen-dominated gas phase from the crystallising lava 

(S/Cl ~ 0.01, S/F ~ 0.1), the extinct crater gas having an intermediate but fluorine-rich 

composition (S/Cl ~ 0.8, S/F ~ 0.7). The shift in major volatile composition affects the trace 

element volatility, resulting in a depletion of elements emitted as sulphide or in their 

elemental form such as Te and Cd. The solidifying lava emits gas rich in chloride-forming 

species (Sb, Pb and Zn) whereas the gas from the extinct crater is rich in elements forming 

fluoride species such as Mo and Ru. Estimation of the trace metal emissions reveals 

significant liberation of a few toxic metals from the crystallising lava, up to 100 tons of Zn 

over the duration of the lava solidification. Syn- and post-eruptive metal emissions are 

markedly different and crystallising lava degassing may result in local hazards over extended 

time. 

3.2  Introduction  

Volcanoes release gas before, during and after an eruption, with each gas phase having 

markedly distinct composition. The main constituents of the volcanic gases are H2O, CO2, 

SO2, H2S, HCl and HF. Their proportions in the gas phase are principally controlled by their 

relative solubility that not only depends on the magma degassing pressure but also the 

magma composition and tectonic settings (e.g. Greenland et al. 1985; Gerlach 1986; Allard 

et al. 1991; Symonds et al. 1994; Aiuppa 2009). Gas released syn-eruptively at the vent is 

often referred to as primary gas, highly enriched in water, carbon dioxide and sulphur 

dioxide. In contrast, the post-eruptive gas, with larger proportions of halides (Olmez et al. 

1986; Sigmarsson et al. 2020), is issued from a source already partially degassed and thus 

referred to as secondary. Secondary gas, however, can be emitted from a range of sources, 

including extinct craters, active lava flows or crystallising lava fields, and thus may vary in 

composition.  

Volcanic gas is not only composed of major reactive volatiles, but also of volatile trace 

elements. In a magma, these trace elements partition between the silicate melt and the gas 

phase to an extent governed by their volatility, described by their gas/melt partition 

coefficient (Oppenheimer et al. 2014; Zelenski et al. 2021). The element volatility has been 

investigated and characterised for several volcanoes (Kǭlauea; Mather et al. 2012; Mason et 

al. 2021, Holuhraun; Gauthier et al. 2016, Erta Ale; Zelenski et al. 2013), including 

Fagradalsfjall (Wainman et al. 2024), highlighting partition coefficient range of many orders 

of magnitude. Once the gas is released into the cold atmosphere, the trace elements in 

gaseous form (either free gases or complexes) rapidly form aerosols through condensation 

or adsorption on already present particulate matter such as ash (Symonds et al. 1992; Witham 

et al. 2005; Scholtysik and Canil 2021). Among the trace volatile elements are toxic metals  

(As, Cd, Pb, Zn, etc.; World Health Organisation, 2007), which degassing has been 



 

тт 
 

associated with increased health issues around volcanoes (Vigneri et al. 2017; Stewart et al. 

2022). 

The gas composition has been studied either by sampling gas plumes from active vents or 

from passively outgassing volcanoes, revealing distinct composition of volatile emissions 

from hotspot and rift-related volcanism compared to that from subduction-zone volcanoes 

(Symonds et al. 1994; Aiuppa 2009; Gauthier et al. 2016; Edmonds et al. 2018). The gas 

released from hotspot and rift volcanoes is sulphur-rich, whereas volcanism at subduction 

zones discharges proportionally more water and Cl-rich gas. Moreover, major differences in 

volatile metal and metalloid volatilities have been identified between the S-rich hotspot 

volcanic gas and Cl-rich emissions at subduction zones (Hinkley et al. 1999; Edmonds et al. 

2018; Zelenski et al. 2021). The variating metal volatility may be explained by their 

speciation behaviour, forming preferentially sulphide, halide or other gaseous compounds 

upon their release during magma outgassing (Symonds et al. 1992; Mandon et al. 2019; 

Renggli and Klemme 2020; Mason et al. 2021, 2024; Wainman et al. 2024). Consequently, 

variable metal emissions depend on, in addition to magma composition, the relative sulphur 

and halogens proportions in the gas phase.  

During effusive basalt fissure eruptions at hotspot and rift-related settings, a significant 

proportion of the gas emitted can be of secondary nature. It originates from the cooling and 

crystallising lava and may form part of the well-known volcanic haze which can have 

dramatic consequences, such as during the Laki eruption (Thorarinsson 1969; P®tursson et 

al. 1984; čskarsson 1984; Thordarson et al. 1996). Due to the distinct proportions of S, Cl 

and F emitted primarily and secondarily (Aiuppa et al. 2002; Sigmarsson et al. 2020), the 

volatility of metals and metalloids may vary significantly. The effect of changing S/Cl on 

element emissions at Piton de la Fournaise volcano, Reunion Island, resulted in substantial 

emissions of elements forming halide complexes (Toutain et al. 1990). A similar process was 

described at Fagradalsfjall, Iceland (2021-2023) by Wainman et al. (2024), who collected 

both primary gas from the eruptive crater and secondary gas from the flowing lava. They 

reported at-vent emissions of a gas rich both in S and S-complexing element, whereas the 

gas emitted by the flowing lava was richer in Cl and Cl-complexing elements. The gas from 

the flowing lava represents the very first stage of the secondary degassing, and the emitted 

gas composition may continue to evolve as the lava stagnates and cools down. Similarly, gas 

emissions from extinct craters are known to be depleted in sulphur with respect to syn-

eruptive crater gas (Olmez et al. 1986; Sigmarsson et al. 2020), but little is known in terms 

of the trace element released. 

Here we present the results of a syn- and post-eruptive gas sampling campaign during the 

Fagradalsfjall volcanic activity. We demonstrate a three orders-of-magnitude decrease in 

sulphur-halogen ratio from the primary gas (sampled syn-eruptively from the active crater) 

to the secondary gas (sampled post-eruptively at the extinct crater and at the crystallising 

lava), largely exceeding observations over the flowing lava by Wainman et al. (2024). Such 

changes in the S-Cl-F ratios of the emitted gas are then shown to severely affect the liberation 

of metals and metalloids from the basaltic melt, with post-eruptive crater releasing a gas rich 

in F and fluoride forming elements (Mo) and the post-eruptive lava rich in Cl and elements 

forming chlorides (Pb, Sb, Zn). The similarity between gas composition above the flowing 

lava (Wainman et al. 2024) and that of crystallising highlights the continuity of the secondary 

degassing mechanism. Notable differences are however observed. A few elements are 

depleted in the post-eruptive lava gas (Cu, Tl, Cs), while other elements are enriched (Zn 

and Sn), readily explained by their tendency to form chloride or fluoride volatile species at 
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lower temperature. Finally, we estimate the order of magnitude of volatile metals emitted 

during the post-eruptive lava degassing. Metal release is shown to markedly vary as the lava 

cools and age, which may thus have distinctive impacts on the surrounding environment. 

3.3  Geological setting  

At the Reykjanes peninsula the Mid-Atlantic ridge rises above the sea-level. The associated  

volcanic activity is characterised by emission of tholeiite, olivine tholeiite and limited 

amount of picrite (Jakobsson et al. 1978; Peate et al. 2009; Caracciolo et al. 2023). The 

magmatic activity on the peninsula reawakened in 2020, after approximately eight centuries 

of quiescence, with a series of seismic swarms and ground deformation (Sigmundsson et al. 

2022), followed by an eruption of mantle-derived magma starting in March 2021 

(Halld·rsson et al. 2022; Marshall et al. 2024) in the Geldingadalir valley (Fig. 3.1). Two 

eruptions followed: Meradalir in 2022 and Litli Hr¼tur in 2023, both located a few kilometres 

to the NE of the 2021 vent.  

The erupted lava has low water content (< 0.1 wt % in matrix glass; Halld·rsson et al. 2022), 

halogens (50 to 300 ppm of Cl and F; Sigvaldason and čskarsson, 1986) and volatile metals 

(Peate et al. 2009). Sulphur concentrations range from 180 to 450 ppm in the groundmass 

glass but reach 1000-2000 ppm in melt inclusions (Caracciolo et al. 2024). Over the 2021-

2023 eruptive sequence, the emitted olivine tholeiite lava displayed significant 

compositional variations in the first weeks of the 2021 eruption, shifting from low to elevated 

K2O/TiO2 (Halld·rsson et al. 2022). After the initial shift, relative compositional stability 

was established for the rest of the eruptive sequence (Marshall et al. 2024; Matthews et al. 

2024). Analyses of the primary syn-eruptive gas composition by Fourier-transform infrared 

spectroscopy (FTIR) early in the 2021 Fagradalsfjall eruption revealed CO2/S variations 

characteristic of the mantle-derived melt composition (Halld·rsson et al. 2022). The variable 

C-isotope ratios during the 2021 eruption (Moussallam et al. 2024) support the source 

compositional heterogeneity. In contrast, a simple open-system degassing (Rayleigh 

distillation) fully explains the large decrease in ŭ13C of the four months old secondary gas at 

the 2023 Litli-Hr¼tur eruption site compared to its syn-eruptive vent gas (Fischer et al. 2024). 

The SO2 emissions from the 2021 eruption were measured by Pfeffer et al. (2024), showing 

average rate of 64 Ñ 34 kg/s, which results in a total emission of 970 Ñ 540 kt over the entire 

eruption. The SO2 flux however showed important temporal variations, associated with the 

different eruptive phases described in Pedersen et al. (2022) and Barsotti et al. (2023). Scott 

et al. (2023) characterised the small-scale temporal variation of the emitted gas composition 

during the periodic lava fountaining at Fagradalsfjall, in May 2021 (Phase III; Barsotti et al. 

2023). The authors observed higher proportions of CO2 and SO2 relative to H2O, HCl and 

HF during the fountaining activity, interpreted as release of foam accumulation exsolved 

from a fresh undegassed magma, richer in CO2 and SO2. Wainman et al. (2024) reported 

major and trace element content of the gas released during the 2021, 2022 and 2023 

eruptions, revealing limited compositional variation, the largest variation being observed in 

the gas collected at the beginning of the 2021 eruption, when a magma of distinct 

composition was emitted. All three eruption sites are located on the eastern side of 

Fagradalsfjall hyaloclastite complex, far from any geo- or hydrothermal activity. 
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Figure 3.1. Sampling site geological context. (a) Map of Iceland with Pleistocene/Holocene 

volcanic rocks in light grey and the active volcanic systems in dark grey. (b) The Reykjanes 

peninsula and four of its volcanic systems with the recent lava fields from Fagradalsfjall 

(2021-2023). (c) A satellite image showing the lava field east of the Fagradalsfjall 

hyaloclastite mountain range, with the different gas sampling sites indicated. Maps were 

made using data from the National Land Survey of Iceland 

(https://www.lmi.is/is/landupplysingar/gagnagrunnar/nidurhal, 20/10/2024). 

Over the three Fagradalsfjall eruptions, approximately 0.18 km3 of magma was erupted, 

creating a lava field covering over 7 km2 (Pedersen et al. 2022; Barsotti et al. 2023; 

J¼l²usd·ttir et al. 2024). The average lava thickness was measured 30 meters for the 2021 

eruption and approximately 10 meters for the 2022 and 2023 eruptions. Locally however, 

lava can be much thicker, over 100 m around Geldingadalir main crater (Pedersen et al. 

2022). The lava cooling and crystallising rate, which  depends on the lava thickness, could 

thus locally last for decades (Hon et al. 1994), resulting in sustained post-eruptive gas 

emissions. 

3.4  Methods  

Over the gas sampling campaign, a total of 16 gas samples were collected at the crater/lava 

field from the 2021 and 2022 eruptions, together with three background air (Table 3.1; 

Online Resource 1). The syn-eruptive samples (MD-2 to MD-6) were collected from a ridge 

overlooking the 2022 crater at a distance < 170 m from the source (Fig. 3.2a). The 2022 

Fagradalsfjall eruption provided exceptional conditions for ground-sampling due to the 

topography of the area and the prevailing wind during the eruption. The high topography of 

the hyaloclastite hills surrounding the valley where the fissure opened allowed the buoyant 
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plume to be accessible from the sampling ridge, while the contribution from lava degassing 

was mainly lying low in the valley or was blown lower down along the base of the ridge 

(Supplementary Fig. 3.1). Post-eruptive samples were collected from actively degassing 

areas where a blueish plume and precipitates around fractures were observed, to target high-

temperature degassing from the crystallising magma. We avoided areas with white dense 

plumes lacking precipitates, mainly originating from evaporation of meteoric water in 

contact with the hot rocks. Several samples were collected at the same locations at different 

time (Fig. 3.1): GD-7, GD-8 and GD-11 from the lava field 50 m north of the 2021 main 

crater in Geldingadalir (Fig. 3.2b) and GD-4, GD-9 and GD-10 on the rim of that same crater 

after the eruption had stopped (Fig. 3.2c). The post-eruptive gas samples were collected 

several weeks up to two years after the eruption had ceased (Table 3.1). 

Table 3.1. Gas sample description. 

Eruption Sample name Sampling date Sample type 

- 

Blank-1 01/03/2022 Background air 

Blank-2 27/03/2023 Background air 

Blank-3 10/06/2023 Background air 

Geldingadalir 

eruption 

(19/03/2021-

18/09/2021) 

GD-3 17/11/2021 Post-eruptive lava 

GD-4 24/11/2021 Post-eruptive crater 

GD-6 06/03/2022 Post-eruptive lava 

GD-7 06/03/2022 Post-eruptive lava 

GD-8 20/07/2022 Post-eruptive lava 

GD-9 20/07/2022 Post-eruptive crater 

GD-10 16/03/2023 Post-eruptive crater 

GD-11 16/03/2023 Post-eruptive lava 

Meradalir 

eruption 

(03/08/2022-

21/08/2022) 

MD-2 10/08/2022 Syn-eruptive crater 

MD-3 10/08/2022 Syn-eruptive crater 

MD-4 10/08/2022 Syn-eruptive crater 

MD-5 12/08/2022 Syn-eruptive crater 

MD-6 16/08/2022 Syn-eruptive crater 

MD-7 23/09/2022 Post-eruptive lava 

MD-8 18/10/2022 Post-eruptive lava 

MD-9 16/03/2023 Post-eruptive lava 

 

We collected the particulate matter (aerosols), using 47-mm diameter SterlitechÈ 

Polytetrafluoroethylene (PTFE) membrane filters, either laminated (1-Õm pore size) or 

unlaminated (0.2-Õm pore size). Reactive major gases were sampled using three cellulose 

filters loaded in a series of stages (WhatmanÈ, 47 mm or MilliporeÈ, 37 mm) and 

impregnated with a solution of 10 % base and 10 % glycerol. The based used was NaHCO3 

during the 2021 and 2022 sampling, replaced by NaOH in 2023 with no noticeable effect on 

the results. Two distinct setups were used during the campaign. In most cases, PTFE and 

impregnated filters were set up separately (Fig. 3.2a), allowing the use of a pump with higher 

flow rates for aerosol (83 L/min) collection than for the major gases (11 L/min). For a few 

samples, gas was pumped through filter packs (PTFE and impregnated filers stacked up in 

series) at a rate of 83 L/min (Fig. 3.2b and 3.2c).  



 

ум 
 

 

Figure 3.2. Syn- and post-eruptive gas sampling conditions at: (a) the 2022 (Meradalir) 

eruptive crater, (b) the post-eruptive lava collected at the foot of the 2021 main crater 

(Geldingadalir) and (c) on the rim of the post-eruptive 2021 crater. In (a) is shown set-up 

for simultaneous but separated aerosol and reactive/acidic gas sampling with different 

pumps whereas panel (b) and (c) show gas collection with PTFE and impregnated filters 

packed together using a single pump (83 L/min) was used. When reactive gases were 

collected separately, the 11 L/min pump was used. 

After sampling, the impregnated filters were leached in 20 mL of Milli-QÈ water for one to 

five days at ambient temperature. Two drops of H2O2 were added before analyses to convert 

all sulphur species to SO4
2-. The leachates were consequently analysed by ion-

chromatography at the Institute of Earth Sciences, Reykjavik, Iceland. In-house standards of 

different concentrations were used for the instrument calibration. Reproducibility is typically 

better than 3 % but closer to 5 % for the less concentrated samples. Results less than 1.5 

times the concentration measured from the blank filters were discarded. 

The PTFE filters were leached in a diluted acid mixture (0.4 M HNO3 and 0.05 M HF) for 

several weeks on a hot plate at 80-100 ÁC. The leachate was analysed with an AgilentÈ 7500 

or AgilentÈ 8900 ICP-MS at the Laboratoire Magmas et Volcans (LMV) in Clermont-

Ferrand, France. Concentrations of 61 elements, ranging from Li to U were measured. The 

reaction cell (in He mode) was used to reduce interferences on masses ranging from Sc to 

As. Synthetic standards (with concentration of 1 and 10 ppb) were used for external 

calibration. The 2ů reproducibility on these standards is generally better than 5 % 

(Supplementary Table 3.2). Measurement quality was also checked by calculating the ratio 

obtained for the 10 ppb and 1 ppb standards. A ratio of 10 Ñ 0.5 was found for all volatile 

trace elements except for Pt (8.6) and Au (7.7).  
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Three blank PTFE filters were analysed to investigate the effect of different contribution 

from filter types and analytical instrument on the blank composition (Supplementary Table 

3.3). Additionally, multiple (three or more) instrumental blanks (lab blank) of leaching 

solution with no filter were analysed during each measurement session. Gas sample 

concentrations were corrected for the corresponding blank filter (same filter analysed on the 

same instrument) and all concentrations that did not exceed 1.5 times those of the blank were 

discarded. 

3.5  Results  

3.5.1 Major volatiles 

The concentrations of major volatiles are presented in Table 3.2, and more details are given 

in supplementary Table 3.4. The highest values are obtained in the syn-eruptive crater gas 

whereas, due to significant air-dilution, several post-eruptive gas samples have 

concentrations close to that of the blank. In the syn-eruptive gas, sulphur is the most 

abundant volatile, with concentrations up to 19 mg/m3, while Cl and F reach 1.3 and 0.37 

mg/m3 respectively. Despite variable air dilution, this gas is of relatively homogeneous 

composition (similar S/Cl, S/F and Cl/F). In the post-eruptive lava gas, Cl is dominating, 

reaching concentration of 2.9 mg/m3, whereas F and S never exceed 1 and 0.1 mg/m3 

respectively. Significant variability is observed in this gas phase regarding the Cl/F and S/F 

values. Finally, the post-eruptive crater gas displays similar concentrations of S, Cl and F 

(for example sample GD-4 has approximately 1.7 mg/m3 for the three volatiles), and the 

lowest Cl/F. 

Table 3.2. Major volatile concentrations (in mg/m3) in the syn-eruptive crater, post-

eruptive lava and post-eruptive crater Fagradalsfjall gas 

 
  S Cl F S/Cl Cl/F S/F 

Syn-eruptive 

crater 

MD-2 3.2 0.18 0.067 18 2.7 48 

MD-3 19 1.3 0.37 14 3.6 51 

MD-4 14 0.60 0.20 24 3.0 71 

MD-5 10.0 0.60 0.20 17 3.1 51 

MD-6 1.37 0.089 0.048 15 1.9 28 

Average 9.6 0.56 0.18 18 2.8 50 

Post-

eruptive 

lava 

GD-8 0.027 2.2 0.52 0.012 4.3 0.051 

MD-8 0.018 1.6 0.65 0.011 2.4 0.027 

MD-9 0.036 1.9 0.14 0.019 14 0.26 

Average 0.027 1.9 0.44 0.014 6.8 0.11 

Post-

eruptive 

crater 

GD-4 1.7 1.7 1.7 0.99 1.0 1.0 

GD-9 1.5 2.9 3.7 0.54 0.79 0.42 

Average 1.6 2.3 2.7 0.77 0.92 0.73 
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3.5.2 Trace elements concentrations in the gas 

All analysed trace elements are listed in the supplementary Table 3.3, where the mass of 

trace element in each gas and blank sample (filter) is given. The trace elements of use to 

discuss the different gas phase compositions are: Cu, Zn, Ge, As, Se, Rb, Mo, Ru, Ag, Cd, 

In, Sn, Sb, Te, Cs, W, Re, Ir, Pt, Au, Tl, Pb and Bi. The blank corrected element 

concentrations are presented in Table 3.3. The syn-eruptive crater gas displays the highest 

concentration of most elements. Within that group, gas samples MD-4 and MD-5 have 

similar trace element abundances, whereas MD-6 displays values half an order of magnitude 

lower, confirming its more diluted nature. In the syn-eruptive crater gas, the most 

concentrated elements are Cu, Se, Cd and Te (Ó 100 ng/m3 in MD-4 and MD-5) followed by 

Pb, Sn, Ge, As, Rb, Tl and Bi (Ó 10 ng/m3). Iridium, Pt and Au are the least concentrated of 

the selected elements, with concentration below 1 ng/m3. 

Table 3.3. Trace element concentrations (in ng/m3) of the different Fagradalsfjall gas 

phases. Concentrations lower than 1.5 times the blank are not considered 

The secondary/post-eruptive gas generally has lower trace element concentrations than the 

primary gas. The post-eruptive lava gas shows significant variability with Zn being the most 

abundant (1709 ng/m3 in MD-9), followed by Se, Cu, Sn, Pb (Ó 10 ng/m3), As and Sb (Ó 1 

ng/m3). Overall, the same relative concentration of trace elements is observed in the different 

post-eruptive lava gas samples, apart from samples GD-8 and MD-8 displaying Zn 

concentrations below blank but relatively high amount of Mo, Te and Tl. The post-eruptive 

crater gas displays higher variability both in terms of absolute concentrations and in terms 

of relative abundances of individual elements. The most concentrated elements are however 

the same for the three extinct crater gas samples: Cu, Se, Mo, Tl and Te. In addition, Ru 

 Syn-eruptive crater gas Post-eruptive lava gas Post-eruptive crater gas 

 MD-4 MD-5 MD-6 GD-3 GD-6 GD-7 GD-8 GD-11 MD-7 MD-8 MD-9 GD-4 GD-9 GD-10 

Cu 1214 2533 322 1.35 6.35 8.32 2.26 1.62 3.51 43.1 17.1 205 11.9 4.54 

Zn -- 253 -- -- 26.4 403 -- 46.1 -- -- 1709 21.2 12.0 48.7 

Ge 21.9 21.7 5.36 0.00 0.17 -- -- -- 0.08 0.06 0.19 0.02 -- 0.04 

As 20.7 23.9 7.79 0.27 2.41 -- -- -- 0.11 1.23 2.07 12.8 3.38 0.27 

Se 394 728 115 1.96 1.57 1.01 7.54 1.35 4.30 133 152 144 104 51.2 

Rb 19.6 40.3 8.22 -- 0.58 0.50 -- 0.09 0.58 0.48 0.53 9.61 1.08 0.29 

Mo 1.48 4.39 1.10 -- 1.29 -- 0.81 0.05 0.16 9.96 0.65 74.3 164 5.82 

Ru -- -- -- -- -- -- -- -- -- -- -- 0.003 0.014 0.004 

Ag 4.11 8.71 2.82 -- 0.06 0.42 0.48 -- -- 0.51 9.06 204 1.18 -- 

Cd 101 123 39.8 0.03 0.08 0.08 0.10 0.08 0.44 0.43 0.66 -- 0.32 0.04 

In 4.47 5.15 1.18 -- 0.11 0.01 0.01 0.00 0.00 0.01 0.26 -- 0.07 0.01 

Sn 35.4 33.4 15.9 -- 1.00 0.84 2.61 0.43 1.60 1.64 12.4 0.17 23.1 1.18 

Sb 2.55 1.35 0.70 -- 0.27 0.18 -- 0.15 0.41 -- 2.00 -- 0.03 0.38 

Te 107 121 35.4 0.08 0.06 0.02 0.09 -- 0.07 0.89 0.04 15.2 6.52 0.09 

Cs 0.66 1.31 0.24 0.00 0.02 -- -- -- 0.01 0.03 0.17 0.28 0.06 -- 

W 0.77 3.10 7.02 0.25 -- 0.24 1.19 0.29 -- 0.83 0.09 2.91 3.87 1.37 

Re 4.03 6.33 1.02 0.044 0.005 0.004 0.005 0.003 0.071 0.90 0.062 1.23 0.25 0.07 

Ir 0.09 0.09 0.02 -- 0.0004 0.0007 -- 0.0006 0.0007 -- -- 0.004 0.007 0.001 

Pt 0.11 0.09 0.03 0.001 -- -- -- -- 0.005 0.004 0.004 0.13 0.02 -- 

Au 0.74 0.68 0.29 -- -- -- -- -- -- 0.04 0.16 1.71 0.97 0.04 

Tl 15.2 31.5 5.66 0.24 0.10 0.07 1.51 0.00 0.02 8.71 0.08 22.9 27.6 0.18 

Pb 58.7 83.7 22.8 -- 5.82 1.98 0.14 0.21 0.88 0.90 11.1 5.79 0.76 0.23 

Bi 13.3 16.7 4.01 0.028 0.134 0.018 -- -- 0.037 0.176 0.376 0.405 0.024 0.015 
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displays concentrations significantly above the blank in these samples (0.003 to 0.014 

ng/m3), in marked contrast to the other gas phase. 

3.5.3 Compositional characteristics of syn- and post-eruptive 

degassing 

The potential contribution of solid particles from the environment (ash, dust, etcé) is 

assessed using Sc as a purely non-volatile element to calculate the weight ash fraction (WAF; 

Aiuppa et al. 2003). The WAF is low for the volatile metals and metalloids (generally < 5 

%, details in supplementary Table 3.5) and thus can be considered negligible. The measured 

trace elements concentrations normalised to those of the lava emitted during the 2021 

eruption (details in supplementary Table 3.6) are displayed in figure 3.3. The pattern of 

element enrichment over lava is consistent across the three syn-eruptive crater gas samples. 

The most enriched major volatile in the gas from the active vent is S, followed by Cl and F, 

in agreement with their solubility in the silicate melt (e.g., Carroll and Webster 1994). In 

terms of trace elements, Te, Se and Re are the most enriched followed by Bi, Tl and Cd, 

whereas Zn, Pt and Mo are the least enriched elements. 

 

Figure 3.3. Fagradalsfjall gas composition from the syn-eruptive crater, post-eruptive lava 

and post-eruptive crater normalised to that of the Geldingadalir basalt lava. The 

Geldingadalir lava corresponds to quenched lava collected by members of the IES the day 

after the eruption started. Trace elements concentration measurements were conducted at 

LMV following the same procedure as described in section 2.3.3. The results are affected 

both by the gas composition and the proportion of gas collected, explaining the general 

higher values for the more concentrated syn-eruptive crater gas. Regardless of the absolute 

values, the element enrichment pattern is similar within each group. Between groups, 

variable element enrichments are observed, and the most enriched elements are different in 

each gas phase 
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The post-eruptive lava gas displays a wider range of enrichment, most likely originating 

from variable proportions of gas collected, MD-9 showing the highest concentrations in most 

elements whereas GD-3 and GD-11 are the most depleted. This secondary gas phase 

however has common features with Cl being the most enriched major volatile, followed by 

F and S. Again, Re and Se are the most enriched trace elements, followed by Sb and Bi, 

whereas, in contrast to the primary gas, Te and Cd are of lower concentration. The samples 

GD-8 and MD-8 have features distinct from the other post-eruptive lava gas with higher F, 

Mo, W and Tl but lower Ge, Zn and Pb.  

The composition of the post-eruptive crater gas GD-4 and GD-9 is alike (except for Sn), 

whereas GD-10 displays similar pattern but lower concentrations. That gas phase is 

characterised by higher enrichment of F and Cl compared to S. The most enriched elements 

are Tl, Te and Se (to a similar extent), followed by Re and Mo whereas Ge, Cu, Rb and Zn 

are the least enriched elements. Overall, similarities are observed between extinct crater gas 

and GD-8 and MD-8 composition, which thus plot between the post-eruptive crater and post-

eruptive lava gas endmembers (Fig. 3.3).  

Therefore, a few trace elements such as Re and Se (the two elements having very similar 

behaviour) are highly enriched in all gas phases despite drastically different major volatile 

composition. Conversely, the three gas phases display distinct enrichment in numerous 

elements such as Te, Tl, Sb, Cd and Mo. In their recent study of the gas emitted during the 

2021-2023 eruptions at Fagradalsfjall, Wainman et al. (2024) observed similar trace element 

behaviour with decreasing S/Cl that can be discussed after elimination of the different air 

dilution during sampling.  

3.6  Discussion  

The main characteristics of volcanic gas from divergent tectonic settings and hotspots are 

known to be the high concentrations of sulphur relative to that of chlorine (Symonds et al. 

1994; Aiuppa 2009; Gauthier et al. 2016; Edmonds et al. 2018). Basalt fissure eruptions in 

Iceland demonstrate the dominance of sulphur over halogens in the primary gas phase 

(Gauthier et al. 2016; Stef§nsson et al. 2017; Ilyinskaya et al. 2017; Scott et al. 2023; 

Wainman et al. 2024). The relative proportion of major volatiles in the volcanic gas evolves 

from the primary to the secondary outgassing stage (Aiuppa 2009; Sigmarsson et al. 2020), 

affecting the trace element behaviour (i.e., volatility; Johnson and Canil 2011; Scholtysik 

and Canil 2020; Renggli and Klemme 2020). The syn-eruptive crater gas from the 

Fagradalsfjall basalt eruptions corresponds to the primary outgassing of the magma, with an 

emission temperature of Ḑ1180ÁC (Wainman et al. 2024). Other gas phases (syn-eruptive 

lava; post-eruptive crater and post-eruptive lava) are emitted from a magma already partially 

degassed and are therefore classified here as secondary gas. The emission temperature of the 

secondary gases in this study could not be measured as it was neither possible to reach the 

bottom of the fractures nor that of the crater with a thermocouple. However, temperatures > 

500ÁC were measured at one meter depth within a deep degassing fracture, evidencing the 

high-temperature emission of these secondary gases. The main process differentiating 

primary and secondary outgassing is fractional degassing, or the Rayleigh distillation, 

leading to higher proportion of less volatile/more soluble elements in the later outgassing 

stages (Aiuppa 2009; Sigmarsson et al. 2020). To investigate the entire volcanic emissions 

(including release of heavy metals) to the environment, the secondary outgassing must be 
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accounted for. This is particularly important for effusive lava-forming eruptions, which 

release a significant proportion of the gas secondarily (Thordarson et al. 1996; Wainman et 

al. 2024). 

3.6.1 Major volatiles gas concentration shift 

The sulphur-rich primary gas phase emitted syn-eruptively at Fagradalsfjall, with mass ratios 

of S/Cl and S/F > 10 and Cl/F close to 3 (Fig. 3.4), concurs with published FTIR 

measurements (Scott et al. 2023; Wainman et al. 2024). The most significant variability is 

observed between the gas emitted immediately after the beginning of the Geldingadalir 

eruption, richer in S (S/Cl > 60) and gas collected three weeks later onwards, either during 

the 2021, 2022 or 2023 eruptions (S/Cl < 25). Such initial temporal variation, followed by 

stability, reflects the early contribution of deep source volatile (richer in less soluble 

elements). Overall, the Fagradalsfjall syn-eruptive crater gas emitted after the initial 

composition shift has almost identical major volatile composition to that of Erta Ale, 

Ethiopia (Zelenski et al. 2013) and similar to those of Kǭlauea (Edmonds and Gerlach 2007; 

Edmonds et al. 2009; Mather et al. 2012) and Holuhraun (Gauthier et al. 2016; Stef§nsson 

et al. 2017; Ilyinskaya et al. 2017; Sigmarsson et al. 2020). The dominance of sulphur over 

halogens in the primary gas is readily explained by its lower solubility in basaltic melt 

(Carroll and Webster 1994; Fischer 2008; Wallace et al. 2015; Zelenski et al. 2021).  

Sampling of the gas emitted by the syn-eruptive lava by Wainman et al. (2024) revealed 

decreasing sulphur over halogen ratios with respect to the eruptive vent (Fig. 3.4). Such 

observation was interpreted by the authors as the initiation of a Rayleigh distillation process, 

decreasing the relative proportion of the most volatile elements such as sulphur. It is 

important to note that the S/Cl and S/F presented by Wainman et al. (2024) corresponds to 

FTIR measurements pointing at flowing lava but conducted during the very beginning of the 

2021 eruption and relatively close to the eruptive vent (< 300 m). The measured values thus 

most likely represent the very early secondary degassing of the initial phase of the eruption, 

richer in sulphur. Ion chromatography of base impregnated filters conducted by Wainman et 

al. (2024) suggest lower S/Cl in the syn-eruptive lava gas (1.4-5.2, collected at distances 

ranging from 150-1400 m), arguing for a progressive fractional degassing. 

The gas collected in this study from the extinct crater (post-eruptive crater) and the 

crystallising lava (post-eruptive lava) confirms this trend, with more extensive depletion of 

sulphur relative to halogens: S/Cl and S/F of 0.8 and 0.7 respectively. That gas composition 

is close to that of Holuhraun (Sigmarsson et al. 2020) and Kǭlauea (Olmez et al. 1986) post-

eruptive crater gas (Fig. 3.4). Thus, the shift in gas composition from the eruptive vent to 

extinct crater of Holuhraun, Kǭlauea and Fagradalsfjall is similar, with decreasing S/Cl and 

S/F ratio of 1.5 to 2 orders of magnitude respectively (Fig. 3.4).  

As shown for the Holuhraun 2014-2015 gas (Sigmarsson et al. 2020), the gas/melt partition 

coefficients for the halogens at Fagradalsfjall can be estimated from the Rayleigh distillation 

law:  

ὅ ὅ Ὢ          (3.1) 

where C stands for the measured concentration of a given gas species, C0 its initial gas 

concentration, f the fraction of gas remaining in the magma and D the concentration in liquid 

divided by that of the gas. The vapour/melt partition coefficient (DV/M) is simply the 
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reciprocal of Dl/g, which yields DV/M of 19 and 3.5 for Cl and F in the primary gas, 

respectively, in agreement with the average partition coefficient at hotspot/rift volcanoes 

calculated by Zelenski et al. (2021). The calculated DV/M of Cl and F are 1.4 and 1.8, 

respectively, in the post eruptive crater gas of Fagradalsfjall, similar to those determined at 

Holuhraun (2.2 and 1.9 for Cl and F respectively).  

The post-eruptive lava gas is further enriched in halogens relative to sulphur, particularly 

chlorine with S/Cl < 0.05 and Cl/F > 2. Such chlorine enrichment over sulphur is even higher 

than observed in the lava-seawater (laze) plume at Kǭlauea lava (S/Cl of 0.09; Mason et al. 

2021; Fig. 3.4). 

 

Figure 3.4. Mass ratio of S/Cl as a function of S/F for the Fagradalsfjall syn-eruptive 

crater (orange), post-eruptive crater (green) and post-eruptive lava (blue) gas compared 

to published values for Kǭlauea, Holuhraun and Erta Alea (Edmonds and Gerlach 2007; 

Edmonds et al. 2009; Mather et al. 2012; Zelenski et al. 2013; Gauthier et al. 2016; 

Stefánsson et al. 2017; Ilyinskaya et al. 2017; Sigmarsson et al. 2020). The FTIR results 

from Wainman et al. (2024) (syn-eruptive crater gas in orange and syn-eruptive lava in 

yellow) are also plotted, together with the yellow horizontal band representing the range of 

S/Cl obtained by the filter pack method. The Fagradalsfjall primary gas plots in the cluster 
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formed by the hotspot/rift gas of Holuhraun, Kǭlauea and Erta Ale. The post-eruptive crater 

gas from Fagradalsfjall is enriched in halogen concentrations relative to that of sulphur and 

plots close to the secondary gas of Holuhraun (Sigmarsson et al. 2020) and Kǭlauea (Olmez 

et al. 1986). Finally, the Fagradalsfjall post-eruptive lava gas plots on the S-poor end of the 

graph, with the lowest S/F and S/Cl values 

As precipitates are ubiquitous in secondary degassing sampling locations, loss of major 

volatiles to minerals cannot be entirely discarded. Sublimates studies from high temperature 

fumarolic gases, indicate that sulphates, sulphides and chloride minerals may form at 

temperatures > 400ÁC  (e.g. Wahrenberger 1997; Africano et al. 2002). However, Mandon et 

al. (2025) showed the importance of kinetics in preventing efficient precipitation during 

rapid cooling and expansion of fumarolic gases, with only a small portion by mass lost to 

sublimates. The yellow sulphur deposit around the degassing fissure (Fig. 3.2b) most likely 

reflects the admixture of atmosphere causing oxidation of the gas and cooling below 115 ÁC, 

resulting in the precipitation of sulphur crystals. Therefore, while loss to precipitating 

minerals cannot be ruled out, it is unlikely that the orders of magnitude shift in S/halogen 

ratios observed is solely related to such process. 

The composition of the different gas phases appears best explained by the progressive 

Rayleigh distillation of the magmatic volatiles in the Fagradalsfjall basalt melt. The intense 

degassing at the crater releases sulphur and proportionally less halogens. The secondary 

degassing then starts with the release of syn-eruptive lava gas, whose limited S-depletion 

(Fig. 3.4) indicates that a significant amount of sulphur remains in the molten lava during 

displacement. Continuous degassing from the flowing and emplacing lava progressively 

depletes sulphur in the silicate melt. A depletion that results in the final emission of a sulphur-

poor gas from the emplaced lava field, as represented by our post-eruptive lava gas. The 

observed progressive and intense sulphur loss leads to the very low concentrations measured 

in lavas on Reykjanes compared to those of melt inclusions (Caracciolo et al. 2024). The 

intermediate S-depletion in the post-eruptive crater gas suggests contribution, in addition to 

the crystallising lava, of a less degassed source, namely the cooling conduit and possibly 

residual magma at depth. 

3.6.2 Fagradalsfjall primary gas trace element content 

Analyses of Fagradalsfjall gas from the 2021, 2022 and 2023 eruptions by Wainman et al. 

(2024) revealed minor compositional variation. The largest difference in composition was 

observed for the gas collected during the first days of the 2021 eruption (SFP4; Wainman et 

al. 2024), whereas the other gas samples had similar composition (Online resource 8). The 

trace element composition of the 2022 primary gas of this study is of similar composition. 

Discrepancies such as higher Cu and Sb but lower Pt concentration in the gas from this study 

can however be observed (Fig. 3.5). Given that both data set are quite constant in their 

difference, this latter is more likely associated with sampling and/or analysis bias than actual 

gas composition variation. Regardless, taken together, the Fagradalsfjall gas has a trace 

element composition alike those of both divergent zone volcanism such as that of Erta Ale, 

and hotspot volcanism represented by Kǭlauea volcano (Mather et al. 2012; Zelenski et al. 

2013; Mason et al. 2021).  
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Figure 3.5. SO2-normalised primary gas composition from Fagradalsfjall (this study and 

Wainman et al. 2024) compared to gas from Kǭlauea and Erta Ale volcanoes, ordered by 

decreasing X/SO2 in the Fagradalsfjall syn-eruptive crater gas (of this study). Values for 

Fagradalsfjall from Wainman et al. (2024) correspond to the average of five samples 

collected during the 2021, 2022 and 2023 eruptions (SFP4, SFP12, LW1, LW2 and FP8), 

with the error bar showing the variability. The X/SO2 (X representing different trace 

elements) is the average composition from the 2008 (Mather et al. 2012) and 2018 (Mason 

et al. 2021) Kǭlauea eruptions whereas the Erta Ale gas composition is taken from Zelenski 

et al. (2013). The Fagradalsfjall gas composition is similar to those of Erta Ale or Kǭlauea, 

emphasising similar gas composition emitted from hotspot/rift volcanism 

3.6.3 Syn- to post-eruptive gas evolution 

The changes of trace element volatility from syn-eruptive to post-eruptive gas emissions can 

be evaluated by calculating the relative enrichment factors (EF) over a given element. 

Copper is an element of choice for normalisation because its concentration is well above the 

analytical detection limit and blank concentration in all gas samples and with a low ash 

contribution (details in supplementary Table 3.5). The enrichment factor is calculated as:  

ὉὊ ὢ Ⱦὢ Ⱦὅό Ⱦὅό        (3.2) 

where X is the element of interest. The average EF for each gas phase is shown in Fig. 3.6 

illustrating the level of enrichment/depletion of each element in all gas phases relative to that 

of Cu. 
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Figure 3.6. Average enrichment factors (EF) relative to Cu for the three gas phases 

sampled at Fagradalsfjall (gas from the syn-eruptive crater, post-eruptive lava and post-

eruptive crater). Elements are ordered by decreasing EF in syn-eruptive gas, with the major 

volatiles (S, Cl an F) separated for clarity. The range of EF for each gas group is indicated 

by the bars through the average values. Larger ranges are observed for the of post-eruptive 

lava gas (with the outliers GD-8 and MD-8, showing post-eruptive crater gas compositional 

features, excluded) compared to the syn- and post-eruptive crater gas. Larger enrichment 

factors in the post-eruptive halogen-rich gas are visible, with the exception of Te, Bi and Cd. 

In the syn-eruptive crater gas, the most enriched element is Te (EF ~ 2000; Fig. 3.6), 

followed by Se, Re, Bi, Tl and Cd (1000 > EF > 400). The least volatile elements in the 

primary gas are Zn, Mo, Pt and Rb, being less enriched than Cu (EF < 1). These EF factors 

are comparable to what Edmonds et al. (2018) calculated for Kǭlauea and Holuhraun using 

data from Gauthier et al. (2016) and Mather et al. (2012). The slightly lower EF found for 

most elements in Fagradalsfjall is readily associated with the higher Cu concentration 

observed in this study (Fig. 3.5). Overall, the calculated EF correlate with the emanation 

coefficient calculated by Wainman et al. (2024), although Sb is found significantly more 

enriched in the primary gas presented here and As more depleted.  

In the post-eruptive lava gas, all selected elements are more enriched than Cu, the most 

enriched being Se (EF ~ 6000), Re (EF ~ 2000) and Sb (EF ~ 1000). In the post-eruptive 

crater gas, Se, Tl and Te are the most volatile elements (EF > 5000), followed by Re and Mo 

(EF > 1000). There are thus important changes of enrichment between the syn-eruptive and 

post-eruptive gas emissions. Changes in element EF in the secondary gases can be related to 

element exhaustion in the silicate melt or volatility changes associated with distinct major 

gas proportions and temperature as previously observed by Wainman et al. (2024). 

With respect to the primary gas, the post-eruptive lava gas is particularly depleted in Te and 

Cd. Such depletion is consistent with their speciation either as free elements or sulphide 

species (Wainman et al. 2024; Mason et al. 2024; Mandon et al. 2025), leading to reduced 

volatility in the cooler, S-poor crystallising lava gas. Note that as Te is extremely volatile, 
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its depletion could be accentuated by reduced melt concentration following significant 

primary degassing of Te. In contrast, Zn, Mo, Sb and Pb display the largest increase in the 

post-eruptive lava gas. This concurs with higher proportions of halogens, favouring 

volatilisation of these halide-forming elements (Wainman et al. 2024; Mason et al. 2024; 

Mandon et al. 2025). In the extinct crater gas, Mo is the most enriched element compared to 

the primary gas (EF increase of over 1000 times) followed by Tl and Zn (EF increase of over 

100 times). Such enrichment may be explained by higher halogen concentrations, notably 

that of fluorine, as speciation models predict that Mo form fluoride and Tl and Zn chloride 

gaseous species (Zelenski et al. 2021; Mason et al. 2021; Mason et al. 2024).  

3.6.4 Comparison between the post-eruptive gas and that of the 

syn-eruptive lava  

The gas sampled over the flowing lava (syn-eruptive lava) by Wainman et al. (2024) is taken 

here to represent the initial stage of the secondary degassing process, whereas the post-

eruptive lava gas represents the final stage of the Rayleigh distillation. In figure 3.7 are 

presented the average X/Cu ratios for our three gas phases, along with the gas phases from 

the syn-eruptive crater and the syn-eruptive lava reported in Wainman et al. (2024). The 

difference between the syn-eruptive gas of both studies mostly originate from distinct Cu 

concentration in the two gases (Fig. 3.5). Most elements have higher X/Cu in the post-

eruptive lava gas compared to the primary gas of this study, which results from the relatively 

low Cu concentration in the post-eruptive lava gas.  

 

Figure 3.7. The average X/Cu in primary and secondary gas at Fagradalsfjall, ordered by 

decreasing X/Cu in the syn-eruptive crater gas of this study. The syn-eruptive crater data 

from Wainman et al. (2024) correspond to the average of the vent samples collected in 2021, 

2022 and 2023 with the error bars indicating the variability. The syn-eruptive lava data 










































































































































































































