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Abstract 
 

Flood lavas (FL), or high magnitude (1–100 km3) basaltic fissure eruptions have a 

recurrence interval of 250–500 years in Iceland. These events can produce 

atmospheric volcanic pollution at tropospheric–stratospheric levels via their sulfur 

(S) emissions.  Current knowledge of the modulating role of shallow conduit 

processes on the vent activity, as well as the mechanisms and timing of peak S 

release into the atmosphere, is limited. 

 

This project has two key aims: first, to evaluate the influence of shallow conduit 

processes on eruption style and dynamics during peak intensities of explosive 

phases; second, to produce a novel chalcophile stable isotope proxy for the 

speciation of released S and the redox state of the system upon eruption. Two 

selected case studies for this project are: (i) the recent low intensity and magnitude 

end-member, 2014–15 CE Holuhraun, and (ii) a high intensity and magnitude end-

member, 1783–84 CE Laki which is well-documented in detailed contemporary 

accounts. 

 

Micro-textural analysis of the ‘frozen’ outer rinds of pyroclasts from both eruptions, 

which record the state of the magma prior to fragmentation, identified relative shifts 

in vesicle number density associated with changes in eruptive intensity. Whole 

pyroclast textural mapping and in-situ geochemical analysis constrain the 

modification of the interior of the clasts via post-fragmentation expansion. This 

process enhanced the contrasts between discrete pre-existing melt domains which 

mingled prior to eruption. These domains record different shallow conduit histories, 

in particular contrasting ascent rates, and therefore preserve evidence of equilibrium 

and disequilibrium vesiculation within the same clast. Zinc and copper stable isotope 

compositions of lava and tephra from distinct phases of eruptive activity were 

utilised to fingerprint the mechanisms of S loss. Changes in the efficiency of volatile 

loss of S can be linked to known changes in vent dynamics, as well as changes in S 

loss associated with both the evolving transport system,  redox conditions at the vent 

and in the flow field.  
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The textural and geochemical findings from these two eruptions will help further our 

understanding of shallow conduit, eruptive and emplacement processes during the 

many ill-constrained basaltic fissure eruptions of different intensities and magnitudes 

worldwide.  

 

Útdráttur (Icelandic Abstract) 
 

 

Flæðibasaltgos, eða stór (1-100 km3) basísk sprungugos, að meðaltali verða á 250-

500 ár fresti á Íslandi. Slík gos geta valdið umfangsmikilli mengun í veðra- og/og 

eða heiðhvolfinu vegna losunar brennisteins gasa. Okkar sýn á stýrihlutverk 

grunnstæðra gosrásarferla á goshegðun, sem og á ferli og skilvirkni 

brennisteinsafgösunar út í andrúmsloftið er ófullkomin.  

 

Þetta verkefni hefur tvo meginmarkmið. Í fyrsta lagi, að skoða áhrif grunnstæðra 

gosrásarferla á goshegðun og gangverk ferlanna á þeim tíma sem ákefð 

sprengivirkninnar er í hápunkti. Í öðru lagi, að vinna í því að setja saman nýja nálgun 

til að meta sameindagerð brennisteins og oxunarstig kerfisins við gos. Tvo vel til 

fallin gos voru valin fyrir þessa rannsókn, nefnilega: (i) gosið í Holuhrauni 2014–15, 

sem dæmi um afllítið og smátt flæðibasaltgos, og (ii) Skaftáreldar 1783–84 sem 

dæmi um aflmikið og stærðargráðunni umfangsmeira gos, því að bæði gosin eru vel 

skráð og rannsökuð.  

 

Greining á míkró-fyrirbærum (gasbólum og örkristöllum) í ysta byrði gjóskukorna, 

sem storknar samtíma sundrun kvikunnar í gosrásinni, sýnir fylgni á milli 

gásbóluþéttleika og afls sprengigosahrinanna, sem bendir til tengsla á milli afls og 

hraða afgösunar og blöðrumyndunar. Hins vegar sýnir kortlagning á slíkum míkró-

fyrirbærum í þversniði í gegnum gjóskukornin, ásamt greiningu á brennisteinsstyrk, 

hvernig míkró-veftan í kjarna gjóskukornanna breytist vegna áframhaldandi gas-

útþennslu eftir sundrun. Þetta ferli ýkir frekar muninn á hinum ýmsu veftulénum sem 

blandast saman efst í gosrásinni fyrir gos. Þessi veftulén eru vitnisburður um 

breytileg þróunarferli efst í gosrásinni sem tengjast breytilegum rishraða á 

mismunandi kvikupúlsum, og þess vegna varðveita þau vitnisburð um 

blöðrumyndun undir efnafræðilegu jafnvægi og ójafnvægi í einu og sama 
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gjóskukorninu. Styrkur stöðugra samsæta zinks og kopars mælt í gjósku og hrauni 

frá ákveðnum gosfösum, eru notaðar til þess að rekja ferlin tengd brennisteinslosun. 

Það er hægt að tengja breytingar á skilvirkni brennisteinslosunar við skráðar 

breytingar á goshegðun í gígum og við þróun á flutningskerfi hraunsins, sem og 

oxunarstig kerfisins í gígum og innan hraunsins. 

 

Niðurstöður rannsóknar minnar á þessum tveimur gosum mun án efa hjálpa til við 

það að auka skilning okkar á þeim ferlum sem eru ráðandi í grunnstæða hluta 

gosrása, í gígum og við hraunamyndun í flæðibasaltgosum víðsvegar um jörðina. 
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Chapter 1: Introduction 
 

 

 

1. 1 Introduction 

 

Flood lavas (FL: or high magnitude (>1–100 km3) basaltic fissure eruptions) are the 

building blocks of Iceland. Whilst events of this magnitude are uncommon, with an 

eruptive frequency of 1 in 250–500 years, they are commonly associated with 

substantial atmospheric volcanic pollution at tropospheric–stratospheric levels due to 

their relatively high sulfur (S) content. Sulfur, more particularly sulfuric aerosols, is 

the only volcanic species that has been observed to perturb the radiative balance of 

the atmosphere, over timescales of weeks to years, despite occurring in minor 

proportions in volcanic plumes relative to H2O and CO2, alongside halogens and 

toxic levels of certain trace metals. Flood lava eruptions in Iceland are capable of 

posing a hemisphere-wide hazard causing environmental pollution, indirect and 

direct impacts on human health, and climatic forcing (Loughlin et al., 2012). 

Nevertheless, due to the low frequency of such eruptions, our knowledge of the 

mechanisms and timing of S loss at peak eruptive intensity and thus peak 

atmospheric loading during these events is confined to a few focused case studies. 

This project has two key aims: (1) to evaluate the modulating role of shallow conduit 

processes on eruption styles during FL eruptions, and on the dynamics of explosive 

activity during periods of peak intensity; (2) to evaluate novel chalcophile stable 

isotope proxies, to trace the speciation of S released to the atmosphere during magma 

degassing and fragmentation, combined with existing analytical techniques to 

improve our understanding of the redox of basaltic systems upon eruption. As well 

as identifying the mechanisms of syn-eruptive S loss at the vents, this approach also 

addresses the mechanisms of syn-emplacement S loss in the lava flow field and its 

transport system. Only two FL eruptions have been documented in historical times in 

Iceland with any detail and form the case studies for this project: a lower intensity 

and low magnitude eruption, 2014–15 CE Holuhraun, documented with modern 

scientific tools; and the high-intensity and high magnitude eruption, 1783–84 CE 

Laki, recorded in detailed contemporary accounts and subsequent studies.  
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Detailed textural analysis of pyroclasts from both eruptions indicate that only the 

outer rinds of these samples provide a close approximation to the melt at 

fragmentation. Vesicle number densities of outer rinds for both eruptions are similar 

suggesting that the high intensity, sub-Plinian nature, of the Laki fountaining was 

driven by other criteria not captured in these pyroclasts. The clast interiors have been 

modified by post fragmentation expansion. Rather than over-printing the clast’s 

existing primary textures it has enhanced them, highlighting textural heterogeneities 

driven by distinct domains within the clasts. These discrete domains are derived 

from melt packages that experienced different shallow conduit histories, capturing 

both disequilibrium and equilibrium processes before mingling prior to 

fragmentation. The proportions of which vary temporally and are associated with 

changes in mass eruption rate (MER) in both eruptions. A volatile supersaturated, 

disequilibrium process, that generated domains of ultra-vesicular foam with very low 

S glass contents is present in pyroclasts from both eruptions suggesting rapid ascent 

rates through the shallow conduit. For all cases where this texture is present the 

pyroclasts in question were erupted during peak periods in MER during both 

eruptions. A shallow glacial eruptive environment, identified for the first time by this 

project, in the NE of the Laki cone-row appears to suppress volatile exsolution as 

well as being associated with this rapid ascent texture suggesting some degree of 

additional overburden pressure.  

 

This is the first study to identify relative variations in chalcophile (Cu and Zn) stable 

isotopes in a large range of basaltic eruptive products, which occur in response to 

eruptive intensity and therefore changes in syn-eruptive degassing efficiency as well 

as changes in redox. These isotopes are also clearly sensitive to syn-emplacement 

volatile loss in response to the evolution of the thermal insulation of the lava flow 

field and redox changes in this environment. In addition, increases in sulfide content 

are detected, both petrologically and through relative variations in Cu elemental 

concentrations and Cu isotopic variations throughout the eruption. This is linked to 

density-driven settling of immiscible sulfides in the lava pond which are then 

preferentially incorporated into the lava flow transport system fed by the lava pond. 

Variations in these isotopic data sets highlight the importance of sampling strategy 

with respect to fully understanding the physical volcanological processes, as well as 

the evolution of activity during the eruption.  
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This is only the second study of pyroclasts from flood lava eruptions in Iceland, and 

it covers both low- and high-intensity end-members of these high magnitude events. 

It permits comparisons of shallow conduit processes at both ends of the intensity 

spectrum. Unlike Eldgjá 939 CE, these eruptions are very well constrained, and thus 

diversity can be identified on very fine scales isolating key features not previously 

recognised. For example, the 2014–15 CE Holuhraun eruption provides an 

unparalleled data set where a precise eruption chronology, isotopic variations, and 

textural diversity can be linked with precision and a high degree of confidence.  

 

Regardless of the spectrum of magnitudes over which these events occur basaltic 

fissure eruptions maintain similar eruptive vent dynamics and emplace the same 

eruptive products. Therefore, the textural, in-situ geochemical, and isotopic findings 

from these eruptions extend to basaltic eruptions of varying magnitudes and 

intensities worldwide. Of particular interest is the possibility of applying these 

techniques to flood basalt (FB) events that are order of magnitude larger than their 

smaller counterparts, the FL, as the high-intensity eruptive phases from FB events 

are capable of delivering significant S loads to stratospheric levels. Consequently, 

FB events have significant climatic and environmental impacts as well postulated 

associations with mass-extinction events. This work advances our understanding of 

shallow conduit processes during all basaltic fissure eruptions, regardless of 

magnitude, identifying the mechanisms of S loss, as well as understanding the 

controls on the timing of peak intensity eruptive phases.  

 

1. 2 Thesis structure 

 

This research project addresses several key aspects of basaltic fissure eruptions: from 

variations in shallow conduit processes; to changes in eruptive environment; and the 

timing and mechanisms of syn-eruptive and syn-emplacement sulfur (S) loss in high- 

and low-intensity FL eruptions.  

 

The following is a short summary and context for the key aims, areas of focus, and 

methods for each aspect of the project, which form four distinct chapters (Figures 1.1 

and 1.2): 
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(1) Initial interpretations of the eruptive environment in the very NE of the Laki 

fissure system, a reclassification of deposits from sub-aerial to intra- and sub- 

glacial.  

(2) Shallow conduit processes during a low-intensity, low-volume, end-member FL 

eruption: Holuhraun 2014–15 CE a case study.  

(3) Shallow conduit processes during a high-intensity, high-volume, end-member 

flood lava eruption: Laki 1783–84 CE a case study. 

(4) Tracing the peak periods of S release to the atmosphere, and speciation of 

exsolved volatiles and immiscible phases, during both aforementioned historical FL 

eruptions; using moderately volatile chalcophile isotope compositions as a proxy for 

sulfur loss in explosive and cone tephra phases. This method also tracks the changes 

in redox conditions in the flow field and within the transport system with its 

changing levels of insulation. 

 

Chapter 2: Outlines an overview of background to the physical volcanology 

addressed by this research project, highlighting where this study adds to the current 

state of knowledge. 

 

Chapter 3: Provides an overview of Icelandic geology, its volcanic systems and their 

geochemistry, FL eruptions throughout geological time, as well as an overview of 

historical examples of Icelandic FL eruptions and previous pertinent isotopic studies 

of these events. 

 

Chapter 4: Introduces the case study FL eruptions: 2014–15 CE Holuhraun and 

1784–84 CE Laki and provides a detailed overview of previous work. 

 

Chapter 5:  Presents the initial results from re-mapping the deposits from fissures 7–

10 of the Laki eruption, at its NE extent, with a focus on a proposed reclassification 

of fissure 10 from a sub-aerial magmatic phase to a phreatomagmatic shallow 

subglacial eruption which became dry and ice-confined as activity progressed 

(Figure 1. 1). This chapter forms a short field observations report, providing 

contextualisation of the samples analysed in chapters 6, 7, and 8. 
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Figure 1. 1: A schematic diagram demonstrating the effect of eruptive environment on the deposits in the very 

NE of the Laki cone-row at fissure 10. (A) displays an established sub-aerial fissure, with an area of active vents 

exhibiting fountaining behaviour that creates sheet-like, apron phase, explosive tephra deposits as well as 

building a scoria cone and lava feeding the flow field. (B) Displays a once shallow subglacial fissure that has 

melted through the ice. This activity creates laterally confined fine-ash rich tuff cones, through magma-ice or 

external water interactions, formed by coeval fall units and pyroclastic density currents. This is recorded as cross-

bedded sequences of repeating units, some of which are rich in accretionary lapilli and armoured clasts. The 

stratigraphy also suggests local water level fluctuates later on in this fissure’s eruptive activity, changing to 

purely dry magmatic activity towards the latter stages of the fissure’s activity. 

 

Chapter 6: Investigates the state of the magma immediately prior to fragmentation 

through micro-textural analysis of the vesicle population in the outer rinds of the 

Holuhraun 2014–15 CE pyroclasts. Detailed whole clast textural mapping identified 

discrete domains, which mingled prior to fragmentation and were modified by post 

fragmentation expansion which enhanced pre-existing domain textures. Textural 

analysis and in-situ geochemical analysis quantified the diversity of clasts present. 

The implications of their preservation are discussed in terms of recording distinct 

melt packages, which experienced contrasting shallow conduit histories resulting in 

pyroclasts containing both equilibrium and disequilibrium textures (Figure 1. 2). 

 

Chapter 7: Applies the same approach to the micro-textural analysis used in Chapter 

6 to the vesicle populations in pyroclasts erupted during high-intensity, fissure 

opening and fountaining phases in the Laki 1783–84 CE FL eruption. Lower vesicle 

number densities (NV
m) than expected were identified in the outer rinds of the Laki 

pyroclasts, giving values similar to the outer rinds of the Holuhraun clasts. This 

suggests that in the Laki eruption, other fragmentation criteria such as inertia, stress, 

strain, and larger bubbles not captured and recorded in analysed pyroclasts are 

potentially playing a more dominant role in the Laki magma fragmentation than 

during Holuhraun, which has more typical NV
m values for its time-averaged 

discharge rate. 
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Distinct domains of equilibrium and disequilibrium textures, recording the existence 

of melt packages that experienced contrasting shallow conduit histories prior to 

mingling, are also present in the Laki pyroclasts. Varying proportions of these 

domains throughout the Laki eruption correspond to known increases in lag time 

between high intensity eruptive fissure opening phases, temporal variations in MER, 

as well as differences in eruptive environment (Figures 1. 1 and 1. 2). The 

geochemical discrepancies between textural domains are more pronounced in the 

Laki pyroclasts than those analysed in the Holuhraun samples. In-situ geochemical 

analysis also highlights the effect of a shallow subglacial eruptive environment in the 

NE of the Laki fissure, where ice or glacial meltwater provides the means to 

suppress the exsolution of volatiles recorded in texturally mature pyroclasts (Figure 

1. 1).  

 

Chapter 8: Geochemical analysis of a suite of eruptive products from the Holuhraun 

2014–15 CE and Laki 1783–84 CE FL events, with a focus on characterising the 

spatial and temporal variations in copper and zinc isotope compositions throughout 

the eruption. This approach identified peak periods of volatile loss, associated with 

peak eruptive intensities where volatile degassing was more efficient, as well as 

fingerprinting the signature of different vent activity and transport systems on the 

eruptive products (Figures 1. 1 and 1. 2). Copper and zinc isotope variations indicate 

that cone building phase tephras, which are often the only samples that can be 

collected from the vent activity in older eruptions, display no resolvable variation in 

Zn values. Therefore, if these were analysed for unconstrained historic or much older 

events through geological time, they would not document peak phases of oxidised 

volatile loss due to eruptive intensity; instead, they would display very little variation 

and thus cannot be used to identify peak phases in eruptive intensity. Notably, 

compound flow fields also present complications in terms of sampling and 

interpreting isotopic data sets with the subsequent burial of youngest flows, channel 

migration, and resurfacing of the flow field obscuring syn-emplacement trends in the 

data set. Eruptions such as Laki 1783–84 CE, where multiple vents can feed one 

channel system during different phases of their eruptive intensity, present additional 

complications further obscuring syn-eruptive trends in the flow field data set. Future 

studies of this nature should place emphasis on physical volcanological constraints in 
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terms of eruptive history prior to sampling older or less well-constrained historical 

eruptions. 

 

Chapter 9: Provides a research project synthesis, as well as interdisciplinary 

conclusions and a framework of suggestions for future work within these research 

fields.  

 

 

 

 



 8 

 

Figure 1. 2: Schematic sketch of the evolution of a fissure. Phase (A) represents the emergent fissure opening 

phases where activity occurs continuously along the entire fissure associated with <50 m high vent activity and 

sheet lavas with no defined dominant transport system. These are referred to as the first lava arrivals in Chapter 

8. Phase (B) activity devolves onto discrete vents, and during phases of waxing MER with intense fountaining 

creating sheet-like, explosive apron phase, tephra deposits, as well as lava feeding an established transport 

system, the location of which is highlighted by the dashed line where it is thermally insulated, with the strongest 

hydraulic head of any phase of the fissure’s lifespan. Explosive phase tephra is the focus of Chapters 6 and 7, and 

defines a clear sub-group in Chapter 8. Lowland versus highland lavas and their transport systems indicated by 

the dashed black lines, as schematically shown here as distal and proximal lavas, are highlighted as a subgroup in 

Chapter 8. Phase (C) lower intensity vent activity, associated with periods of lower MER, which may occur 

between episodic increases in MER or during the waning phases of the eruption. The cone building tephra phase 

and later lavas are the focus of another sub-grouping in Chapter. 
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Chapter 2: Physical volcanology background 
 

 

2. 1 The importance of basaltic volcanism  

 

Basaltic volcanism is the dominant type of volcanic activity on Earth; indeed, 70 % 

of Earth’s crust is basaltic in composition, the majority of which is generated along 

mid-ocean ridges (Mckenzie and Bickle, 1988) that crisscross the vast submarine 

expanse of the planet’s surface. Volcanic activity in this submarine environment has 

a lower viscosity due to suppression of volatile exsolution both via higher 

hydrostatic pressures than at atmospheric levels as well as experiencing the higher 

bulk modulus of water relative to air, creating higher confining pressures. This 

produces effusive eruptions, with suppressed explosive intensity, of basaltic magmas 

with high volatile contents (Cas and Simmons, 2018). They form compound lava 

flows emplaced pillow-by-pillow or lobe-by-lobe. Subaerially, the same magmas are 

not subject to high confining pressures upon eruption, so the volatiles in these 

magmas can exsolve, enabling these eruptions to release volatiles to the atmosphere. 

Subaerial basaltic volcanism occurs across the whole spectrum of tectonic 

environments and makes up over 95% of Earth’s intracontinental volcanism (Crisp, 

1984). These eruptions encompass a wide range in eruptive styles, magnitudes, 

intensities, and mass eruption rates (MER), emplacing a diverse and inextricably 

linked continuum of eruptive products.  

 

Whilst subaerial basaltic eruptions commonly occur as effusive events, due to the 

low viscosity of basaltic melts, basaltic volcanism is not entirely effusive. 

Fountaining or Strombolian explosive eruptive activity is a common manifestation of 

basaltic eruptive behaviour, but it is also pertinent to note that basaltic eruptions are 

amongst the most vigorous, high-intensity and high magnitude eruptions in historical 

times i.e., sub-Plinian to Plinian (e.g., Etna 122 CE, 2011 CE, 2013 CE, Grímsvötn 

2011 CE, Oshima-Miharayama 1986 CE, Katla 1918 CE, Mt. Tarawera 1886 CE, 

Eldgjá 936 CE, Vatnaöldur 871 CE, and Veiðivötn 1477 CE)  (Figure 2. 1).  
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Figure 2. 1: Plinian basaltic eruptions. Examples of historic high intensity, Plinian, explosive basaltic eruptions. 

(A) Katla 1918 (NordVulk), (B) Grímsvötn 2011 (FutureVolc), (C) An artist’s impression of the Tarawera 1886 

CE eruption (NZ, national museum gallery), (D) Etna 2013 CE (Fernando Famiani, photographer). 

 

Basaltic fissure eruptions are the most common form of basaltic volcanism, with 

nearly all volcanoes having basaltic fissures with various stages of maturity (Walker, 

1993; Gudmundsson, 1995; Walker, 1999). Explosive eruptive style during basaltic 

fissure eruptions can vary from a <50 m high curtain-of-fire, often associated with an 

emergent phase, to sub-Plinian–Plinian (>1400 m) fountaining intensities, and a 

whole spectrum in between, depending on the life span and MER of the magma in 

question (Figure 2. 2). 

 

(A) (B) 

(C) (D) 
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Figure 2. 2: Range of basaltic fissure eruption fountaining intensities. These images are taken from different 

examples of historical fountaining events of different intensities and stages of activity. From the top left: (A) 

Emergent fissure opening phase Geldingardalsgos, Fagradalsfjall, 2021 CE, <5 m high, (author’s own 

photograph); (B) Holuhraun 2014–15 CE at highest MER, 170 m, on the 7 September 2014 (author’s own 

photograph); (C) Mauna Ulu 1969 CE, one of its moderate-high fountaining episodes (USGS); (D) Oshima 1986 

CE, sub-Plinian fountaining episode 1,600 m high (OVO). 

 

Until the early 1980s, no examples of Plinian basaltic eruptions had been 

documented (Williams et al., 1983), with Walker (1984) being the first to cite 

Tarawera 1886 CE as a basaltic Plinian event based on unpublished data. Thus, only 

in the last few decades has there was a shift to high eruptive intensities being 

considered for basaltic eruptions (Sparks, 1978; Wilson, 1980) with the knowledge 

that higher viscosities are not essential for Plinian eruptions and that other 

parameters play a significant role (Williams, 1983; Parfitt, 2004). This has led to 

detailed mapping of deposits from basaltic sub-Plinian–Plinian eruptions, both 

historic and prehistoric, on a global scale. Until recently, parameterisation and 

modelling of processes that result in explosive events have focused predominantly 

on high viscosity magmas. It is only in the past few decades that research has started 

to quantify the result of complex feedbacks in the shallow conduit that modulate 

changes in eruptive dynamics in basaltic explosive eruptions. Consequently, basaltic 

eruptions of all magnitudes are now known to display highly variable, episodic, and 

rapidly fluctuating eruptive styles and intensities over their eruptive lifespans.  

(A) (B) 

(C) (D) 
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The dominant volatile species dissolved in basaltic magmas are H2O, followed by 

CO2, with lower concentrations of sulfur (S), halogen species, Cl and F, and 

associated metal complexes. Due to the earlier subsurface degassing of CO2, the 

eruptive emissions volatile budget from a volcanic eruption does not feature a strong 

CO2 flux (Schmidt and Robock, 2015); instead, they predominantly consist of H2O 

and S. For basaltic eruptions the S budget is around an order of magnitude higher 

than explosive silicic magma eruptions (Devine et al., 1984) resulting in a higher 

amount of emitted toxic gases loaded into the atmosphere upon eruption. Despite the 

relatively low eruptive concentrations of S this is the only volcanic volatile species 

that has been observed to perturb the radiative balance of the atmosphere (Schmidt 

and Robock, 2015). If these relatively volatile rich eruptions have a high mass 

eruption rate (MER), resulting in an explosive event, this enables more efficient 

upper troposphere and stratospheric level injections of the eruptive plume 

(Thordarson et al., 1996; Thordarson and Self, 2003; Self et al., 2014; Schmidt et al., 

2015). Consequently, they can trigger environmental, atmospheric, and climatic 

perturbations, which can be both on a local and hemisphere-wide scale. Sustained 

high-intensity and high-volume fountaining events, i.e., high-intensity FL eruptions, 

can support eruption plumes that are capable of delivering more volatiles to the 

tropopause/stratosphere boundary where their S aerosols have a longer lifespan, 

posing a real hazard to the climate in terms of cooling and disruptions of hemispheric 

weather systems (Figure 2. 3). 
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Figure 2. 3: The effect of the volcanic sulfur release on the stratosphere and troposphere. A schematic sketch 

taken from Schmidt and Robock (2015) displays the chemical reactions of the volcanic plume and its volatiles. 

Of interest for this project is how the sulfur present in the plume matures from volatiles to aerosols, as well as the 

relative lifespan of these aerosols in environments of differing humidity (stratosphere, dry; troposphere, higher 

humidity). 

 

Recently the wider volcanological, political, and economic communities have 

recognised the implications of long-lived toxic gas hazards posed by FL fountaining 

events for both health/environmental and climatic perspectives (Schmidt et al., 

2016). Of particular relevance to this study are European geographical areas, where 

governments such as the United Kingdom have added gas-rich FL, “Laki-type” 

eruptions, to its top three risks on the National Risk Register of Civil Emergencies in 

2012 (Loughlin, 2012). A “Laki-type” eruption is defined as producing fountaining 

activity at the vents of sub-Plinian intensities and thus a sulfur and metal-rich plume 

that reaches at least the troposphere-stratosphere boundary (see Chapters 4, 5, and 7). 

These events are much rarer than the infamous Eyjafjallajökull eruption, which 

caused widespread disruption of air traffic in the northern hemisphere in 2010, 

despite being a relatively low magnitude event. Whilst it gained so much interest due 

to the necessary shut down of air traffic as safe volcanic ash volume limits were 

reassessed and established, ash from Grímsvötn 2011 did not trigger the same 

headline news. Grímsvötn 2011 was a higher magnitude and higher intensity event 
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(Petersen et al., 2012; Sigmarsson et al., 2013), but a combination of a short main 

eruptive phase and westerly to southerly winds at high altitudes (Petersen et al., 

2012) meant the ash caused less disruption to aviation.  

 

2. 2 Basaltic fountaining eruptions 

 

Lava fountaining eruptions, producing incandescent and sustained jets of pyroclastic 

material, are evocative of explosive eruptions at Kīlauea, Hawai´i, but typify 

explosive activity at basaltic volcanoes worldwide regardless of tectonic 

environment. Eruptions of this nature span a large range in magnitude as well as 

intensity, style, and MER. To fully understand the variability in these explosive 

events, a number of parameters influencing the rising magma need to be considered, 

such as: decompression rate; fluid dynamics; geochemistry and thus viscosity; 

volatile budget and redox; behaviour of volatiles on ascent; the mechanisms of 

degassing, outgassing; and the effect of conduit geometry. This results in complex 

feedbacks and rapid fluctuations, which correspond to changes in eruptive dynamics 

generating textural diversities in the erupted pyroclasts. 

 

Weak fountaining events devolve from an emergent phase of laterally near-

continuous “curtain-of-fire” fountaining to discrete vents, each producing near-vent, 

coarse-grained pyroclastic fall deposits. If vent localisation occurs in-step with the 

waxing phase of the eruption, where the magma discharge is still increasing, 

fountaining intensity and height increase. These more intense phases can produce 

medial and distal tephra fall, which can form discontinuous or continuous layers 

depending on the timescales of activity. Episodic phases of higher MER, and 

therefore higher intensity fountaining, is a common feature of fissure eruptions; once 

activity has devolved to discrete vents, it can result in intense phases of moderate-

high fountaining e.g., Kīlauea in Hawaii: Kīlauea Iki 1959 CE (Richter et al., 1970; 

Stovall et al., 2011, 2012), Mauna Ulu 1969–74 CE (Parcheta et al., 2013; Swanson 

et al., 1979) Pu’u’Ō’ō 1983–86 CE( Wolff et al., 1988; Mangan and Cashman, 1996; 

Heliker et al., 2003; Heliker and Mattox, 2003). A similar reduction in MER 

followed by a surge in fountaining intensity took place within the 2014–15 

Holuhraun event in September 2014, linked to changes in MER (Bonny et al., 2018). 
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High intensity basaltic fountaining events are usually confined to summit eruptions 

through cylindrical conduits e.g., Etna 2007 (Andronico et al., 2008, 2014) and 2013 

(Calvari et al., 2018) with fountain heights during the latter reaching sub-Plinian 

intensities and recorded fountaining heights between 800–1,500 m. However, high 

fountaining activity also occurs during basaltic fissure eruptions, producing jets >400 

m (Houghton et al., 2016). These are typical of Hawaiian style activity with notable 

historical examples occurring at Kīlauea: Kīlauea Iki 1959 CE (Richter et al., 1970; 

Stovall et al., 2011, 2012), Mauna Ulu 1969-74 CE (Parcheta et al., 2013; Swanson 

et al., 1979), Pu’u’Ō’ō 1983-86 CE (Wolff et al., 1988; Mangan and Cashman, 1996; 

Heliker et al., 2003; Heliker and Mattox, 2003). The highest documented historical 

eruption fountain heights from a short-lived and small volume fissure eruption were 

recorded in 1986 CE at Oshima Volcano, Japan, reaching 1,600 m (Sumner, 1998); 

Plinian intensities were documented at another short-lived historical fissure eruption 

at Mt. Tarawera, New Zealand 1886 CE (Carey et al., 2007). For all of these 

eruptions, the highest lava fountaining occurred once the eruptive activity 

concentrated from a curtain of fire onto discrete vents on the fissure in question. The 

timescale for reaching peak intensity varies for eruptions of this nature and can take 

minutes–hours (Richter et al., 1970) or days (Witt et al., 2018). All of these eruptions 

also displayed rapid fluctuations in eruptive behaviour resulting in pulsating 

episodes of activity throughout. An understudied and rare manifestation (in historical 

times) of high-intensity fountaining eruptions are FL eruptions, emplacing > 1 km3 

of eruptive products within timescales of months–years with episodic high intensity 

eruptive phases. Only two eruptions of this nature have occurred in the last 2000 

years, both in Iceland: Eldgjá 936 CE and Laki 1783–84 CE. Both displayed sub-

Plinian–Plinian fountaining activity reaching heights of >1.4 km (Thordarson et al., 

2003a). A smaller magnitude and weaker intensity end-member of FL occurred in 

2014–15, also in Iceland, at Holuhraun displaying low–moderate, <170 m, 

(Houghton et al., 2016) fountaining heights (Figure 2. 2).  

 

2. 2. 1 Fissure eruptions: magnitudes and intensity  
 

Fissure eruptions exhibiting explosive eruptive behaviour occur over a wide range of 

intensities and magnitudes, as well as volcano-tectonic settings. Eruptive intensities 

vary from Hawaiian to Plinian fountaining, displaying episodic and rapid 
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fluctuations in eruptive style, due to rapid feedbacks in shallow conduit processes, 

which also switch between steady and unsteady vent activity, are a common feature 

of explosive basaltic fissure eruptions. 

 

Fissure eruptions build a small amount of topography around the vent site, consisting 

of spatter cones and ramparts, near-vent clastogenic lava flows as well as channels 

feeding advancing lava flows. If the eruptive duration of the vent activity continues 

past the emergent fissure opening ‘curtain-of-fire’ phase and concentrates down onto 

discrete vents along with waxing MER, the eruption may form scoria cones, spatter 

ramparts, and sheet-like medial tephra aprons associated with more vigorous-

intensity activity. Focal points of activity develop along active fissures due to choke 

points within the conduit subsurface geometry in response to differing flow rates. 

This is dictated by variable subsurface conduit geometry, with narrower areas 

shutting down and wider areas allowing a higher flow rate which is thermally erosive 

(Head et al., 1996; Moreland et al., 2019). This process causes convection cells to 

develop within the conduit as high flow rates and descending degassed melt 

concentrate into certain areas (Jones et al., 2020). 

 

The duration, and therefore magnitude, of basaltic fissure eruptions can range from 

small fissure eruptions generated over tens of minutes to a few hours of activity, 

creating vastly different surface landforms in terms of area and volume. For 

example, the proximal eruptions at Piton de La Fournaise (La Réunion) 1972 CE 2–6 

and 7–9 November fissure eruptions from creating very small lava fields of 0.02 km3 

during 2–4 days minutes eruption (Peltier et al., 2009), when compared to early 

Holocene Icelandic shield lava eruptions which produce 10s–100s of km3 of lava 

over prolonged periods of time (decades–hundreds of years). The latter also starts as 

a fissure eruption and concentrates down to a central vent producing effusive, i.e., 

very low energy, activity from a main lava pond, which feeds an insulated transport 

system which flows to endogenously emplaced pāhoehoe lava lobes at the flow 

fronts.  

 

The explosive intensity, and therefore style of eruptive activity, during a fissure 

eruption, is primarily dictated by MER and shallow conduit processes such as bubble 

nucleation, expansion, coalescence, and outgassing (Gonnermann and Manga, 2003). 
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Explosive basaltic activity spans a large range from low energy to high energy 

events, resulting in a spectrum of the style of vent activity from weaker intensity 

Hawaiian and Strombolian events, to higher intensity Vulcanian, sub-Plinian, Plinian 

events in the case of magmatic eruptions. In the case of eruptions involving external 

water, i.e., ice, surface liquid water bodies or aquifers, Surtseyan or Phreato-Plinian 

activity classifications are applied due to the finer grained nature of the tephra 

produced. Throughout the lifetime of an active fissure eruption it can display several 

styles in vent activity. Rapid transitions between types of vent activity or fluctuations 

in intensity occur as a result of feedbacks within the shallow conduit, coupled with 

waxing and waning of the MER, which can occur episodically throughout the 

eruption. 

 

Initial vent activity, during the opening phase of the fissure, is typified by an 

emergent ‘curtain-of-fire’ stage (<50 m in height) along the entire active fissure or 

fissures (Houghton et al., 2021) (Figure 2. 4). This emergent phase transitions, either 

over the course of days (Witt et al., 2018) or in some high intensity and high cases 

tens of minutes (Sumner et al., 1998), into more intense explosive activity. 

 

 

Figure 2. 4: Curtain-of-fire Holuhraun 2014–15 CE. On the 31 August 2014, the Holuhraun 2014–15 CE eruption 

re-initiated, with emergent curtain-of-fire fountaining activity stretching for 1.5 km. Author photograph.  
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The style of explosive activity that ensues is strongly dependent on the manner the 

volatiles ascend through the shallow conduit and can be roughly grouped into two 

categories: sustained or unsteady discharge eruptions of differing intensities. The 

classifications, and the corresponding behaviour of melt and bubbles in the shallow 

conduit, for that style of eruption, are as follows:  

 

(1) Fountaining eruptions: Often referred to as Hawaiian fountaining eruptions, 

are typified by a sustained magma discharge, forming continuous 

incandescent jets at the surface. Whilst the discharge is maintained for hours–

days, the MER, and therefore the intensity of the fountaining during the 

eruption can fluctuate, sometimes episodically creating pulses of more 

intense phases. Fountaining eruptions have higher ascent rates when 

compared to effusive activity or, indeed, Strombolian-style events (see (2) 

below). As a result, the volatile and melt phases remain coupled through the 

shallow conduit, taking the form of a heterogeneous but continuous stream of 

gas. This can occur as a form of a churn flow (lower gas flux) or annular flow 

(higher gas flux) in the shallow conduit (Houghton and Gonnerman, 2008), 

producing high-powered gas jets at the surface (Gonnerman, 2015) (Figure 2. 

5).
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Figure 2. 5: Houghton and Gonnerman, 2008. Schematic of the different main types of bubbly melt 

flow in the shallow conduit during a basaltic eruption, bubbles are shown in white with the melt in 

black.  

 

This style of eruptive activity is often regarded as weak, producing Hawaiian 

style fountaining, which can be divided into three different sub-

classifications, as defined by Houghton et al., 2016: low <100 m, moderate 

100–400 m and high >400 m. However, fountaining can reach sub-Plinian to 

Plinian intensities (Thordarson and Self, 1996; Sumner 1998; Thordarson et 

al., 2003; Bonnaccorso et al., 2014; Moreland et al., 2019; Spina et al., 2021). 

Fountaining events are distinguished from Strombolian explosions by their 

longer durations (>300 s), Houghton et al., 2016. Parfitt and Wilson, 1999 

suggested that basaltic sub-Plinian–Plinian eruptions are a more intense form 

of Hawaiian and Strombolian events, with higher ascent rates, based on their 

similar dynamics. However, when analysing basaltic pyroclasts from weak–

high intensity events, a limited number of studies have demonstrated distinct 

differences in vesicle number densities versus mass eruption rates (Houghton 

et al., 2004; Sable et al., 2006). This suggests that another criterion must be 
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invoked for lower viscosity melts (Papale, 1999), i.e., microlite rich and 

therefore more viscous basaltic melts such as 122BC Etna and Tarawera 

1886 CE (Sable et al., 2006). 

 

(2) Strombolian eruptions: Forming normal, major, or violent Strombolian 

explosions and rarer paroxysms are typified by an unsteady magma 

discharge, creating short bursts of explosive activity. This classification is 

based on eruptions at Stromboli, and further verification of whether it is 

applicable to Strombolian eruptions elsewhere is necessary (Houghton et al., 

2016). Unsteady explosive activity is the result of large slugs, conduit-filling 

bubbles, which have a higher rise rate than their parental melt and thus 

decouple, ascending more quickly through the shallow conduit. As they burst 

explosively at the surface, incandescent globules of melt are scattered around 

the vent area. Individual Strombolian explosions, lasting for between 15±6 s, 

consist of sub-second pulses of meter-diameter gas pockets (Gaudin et al., 

2014a; 2014b; Taddeucci et al., 2015) (Figure 2. 6), rather than one 

individual slug. The three varieties of Strombolian explosions have a 

comparatively shorter duration relative to Hawaiian eruptions but vary in 

mass discharge rate, with paroxysms overlapping with Hawaiian discharge 

rates (Houghton et al., 2016). Paroxysms, the more intense style of 

Strombolian explosivity, e.g., Stromboli 2019 (Giordano and Astis, 2021), 

also referred to as Vulcanian eruptions, are shorter-lived than Strombolian 

eruptions, which have milder explosions and usually last for days building 

thick scoria cones and fall deposits dispersed away from the vent (Walker 

1973; Calvari and Pinkerton 2004; Pioli et al., 2008; Giordano and Astis, 

2021). Paroxysms, due to their higher intensity, produce more fine ash from 

the higher degree of fragmentation the magma undergoes. 
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Figure 2. 6: Gonnerman, (2015). Examples of the shallow conduit dynamics and resultant styles of vent activity 

during different types of eruptions: a) Effusion of high viscosity melt, not discussed here. b) Sustained explosive 

eruptions, with a low water-to-melt ratio, of a magma with a high viscosity or experiencing high shear rates, or 

both. c) Phreatomagmatic explosive eruptions, with high water-to-melt ratios, where the external water granulates 

the eruptive pyroclasts and flashes explosively to steam d) Strombolian-style eruptions, where large gas slugs 

formed by coalescence of smaller bubbles or clusters of smaller bubbles, which travel together as a slug, 

decouple from the melt and travel through the shallow conduit with a higher rise rate and burst at the surface 

causing discrete explosions. e) Hawaiian-style fountaining eruptions, which can form sustained or un-sustained 

vent activity, occur due to high shallow conduit ascent rates of a coupled melt and gas phase, which form 

powerful gas jets carrying at the surface. 

 

(3) Phreatomagmatic events: These involve the addition of external water to 

the melt in the shallow conduit prior to or post fragmentation, as the result of 

the magma penetrating an aquifer, erupting underneath a glacier, a surface 

water lake, or the sea. Magma-water interactions result in phreatomagmatic 

fragmentation producing a finer-grained deposit; with the extent of its 

influence on the fragmentation intensity depending on the ratio of external 

water to magma and the timescales involved. Lower intensity 

phreatomagmatic fragmentation does not add explosivity to the system, with 

the eruptive intensity dictated by magmatic fragmentation processes only, 

external water induces thermal granulation through hydro-fractures 

disintegrating the melt (Kokelaar, 1986; Moreland et al., 2020). Another 

mode of phreatomagmatic fragmentation is a fuel-coolant interaction, driven 

by steam film generation and collapses at the external water to magma 
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interface and subsequent flash boiling of the water to produce explosive 

activity (Zimanowski et al., 2015 and references therein; Moreland et al., 

2020). Based on the degree of tephra dispersal, the phreatomagmatic realm is 

divided into Surtseyan, after their Icelandic namesake, which erupted off the 

coast of South Iceland in 1963 CE, Phreato-Plinian type eruptions, named 

after the C-phase of the Askja 1875 CE eruption.  

 

The seminal publication by Walker (1973), a widely accepted classification, which 

categorizes the eruptive intensity of a basaltic event based on the characteristics of 

its tephra deposit, gives a best estimate of the intensity of older, remote, and/or 

undocumented basaltic events, which have a preserved tephra layer. Walker (1973) 

uses the following two characteristics of the resultant tephra deposits: (1) dispersal of 

ejecta, as a proxy for MER, i.e., how quickly the deposit thins away from the vent; 

and (2) the fragmentation indices, i.e., the degree of fines as a weight percent. These 

two criteria generally separate the styles of eruptive activity (Figure 2. 7).  

 

 

Figure 2. 7: Eruptive intensity deposit characteristic schematic taken from Walker (1973). The initial 

classification of explosive volcanism using: D, dispersal index, which is a measure of how quickly the mapped 

isopach of the tephra dispersal from an eruption or eruptive phases thins away from its source vents; and F, 

fragmentation index, which measures how fine-grained said deposit is. Note that this initial classification 

categorises Hawaiian eruptions at the low-intensity end-member of eruptive styles. However, fountaining 

eruptions span the scale from Hawaiian to sub-Plinian–Plinian intensities.  

 

However, the caveats in this classification that need to be addressed are: (1) that all 

Hawaiian and Strombolian activity is regarded as weak, (2) without a known 

timeframe that tephra deposition occurred within, demarcations between the eruptive 

styles cannot be identified from the deposits alone in order to distinguish between 
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transient paroxysm explosions versus sustained activity types e.g., Hawaiian and 

Strombolian or Vulcanian and sub-Plinian events. These two sticking points 

currently hinder the ability of the scientific community to characterise and classify 

activity at certain volcanoes for the purposes of future hazard forecasting, as well as 

the understanding of the driving forces between these different eruptions (Houghton 

et al., 2016; Bonadonna et al., 2012). Further complications exist when Hawaiian 

fountaining activity is considered in isolation, as it is typically regarded as weak 

intensity eruptive activity. Instead, it spans a range from weak emergent phases with 

fountains reaching 50 m in height to sub-Plinian to Plinian eruptive intensities 

producing fountains reaching >1400 m. High intensity fountaining at Kīlauea 

produces fountains of >500 m in height (Houghton et al., 2016) and fountaining 

events of sub-Plinian to Plinian intensities produce fountains reaching >1400 m in 

height, e.g., Eldgjá 936 CE, Laki 1783–84 CE, Oshima 1984 CE, and Etna 2011, 

2014, 2015, and 2021 CE (Sumner, 1998; Larsen, 2000; Andronico et al., 2005, 

2014; Bonnaccorso et al., 2014; Carbone et al., 2016; Moreland et al., 2019; Spina et 

al., 2021). A recent study by Spina et al., (2021) called for fountaining activity, given 

the wide spectrum it spans in terms of intensity in nature, to be given its own 

classification outside of effusive versus explosive activity classifications.  

 

Other layers of complexity addressed by the Walker (1973) classifications include 

rapid transitions between eruptive intensities at basaltic volcanoes. These have been 

frequently observed as reoccurring episodic transitions to higher intensity activity 

phases separated by periods/phases of weaker intensity activity. This has been 

observed at Kīlauea in Hawaii: Kīlauea Iki 1959 CE (Richter et al., 1970; Stovall et 

al., 2011, 2012), Mauna Ulu 1969-74 CE (Swanson et al., 1979; Parcheta et al., 

2013) Pu’u’Ō’ō 1983-86 CE (Wolff et al., 1988; Mangan and Cashman, 1996; 

Heliker et al., 2003; Heliker and Mattox, 2003) whilst also occurring at central 

volcanoes as Etna and Stromboli (Spampintao et al., 2012). Transitions between 

explosive styles throughout fissure eruptions, i.e., from Hawaiian to Strombolian, 

have been observed during eruptions at Heimaey 1973 CE or the Great Tolbachik 

Fissure, 1975 CE (Parfitt, 2004). In contrast, the opposite occurred during some 21st 

century summit eruptions at Etna (Spampintao et al., 2012), which displays 

increased frequency in Strombolian activity (e.g., rapid Strombolian activity) prior to 

the onset of sustained fountaining (Andronico et al., 2005, 2014). The Walker (1973) 
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classification better suits point source eruptions, and not fissure eruptions with 

multiple discrete vents within one fissure or several active fissures, e.g., Eldgjá 936 

CE, Vatnaöldur 871 CE, Veiðivötn 1477 CE, Laki 1783–84 CE and Tarawera 1886 

CE. 

 

Houghton et al. (2016) call for a particular focus on mapping historical deposits from 

eruptions with well-documented vent activity from Etna, Kīlauea, and Stromboli 

which were not included in the original Walker (1973) classification. As well as 

detailed fieldwork and data sets from other basaltic volcanoes to build a detailed 

database from which to extract quantitative demarcation characteristics that can be 

applied to less classical and complicated deposits. 

 

Analysis of Strombolian versus Hawaiian deposits in the field at a componentry 

level might also provide extra information for eruptive style differentiation since 

Hawaiian deposits are rich in achneliths, which reflecting the presence of the 

sustained gas stream phase in the fountaining jet which fuses the very outer skin of 

the lapilli pyroclasts (Houghton et al., 2016; Taddeucci et al., 2015).  

 

2. 2. 2 Classifications of basaltic lava flow morphologies  

 

Basaltic lava flows are defined by the end-member morphotypes of pāhoehoe and 

‘a’ā, but also feature a spectrum of hybrid morphotypes such as slabby, rubbly, and 

spiney pāhoehoe (Table 2. 1, Figure 2. 8) (Keszthelyi et al., 2000, 2004, 2006; 

Thordarson, 2013; Harris et al., 2017). The morphology of the lava flows that these 

basaltic eruptions produce varies as a function of the rheological properties of the 

melt upon eruption, modified by syn-eruptive degassing, the MER, and associated 

vent dynamics, as well as the slope on which the lava flows are emplaced. In turn, 

these processes influence the type of transport system that develops and the thermal 

efficiency of that transport system as it becomes more established and matures, 

which dictates the morphology of the lavas produced at the active fronts. In general, 

more intense eruptive activities with a higher MER will form more open-channelled 

transport systems emplacing rubbly pāhoehoe to ‘a’ā lavas, whereas more thermally 

efficient closed transport systems feed a spectrum of pāhoehoe depending on the 

stage of the eruption (Figure 2. 8).  
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Figure 2. 8: Photographs of insulated versus open basaltic lava channels and associated lavas flow morphologies. 

(A) An aerial image of an active pāhoehoe closed transport system, with the active lava channel location 

indicated by white arrows. (B) An aerial planar image of an active ‘a’ā open transport system, with the active 

lava channel location indicated by white arrows. (C) Pāhoehoe flow lobes at the advancing active margins. (D) 

‘A’ā flow front at the active flow margin. Images courtesy of Dr. Thorvaldur Thordarson, taken on fieldwork in 

Hawaii. 

 

In the case of Icelandic basaltic fissure eruption fed lavas, the following 

morphologies are associated with certain phases of the event: (1) slabby pāhoehoe 

flows are concentrated at near vent areas, these are common at the start of eruptions 

as lava floods away from the emergent phase fountains, unconfined, before a clear 

transport system develops. (2) ‘A’ā fed by open-channels during higher MER phases 

of an eruption, this flow type is also more common on steeper slopes. (3) Rubbly 

pāhoehoe, frequently associated with the similar vent dynamics as ‘A’ā lavas, but 

has a more thermally efficient transport system, and can also occur as outbreaks from 

an ‘A’ā during deflating and new frontal lobe emplacement. These are lost as the 

active ‘A’ā front then advances over them. (4) Spiney pāhoehoe, associated with a 

lower MER during the waning phases of the eruption occurring as squeeze outs from 

the very end of the lava flow field. These are very viscous and have a higher 

emplacement temperature, potentially associated with the latent heat of 

crystallisation due to their very degassed nature and associated syn-eruptive and 

emplacement microlite content (Table 2. 1). 
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Table 2. 1: Holuhraun 2014–15 CE lava morphologies. The primary active lava flow morphologies observed during the Holuhraun 2014–15 CE eruption, and their key 

characteristics as noted in the field by the IES eruption team or during post-processing of FLIR images and time-lapse videos.

 ‘A’ā  Rubbly pāhoehoe Slabby pāhoehoe Spiney pāhoehoe 

Description A lava with brecciated flow tops and bases. 

The breccia consists of jumbles of blocky 

lava and irregular-shaped clinker. 

 

 

A flow characterised by a flow top of 

pāhoehoe crustal rubble and a pāhoehoe 

base. The crustal rubble is up to several 

decimetre in size. 

 

A flow characterised by a flow top of 

crustal slabs and a pāhoehoe base. The 

slabs are up to metres across and 

several decimetres thick. 

A flow with a coherent crust, undisrupted at 

meter scale and with a spinose surface and 

characterised by longitudinal grooves and 

ridges over a flow field scale. Flows never 

display large amounts of volume growth via 

inflation. 

Emplacement The clinker is formed by viscous tearing of 

the chilled lava crust. The clinker is rafted 

towards the flow front where it is 

dislodged from the front in caterpillar-

track motion (Keszthelyi and Self, 1998). 

 

 

 

 

Can be two-fold (1) Pulses of lava disrupt 

the immature crust of a pāhoehoe flow, 

that is brecciated and transported on top 

of the flow (Keszthelyi et al., 2004; 

Guilbaud et al., 2005). (2) Breakout picks 

up loose breccia from the a´a´ flow that is 

carried on top of the flow. 

 

Pulses of lava disrupt a mature crust of 

an inflated pāhoehoe flow and forms 

heaps of slabby clasts that raft on top of 

the flow (Macdonald, 1967; Swanson, 

1973; Self et al., 2000; Harris et al., 

2017). 

Surface is formed by very slow but evident 

viscous tearing of the microlite rich lava in a 

break-out which as it oozes out and tears forms 

very fine Pele’s Hair like spines on the surface. 

This flow type is susceptible to over inflation 

of, creating flower structures with outer 

surfaced turn 180º. It is often unpreserved over 

aerial scales. 

TºC (FLIR) Ca. 995 Ca. 1005 Ca. 1050 Ca. 1015 

Velocity ≈ 30-60 m/hr ≈ 10-30 m/hr ≈ 400 - 800 m/hr 1-2m/day 

1st observed 1st of September/ 2nd eruption day 1st of September 31st of August /1st day of eruption November 6th 

Location  Active flow front. Marginal and frontal break out. Marginal and frontal break out. 

Primarily in proximal areas 

Marginal and frontal break out. Associated with 

lower discharge. 

Video 20140906_1523_GBMP 20140904_2221_GBMP 20140831_2033_RA 041114_1627_CRG 
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During the Holuhraun 2014–15 eruption, resurfacing events occurred in areas around 

the active transport system, as well as utilising older transport systems, emplacing 

pāhoehoe flows which were predominantly comprised of spiney pāhoehoe over the 

original lava morphologies emplaced earlier in the eruption. This process can be 

observed from aerial images of other Icelandic basaltic fissure eruptions.  

 

There is a large range in magnitude of basaltic fissure eruptions, with the smallest 

occurring as hour-long events feeding minor lava flows, with the other end of this 

spectrum characterised by months- to years-long FL events in historical times, to 

decade-long eruptions emplacing flood basalt provinces. However, regardless of the 

spectrum of magnitudes, these events occur over, basaltic fissure eruptions maintain 

similar eruptive vent dynamics and emplace the same eruptive products.  

 

2. 3 Shallow conduit processes 
 

Basaltic magmas at depth in the crust contain volatiles in solution, and the solubility 

of these volatiles is dependent on several variables: pressure, melt composition, 

oxygen fugacity and consequently volatile saturation and speciation (Wallace and 

Anderson, 2000). The dominant volatile species are CO2 and H2O; the former 

reaches saturation, i.e., can exsolve from the melt to a separate vapour phase, at 

depths of 25 km or more and has a much lower limit of solubility in basaltic magmas 

(Pan et al., 1991; Dixon, 1997; Papale, 1999; Shishkina et al., 2010; Hartley et al., 

2017). Consequently, CO2 does not play a dominant role in the shallow conduit 

dynamics of the magma, whereas the more soluble volatile species, H2O, along with 

the more minor species S, Cl and F (Thordarson et al., 1996), which predominantly 

exsolve at much shallower crustal depths (Schilling et al., 1980; Wallace and 

Carmichael, 1992; Carroll and Webster, 1994; Dixon and Stolper, 1995; Dixon et al., 

1995; Webster et al., 1999).  

 

The exsolution of water into a separate vapour phase occurs over a short period of 

the melt’s history, during its ascent through the shallow conduit, prior to eruption. 

The vapour phase takes the form of bubbles which nucleate and grow via 

decompression driven growth and via diffusion of exsolving volatiles through the 

melt to nucleation sites; nucleation can occur homogeneously or heterogeneously. If 

the ascent rate of the magma is high, leading to high-volatile supersaturation 
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conditions in the melt, this can subsequently result in a burst of homogeneous 

nucleation within the melt due to the high interfacial energy between vapour and 

melt occurring as a disequilibrium process (Mangan and Sission, 2000; Mourtada-

Bonnefoi and Laporte, 2004). Whereas heterogeneous nucleation can occur at lower 

supersaturations, and therefore at closer to equilibrium conditions at lower ascent 

rates, if preferential nucleation sites are available (e.g., phenocryst surfaces in phyric 

melts), producing lower interfacial energy between vapour and solids (Gardner et al., 

1999; Gardner and Denis, 2004).  

 

These bubbles expand in size as a result of continuing ascent-driven decompression 

and diffusion (Parfit and Wilson, 2008). This occurs over a short timespan (seconds) 

(Gardner et al., 1996) during ascent through the shallow conduit via diffusion of 

volatiles from the surrounding melt into existing bubbles, as well as internal gas 

expansion. The rate of growth of these bubbles is dictated by a number of factors: (1) 

the volatile content of the melt immediately surrounding the bubble; (2) the diffusion 

rate from melt into the bubble; and (3) the viscous resistance of the melt (Prousevitch 

et al., 1993; Toramaru, 1995; Gonnermann and Manga, 2007).  

 

Bubble size can also be increased by coalescence, a process that also modifies the 

shape of the bubbles, which is a function of the radii of the two bubbles in question, 

termed the linear collision efficiency (a dimensionless quantity). This determines 

whether or not two bubbles can coalesce or if their size differences are too great 

(Sahagian, 1985; Sahagian et al., 1989). Coalescence occurs whereby the confining 

pressure exerted on neighbouring bubbles by the surrounding melt is lower than the 

pressure exerted by the gas inside of the bubbles themselves. This causes melt-films 

in between the two bubbles to eventually thin to a critical film thickness, which is 

dependent on liquid viscosity, surface viscosity, density and surface tension 

(DeVries, 1972; Narsimhan and Ruckenstein, 1986a; 1986b; Mangan and Cashman, 

1996). After this critical film thickness is reached it causes the bubble walls to 

rupture and the bubbles to merge, which can be triggered by a range of processes 

(Gonnermann and Manga, 2013 and references therein). In basaltic magmas the 

critical thickness of melt-films which allows for coalescence in response to bubble 

growth is 0.5 μm (Cashman and Mangan, 1994; Klug and Cashman, 1996; Castro et 

al., 2012). In low viscosity magmas, the melt from ruptured films assimilates to the 
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new bounding bubble walls and can cause a domino effect, triggering the collapse of 

surrounding bubbles. Correspondingly, the bubble number density of the melt 

decreases. Coalescence requires longer timescales (tens of seconds) than growth 

(Gardner et al., 1996), which is achieved through a slower ascent rate of the melt.  

 

In low viscosity magmas, the vapour phase can decouple from the melt phase during 

ascent and gradually separate from the melt, moving faster through the conduit 

establishing open-system degassing or outgassing (Figure 2. 6) (Thordarson et al., 

1996). All of these shallow conduit processes have a modulating role on the style of 

eruptive activity at the vent, if the melt has high ascent velocities, similar to the rise 

velocities of the bubbles, the vent activity will be more explosive. Early exsolution 

of CO2 may increase the buoyancy enough to enable rapid ascent rates (Sable et al., 

2006). However, if the bubbles have a higher rise velocity, the gas-phase can be 

concentrated towards the top of the rising magma column, and if the system is rising 

fast, this will result in a short-lived but high intensity explosive fountaining phase (to 

a large extent a gas-jet) followed by longer-lasting effusive phase e.g., Laki 1783–84 

CE, Eldgjá 939 CE and Oshima 1986 CE eruptions. Dragging behind this gas-

/bubble-rich top is a column of partly degassed magma, which does rise more slowly 

and ends up being erupted to produce lava. If outgassing occurs, this results in 

effusive eruptive activity at the surface or magma stalling in the conduit forming a 

dense plug, e.g., Eyjafjallajökull 2010. Rapid feedbacks in the conduit and changes 

in bubble evolution and ascent rates cause eruptive activity to change and fluctuate, 

resulting in unsteady or sustained eruptions.  

 

Fragmentation of a magma is the process by which it transitions from a two-phase 

fluid with dispersed bubbles, or for phyric magmas a three-phase, fluid with 

dispersed bubbles and crystals, to a gas jet carrying fragments of the melt in question 

through the shallow conduit. For basaltic verses silicic magmas, the processes which 

induce fragmentation are fundamentally different, enabling lower viscosity mafic 

magmas to fragment at much lower bubble volume fractions than their higher 

viscosity silicic counterparts. 

 

For silicic magmas, the process of fragmentation is achieved through brittle failure 

due to high tensile stress on the framework of melt-films between bubble walls in 
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response to a pressure build-up by the volatiles inside the bubbles. This requires a 

minimum critical volume fraction of bubbles to be reached, around 70–75 % 

(Sparks, 1978), although depending on whether the melt is also experiencing 

shearing this can be as low as 64% (Gardner et al., 1996, 1999). 

However, in low viscosity basaltic melts, fragmentation at much lower critical 

volume fractions can be induced by four additional criteria: (1) inertial, pull-apart, 

fluid dynamic forces; (2) strain-rate; (3) potential energy; and (4) stress 

(Gonnermann and Manga, 2007; Namiki and Manga, 2008; Rust and Cashman, 

2011). For explosive basaltic eruptions, laboratory experiments and numerical 

modelling have shown that the rates and timing of processes such as decompression, 

degassing, vesicle nucleation, growth, coalescence and outgassing, in the shallow 

conduit, are critical for the development of different eruptive styles (Namiki and 

Manga, 2006; Gonnermann and Manga, 2007; 2008; Houghton et al., 2016). In the 

case of very crystal-rich basaltic magmas, with a higher viscosity and complex three-

phase interactions, decoupling of vapour and melt phases to decouple is subdued 

significantly, resulting in higher explosivity when coupled with high MERs.  

 

Qualitative and quantitative analysis of basaltic pyroclasts have demonstrated a wide 

range of vesicle number densities (VND), size distributions (VSD) and volume 

distributions (VVD) for explosive basaltic eruptions with vastly different eruptive 

styles and evolution of activity (Cashman and Mangan, 1994; Polacci et al., 2006; 

Sable et al., 2006; Lautze and Houghton, 2008; Costantini et al., 2010; Stovall et al., 

2011; 2012; Parcheta et al., 2013; Holt et al., 2019). This microtextural fingerprint 

preserved in the pyroclast captures the melt framework at the time of fragmentation, 

thus providing a window into the shallow conduit. From these pyroclasts, the timing, 

rates, and temporal evolution of shallow conduit processes can be established and the 

modulating influences on the style of vent activity upon eruption, and even to some 

degree spatial evolution in a cross-section of the conduit itself, can be assessed. Post 

fragmentation modification of the bubble population in pyroclasts from low viscosity 

melt eruptions occurs due to the thermal gradient present within the clasts as a result 

of the insulating effect the fountains themselves have (Mangan and Cashman, 1996; 

Parcheta et al., 2013; Stovall et al., 2011; 2012; Porritt et al., 2012; Cashman and 

Scheu, 2015; Holt et al., 2019), causing expansion and in some cases coalescence.  
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2. 4 Environmental impact of Flood Lava eruptions  
 

The volatile budget from a volcanic eruption predominantly consists of CO2 and 

H2O, with lower concentrations of sulfur (S), halogen species and associated metals 

(Schmidt and Robock, 2015; Ilyinskaya et al., 2021). However, CO2 and H2O are 

thought to have a negligible impact on atmospheric chemistry due to their high 

background abundances (Wignall, 2001; Self et al., 2005; Self et al., 2008); hence, 

despite the relatively low eruptive concentrations of S, this is the only volcanic 

volatile species that has been observed to perturb the radiative balance of the 

atmosphere over short-lived timescales 1–3 years (Schmidt et al., 2012; Schmidt and 

Robock, 2015). Initially, SO2 and H2S are the most abundant S species present in the 

volcanic plume (Wallace and Edmonds, 2011), but H2S rapidly converts to SO2, 

which subsequently undergoes a conversion to sulfate aerosols (SO4
2-). These 

aerosols absorb near-IR radiation and scatter it away from Earth’s surface, inducing 

a surface cooling effect and creating thermal gradients that modify meteoric 

conditions (Robock, 2000; Robock and Oppenheimer, 2003; Edmonds and Mather, 

2017). If injected into the stratosphere, the life span of both SO2 (hours) and SO4
2- 

(days) increases to weeks and months–years respectively, due to slower removal 

processes associated with lower water vapour contents, i.e., the humidity 

environment at stratospheric levels, thereby increasing their associated climatic and 

environmental impact (Figure 2. 9). 
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Figure 2. 9: Sulfur pollution from the Laki 1783–84 CE eruption. Schematic courtesy of Dr. Thorvaldur 

Thordarson of the 1783–84 CE Laki FL eruption and its associated volcanic plume. The image highlights coeval 

tropospheric injection of volatiles, creating a S and halogen rich localised vog, as well as the injection of volatiles 

into the stratosphere. In both cases, S gases undergo a conversion as the plume matures to S aerosols. In the dry 

stratospheric environment, the S is present as a longer-lived distal haze that had a hemisphere-wide impact. 

 

Large and sustained injections of volcanic S can induce significant environmental 

degradation and health hazards through a tropospheric sulfur and halogen rich vog 

(Figures 2. 3 and 2. 9), acid rain (Thordarson and Self, 1993; Thordarson et al., 

1996; Robock, 2000; Oman et al., 2006a; 2006b) and climatic perturbations that can 

last for 1–3 years through upper troposphere-lower stratospheric sulfur aerosol 

loading (Thordarson and Self, 1993; Thordarson et al., 1996; Robock, 2000; Robock 

and Oppenheimer, 2003; Thordarson et al., 2001; Thordarson and Self, 2001, 2003; 

Thordarson et al., 2003b; Self et al., 2005; Schmidt et al., 2010; Oppenheimer et al., 

2011; Schmidt et al., 2011; Wallace and Edmonds, 2011; Black et al., 2014a, 2014b; 

Black and Manga, 2017). Climatic perturbations are manifest as a three-fold effect: 

(i) surface cooling; (ii) moderation of the planetary airflow via changing the equator 

to pole temperature gradient; and (iii) low-level volcanic pollution (Thordarson and 

Self, 2003; Oman et al., 2006a, 2006b; Thordarson et al., 2009).  

 

Of particular interest are basaltic magmas, which produce a volatile load about an 

order of magnitude higher than explosive silicic eruptions (Devine et al., 1984). 
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Explosive basaltic eruptions are easily capable of stratospheric injection levels, e.g., 

Fontana 60 ka, 122 BC Etna, Tarawera 1886 CE, Krakatoa 1883 CE (basaltic 

andesite), Katla 1918 CE and Grímsvötn 2011 CE but are generally short-lived 

compared to their effusive counterparts. However, large-volume basaltic FL 

eruptions produce convective volcanic plume heights capable of stratospheric 

volatile loading. This is coupled with their higher magnitude, that requires longer 

periods of eruptive activity and a higher MER for the more explosive phases which 

reach the stratosphere. Eruptions of this magnitude can therefore inject volatiles into 

the atmosphere for prolonged periods of time, and into the stratosphere through 

repeated high-intensity explosive fissure opening phases, e.g., Eldgjá 936 CE and 

Laki 1783–84 CE (Thordarson and Self, 1993; Woods, 1993; Thordarson et al., 

1996; Moreland et al., 2019). The larger end-members of this style of eruption are 

Flood Basalts (FB; >100 km3), hundreds to thousands of these events result in the 

formation of continental flood basalt provinces (CFBs) or large igneous provinces 

(LIPs), which have a postulated association with the mass extinction events that 

punctuate Earth’s geological record (Courtillot et al., 1999; Rampino and Stothers, 

1988) although more recent atmospheric modelling studies have cast doubt over 

these earlier claims addressing the limiting time-scales of stratospheric volatile 

loading during these events (Schmidt et al., 2015). Consequently, modelling the S 

dispersal from volcanic plumes within the atmosphere and calculating the total 

atmospheric S burdens for previous eruptions, including FLs (both historical and 

through geological time), to improve hazard and environmental assessments has 

been a key research focus over recent decades (Thordarson et al., 1996; Thordarson 

and Self, 2001; Thordarson et al., 2001, 2003b; Self et al., 2005, 2006, 2008; 

Oppenheimer et al., 2011; Schmidt et al., 2011; Loughlin et al., 2012; Schmidt and 

Robock, 2015; Ilyinskaya et al., 2017).  

 

Nevertheless, the total atmospheric S budget of ancient LIPs, comprising of 

hundreds to thousands of individual FB eruptions which build the province, remains 

notoriously difficult to reconstruct in absolute terms. This is due to the large 

uncertainties associated with the total duration of LIP construction, which can occur 

over several million years, although their peak production period generally appears 

to be shorter, i.e., 0.5–1 Ma (Hofmann et al., 1997; Courtillot and Renne, 2003; 

Chenet et al., 2007, 2008). However, the time between individual eruptions is on the 
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order of hundreds–thousands of years (Thordarson and Self, 1996) therefore the 

frequency of these eruptions is too low to create a cumulative climatic impact from 

the atmospheric volatile loading (volcanic forcing) during the total LIP construction. 

Instead, atmospheric perturbations occur only in response to individual eruptions or a 

series of closely spaced events. For example, in the case of a Roza like event, part of 

the Columbian River Basalt Group (CRBG) province, which is thought to have been 

active for 10–20 years, the atmospheric effects of the sulfur loading can only last a 

maximum of 2–3 years beyond the duration of the individual event (Thordarson et 

al., 1996, 1998). On geological time-scales the immense volume of lava emplaced 

via FB eruptions occurs over relatively limited periods of time, indicating that MER, 

and therefore the volatile flux, from these individual eruptions during their peak 

eruptive intensity were fairly high (Rampino and Stothers, 1988; Stothers and 

Rampino, 1990; Self et al., 1996; Courtillot et al., 1999; Wignall, 2001; Jolley and 

Widdowson, 2005; White and Saunders, 2005; Self et al., 2005, 2006, 2008; Chenet 

et al., 2009; Oppenheimer et al., 2011 and references therein; Black et al., 2012, 

2014a, 2014b; Schmidt and Robock, 2015). Each FB event is, in turn, made up of 

discrete pulses of eruptive activity, which start explosively, reaching sub-Plinian–

Plinian intensities which can inject volatiles into the stratosphere, and subsequently 

waning into effusive activity that last years to decades (Brown et al., 2014; 

Thordarson and Self, 1998). Hence the environmental and climatic impact associated 

with LIPs is down to individual eruptions, but it is not straightforward to obtain 

information on the size and duration of these events, although some of them most 

likely lasted for decades (Thordarson and Self 1998; Schmidt et al., 2015). Each of 

these units within the LIP formation is separated by periods of hiatus in eruptive 

activity, sometimes reflected in the presence of palaeosols; again, like other 

timescales in these events, these hiatus periods are of unknown length and may be 

localised with activity occurring elsewhere in the system (Self et al., 1996; 

Widdowson, 1996; Widdowson and Cox, 1996; Widdowson et al., 1997; Chenet et 

al., 2009; Sayyed, 2014). The pattern and duration of these phases of explosive 

activity, capable of stratospheric injection, throughout a FB eruption, is also 

relatively unconstrained; with only two examples exist of well-studied explosive 

tephra fall phases, both of which are part of the Columbia River Basalt Group 

province (CRBG) FB event: The Roza Member and the Grande Ronde Member 

phases (Swanson et al., 1975; Barry et al., 2010; Brown et al., 2014, 2015). Some 
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studies have noted a potentially more volatile and particulate rich plume from the 

earliest explosive eruptive phase as a result of volatile saturation (Vye-Brown et al., 

2013; Brown et al., 2014). Established techniques which rely on comparing S in 

eruptive glasses with a pre-eruptive S content from melt inclusions, e.g. the so-called 

petrological method (Devine et al., 1984; Devine and Island, 1984), which is 

commonly used to establish the S-budget for volcanic eruptions, is not always 

applicable, for example to aphyric magmas or for phyric magmas where melt 

inclusions have undergone post entrapment modifications or alteration. This is the 

case for many ancient FB eruptions; therefore, empirical or proxy methods are 

applied using whole rock FeOt contents (Óskarsson et al., 1984; Thordarson and 

Self, 1996; Thordarson et al 2003; Self et al., 2005; Blake et al., 2010; Black et al., 

2012, 2014a, 2014b) to back-calculate pre-eruptive S contents before applying the 

petrological method to erupted glass S values.  

 

Regardless of magnitude, basaltic fissure eruptions maintain similar eruptive styles, 

nature, and eruptive products. It is, therefore, reasonable to improve our 

understanding of the climatic and environmental impacts of FB events using smaller 

scale FL eruptions, which serve as well-documented, modern analogues to their 

larger counterparts. 

 

2. 5 Volatiles in Basaltic Magmas 

 

The partitioning of sulfur between magmatic fluids and melts controls the volatile 

budget of magmas and sulfur load released on volcanic degassing (Webster and 

Botcharnikov, 2011). Due to the complex behaviour of S in melts, modelling of this 

S partitioning between vapour-melt phases must include the effects of T, P, melt 

composition, and oxygen and S fugacities (Scaillet and Pichavant, 2005; Moretti and 

Baker, 2008; Wallace and Edmonds, 2011; Barnes, 2012). The redox of the silicate 

melts in question, prior to eruption, is particularly important, as oxygen fugacity 

(fO2) has a strong influence on their total S budget and the distribution of S between 

the melt and liquid/gas phase by controlling the amount of dissolved S that a melt 

can carry at depth before the melt becomes S saturated (Wallace and Carmichael, 

1992). In reduced conditions, the melt contains less dissolved S, as the S2- ions 

present have a lower solubility compared to S6+, which is present in oxidising 
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conditions, so the S present is driven into a gas or immiscible liquid phase; in 

intermediate conditions, both S2- and S6+ are present. At saturation, a liquid or 

vapour phase, rich in sulfur, co-exists with the silicate melt, e.g., immiscible sulfide 

or sulfate liquid. Several studies have also noted that oxidised melts contain some of 

their S budget in an S excess gas/sulfate fluid phase, which is not recorded by pre-

eruptive S content and therefore not included in eruptive S outgassing calculations 

(Oppenheimer et al., 2011). Upon decompression, experimental data demonstrates 

that S strongly partitions into the gas phase (Edmonds and Mather, 2017), which is 

especially the case for reduced conditions e.g., MORB where S2- becomes even less 

soluble in the melt phase. Sulfur solubility and redox state are key parameters for 

modelling volcanic forecasting, but the magma ascent rate, and whether the system is 

experiencing open or closed degassing (is the exsolved vapour retained entirely until 

eruption or partially lost) must also be considered (Metrich and Mandeville, 2010; 

Wallace and Edmonds, 2011). Rapid ascent rates inhibit redox evolution for vapour-

melt-fluid systems as they cannot equilibrate on these timescales, instead the melt is 

driven to S saturation. Melts at depth can be driven to S saturation in response to 

crystallisation, this saturated state is retained until the melt reaches shallower 

pressures; causing S degassing to be controlled by the existing vapour-melt 

partitioning (Wallace and Edmonds, 2011). This in turn makes the redox state of 

flood basalts, both prior to and upon eruption, very important for environmental 

assessments as it can increase their atmospheric S yield above the suggested values 

from petrological methods (Oppenheimer et al., 2011).  

 

2. 6 Stable isotopes as tracers of volcanic processes 

 

The advent of high resolution and high precision mass spectrometry (i.e., TIMS or 

ICP-MS-MC) has enabled the rapid growth of an emerging field in the application of 

novel, non-traditional, stable isotope systems that can fractionate in response to a 

number of processes leaving a distinct geochemical and cosmochemical fingerprint. 

These stable isotopes can be used to trace the magmatic or surface processes 

involved in both the formation, differentiation and evolution of Earth and other 

planets in our Solar System. 
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As this field of study continues to develop, it provides new perspectives across a 

broad spectrum of geological processes by constraining the elemental budget 

estimates for specific reservoirs, how isotopes fractionate as mass moves from one to 

the other, as well as the conditions which drive fractionation, e.g., oxygen fugacity. 

The cause of variations of some of these novel-stable isotopes in terrestrial igneous 

rocks is limited by our current understanding of the mass-dependant fractionation 

mechanisms of these systems at magmatic temperatures (Wang et al., 2017). Not 

only is it important to understand the effects of magmatic processes for terrestrial 

samples, with respect to establishing robust bulk silicate Earth (BSE) values for the 

novel stable isotope systems; it is also important for samples from other planetary 

bodies or meteorites, as they will all have potentially undergone some isotopic 

fractionation during magmatic processes (Chen et al., 2013; Chen, 2014). 

 

2. 6. 1 Copper and Zinc stable isotopes as tracers of magmatic differentiation 

and volatile loss 
 

Of particular interest to this study are the stable isotopes of the chalcophile transition 

metals, copper (Cu) and zinc (Zn) which are moderately volatile (Herzog et al., 

2009; Chen et al., 2013) at atmospheric pressures. The natural abundances, in 

terrestrial samples, of the different isotopes for Cu and Zn are as follows:  

 

Copper has two stable isotopes 63Cu (69.17 %) and 65Cu (30.83 %). Zinc has five 

stable isotopes 64Zn (48.6%), 66Zn (27.9 %), 67Zn (4.1%), 68Zn (18.8%), 70Zn (0.6%).  

 

The expected response for Zn and Cu isotopes is dictated by the dominant valence 

state, i.e., speciation, of S present in the melt in question i.e., as S2- or S6+. In turn, S 

speciation is controlled by temperature, pressure, water content and oxygen fugacity 

(Fe2+/Fe3+, SO2-/S2- redox buffers) (Sakai et al., 1982; Ueda and Sakai, 1984; 

Burgisser and Scaillet, 2007; Marini et al., 2011). S is an important component 

within basaltic systems that exhibits volatile behaviour; S occurs as a dissolved 

volatile species, as a segregated vapour phase, as well as within minerals and 

immiscible melts (De Moor et al., 2013). The transition between sulfide and sulfate 

valence states, i.e., S2- or S6+, occurs over a narrow range of oxygen fugacity (fO2) 

values around the Fayalite-Magnetite-Quartz (FMQ) interval between oxidised and 
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reduced conditions. Therefore, the oxygen fugacity of the magma in question 

directly controls the amount of sulfur present in solution in the melt at sulfur 

saturation; in reduced conditions S saturates at 1400 ppm and starts to exsolve as 

immiscible sulfides or a reduced S species vapour phase. Whereas, in an oxidised 

silicate melt, S saturates at much higher concentrations (7500 ppm), forming sulfate 

fluid or vapour phases (Wallace and Carmichael, 1994; Jugo, 2005b).  

 

As sulfur segregates into separate gas or fluid/sulfide melt phases, which develop as 

the melt is driven to S saturation during ascent driven decompression, a 

corresponding mass-dependant fractionation of the chalcophile isotopes Cu and Zn is 

expected due to their affinity with S and their volatile nature. In basaltic magmas Cu 

has a high partition coefficient between sulfides and the silicate matrix (Peach et al., 

1990; Luguet et al., 2003; Li et al., 2009; Collins et al., 2012), and it preferentially 

partitions into immiscible sulfide phases as a major element component, as the 

basaltic melt evolves via fractionation or crustal assimilation in the shallow crust 

(Sun et al., 2004; Halter et al., 2005; Zajacz and Halter, 2009; Collins et al., 2012). 

Copper has a high partition coefficient for chalcopyrite, which is often identified as a 

minor phase in Icelandic FL basaltic eruptive products as a quenched immiscible 

melt resulting from sulfur saturation of the magmas prior to eruption. Whereas Zn 

preferentially partitions, as a trace element component, into olivine, with a partition 

coefficient of 1 (Deer et al., 2013). Icelandic FL lavas and associated tephras have a 

consistently low phenocryst content (generally <10%), within which olivine is a 

common, but subordinate, phenocryst or crystal mush glomerocryst phase. 

Therefore, for a small increase in the percentage of immiscible chalcopyrite present 

in a FL lava flow or tephra the bulk elemental Cu concentration increases notably. 

Whereas, unless the olivine content of a lava flow or tephra increases significantly, 

which cannot occur with the addition of a small percentage increase of crystal mush 

glomerocrysts (xenocrysts) or a density stratified magma storage zone which creates 

an increase in phenocrysts (to 20%) throughout the eruption, this is not the case for 

Zn. 

 

It is hypothesised that as a melt migrates from a crustal storage reservoir to a shallow 

conduit setting prior to an eruption, the chalcophile stable isotope volatiles exsolve 

from the melt in response to decompression. If the melt in question is oxidised, i.e., 
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higher oxygen fugacity, light Zn isotope will preferentially partition into the oxidised 

S rich gas phase or sulfate fluid phase present. Therefore, as a magma fragments and 

degasses SO2 during an eruption, the volatile loss of light Zn could also take place, 

leaving the residual melt with a heavy δ66Zn signature (Luck et al., 2005; John et al., 

2008; Herzog et al., 2009; Chen et al., 2013; Chen, 2014). In a reduced setting where 

S is lost as H2S in a volatile phase, the heavy Cu isotope will partition into a Cu 

chloride complex (e.g. Cu3Cl3) vapour or fluid phase (Candela and Holland, 1984; 

Williams et al., 1995; Liu et al., 2002; Hack and Mavrogenes, 2006; Simon et al., 

2006) leaving the residual melt depleted in the heavy Cu isotope and thus has an 

isotopically lighter δ65Cu signature (Halter et al., 2005; Markl et al., 2006; Moynier 

et al., 2006; Seo et al., 2007; Li et al., 2009; Savage et al., 2015). In a reduced 

setting, S can also segregate into FeS2 rich immiscible sulfide melt, lost as a 

particulate phase, preferentially incorporating the light Cu isotope, leaving the 

residual melt with an isotopically heavier δ65Cu signature (Figure 2. 10, also see 

Figure 8. 1 in Chapter 8).  

 

Figure 2. 10: Zn and Cu partitioning behaviour during eruptions. Schematic of a basaltic fissure eruption, and its 

eruptive products, with its shallow conduit system in cross-section. The inset displays a package of melt rising 

through the shallow conduit: melt is shown in red, bubbles in white, immiscible sulfide phases in yellow, 

plagioclase crystals in greyscale and olivine or pyroxene in green. This inset also highlights the partitioning 

behaviour of Cu and Zn during ascent, depending on the redox conditions of the system and which S species are 

present, which in turn results in the mass-dependant fractionation of these two stable isotope systems.  
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The majority of previous novel-stable isotope studies focussed on fingerprinting the 

Cu and Zn isotopic signature of BSE and tracing the effects of magmatic 

differentiation, hydrothermal and ore-forming processes on these stable isotope 

systems at both a bulk sample and mineral separate level for geological samples as 

well as evaporation and condensation processes during planetary and lunar processes 

(Herzog et al., 2009; Telus et al., 2012; Chen et al., 2013; Chen, 2014; Liu et al., 

2015; Savage et al., 2015; Doucet et al., 2016; Liu et al., 2016; Mahan et al., 2017; 

Sossi et al., 2015; 2018; Wang et al., 2017). Whilst at a planetary formation and 

differentiation scale, the volatile behaviour of Zn and Cu has been well demonstrated 

(Moynier et al., 2006, 2010; Paniello, 2012; Day and Moynier, 2014), with volatile 

loss or evaporation identified as the only process which can induce Zn isotope 

fractionation, with a magnitude of 1‰ for δ66Zn. How residual eruptive products 

record Cu and Zn mass-dependant fractionation during the shallow crustal history of 

a melt and during an eruption is currently poorly constrained, this remains fairly 

speculative despite potentially providing important constraints on the mechanisms of 

gas release and speciation of volatiles present before atmospheric disassociation. In 

this regard, the relative enrichment and depletion of heavy or light Cu and Zn 

isotopes in residual eruptive products could potentially indicate the speciation of S 

lofted into the atmosphere as a gas or particulate phase upon eruption.  

 

The current limitations of the existing data sets are at least in part due to sampling 

strategy, with each previous study consisting of either: (1) low sample number 

focusing on characterising several complementary aspects of the volcanic system 

from a broad-scale perspective, and not one eruption in particular (Wang et al., 

2019); or (2) samples analysed in isolation, e.g. Pele’s hairs δ66Zn fingerprint and 

compared with other planetary body samples (Herzog et al., 2009), rather than 

products from the same eruption; and (3) comparing of samples from unrelated parts 

of the lava field that may have been emplaced by very different eruptive vent 

activity. The latter is particularly important, as lava flow fields are often compound, 

with multiple vents emplacing separate lava flow branches simultaneously or 

discrete vents emplacing lava flows during distinct stages of the eruption associated 

with changes in eruption style and therefore degassing. Large scale late-stage lava 

flow resurfacing events have been observed in recent eruptions, e.g., Holuhraun 

2014–15 CE (Pedersen et al., 2017), which complicates retrospective sampling as the 
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association between active channel migration, eruptive style as the association of the 

resultant lava surface, and the emplacement dynamics is unclear. Therefore, unless 

the eruptive style and lava emplacement history are well understood either through 

on-site documentation or thorough detailed volcanological studies of the eruption 

products, discerning sampling sites that can be directly associated with a certain 

stage of the eruption or with each other is extremely difficult and directly impacts the 

nature of the δ65Cu and δ66Zn isotope variations observed. 

 

Chen et al. (2013) found no variation of δ66Zn values when comparing the S (ppm), 

Zn (ppm) and SiO2 (wt %) concentrations in a suite of eruptive products from Hekla, 

a stratovolcano in Iceland, and its associated fissure system. This study highlights 

the aforementioned sampling issues well, as these eruptive products span over 6000 

years of Hekla’s eruptive history with only 1–2 samples from each eruption; these 

were initially collected for a different study (Savage et al., 2011) to characterise the 

SiO2 variations within the volcanic system and the associated fractionation of Si 

isotopes. The melts in question are geochemically unrelated and have undergone 

different degrees of magmatic differentiation, mixing and mingling with other 

magmas, and different initial S concentrations and redox conditions, as well as 

having experienced different eruptive/emplacement dynamics and therefore different 

degassing extents. As the sampling neither spans an eruptive time-series from a 

single eruption at Hekla, nor a suite of eruptive products from one eruption, e.g., 

tephra and differing lava morphologies associated with different transport systems, 

the same set is unsuitable for the analysis of degassing induced isotope fractionation. 

The culmination of which is a data set that displays a high degree of scatter and no 

convincing volatile loss trends; however, the variations in the data set cannot be 

simply explained by modelling of fractional crystallisation processes (Chen et al., 

2013).  

 

The same study did, however, find a strong covariance between Zn content and 

δ66Zn in Kīlauea Iki 1959 CE tephra and lava lake core samples due to the affinity of 

this element in olivine (Deer et al., 2013), a mineral which Hawaiian lavas generally 

have in abundance. The olivine content, and therefore Zn (ppm) concentration, 

increased with depth in the lava lake due to density stratification of the lava lake 

during and post-eruption. 
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This thesis aims to adopt an improved sampling strategy to overcome these 

limitations, isolating the effect of shallow conduit disequilibrium processes and 

emplacement dynamics, to understand behaviour of the novel-stable isotopes Cu and 

Zn in response to degassing. This will be done by focusing on the eruptive products 

from two historical, well-documented and geochemically homogeneous, OIB FL 

eruptions: Laki 1783–84 CE and Holuhraun 2014–15 CE, which fed compound lava 

flow fields with dynamic transport systems as well as episodic periods of tephra fall 

during their more explosive phases. This will add to the handful of studies that 

currently exist to help identify whether and under which circumstances Zn and Cu 

are useful tracers of volatile loss in magmatic systems and their eruptive products 

(Liu et al., 2016; Wang et al., 2017). Samples from young basaltic eruptions provide 

an insight into how these isotopes behave as a magma evolves without the 

complications of examining older exhumed volcanic rocks that have been subject to 

secondary geological processes such as: hydrothermal alteration, weathering, or 

metamorphism; which overprint this initial imparted magmatic isotope signature as 

well as elemental concentrations. This is particularly important for Zn isotopes, 

which are readily overprinted by surface weathering.  
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Chapter 3: Iceland geological setting and background 
 

 

3. 1 Geological overview of Iceland 

 

The subaerial portion of the Iceland Basalt Plateau’s geological history spans two 

geological Periods: the Quaternary (0–2.58 Ma) and the early part of the Neogene 

(2.58–16 Ma). 

 

These two geological Periods can be subdivided into Epochs which are more 

descriptive in terms of periods of warmer or colder climates and major glaciations, 

which affect the landforms both erosively but also shaping sub-glacially erupted 

volcanic products. There are five geological epochs represented by the landmass of 

Iceland: the Anthropocene (<1950 CE); the Holocene (>1950 CE–0.0117 Ma); the 

Pleistocene (0.781–2.58 Ma); the Pliocene (2.58–5.333 Ma); and the latter half of the 

Miocene (5.333–16 Ma) (Figure 3. 1).  

 

However, there are also informal but very common classifications used within the 

research community that work on Icelandic geology, which are a mixture of these 

epochs. These are probably the result of localised differences in the initiations colder 

climates, and therefore evidence of glaciations, in Iceland compared to other nearby 

landmasses, e.g., southern Europe, and are outlined as follows: the Late Pleistocene 

(0.0117–0.781 Ma); the Plio-Pleistocene (0.781–3.3 Ma) as set out by Sæmundsson 

(1979). 

 

The samples analysed in this project are from two historical eruptions in Iceland that 

span both the late Holocene and Anthropocene epochs. The following subsections 

lay out the current understanding of Icelandic tectonics, volcanism, and 

geochemistry as a foundation to the interpretations made in later chapters in this 

thesis regarding the samples analysed in this study from specific eruptions and their 

associated volcanic systems. 
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Figure 3. 1: A broad outline of the epochs spanned by the geology of Iceland. This indicates the rough ageing of 

Icelandic rock formations towards its periphery in response to the spreading of the plate boundaries which cross 

the island. The location of active volcanism, indicated focal points of activity and delineated by volcanic systems, 

is confined to the neovolcanic zones. It should be noted that the majority of the volcanic systems in the 

propagating rift in S–SE Iceland have an embryonic fissure swarm.  

  

3. 2 Iceland tectonics and geodynamics 
 

The Iceland Basalt Plateau (IBP) rises 300 m above the surrounding seafloor 

(Malinverno, 1990), covering a total area of 350,000 km2. It lies at the centre of the 

North Atlantic Igneous Province (NAIP), which formed during a significant rifting 

event triggered by the Iceland mantle plume during the Paleogene. The NAIP is 

dominated by flood basalt volcanism and numerous, now extinct, mature volcanic 

centres, forming a Large Igneous Province (LIP), which stretches between eastern 

Greenland and north-west Scotland (British Paleogene Igneous Province, BPIP) 

(Figure 3. 2).  

 

Neogene Basalt Formation (16-3.3 m. yrs)

Plio-Pleistocene Formation (3.3-0.7 m. yrs)

Upper Pleistocene Formation (<0.7 m. yrs)

Sandur plains (<10000 yrs)

Volcanic system

fissure swarm

embryonic fissure swarm

summit crater or caldera

central volcano

Miocene 
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Figure 3. 2: NAIP. Map of the NAIP taken from Thordarson and Larsen (2007), edited from Saunders et al. 

(1997), that displays the temporal evolution of the NAIP and the locations of the Iceland mantle plume 

through time and the associated volcanism throughout the area in response to its presence. The current 

location of the Iceland mantle plume is SE Iceland underneath eastern Vatnajökull.  

 

Iceland is the only currently volcanically active region in the IBP; its existence is 

a manifestation of the interplay of the Mid-Atlantic Ridge (MAR) and the 

Iceland mantle anomaly, more widely referred to as the Iceland mantle plume. 

The interaction between the two has generated a thermally buoyant and subaerial 

portion of oceanic crust that results from the unusually high melt production 

(Helgason, 1985; Martin et al., 2011), that also displays a distinctive enriched 

geochemical and isotopic signature, typical of ocean island basalt (OIB) 

compared to normal Mid-Ocean Ridge Basalt (MORB). This signature varies 

both spatially across the island, believed to be a consequence of differing 

proportions of a geochemically heterogeneous mantle, within the expected values 
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for plume (Rassmussen et al., 2020) vs MORB melt in different parts of the 

aesthenosphere, but also temporally across the NAIP in general (Spice et al., 

2016). In total, 103,300 km2 of the NAIP forms the subaerial portion of Iceland, 

with the remainder creating a shallow submarine shelf around the volcanic island 

extending 50–200 km from the coastline (Thordarson and Larsen, 2007). This 

makes Iceland not only the largest subaerial landmass on the MAR, but also the 

largest subaerial landmass within the entirety of the global mid-ocean ridge 

system.  

 

Tectonically the island behaves as an extension of the mid-ocean ridge system 

that it sits astride of, bounded by the submarine MAR junctions of the Reykanes 

Ridge (RR) to the south and the Kolbeinsey Ridge (KR) to the north. The island 

itself is roughly bisected by a series of axial rifts and intraplate belts, which 

delineate the current plate boundary across the island and accommodate 

spreading (Figures 3. 2 and 3. 3). Crisscrossing the island from SW to the NE are 

three main axial zones: the Western Volcanic Zone (WVZ); the Mid-Iceland Belt 

(MIB); and the Northern Volcanic Zone (NVZ). The Eastern Volcanic Zone 

(EVZ) is a younger proto-axial rift that propagates from the southern margin of 

the NVZ and runs parallel with the WVZ extending towards the SW.  

 

Connecting these axial zones to the submarine RR and KR to the south and north 

are volcanic belts and seismic zones. The Reykjanes Volcanic Belt (RVB), which 

extends from the submarine RR to the southern margin of the WVZ, contains a 

series of distinct volcanic systems containing only fissure swarms. The RVB has 

a strong strike-slip component to its tectonic fabric and is thought to be either an 

oblique axial rift or a leaky transform zone (Clifton et al., 2003; Clifton and 

Kattenhorn, 2006; Einarsson, 2008). Connecting the WVZ with the proto-axial 

rift of the EVZ is the South Iceland Seismic Zone (SISZ), which is a leaky 

transform zone with limited volcanism, that manifests as en-échelon N-S 

trending right-lateral strike-slip faults (Ward, 1971; Einarsson et al., 1981; 

Einarsson and Eiríksson, 1982; Stefánsson et al., 1993; Gudmundsson, 1995; 

Árnadóttir et al., 2001; Einarsson, 2008). 
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Figure 3. 3: Neovolcanic zones, belts and active volcanic systems of Iceland. A map illustrating the distribution 

of key geological formations, volcano-tectonic structures and distribution of volcanic systems (see key for 

details). Also shown are the 11 different active zones or belts of Iceland (neovolcanic zones), the abbreviations 

are as follows: RR, Reykjanes Ridge; RVB, Reykjanes Volcanic Belt; SISZ, South Iceland Seismic Zone; WVZ, 

West Volcanic Zone; MIB, Mid-Iceland Belt; EVZ, East Volcanic Zone; NVZ, North Volcanic Zone; TFZ, 

Tjörnes Fracture Zone; KR, Kolbeinsey Ridge; ÖVB, Öræfi Volcanic Belt; SVB, Snæfellsnes Volcanic Belt. The 

numbered volcanic systems are as follows: The Reykjanes Volcanic Zone: (1) Reykjanes–Svartsengi, (2) 

Kríysuvík, (3) Brennisteinsfjöll: West Volcanic Zone: (4) Hengill, (5) Hrómundartindur, (6) Grímsnes, (7) 

Geysir, (8) Prestahnjúkur, (9) Langjökull; Mid-Iceland Belt: (10) Hofsjökull, (11) Tungnafellsjökull; East 

Volcanic Zone: (12) Vestmannaeyjar,(13) Eyjafjallajökull, (14) Katla, (15) Tindfjöll, (16) Hekla–Vatnafjöll, (17) 

Torfajökull, (18) Bárðarbunga–Veiðivötn, (19) Grímsvötn; North Volcanic Zone: (20) Kverkfjöll, (21) Askja, 

(22) Fremrinámur, (23) Krafla, (24) Þeistareykir; Öræfajökull Volcanic Belt: (25) Öræfajökull, (26) Esjufjöll, 

(27) Snæfell; Snæfellsnes Volcanic Belt: (28) Ljósufjöll, (29) Helgrindur, (30) Snæfellsjökull. The large open 

circle indicates the approximate centre of the Iceland mantle plume, as depicted by Wolfe et al. (1997) 

(Thordarson and Larsen, 2007). The axial rifts are typified by tholeiitic geochemistries; the propagating tip of the 

EVZ indicated by the dashed line has transitional to alkalic geochemistries indicative of immature rifting. The 

northern part of the EVZ is a more established rifting regime and is typified by enriched tholeiitic geochemical 

signatures. Intraplate volcanic systems such as those on the Öræfajökull Volcanic Belt and Snæfellsnes Volcanic 

Belt also have transitional or alkalic geochemistries due to more small scale, deeper melting, as rifting occurs 

through thicker, older, crust. The volcanic systems can be seen to develop parallel to the stress regime of the zone 

they develop in whilst also having the geochemical signature, which indicates the maturity of the rifting they 

developed within. 

 

At the northern boundary of the island, the NVZ is connected to the submarine 

southern boundary of the KR by the Tjörnes Fracture Zone (TFZ), occurring as a 

series of right-lateral strike-slip faults with an oblique normal faulting component.  
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As neither the MAR nor the Iceland plume are wholly stationary, the location of 

active rifting and volcanism through geological time in Iceland has migrated or 

jumped. Although in general, the rocks increase in age towards its peripheral 

margins, the plume is drifting towards the southeast relative to the MAR (Helgason, 

1984). This has gradually pulled the axial rifting zones eastwards towards the plume 

head, triggering relocations of dominant spreading and volcanism zones through rift 

jumps, with new propagating rift zones gradually taking over from older axial rifting 

zones (Saemundsson, 1974; Johannesson, 1980; Óskarsson et al., 1985; Furman et 

al. 1992; Hardarson et al., 1997; Kempton et al., 2000; Martin et al., 2011). The 

current plume head location is thought to be in the SE of the island, under the 

Vatnajökull ice cap (Fitton et al., 1997; Wolfe et al., 1997).  

 

As a consequence of this dynamic tectonic environment distinct intraplate volcanic 

belts have formed, which lie outside of the well-defined axial rift zones (Figure 3. 3) 

of which there are two active examples: the Öræfi Volcanic Belt (ÖVB); and the 

Snæfellsnes Volcanic Belt (SVB). Early studies hypothesised that the ÖVB, an 

intraplate belt, is the site of a mostly dormant rift zone that intersects with a fracture 

zone. However, more recent studies have suggested that it represents an embryonic 

rift at the fringe of the mantle plume (Hards et al., 2000; Peate et al., 2010). SVB is 

thought to represent the relicts of an older rift zone, active before 6 Ma, which was 

overtaken by the current WVZ (Jakobsson et al., 2008; (Peate et al., 2010). The SVB 

is still active due to the topography of the lithosphere underneath it as mantle plume 

material is channelled westwards beneath this old rift. 

 

3. 3 Icelandic volcanism  
 

Active volcanism in Iceland is confined to discrete volcanic systems, which have a 

distinct volcano-tectonic architecture, within the active axial zones and intraplate 

belts (Figures 3. 3–3. 5). Eruptions occur either at a central volcano, a focal point of 

more evolved magmatism, or along linear vent structures in its associated fissure 

swarm, which only feature more primitive, mafic magmatism (Figure 3. 5) 

(Jakobsson, 1974, 1978, 1979a, 1979b; Jakobsson and Gudmundsson, 2008; 

Jakobsson et al., 2008; Sæmundsson, 1979; Jóhannesson and Sæmundsson, 1998; 

Thordarson and Höskuldsson, 2008; Thordarson and Larsen, 2007; Jóhannesson 
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2014; Jóhannesson and Sæmundsson 2009; Pálmasson and Sæmundsson 1974; 

Gudmundsson, 2000; Hjartardóttir et al., 2009; Hjartadóttir and Einarsson, 2011). 

Holocene lava flows stretch from these fissure systems and central volcanoes (Figure 

3. 4) with flow directions dictated by topography and extents by critical flow length 

and MER (Walker, 1973).  

 

Figure 3. 4: Holocene lavas. A map displaying the location of the current margins of all Holocene lava flows in 

Iceland. Open source shapefile taken from Náttúrufræðistofnun Íslands (The Icelandic Institute of Natural 

History, overlain on an opensource hillshade DEM outline of Iceland.  
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Figure 3. 5: Schematic of volcanic systems in Iceland consisting of a central volcano (cv) and/or a fissure swarm 

(fs), taken from Hartley and Thordarson, 2013. These simplified schematics all display architecture of the surface 

and subsurface structures of volcanic systems in Iceland along the neovolcanic zones, highlighting key features 

such as dyke swarms (ds), magma reservoirs, and dyke feeding fissure eruptions (fe). Older dykes in the dyke 

swarms are shown in grey, with active dykes highlighted in red in cross section. The surface expression of dykes 

are shown in the same colour scheme, with active dykes feeding cone row and lava flow field system depicted as 

a red line in the middle of the lava flow field (the latter is shown as a darker grey free form shape). Melt or 

magma reservoirs are shown in orange, with a larger storage zone shown at depth and a smaller concentrated 

storage zone (C) as part of the central volcanic plumbing system. Silicic magmatism, located at activity focal 

points (i.e., central volcanoes), is highlighted in yellow. 

 

Volcanic systems are not just the fundamental component of the modern neovolcanic 

zones in Iceland; their older counterparts constructed the now eroded Pleistocene-

Neogene sequences. The emblematic layer-cake, plateau basalt sequences sourced 

from fissure (dyke) swarms that volumetrically dominated the Neogene volcanic 

successions relative to the products of central volcanoes (Walker, 1959, 1993; 

Thorarinsson and Tegner 2009). The fissure swarm is the subaerial expression of the 

associated subsurface intruding dyke swarm beneath it. Where the dyke swarm has 

been exhumed, its presence and extent can be confined by a >2% dyke density in the 

lava pile (Walker, 1963b) (Figure 3. 6).These archetypical successions show that the 

majority of the Icelandic plateau was constructed by recurrent, predominantly 

effusive, basaltic flood lava eruptions (>1–100 km3; FL), creating large lava flow 

fields originating from linear vents within the fissure swarms of the volcanic systems 

(Thordarson and Höskuldsson 2008). The overall architecture of volcanic systems 

from the Neogene to the present day remains largely the same, with FL eruptions 

representing the major contributor to the construction of the Iceland Basalt Plateau 

(e.g. Walker, 1959, 1993; Thordarson and Höskuldsson, 2008); FL eruptions can 

therefore be thought of as the building blocks of Iceland.  
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Figure 3. 6: Berufjörður, Icelandic Eastfjords, cake layer FL stratigraphy with cross-cutting dyke swarm, dyke 

locations within the lava pile have been highlighted in yellow. Image provided by Dr. Robert Askew.  

 

Volcanic systems in Iceland have a typical life-span of 0.5–1.5 million years, and 

there are at least 30 volcanic systems in Iceland that are considered to be currently 

active (Pálmason and Sæmundsson, 1974; Jakobsson, 1974; Saemundsson 1978; 

1979; Jakobsson et al., 1978). Although, the exact number of active volcanic systems 

and the delineation between adjacent systems is still an active debate, as highlighted 

by the 2014–2015 CE Holuhraun eruption. This eruption, and the two previous 

historical Holuhraun eruptions, have the geochemical signature of the Bárðabunga-

Veiðivötn system but erupted in a geographical region belonging to the southern 

branch of Askja fissure swarm (Figure 3. 3) (Hartley, 2012; Hartley and Thordarson, 

2013; also see Chapter 4, Figures 4. 1 and 4. 2). Of the 30 volcanic systems mapped 

out in figure 3. 3, 20 have fissure swarms of varying maturity:7 have well-developed 

mature-moderately mature swarms which occur as a high density elongated narrow 

fissures, e.g., Bárðabunga-Veiðivötn; and 4 can be regarded as embryonic with an 

isolated single fissure or a few discrete fissures, e.g., Þórðarhyrna-Grímsvötn. 

Nineteen out of 30 volcanic systems feature a central volcano, the source of more 

evolved magmatism within the system, although several volcanic systems without a 
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central volcano in the RVB have a well-established geothermal system suggesting 

long-lived shallow magma storage zones. 

 

Throughout historical times, that is, since Iceland was settled around 870 CE, 8 km3 

of magma has been erupted in Iceland, which gives an average of 20 events per 

century. The volcanic systems within the EVZ have been the most prolific in terms 

of eruptive activity, producing 82 % of Iceland’s volumetric magma output. Of the 

total volume, given as dense rock equivalent (DRE), of melt erupted across all 

volcanic systems during historical times, 79 % were basaltic, 16 % intermediate, and 

5 % silicic magmas. Notably, volumetrically FL eruptions have accounted for 

approximately 54 % of this total historic magma output, regardless of magma 

composition, even though these events are purely mafic in composition. The vast 

compound lava flow fields produced by sizable events often extending beyond the 

limits of the volcanic system they originated from (Thordarson and Larsen, 2007; 

Figure 3. 4).  

 

3. 4 Spatial and temporal distribution of magma types in Iceland  
 

The interaction between the MAR and Iceland mantle plume underneath Iceland has 

generated a thermally buoyant and subaerial portion of oceanic crust, that results 

from the unusually high melt production (Helgason, 1985; Sigmarsson et al., 2008; 

Martin et al., 2011). As a consequence of the coincidence of these two geological 

components, many magmas erupted in Iceland display a distinctive radiogenic 

isotope signature, as well as an enriched trace and rare earth element geochemical 

and radiogenic isotopic signature, more akin to Ocean Island Basalts (OIBs), 

compared to normal Mid-Ocean Ridge Basalts (MORB). The magmas erupted from 

neovolcanic systems within the axial zones and intraplate belts display a spectrum of 

this enrichment and differing radiogenic isotope signatures, as well as a distinct 

fingerprint of recycled oceanic crust sourced from the deep mantle (Rasmussen et al., 

2020).  

 

Generating MORBs is achieved by partial melting of the upper mantle in a mature 

rifting environment, as a consequence of upwelling asthenosphere to shallow levels, 

which undergoes adiabatic decompression, causing the mantle geotherm to intersect 
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the mantle solidus. Generating magmas with an OIB geochemistry is generally 

thought to require an elevated thermal anomaly within the mantle, a mantle plume, 

generated at the core-mantle boundary creating a perturbation in normal upper 

mantle column geotherm as it rises through the mantle enabling the volcanic systems 

above to sample a heterogeneous array of distinct mantle end-member/component 

geochemistries. Ocean island basalts display a wide range in radiogenic isotopes 

(e.g., Sr-Nd-Hf-Pb-Os isotopic ratios) that lie on a spectrum from MORB towards 

several distinct mantle components based on the relative difference in high or low 

radiogenic isotope ratios of the different end-members (Hémond et al., 1993; 

Thirlwall, 1995; Thirlwall et al., 2004; Thirlwall et al., 2006; Shorttle et al., 2013). 

Ocean island basalts sometimes have a long-lived primordial He/He isotope 

signature indicative of a deep mantle reservoir (Hilton et al., 2000; Graham, 2002; 

Jackson et al., 2017), as well as distinct recycled oceanic crust isotopic signatures 

(Sun and McDonough, 1989; Chauvel and Hémond, 2000; Kempton et al., 2000; 

Kokfelt et al., 2003, 2006; Kobayashi et al., 2004; Sobolev et al., 2007; Peate et al., 

2010; Weis et al., 2011); in some cases mixing of different melts in the mantle is 

also preserved in the eruptive phenocryst record (Winpenny and Maclennan, 2011). 

 

Volcanic systems that lie upon the mature axial rifts in Iceland erupt magmas of 

tholeiitic OIB geochemistry, which are generated by well-established large-scale 

rifting. Off-rift, intraplate volcanism, e.g., SVB and ÖVB, has an alkalic OIB 

geochemistry and is relatively more enriched in incompatible elements compared to 

tholeiitic magmas. Alkalic magmas in Iceland are thought to sample deeper levels, 

small-scale, melts of where only an enriched and more fusible source can melt. This 

deeper level melting can occur in areas of incipient rifting through thicker older crust 

(e.g., ÖVB). It is therefore unsurprising that as the EVZ, a proto-axial rift, is traced 

to the southwest from its well-established northern boundary to the actively 

propagating tip, which is rifting through older Icelandic crust, it displays a 

geochemical signature trending from tholeiitic to transitional-alkalic. The SVB and 

ÖVB are also characterised by a distinct isotopic fingerprint with low 143Nd/ 144Nd 

and high 87Sr/86Sr (Hémond et al., 1993). 

 

The samples used in this study are taken from axial rifting localities, close to the 

plume head. The novel chalcophile isotope systems are used in this study to explore 
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volatile loss of these magmas and volatile speciation, and lie within the OIB field for 

the limited data sets available for these novel isotopes. 

 

3. 5 Large volume Holocene basaltic fissure eruptions in Iceland  
 

Throughout the Holocene and Anthropocene, FL eruptions >1 km3–100 km3 reoccur 

with a frequency of 250 years. They occur as two main end-members creating two 

very morphologically different physical volcanological landforms: (1) years–to–

century long low-discharge events forming very low angled, symmetrical, lava 

shields; and (2) months-to-years long higher-discharge events, fed by a linear fissure, 

with an initial short-lived explosive phase giving way to an effusive phase creating a 

vast compound flow field. The flow fields from these higher discharge, shorter life-

span events, display a diverse spectrum of Pāhoehoe crust morphology types due to 

changes in vent activity, local topography, or localised transitions in the transport 

systems, produce slight changes in temperature and or rheology.  

 

There are two different sources for these large volume, long-lived, basaltic events: 

(1) Deep crustal storage reservoirs which experience recharge events from mantle-

derived injections, these recharge events produce magmas that are geochemically 

and isotopically relatively heterogeneous, and also control the timescales of the event 

(Sinton et al., 2005); and (2) large-volume, differentiated shallower crustal magma 

reservoirs built up prior to the onset of eruptive activity producing geochemically 

and isotopically homogeneous magmas (Guilbaud et al., 2007; Métrich et al., 1991; 

Bindeman et al., 2006; Passmore et al., 2012), are relatively shorter lived i.e. 

months–years as their supply is more limited (Sigmarsson et al., 1991; Passmore, 

2009; Passmore et al., 2012). For both of these cases, the size of the volcanic 

eruption is controlled by the availability of magma, i.e., storage reservoir capacity 

and the cooling rate of the magma in question (Head et al., 1996).  

 

At depth, melt crystallisation often produces an interconnected framework of 

minerals (i.e. a crystal mush) in a shallow crustal storage reservoir, which record 

(through their entrapped melt inclusions) the temporal evolution of magma mixing 

and mingling, and the depths at which this occurred. A recent study by Caracciolo et 

al., (2020), focussing on fissure eruptions in Bárðarbunga-Veiðivötn volcanic system 
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in Iceland from the last glacial period (Weischselian) to the present day, indicates 

that inclusions from the erupted crystal mush melt display a much wider 

compositional range than erupted lavas, in particular, more evolved compositions in 

more recent times. In general, the melt inclusion compositions in the crystal mush 

samples and mush glomerocrysts are more primitive than the erupted host magma 

and its phenocryst cargo (Passmore, 2009; Passmore et al., 2012).  

 

Lava shields are only found in the Icelandic geological record in the early-mid 

Holocene >3000 BP (Hjartarson, 2003; Sinton et al., 2005), extending radially 28 km 

from the vent in all directions with a very gentle slope aspect generated by decades–

century timescales of lava effusion fed by a sustained lava lake (Thordarson and 

Sigmarsson, 2008; Thordarson and Hoskuldsson, 2008). Contrastingly, higher-

discharge, fissure-fed LF create compound flow fields through months–years of 

eruptive activity. These flow fields, which extend up to 100 km from the vents, occur 

throughout the Holocene and Anthropocene. Fissure-fed FL are a common feature of 

the EVZ, though not exclusively, as they also occur within the WVZ and NVZ. 

These events are some of the largest of this type of eruption on Earth in postglacial 

times (Thordarson and Hoskuldsson, 2008). The length ‘limit’ of <100 km measured 

in these lava flow fields indicate that there is perhaps a critical flow length to these 

endogenously emplaced, compound, basaltic FL flow fields. The exception to this 

rule is the largest of these events, the 8600 BP Þjorsá eruption, sourced from a 

fissure eruption in the Bárðarbunga-Veiðivötn system (although its exact source 

vents are unknown), which produced a flow field with a total length of 130 km.  

 

During historical times, i.e., in the last 1140 years in Iceland, there have been 5 high-

discharge FL events: Eldgjá 939 CE (~20 km3); Hallmundarhraun 950 CE (~8 km3); 

Frambruni-Dyngjuháls 13th century (~4 km3); Laki 1783–84 CE (~15 km3); and 

Holuhraun 2014–2015 CE (~1.2 km3). All of these volumes are stated as DRE and, 

with the exception of Holuhraun, all volumes are approximate due to exposure 

limitations and unknown pre-eruption topographic heights. Eldgjá, Frambruni-

Dyngjuháls and Laki account for over 55 % of the volumetric magma output of EVZ 

in historical times, whilst Hallmundarhraun accounts for 70 % of the RVB-WVZ 

historical output. The youngest of these events, Holuhraun, which sits at the 

boundary of the NVZ and EVZ, either marginally increases the EVZ volumetric 
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magma output or accounts for ~50 % of the NVZ historical volumetric magma 

output.  

 

Of these eruptions, two are high magnitude and high discharge FL events: Eldgjá 

939 CE and Laki 1783–84 CE; so, whilst their eruptive products are, as the name 

suggests, predominantly lava, they also produced a significant tephra layer during 

their high discharge i.e., sub-Plinian to Plinian, explosive phases. The tephra 

produced during the explosive phase is preserved in the soil horizons surrounding 

the eruption and along the dispersal axis of the plume into distal regions. This layer 

can be traced through isopach mapping, lines of equal thickness, from the source to 

the extremities of preservation in order to determine a volume estimate. However, 

internal stratigraphy and how it varies within the tephra layer in the medial and 

proximal soil horizons can also be used to identify the source vent(s) for this tephra, 

and to determine the sequence of eruptive activity. This has been done in detail for 

the first 15 km of the Laki fissure (Thordarson, 1990; Thordarson and Self, 1993; 

Thordarson, 2003; Thordarson and Self, 2003; Thordarson et al., 2003) and for a 

portion of the Eldgjá deposit (Larsen, 2000; Moreland et al., 2019).  

 

As previously stated, FL eruptions produce a sulfur and trace metal rich volatile 

plume from the vent, but they also produce a similar localised haze in the region of 

the flow field. Whilst the former can produce significant and widespread 

atmospheric and environmental pollution, which, if injected into the stratosphere, 

can trigger cooling events lasting for several years. The localised toxic sulfur, 

halogen and trace metal haze can produce significant localised pollution of the 

hydro- and eco-systems causing devastating local impacts (Ilyinskaya et al., 2021). 

With volcanic trace metal concentrations exceeding toxic trace metal quantities and 

also anthropogenic pollution levels in certain areas (Ilyinskaya et al., 2021; Mason et 

al., 2021). This includes a significant risk to Icelandic population centres, alongside 

the potential for the lava flows from these events to reach cities, towns or farmsteads. 

This is particularly pertinent for the capital region in the SW of the country, which is 

at risk from FL from both the WVZ and RVB. A lava flow from the latter of these 

would also be close enough to a large geothermal power plant utilised by the capital 

region as well as being of close proximity to the international airport at Keflavík, 

posing a significant additional financial risk (Andréasdóttir, 2018). Therefore, 
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understanding the processes that drive the explosive phases of these events, and the 

mechanisms of volatile loss from them, has the potential to improve understanding 

of the associated hazards and risks. Out of the 5 historical FL eruptions, quantitative 

textural data exists for the erupted pyroclasts from one of these events, Eldgjá 939 

CE (Moreland et al., 2019), the explosive activity and tephra produced has been 

documented and assessed for only two of these eruptions: Eldgjá 939 CE (Moreland 

et al., 2019; Thordarson et al., 2001; Thordarson., et al., 2003a), and Laki 1783–84 

CE (Thordarson, 1990; Thordarson and Self, 1993; 2003; Thordarson et al., 1996; 

Thordarson et al., 2003a; 2003b), the flow field emplacement analysed and 

documented for 2 out of 5 events: Laki 1783–84 CE (Guilbaud et al., 2007) and 

Holuhraun 2014–15 CE (Pedersen et al., 2017). Both the Hallmundarhraun 950 CE 

(Jóhannesson, 1989) and Frambruni-Dyngjuháls, 13th century (Hjartarson, 2004), 

eruptions lack detailed tephra and flow field studies. For this reason, this study 

concentrates on two of the more well-studied historical FL events: the Laki 1783–84 

CE and Holuhraun 2014–2015 CE eruptions. Better constraints of their peak 

explosive phases, the evolution of eruptive style at the vents, and fluctuations in 

shallow conduit process which modulate the style of eruptive activity will, in 

principle, help us to understand the hazards that these rarer historical events pose. 

Furthermore, contemporary accounts of the Laki eruption, on-site observations and 

detailed documentation of the Holuhraun eruption gives an unprecedented time-

series of events for a FL event. For both of these eruptions, there is a wealth of 

previous studies focussing on: the geochemistry and petrology of the eruptive 

products; the volatile burden of the eruptions; and the morphology of the lava flows 

emplaced and their associated transport systems. In the case of Laki, Thordarson et 

al., 2003a mapped out the total volume of the Laki tephra erupted through isopachs 

as well as the total volume for the first 6 of 10 total eruptive fissures.  

 

Whilst FL eruptions are at least an order of magnitude smaller than flood basalts 

(FB; >100 km3–10,000 km3), they provide an excellent modern analogue for these 

larger events as, regardless of magnitude, these eruptions produce similar eruptive 

products and display similar spatial and temporal evolution in eruptive behaviour 

dictated by MER. 
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Chapter 4: Research project case studies 
 

 

4. 1 The 2014–15 CE Holuhraun eruption 

 

The 2014–15 CE Holuhraun FL eruption is an event of significance, as it provided a 

rare opportunity to witness, for the first time with modern scientific equipment, a 

typical example of the type of eruption that is the main contributor to building the 

Icelandic plateau basalt succession. The 2014–15 CE event at the Holuhraun fissure 

lasted 6 months, from 31 August 2014 to 27 February 2015. Hartley and Thordarson 

(2013) have inferred from field, satellite, and aerial data, combined with historical 

accounts of eruptions in this area with an unknown origin, that the Holuhraun fissure 

has been active 3 times in the last 230 years. Producing as many compound lava flow 

fields on the Dyngjusandur glacial outwash plain in the central highlands of Iceland, 

north of the Vatnajökull icecap, and the Dyngjujökull outlet glacier. The first 

eruption in 1797 CE created a 2 km fissure 15 km south of Askja, 1862–1864 CE 

along a fissure that starts 23 km south of Askja and extends below Dyngjujökull 

(Jónsson, 1945; Thórarinsson and Sigvaldason, 1972; Hartley and Thordarson, 

2013), the 2014–15 CE erupted through the same vents as the first eruption (Figure 

4. 1).  
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Figure 4. 1: Arctic DEM image of the 2014–15 CE Holuhraun flow field. Arctic DEM hillshade of the area 

surrounding the Holuhraun 2014–15 CE lava flow field, with the new proposed Bárðarbunga-Veiðivötn (B-V) 

fissure swarm (Hartley and Thordarson, 2013; Pedersen et al., 2017) shown in light red. Askja and Dynjujökull, 

the outlet glacier from the Vatnajökull ice-cap are labelled for reference. The grey outlined box in the inset of 

Iceland (top righthand of the figure) indicates the geographic locations of the 2014–15 Holuhraun eruption within 

the island, with the large-scale important features such as the B-V fissure swarm, shown in red, and Vatnajökull, 

shown in grey, highlighted for reference. The location of the 2014–15 CE Holuhraun fissure, part of which was 

reactivated during this event, having previously fed older historical lava fields in the area (Holuhraun 1 and 2), is 

highlighted by a bright red line.  

 

The Holuhraun fissure is situated within the Northern Volcanic Zone at the southern 

end of the Askja volcanic system (Hartley and Thordarson, 2013; Pedersen et al., 

2017). Geochemical and isotopic studies of its products, from the 1790s, 1860s and 

2014–15 CE eruptions, indicate geochemically and isotopically indistinguishable and 

homogeneous magmas. Their geochemical fingerprint is suggestive of affinities to 

the magma produced in the Bárðarbunga–Veiðivötn (B-V) rather than the Askja 

volcanic system (e.g., Hartley and Thordarson, 2013; Sigmarsson and Halldórsson, 

2015; Halldórsson et al., 2018). This led Hartley and Thordarson (2013) to suggest 

that the two systems are overlapping or interfingering and that the exact boundaries 

between the two are not well defined (Figure 4. 2). This is not an uncommon finding, 

the minor explosive phase of the Gjálp 1996 CE subglacial fissure eruption 

(Gudmundsson et al., 1997), which occurred geographically within the B-V system, 

but has a geochemical and isotopic signature of the Grímsvötn volcanic system 

(Steinthorsson et al., 2000). 

Askja 

Dyngjujökull 
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Figure 4. 2: The B-V volcanic system. A hillshade DEM map of Iceland, with the active volcanic systems 

outlined in light grey and cream-brown and glaciers in white. The location of the B-V volcanic system is 

highlighted in red, and the new interfingering northern boundary of its fissure swarm can be clearly observed 

south and west of Askja volcanic system (Askja lies immediately to the NE of B-V, although the fissure swarm 

of the latter can also be seen to the west of the Askja system). The B-V fissure swarm can be observed to span 

subaerial environments either side of its subglacial portion under the Vatnajökull ice-cap. 

 

 

This subglacial fissure eruption, which occurred under >800 m of ice, triggered a 

large jökulhlaup in the area (Figure 4. 3); the activity was predominantly effusive, 

with a small weakly explosive phase which created an approximately 4.5 km high 

plume when it eventually melted through the ice above. 

 

Vatnajökull 
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Figure 4. 3: The Gjálp 1996 CE subglacial eruption, and its jökulhlaup. Aerial images of the weakly explosive 

phase of the sub-glacial 1996 CE Gjálp eruption (shown in A), associated with the Grímsvötn volcanic system, 

which triggered a large jökulhlaup. The associated jökulhlaup destroyed infrastructure in the SE Iceland lowlands 

(shown in B), with the flood destroying the only road bridge across this part of the south coast of Iceland; which 

connects the south coast towns both with the south western towns and the capital region, but also with the east 

fjörds). 

 

The B-V volcanic system is entirely basaltic, extending up to 190 km long and up to 

25 km wide (Figures 3. 3 4. 1 and 4. 2). It has a well-developed fissure swarm which 

is partially ice-covered and extends to the NNE and SW of its two central volcanoes: 

Bárðarbunga and Hamarinn, which lie underneath the Vatnajökull ice cap. 

Bárðarbunga is the only one of the two that contains a known caldera (Figure 3. 3; 

Gudmundsson and Högnadóttir, 2007). Hamarinn is the only area within the B-V 

system that has a significant geothermal system, which is associated with jökulhlaup 

hazards in the Kaldavísl river, and while it is seismically active, Hamarinn is not 

linked to any Holocene eruptions. However, like Bárðarbunga, its subaerially 

exposed rocks, found on the NNW flanks, and the subglacially erupted ridge 

Fögrufjöll (extending to the SW), are basaltic. Within the ice-covered portion of the 

system, phreatomagmatic activity dominates the Holocene eruptive record, although 

events that did not reach outside of the ice to form a layer in the soil horizons 

surrounding Vatnajökull result in an incomplete tephrachronology record of its total 

activity, with only around 1 in 4 eruptions being preserved.  

 

Of the two fissure swarm branches, to the NNE and SW, eruptions in the NNE 

portion are less well characterised (Figure 4. 2). Effusive fissure eruptions, 

producing large lava fissure fed flows and shields, are the dominant type of eruption 

on the subaerial fissure swarm in the B-V system throughout the Holocene. The 

system is responsible for the Þjórsá lava field, the largest Holocene lava flow in 

Iceland, reaching 130 km in length and >20 km3, as well as the ~15 km3 
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Trölladyngja shield volcano. Phreatomagmatic activity is not limited to the 

subglacial portion of the system; high water tables and retreating ice-margins 

throughout the Holocene resulted in a series of explosive fissure eruptions, which 

interacted with external water bodies to form tuff cone-rows. Two very large and 

explosive phreatomagmatic fissure eruptions occurred in historical times: Vatnaöldur 

877 CE (5 km3) and Veiðivötn 1477 CE (10 km3), the latter of which dispersed 

tephra as far as Sweden and Ireland. In total, the B-V system has yielded at least 26 

confirmed eruptions over the last 1000 years. Twenty-two of these occurred within 

the ice-covered portion of the system (e.g., Thordarson and Larsen, 2007). The most 

recent, the Holuhraun 2014–15 CE FL eruption, occurred in the subaerial portion of 

the fissure swarm and erupted a lava flow field of 1.2 km3 in volume (Thordarson et 

al., 2020; Bonney et al., 2018) (Figure 4. 2).  

 

Detailed in-situ imaging, mapping and sampling of the eruptive products of the 

2014–15 CE FL event at Holuraun was carried out by the IES eruption team, and 

external collaborators, throughout the eruption. This was coupled with 

comprehensive deformation, tremor and seismicity measurements (Sigmundsson et 

al., 2014; Ágústsdóttir et al., 2016; Hjartardóttir et al., 2016; Eibl et al., 2017), in-situ 

volcanic gas surveys (Ilyinskaya et al., 2017; Pfeffer et al., 2018), satellite S plume 

measurements and forecast modelling (Schmidt et al., 2015), as well as petrological 

and geochemical studies of a large sample suite that spans the entire eruption (Bali et 

al., 2018; Halldórsson et al., 2018; Hartley et al., 2018). This has yielded an 

unparalleled data set for this rare type of eruption.  

 

4. 2 The series of events during the Holuhraun 2014–15 CE FL eruption. 
 

On 15 August, 2014, seismic activity was recorded beneath the north-eastern flank of 

the Bárðarbunga central volcano (Sigmundsson et al., 2014). By the 16th, the 

frequency of these earthquakes increased significantly, along with the formation of 

three new earthquake clusters: (1) beneath the Kistufell region at the northern edge 

of Vatnajökull, (2) beneath the eastern half of Bárðarbunga caldera, which, during 

the course of the day, propagated some 5 km to the southeast, (3) centred beneath the 

region 12 km to the east of the Bárðarbunga caldera and separated from the 

propagating second cluster by ~3 km wide aseismic zone. It was this third cluster of 
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earthquakes that became the earthquake swarm that propagated >40 km to the north, 

along a lineament, over the next nine days (until 25 August 2014) (Figure 4. 4).  

 

 

 

Figure 4. 4: The propagation of seismic unrest prior to Holuhraun 2014–15 CE. Figure taken from Veðurstofnun 

Íslands (The Icelandic Met Office), which indicates the propagation of seismic activity preceding the Holuhraun 

2014–15 CE fissure eruption from the 16 August 2014 until the 5 June 2015 spanning a 4 month cooling period 

after the eruption had finished. The colour of the seismic events indicates age, with the oldest shown in dark blue 

(from 16 August 2014), which grades to the youngest shown in red; a legend for the colour scheme and the 

number of days since the seismicity started listed to the right of the map. The pathway of the dyke, as well as 

related seismicity in the area, is seen clearly by the linear feature stretching to the NE of the Bárðarbunga 

Caldera. The surrounding volcanic systems and their calderas are shown for geographical orientation and 

reference.  

 

Three shallow ice-depressions, ice-cauldrons, appeared on the surface of the outlet 

glacier, Dyngjujökull, above the swarm as it propagated northwards. These are 

hypothesised to be the result of small effusive subglacial eruptions, one of which 

included the intrusion of a dyke 50 m into the ice (Reynolds et al., 2017). The swarm 

remained in the same position from 25–29 August, when the first visible eruption 

took place through the vent system of the 1797 CE Holuhraun eruption, about 6–7 

km north of the margins of the outlet glacier Dyngjujökull (Sigmundsson et al., 

2014; Ágústsdóttir et al., 2016; Hjartardóttir et al., 2016; Pedersen et al., 2017; 
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Reynolds et al., 2017; Bali et al., 2018). This was a minor, short, stop-start eruption, 

along a 600 m long fissure, and lasted only 4–5 hours. 

 

 

Figure 4. 5: This image shows the aerial extent of the small eruption which occurred <48 hours before the 2014–

15 CE Holuhraun eruption. IES eruption team image. The eroded and partially sandur covered older Holuhraun 1 

red and brown crater row with the black and still steaming small lava flow field Holuhraun 2014–15 episode 1 

extending for 600 m along the original crater row feeding a small lava flow field starting to cover the Holuhraun 

1 lava. 

 

The magma utilised the pre-existing ‘monogenetic’ fissure formed during the AD 

1797 Holuhraun event, with new spatter starting to cover the older cones. Fountain 

fed lava flows emplaced shelly pāhoehoe lava flows, utilising older lava channel 

levees (Figures 4. 5 and 4. 6).  
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Figure 4. 6: The old Holuhraun craters utilised by 2014–15 CE eruption. IES eruption team image. A field team 

member stands inside one of the old Holuhraun 1 craters where the Holuhraun 2014–15 CE eruption utilised 

existing fissure cracks, ramparts, and channels to emplace new slabby pāhoehoe lava flows. 

 

The earthquake swarm was still ongoing when the main eruption began through the 

same vent system on 31 August 2014 (Figure 4. 4), lengthening the active fissure by 

1.8 km. The majority of the eruptive activity at Holuhraun was effusive, feeding a 

compound lava flow field constructed through several lava branches emplaced in a 

clockwise fashion, each creating local topography which diverted the next to the E-

SE (Figure 4. 6). In total, the eruption created an 83.8 km2 basaltic flow field with a 

volume of 1.2 km3 dense rock equivalent (DRE), making this event the largest FL 

eruption in Iceland for 230 years, since the 1783–1784 CE Laki eruption. The flow 

field was emplaced on a flat glacial outwash plain, with a regional slope of ~1º to the 

NE. Despite this lack of local topographical influence on the lava transport system 

and lava flows, the eruption emplaced a spectrum of pāhoehoe lava flow 

morphologies which can be linked directly to the style of eruptive activity at the vent 

and the evolution of the transport system (Table 2.1): (1) slabby pāhoehoe flows 
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were emplaced in the initial fissure opening phases which are now buried under 

subsequent activity, and near the vents throughout the eruption, (2) rubbly pāhoehoe 

flows, which make up the majority of the flows emplaced during the eruption, and 

(3) spiney pāhoehoe, initially emplaced as very microlite rich, higher temperature 

(probably due to the latent heat of crystallisation), squeeze-outs from November 

onwards. Spiney pāhoehoe is also the dominant lava morphology emplaced during 

the resurfacing events towards the end of the eruption, which were fed by 

reactivation of older lava tube systems and break-outs (Pedersen et al., 2017). 

Pedersen et al., (2017) mapped out the evolution of the transport system and flow 

field in full, using aerial and ground images and satellite data sets, and more details 

of the main distribution centres and transport systems can be found there. In 

September an exponential decrease in mass eruption rate (MER) followed by a 

resurgence phase with a waxing MER during the period of the 16–20 September, 

following the low point on 15 September (Bonny et al., 2018), is also associated with 

a substantial lateral expansion of the flow field (Eibl et al., 2017; Pedersen et al., 

2017). This expansion of the flow field is thought to have been triggered by 

branching within the main lava channel leading to formation of a series of new lava 

flows (Pedersen et al., 2017). Thus, initiating the construction of a composite lava 

flow field (Figure 4. 7) fed by a branching transport system. Prior to this change in 

vent activity, and the number of active vents (see Chapters 6 and 8), the eruption fed 

one main lava flow branch through a focussed transport system. Throughout this 

major rifting event and FL eruption, substantial seismic activity was continually 

recorded at the Bárðarbunga central volcano, associated with caldera floor collapse 

(Gudmundsson et al., 2016; Riel et al., 2015).  
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Figure 4. 7: A composite of the growth of the Holuhraun 2014–15 CE lava field. Outline of the 2014–15 CE Holuhraun flow field after the 27 February 2015 shown in grey, overlain on top of 

an Arctic DEM hillshade of the sandur it erupted onto. Four time periods are displayed, with their associated emplaced lava branches, to highlight the branching nature of flow emplacement, 

which is predominantly emplaced in a clockwise fashion. The initial branching of the flow field occurs on the15 September 2014 occurs coevally with changes in vent activity. 
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The varieties in morphologies present in the Holuhraun 2014–15 CE lava flow field 

and their association with both the evolution of vent activity and the lava transport 

systems has drawn much attention in recent studies; both as an evolution of the first 

FL observed with modern equipment, but also due to the parallels of morphologies 

and the applications that can be applied to planetary volcanism, or lava and river 

water interactions in regard to extra-terrestrial biological interests (Pedersen et al., 

2017; Dundas et al., 2020; Aufaristama et al., 2019; Voigt et al., 2020, 2021). In 

contrast, the explosive activity and its evolution through the eruption has not been 

well documented or analysed, although changes in MER have been analysed in detail 

(Bonny et al., 2018). 

 

However, the evolution of the explosive activity from the eruption, i.e., fountaining 

behaviour, has not been published in full, aside from the IES eruption team daily–

weekly field observation reports (not open to the public) and a study by Witt et al., 

(2018) which analyses the evolution of fountaining during vent localisation in the 

first 4 days of the eruption. The following is a short summary of this activity both in 

terms of vent locations and the style of eruptive activity, as well as the temporal 

localisation of activity.  

 

During the first week of the Holuhraun eruption, the initial emergent phase 

fountaining devolved from a weakly explosive laterally near-continuous “curtain-of-

fire”, along the entire length of the 1.8 km long fissure, onto eruption at discrete 

vents (Figure 4. 8). Localisation occurred in the area of the vent where the initial 

emergent phase activity was more vigorous, which tends to be in the middle portion 

of the active fissure segments. On average, during the emergent phase, along the 

entire length of the fissure, typical fountaining heights were <50 m. However, the 

location of what later became the focal point of activity throughout the duration of 

the eruption, the main vent Baugur, in its embryonic phase, had fountaining heights 

71.5 ± 0.4 m (Witt et al., 2018). Five discrete vents formed during the period of 

activity localisation, and were given the nicknames: Norðri, Suðri, Krakki, 

Heimasætan and Baugur (Figure 4. 8).  

 

https://sciprofiles.com/profile/248502
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Figure 4. 8: Holuhraun 2014–15 CE curtain-of-fire to discrete vents. Field photographs taken by the author 

during Holuhraun 201415 CE eruption, capturing (A) the emergent fountaining phase on day 1 and (B) the peak 

MER and highest fountaining phase on the 6–9 September 2014 CE. The initial location of Baugur and 

Heimasætan are shown in (A) for reference to highlight the increase in intensity of vent activity at these locations 

over time as shown in (B). It should be noted that the field images are taken from different locations with >150º 

between the angles of the cameras. 

 

In the case of Holuhraun, vent localisation occurred in-step with the waxing phase of 

the eruption, where the magma discharge was still increasing, and corresponding 

fountaining intensity and height increased. Calculated time-averaged MER, taken 

from integrated satellite and ground-based data, indicates an increase from 150 m3s-1 

to 560 ± 85 m3s-1 occurred over the course of the first 8–9 days of the eruption 

(Bonny et al., 2018); as a result, fountaining height increased to 160–170 m. Medial 

tephra fall, consisting of isolated lapilli clasts and ash, was predominant during this 

period, although it continued to occur intermittently throughout September to 

November during the 6-month long event. However, due to its small volume, which 

also fell directly onto a glacial outwash plain, a substrate consisting of black sand 

and rocks, the tephra from this eruption was not preserved as it did not form a 

discrete layer. Instead, the samples that were collected as they fell are the only 

preserved tephra fall from this event excluding thin traceable lenses in the vent 

region, which cannot be directly linked to a particular phase of activity. Notably, 

during the peak the highest intensity fountaining phase of this eruption associated 

with highest MER, the eruption produced a large amount of Pele’s hairs from 6–8 

September. During this initial phase seismic activity reduced somewhat from 31 

August–5 September and had more-or-less disappeared following a small eruption 

that took place on a short fissure 1.5 km south of the main active vent system on 5 

September 2014 (Pedersen et al., 2017) (Figure 4. 7). This formed a separate smaller 

lava flow, emplaced within the graben, bounded by two large normal faults. 
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Following this, the magma discharge exponentially decreased to 30 ± 5 m3s-1 over a 

period of 8 days (Bonny et al., 2018), with the lowest MER recorded on 15 

September. All active vents, with the exception of the main vent Baugur, which 

displayed significantly reduced fountaining heights (maximum of 70 m), shut down 

(including the vent for the secondary smaller flow field to the south) after the 16 

September (Figure 4. 9). This reduction of MER and intensity did not mark the end 

of the eruption; instead, like many other basalt fountaining events, Holuhraun was 

displaying episodic changes in MER. After this lull in activity, a resurgence of more 

vigorous activity caused by a second waxing MER was observed on 17 September. 

This steadily increased until fountaining intensity peaked on 2 September, 

corresponding to a secondary MER peak at 440 ± 65 m3s-1. Following this secondary 

waxing phase, the MER decreased in an exponential manner between 20–30 

September and a lava pond formed in the main vent, Baugur (Figure 4. 9). This had a 

modulating effect on vent activity which shifted from intermittent fountaining to 

vigorous boiling by early October (Figure 4. 9). Throughout October occasional, 

explosive, large-bubble-bursting activity resembling a spurt of fountaining created 

sporadic medial tephra fall. On 8 October, measurements by the IES eruption team 

on the ground, and from overflight photographs, record bubble bursts of around 1–

1.5 times the rampart height (>50 m) (Figure 4. 9). From early to late November, the 

lava lake activity reduced to steady boiling, punctuated by large bubble bursting 

activity, with a maximum bubble diameter of 50 m recorded on 18 November. By 

December, the bubble bursting events had ceased, and a steady-state, rolling boil 

activity took over (Figure 4. 9). The level of the pond dropped steadily throughout 

February until the eruption ended on 27 February 2015. This late-stage, rolling boil 

of the lava pond, is linked to large scale resurfacing events across the complex 

compound flow field (Pedersen et al., 2017). 
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Figure 4. 9: Vent activity and MER, Holuhraun 2014–15 CE. The style and intensity of vent activity during Holuhraun 2014 –15 CE (IES eruption team images) (top panel), and associated 

Time-Average MER from Bonny et al. (2018) (middle panel) and active vents along the Holuhraun fissure (bottom panel). 
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The Holuhraun 2014–15 CE event was one of the most polluting eruptions in the last 

century (Gíslason et al., 2015; Pfeffer et al., 2018; Schmidt et al., 2015), emitting 

approximately 9.6Mt of SO2 (Pfeffer et al., 2018) (Figure 4. 10). Thordarson et al., 

2020 use preliminary unpublished data, used the petrological method and two-stage 

degassing model, to estimate that the 2014–15 Holuhraun magma carried 9 Mt, 

rather than 9.6 Mt, of S to the surface, releasing 7.55 Mt into the atmosphere in total: 

6.55 Mt at the vents into the plume, and 1.15 Mt into a localized haze from the lava 

flow field. The 2014–15 Holuhraun eruption emitted more than the combined 

atmospheric load of over 20 years of eruptive activity produced by Kīlauea, as 

recorded by USGS from 1977–1997 CE, and more than the 1991 CE eruption of 

Pinatubo (Sutton et al., 2001). It was the most polluting event since the 2000–2003 

CE eruption of Miyake-jime in Japan (Kazahaya et al., 2004). The atmospheric S 

levels exceeded the legal limits (for SO2 this is calculated using a 10-minute mean 

air quality 500 mg/m3) set by the World Health Organisation (WHO) and Icelandic 

health standards, monitored throughout the event at the eruption site (IES eruption 

team gas meter readings, Gíslason et al., 2015; Pfeffer et al., 2018; Schmidt et al., 

2015). Nevertheless, the overall wider environmental impact of the eruption was 

lessened due to several factors: (1) The remote location, which enabled dilution of 

the plume before it reached population centres in Iceland, despite locally exceeding 

WHO SO2 safety levels twice in mid-late September (Figure 4. 10). At this time, air 

quality monitoring stations in Iceland recorded SO2 levels >1400 mg/m3 in the north 

and eastern Iceland (Schmidt et al., 2015). (2) The 2014–15 event was a low-

intensity flood lava event; the vent activity during the 2014–15 event supported a 1–

3 km high gas-rich plume entirely confined to the lowermost troposphere (Schmidt 

et al., 2015; Pfeffer et al., 2018). As they drifted away, these plumes generated 

detectable SO2 levels in neighbouring European countries, although it only surpassed 

WHO air quality limits in Ireland for 1 hour on 6 September (Schmidt et al., 2015). 

This timing coincides with the period of highest magma discharge during the 

eruption (Bonny et al., 2018), as well as the concentration of activity onto discrete 

vents generating the highest lava fountaining heights (unpublished IES, eruption 

team field observations). (3) The eruption took place during the Icelandic winter, 

thereby slowing the reaction converting SO2 to SO4
2-, due to the low sunlight levels 

and drier atmospheric conditions (Pfeffer et al., 2018). 
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Figure 4. 10: Volcanic pollution from Holuraun 2014–15 CE. This figure was taken from Ilyinskaya et al., 2017. 

a) Location map of the Holuhraun eruption site (lava flow extent shown by red colour), and the two populated 

areas in this study: Reykjavík city capital area, population 120,000; and Reykjahlíð town, population 300. b) 

Holuhraun eruption during the January 2015 field campaign. During this period, the activity was exclusively 

effusive. The width of the lava channel is ∼50 m. 

 

4. 3 The 1783-4 CE Laki FL eruption 

 

The Laki 1783–84 CE fissure eruption, started on 8 June 1783 and lasted for 8 

months; early Icelandic literature refers to this event as Skaftáreldar, which translates 

as the Skaftár Fires. Fires is a common name for prolonged fissure fed eruptive 

activity in Iceland, and the Skaftá, a large glacial river which runs from 

Skaftárjökull, an outlet glacier from the SW of the Vatnajökull ice-cap, through the 

Síða highlands to the lowlands in South Iceland is the namesake for this fissure 

eruption. The canyon calved by the Skaftá, channelled the western branches of the 

lava flow from the Laki fissures down the same path as the river itself from in the 

Síða highlands to the lowlands. There the lavas, that flowed down this western 

canyon, and spread out over the Síða plains, gradually encroaching on nearby 

farmsteads and into the outskirts of a larger local settlement, Kirkjubærklaustur. The 

Hverfisfljót canyon to the east of the town, which runs from Síðujökull, another SW 

outlet glacier of the Vatnajökull ice-cap, on the eastern margin of the Síða highlands, 

is also utilised by lava flows later in the eruption. The combination of the later 

timing of these lava flows, and because they were emplaced further away from 

Kirkjubærklaustur than the Skaftá results in the name for the eruption primarily 

being associated with the Skaftá.  

 

The eruption is mentioned by two additional names in Icelandic literature, each 

referring specifically to the direct physical volcanological products it formed: (1) 
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Lakagígar, which translates as ‘the Laki crater-row’ refers to the mixed 

phreatomagmatic and magmatic pyroclastic cone-row, which takes its name from the 

mountain Laki, an older hyaloclastite formation, which the crater row bisects as 

eruptive activity propagated step-wise through it from the SW–NE, (2) the suffix -

hraun, which translates to lava, is added, with Skaftáreldahraun referring directly to 

the lava flow field created by the Laki fissure eruption. Historical accounts 

documenting seismic and eruptive activity in Iceland date back to the early stages of 

settlement. However, the detailed contemporary accounts for the Laki eruption 

(compiled into Eldrít, the book of fire), mostly comprised of eye-witness accounts 

from Jón Steingrímsson, a local priest in Kirkjubærklaustur (Steingrímsson 1783a; 

1783b; 1788; 1901; Steingrímsson and Ólafsson, 1783), make it one of the earliest 

well-documented volcanic eruptions in Iceland. It is also an event of significance as 

prior to the advent of the Laki eruption, and until the 2014–15 CE Holuhraun 

eruption, there is no other such meticulous documentation of a flood lava event. 

Whilst the Eldgjá FL event occurring after settlement is 4 times the size of Laki in 

terms of volume, there is little contemporary documentation of the event itself in the 

Icelandic records, which were sent to the Danish crown as the settlers wanted others 

to continue emigrating to Iceland.  

 

The 1783–84 CE Laki fissure eruption is part of the Grímsvötn-Þórðarhyrna volcanic 

system, which sits at the northern end of the Eastern Volcanic Zone (EVZ) and is the 

most extensively ice-covered system in Iceland. The Laki fissure represents a branch 

of its 10–15 km wide and 80 km long embryonic fissure swarm which extends to the 

SW of the central volcano (Jakobsson, 1979, Thordarson and Self 1993; 

icelandicvolcanos.is) (Figure 4. 11) and it is one of only two Holocene eruptions to 

occur on the ice-free portion of the system along with Lambagígar.  
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Figure 4. 11: The Grímsvötn volcanic system. A hillshade DEM map of Iceland, with the active volcanic systems 

outlined in light cream-brown. Ice-caps and glaciers are shown in white. The Grímsvötn volcanic system is 

highlighted in green can be seen extending to the SE from the Vatnajökull ice-cap.  

 

The volcanic system contains two subglacial volcanic centres with caldera 

complexes: Grímsvötn and Þórðarhyrna (G-Þ). Grímsvötn has a 50 km2 subglacial 

composite caldera complex, and throughout historical times (the last 1100 years in 

Iceland), has erupted with a frequency of 1 eruption every 10 years. The majority of 

the system’s volcanism is basaltic, with basaltic andesite, dacite, rhyolite 

outcropping as nunataks linked to the system’s second central volcano. The eruptive 

frequency of the Þórðarhyrna central volcano, which lies to the SW of this system, is 

less well constrained with current estimates of 2 eruptions per 500 years with the last 

occurring in 1903 CE. Due to the subglacial nature of both of volcanic centres, the 

system is dominated by phreatomagmatic explosive activity (from weakly explosive 

events, e.g., 2004, up to Plinian intensities e.g., 2011 CE VEI 4) or subglacial fissure 

eruptions, e.g., Gjálp 1996 CE with jökulhlaups frequently associated with periods of 

volcanic unrest. As with B-V weaker intensity events at G-Þ, which do not produce 

tephra fall which reaches outside of previous glacial margin extents throughout the 

Holocene, are not preserved in the pre-historic soil stratigraphy. As is the case for 

Vatnajökull 
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earlier historical eruptions in Iceland, eruptive events at G-Þ were poorly recorded 

by the local population or information was lost through records not surviving 

through to the present day. 

 

4. 4 Laki 1783–84 CE series of events 

 

The 1783–84 CE Laki eruption lasted for 8 months in total, starting on the 8 June 

1783 CE preceded by several weeks of increasing seismicity in the area (Eríksson 

1783) and lasting until the 7 February 1784 CE, and occurred in an episodic fashion 

through 10 distinct explosive fissure opening phases (Thordarson and Self., 1993) 

(Figure 4. 13). This fissure forming period was also part of a larger volcano-tectonic 

episode involving the Grímsvötn central volcano that lasted for more than 2 years 

(Steingrímsson 1788, Einarsson, 1984; Thorarinsson, 1984; Thordarson and Self 

2003b) (Figure 4. 12). The 1783–84 CE Laki eruption is the second largest FL event 

in Icelandic history, after the 939 CE Eldgjá event, and created a compound lava 

flow field with a total area of 600 km2 and a volume of 14.7 km3 (Figure 4. 12), 

additionally the event produced 0.4 km3 DRE of tephra.  
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Figure 4. 12 Map of the Grímsvötn volcanic system and Laki 1783–84 CE lava flow field. Arctic DEM hillshade 

of the area surrounding the Laki 1783–84 CE lava flow field (dark grey), with the embryonic Grímsvötn (G) 

fissure swarm shown in light green. The grey box in inset of Iceland indicates Holuhraun geographic location 

within the island, with the large scale important features such as the G fissure swarm, shown in green and 

Vatnajökull and Mýrdalsjökull shown in grey for reference. The Laki fissure can be seen in 10 distinct en-

echelon fissures (shown as red lines), stretching from the SW to the NE of the lava field towards Vatnajökull. 

The small Lambagigar fissure system, which lies slightly to the north of the extensive Laki fissure system is also 

highlighted by red lines for comparison. 

 

The timing of fissure opening phases and explosive activity is well constrained by 

the aforementioned historical accounts, as well as by detailed tephrochronology 

studies (Thordarson 1990; Thordarson and Self 1993; Thordarson, 2003; Thordarson 

and Self, 2003; Thordarson et al., 2003). By combining field observations with 

contemporary accounts, these studies revealed that the Laki cone row was formed by 

10 sequentially erupting en-echelon fissures, as activity propagated, in a step-wide 

fashion, from the SW Síða highlands NE towards Vatnajökull. Each fissure opening 

phase was preceded by increasing seismicity, before a high-discharge explosive 

phase of sub-Plinian intensity fountaining occurred, which lasted for approximately 

0.5–1 day, before waning into less vigorous fountaining and effusive activity. The 

tephra fall from this explosive phase produced a proximal sheet-like apron as well as 

distally dispersing ash creating traceable internal stratigraphy in the Laki tephra layer 

in the proximal and medial soil horizons, which varies along strike showing the 

dominance of the more proximal cones, indicating the migration of activity from the 

Vatnajökull 

Mýrdalsjökull 
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SW-NE. Some fissures created marker units, e.g., magmatic units, which are Pele’s 

hair rich at the base, or more rare phreatomagmatic units which are fine ash rich. The 

differences between Laki tephra layers have enabled the evolution of eruptive 

activity, recorded by this sequence, to be more easily deciphered along strike as well 

within the isopach maps for individual fissures as well as the Laki tephra layer as a 

whole. The field tephrachronology datasets combined with historical observations of 

documented ash fall, timing and duration of ash fall, ash colour, and wind direction 

in Eldrít to create a near-complete understanding of the succession.  

 

In total, the distinct 10 eruptive fissures created a 29.5 km long mixed magmatic and 

phreatomagmatic crater row. The crater row stretches 11 km to the SW and 16 km to 

the NW of the Laki hyaloclastite mountain; as the fissure eruption dissected this pre-

existing geological feature, the rifting created a large graben, accompanied by small 

craters (Figure 4. 13). In earlier literature, the Laki fissure is recorded as being a 27 

km long geological feature; however, this study has revised this length, to 29.5 km, 

with improved aerial photographs and increasing the fissure length to the northeast 

(see Chapter 5).  

 

 

 

 

 



 101 

 

Figure 4. 13: Laki crater row. This figure is taken from Thordarson and Self (1993);the top two panels (a and b) 

are combined to make a schematic map (not to scale) of the Laki cone-row and surroundings from the SW (a) to 

the NE (b). The explosive tephra deposits are shown in light green, the magmatic crater forming cone deposits 

are highlighted in red and the tuff-cones are highlighted in orange. The Laki lava flow field itself is shown in 

grey, and the rootless cone groups associated with it are highlighted in orange. Pre-eruptive topographic 

hyaloclastite features, which now stand proud of the flow field, are shown in cream/pale orange. The location of 

the graben through Mt. Laki is denoted by light grey lines. The lowest panel is a schematic sketch of the entire 

fissure and its surroundings, this time in less detail, but with the addition of brackets below the fissure, which 

indicate the location and dates of the ten distinct fissure opening episodes. 

 

After the fissure opening phase, explosive vent activity transitioned into prolonged 

(days-weeks) effusion feeding a large compound lava field, which exhibits a 

spectrum of pāhoehoe crust morphologies. The lavas predominantly flowed 

southwards from the fissures towards the lowlands, channelled through two pre-

existing glacial river calved canyons, the Skaftá canyon to the west and the 

Hverfisfljót canyon to the east, creating two main flow branches which bound the 

Síða district. The compound pāhoehoe flow field developed a mature tube system, 

enabling lava to be transported whilst undergoing only minor amounts of cooling 

and, therefore, minimal further crystallisation of microlites, to the active flow fronts 

(Guildbaud et al., 2007) up to 90km from the vent in some cases. 

 

The Eldrít accounts document lava surge, discharging down these canyons, occurring 

shortly after the onset of eruptive activity during a fissure opening phase. The initial 
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two lava surges covered 6–16 km/day, which dropped to 2–3 km/day for fissures 3–

10 (Thordarson and Self, 1993), with these speeds calculated using the onset of 

explosive activity, initial evidence of water pollution denoted by people living 

downstream in the lowlands and subsequent drying up of the riverbeds before the 

lava fronts themselves were visible (Sigurdsson, 1982; Thordarson and Self, 2001; 

Thordarson et al., 2003a). Contemporary accounts also documented specific lava 

arrivals at inhabited lowland areas, when coupled with field observations such as 

changes in lava crust morphology, as well as mapped lava tubes and outbreaks; this 

enables an accurate understanding of the evolution of the lava flow field and 

emplacement dynamics. Such a high-resolution determination of the temporal and 

spatial evolution of the lava flow field means subsequent sampling of lava fronts 

linked to specific known dates of activity is very accurate. The lava flow field is 

predominantly rubbly pāhoehoe, but several morphologies are observed and can be 

explained by localised changes in transport systems or topography (Guilbaud et al., 

2007). The Laki lava flow, like the Eldgjá lava flow, advanced over marshy ground 

creating rootless cones as the lava lobes inflate and eventually, under their own 

weight, crack the basal crust enabling interactions between the lavas and the wetland 

in both the mid-highlands and the lowlands of the Síða area. 

 

The processes generating episodic eruptive activity, creating 10 discrete fissure 

opening events, each of which follows the same pattern; a peak mass-eruption rate 

which then exponentially declines within the first 24 hours, are not well understood. 

Timescales of magma migration from the storage zone to eruption, using Fe-Mg 

diffusion chronometry of olivine phenocrysts from the Laki eruptive products from 

different fissure opening episodes matches the timescales outlined in contemporary 

accounts well (Hartley et al., 2016). Thordarson and Self (1993) suggest that the 

episodic nature of the Laki eruption cannot be linked to separate inflation and 

deflation events of the reservoir that fed the eruption. Instead, they hypothesise that 

non-linear flow through the linear conduit that fed the eruption could result in a 

variable flow rate generating a rheological spectrum; however, this has not been 

examined further.  

 

Thordarson and Self (1993) agreed with the initial geological mapping of the very 

northern section of Laki by Thoroddsen, 1881–1901, and the hypothesis initially 
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outlined by Jakobsson (1979) that the lavas, now attributed to fissure 10 from the 

Laki eruption erupted through a geologically older hyaloclastite linear feature. 

However, Chapter 5 of this thesis will go through several lines of evidence that 

refute this hypothesis, outlining new field evidence, collated over 4 summers of field 

campaigns which found evidence for magma-ice interactions and ice-confined 

deposits.  

 

Six inhabited areas in this county, spread roughly between both canyons (Skaftá and 

Hverfisfljót), directly south, southeast and east of the fissure itself, which were 

affected the most by the hazards from the eruption are given the nickname ‘Fire 

Districts’ (Holm, 1784). From east to west these are: Álftaver, Skaftártunga, 

Meðalland, Landbrot, Síða (where Kirkjubærklaustur lies) and Fljótshverfi. 

Additionally, whilst not inhabited, two livestock grazing pastures of importance, as 

they are used throughout the late spring and summer, were also affected: (1) 

Álftaversafréttur, the area east of Álftaver extending towards Hólmsá, a river near 

Mýrdalsjökull, up to Brytalæki in the north and (2) Síðumannaafréttur, the area of 

heathland extending from the geologically older escarpment directly above the Síða 

district to the east, northeast and northwest, to the Laki fissures themselves in the 

mid-highlands (Figure 4. 14) 

. 
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Figure 4. 14: Historical place names of note surrounding the Laki lava field and eruption site. Place names, 

previously inhabited or currently inhabited and farmed that are referred to in the Eldrít accounts, as well as 

geographic Icelandic place names where tephra samples were taken. 

 

Previous geochemical studies 

 

The Laki eruptive products are classified as quartz-normative tholeiite. Sigmarsson 

et al. (1991), noted that the whole-rock geochemical analysis eruptive products are 

homogeneous in their major element compositions and display uniform U, Th, Pb 

and O isotopic signatures. However, small scale whole rock variations, of statistical 

significance, were observed by Passmore et al. (2012) in some regions of the flow 

field, which were interpreted as varying amounts of crystal mush included in the 

whole rock samples. Whilst this is important, the geochemical heterogeneity it 

causes is relatively small, and samples with much higher crystal contents were 

avoided in the samples analysed in this PhD research project. However, like most 

Icelandic FL’s, the Laki eruptive products contain <10% phenocrysts and crystal 

mush glomerocrysts, and are therefore classified as aphyric; again, this also evolves 

with time with more phenocrysts erupted towards the end of the eruption. 

 

Landbrot 

Holmsá Skaftártunga 
Síða 

Fljótshverfi 
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A wide range in phenocryst compositions has been observed in the Laki eruptive 

products by several studies (Métrich et al. 1991; Bindeman et al. 2006; Guilbaud et 

al., 2007; Passmore, 2009; Passmore et al., 2012; Neave et al., 2013). Passmore et 

al., 2012 observed that the crystal composition becomes more primitive throughout 

the eruption, correlating with the eruptive products originating from later erupting 

fissures. Detailed studies of trace element variations both within zoned crystals and 

in melt inclusions in this crystal cargo (Neave et al., 2013) indicated that the 

compositions observed could not be generated by the evolution of a primary melt 

along the liquidus. Instead, they record a high degree of mixing of a diverse set of 

both depleted and enriched mantle melts with different crystallisation histories 

(which generate their distinct compositions). These melts simultaneously mix and 

crystallise in a mid-crustal (15 km) storage reservoir, eventually generating the Laki 

carrier liquid. The crystal mush generated in this mid-crustal storage reservoir is 

partially disaggregated as the Laki carrier melt migrated through the crust to 

shallower storage zones prior to eruption.  

 

Many of the studies of Laki have focussed on its environmental impact, through 

underpinning of its total volatile budget, in particular, the S, Cl, and F content of the 

melt and the degree of syn-eruptive and syn-emplacement degassing. This was 

carried out to identify the eruption’s total atmospheric volatile load, using the 

difference in volatile contents between melt inclusions and glassy eruptive tephras 

and lava selvages. These values have been used as model inputs to gain constraints 

on the environmental and climatic impact of an FL eruption within Europe today 

with its higher population densities and well-developed infrastructure, which are all 

fragile and at risk from an event like this (Loughlin, 2012; Schmidt et al., 2015). 

More recently, studies have concentrated on identifying the redox conditions of the 

Laki melt within the crustal storage zone at depth, using XANES to fingerprint the 

oxygen fugacity (fO2) of glassy melt inclusions within phenocrysts. The fO2 of the 

melt prior to eruption influences the volatile content at saturation of the melt itself; 

this concentration limit and speciation dictates the evolution of volatile exsolution as 

well as the phases present. Analysis of melt inclusions in phenocrysts from rapidly 

quenched erupted tephras indicates that the Laki melt prior to eruption was oxidised 

(Hartley et al., 2017).  
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Holuhraun 2014–15 CE and Laki 1783–84 CE represent two end-member styles of 

fountaining activity for high magnitude basaltic fissure eruptions: low–moderate and 

sub-Plinian intensity fountaining, with only the Eldgjá FL eruption surpassing this 

activity at sub-Plinian–Plinian activities. Analysis of the modulating role of shallow 

conduit processes on eruptive intensity and temporal evolution of this throughout an 

eruption’s lifespan, as well as the mechanisms of volatiles release, i.e., the speciation 

of volatiles lost during syn-eruptive and syn-emplacement degassing, had not yet 

been undertaken on either the Holuhraun or Laki eruptive products before this 

project. Initial analysis in the eruptive activity in response to changes in the eruptive 

environment as Laki propagates from the SW to the NE has been undertaken for the 

Laki melt and surface lake at the P1 cone site in the southern fissure (Decker, 2017). 

However, newly revealed outcrops in the very NE of the fissure system, due to the 

response of the local outlet glacier Síðujökull to climate change, has enabled 

previously unknown and inaccessible portions of the Laki fissure eruptive cones to 

be sampled and studied. A summary of initial findings and interpretations can be 

found in Chapter 5, as the change from magmatic to shallow sub-glacial–ice- 

confined eruptive environment directly influences interpretations of the processes 

occurring during this stage of the eruption both texturally and geochemically.  
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Chapter 5: NE Laki revisited; evidence for ice-magma 

interactions during a shallow subglacial fissure eruption.  

 

 

5. 1 Motivation and Novelty  

 

Many aspects of explosive subaerial phreatomagmatic and subglacial eruptive 

activity globally are well constrained and characterised (Höskuldsson and Sparks, 

1997; Gudmundsson et al., 2004; Tuffen, 2007; Jakobsson and Gudmundsson, 2008; 

Wilson et al., 2009; Tuffen et al., 2010; Jude-Eton et al., 2012; Magnússon et al., 

2012; Edwards et al., 2015; Gudmundsson, 2015; Moreland et al., 2019). When it 

comes to sub-glacially formed volcanic edifices, Iceland has the largest variety of 

such formations worldwide, given the extensive glacial cover during the Pleistocene 

and the frequent volcanic activity (Kjartansson, 1943; Jones, 1969; Smellie et al., 

2002; Tuffen et al., 2002; Schopka et al., 2006). Most studies have been based on 

mapping Pleistocene formations or observations of the eruptions that have occurred 

since the 1990s. One type of relatively uncharacterised volcanic formations affected 

by ice are those formed under very thin glaciers, usually at or within the ice margin. 

It is thought that these formations may display several forms of hybrid activity where 

magma-water interaction and ice-confinement may play a role.  

 

Understanding the nature and morphology of shallow subglacial and intra-glacial 

ice-confined deposits in the geological record can, in turn, help improve maps of 

paleo ice-extents (Höskuldsson et al., 2006; Edwards et al., 2015; Smellie, 2018). 

Combining aerial photographs, field mapping and models of previous ice extents 

enables these shallow intraglacial edifices to be well constrained and understood. 

These techniques are used to ground-truth remote sensing data sets, such as the high 

resolution ArcticDEM, further improving recognition of these structures, and thus 

paleo ice-extents, in other countries/continents (Edwards et al., 2015; Smellie, 2018). 

Another topical application of this is using these high confidence morphological data 

sets from Earth and relating them to Martian ice-magma edifices to estimate past ice 

thickness on Mars and help constrain its paleo-climate variations (Edwards et al., 

2009; Edwards et al., 2015; Smellie and Edwards; 2016; Smellie, 2018). All of these 
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previous studies called for an improved understanding of terrestrial analogues, and as 

of yet, the current studies of ice-magma interactions in the geological record do not 

include any examples of historical fissure eruptions through a shallow ice margin, as 

they are either unpreserved or inaccessible.  

 

Wilson et al. (2009) note that no examples of shallow subglacial fissure eruptions 

that do not break immediately through the ice have been directly observed and, due 

to their setting and unconsolidated nature, no resultant products have been preserved. 

Nevertheless, they hypothesised this type of eruption would result in explosive 

activity, forming stratified tuff cones or rings, comprised of interbedded fall and 

surge tephra deposits, as well as generating meltwater floods 

 

5. 1. 1 Background 

 

To date, one reasonably detailed study has been conducted on an historic fissure 

eruption through a thin (<100 m) glacial margin, the 1969 CE event on Deception 

Island, Antarctica (Smellie, 2002). This eruption benefits from eye-witness accounts 

and detailed seismicity measurements. However, the eruptive products showed no 

evidence of external ice interaction; instead, they suggest a weak ‘dry’ or magmatic, 

Hawaiian or Strombolian, mechanism (Smellie, 2002) with catastrophic drainage of 

meltwater at the start of the event curtailing ice-magma interactions (Baker et al., 

1975; Smellie, 2002). Eruptions like this will also not leave a record that can be 

easily interpreted as subglacial (Smellie, 2002), with the added complication of 

material being lost through glacial erosion as the Mount Pond glacier still surrounds 

these vents. Evidence of older, historical and pre-historic, shallow intra-glacial 

eruptions exist on Deception Island Antarctica, but they are only partially visible in-

situ, or preserved as fragments at the marine termini of outlet glaciers (Baker et al., 

1975; Smellie, 2002; Wilson et al., 2009). This locality, therefore, offers little or no 

opportunity to fully map and understand well-constrained ice-magma activity 

sequences.  

 

Wilson et al. (2009) hypothesise that, at the onset of a shallow subglacial eruption, a 

mature magmatic foam interacts with meltwater generated by the abrupt melting of 
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the overlying ice. The magma-meltwater/ice interactions that ensue produce a fine-

ash-rich deposit composed of interbedded tephra fall and pyroclastic density current 

deposits. This is not dissimilar to the results from a previous study of the medial-

distal fall units from the subglacial fissures of the Eldgjá eruption (939 CE), where a 

mature magmatic foam interacts with the overlying glacier generating a fine-ash-rich 

plume (Moreland et al., 2019). If the meltwater can drain easily away from the 

subglacial eruptive activity, or the vents can lithify, isolating the conduit from the 

external water source, the eruption style may change from phreatomagmatic to 

magmatic effusive activity (Wilson et al., 2009). 

 

If an historical example of activity of this nature was well documented and 

understood better constraints and understanding could be applied to much older 

eruptions in the geological record using the well-known ‘The present is key to the 

past’ principle (Sir Charles Lyell). Examples of transitional or fini-glacial deposits 

have been highlighted in the Icelandic geological record, e.g., Hestfjall (<14.7 ka) 

(Sinton et al., 2005; Eason et al., 2015), but questions remain about the source of 

water for these events, with a lack of definitive ice- and ocean- margins at the time 

(Sinton et al., 2005).  

 

5. 1. 2 Previous studies 

 

Recent studies of historical phreatomagmatic volcanism in Iceland, i.e., in the last 

1100 years, are largely confined to explosive events at subglacial central volcanoes, 

e.g., Oræfajökull 1363 CE and 1727 CE, Katla 1625 CE, 1755 CE and 1918 CE, 

Grímsvötn 2004 CE and 2011 CE, and Eyjafjallajökull 2010 CE, focused on 

mapping tephra dispersal and associated jökulhlaups for hazard assessments. 

However, there are only two examples of historic subglacial fissure eruptions in 

Iceland: Eldgjá 939 CE and Gjálp 1996 CE and due to locations of these eruptive 

fissures the vent products are inaccessible due to the ice now covering these areas 

once more. As Eldgjá 939 CE eruption was a high intensity, high magnitude FL 

event, the extensive medial and distal phreatomagmatic deposits from its subglacial 

phase provide some insight into the evolution of the subglacial portion of the 

eruption (Larsen, 1979; Miller., 1989; Larsen, 2000; Thordarson et al., 2001; 

Moreland et al., 2019), and are well preserved in soil horizons; across South Iceland. 
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Whilst still currently submerged, the location of the Eldgjá fissures under 

Kötlujökull was identified through radio-echo sounding (Björnsson et al., 2000). 

Gjálp 1996 CE was a much lower intensity and low magnitude eruption (see Chapter 

4, Figure 4. 3), that occurred under much thicker ice. Whilst there are no publications 

of the mapped extent of its tephra layer, the tephra deposit itself is only accessible 

near the eruption site in profiles through the ice, or cropping out in outlet glaciers at 

the margins of Vatnajökull (Larsen, G. personal. communication). It is distinguished 

from other Grímsvötn tephra layers in these localities through its basaltic Icelandite 

geochemistry (Sigmarsson et al., 2000; Sigmarsson et al., 2015). There is only one 

existing study of an intra-glacial, ice-confined, historic fissure eruption in Iceland: 

the silicic effusive 950 AD Skerin Ridge eruption, within the Eyjafjalljökull volcanic 

system (Óskarsson, 2009).  

 

The Earth is venturing into unchartered territory as climatic change continues to 

adversely impact its glaciers, ice-caps, and ice-sheets. In Iceland, the retreat of its 

glaciers, in response to climate change, will reveal outcrops sub-glacially erupted 

formations and their stratigraphy as they emerge from the outlet glacier margins. 

Due to their eruptive environment, outcrops from historical shallow subglacial 

eruptions which occurred under the ice-extents mapped for the little Ice Age would 

become more rapidly accessible. These outcrops would present a key opportunity to 

map the eruptive sequences. Understanding the morphology of these shallow sub-

glacially erupted outcrops will help us locate future areas of interest in other 

terrestrial localities, whilst also providing the opportunity for datasets like these to be 

used to improve the scientific understanding of shallow ice-magma interactions on 

other planets. The latter of which has significant implications for the identification of 

Martian glacio-volcanic edifices (Edwards et al., 2009; Smellie and Edwards, 2016).  

 

Recent findings from the initial mapping of previously unidentified and unmapped 

sequences of the NE portions of the Laki 1783–84 CE fissure eruption, South 

Iceland, and reassessment of the tephra stratigraphy from this eruption suggest that 

the eruptive activity propagated underneath the outlet glacial Síðujökull. As the 

fissure propagated to the NE from a subaerial to subglacial eruptive environment it 

transitioned from magmatic to ice-confined phreatomagmatic sequences providing 
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the first opportunity to analyse and document the eruptive products from a shallow 

sub-glacial fissure eruption on Earth.  

 

5. 1. 3 The Laki 1783–84 CE eruption 

 

On 8 June 1783 CE a fissure eruption, Skaftáreldar (The Skaftár Fires) from now on 

referred to as Laki 1783–84 CE, started which would become the second largest 

flood lava eruption in historical times in Iceland. It lasted for 8-months, with activity 

propagating from the SW–NE in 10 distinct fissure opening phases across the Síða 

highlands, south Iceland, eventually creating Lakagígar, a 29.5 km long mixed cone 

row which stretches to the SW and the NE of the subglacially erupted hyaloclastite 

landform, Mt. Laki, the crater row’s namesake (Figure 5. 1). The combination of the 

climatic and ecological impact of a Laki-type eruption, the rarity of high magnitude, 

flood lava (FL), events which have an eruptive frequency of 1 in 250–500 years in 

Iceland, and proximity of Iceland to mainland Europe has resulted in this eruption 

being the subject of a wealth of detailed scientific studies over the last decades and 

thus its sequence of activity fairly well defined. The main focus of these previous 

studies has been to fully characterise and constrain the eruptive sequences and 

timescales by: (1) defining the sequence of eruptive activity through 

tephrochronology (Thordarson and Self, 1993); (2) characterising tephra dispersal 

from a sub-Plinian fountaining intensity event (Thordarson and Self, 1993; 

Thordarson et al., 2003a); and (3) calculating the atmospheric volatile flux and the 

eruptions climatic or environmental impacts (Thordarson et al., 1996; Thordarson 

and Self, 2003; Thordarson et al., 2003b; Schmidt et al., 2015). Several studies have 

characterised the eruption’s geochemistry and petrology to understand its plumbing 

system (Passmore, 2009; Passmore et al., 2012; Neave et al., 2013, 2017); as well as 

texturally analysing the microlite contents of the lava flows it emplaced to 

understand the evolution of its transport system and consequently the lava flow 

morphologies produced (Guilbaud et al., 2007).  

 

However, it is only the first 15 km of the 29.5 km long crater row that constitutes the 

‘well-defined’ portion of the eruption. Whilst several studies analysed lava flows 

sourced from the northern craters, there are still question marks over the intensity 

and type of vent activity from fissure episodes 7–10 which erupted after late August 
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during the Laki 1783–84 CE eruption.; and also, whether they were explosive 

enough to generate tephra fall in the Síða highlands or lowlands. The first 15 km of 

the crater row is comprised of 6 fissure opening episodes, and corresponding 

explosive tephra production, that occurs between 8 June–30 July which is 

dominantly magmatic, but phreatomagmatic activity in the form of two tuff cones 

associated with localised surface water bodies have been identified as tuff-cones 

within the cone row (Thordarson and Self, 1993). The relatively unstudied northern 

fissures of Laki are probably the result of a combination of factors: (1) 

inaccessibility issues to sample eruptive deposits on the northern side of Mt. Laki; 

and (2) the poorly preserved tephra stratigraphy proximity which becomes an 

increasing issue towards Síðujökull (a SW outlet glacier of Vatnajökull) because of 

the dynamic erosive and depositional glacial outwash environment (Figures 5. 1 and 

5. 2). 

 

Figure 5. 1: The Laki eruption and surroundings. ArcticDEM hillshade image, with a dark grey outline of the 

total area of the Laki lava field, which spread from the Síða highlands to the lowlands through deep glacial river 

canyons, towards the sea shown in light blue. The location of the Grímsvötn central volcano is highlighted in 

grey, with its associated embryonic fissure swarms shown in pale green. Vatnajökull ice-cap can be seen depicted 

in white, with the outlet glacier which Laki propagated underneath, Sïðujökull (S), at the southern boundary of 

the NE of the fissures. The location of the Laki fissure swarm is shown in red, alongside Lambagígar to the N of 

the extensive Laki fissure. An inset of Iceland with the Grímsvötn system highlighted in green is provided for 

geographic reference. 

Vatnajökull 

S 
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Figure 5. 2: Laki tephra dispersal and cone eruptive environment. Schematic sketch (to scale) depicting the Laki 

cone-row, its tephra apron deposits and their associated fissure opening episode dates. Green cones and black 

tephra aprons, and black fissure opening episode lines, indicate magmatic activity, whereas phreatomagmatic 

activity is shown by different scales of blue. Interactions between magma-external water from surface lake 

phreatomagmatic deposits are down in dark blue with a lighter blue apron, with the proposed subglacial magma-

ice activity shown in turquoise at the very NE of the Laki cone row. Proposed spatter fed ice-confined lavas or 

tuff mantling spatter fed lavas, which lie above the subglacially generated phreatomagmatic sequences, are 

mapped in yellow.  

 

Initial geological maps of Iceland by Thorvaldur Thoroddsen classify the pale tephra 

cones and capping lavas from fissure 10, of the Laki 1783–84 CE cone-row, as an 

older hyaloclastite sequence emerging from Síðujökull which is drawn distinctively 

curving around the fissure 10 cones in 1901 CE (Figure 5. 3). An early study of the 

proximal lava flows which cap the SW cone of fissure 10, were initially interpreted 

as a separate eruption at Fljótsoddi (Jakobsson, 1979), but were remapped through 

analysis of aerial photographs as belonging to the Laki 1783–84 CE (Thordarson and 

Self, 1993; Thordarson and Self, 2003), which was later confirmed by geochemical 

and petrological analysis (Passmore, 2009; Passmore et al., 2012).  

 

 
 
Figure 5. 3: Thoroddsen 1881–1901 geological map. Images of the original geological map from Thoroddsen 

1881–1898 taken from the National Museum of Iceland. (A) Displays the map in its entirety, with the location of 

the inset (B) shown by a black box. (B) Focuses on the section of the map covering the area surrounding the Laki 

eruption. The margin of Síðujökull can be seen to clearly, and purposefully, curve around the edge of what this 

study proposes is fissure 10 of the Laki eruption rather than the older hyaloclastite sequence it is mapped as here. 

The area of interest inside of image (B) is highlighted by a black box. 
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However, analysis of the tephra cones beneath these capping lavas at the very SW of 

fissure 10, or indeed the sequences which extend to the NE from this locality, have 

not been mapped or sampled to assess the sequence of eruptive activity; nor to 

confirm that they were also part of the Laki 1783–84 CE fissure 10 eruptive episode.  

 

5. 2 Methods 

 

Field mapping: Detailed in-situ field mapping campaigns were undertaken from 

2016–2020, which underpins this chapter, enabling an initial reconstruction of 

eruptive events in the last 3–4 Laki fissures (Fissures 7/8, 9 and 10) and identifying 

the relationship of units relative to each other. Field mapping was also used to 

constrain the morphology of the deposits along strike and any variations with 

stratigraphic height, which enables an assessment of the influence of increasing ice-

thickness or meltwater interaction along the fissure, and throughout the eruption.  

 

For fissure 7/8, sampling pits were dug through the medial-distal tephra apron 

sequence to ensure all of the deposit was logged and reworked capping material was 

excluded. Key visible changes in stratigraphic height in the apron sequences were 

sampled as distinct units to capture changes in eruptive style, degassing and intensity 

over the explosive phases, as well as to record any geochemical changes. Mapping 

and sampling of fissures 9 and 10 was carried out on the accessible northern side 

where large cross-sections through the crater sequences provide excellent field 

relationships. The inaccessible, steep, but excellently exposed, southern faces were 

photographed in high resolution from the Síðujökull glacier itself to piece together a 

complete and clear sequence of activity. Initial morphological analysis of this crater 

row along strike was also carried out in 2018–19 with the advent of the open-source 

ArcticDEM.  

 

Imaging: The crater row is inaccessible to the S, due to the actively calving and 

unstable front of Síðujökull, and the mouth of the large glacial river Hverfisfljót. The 

glacier has only recently fully receded from the SE/S side of the cones revealing 

steep-sided walls with poorly developed and over steepened talus slopes, compared 

to its northern aspect. The steep-sided faces of the cones provide excellent cross-

sections from which to piece together the sequence of activity. Because of the 
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inaccessibility of these steep active rockfall area they were imaged using a 45-

megapixel camera from Síðujökull itself <1 km from the fissure 10 cone row. 

 

Remote sensing mapping: Analysis of aerial photographs of the north of Laki from 

Landmælingar Íslands (The National Land Survey of Iceland) taken from overflights 

from 1945 CE onwards were utilised alongside the high resolution ArcticDEM. The 

combination of these two remote-sensing mapping methods, enabled rough paleo-ice 

extent estimates in SW-Vatnajökull in the late 1700s by using crater formation 

morphology and presence of dated quaternary deposits. They also provide insight 

into the evolution of the deposits through post-eruptive processes; that is how these 

sequences weather in the dynamic, erosive environment, resulting in their current 

morphology. 

 

Sample analysis: Samples from three key units were petrologically, geochemically 

and texturally characterised using microscopy, XRF, BSE SEM images, and EMPA 

analysis to assess the effect of external water on the eruptive dynamics, event 

intensity, degassing, and or early quenching. 

 

5. 3 Initial results 

 

This brief overview section is structured following the temporal evolution of the last 

3–4 Laki fissures as traced along the strike of the cone-row from the SW (fissure 7) 

to the NE (fissure 10) (Figure 5. 2). 

 

5. 3. 1 The new tephra layer from fissure 7 or 8.  

 

Two extensive tephra aprons associated with fissure 7/8 opening phases were located 

to the north-northeast of the crater row; they clearly originate from these fissures as 

they decrease in thickness northwards and are not associated with rootless cones or 

sandur plain deposits closer to the glacier margin further to the NE. The surrounding 

lava has been deflected by the topographical high they create, indicating the 

explosive activity occurred before the lavas at this locality. They consist of 3 distinct 

primary units of fine-coarse lapilli supported with subordinate fine-course ash, which 

sit on top of a soil horizon; these will be referred to as G1-3 of the M5 explosive 
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tephra apron (Figure 5. 4). The top 3 centimetres of the deposit were excluded from 

sampling due to evidence of reworking. The units are distinguished by internal 

changes in grainsize within the deposit, with G2 containing a lower proportion of 

coarse lapilli with a higher percentage of fine lapilli and ash when compared with G1 

and G3. Lapilli grains have three components: (1) black scoria, (2) golden pumice 

(3) achneliths on top of the soil horizon. According to contemporary accounts, a vent 

opening phase for fissures 7 and 8 occurred on 28 August 1783 CE but isn’t 

associated with tephra fall in the Síða district; these accounts suggested lava surges 

dominated this phase. On 7 September 1783 CE activity producing tephra fall occurs 

in the lowlands from fissure 7/8, which corresponds to the location of M5. A 

discrepancy in the dates during this time could also be a factor of wind direction; the 

M5 tephra apron deposits stretch northwards, suggesting a northern prevailing wind 

direction which would limit the tephra fall into the upwind area during any explosive 

phases.  

 

 

Figure 5. 4: Laki tephra deposits. (1A) extensive black M5 apron tephra layer extending north-eastwards away 

from the green moss-covered crater, outlined in (1B) with red for clarity, with the inset outline for (1C) indicated 

by a yellow box. (1C) A tephra pit through the edge of M5 explosive apron tephra fall deposit to the soil layer 

underneath, 3 distinct layers with different grainsizes G1–3 (labelled) can be observed. (2A and B) Medial soil 

horizons in the Síða highlands, with coloured overlays highlighting distinct tephra magmatic (red) and 

phreatomagmatic (blue) sub-units within the Laki 1783–84 CE tephra layer, which are also labelled. Katla 1755 

CE, Hekla 1845 CE, Katla 1918 CE, and Grímsvötn 2011 CE are labelled for reference 
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5. 3. 2 Fissure 9 

 

This cone is only partially preserved due to erosion and moraine deposition as the 

glacier, Síðujökull, surged in advances and retreats over the area resulting in 

extensive moraine deposition in the area (Figure 5. 5, panels B and C), which has 

either completely removed the southern parts of this cone or obscures the remaining 

deposit (Figure 5. 5, panel C). The half cone which still exists on the northern side of 

the fissure is black, with a similar morphology to P1 and P2 consisting of golden 

pumice, no achneliths are found in this cone sequence. In the centre of the cone 

isolated agglutinated spatter sequences exist, with traces of ramparts and spatter fed 

flows towards the NE, NW and N of the cone (Figure 5. 5, panel A and B). 

 

 

Figure 5. 5: Fissure 9. Field images from the Fissure 9 cone, displaying dry magmatic activity fed sequences with 

spatter ramparts and close to vent shelly lava flows (upper images). The crater has been eroded on its southern 

margin by the Síðujökull glacier, which has deposited extensive moraine over the SW of the area (lower image). 

Looking to the NE from fissure 9 on the lower image, the fissure 10 SW tuff cone can be observed from a 

distance and again, extensive moraine affects the margin of fissure 10.  

 

 



 123 

5. 3. 3 Fissure 10 

 

To the NE of fissure 9 lies the cone group of fissure 10; as previously mentioned, 

these deposits were initially mapped as older hyaloclastite deposits (Thoroddsen, 

1881–1901; Jakobsson, 1979). The most SW of these has been partially destroyed on 

its S-SE aspect either by the 1993 glacial surge of Síðujökull or earlier glacial 

erosion (Figure 5. 6, panels A and D), however, unlike fissure 9, it maintains a 

recognisable cone-like crater structure on all sides despite the till layer covering most 

of its surface. The erosion of the S/SE aspect of the crater has revealed a well 

lithified, fine-grained bedded, tuff containing layers rich in juvenile basaltic lapilli 

(Surtseyan style outcrop, e.g., Hrossaborg, N. Iceland). This sequence is capped in 

parts of the cone by spatter fed lava flows (both on the external and internal cone 

slopes; Figure 5. 6, panel B), with small-scale lava channel transport systems 

preserved. These mantling spatter flows create pockets of topography unaffected by 

the glacial surges or fluvial erosion on their lee side, enabling partial preservation of 

magmatic tephra from the wanes stages of spatter fed activity. Samples from this 

phase of the eruption are referred to as the sixth magmatic phase of the eruption, M6 

(Figure 5. 6, panel C). M6, where it is preserved on the SW face of the cone as a 

primary deposit, consists of layers of lapilli with a scoracious or achnelith 

appearance; M6 also has a medium-course ash matrix, golden pumice is absent in the 

M6 deposits, and the clasts are generally denser than the other Laki magmatic 

tephras. These deposits, where preserved, are too small to have classified units 

within them although faint bedding is observed.  
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Figure 5. 6: Fissure 10. Field images from the Fissure 10 SW cone, displaying brown tuff sequences capped by 

dry magmatic spatter fed activity (lower left image). This magmatic activity also deposited a small amount of 

tephra fall in the area, preserved in topographic lows near the margins of the lava flows (lower centre image). 

The fissure 10 cone has been eroded on its southern margin by the Síðujökull glacier, leaving clear brown 

lithified tuff sequences at the surface (lower right image).  

 

If viewed in isolation, the well-lithified nature of the lapilli tuff at the SE of this cone 

would match the initial interpretations from the reconnaissance mapping efforts by 

Thorodsson (1881–1901) and Jakobsen (1979), which classified this as an older 

hyaloclastite sequence. However, when tracing the cone sequences along its northern 

margins, a 30 m cross-section through the crater exists due to erosion from a once 

extensive glacial river system that flowed over the Fljótsoddi and into the Skaftá; 

revealing a pale brown, fresh, and unconsolidated tuff-cone beneath the 

rheomorphic, spatter fed, lava flows. This sequence is referred to as P3 in Chapters 7 

and 8 (Figure 5. 7). The braided river system that once flowed over this area has 

been re-routed to the SSE, due to the glaciers in the area retreating; now flowing 

behind the fissure 10 cones and terminal moraine deposits of Síðujökull into 

Hverfisfjót, leaving all of the northern sides of the cone accessible (Figure 5. 7, panel 

A).  

 

P3 predominantly consists of a pale cross-bedded tuff (litho facies, CBT-p), a 

pyroclastic tuff deposit characterised by low angled cross-bedding dominated pale 

brown, dark grey and cream ash rich sequences. The cross-bedded sets are typified 

by four recurring sub-facies (Figure 5. 7, panels A–D): (1) fine light-brown ash 

layers with no internal structures; (2) dark fine-medium ash layers (5–8 cm) with 

lenses/internal fine-scale cross-beds <1 cm of coarse ash (plagioclase and olivine 

rich); (3) light brown-cream fine-ash layers (5 mm–8 cm), rich in accretionary lapilli 

and armoured clasts, these occur on their own and sometimes at the top of sub facies 
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(1); (4) massive, matrix supported, light brown-cream fine-ash containing 20–40 % 

golden pumices and (5) matrix supported light brown-cream fine-ash, with lapilli 

sized golden pumice proportion increasing towards the top of the unit whilst 

remaining matrix supported.  

 

Occasionally within this sequence, horizontally bedded golden pumice and scoria 

lapilli clast supported units (litho-facies Ln) of varying thickness (5–30 cm) occur as 

distinct normally graded units between separate recurring packages of CBT-p 

(Figure 5. 7, panels C and D).  

 

Initial interpretations: The CBT-p litho-facies was probably produced during 

pulsating eruptive activity from a wet plume. Low-angled cross bed sets suggest 

aggradational deposition by pyroclastic surges, which are preserved to varying 

degrees. Accretionary lapilli units represent the end of the pulse, falling out from the 

co-surge plume. They are, however, missing in some sets, suggesting either that the 

surge travelled further, and the co-surge plume fall out was deposited elsewhere; or, 

it has been removed by the next passing erosive surge. Some accretionary lapilli, 

sub-unit 3, have also clearly deformed on impact to make exaggerated ellipsoids 

with a flattened base. Sub-units (4) and (5) have a component of plume fall tephra 

mixed into surge deposits. All sub-sets contain a high percentage of highly 

vesiculated sideomelane glass either as fine-ash or golden pumice clasts suggesting 

they are comprised of a mature, full vesiculated, magmatic foam. The Ln litho-facies 

was probably produced during periods of coeval tephra fall and surge dominated 

deposition from the eruption. The sequence is preserved so well here due to the 

protective capping spatter lava sequences which acted as a barrier to fluvial and 

glacial erosion.  
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Figure 5. 7: P3, CBT-p, and spatter fed lavas. Field images from the Fissure 10 SW cone, on its northern margin 

where a complete 30 m cross-section is accessible through a light brown tuff sequence which is capped by spatter 

fed lavas (top left image). A person wearing red, inside of the inset location box, is shown for scale. (A) focuses 

on the top of the sequence where the tuff sequence can be observed to squeeze up through the spatter fed lavas in 

places and in others could interbed with it, although the steep exposure limits the view from below. (B) 

highlights the syn-eruptive faulting through the sequence as well as very large, rounded fluvial origin bombs 

throughout the sequence. (C and D) display the thin repeating beds of lighter brown and dark brown and black 

units; the light brown layers are often rich in accretionary lapilli (D). 

 

Ballistics (litho-facies B) occur throughout the CBT-p litho facies. These comprise 

of juvenile basaltic fragments (5 mm–20 cm) and lithic (5 mm–20 cm) bombs. In the 

very SW of fissure 10 where CBT-p and Ln dominate the sequence, there are 

additional, notable, large armoured lithics (10–20 cm) present; they have a sub-

rounded to rounded, smooth morphology armoured ballistics (Figure 5. 7, panel B). 

Sub-angular and rounded lithics (10–20 cm) are present throughout the sequence, 

occasionally draped in a coating of magmatic juvenile spatter. 

 

Initial interpretations: Further evidence of a wet sediment environment is found 

through the presence of large lithic and juvenile bombs creating clear sags in the 

pyroclastic cross-beds beneath. Large armoured sub-rounded ballistics of all sizes 

are seen throughout the sequence, which are potentially indicative of clasts of a 

glacial river or tillite deposit origin being incorporated into the eruption from the 

substrate immediately below. 
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Figure 5. 8: ArcticDEM of Fissure 10 and key units. Insets in the top left indicate field location within Iceland. 

To the right is an Arctic DEM of Northern Laki fissure (artificial hillshade, with elevating grading from relatively 

lower areas in green, through to brown, with the highest peaks shown in purple). The proximal outlet glaciers 

Skaftárjökull and Síðujökull, from Vatnajökull, are shown in white. The field images to the left correspond to 

letters on the DEM, and the images themselves show clear examples of different sequences along the fissure 

indicating an intra-glacial eruptive setting.  

 

This sequence of tuff and lavas continues when tracing the fissure 10 cone sequences 

to the NE towards an un-named peak within these cones, which is the highest of the 

fissure 10 cone sequence at 747 m a.s.l (Figure 5. 8). However, there are subtle 

changes in the sequences: (1) the large-scale morphology of the deposits becomes 

more elongated than the tuff cones and spatter lava sequences in the very SW (Figure 

5. 8); (2) the thin veneer spatter-fed, rheomorphic flow lobes of rubbly-spiney 

pahoehoe lava flow sequences (with units varying from 0.2–0.5 m) become more 

dominant and thicken (0.5–4 m) towards the SW away from the peak (Figure 5. 9; 

panels A and C). Oxidised red and black agglutinated spatter sequences with thin 

lenses of black scoria become more dominant in this sequence, occurring as layers 
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(0.2–3 m thick) between the lava flows, also occurring as over thickened (1–5 m) 

units towards the SW (Figure 5. 9, panels C and E). When viewed from Síðujökull 

looking northwards, feeder dykes cutting through the CBT-p connecting to these 

flows above can clearly be observed, at the boundary between the flows and the 

CBT-p sequences, extensive oxidisation can be observed. The exposed basal crust of 

the over thickened lava flow unit, which extends to the SW of the un-named peak, 

reveals rounded lithics preferentially picked out and preserved by the base of the 

lava as it flows over the CBT-p units (Figure 5. 9, panels D and E).  

 

The faulting can be observed in CBT-p layers to the SW of the un-named peak 

beneath the spatter lavas at this locality, which tapers when traced downwards 

through the unit. In places, the CBT-p litho-facies can be observed between the lobes 

of the first 4 m of the spatter fed lavas (Figure 5. 7, panel A). 

 

Initial interpretations 

 

The increase of angular lithics in the CBT-p at this locality suggests a vent widening 

event, when considered alongside the extensive spatter and spatter fed flows which 

bake and oxidise the tuff directly below, suggesting a proximal vent locality where 

eruptive activity transitions from a wet to dry environment. This could occur either 

as the conduit isolates itself from the water source or the surrounding water can 

drain away either as a flood or into faults in the area. Tapering of faulting in the 

CBT-p units is suggestive of faulting caused by loading of the wet sequence by the 

spatter lavas above. The presence of the CBT-p within the lava units above indicates 

either possible squeeze structures due to loading of the wet sediment below as the 

lava flows above advance over it or continued episodic pulses of phreatomagmatic 

activity as the vent initially struggles to isolate itself from the water source. Both of 

these hypotheses require the lava and tuff sequences to occur during the same 

eruption and not the lava interacting with a well-lithified older hyaloclastite 

sequence.  
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Figure 5. 9: Un-named peak agglutinated spatter and spatter fed lava sequence. Field images of the un-named peak and the surround sequences at fissure 10. This locality is roughly halfway 

along fissure 10. (A) Viewing the un-named peak from the SE to the NW, displays the transition from bedded light brown tuff into spatter fed flows well, with the boundary displaying extensive 

oxidisation beneath the lava and spatter sequences. A feeder dyke at a 30º angle can be seen to intersect the flows above the sediments. (B) displays the same sequence as viewed from the NW 

looking to the SE, with a clear erosional scarp at the NE edge of the un-named peak. (C) highlights the over thickened spatter fed flows and spatter sequence to the SW of the un-named peak. 

(D) is in the black box highlighted in (C) and displays the base of the spatter fed flows which have preferentially mantled and picked up the rounded fluvial bobs in the sequence. The tuff unit 

below is rich in angular lithics indicating a vent widening event as this edifice becomes dominant through this phase of the eruption. (E) shows the same unit as (D) viewed from further away 

with an extensive and oxidised spatter unit above.  
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Continuing to the NE, the fissure 10 cone sequences continue to be elongated but are 

still multi-faceted, oscillating between the CBT-p and a new litho-facies unit: dark 

cross-bedded tuff (CBT-d). This sequence consists of low-angled cross-bedded dull 

black or matt grey unconsolidated lapilli tuff (Figure 5. 10, panel D). These cross-

bedded sets are typified by three main recurring sub-facies: (1) matrix supported 

black coarse-ash (2–10 cm); (2) matrix supported dull/matt grey/black layers rich in 

scoracious lapilli (0.5–15 cm); and (3) massive, clast supported matt black-dull dark 

grey lapilli–bomb units (5–100 cm) (Figure 5. 10, panel D).  

 

Spatter fed isolated thin lobes with thick agglutinated spatter “crusts” are observed 

throughout the CBT-d. These thin lobes have a hackly morphology, which extends 

from the core through the agglutinated spatter crusts and throughout the spatter 

crusts themselves. These are best exposed at the very northern end of the fissure. The 

agglutinated spatter crusts also contain very rounded, vesicular, grey basaltic lithics 

in places 2–3 cm in size. When this sequence is observed from Síðujökull looking 

northwards, the oscillating CBT-d and CBT-p units display erosive contacts 

throughout (Figure 5. 10, panel B).  

 

Above these tuff units in the NE of fissure 10, the cone sequence does not contain 

thin oxidised rheomorphic flows and agglutinated spatter observed in the SW of 

fissure 10. Instead, stratigraphically above the CBT-p and d units, there is initially a 

thin (30–40 cm) layer of fine-coarse grained sands, containing sub-units of laminated 

fine-ash to clays (<1 cm) (Figure 5. 10, panel E). These sequences are followed by a 

unit above which contains small (30–50 cm) basaltic pillows or small lobes with 

thick quenched outer rims interbedded with a fine-grained glassy matrix (Figure 5. 

10, panels C and E). This sequence is capped by a 10–15 m thick, massive, hackly 

jointed lava flow which occurs immediately above the pillows in some localities; but 

in other places, another repeated CBT-p unit and thin (1–3 m) rheomorphic lava 

lobes, with less irregular columns, and a smooth continuous base and top crust occur 

in-between the two (Figure 5. 10, panel A–C). 

 

The thick hackly lava flow has a morphologically varied base; across most of the 

unit it exhibits bulbous/rounded pillow lava-like basal structures, but in places this is 

replaced by a smooth pahoehoe base. Small scale faulting of the CBT-p and d units 
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as well as thin lava flows can be observed which tapers out 10 m below the thick 

hackly lava. The top of the hackly jointed lava flow has been eroded away. No 

oxidisation of the CBT-p and d units can be observed in the NE of Fissure 10 (Figure 

5. 10, panels B–E), unlike in the SW where thin spatter units cap the tuff units 

(Figure 5. 7, panel A).   
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Figure 5. 10: NE of fissure 10, CBT-d, pillows and hackly lavas. Field images of the NE section of the fissure 10 sequences. (A) is taken from Síðujökull looking to the NW, capturing the 

elongated nature of these sequences compared to those SW of the unnamed peak. The yellow boxes indicate the locations of (B and C), (D) is at the same stratigraphic heighton the northern 

aspect of the same ridge. (B) highlights the erosional contacts between the CBT-p and -d units which can be observed well from the glacier itself. This image also captures syn-eruptive faulting 

displacing tuff, and small lava flows underneath the large hackly lava, which caps the sequence. (C) Small pillow-like morphology lava units occur prior to the thick capping hackly lavas, with 

the latter displacing a basal crust suggestive of being emplaced into soft sediments as it sacks into the tuff below and squeezes structures occur in places. (D) when the units are viewed from the 

NW looking to the SE, the CBT-d seems to dominate the sequences under the hackly lavas with better exposure than the cones southern margin. (E) occurs at the boundary between the large 

hackly lava and the CBT-d in image (D); at this boundary small pillow-like lava lobes and evidence of standing calm water can be found in the form of multiple fine clay-silt varves, which 

occur repeatedly in-between layers of fine-medium coarseness tephra.  
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Initial interpretations:  

 

The CBT-d litho-facies was also probably produced during pulsating eruptive 

activity from a wet plume, producing a roughly bedded sequence with large low 

angled cross bed sets throughout. However, unlike the CBT-p unit, eruptive activity 

transitions into semi-stable effusive, dry activity several times throughout the CBT-d 

unit, producing small spatter fed lobes which are then rapidly quenched, giving them 

a hackly morphology, due to the presence of a fluctuating water level throughout this 

period of the eruption which these small lobes are interacting with. Above the CBT-d 

unit water can accumulate, with evidence of a possible standing water body 

indicated by the small sedimentary sequence containing very fine grain varves; this 

would also suggest a period of quiescence in eruptive activity at this locality in 

fissure 10, allowing such fine material to settle in layers. Small pillows or lobes 

above this also support the hypothesis of a considerable standing water body for a 

period of time during the eruption. This transitions into units that indicate both wet 

and dry eruptive activity, creating a sequence of initially thin hackly lavas 

interbedded with CBT-p units and capped by a substantial hackly jointed lava flow. 

The base of the large capping lava varies from a hackly jointed undulating base to 

rounded half pillows that squeeze into the soft sediments below (Figure 5. 10, panel 

C); in two places, this appears to have triggered syn-eruptive faulting in the tuff and 

thin lava sequences below which is accompanied by slumping and infilling of the 

hackly jointed bulbous/pillow-like base of the capping lava. When tracing the units 

to the NE there are increasing proportions of CBT-d and hackly lavas (Figure 5. 

11). 

 

All of the lavas NE of the high un-named peak appear to either be laterally confined 

or their margins have been eroded away, suggesting the environment they were 

emplaced into restricted their lateral development. The walls of these sequences, 

especially on their SE margins, do not have well-developed talus slopes; instead, 

they are over-steepened (Figure 5.10, panels A and B), extremely unstable with 

frequent rock-falls and debris slides. The top of the fissure 10 deposits have 

extensive extensional linear cracks which follow the same strike as the cone 

sequences. Both of these observations suggest an unstable sequence that has recently 

had its surrounding lateral support, which it formed against, removed.  
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A variety of intrusions can be identified throughout the fissure 10 eruptive sequences 

that fall roughly into three main types: (A) Dykes that cross-cut the sequence at <50 

degrees and are best exposed towards the NE end of the fissure when viewed from 

Síðujökull looking northwards (Figure 5. 10, panel A). These are <1 m–2 m in 

thickness but their contact boundary cannot be assessed accurately from a remote 

distance. (B) Feeder dykes: two of these are present in the sequence with a very 

clearly visible contact. One feeds the spatter lavas at the un-named peak and the 

other one feeds the thick hackly jointed lava (C) A third type is pillow-like 

intrusions/hackly jointed intrusions, possibly associated with feeder dykes, but again 

the contact is not visible from such a distance, and they are potentially small lava 

lenses (Figures 5. 10, panels A and B; and 5. 11). 

 

The entire sequence of fissure 10 from the SW–NE is mantled by a thin (<0.5 m) 

clast supported layer of primary glaciogenic till material. It consists predominantly 

of sub-angular-rounded clasts and a clay-rich matrix, it also contains larger sub-

rounded blocks; which represents the extent of glacier re-advance after the eruption 

had finished over the Laki sequences. It is also present in/on the SW-S slopes of the 

fissure as well, as ice only receded from this region in 2015. The sequence on the 

northern side of fissure 10, is also clearly shorter in height than the exposure on the 

southern margins, indicating that glacial flood and moraine deposits bury a 

significant portion of the fissure sequence on the northern side. The top of the 

thickest lava unit has been removed and there is a thin layer of glacial till in its place. 
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Figure 5. 11: Fissure 10 sub-unit correlation along the fissure’s length. Arctic DEM V3Geo 3D map of the north of Laki with the initial units identified by geological mapping indicated by the 

colours noted in the legend. Sub-units are correlated across the cones from fissure 10 from the SW to the NE, which becomes increasingly ice-confined with evidence of episodic water level 

changes. 



 136 

5. 4 Conceptual model 

 

Upon further field mapping examination of the Laki 1783–84 CE fissure closer to 

the glacier, the Laki deposits reveal a much more complex history of events than 

previously assumed; phreatomagmatic deposits are found to dominate this region, 

displaying clear evidence of magma-glacier interactions. This also suggests that in 

the 1800s the extent of Síðujökull and Skaftájökull would have been much greater 

than observed today, reaching the northern edge of the Laki lava field in this area 

extending towards the Skaftá at the NE edge of Tröllahamar (Figure 5. 11), not 

similar to recent glacial margins which has previously been suggested in recent 

studies (Björnsson and Pálsson, 2008). 

 

The working hypothesis for the eruptive environment of fissure 10 is an eruption in a 

shallow sub-glacial environment, where the effects of the increasing influence of ice-

confinement and external water due to magma-ice interactions can be observed when 

tracing the fissure from the SW to the NE (Figures 5. 11 and 5. 12). This is seen both 

in the morphology of the sequences and their increasingly elongated nature, as well 

as in the units within which the sequences are comprised of increasing proportions of 

CBT-d and hackly lavas (Figures 5. 8 and 5. 11). The water level throughout the 

eruption fluctuates as the eruption melts through the ice and flooding drains the vent 

areas periodically (Figure 5. 12). Due to cauldrons forming above the erupting 

fissure prior to it breaking through the ice, the highest peak in fissure 10 is at a 

stratigraphic height which is removed from ice or water-magma interactions and 

only effusive activity is observed at the top of its crater (Figures 5. 10–5. 12).  
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Figure 5. 12: Conceptual model of subglacial eruptive activity during the shallow subglacial-subaerial eruptive 

phase during the fissure 10 event. Part of schematic outline modified after Moreland et al., 2019. A fissure opens 

below the tongue of Síðujökull. At the glacier margin, the craters are not confined laterally by the ice, forming 

ellipsoidal tuff cones comprising of pyroclastic surge layers cross-cutting each other. Where the ice is thicker, 

cauldrons form above this portion of the fissure with a body of meltwater below them; when the internal 

hydrostatic pressure reaches a high enough level, a jökulhlaup escapes from this region of the fissure. Subsequent 

activity in this area is magmatic, although further north along the fissure eruptive activity continues to melt the 

surrounding glacier and episodic jökulhlaups drain towards the snout of the glacier to the SE and disrupt the 

cooling of spatter fed lava flows giving them hackly (rapid and disorganised) columnar jointing. 
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5. 5 Corresponding tephra layer from Fissure 10.  

 

When tracing medial tephra stratigraphy from the northern fissure segments in the 

highlands SE of the Laki crater row, it became apparent from Geirlandsheiði, across 

Kaldbakur to the Illugilshnúkar/Núpafjallsendi area of Núpahraun there is a traceable 

third phreatomagmatic unit that occurs towards the end of the eruption, sourced from 

the N or NE of this location as it thickens in this direction (Figure 5. 4). This was 

initially assumed to be from Grímsvötn, the central volcano associated with the Laki 

fissure swarm as the Laki eruption represents the main eruptive activity which is part 

of a 2-year-long (May 1783 CE–May 1785 CE) volcano-tectonic episode of unrest 

within the Grímsvötn-Þórðarhyrna volcanic system. Contemporary accounts 

documented 7 distinct explosive events to the N/NE of the eastern Síða district 

(Austur-Landnorðursgjá), which have been postulated to be summit eruptions from 

Grímsvötn central volcano (Thordarson and Self, 1993; Thordarson et al., 2003a; 

Thordarson and Self, 2003). However, distinct tephra fall units from the central 

volcano do not exist within the stratigraphy possibly due to weak explosive activity 

producing small amount of tephra fall (e.g., Grímsvötn 2004), which would not 

extend past the glacier margins, and therefore would not be preserved in the soil 

record. As the Laki eruption represents a high-intensity FL end-member, it is also 

possible that the layers from Grímsvötn are simply mingled with the dominant tephra 

fall from the crater row itself and are not distinguishable. 
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Figure 5. 13: Geographic locations of the local place names that are referred to for the Fissure 10 

tephra locations. 

 

Contemporary accounts note several interesting things which could be linked to the 

eruptive activity at fissure 10 (Table 5. 1). An increased sulfuric stench in the 

Hverfisfljót canyon occurs in late October, followed by an intense eruptive episode, 

which was postulated to be from Grímsvötn, with observations of pale-brown sandy 

ash blowing down from the highlands after this episode. However, the rough 

triangulation, which uses lowland sightings of eruptive activity from several farms, 

to suggest this was Grímsvötn (Thordarson et al., 2003), could easily indicate 

eruptive activity at the location of fissure 10, which would only be a degree or two 

off the location of Grímsvötn itself. Documentation of a very intense period of 

earthquakes in late November, and observations of another column of fire, from the 

rough location of fissure 10, might also suggest that fissure 10 could be comprised of 

two distinct eruptive episodes in October and November rather than one.  

 

 

 

 

 

Síðujökull 

Núpahraun 

Illagil 

Núpafjallsendi 

Geirlandsheiði 

Kaldbakkur 
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Table 5. 1: Laki contemporary accounts. Collation of hypothesised activity at fissure 10 with the corresponding 

supporting contemporary accounts, as well as methods to ground-truth these hypotheses.  

 

5. 6 Future studies 
 

The following research questions could be addressed through 3D mapping, grainsize 

analysis, detailed geochemical and petrological analysis as well as magnetometer 

surveys: 

 

1) What degree of influence does the increasing involvement of ice have on 

eruptive style and activity along the propagating fissure? 

2) Were all vents along the fissure active simultaneously, or were there several 

opening phases. Assess the timescales for this eruptive phase, e.g., is 5 days 

(Table 5. 1) reasonable?  

3) Is the source of the tephra layer identified in the Síða highlands from this 

shallow sub-glacial activity or from the more geochemically evolved 

Grímsvötn central volcano tephras? 

4) Did the meltwater create a jökulhlaup(s), or if there was sufficient 

groundwater storage capacity for it to have drained into the bedrock as it is 

speculated to have done after the Holuhraun subglacial eruptions of 2014 

(Reynolds et al., 2016).  

5) Where was the glacier edge at the time of the eruption and how did the ice 

thickness change with distance along the ice-confined fissure?  

Proposed activity Contemporary accounts 

evidence 

Ground-truthing 

Jökulhlaup on the 

24 October 1783 at 

the start of the N. 

fissure opening 

phase 

24 October 1783: This day, 

earthquakes started again, and strong 

acrid (sulfuric) stench was emitted 

from the east-northeast 

Investigate tephra and flood sequences in 

riverside flood level soil sections. 

Explosive 

phreatomagmatic 

tuff cones and 

tephra layer (active 

for 5 days?) 

25 October 1783: A huge column of 

fire rose from the Austur-

Landnorðursgjá, and sandy ash fell in 

the Síða district. The same day an 

intensive lava surge emerged from 

the Hverfisfljót gorge continuing for 

five days. 

This was also initially proposed to be 

Grímsvötn but could be the tuff cones and 

more confined craters. This can be 

investigated by creating a detailed isopach 

and TGSD data set. Did this activity continue 

for longer than 5 days, as contemporary 

accounts suggest? 

Byrða eruption 

further into 

Sídujökull, 24 

November 1783? 

24 November 1783: the fire column 

was seen to rise above Mt. 

Kaldbakur. In early December, the 

activity started to dwindle. 

Use field mapping and imagery to assess 

whether the entire fissure segment was active 

at the same time, or do we see evidence of 

separate fissure opening phases? 
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6) Can these sequences be used as an analogue for astrobiological colonisation, 

as the fissure 10 acts as a time capsule with ice only recently retreating fully 

from its NE margin? With dead ice still observed in most of the southern 

margins in the NE section of the fissure and around the un-named peak.  

 

Complementary research veins in the future could also include: (1) heat transfer/ice 

melting models for the settings of ice-confinement of lavas partly or fully emplaced 

sub-glacially; (2) modelling of fragmentation and degassing of eruptive material in a 

partly subglacial setting; (3) investigations into how common these features are 

around Vatnajökull, as Eldgígur in Djúpá is potentially similar; (4) detailed 

petrological analysis could be carried out to investigate cooling textures and magma 

water and sulfur contents to ascertain the degree of volatile suppression due to early 

quenching of magma feeding this portion of the Laki eruption; and (5) tephra 

sampling to further improve a well-defined isopach map and TGSD of the later 

eruptive sequences of Laki could be carried out to understand the activity in the NE 

of the cone-row better. 
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Chapter 6: Shallow conduit processes during the 

Holuhraun 2014–15 CE eruption 
 

 

6. 1 Introduction 

 

Volcanism in Iceland is confined to the active axial zones and intraplate belts and 

localised in distinct volcanic systems. Eruptions occur either at a volcanic system’s 

central volcano or along linear vent structures in its associated fissure swarm 

(Jakobsson, 1979a, 1979b; Thorarinsson et al., 1959; Pálmasson and Sæmundsson 

1974; Sæmundsson, 1974, 1978, 1979; Jóhannesson and Sæmundsson, 1998, 2009; 

Gudmundsson, 2000; Thordarson and Larsen, 2007; Jakobsson et al., 2008; 

Jakobsson and Gudmundsson, 2008; Thordarson and Hoskuldsson, 2008; 

Hjartardóttir, 2008; Hjartardóttir et al., 2009, 2012; Hjartardóttir and Einarsson, 

2012; Jóhannesson 2014). Volcanic systems are not just the fundamental building 

blocks of the modern neovolcanic zones in Iceland; their older counterparts 

constructed the now eroded Pleistocene-Neogene sequences. The emblematic layer-

cake, plateau basalt sequences volumetrically dominated the Neogene volcanic 

successions relative to the products of central volcanoes (Walker, 1963, 1964, 1993; 

Thorarinsson et al., 1959). These successions show that the Icelandic plateau was 

constructed by recurrent, predominantly effusive, basaltic flood lava eruptions (>1–

100 km3; FL), creating large lava flow fields originating from linear vents within the 

fissure swarms (Thordarson and Hoskuldsson, 2008). The overall architecture of 

volcanic systems from the Neogene to the present remains largely the same, with 

flood lava eruptions as the major contributor to the construction of the Iceland Basalt 

Plateau (e.g., Walker, 1963, 1964, 1993; Thordarson and Höskuldsson, 2008) which 

can therefore be thought of as the building blocks of Iceland. The 2014–15 CE 

Holuhraun flood lava eruption is an event of significanceas it provided a rare 

opportunity to witness, for the first time with modern scientific equipment, a typical 

example of the type of eruption that is the main contributor to the Icelandic plateau 

basalt succession.  
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The Holuhraun 2014–15 CE eruption represents the low-magnitude and low-

intensity end-member of FL events, associated with semi-sustained and weak 

fountaining. Weak fountaining events devolve from an emergent phase of laterally 

near-continuous “curtain-of-fire” fountaining to discrete fountains, through localised 

vents, each producing near-vent, coarse-grained pyroclastic fall deposits. If this 

occurs during the waxing phase of the eruption, mass eruption rate and fountain 

height increase. These more intense phases can produce sheet-like medial and distal 

tephra fall, which can form discrete lobes or sheets depending on the timescales of 

activity. Episodic fountaining is a common feature once activity has devolved to 

discrete vents, it can result in intense short-lived phases of moderate-high 

fountaining e.g., Kīlauea in Hawaii: Kīlauea Iki 1959 CE (Richter et al., 1970; 

Stovall et al., 2011, 2012), Mauna Ulu 1969–74 CE (Swanson et al., 1979; Parcheta 

et al., 2013) Pu’u’Ō’ō 1983–86 CE (Mangan and Cashman, 1996; Wolfe et al., 1988; 

Heliker et al., 2003; Heliker and Mattox, 2003). A similar reduction in MER 

followed by a surge in fountaining intensity took place within the 2014–15 

Holuhraun event in September 2014, linked to changes in mass eruption rates (MER) 

(Bonny et al., 2018). 

 

Over short time scales, many basaltic fissure eruptions display highly variable and 

rapidly fluctuating eruptive styles and intensities (Orr et al., 2015; Houghton et al., 

2020). This variability is the result of complex feedbacks in the shallow conduit that 

modulate changes in eruptive dynamics, which in turn is recorded in the micro-

textures in erupted pyroclasts, namely vesicle number densities, shapes and sizes 

(Cashman and Mangan, 1994; Mangan and Cashman, 1996; Shea et al., 2010). 

Multiple processes play a role in these feedbacks, where the most important are 

changes in microlite crystal content and volatile behaviour upon ascent, mass-ascent 

rate, fluid dynamic aspects such as coupling or decoupling of melt and bubbles, 

crystal content of the magma, conduit geometry and conduit wall stability. In this 

study we focus on the relative influences of volatile degassing in the shallow 

conduit, during the relatively short ascent history of the magma prior to 

fragmentation, from the perspective of bubble nucleation, growth, coalescence and 

outgassing during a basaltic fissure eruption and how these processes may relate to 

changes in eruptive behaviour and style at the surface (Mangan et al., 1993; 
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Cashman and Mangan, 1994; Mangan and Cashman, 1996; Sparks, 2003; Houghton 

and Gonnermann, 2008; Shea et al., 2010; Houghton et al., 2020). 

 

The 2014–15 CE event at Holuhraun was the largest eruption to occur in Iceland in 

240 years (i.e., since the 1783–84 CE Laki eruption). In-situ detailed imaging, 

mapping and sampling of the eruptive products was carried out continuously 

throughout the 2014–15 CE Holuhraun eruption. This, coupled with comprehensive 

deformation and seismicity measurements including the subset of syn-eruptive 

tremor (Sigmundsson et al., 2014; Ágústsdóttir et al., 2016; Hjartardóttir et al., 2016; 

Eibl et al., 2017), in-situ volcanic gas surveys (Ilyinskaya et al., 2017; Pfeffer et al., 

2018), satellite sulfur (S) measurements and modelling of plumes (Schmidt et al., 

2015), and ground-based time-averaged mass eruption rates (Bonny et al., 2018), 

have yielded an extensive data set for this infrequent type of eruption. The erupted 

pyroclasts from lava fountaining phases at the 2014–15 Holuhraun event provide a 

unique chance to analyse how the shallow conduit modulates eruptive style and 

intensity, using the pyroclasts micro-textures as indicators of fragmentation and post-

fragmentation conditions. Samples from various phases and times of the eruption 

reveal relatively homogeneous magma composition throughout (Bali et al., 2018; 

Halldórsson et al., 2018; Hartley et al., 2018), thus precluding these parameters from 

playing a significant role in changing eruptive behaviour.  

 

To date only one micro-textural study exists for an FL eruption, the Eldgjá 939 CE 

event in Iceland (Moreland et al., 2019), which, unlike Holuhraun, was a high-

discharge and high-magnitude event. Due to scarcity of events of this size, a 

comprehensive data set on the explosive mechanisms of large fissure eruptions is 

lacking. Therefore, the study of the Holuhraun pyroclasts enables characterisation of 

vesiculation processes during a low-intensity Icelandic FL for comparison with 

Eldgjá 939 CE. It also provides an ideal testing ground to assess whether vesicle 

number density in low intensity basaltic fountaining is a proxy for eruptive intensity 

and hence magma rise rates.  

 

The observed variety of microtextural fingerprints identified by this study in a single 

lapilli clast and how these evolve with time throughout an eruption highlights the 

importance of quantitatively analysing the outer rinds, in isolation, if present, of 
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pyroclasts from low viscosity melts. This provides accurate VND data sets for the 

state of the melt prior to fragmentation, rapidly quenched and unaffected by post 

fragmentation expansion, which can be used as a better proxy for explosivity in a 

variety of styles of basaltic eruptions. The discrete textural domains identified by 

small scale textural mapping of heterogeneities in basaltic pyroclasts also capture 

changing shallow conduit processes, which are responsible for rapid fluctuations in 

eruptive styles during fissure eruptions. 

 

6. 1. 1 Previous work on low-intensity fissure eruptions 

 

The transition between effusive and explosive eruptions, or different intensity phases 

within a single eruption, are dictated by the magma’s ability to break into discrete 

liquid pieces (fragment) and the ability of gas bubbles to rise through the magma 

column and escape (outgas).  Fragmentation occurs at a threshold in the shallow 

conduit where a continuous melt containing dispersed bubbles fragments, and 

transforms to a continuous gas carrying liquid pyroclasts. The processes that induce 

fragmentation of magmas are fundamentally different for basaltic versus silicic 

melts. These differences enable low viscosity magmas (basalts) to fragment at much 

lower bubble volume fractions than higher viscosity melts. Silica rich melts fail in 

brittle fashion at high tensile stress associated with a minimum bubble fraction of 

70–75 %, which is typical for higher viscosity melts where the melt films between 

bubbles rupture due to internal gas pressure within the bubbles (McBirney and 

Murase, 1970; Zhang, 1999). Although if the melt experiences processes that are 

government by the viscoelasticity properties of the melt, e.g., shearing this can occur 

at slightly lower vesicularities down to 64 % (Webb and Dingwell, 1990a, 1990b; 

Gardner et al., 1996; Papale, 1999; Gonnermann and Manga, 2003; Tuffen et al., 

2003). For basaltic magmas, which have a lower viscosity allowing both bubble 

outgassing and easier bubble expansion under decompression as viscosities do not 

reach those required to retard bubble expansion (Thomas et al., 1994; Barclay et al., 

1995; Gardner et al., 2000; Namiki and Manga, 2008), fragmentation is governed 

purely by fluid mechanics (Namiki and Manga, 2008). There are four additional 

ways to induce fragmentation at lower bubble fractions in lower viscosity melts: (1) 

inertial, pull-apart, fluid dynamic forces (if the inertia forces acting on the expanding 

melt, driven by bubble expansion, is greater than surface tension stress which 
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viscous forces dictate, fragmentation can occur), (2) strain-rate (where bubbles grow 

faster than the surround melt can transform, pushing the melt across the glass 

transition), (3) potential energy (which is related to the initial pressure in the 

bubbles, that can drive gas expansion) (4) stress (where bubbles rupture when the 

tensile strength of the melt is exceeded) (Gonnermann and Manga, 2007; Namiki and 

Manga, 2006, 2008; Rust and Cashman, 2011). For explosive basaltic volcanism, 

laboratory experiments and numerical modelling have shown that the timing and 

degree of processes like decompression, degassing, vesicle nucleation, growth, 

coalescence and outgassing, occurring over short timescales in the shallow conduit 

as magma ascends, are the key in the development of different eruptive styles 

(Gonnermann and Manga, 2007; Namiki and Manga, 2006, 2008; Houghton et al., 

2016). Quantitative micro-textural analysis of eruptive pyroclasts is a powerful tool 

that fingerprints the timing, rates, and temporal evolution of these shallow conduit 

processes, throughout an eruption as they exert modulating influences on the style of 

eruption. A wide range of vesicle number densities (VND), size distributions (VSD) 

and volume distributions (VVD) have been identified by studies on basaltic 

eruptions which display vastly different eruptive styles and progression of activity 

(Cashman and Mangan, 1994; Polacci et al., 2006; Sable et al., 2006, 2009; Lautze 

and Houghton, 2008; Costantini et al., 2010; Stovall et al., 2011, 2012; Parcheta et 

al., 2013; Houghton et al., 2016; Holt et al., 2019). The 2014–15 event at Holuhraun 

represents the low end-member in terms of explosivity for prolonged and sustained 

fountaining eruptions. This event exhibited a variety of eruptive styles and a time-

dependent evolution in terms of eruption intensity.  

 

Some fountaining basaltic fissure eruptions display episodic and rapid fluctuations in 

eruptive behaviour that are associated with changes in MER throughout the lifespan 

of the event. Good examples of this type of activity were documented during the 

low-moderate-high fountaining episodes of Pu‘u‘Ō‘ō 1983–86 CE (Mangan et al., 

1993; Cashman and Mangan, 1994; Mangan and Cashman, 1996; Holt et al., 2019), 

as well as the lower-transitional fountaining observed during Mauna Ulu 1969 CE 

(Parcheta et al., 2013), Kīlauea Iki 1959 CE eruption (Richter et al., 1970; Stovall et 

al., 2011, 2012). The 2014–2015 CE event at Holuhraun is no exception, with two 

documented distinct episodes that can be linked to changes in time-averaged MER 

(Figures 6. 1 and 6. 2). The processes affecting the magma in the shallow conduit 
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during these episodes of resurgence are not well constrained. However, as 

demonstrated below, the micro-textural diversity of tephra clasts produced at various 

times during the 2014–15 event at Holuhraun does shed some light on the triggers 

for sudden changes in eruptive style. 

 

6. 1. 2 Geological setting 

 

In Iceland, volcanic systems — composed of a central volcano or a fissure swarm or 

both — are a fundamental component of the volcanic succession. In general, whilst 

recurring small magnitude eruptions are common at central volcanoes, the majority 

of the eruptive volume of volcanic systems is produced by large magnitude events, 

i.e., FL eruptions, on the fissure swarms. These FL events are the archetypical 

eruptive activity that can be thought of as the building blocks of Iceland, occurring 

with a frequency of approximately 250–500 years. Five FL eruptions have taken 

place in Iceland in historical times: Eldgjá 939 CE (∼20 km3), Hallmundarhraun 950 

CE (∼8 km3), Frambruni-Dyngjuháls 13th century CE (∼4 km3), Laki 1783–84 CE 

(∼15 km3) and Holuhraun 2014–15 CE (1.2 km3) (Miller, 1989; Thordarson and 

Self, 1993; Thordarson, 2003; Thordarson et al., 2003a; Sinton et al., 2005; 

Thordarson and Larsen, 2007; Pedersen et al., 2017; Moreland et al., 2019). Together 

these five FLs account for more than half (54 %) of the total historical erupted 

volume of magmas in Iceland and 64 % of the mafic eruptions (Thordarson and 

Larsen, 2007). Whilst events of this magnitude are infrequent in Icelandic geological 

history, their volatile and aerosol atmospheric loadings have the potential to have a 

devastating climatic and environmental impact (e.g., Thordarson et al., 1996; 

Thordarson and Self, 2001; Thordarson and Self, 2003; Thordarson et al., 2003b; 

Schmidt et al., 2010; Schmidt et al., 2011; Loughlin et al., 2012). 

 

6. 1. 3 A review of the Holuhraun 2014–15 CE event: A low-intensity FL 

eruption. 

 

The 2014–15 CE event at the Holuhraun fissure lasted for 6 months (31 August 2014 

to 27 February 2015). It produced a 1.2 km3 dense rock equivalent (DRE) volume 

(Bonny et al., 2018) basaltic lava flow emplaced over 84 km2 (Pedersen et al., 2017) 

at Dyngjusandur, in the central highlands of Iceland (Figure 6. 1). The eruption 
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occurred along a fissure that has erupted three times: first in 1797–98 CE, then 1867 

CE, and again in 2014–15 CE, with the youngest event partially covering old vents 

and lavas. Although this fissure is located within the southern branch of the Askja 

fissure swarm, the eruption products of these events are geochemically and 

isotopically linked to the magmas erupted on the adjacent Bárðarbunga-Veiðivötn 

system, highlighting the complexity of the regional tectonics and associated 

magmatism (Hartley and Thordarson, 2013; Sigmarsson and Halldórsson, 2015; 

Hjartardóttir et al., 2016; Halldórsson et al., 2018). The Holuhraun 2014–15 CE 

event is the only historic FL eruption that is well-documented, directly observed, but 

represents only the weakest, low intensity, end-member of the spectrum of this high-

magnitude eruptive activity.  

 

Eruptive activity progressed as follows: after a minor stop-start episode lasting only 

4 hours on 29 August, along a small 600 m long fissure, activity resumed on 31 

August and the fissure reached a total length of 1.8 km. Initially, the activity was 

typified by a continuous curtain of fire along the entire length of the fissure (Figures 

6. 3 and 6. 4) with typical fountain heights of <50 m (Figures 6. 2 and 6. 4). The 

maximum fountain height was 71.5 ± 0.4 m along the middle portion of the fissure 

(Witt et al., 2018), where the main vent Baugur would later develop. This initial 

activity had a calculated time-averaged MER, taken from integrated satellite and 

ground-based data, of 150 m3s-1 (Bonny et al., 2018). Fountaining heights after the 

first 3 days were measured by the IES eruption field team using a clinometer and are 

reported below as the height above the crater rampart. The highest point of the 

rampart was 75 m throughout September and early October. From 1–4 September 

eruptive activity focused onto discrete vents (Witt et al., 2018), in-step with an 

increase in MER, from 150 to 270 ± 40 to 405 ± 60 m3s-1 (Bonny et al., 2018), as the 

eruption continued to wax. This increase in MER in conjunction with vent 

localisation resulted in increased lava fountain heights, ≥125 m from 2–4 September 

(IES eruption team field reports). Vent localisation occurred at the fissure segments 

where the highest fountains were seen during the curtain-of-fire phase of activity 

(Figures 6. 2 and 6. 4). 
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Figure 6. 1: A georeferenced Landsat 8 real look image from of the Holuhraun 2014–15 CE eruption on the 6 

September 2014. The active vent system and lava fields are visible, with the final aerial extent of the Holuhraun 

2014–15 CE lava field (black) overlaid on the image. The first incandescent lava branch can be seen travelling to 

the ENE, which finished on the 15 September as branching of the flow field started. For reference, geographical 

features of note in the surrounding area such as the Askja and Kverkfjöll central volcanoes, Dyngujökull, and 

Jökulsá á Fjöllum provided for orientation. Inset of Iceland, with the outlines of volcanic systems and glaciers 

outlined for reference, with Bárðarbunga (B) and Askja (A) central volcanoes labelled to highlight their regional 

location. 

 

The five principal vents were given the names: Norðri, Suðri, Krakki, Heimasætan 

and Baugur (Figures 6. 2 and 6. 4). The time-averaged MER peaked on 7–8 

September at 560 ± 85 m3s-1 (Bonny et al., 2018), corresponding to the highest 

recorded fountains at ~160–170 m. Notably, during this time (i.e., 6–8 September), a 

large amount of Pele’s hair was produced by the fountains. Following this, the 

magma discharge dropped rapidly to 30 ± 5 m3s-1 over 8 days (Bonny et al., 2018), 

with the lowest flux recorded on 15 September, corresponding to a fountain height of 

70 m and a period of reduced seismicity (IMO Holuhraun eruption reports). This 

coincided with changes along the fissure in terms of active vents, as all but the main 

vent Baugur (Figures 6. 2 and 6. 4) shut down after 16 September. Coincidentally, 

the Baugur vent displayed drastically reduced fountaining intensity. There is a 
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resurgence on 17 September, with fountain intensity peaking on 20 September 

during a secondary peak in MER at 440 ± 65 m3s-1. This waxing during 16–20 

September, following the low point on 15 September, is also associated with 

substantial lateral expansion of the flow field (Eibl et al., 2017; Pedersen et al., 

2017). The expansion was triggered by branching within the main lava channel 

leading to the formation of a series of new lava flows (Pedersen et al., 2017), thus 

initiating the construction of a composite lava flow field (Figure 6. 1).  

 

The MER then decreased in an exponential manner over 20–30 September, and 

consequently a lava pond formed in the main vent, Baugur, which had a modulating 

effect on vent activity which shifted from intermittent fountaining to vigorous roiling 

by early October. Throughout October occasional bursting activity of large, 

decoupled, bubbles created sporadic medial tephra fall. On 8 October, the IES 

eruption team on the ground, and overflights, recorded bubble bursts to heights of 

around 1–1.5 times the rampart height (>50 m) (Figures 6. 2 and 6. 4). From early to 

late November the lava lake activity was reduced to steady roiling, punctuated by 

large bubble bursts with a maximum diameter of 50 m recorded on 18 November. 

The bubble bursting events had ceased by December and steady state, rolling roiling 

activity, takes over. The level of the pond dropped steadily throughout February until 

the eruption ended on 27 of February 2015. This late-stage boiling of the lava pond, 

was accompanied by large scale resurfacing events across the complex, compound 

flow field (Pedersen et al., 2017). 

 

Holuhraun 2014–15 CE was one of the most polluting eruptions in the last century 

(Gíslason et al., 2015; Schmidt et al., 2015; Stefánsson et al., 2017; Pfeffer et al., 

2018), emitting approximately 9.6 Mt of SO2 (Pfeffer et al., 2018) into the 

atmosphere. However, new estimates by Thordarson et al., 2020, using the final lava 

field volume and two-stage degassing method calculations, suggest that the eruption 

carried 9 MT of SO2 from depth, but not all of this was lofted into the atmosphere. 

Instead, approximately 70 % of the volatiles outgassed at the vents via syn-eruptive 

degassing (6.4 MT) entering the eruptive plume, and 13% was exsolved from the 

lava field during emplacement (1.15 MT), creating a local ground haze; in total, this 

method estimates 7.5 MT of SO2. The atmospheric SO2 levels at the eruption site 

exceeded the legal limits, several times, for air quality (>500 g/m3 for over 10 
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minutes) set by the World Health Organisation (WHO) and Icelandic health 

standards (IES eruption field team gas meter readings; Gíslason et al., 2015; Schmidt 

et al., 2015; Pfeffer et al., 2018). 
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Figure 6. 2: Evolution of the Holuhraun 2014–15 CE vent activity in response to MER and activity vent portions. This is a compilation panel indicating the evolution of several aspects of the 

Holuhraun eruption (y-axis) through time (x-axis). The active vent geometry (bottom panel) can be seen to concentrate onto discrete vents and subsequently widen throughout the eruption; the 

active vents are shown in orange. Blacked out vents are no longer active and the darker red zone inside the active on 17 of September 2014 indicates the period between the 15–17 September 

where the eruptive activity reduced. The middle panel displays calculated MER (Bonny et al., 2018) throughout the eruption. Black lines with key discharge rates are provided for reference. The 

dotted line represents the average MER from October–February which is not included to emphasise the variations in MER over a short period of time at the start of the eruption. In the top panel 

the corresponding style of eruptive activity can be seen; photographs are taken from different angles due to the evolution of the lava field restricting access. Orange lines link the calculated 

MER to the vent activity at the time the image was taken.  
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In the first months, vent activity produced 1–3 km high gas-rich plumes that were 

confined to the lowermost troposphere (Pfeffer et al., 2018; Schmidt et al., 2015). 

Yet these plumes triggered SO2 levels of >1400 g/m3 at air quality monitoring 

stations in north and east Iceland on several occasions (Schmidt et al., 2015). 

Elevated SO2 levels were also detected in neighbouring European countries, but only 

surpassed WHO air quality limits in Ireland for 1 hour on 6 September (Schmidt et 

al., 2015). This timing coincides with the period of highest MER during the eruption 

(Bonny et al., 2018). 

 

6. 2 Methods  

 

To capture changes in shallow conduit processes that modulated eruption dynamics 

throughout the Holuhraun 2014–15 CE eruption, pyroclasts erupted during known 

and well-documented phases of explosive eruptive activity were sampled. Pyroclasts 

were collected in-situ, often as they fell, from the surface of the glacial outwash plain 

within a few kilometres of the source vents (Figures 6. 3, 6. 5 and 6. 6). Each sample 

consisted of at least 100 clasts between 16–32 mm. Nine samples, which span the 

period of tephra-producing fountain activity from 1 September to 12 November, 

were collected for clast density/vesicularity analysis. A locally dispersed tephra 

deposit close to the crater erupted in February, towards the end of the eruption, was 

also analysed, bringing the sample total to ten. 
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Figure 6. 3: Tephra fall sampling locations from the Holuhraun 2014–15 CE eruption. Arctic DEM hillshade 

image of Holuhraun 2014–15 CE flow field, highlighted in dark grey, and area surrounding the eruption. The 

locations of proximal and medial tephra fall samples which were anlaysed in this study are indicated by orange 

triangles. The new proposed Bárðarbunga-Veiðivötn (B-V) fissure swarm (Hartley and Thordarson, 2013; 

Pedersen et al., 2017) shown in light red. Askja and Dynjujökull, the outlet glacier from the Vatnajökull ice-cap 

are labelled for reference. The grey outlined box in the inset of Iceland (top righthand of the figure) indicates the 

geographic locations of the 2014–15 Holuhraun eruption within the island, with the large-scale important features 

such as the B-V fissure swarm, shown in red, and Vatnajökull, shown in grey, highlighted for reference. The 

location of the 2014–15 CE Holuhraun fissure, part of which was reactivated during this event, having previously 

fed older historical lava fields in the area (Holuhraun 1 and 2), is highlighted by a bright red line.  

 

Clast density measurements were carried out on the 100 largest clasts from each 

sample, following the procedure of Houghton and Wilson (1989). First, samples 

were cleaned in an ultrasonic bath to remove any fine particles and dried in an oven 

at 40°C for at least 48 hours. Then, the clasts were weighed individually (ωclast
D

, dry 

weight), and each clast was wrapped in polyethylene film (parafilm) to waterproof 

them and the amount used recorded (ωparafilm). Finally, each clast was immersed in 

deionised water, suspended in a wire cage, with a ballast of known and consistent 

weight (ωballast) and weighed again (ωclast
W

, wet weight).  

 

 

 

Dyngjujökull 

Askja 
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The density of each clast (ρclast) was then calculated using Archimedes’ principle 

following: 

 

ρclast = ωclast
D / ωclast

D  - (ωclast
W – ωballast + ωparafilm)           

(Eq. 1) 

 

A dense rock equivalent (DRE) value of 2830 kg m-3 for a Holuhraun basalt 

calculated from major element concentrations was used when converting measured 

bulk density to density-derived vesicularity (φ) following: 

 

φ = (1 – (ρclast / DRE) *100               

(Eq. 2) 

6. 2. 1 Textural Analysis 

 

Three clasts of modal density, which were representative of the componentry present 

within the modal clasts, were chosen from each of the ten bulk density histograms, 

together with outlier clasts representing the minimum and maximum density, to be 

made into polished thin sections for textural analysis. In total, 28 clasts were made 

into polished sections, and initial qualitative petrological and microtextural 

observations were carried out to characterise which clasts are most representative of 

the textural diversity of each sample. Four out of 28 clasts, which best captured the 

array of textures present and accurately represented the average proportions of these 

textures within the modal clasts, were selected for quantitative vesicle size 

distribution and number density analysis and carbon coated with a thickness of 250 

m. The vesicle abundance and size distribution for these pyroclasts provide 

windows into shallow conduit processes by providing a snapshot of the vesiculation 

state at the time of quenching, during and following fragmentation, which can be 

used to extrapolate the relative rates and significances of bubble nucleation, and free 

growth, as well as the roles of vesicle coalescence and outgassing (Cashman and 

Mangan, 1994; Mangan and Cashman, 1996).  

 

The four clasts chosen for detailed textural analysis were also intended to represent 

the key stages of activity as the eruption evolved, with most of this evolution 
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occurring in the first six weeks of the eruption. The samples and the activity they 

represent are as follows (Figures 6. 2 and 6. 4):  

 

1) 1 September: an open and continuous curtain of fire along a 1.8 km long 

fissure that has been active for 24 hrs.  

2) 6 September: the most vigorous activity (highest recorded fountains) 

producing large quantities of tephra rich in Pele’s hair and tears. The vent 

geometry had changed during the initial 7 days of the eruption as choke 

points developed and activity concentrated at discrete vents/focal points. The 

same volume funnelled through a narrower outlet enables higher fountaining. 

3) 17 September: This sample represents the denser material erupted after a 

period of reduced seismic and eruptive activity at Holuhraun, during the re-

initiation of subdued fountaining activity (which is greatly reduced in 

comparison with earlier September activity 6 September both in size and in 

explosivity). 

4) 8 October: Subdued activity typified by bubble bursting that reaches above 

the lower-most sections of the crater ramparts formed around the discrete 

vents. Reticulite and minor amounts of isolated Pele’s hair were still 

produced despite a lack of fountaining. Despite the reduction in explosivity at 

the vents, the lava discharge rate remained high. 
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Figure 6. 4: Key stages of changes in vent activity during Holuhraun 2014–15 CE and their corresponding density samples. This is a compilation panel indicating the evolution of several aspects 

of the Holuhraun eruption (y-axis) through time (x-axis). The bottom and lower middle panels are the same as Figure 6. 2. The upper middle panel displays lapilli pyroclast density histograms, 

which correspond to the imaged activity in panel 2. The yellow star indicates the modal clasts selected for image analysis. The images in the very top panel display the decoalesced analysed 

modal clast analysed from each of these eruptive phases. 
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A JEOL-JSM-7001F Schottky Emission Scanning Electron Microscope at The 

Institute for Planetary Materials, Okayama University, Japan, was used to collect 

Back-Scatter Electron (BSE) images from each polished thin section. To fully 

capture textural variations of the vesicle populations, which span several orders of 

magnitudes, nests of overlapping images at different magnifications were taken. The 

pyroclasts from the Holuhraun eruption are texturally complex and display a high 

degree of melt heterogeneity with domains characterised by distinct vesicle 

populations (for further details, see the Result section of this Chapter). In order to 

represent the observed textural heterogeneity within the Holuhraun clasts accurately, 

the method of Shea et al. (2010) was modified to map the whole thin section area 

with 100x magnification BSE images collected with a 60 % overlap. Internal SEM 

software (Mapxml) or software derived from UAV aerial image mapping (pix4D, 

using manual tie-points) was used to stitch the images without distortion into a 

whole clast map. The 100x full-pyroclast map replaces the flatbed scan and 50x 

magnifications in the Shea method, whereas the 250x and 500x magnification nest 

structures remain unchanged (Figures 6. 8 and 6. 9). The 250x and 500x 

magnifications were collected on a tabletop Hitachi TM3000 SEM at The University 

of Iceland. The number of higher magnification images range from six to twelve 

depending on the heterogeneity of the sample, with more images taken for samples 

displaying a higher degree of textural complexity. Images for the higher 

magnifications were positioned to capture the relative proportions of different 

domains within the clast to ensure the data set included adequate numbers of nests to 

characterise each type of identified domain individually.  

 

The 100x BSE maps vary in total area (mm2), and therefore, a different scaling factor 

was used for each individual map; these range from 281.6–546.0 (pixels/mm) 

depending on the area of the clast itself. For the 250x and 500x magnification BSE 

images the areas, and thus scaling factors, are consistent, 0.42 mm2 (1706.7) and 

0.11 mm2 (3410) respectively. 

 

All raw BSE images were converted manually into binary images using Adobe 

Photoshop by converting all vesicles to black and the melt/interstitial glass to white. 

Phenocrysts and microlites, where present, were converted to grey in an additional 

layer which was analysed separately. Thin melt walls between vesicles were 
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reinforced to a 3 px width where necessary, and any melt films broken during the 

thin section and polishing process were redrawn to capture, as closely as possible, 

the true vesicle distribution and number density present in the magma immediately 

preceding fragmentation. The images were manually “decoalesced” by 

reconstructing the natural curvature of the bubble walls that separated vesicles 

present prior to the last stage of coalescence when these walls were ruptured (Klug 

and Cashman, 1994).  

 

The images were then analysed with the free, open-source image processing software 

ImageJ (Schneider et al., 2012), which measures the vesicle number density (VND, 

number of individual bubbles) and 2D vesicle size distribution (VSD, the size of 

individual bubbles) in each image. The total melt area of each image was calculated 

by removing the percentage area taken up by crystal content. The area of each 

vesicle was then recalculated to give the diameter of an equivalent circle, and the 

data was binned using geometric bin sizes (equivalent diameter multiplied by 100.1). 

The number of vesicles per unit area, NA, was calculated using the combined 

reference area of the image in that magnification. Due to the nested structure of 

image sets, some vesicles appear in more than one magnification; therefore, a cut-off 

point for NA was chosen for each magnification to ensure no vesicle was counted 

twice during a transition from one magnification to the next. The cut-offs between 

magnifications were chosen to minimise any abrupt jumps in areal vesicularity. To 

ensure pixel size and shape were captured accurately, we superimposed a lower cut-

off diameter of 5.9 µm in the 500x image, equivalent to 20x20 pixels. Some studies 

of silicic tephra have used 4.0 µm and 20x20 pixels, but the SEM used for the high 

magnification images for this study does not achieve that resolution. However, the 

bubble populations in these (and other) basaltic tephras are markedly coarser than 

those of silicic pumices. Most of the bubble population in these low viscosity 

basaltic samples was captured before this cutoff, and processing bubbles of a smaller 

size than 5.9 µm would be a trade-off between resolution and number statistics. In 

several samples, the smaller NA bins have gaps between 5.9 and 10.0 µm, therefore 

when comparing data sets in terms of cumulative vesicularity relative to vesicle size 

and NVm and mass eruption rate, the data sets are truncated at 10.0 µm to enable 

compatibility in the comparisons between the Holuhraun samples. Additional 250x 
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and 500x nests were processed to prevent empty bins so the data set could be 

compared with other eruptions; however, these gaps persist.    

 

Following the stereological method of Sahagian and Proussevitch (1998), the 2D 

vesicles per unit area, NA, can be converted to the number per unit volume, NV. This 

method assumes that all vesicles analysed are spherical, and does not account for 

their natural morphologies, however for lower viscosity eruptions (e.g., basaltic 

melts), the assumption of spherical morphology is generally close to reality. It also 

adjusts for the probability that not all vesicles will be cross-sectioned at their 

maximum diameter and therefore may be larger than they appear in 2D by using a 

dimensionless alpha-value conversion coefficient (α). The original α-values were 

calculated for 12 classes by Sahagian and Proussevitch (1998) and were later 

extended for 32 size classes (calculated by K. Cashman). NV was then scaled with 

reference to melt volume (NVm) to account for the volume occupied by the vesicles 

themselves. To avoid misleading volumetric vesicle number densities, as a result of 

the method or variability within the sample in 3D space when converting the samples 

from 2D to 3D, the image derived NV is scaled to the bulk vesicularity derived from 

density measurements. 

 

6. 2. 2 Geochemical Glass Analysis 

 

Major element and volatile concentrations of basaltic glass from Holuhraun were 

determined by electron microprobe analysis (EMPA), at The University of Iceland, 

using a JEOL JXA-8230 SuperProbe. This was carried out on the same thin sections 

used for SEM textural analysis in order to be able to assess the degree of spatial 

geochemical homogeneity within each clast compared to textural observations.  

 

All data in this study is reported with a 1σ error and was collected over multiple 

analytical sessions. Ten to twenty points were collected per textural zone analysed, 

using an acceleration voltage of 15 kV, corresponding to a 10 nA beam current with 

a diameter of 10 μm. The reference standard used was A-99, a Smithsonian 

Microbeam Standard, consisting of natural basaltic glass from Kīlauea, Hawai’i 

(Makaopuhi Crater); this was analysed 5–10 times at the start and end of each 
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analysis run. The instrument was stable throughout the analysis run, and therefore no 

drift correction was applied. All analyses with total mass sums below 98 % were 

discarded.  

 

6. 3. Results Holuhraun 

6. 3. 1 Deposit characteristics 

 

Preserved tephra from the Holuhraun 2014–15 CE eruption is generally confined to 

the vent region, with very thin lenses preserved on near-vent lavas beyond the host 

scoria cones. The fountaining activity in September formed the majority of the 10–

75 m high spatter ramparts that built up around the vents. The ramparts and 

associated tephra fall deposits are comprised of repeating subunits of spatter-bomb-

rich horizons intercalated with units dominated by golden pumice and scoria, with 

subordinate juvenile lava and bedrock lithics that extend up to a maximum of 20 m 

beyond the ramparts (Figure 6. 5).  

 

 

Figure 6. 5: Tephra lenses from Holuhraun 2014–15 CE. Relict tephra lenses, visible as a light sandy brown 

material extending from the crater slope, and into the dark lava field. Where it sits on top of the lava, small 

rubbly piece of the lava crust stand proud of the lenses. Pippin, the small border collie, for scale. 
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However, it is the small amount of preserved medial tephra fall produced by 

Holuhraun which is the focus of this study. This is represented by isolated ash to 

lapilli sized clasts, as well as Pele’s hairs and tears, deposited directly onto a glacial 

outwash plain consisting of basaltic sand and rocks. Due to the low intensity of this 

eruption, the Holuhraun medial tephra did not form a thick layer, and because of the 

depositional environment it is now eroded. Thus, the characteristics described below 

are from in-situ field documentation made by the IES eruption team (IES eruption 

team field reports). Medial tephra fall (fine ash and Pele’s hairs) was observed up to 

14 km from the vent. Medial tephra fall was most common during the peak eruptive 

intensity periods in September; however, it also persisted to a lesser extent 

throughout October and November. Complications caused by the continually 

expanding lava flow field, resulted in tephra sampling only being possible when it 

fell beyond the flow field boundary. The following observations are made from 

tephra collected onsite on plastic sheeting placed on the ground. This intermittent, 

and now eroded, tephra fall was predominately comprised of elongated lapilli (1–6.4 

cm) to small fluidal bombs (6.4–10 cm) (Figures 6. 5 and 6. 6). This deposit also 

contains (i) golden pumice (1–4cm), with a maximum observed size of 9–10 cm, (ii) 

Pele’s hairs and Pele’s tears (<0.5 cm) and (iii) a minor fraction of fine-medium ash. 

Fluidal lapilli clasts collected from medial tephra fall deposits associated with 

specific vent activity were selected for this study. Both golden pumice lapilli and 

fluidal lapilli samples, 16–32 mm in size, were included in the 100–120 clasts 

collected for analysis for this study.  
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Figure 6. 6: Images of medial fall tephra deposits from Holuhraun 2014–15 CE. Field images (captured by 

Bergrún Arna Óladóttir) of golden pumice, achneliths (fused outer surface golden pumice clasts), Pele’s tears and 

hairs on the dark Sandur, comprised of basaltic ash and rounded rock fragments from the glacial outwash plain. 

The size of golden pumice and achneliths varies from ash to large lapilli.   

 

6. 3. 2 Clast density and bulk vesicularity 

 

The average clast density for samples of the Holuhraun 2014–15 tephras ranged from 

300–730 kg m-3, corresponding to an average vesicularity of 72–90 % with errors 

reported to 1 std (Table 6. 1). The clast density modal range of the tephra is 200–300 

to 600–700 kg m-3, corresponding to the modal vesicularity range of 75–80 to 90–95 

%.  
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Table 6. 1: Measured density and calculated bulk vesicularity data set, Holuhraun 2014–15 CE.  

 

 Av. 

Density 

(kg m-3) 

1 std Av. 

Ves. 

1 

std 

Distribution Ves. 

Range 

Min. 

Ves.  

Max. 

Ves. 

Modal 

Density 

(kg m-3) 

Modal 

Ves. 

1 

Sept 

450 ±12 84% ±4 Unimodal (slight 

+ve skew) 

18% 72% 90% 400–500 85–

90% 

2 

Sept 

420 ±13 85% ±5 Unimodal (slight 

+ve skew) 

21% 69% 90% 300–400 85–

90% 

6 

Sept 

310 ±14 88% ±5 Unimodal (slight 

+ve skew) 

31% 64% 95% 300–400 85–

90% 

9 

Sept 

450 ±11 84% ±4 Unimodal (slight -

ve skew) 

21% 74% 94% 400–600 80–

85% 

17 

Sept 

730 ±29 72% ±10 Polymodal (+ve 

skew) 

49% 44% 93% 600–700 75–

80% 

8 

Oct 

290 ±7 90% ±2 Unimodal (tight) 12% 82% 93% 200–300 85–

95% 

16 

Oct 

410 ±13 85% ±5 Unimodal (tight) 23% 73% 96% 400–500 80–

85% 

4 

Nov 

300 ±12 89% ±4 Unimodal (tight) 32% 62% 93% 200–300 85–

90% 

12 

Nov 

280 ±6 90% ±2 Unimodal (tight) 11% 86% 96% 200–300 85–

90% 

12 

Feb 

550 ±30 79% ±10 Unimodal (+ve 

skew) 

54% 38% 92% 400–500 85–

90% 

 

Table 6. 2: Measured density and calculated bulk vesicularity data set, Holuhraun 2014–15 CE. Measured density 

and calculated bulk vesicularity data. Shorthand used in the table is as follows: Av. = Average; Ves. = 

vesicularity; std = standard deviation; +ve = positive and -ve = negative. Min. = minimum; Max. = maximum; 

Sept. = September; Oct. = October; Nov. = November and Feb. = February.  
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Figure 6. 7: Density histograms versus vent activity comparisons throughout Holuhraun 2014–15 CE. 

Representative density histograms with matching eruption images. Most density histograms are displayed in 

orange, save 17 September 2014 and 12 February 2014 which are highlighted in dark red, this is due to the more 

complicated density distribution of these samples and the general higher proportions of denser clasts in these 

samples. Yellow lines at 500 and 1000 (kg/m3) density permit comparison between samples. Vesicularity ranges 

and modal values for each sample are listed in the upper right corner.  

 

For the first 9 days the eruptive intensity increased driven by a waxing mass-

discharge rate which peaked on 8 September. This occurred in step with fountaining 

activity focusing onto discrete vents in the first five days of the eruption, with the 

highest fountaining heights reached on 6–7 September. The clast density of the 

tephra erupted during this period are all unimodal with a slight positive skew. The 

modal density of samples from this period shows a subtle shift towards decreasing 

density 400–500 kg m-3 to 300–400 kg m-3 corresponding to a slight (5 %) increase 

in average vesicularity over time from 84–88 %, with 6 September displaying the 

highest vesicularity of this subgroup (Table 6. 1; Figure 6. 7). From 9 September the 

mass-discharge exponentially decreased until 15–16 September, where magma 

discharge calculations show that the eruption almost came to a halt (Bonny et al., 

2018), followed by a short resurgence of more intense activity from 17–20 
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September. The samples capturing this sharp decrease in discharge and fountaining 

height on 9 September, showed a marginal increase in density to 400–600 kg m-3 

(i.e., decrease in vesicularity), whilst maintaining a unimodal distribution but now 

with a slightly negative skewed distribution (Table 6. 1; Figure 6. 7). The sample of 

17 September, representing the tephra fall from the onset of resumed activity, 

captured an abrupt change in the erupted pyroclasts after this stop-start event. The 

clast density histogram has a complicated almost poly-modal, saw-toothed 

distribution which spans a wide range from 200–1600 kg m-3, with modal density of 

600–700 kg m-3 and an average vesicularity of 72 %, equal to a drop of >10 % in 

overall vesicularity (Table 6. 1; Figure 6. 7).   

 

The two October clast density samples correspond to decoupled bubble bursting 

activity, documented by the IES eruption team, on 8 and 16 October. These samples 

display a tight unimodal distribution, with modal density peaks at 200–300 and 400–

500 kg m-3 respectively and corresponding average vesicularities of 90 % and 85 %. 

While the 16 October clast population displays an increase of density compared to 

that of 8 October, and spans a broader range, both samples have a tight unimodal 

distribution (Table 6. 1, Figure 6. 7). Field observations note an increase in vent 

degassing on 15–16 October which obscures the vent itself from view with periodic 

incandescent bubble bursts partially visible, making observations of vent activity 

difficult. Throughout late October and early November activity intensity is subdued 

to a rolling boil with large bubble bursts. Density samples taken during this period, 

on 4 and 11 November, have densities of 200–300 kg m-3, a 50 % decrease when 

compared to 16 October values and an increase in vesicularity from 84 % to 89 %. 

However, with the exception of two rare dense outlier clasts in 4 November samples, 

the density histograms from this period have tight unimodal distributions. 

 

On 12 February, a tephra fall deposit limited to the immediate surroundings of the 

main vent, Baugur, was sampled. This was only possible due to the reduction in 

intensity of vent activity towards the end of the eruption, with mid-February vent 

activity characterised by an outgassing lava pond with a steadily declining lava level 

(Figure 6. 7). The clasts of this sample have a modal density of 400–500 kg m-3 and 

an average vesicularity of 79 %. As with the other clast density samples from this 
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event, except the 17 September sample, the clasts have a unimodal distribution, but it 

is negatively skewed, with a pronounced, very dense tail. The clasts of 12 February 

sample contain a relatively high abundance of both mature euhedral microlites, 

dendritic microlites and a higher proportion of phenocrysts than the other samples in 

thin section, however, this was not quantified.  

 

6. 4. 1 Qualitative textural analysis and initial interpretations 

 

All clasts are composed of sideromelane, limited changes in phenocryst proportions, 

with varying microlite contents, tachylite is absent. All of the Holuhraun clasts 

display cores with mature and internally heterogeneous bubble textures surrounded 

by a more rapidly quenched, immature outer rind vesicle population.  

 

The maturity of the vesicle population increases inwards from the outer margin in a 

semi-symmetrical arrangement (Figures 6. 8–6. 10 and 6. 13); two or three 

concentric zones are recognised: 

 

(a) Outer rind: The unbroken portions of the outermost margins of each clast are 

characterised by a narrow, albeit in some places discontinuous, melt-rich rind 

containing only small vesicles (Figures 6. 8–6. 10 and 6. 13).  

(b) Interior rind: Extending inwards from the rind in each clast are laterally 

discontinuous pockets of melt, characterised by small to medium-sized 

vesicles. These are present in two out of the four clasts analysed, from 1 and 

17 September.  

(c) Inner mature foam: The interior of the clast is typified by heterogeneous 

vesicle populations, sometimes forming sharply delineated textural domains 

of contrasting vesicle number and size. Large vesicles are only found within 

the mature interior and are generally concentrated towards the centre of the 

clast.  

 

This semi-concentric zoning of vesicle maturity has been demonstrated by several 

studies of Kīlauea pyroclasts to be indicative of post-fragmentation expansion of the 

interior vesicle population (Mangan and Cashman, 1996; Porritt et al., 2012; Stovall 

et al., 2011, 2012; Parcheta et al., 2013; Holt et al., 2019). This process reflects 
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ongoing vesiculation after the primary fragmentation of the magma and zonation is 

due to thermal gradients within the cooling pyroclasts, within the fountain, which 

generate different length and time scales for continued vesicle growth and 

development to maturity. Consequently, only the rapidly quenched outer rind is the 

most representative of the vesicle distribution of the melt at fragmentation, and as 

such the quantitative textural analysis carried out by this study concentrates on outer 

rinds.  

 

It is important to note that the post-fragmentation expansion of the interior of the 

pyroclasts (Figures 6. 10) has emphasised pre-existing, primary, textural contrasts 

not easily observed in the rind, highlighting evidence of magma mingling and 

mixing in the shallow conduit, which is addressed in full in the discussion (see 

Figures 6. 8–6. 10 and 6. 13). Due to the smaller nature of the unmodified vesicle 

populations in the rinds, distinct textural domains with different vesicle populations 

are harder to distinguish in the rind itself although small scale vesicle clusters or melt 

rich regions are visible (Figure 6. 10).  
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Figure 6. 8: SEM images of explosive phase pyroclasts, from early September during Holuhraun 2014–15 CE. This figure indicates the distribution of 250x and 500x magnification nests on 1 of 

September 2014 (left hand) and 6 September 2014 (right hand) clasts. Underneath are SEM images at 250x and 500x that display examples of the main textures found within the clasts. The 

location of the 500x magnification is indicated by a coloured box in the 250x images. 
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Figure 6. 9: SEM images of explosive phase pyroclasts, from late September and October during Holuhraun 2014–15 CE. Indicates the distribution of 250x and 500x magnification nests on the 

17 September (left hand) and 8 October (right hand) clasts. Underneath are SEM images at 250x and 500x that display examples of the main different textures found within the clasts. The 

location of the 500x magnification is indicated by a coloured box in the 250x images. 
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Figure 6. 10: Isolated outer rinds of Holuhraun 2014–15 CE pyroclasts. Outlines of the analysed melt rinds from ImageJ, the melt rich rinds are shown in white with any bubbles in black on a 

black background. From the top left across (A) 1 September, (B) 6 September, bottom left across (C) 17 September 2014 and (D) 8 October 2014. These plots demonstrate the thickness of the 

rind in each sample; notably, the 1 September 2014 and 17 September 2014 have thicker rinds than the other samples. 
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6. 4. 2 Quantitative textural analysis 

 

Quantitative vesicle distributions were measured on the rinds from the 1, 6 and 17 

September as well as on the 8 October. Whole clast vesicle distribution data is also 

provided for comparison in the following quantitative textural analysis: 

 

6. 4. 2. 1 VND (NV) 

 

All of the Holuhraun rinds have low vesicularity, calculated from the ImageJ thin-

section data sets, which range from 31–47 %, and is approximately 40% lower than 

the calculated vesicularity for the whole clasts (Table 6. 2). Rind vesicle number 

densities (NV) for the golden pumices throughout the Holuhraun eruption range 4.43 

x 103–5.10 x 103 mm-2. When these values are adjusted to be referenced to the melt 

(NV
m), the corresponding values fall into a range of 1.77 x 103–9.73 x 103 mm-3 

(Table 6. 2). Whole-clast NV values display a lower range than the rinds from 7.74 x 

102–4.43 x 103 mm-3, which when adjusted to NV
m display an increase to 9.00 x 103–

2.22 x 104 mm-3 which is higher than the outer rinds. When the interior textures are 

isolated, using the difference between the rind and whole clasts, their NV
m values 

range from 4.87 x 103–1.35 x 104 mm-3 which is consistently higher than the rind. 
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Table 6. 2: Density and vesicularity data for all of the texturally analysed pyroclasts from the 

Holuhraun eruption.  
 

Sample  Date Erupted Days into 

eruption 

Density 

(g/cm3) 

Vesicularity VG/VL
b NA 

(mm-2) 

NV  

(mm-3) 

NV
m  

(mm-3) 

AH01092014 

rind 

1 Sept 2014 2 N/A 41.1a 0.752541 123 5.10E+03 8.70E+03 

AH01092014 1 Sept 2014 2 0.48 83.2 4.952381 113 3.74E+03 2.22E+04 

AH01092014 

interiorc 

1 Sept 2014 2 N/A  4.199840   1.35E+04 

AH06092014 

rind 

6 Sept 2014 7 N/A 38a 0.600000 121 4.43E+03 7.15E+03 

AH06092014 6 Sept 2014 7 0.48 86.7 6.518797 64 2.61E+03 1.96E+04 

AH06092014 

interiorc 

6 Sept 2014 7 N/A  5.918797   1.25E+04 

AH17092014 

rind 

17 Sept 2014 18 N/A 30.5a 0.438849 146 6.76E+03 9.73E+03 

AH17092014 17 Sept 2014 18 0.7 75.4 3.065041 93 3.60E+03 1.46E+04 

AH17092014 

interiorc 

17 Sept 2014 18 N/A  2.626192   4.87E+03 

TT08102014 

rind 

8 Oct 2014 39 N/A 46.97a 0.885725

06 

58 9.38E+02 1.77E+03 

TT08102014 8 Oct 2014 39 0.24 91.4 10.62790

7 

30 7.74E+02 9.00E+03 

TT08102014 

interiorc 

8 Oct 2014 39 N/A  9.742181

94 

  7.23E+03 

 

Table 6. 3: Vesicle number density data set for Holuhraun 2014–15 CE. 

a Calculated vesicularity using ImageJ BSE SEM images for rinds where density derived bulk vesicularity 

ascertained from the whole clast could not be used.  
b Calculated vesicle-to-melt ratio (VG/VL) is calculated after Gardner et al., 1996 using the formula = 

(Vesfraction/(1- Vesfraction))*(1/(1-Phenocrystfraction)), using the calculated bulk vesicularity values for the whole 

clast, alongside Image J calculated values from thin section for the rind vesicularity and crystal content (see 

supplementary material, appendix A: Holuhraun Clasts). 
c Interior values are roughly calculated using the difference between the rind and whole clast VG/VL and NV

m 

(mm3). 

 

6. 4. 2. 2 VVD 

 

Vesicle volume distributions (VVD) (Figure 6. 11) show the volume fractions 

contained within vesicle size bins. All Holuhraun rinds have a tight unimodal 

distribution, with a slight negative skew and a fine tail.  

 

In all of the September rinds, vesicles with equivalent diameters from 0.06–0.3 mm 

account for approximately >90 % of the void space present; for the 8 October clast, 

this range is displaced to vesicles with equivalent diameters of 0.09–0.5 mm. The 1 
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and 6 September have a modal peak volume fraction at 0.2 mm; this decreases to 0.1 

mm for the 17 September, increasing again on the 8 October to 0.3 mm.  

 

Both the 1 and 6 September rinds have a very similar overall size distribution, with a 

larger volume fraction contributing to the greater modal peak for the 1 September 

clast, which contains a higher proportion of rind. The greater proportion of rind in 

the 1 September clast is created by this sample consisting of two separate, smaller 

clasts, which fused together (Figure 6. 8). The size distribution of the 6 September 

clast, whilst nearly identical to the 1 September, has a more subdued peak, and an 

extended fine tail. The 17 September clast has a near-normal distribution, a skewness 

of zero, which is very common in growth driven size distributions. It has a reduced 

fine tail when compared to the rest of the Holuhraun samples; it also contains a 

smaller modal peak. The 8 October clast has a negative skew similar to the 1 and 6 

September, although not as marked. It has a unimodal size distribution; however, this 

drops off abruptly in the large vesicle sizes relative to the other samples.  

 

Despite the interior textural heterogeneity, the whole clasts size distributions display 

a similar broadly unimodal distribution with a slight negative skew and fine tails, 

with some subtle variations on that theme. Notably, the whole clast modal peaks are 

larger and are consistently offset from the rinds to a larger bubble size, 

approximately by a factor of 3–4. Whilst the whole clasts display broader ranges in 

equivalent vesicle diameter and with more exaggerated modal peaks than the rinds, 

the overall shape of the rinds vs whole clast histograms are very similar (Figure 6. 

11). This is likely reflecting the post-fragmentation expansion of a pre-existing melt 

diversity within which internally homogeneous domains, of contrasting vesicle size 

and number density distributions, coexist with outsized coalesced bubbles. Post-

fragmentation expansion appears to be the dominant process, the influence of 

continued bubble nucleation appears to be negligible. For the whole clasts’ VVD’s, 

the vesicle range accounting for the bulk, i.e., 90 %, of the void space is 0.1–1.4 mm.  
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Figure 6. 11: Vesicle volume distributions. Vesicle volume distributions show the volume fraction (%) weighted 

by their vesicle size bins (mm). The whole clast data is plotted on the right side of the figure with the 

corresponding rinds on the right. The data is present from the bottom upwards in a would-be stratigraphic time 

sequence.  
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6. 4. 2. 3 CVVD 

 

Cumulative vesicle by volume distribution vs equivalent vesicle diameter plots 

(Figure 6. 12) produces sigmoidal curves that provide the means for more direct 

comparisons of bubble populations between samples than VVD.  

 

Rinds: All of the rinds for the Holuhraun clasts have steep-sloped sigmoid curves, 

where at least 70% of the cumulative vesicle volume is represented by a narrow 

vesicle distribution with an equivalent diameter range within 0.10–0.20 mm. This 

trend suggests that the vesicle populations in the rinds are generated by one phase of 

nucleation and growth. However, there are subtle differences in the rind samples, 

which are as follows:  

 

The 6 September rind, which represents the melt erupted during a waxing MER 

phase and peak fountaining intensity at the vent, has the steepest sigmoid curve. This 

trend is driven by a tight range in the size of the vesicle population, from 0.09–0.17 

mm, above the 25 percentile of the cumulative vesicle volume. The smaller vesicle 

populations, 0.01–0.07 mm, in the 6 September rind follows the same distribution as 

the other September rinds. The 1 and 17 September rinds display the widest range in 

vesicle population equivalent diameters/size, from 0.75–0.25 mm, generating two 

relatively shallower, but different, curves. In the 1 September rind between <0.02–

0.04 mm the curve rises slightly above the other samples, from 2–3 % cumulative 

vesicle volume and between 0.08–0.09 mm its curve becomes steeper. These subtle 

changes in slope could be generated by two phases of nucleation, but as noted in the 

VVD data set this can be attributed to the high proportion of rind in this sample. At 

equivalent size diameters >0.04 mm the 1 September rind has a lower proportion of 

smaller vesicles than the other September rinds, with the populations above the 86 

per centile marginally offset towards relatively larger sizes. The 17 September rind, 

below 25 percentile the population features a higher proportion of smaller vesicles, 

between 0.05–0.09 mm, than any of the other Holuhraun rinds, suggesting a different 

growth time for this population. This sample contains the highest proportion of rind 

in the analysed Holuhraun samples. The 8 October rind has a tight distribution 

driven by 90 % of its population, which range from 0.09–0.11 mm in size. It 

features, by far, a larger vesicle size population creating a curve that is consistently 
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offset towards larger vesicle equivalent diameters sizes relative to the other rinds 

(Figure 6. 12). The 95 percentile, >0.11 mm, is the only section of this curve that 

intersects the other rinds.  
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Figure 6. 12: Cumulative vesicle by volume distribution for the Holuhraun 2014–15 CE pyroclasts. Cumulative vesicle by volume distribution vs equivalent vesicle diameter plots produce 

curves that enable better direct comparisons between samples than VVD histograms. Here the rind data is plotted as dashed lines and the whole clasts as continuous lines of the same colour as 

the rinds.  
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Whole clasts: The whole clasts sigmoid curves have a markedly shallower gradient 

when compared to their rinds. The whole clast curves are offset from the rinds 

towards larger equivalent diameter vesicle size bins. As previously noted in the VVD 

section (Figure 6. 12), this relative offset, in the size of the vesicle populations 

present, between the rinds and the whole clasts is by a factor of 3–4. This is an 

expected outcome of the contrasting immature vesicle population in the rind and the 

mature, heterogeneous, interior clast vesicle textures. Where the mature interior 

domains have undergone further post-fragmentation modification via growth, 

coalescence and further, although limited, nucleation. The whole clast CVVD 

sigmoid curves display clear evidence of multiple coalescence events in all analysed 

clasts, recorded by slight increases in the larger equivalent diameter vesicle 

populations above the 70 percentile.  

 

Samples which contain a higher percentage of interior rind display either small 

distinct bulges below the 20 percentile, e.g., 1 September, or a shallower curve in 

general e.g., 17 September.   

 

6. 4. 3 Textural heterogeneities 

 

The Holuhraun pyroclasts display an exceptional degree of textural diversity present 

in both a subdued fashion in the outer rinds and much more clearly in the interior of 

the clasts (Figures 6. 8–6. 10 and 6. 13). Regions within the rinds and interiors of the 

clasts are composed of several distinct textural domains, which are internally 

homogeneous. Each domain is delineated by traceable fluidal boundaries (Figure 6. 

13), indicating that these different melt domains were hot and easily mingled when 

they came into contact with each other. Evidence of quenching at the domain 

boundary contacts or aligned microlite orientations at domain boundaries are absent 

in all clasts (Figures 6. 8, 6. 10 and 6. 13). The processes creating the forms of 

textural heterogeneity in the Holuhraun pyroclasts occur at two different stages in the 

eruption history:  
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6. 4. 3. 1 (1) Pre-fragmentation: melt diversity as the result of shallow conduit 

mingling  

 

The first stage occurs in the shallow conduit and is preserved intact only in the 

texturally immature outer rinds of the Holuhraun clasts, which are more rapidly 

quenched upon fragmentation and thus representative of the vesicle distribution 

within the melt in the shallowest conduit. The outer rind is characterised by small 

round bubbles, which are dispersed heterogeneously in melt containing moderate 

crystal contents. The outer rind forms the fluidal outer boundary of the clasts, 

highlighted in yellow in Figure 6. 13, and passes sharply into the interior textures. 

There are two exceptions: the 1 and 17 September, where this gradient is more 

gradual. Analysis of the outer rind at higher magnifications identified that distinct 

regions with different vesicle size distributions, as well as variable melt and crystal 

proportions, are present on a micro-scale, in all of the Holuhraun rinds (Figures 6. 8–

6. 10 and 6. 13). The boundaries between different micro-scale domains are fluidal, 

and evidence of quenching is absent (Figures 6. 8–6. 10 and 6. 13). As the outer 

rinds are representative of the vesicle distribution within the melt at fragmentation, 

this indicates that the melt contained texturally distinct melt domains prior to 

fragmentation.  

 

This evidence is consistent with the mingling of texturally distinguishable melts, 

with different shallow conduit histories generated by different bubble nucleation and 

growth rates in separate melts in the shallow conduit prior to fragmentation. This 

mingling event(s) creates a heterogeneous primary melt texture when viewing the 

rind in general as a whole. This primary range of textures is the starting point from 

which the textures listed below mature during post-fragmentation modification.  

 

6. 4. 3. 2 (2) Post-fragmentation vesicle expansion 

 

Despite the significant post-fragmentation modification of the vesicle population 

within the interior of the clasts, boundaries of the pre-existing, textural domains are 

not only preserved but contrasts within the domains are accentuated and enhanced by 

second stage post-fragmentation vesiculation. This is observed as differing degrees 

of bubble maturity in the inner rind and interior mature foam as the existing vesicle 
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populations expanded. This continued vesiculation occurs over seconds during 

transport of the basaltic pyroclasts within the hot, and thermally insulating, core of 

fountains, resulting in the interior of the clast experiencing later quenching than the 

rind allowing further expansion of the interior before the glass transition is reached. 

The result is a shift towards larger vesicle sizes, as shown in the VND, VVD and 

CVVD data sets.  

 

A common terminology for interior clast textural end-members was developed. This 

terminology broadly groups the internally homogeneous vesicle morphologies into 

three types of domains within the heterogeneous samples, shown in colour coded 

clast maps (Figure 6. 13). The ranges stated below in bubble wall thickness, and 

bubble size distributions are specific to the clasts quantitatively examined in this 

study.  

  

1) Mature vesicle texture: occurs only in the interior of clasts. It is 

characterised by a heterogeneous bubble size population and high degrees 

of coalescence, with relatively thick vesicle walls. It contains moderate 

proportions of microlites varying in size, indicating several populations 

(Figures 6. 13 and 6. 14).  

2) Ultra-vesicular foam texture: occurs as elongate domains which cross-cut 

other textural boundaries in the interior of the clast. It is characterised by 

a relatively uniform population of small bubbles, closely packed with thin 

walls and very few microlites. A less well-developed, version of this 

texture exists in the interior rind and in places in the interior of the 17 

September clast that is melt-rich and thus displays thicker melt walls and 

abundant small bubbles. It is not possible to trace this texture into the 

outer rind (Figure 6. 13). 

3) Very mature, melt- and crystal-rich texture: occurs only in the interior of 

the clast. It is bubble-poor with thick bubble walls and very mature, well-

developed, rounded vesicles. In the ÁH17092014 clast, this texture 

contains a higher concentration of mature euhedral and immature 

swallow-tailed lath microlites (< 100 µm) (Figures 6. 13–6. 15). 
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Figure 6. 13: Textural domain maps of Holuhraun pyroclasts. Maps corresponding to textural descriptions of both the semi-symmetrical radial thermal gradients within the clast that create: (A) 

The outer rind shown in yellow, (B) interior rind shown in pink and (C) Mature inner foam, which can be sub-divided into three textures: (1) Mature melt (no colour) (2) Ultrafoam shown in 

orange and (3) Very mature melt, bubble poor and crystal-rich shown in green. 

1 Sept    6 Sept 

17 Sept 8 Oct 
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Figure 6. 14: EMPA BSE of early September lapilli and Pele’s hairs from Holuhraun 2014–15 CE. EMPA BSE images of early September lapilli or Pele’s hairs. Displaying the microlite poor 

nature of the glass erupted in the first waxing phase of Holuhraun vent activity. BSE images are greyscale, with epoxy filled vesicles appearing black/dark grey, volcanic glass as light grey and 

crystal phases (plagioclase, clinopyroxene, olivine) are different shades of grey depending on their chemical composition. Quenched fluid phases (e.g., sulfides) are bright white and rounded. 

The lighter/brighter grey-white phases, such as sulfide have a higher atomic number.  
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Figure 6. 15: EMPA BSE images of the increase in microlites in mid-September glassy tephras from Holuhraun 2014–15 CE. Mid-September (15–18 September) lapilli glass EMPA BSE 

images from the low MER to resurgence stop-start event. More mature microlite populations (zoned and euhedral) are visible in these mid-September samples are present, indicating more time 

for maturation of these microlites. They also occur in a similar glomerocryst morphology of interlocking different crystals, but on a microscale.  
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6. 4. 4 Glass geochemistry 

 

To ascertain if these different textural end-members were linked to geochemical 

variations within the melts mingling in the shallow conduit during the Holuhraun 

eruption, glasses were analysed, by EMP, from the thin sections of 1 and 17 

September clasts which contain the largest degree of textural variety. The domains 

mapped out and texturally analysed in the quantitative and qualitative results 

sections were targeted for analysis of major element and volatile element 

concentrations, e.g., sulfur (S) and chlorine (Cl). For each clast, 20 separate points 

were analysed for the rind, and 10 separate points for the inner rind and each of the 

interior domains; averages are reported in Table 6. 3 (see supplementary material, 

appendix B: Holuhraun EMPA bubble data, for the full data set). The ultra-vesicular 

foam (domain 2) is an exception with 7–9 points averaged, as its thin bubble walls 

resulted in some analysis associated with a high elemental S error and low totals, 

which were therefore discarded.  

 

Major element and S concentrations in the 1 and 17 September samples indicate that 

the 17 September melt was slightly more evolved than 1 September, with a 

consistently elevated S concentration in all rinds and domains. This slight 

geochemical difference corresponds to an increased microlite content (of 

approximately 7 %) in the 17 September sample when compared to the 1 September, 

elevating the matrix glass S content and producing slightly more evolved 

compositions. When the S value is corrected to account for the change in microlite 

content (Thordarson et al., 1996; also see Table 6. 3), the difference is approximately 

20–35 ppm. Considering each clast in isolation, the major element geochemistry of 

the glass is identical; however, slight variations are observed in volatile element 

compositions between the rind, inner rind, mature and very mature domains. The 

outer rinds of the 1 and 17 September clasts display the highest S concentrations of 

all of the analysed regions in the Holuhraun pyroclasts. However, whilst there are 

slightly lower average S concentrations in the inner rinds and interior domains of the 

clasts, this difference is statistically indistinguishable compared to the outer rinds. 

Notably, the ultra-vesicular foam displays the lowest S concentration in both 

samples. Whilst this is statistically insignificant in the 1 September clast, the same 
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trend is more apparent in the 17 September clast, where there is markedly lower S 

concentration in the ultra-vesicular foam, as well as in the embryonic ultra-vesicular 

foam in the inner rind in this sample (Table 6. 3). 
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Table 6. 3: Basaltic glass analysis summary for 1 and 17 September clast domains.  

 

Clast Texture SiO2 

 

TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Totals S ppm Sa ppm 

1 Sept Rind 50.3 1.94 13.62 13.07 0.23 6.27 11.22 2.31 0.22 0.19 99.44 421 / 

 Inner Rind 50.0 1.92 13.61 13.17 0.22 6.29 11.24 2.42 0.22 0.21 99.41 407 / 

 Mature 49.8 1.95 13.61 13.18 0.22 6.41 11.23 2.47 0.21 0.19 99.40 395 / 

 Very Mature 49.9 1.93 13.61 13.26 0.22 6.33 11.28 2.44 0.22 0.20 99.51 407 / 

 Ultra-vesicular foam 49.9 1.95 13.64 12.97 0.22 6.30 11.18 2.48 0.22 0.21 99.21 385 / 

17 Sept Rind 49.9 2.07 13.36 13.66 0.23 6.04 10.93 2.34 0.23 0.20 99.12 435 407 

 Inner Rind 49.7 2.05 13.32 13.77 0.23 6.05 11.04 2.51 0.23 0.20 99.22 391 365 

 Very Mature 49.6 2.05 13.26 13.82 0.23 6.06 11.02 2.51 0.23 0.23 99.16 431 402 

 Ultra-vesicular foam 49.5 2.10 13.34 13.69 0.23 6.10 10.98 2.54 0.23 0.21 98.99 355 331 

 Mixed 49.7 2.11 13.16 14.06 0.25 6.04 10.95 2.52 0.24 0.22 99.33 435 414 

 

Table 6. 4: EMPA basaltic glass analysis of textural domains, data averages for Holuhraun 2014–15 CE clasts. EMPA basaltic glass analysis of Holuhraun clasts. All data is an average of 

several analyses, see Supplementary data for the full data set (appendix B: Holuhraun EMPA bubble data). All Major oxide data is reported in weight percent, with totals as the percentage sum 

of all oxides and volatiles measured. S, measured as parts per million, is the only volatile reported here; see supplementary data for full S data set. Sa = S concentration corrected for the 

difference in microlite contents between the 1 and 17 September samples, calcuated for 17 September only with 1 September S microlite content used as a baseline. Using the formula 

S/(1+crystalfraction) after Thordarson et al., 1996. The increase in microlite crystal fraction from the 1 to the 17 September clasts is approximately 0.07. 
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6. 4. 5 Changes in proportions of textures throughout the eruption 

 

The degree of textural diversity present in the clasts varies throughout the eruption 

and will be considered in depth in the discussion section. Critically, whilst 

pronounced proportional variations in textural diversity are observed temporally 

throughout Holuhraun, the proportions of textural domains present within clasts from 

a specific density sample display minor variations. Additional observations from 

photomicrographs of clasts not quantitatively analysed can be found in the 

supplementary material (appendix C: Holuhraun photomicrographs). 

 

The proportion of immature vesicle textures (A and B) are similar in the 6 September 

and 8 October, despite contrasting vent activity intensity; however, the 1 and 17 

September rinds and interior rinds are markedly thicker. In the 1 September clast this 

is arguably due to two clasts that have fused together, in the bottom left corner, 

creating fused outer rinds separating the two. Their smaller individual clast sizes 

would lower the interior thermal gradients, creating higher proportions of the outer 

and inner rind as the clast in its entirety cooled faster, limiting the development of 

the interior foam (Figures 6. 8–6. 10 and 6. 13). In the 17 September clast, the thick 

outer and inner rinds are generated again by the interior foam development being 

curtailed by the interior of the clast reaching the glass transition faster, but the cause 

is different: low intensity fountaining limits the time this clast experienced thermal 

insulation.  

 

In general, the majority of interiors of the analysed and imaged Holuhraun clasts are 

dominated by the mature vesicle texture (domain type 1; Figure 6. 13; also see 

supplementary material, appendix C), captured in various stages of maturity passing 

into the clast interior (Figures 6. 8–6. 10 and 6. 13), which is produced by a common 

early shallow conduit history for much of the melt, prior to fragmentation. This 

dominates the early stage of the eruption as seen in the 1 and 6 September clasts at 

around 95 %, and reappears in the 8 October clast, but is proportionally reduced to 

80–85 %. Notably it is completely absent in the 17 September clast, which in general 

has a markedly different texture to the Holuhraun clasts that pre- and post- date this 

sample.  
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Temporally throughout the eruption there are fluctuations in the proportions of very 

mature and ultra-vesicular foam domains, which evolved from melts with contrasting 

vesiculation histories (differing nucleation and growth rates) and subsequently 

mingled with the more dominant melt prior to fragmentation (Figures 6. 8–6. 10 and 

6. 13). The very mature vesicle foam (domain type 3) is the most prevalent in the 17 

September sample where it makes up 85 % of the clast, although it is present as a 

subordinate texture in small seams of melt- and crystal-rich magma totaling no more 

than 5% of the clast, increasing to 15–20 % in the 8 October clast. The ultra-

vesicular foam (domain type 2) occurs only in two samples: 1 September, where it 

occurs as two small pockets totaling <5 % and in the 17 September clast where it is 

<15 %.  

 

Changes in textural proportions in clast interiors are not coupled by a variations in 

clast componentry, all samples are achneliths with golden pumice interiors, or the 

clast phenocryst populations. Phenocryst contents are low in all samples but vary 

slightly from <2 % in the 1 and 6 September clasts, which are also microlite-poor 

when compared to the 17 September and 8 October clasts. The texturally distinct 17 

September clast does have the higher whole sample modal density and pronounced 

shift in density distribution. The 17 September clast is also more crystal-rich, as 

displayed by the very mature texture domains and rinds, with a markedly higher 

proportion of euhedral mature microlites and swallow-tailed laths as well as a larger 

proportion of phenocrysts (~5 %) when compared to the earlier September clasts. 

This higher phenocryst content, although still within the aphyric classification, 

continues for the rest of the eruption and is seen in the samples collected after 17 

September, including 8 October.  

 

6. 4. 6. 1 Initial interpretations of interior domain textures 

 

Mature vesicle texture: Whilst this texture is mature, with respect to the rind, the 

degree of coalescence and bubble morphologies indicate that there has been no 

relaxation time, implying that this is a disequilibrium texture. The vesicle population 

is fairly heterogeneous, displaying evidence of several vesicle coalescence, 

nucleation and growth events that are well underway and are associated with clear 
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shearing and deformation of the vesicle morphologies present. This indicates that the 

vesicles have not had extended time to relax prior to cooling. The microlite 

population present is not mature, mostly consisting of swallow-tailed laths, but 

euhedral or zoned microlites are absent. Both the vesicle texture and microlite 

population support a fast ascent rate, not as rapid as the ultra-vesicular foam, with 

fast microlite crystallisation associated with volatile loss.  

 

Ultra-vesicular foam texture: This texture consists of incipient-semi well-ordered 

open-celled, polyhedral, foam (Mangan and Cashman, 1996) comprising of small, 

rounded, bubbles. It represents a disequilibrium process, whereby rapid ascent rates 

permit a high degree of volatile supersaturation, generating a late-stage, short-lived, 

relatively homogeneous, burst nucleation event (Houghton and Gonnermann, 2008). 

It occurs both as pockets of well-developed foam in the mature vesicle texture 

(domain type B), or as bands migrating through the very mature texture (domain type 

C), creating a mingled pattern, both in a mature and embryonic form (which is 

relatively melt rich with thicker bubble walls and smaller, rounded, bubbles) and in 

some places it has mixed completely with the mature vesicle texture (domain type 

B). 

 

Very mature, melt- and crystal-rich texture: This texture contains strikingly smooth, 

elliptical, vesicle populations present in this texture, which probably reflect abundant 

time for bubble relaxation, back to simple shapes, prior to fragmentation. This 

process requires longer residence time in the shallow conduit to ensure sufficient 

time elapses to allow complete relaxation. It also has a higher microlite content than 

domain types A and B, with its rounded vesicles associated with a mature, coarse, 

euhedral microlite population. It is, therefore, interpreted as a mature equilibrium 

texture, which didn’t ascend as rapidly as domain types A and B. 

 

6. 5. 1 Interpretations and discussion 

 

In basaltic pyroclasts from fountaining events, vesicle number densities and size 

distributions in the rapidly quenched rinds can reveal information about the 

nucleation, growth, coalescence of bubbles during the timescales of magma ascent 

through the shallow conduit with interior textures providing information on the post-
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fragmentation modification of the primary vesicle textures (Mangan and Cashman, 

1996; Stovall et al., 2011, 2012; Parcheta et al., 2013; Holt et al., 2019). Therefore, 

we infer that the bubble population present in the Holuhraun pyroclast rinds is the 

closest approximation of the melt textures immediately prior to fragmentation. The 

magma rapidly quenched upon fragmentation, creating a limited opportunity for the 

bubble population to be modified by subsequent growth and coalescence. All of the 

rinds have a low vesicularity (Table 6. 2), > 30 % lower than the minimum bubble 

fraction (~70 %) required for fragmentation, suggesting that other processes such as: 

(1) inertial forces, (2) strain-rate, (3) potential energy (4) stress (Namiki and Manga, 

2006, 2008; Gonnermann and Manga, 2007; Rust and Cashman, 2011) induced melt 

fragmentation in the Holuhraun eruption.  

 

Analysis of the whole Holuhraun clasts at 100x magnification, with additional 250x 

and 500x nests, has facilitated the acquisition of a comprehensive statistical 

representation of the textural heterogeneity of the entire clast at all scales. This 

enables the isolation of both the interior and the rind textural fingerprints, allowing a 

direct comparison between the VND and VSD present. This detailed fine-scale 

mapping is key to documenting the relationship between the rind and the interior of 

individual pyroclasts. Which, in turn, is pivotal in understanding the processes that 

enabled the development of textural diversity present both up to fragmentation in the 

rapidly quenched rind and the post-fragmentation textural over-printing in a 

thermally insulating fountain interior (Cashman and Mangan, 1994; Mangan and 

Cashman, 1996).  

 

6. 5. 1. 1 Evolution seen in single pyroclasts: VND vs VG/VL 

 

To examine the varying influence of competing shallow conduit processes of 

nucleation, growth, coalescence, and outgassing of bubbles temporally, a plot of 

VND against vesicle-to-melt ratio (VG/VL) (Gardner et al., 1996) can be used. Each 

process imparts a characteristic textural signature when plotted in VND against 

VG/VL space. (Figure 6. 12). This visualisation is better at identifying trends in the 

smaller bubble populations than in the CVVD plots, due to smaller bubbles 

contributing a negligible part of the total volume resulting in a minimal impact to the 
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CVVD curve and thus being poorly represented. The rind and interior have distinctly 

different textural signatures and plot in separate VND and VG/VL space (Figure 6. 

16); thus, the suggested trajectory between them is used to distinguish which post-

fragmentation processes have a dominant influence on the interior clasts.  

 

The September rinds plot in very similar VND vs VG/VL space, with only subtle 

differences, the 1 and 17 September rinds have higher NV
m values than 6 September 

(Figure 6. 12 and Table 6. 2). These relative shifts between sample rinds could 

indicate that the 1 and 17 September rinds underwent slightly more vigorous 

nucleation (Figure 6. 16). The 6 September has a much higher MER than the 1 and 

17 September eruptive activity, so it is unlikely that this sample is offset due to a 

slower ascent rate. There is evidence for this in the presence of small proportions of 

the ultra-vesicular foam domains in the 1 and 17 September rinds (see Figures 6. 8–

6. 10 and 6. 13). The increase in offset towards nucleation in VND vs VG/VL space 

equates to larger proportions ultra-vesicular foam domains in the 17 September 

samples compared to the 1 September. The 8 October rind is offset by nearly an 

order of magnitude towards lower NV
m values suggesting that it experienced longer 

residence times in the shallow conduit, which would promote coalescence, a process 

occurring over tens of seconds rather than growth (seconds) (Mangan et al., 1993). 

The documented decrease in MER (calculated by Bonny et al., 2018) from 20 

September, which is associated with waning vent activity from fountaining into 

vigorous bubble bursting in October, supports this conclusion. This decrease in 

ascent rate adds in a few crucial seconds of delay in the time this melt package 

resides in the shallow conduit, causing a reduction in NV
m. The slight vertical 

displacement occurs because of a slight increase in VG/VL, which could indicate that 

some growth also contributes to the 8 October rind bubble textures.  

 

Whilst the whole clast and interior values, which reflect a combination of varying 

proportions of different domains with no common ascent history, hold no primary 

volcanological significance in VG/VL and NV
m space, they are discussed here for 

reference when compared to the rinds. All Holuhraun whole clast values are offset, 

from their associated rind, on a trajectory that indicates growth/growth and 

nucleation has modified the heterogeneous primary clast textures post-fragmentation 

from their original rind values. The result of which increases both the VG/VL as well 



 196 

as the NV
m values (Figure 6. 16) prior to the interior of the clast reaching the glass 

transition. When the clast interior textures are isolated from the whole clast dataset, 

the increase of both the VG/VL as well as the NV
m of the clast interiors is less, and the 

trajectory of the path from rind-interior is steeper, indicating that growth is the more 

dominant process that has modified these internal textures post-fragmentation from 

their primary rind textures (Figure 6. 16). The exception is the interior texture of the 

17 September clast, which is both offset from the rind to a lesser extent than in the 

case of the other Holuhraun samples, but notably, this offset is in the direction of 

growth and coalescence in VG/VL and NV
m space, indicating these processes 

dominated the post-fragmentation modification of the 17 September clast interior. 

The lower degree of displacement from the primary rind values supports thin section 

observations which note the presence of a thick rind and extensive interior rind in the 

17 September clast. This textural data suggests that this clast experienced a lower 

thermal gradient and quenched faster than the early September pyroclasts. This is in 

agreement with field observations of reduced vent activity from the 15–17 

September, associated with a drop to near cessation levels in activity and subsequent 

resurgence of MER; the clasts erupted after this period would spend less time in a 

thermally insulating fountain during less intense vent activity phases.  
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Figure 6. 16: VND again vesicle-to-melt ratio (VG/VL) for Holuhraun 2014–15 CE pyroclasts. VND against 

vesicle-to-melt ratio (VG/VL) (Gardner et al., 1996) after Stovall et al. (2011). This plot distinguishes the data sets 

from rinds (opaque symbols) from their whole clast counterparts (brightly coloured symbols of the same colour). 

Dark black lines indicate assumed trends from the rinds to the whole clasts. The dashed line for the 8 October is a 

suggested trend trajectory to account for the clear blooming coalescence event, which is underway captured by 

this whole clast. The compass inset refers to the different processes governing the trajectory line angle between 

the clasts’ rinds and whole clasts as well as between each other. Kīlauea Iki 1959 CE pyroclast data from Stovall 

et al. (2011 and 2012) for episodes 1, 15 and 16 are plotted for reference.  

 

A change in vent activity by late September-early October to intermittent fountaining 

and vigorous boiling with large bubble bursting events did not create a similar shift 

in interior texture for the 8 October clast as observed in the 17 September clast. 

Instead, it followed along a more extended trajectory reflecting free growth or 

growth and nucleation. However, despite the evolution of most of the Holuhraun 

clasts in VG/ VL and NV
m space, very clear micro-textural evidence of coalescence is 

present in all clasts, which may hint at a curved evolutionary trajectory that cannot 

be deciphered from these plots alone (Figure 6. 16). The 8 October clasts exhibit an 
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excellent example of a frozen coalescence event, indicated by very mature and 

convoluted vesicle textures in thin section (Figures 6. 8–6. 10 and 6. 13). The general 

trend of interior textures being principally modified by growth or growth and 

nucleation is interesting as Stovall et al. (2011, 2012) and Parcheta et al. (2013) both 

observed a decreasing NV
m from the rind to the core for the clasts suggesting growth 

and coalescence played a more dominant role in these eruptions at Kīlauea (Figure 6. 

16). These observed trends in Hawaiian pyroclasts are much more similar to what is 

observed in the 17 September clast from Holuhraun.  

 

6. 5. 2 Temporal changes during the eruption. 

 

Some interior domain textures, e.g., A and C are clearly genetically related to the 

quenched rind. It is also apparent that domain texture B is not clearly identifiable in 

the outer rind but can be traced into the interior rind in places (Figures 6. 8–6. 10 and 

6. 13). Therefore, the rind data set only provides an average of 3 different melt 

domains which have experienced different ascent rates, as they cannot be separated 

accurately, although changes in bubble proportions and microlites on a micro-scale 

can be observed. There are, however, distinct changes in the proportions of the rind 

textures throughout the eruption that indicate key changes in the ascent rate and, 

therefore, the onset of nucleation, growth, and coalescence of bubbles. Due to the 

vesicular nature of the Holuhraun and Hawaiian pyroclast rinds, it is unlikely that 

they represent a fused outer skin of the clasts due to remelting with hot magmatic 

gases post-fragmentation. It seems, therefore, appropriate to assume they are 

proportional to eruptive intensity and ascent rate. 

 

The flow regime as magma ascends through a shallow linear conduit is complicated 

by the morphology of the subsurface geometry, orientation and variegation of the 

fissure (Parcheta et al., 2015a, 2015b, 2016). This is because these parameters 

generate different degrees of interaction, in terms of viscosity and velocity gradients, 

between the dyke and conduit walls since natural heterogeneity is not reflected in the 

geometric simplifications made for input parameters in models. This may cause 

significant delays for melt packages at the outer areas of the dyke and not others, 

e.g., the centre, where the velocity would be highest, generating textural 
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heterogeneity in the Holuhraun samples, manifested as the difference between the 

mature and very mature vesicle textures (domain types A and C). Another possibility 

to generate the observed difference between the mature and very mature textures is a 

subsurface convective flow regime in the dyke with heterogeneous and chaotic 

mingling of fresh upwelling melt and cooler downwelling, degassed, melt blebs with 

mature textures including microlites (Landi et al., 2008; Francalanci et al., 2012; 

Jones and Llewellin, 2020). Degassed, unerupted, magma would be denser and 

would, therefore, sink and potentially mingle but not completely mix with fresh, 

buoyant, melts at a later stage during the eruption. This would produce mature melt 

textures which are bubble poor and with euhedral, zoned, microlites. The EMP 

geochemical analysis, however, does not support this latter hypothesis with the very 

mature melt domains displaying statistically insignificant variations in S content, not 

consistent with degassed downwelling melts despite its very mature microlite 

population. Therefore, subtle differences in ascent rates could develop the textural 

variations that are more likely to be associated with velocity profile differences 

across the width of the dyke, exacerbated by variations in its sub-surface geometry.  

  

However, this hypothesis does not explain the presence of the ultra-vesicular foam 

on 1 and 17 September or dominance of the very mature texture on 17 September 

(Figure 6. 13). These are more likely to be controlled by episodic changes in MER 

throughout the Holuhraun eruption (IES eruption team field reports; Bonny et al., 

2018).  

 

Ultra-vesicular foam texture (domain type B) is an enhanced relic of a primary 

texture melt package that has undergone rapid ascent, driven to volatile 

supersaturation, triggering a homogeneous burst of nucleation and resulting in more 

efficient degassing (a lower S content of the glass in this domain). In the Holuhraun 

eruption, the ultra-vesicular foam textures occur mainly in the samples from 17 

September, which represents the eruptive products immediately following the lull in 

magma discharge on 15 September (Bonny et al., 2018) and reactivation of activity 

in the following 2 days. The bulk density of this sample is higher than any of the 

other tephra fall products from Holuhraun, and it is more crystal and microlite rich. 

Possibly the arrival and injection of this foam-forming magma was the trigger for the 

resumption of fountaining. Small pockets of ultra-vesicular foam are also present to 
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a very minor extent in the 1 September clast, this is possibly due to a similar 

resurgence of activity event as a minor eruption, lasting 4 hours, occurred at 

Holuhraun along these craters on 29 September before reactivation on 31 September 

with sustained activity for the next 6 months. This repose time and reactivation of 

the fissure, by a fresh pulse of melt into the system, could explain the glimpse of this 

texture on 1 September, during the initial stop-start phase of the eruption, before its 

reoccurrence on 17 September, following a waning and resurgence in MER. In both 

cases, the ultra-vesicular foam texture occurs as small pockets, bands or veins that 

generally mingle with other more mature melt domains whilst in a hot fluidal 

environment, in some places in the 17 September samples, this process is more 

dynamic and full mixing occurs (Figure 6. 13). It, therefore, follows that the 

resurgence or reactivation of activity is associated with a small pulse of hot fresh 

melt, with faster ascent rates, through the shallow conduit system. This fresh melt is 

rapidly driven to supersaturation, therefore, developing a starkly contrasting bubble 

nucleation, growth and coalescence signature compared to the slower ascending, 

more mature surrounding melt through which it veined or fingered prior to the foam 

developing. Due to the stiffness of mature vesicular foams and the fluidal boundary 

evidence suggesting easy mingling of the different domain types, the melts from 

which the different domains vesiculate must mingle prior to vesiculation of the foam 

(Figure 6. 17 and 6. 18).  

 

The very mature melt- and crystal-rich texture (domain type C) increases throughout 

the eruption from the 1 and 6 September to the 8 October following a general steady 

decrease in MER. The exception to this pattern of steadily declining MER is the 

near-stop and resurgence event that erupted the 17 September pyroclasts, in which 

very mature, melt- and crystal-rich texture (domain type C) is the most dominant. 

The clasts erupted on 17 September are very dense compared to the other pyroclasts 

(Figure 6. 7 and Table 6. 1); they have a lower vesicularity and in thin section are 

rich in microlites and phenocrysts. As the mass-discharge rate drops exponentially 

from 9–15 September (Bonny et al., 2018), it follows that the shallow conduit 

system is dominated by melts that experience slower ascent rates or stagnation, 

which consequently have time to mature in terms of bubble relaxation but also to 

crystalise well-developed microlites, and the amount of fresh and rapidly rising melt 

is reduced. Whilst the eruption reached near shut-down from 15–16 September, the 
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maturing, slower ascending, melt in the shallow conduit could create a denser, 

mature crystal and melt rich plug-like region in the shallowest conduit. A sudden 

resurgence of vent activity and a waxing MER episode followed this 2-day near shut 

down period, with a fresh pulse of magma with a higher ascent rate mingling with 

this existing very mature, melt- and crystal-rich, texture and forming veins or bands 

of incipient ultra-vesicular foam when it subsequently vesiculated. Contrasting 

textures in the erupted pyroclasts on the 17 September 2014 record these two 

competing processes. 

 

Fissure eruptions are episodic in nature, often exhibiting reactivation of vents after 

quiescence, or fluctuating levels in explosive intensities, therefore it is not surprising 

that the presence of ultra-vesicular foam textures has been noted by other studies on 

Icelandic and Hawaiian fissure eruption products. Notably, no hypothesis for the 

generation of these textures has yet been suggested but all occurrences are during 

fissure eruptions which display episodic fluctuations in MER with waning and 

waxing pulses. Parcheta et al. (2013) note very vesicular foams in the eruptive 

products from episode 9 of Mauna Ulu 1969 CE following a pulse of new magma 

into the east rift zone (Swanson et al., 1979). Stovall et al., 2012 note the presence of 

mingled more-vesicular textural domains creating heterogeneous clasts in episodes 

15 and 17 of the Kīlauea Iki 1959 CE eruption, although these episodes were only 

hours apart. Stovall et al., 2012 also carried out major element geochemical analysis 

of these more vesicular textures, which are identical but volatile contents were not 

analysed. Moreland et al. 2019 note lineations of a very vesicular texture, running 

through some of the Eldgjá 936 CE samples. Whilst limited historical documentation 

exists for this eruption, detailed mapping of its tephra units (Larsen, 2000; 

Sigurðardóttir et al., 2015; Moreland et al., 2019) indicate sequentially explosive 

phases as activity propagated to the NE from the Katla central volcano, Iceland. This 

migration of activity to a new fissure would create significant lag-periods followed 

by MER resurgence. This study suggests that the previous studies which observed 

and documented comparable ultra-foam textures to those identified in the Holuhraun 

pyroclasts, are generated by similar processes despite the differences in tectonic 

environment and magmatic plumbing system. Moreland et al. (2019) also suggest 

that the ultrafoam domains act as a weakness which would fracture more easily than 

other areas which are less vesicular with thicker walls, dictating to some extent the 
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size of the lapilli clasts after fragmentation. Whilst this is plausible for the Eldgjá 

pyroclasts, in the Holuhraun eruption the ultra-vesicular foam probably only exists in 

an embryonic form prior and thus would not be extensive enough to facilitate this 

process. 

 

A plot of the MER for the Holuhraun samples shown against the vesicularity data 

can be found in the supplementary material for this chapter (appendix C) for 

reference. It is not included here, as the Holuhraun eruptive activity, like many other 

fissure eruptions, is not a point source. It is therefore not appropriate to compare the 

vesicularity and MER of these events with point source eruptions such as the Etna 

summit events. 
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Figure 6. 17: (part A) Conceptual model of the evolution of Holuhraun 2014–15 CE’s shallow conduit system. A 

conceptual model for the evolution of the shallow conduit system during the Holuhraun eruption. Images of 

examples of vent activity for the Holuhraun eruption are provided as insets. Simplified schematic diagrams of the 

Holuhraun dyke and vent activity are displayed on the left, alongside zoomed-in examples of the magma at depth 

in accompanying circles. The magma is initially all red with a small population of rounded bubbles and 

phenocrysts. Stage 1 of activity) A long curtain of lava fountaining across the entire newly opened eruptive 

fissure. Stage 2) Discrete vents develop due to discrepancies in flow rate and conduit geometry, resulting in 

increased fountaining heights.  
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Figure 6. 18: (part B) Conceptual model of the evolution of Holuhraun 2014–15 CE’s shallow conduit system. 

Stage 3a) The magma supply decreases and the eruptive activity changes accordingly to changes in bubble 

bursting and development of a lava pond whose level eventually drops completely. Stage 3b) The eruptive 

activity experiences a pulse of resurgence with an increase in fountain height due to a pulse of new melt. This is 

shown in the inset magma sketches with an orange melt with a mature vesicle population which is also crystal-

rich rising slower through the shallow conduit with a pulse of fresh melt (red with a small vesicle population) 

with a higher ascent rate that mingles with the mature melt. As this package rises, the fresh melt batch vesiculates 

homogeneously, creating a stiff ultra-vesicular foam that forms bands within the mature melt.   

 

The textural diversity present in the Holuhraun samples suggests that these 

pyroclasts are recording the existence of a gradational scale of the maturity of the 

melts, which develops due to subtle relative differences in ascent rates (Figures 6. 17 
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and 6. 18). These slower moving mature melts may then have subsequently mingled 

with a pulse of hot, fresh, faster-ascending before erupting. The proportion of these 

textures changes throughout the eruption, mirroring changes in the dominant 

processes in the shallow conduit at that period in the eruption; which, in turn, 

respond to episodic changes in MER. These processes impart distinct textural 

fingerprints on the pyroclasts themselves, including the presence or absence of an 

ultra-vesicular foam or a dominance of very mature melts. The distinct textural 

fingerprint of increasing eruptive intensity, is signified by the presence of an ultra-

vesicular foam (Figure 6. 12), which could be used for other eruptions to identify if 

episodic changes in MER occurred during the event. This could be applied to poorly 

documented historical events or used to identify episodic intensity peaks following 

quiescence of activity in larger events such as FL or FB eruptions whose vent 

activity is less well understood due to limited historical FL data sets.  

  

6. 6 Conclusions 

 

The 2014–2015 CE 6-month long FL eruption at Holuhraun provided the first 

opportunity to document a low intensity and magnitude end-member FL eruption. 

Weakly explosive tephra fall producing activity was limited to the first 3 months of 

the eruption, and is predominantly confined to the first 4 weeks, with wider spread 

sporadic tephra fall occurring until mid-November.  

 

Pyroclasts from key eruptive tephra fall phases, associated with distinct changes in 

the style of vent activity, preserve variations in shallow conduit processes which 

imparted heterogeneous VND, VSD and microlite contents on the primary melt prior 

to fragmentation in rapidly quenched clast rinds. Each type of domain has 

experienced differing ascent rates influencing bubble nucleation, growth and 

coalescence rates and imparting a distinct textural fingerprint. Internal, radial, 

cooling gradients within the pyroclasts in the fountains allowed the enhancement of 

primary melt heterogeneity of the Holuhraun melt seen in contrasting domain 

textures. The pre-existing heterogeneous melt and vesicle population forming 

distinct domains has been modified predominantly by post-fragmentation expansion. 

This adds to existing datasets which document the pervasiveness of post-

fragmentation vesiculation in low-viscosity fountaining eruptions (Mangan and 
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Cashman, 1996; Stovall et al., 2011, 2012; Parcheta et al., 2013; Holt et al., 2019). 

Fluidal domain boundaries coupled with clear evidence of mingling, and in one case 

full mixing, of these different domains confirms that the mingling events that dictate 

the proportions of contrasting primary melts occurred prior to fragmentation, when 

all melts were hot and before vesiculation was advanced.  

 

An increase in the proportion of more mature textural domains shows a broad 

correlation with a general decrease in MER throughout the eruption. During episodic 

changes in MER during the Holuhraun eruption, which occurred as stop-start 

episodes re-initiations or lulls in vent activity followed by a resurgence, an ultra-

vesicular foam texture is present. Textural and geochemical data indicates that ultra-

vesicular foams in this eruption are generated by melts associated with rapid ascent 

rates that are rapidly driven to volatile supersaturation and thus are more degassed 

(Table 6. 3). The presence of something resembling these ultra-vesicular foams has 

been identified in at least four other fissure eruptions in Iceland and Hawaii, all 

occurring during events with episodic shifts in MER. Identification and geochemical 

analysis of these textures in pre-historic or poorly recorded historic fissure eruptions, 

of all sizes, can help identify increasing MER after periods of activity quiescence. 

 

Although the rinds from the heterogeneous clasts represent a mixture of shallow 

conduit histories their VSD and VND are similar to values from pyroclasts erupted 

during medium-high intensity phases at Kīlauea Iki 1959 CE and Mauna Ulu 1969 

CE (Stovall et al., 2011, 2012; Parcheta et al., 2013).  
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Chapter 7: Shallow conduit processes during the Laki 

1783–84 CE eruption 

 

 

7. 1 Introduction 

 

Fountaining eruptions, producing incandescent and sustained jets of pyroclastic 

material, are evocative of eruptions at Kīlauea, Hawai‘i, but typify activity at many 

basaltic volcanoes worldwide, regardless of tectonic environment. Eruptions of this 

nature span a large range in magnitudes as well as smaller ranges in intensities and 

mass eruption rates.  

 

Low magnitude and low intensity sustained fountaining is the most common style of 

vent activity during basaltic fissure eruptions and delineates the weakest end-

member of explosive events. Based on historical observations and descriptions, the 

emergent phase during these events commonly comprises of a laterally near-

continuous curtain-of-fire along a fissure’s length (100s metres to a few km) 

reaching metres–tens of metres high (Richter et al., 1970; Witt et al., 2018; 

Houghton et al., 2020), producing near-vent coarse grained pyroclastic fall deposits. 

If the eruption continues fountaining activity devolves from along the entire length 

of the fissure onto one or more point source vents, over hours to days (Richter et al., 

1970; Witt et al., 2018). A corresponding increase in eruptive intensity occurs, 

producing low, moderate or high fountaining, as classified by Houghton et al. 

(2016). Moderate to high fountaining activity produces medial, sheet-like, fall tephra 

and proximal scoria cones. The increase in intensity appears to be an artefact of both 

vent localisation, where the magma is forced through a narrower vent as the eruption 

proceeds and increases in magma discharge. If localisation occurs whilst the eruption 

is waxing the increase in magma discharge drives an increase in fountaining height 

and intensity. At a constant or waning discharge rate, vent localisation plays a more 

dominant role in fountain height changes. Following this phase, a fissure eruption 

can evolve in two ways: (a) steadily declining fountain heights that are in phase with 

declining magma discharge, e.g., the Krafla Fires 1975–84 CE, Iceland or; (b) the 

eruption goes onto a pattern of eruption episodes during which seemingly random 

changes in fountain intensities and height are driven by increases in magma 
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discharge. A good example of the latter are the episodic and variable fountaining 

heights observed during episodic eruptions at Kīlauea in Hawaii, e.g., Kīlauea Iki 

1959 CE (Richter et al., 1970; Stovall et al., 2011, 2012), Mauna Ulu 1969–74 CE 

(Swanson et al., 1979; Parcheta et al., 2013) Pu’u’Ō’ō 1983–86 CE (Wolff et al., 

1988; Mangan and Cashman, 1996; Heliker et al., 2003; Heliker and Mattox, 2003).  

 

Observations of historic low-discharge flood lavas (FL) (>1–100 km3) i.e., 

Holuhraun 2014–15 CE (Bonny et al., 2018; Witt et al., 2018) suggest these events 

follow the pattern in behaviour described above but their greater volumes can be 

attributed to prolonged activity. Whilst events that represent the high-discharge and 

high-magnitude end-member of FL eruptions or indeed flood basalt (FB) eruptions 

(100–10,000 km3) have never been observed; field studies indicate that vent or near-

vent deposits consist of extensive early fountain-fed lavas and sheet-like tephra fall 

(Thordarson and Self, 1993; Thordarson et al., 1996; Brown et al., 2014; Moreland 

et al., 2019). This suggests a different sequence of activity compared to their lower 

intensity high-magnitude counterparts. Deposits from high-discharge events are 

consistent with rapid waxing with a “curtain-of-fire” fountain activity reaching sub-

Plinian to Plinian intensities shortly after emergent activity along a short fissure. 

Within a few hours, fountaining height declines, accompanying decreasing magma 

discharge, and is possibly associated with vent localisation. This pattern is repeated 

in each fissure-opening episode during an eruption. This rapid ramping up to high 

fountaining heights and intense activity, over short timescales, is not dissimilar to 

two historical examples of sub-Plinian to Plinian basaltic fissure eruptions: the 1986 

CE sub-Plinian eruption at Izu-Oshima, Japan which produced the highest recorded 

historical fountain heights (1,600 m) (Sumner, 1998) and a Plinian eruption at Mt. 

Tarawera, New Zealand in 1886 CE (Carey et al., 2007; Sable et al., 2009). It is 

important to note that the timescales and relative influence of vent localisation and 

changes in magma discharge rate on fountaining heights is not documented for either 

of these short-lived, small volume, events.  

 

To fully understand the variability in eruptive style and intensity of basaltic fissure 

eruptions, multiple parameters influencing the ascending magma need to be 

considered, such as: mass-ascent rate; decompression rate; fluid dynamics 

(decoupled and/or coupled phase flow); melt geochemistry and thus viscosity; initial 
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volatile budget and redox state; behaviour of volatiles on ascent; outgassing; conduit 

geometry and stability. These produce complex feedbacks and rapid fluctuations that 

drive changes in eruptive dynamics and produce textural diversity in the eruptive 

pyroclasts. In practice, this means that the modulating role of shallow conduit 

processes on erupting magmas often can be inferred by vesicle numbers, shapes and 

sizes within the pyroclasts from these eruptions. This study looks at the relative 

influences of nucleation, growth and coalescence and collapse of bubbles, through 

textural analysis of pyroclasts which provide a snapshot of the melt at fragmentation 

and thus a window into the obscured shallow conduit. To date only two 

microtextural studies of sub-Plinian to Plinian basaltic fissure eruption products have 

been carried out: Eldgjá 939 CE, Iceland (Moreland et al., 2019) and Tarawera 1886 

CE, New Zealand (Sable et al., 2009), as such, our understanding of the shallow 

conduit feedbacks that enable these rare basaltic events to achieve such high 

fountaining heights is limited.  

 

7. 1. 1 Purpose 

 

This study will expand upon the small existing subset of microtextural data on high-

intensity sub-Plinian to Plinian basaltic fissure eruptions by analysing clasts from 

several eruptive phases of the 1783–84 CE Laki FL eruption. The results will be 

contextualised by comparing vesicle populations of contrasting intensity historical 

basaltic fissure events to assess any existing correlations. This will allow us to 

examine if the distinct differences in the pattern of eruptive behaviour between low-

discharge and high-discharge events are independent of magnitude. Additionally, the 

effect of the over-printing effect of post-fragmentation bubble evolution on primary 

magmatic textures will be investigated to determine the extent to which primary 

textures persist after fragmentation in the fountain and upon deposition.  

 

7. 1. 2 Previous work on high fountaining fissure eruptions 

 

In contrast to silicic fragmentation, always associated with brittle failure at high 

tensile stress at or above a minimum bubble volume fraction, the parameters that 

induce the break-up of low viscosity magmas are fundamentally different. Instead, 

four other criteria can induce the fragmentation of basaltic magmas at much lower 
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vesicularities: (1) inertial, pull-apart, fluid dynamic forces, (2) strain-rate, (3) 

potential energy and (4) stress (Gonnermann and Manga, 2007; Namiki and Manga, 

2008; Rust and Cashman, 2011; see Chapter 6 for more details). Laboratory 

experiments and numerical modelling have shown that the timing and degree of 

decompression, degassing, vesicle nucleation, growth, coalescence and outgassing 

are key to distinguishing between different styles of basaltic explosive volcanism 

(Namiki and Manga, 2006, 2008; Gonnermann and Manga, 2007). The timing and 

rates of these processes, and any temporal variations throughout an eruption, can be 

inferred by micro-textural vesicle analysis of pyroclasts. Quantitative micro-textural 

analysis is a powerful tool that fingerprints the modulating role of shallow conduit 

processes during a magma’s ascent. Several studies have demonstrated that basaltic 

eruptions, which display vastly different eruptive behaviours, span a wide range in 

vesicle number densities (VND), size distributions (VSD) and volume distributions 

(VVD) (Cashman and Mangan, 1994; Polacci et al., 2006; Sable et al., 2006; Lautze 

and Houghton, 2008; Costantini et al., 2010; Stovall et al., 2011, 2012; Parcheta et 

al., 2013; Holt et al., 2019). Quantitative analysis of the products of high intensity, 

high-fountaining basaltic fissure events are however relatively limited, with just five 

studies covering eruptions of this nature, three in Hawai‘i: Kīlauea Iki 1959 CE, 

Mauna Ulu 1969–74 CE and  Pu‘u‘Ō‘ō 1983–86 CE (Mangan et al., 1993; Cashman 

and Mangan, 1994; Mangan and Cashman, 1996; Stovall et al., 2011, 2012; Parcheta 

et al., 2013), one in New Zealand: Tarawera 1886 CE (Sable et al., 2009), and one in 

Iceland: Eldgjá 939 CE (Moreland et al., 2019). The latter two examples are the only 

existing high-intensity and high-magnitude fissure eruption studies, with Eldgjá 

representing the only existing microtextural FL study (Moreland et al., 2019). Unlike 

Eldgjá 939 CE, the 1783–84 CE event benefits from detailed contemporary accounts 

(Steingrímsson 1783a, 1783b, 1788; Eriksson, 1783) and a multitude of previous 

physical volcanological, petrological and geochemical studies (Thorarinsson, 1967, 

1969, 1979, 1981; Óskarsson et al., 1984; Sigmarsson et al., 1991; Thordarson and 

Self, 1993; Thordarson et al., 1996, 2003; Bindeman et al., 2006; Guilbaud, 2006; 

Guilbaud et al., 2005, 2007; Passmore, 2009; Hamilton et al., 2010a, 2010 b; 

Passmore et al., 2012; Neave et al., 2013; Hartley et al., 2017). This enables 

variations in micro-textures seen in the stratigraphy to be linked to the driving 

mechanisms of the eruption, which modulate the temporal evolution of explosive 

vent activity, its style, and the peak periods of atmospheric volatile and aerosol 
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loading. This is of particular importance in regard to improving future hazard 

forecasting for a Laki-type event. 

 

The observed variety of microtextural fingerprints identified by this study in a single 

lapilli clast and how these evolve with time throughout an eruption highlights the 

importance of quantitatively analysing the outer rinds, in isolation, if present, of 

pyroclasts from low viscosity melts. This provides accurate VND data sets for the 

state of the melt prior to fragmentation, rapidly quenched and unaffected by post 

fragmentation expansion, which can be used as a better proxy for explosivity in a 

variety of styles of basaltic eruptions. The discrete textural domains identified by 

small scale textural mapping of heterogeneities in basaltic pyroclasts also capture 

changing shallow conduit processes, which are responsible for rapid fluctuations in 

eruptive styles during fissure eruptions. 

 

7. 1. 3 Geological setting 

 

The 1783–84 CE Laki fissure is part of the Grímsvötn volcanic system, Iceland, and 

represents an ice-free branch of its 23 km wide and 100 km long embryonic fissure 

swarm ( Jakobsson, 1979; Thordarson and Self, 1993)  (Figure 7. 1). This system sits 

at the northern end of the Eastern Volcanic Zone (EVZ) (Figure 7. 1), which is 

responsible for more than 80% of Iceland’s Holocene eruptions (Thordarson and 

Larsen, 2007; Thordarson and Hoskuldsson, 2008). The EVZ has been active for the 

last 2–3 Myr (Sæmundsson, 1974) and accommodates most of the spreading and 

rifting events as it gradually takes over from the Western Volcanic Zone (LaFemina 

et al., 2005). Flood lava eruptions, which are the building blocks of Iceland, are 

common throughout the Holocene in the EVZ where some of the largest such events 

on Earth have taken place (Vilmundardóttir, 1977; Larsen, 1984, 1979, 2000; 

Hjartarson, 1988; Thordarson and Self, 1993; Thordarson et al., 2001; Thordarson 

and Larsen, 2007; Thordarson and Hoskuldsson, 2008). Whilst events of this 

magnitude are rare, a 1-in-250-year event in Iceland, they have the potential to 

trigger hemisphere-wide climatic and environmental perturbations through the 

volatiles and aerosols they loft into the atmosphere. Consequently, infrequent high-

intensity and high-magnitude FL eruptions in Iceland are considered a serious hazard 



 220 

for Europe and have been the subject of a number of studies in recent years to 

improve hazard forecasting for these rare events (Loughlin et al., 2012).  

 

Figure 7. 1: Map of the Laki 1783–84 CE lava field and surrounding locations. ArcticDEM hillshade 

background, overlain with a dark grey outline of the total area of the Laki lava field, which spread from the Síða 

highlands to the lowlands through deep glacial river canyons, towards the sea shown in light blue. SW of the 

Vatnajökull ice-cap can be seen depicted in white, with the outlet glacier which Laki propagated underneath, 

Sïðujökull, labelled for reference alongside Mÿrdalsjökull to the SE. The location of the Laki fissure swarm is 

shown in red. 

 

7. 1. 4 The 1783–1784 CE Laki eruption 

 

The Laki eruption lasted for 8 months, from 8 June 1783 to 7 February 1784, during 

a large volcano-tectonic episode involving the Grímsvötn central volcano that lasted 

for more than 2 years (Steingrímsson 1788, Thordarson, 1990; Thordarson and Self, 

1993; Thordarson et al., 2003a). The Laki eruption was the second largest historic 

FL eruption in Iceland. It had a devastating impact on the local population and may 

have directly and indirectly caused the death of > 2 million people across the 

Northern Hemisphere (Thordarson et al., 1996, 2003b; Thordarson and Self, 2001, 

2003; Schmidt et al., 2011). The eruption started on 8 June 1783 in the Síða 

highlands (Figure 7. 1) and was preceded by 3–4 weeks of seismicity, which 

increased steadily until the onset of eruptive activity which lasted for 8 months 

(Steingrímsson 1783a, 1783b, 1788; Eriksson, 1783). Whilst this eruption produced 

Síðujökull 

Mýrdalsjökull 
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predominantly lava flows, 0.4 km3 of the 15.1 km3 (DRE) total eruptive products 

comprised tephra produced by initially explosive vent activity from 10 en-echelon 

fissures. These erupted sequentially in a stepwise fashion from the SW to the NE 

along the 29.5 km fissure system (Thordarson and Self, 1993; Thordarson et al., 

2003a; Figure 7. 1; also see Chapters 4 and 5). Eruptive activity along the Laki 

fissure during each of the 10 fissure opening phases followed the same pattern: 

seismic swarms gave way to intense lava fountaining eruptive activity, with fountain 

heights of up to 1,500 m, lasting for hours to days, creating sheet-like, tephra fall 

deposits (Thordarson et al., 1993, 2003a; Thordarson, 2003). Activity subsequently 

waned into effusive activity feeding large lava flows which reached the lowlands. 

Explosive activity was predominantly magmatic, but three phreatomagmatic events 

also occurred when magma interacted with subaerial lakes or ice, creating 4 tuff 

cones out of the 140 vents along the mixed cone row (Thordarson and Self, 1993; 

Chapters 4, 5 and 7). These initial explosive phases produced proximal tephra 

aprons, with clear internal sub-unit stratigraphy, as well as distal air-fall sheets 

whose extent has been outlined by isopachs (Thordarson et al., 1993). Whilst the 

highly vesicular nature of the Laki tephra has been mentioned in previous studies, a 

comprehensive qualitative and quantitative VND, VVD and VSD analysis of the 

pyroclasts has not previously been conducted. 
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Figure 7. 2: Laki cone-row with fissure lengths, activity dates, and associated pyroclast density histograms of 

explosive phase tephra apron samples. Sample densities (left hand side) are displayed alongside the Laki crater 

row (scaled) and fissure length and initial activity date (righthand side). The Laki fissure is 29.5 km in length and 

consists predominantly of magmatic activity indicated by light green craters with black tephra aprons. 

Phreatomagmatic activity is shown in two shades of blue, dark blue indicates tuff deposits due to lake-magma 

interactions (Thordarson and Self, 1993; Thordarson et al., 2003a), and light blue indicates tuff cones produced 

by shallow subglacial eruptive activity. Thin yellow deposits can be observed in the centre of the subglacial tuff 

deposits, indicating ice-confined but sub-aerial magmatic spatter fed lavas which cap the sequence. Yellow/black 

lines are used to highlight the 500 and 1000 (kg/m3) densities for comparison between samples. Corresponding 

ranges and modal vesicularity values are displayed for each sample in the upper right corner. 
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7. 2 Methods 

 

To capture changes in eruptive dynamics, modulated by shallow conduit processes, 

pyroclasts from previously identified and mapped out proximal tephra layers 

associated with different eruptive phases were sampled. These phases span the entire 

8-month eruptive event and include both magmatic and phreatomagmatic activity. 

Pyroclasts were collected from 7 separate tephra pits along the 29.5 km fissure 

(Figure 7. 2). For the southern fissure proximal to medial soil horizons, which 

contain several Laki sub-unit layers, were used for sampling locations, as all of the 

tephra aprons from the southern fissures also contain tephra from episode 5. This 

forms a capping layer on top of all the tephra aprons from previous fissure opening 

phases 1–4 as episode 5 triggered reactivation of all the first 4 fissures as well as 

opening a new fifth; however, this is indistinguishable from the other proximal apron 

deposits beneath it. Each density sample consisted of at least 100 individual clasts 

between 16–32 mm. Eight samples were collected from the highest intensity eruptive 

activity, which forms the initial layer in the tephra aprons, from 8 separate fissure 

opening episodes for clast density/vesicularity analysis (Figure 7. 2).  

 

Clast density measurements were carried out on the 100 largest clasts from each 

sample, following the procedure of Houghton and Wilson, 1989. First, samples were 

cleaned in an ultrasonic bath to remove any fine particles and dried in an oven at 

40°C for at least 48 hours. Then, the clasts were weighed individually (ωclast
D

, dry 

weight), and each clast was wrapped in polyethylene film (parafilm) to waterproof 

them, and the amount used recorded (ωparafilm). Finally, each clast was immersed in 

deionised water, suspended in a wire cage, with a ballast of known and consistent 

weight (ωballast) and weighed again (ωclast
W

, wet weight). The density of each clast 

(ρclast) was then calculated using Archimedes’ principle following: 

 

ρclast =  ωclast
D / ωclast

D  - (ωclast
W – ωballast + ωparafilm)           

(Eq. 1) 
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A dense rock equivalent (DRE) value of 2830 kg m-3 for a Laki basalt calculated 

from major element concentrations was used when converting measured bulk density 

to density-derived vesicularity (φ) following: 

 

φ = (1 – (ρclast  / DRE) *100               

(Eq. 2) 

 

7. 2. 1 Textural Analysis 

 

Three clasts of modal density were chosen from each of the ten bulk density 

histograms, along with additional outlier clasts representing the minimum and 

maximum density, to be made into polished thin sections for textural analysis. In 

total 30 clasts were made into polished sections, and initial qualitative petrological 

and microtextural observations were carried out to select which clasts are most 

representative of the textural diversity of each sample. Four out of 30 clasts were 

selected for quantitative vesicle size distribution and number density analysis and 

carbon coated with a thickness of 250 m. The vesicle abundance and size 

distribution for these pyroclasts provide windows into shallow conduit processes by 

providing a snapshot of the vesiculation state quenched during and following 

fragmentation, which can be used to postulate the relative rates and significances of 

bubble nucleation and free growth, as well as the roles of vesicle coalescence and 

outgassing (Cashman and Mangan, 1994; Mangan and Cashman, 1996).  

 

The four clasts chosen for detailed textural analysis were selected to represent the 

key stages of activity as the eruption evolved (Figure 7. 3), spanning 3 out of the 10 

distinct fissure opening phases. Magmatic clasts have the prefix M, and 

phreatomagmatic clasts have the prefix P as well as a number corresponding to their 

identified tephra layers from Thordarson et al., 1993 and Chapter 5. One magmatic 

clast was selected from both the southern (M2) and northern fissures (M4), as well as 

two clasts from the final stages of the eruption, which initially occurred in a shallow 

subglacial environment (P3) and subsequently became subaerial in its waning stages 

(M6). Each of the clasts were selected from the modal peak of their respective 

density distribution (Figures 7. 2 and 7. 4):  
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1) M2: Eruptive episode 3 (14 June 1783 CE), Pele’s-hair-rich base and intense 

activity noted in contemporary accounts and previous studies.  

2) M4: eruptive episode 7, 25 August–1 September 1783 CE: this sample is 

from the first magmatic tephra apron produced from vents north of Mt. Laki. 

It occurs after a long period of quiescence compared to the fissure-opening 

phases in the southern part of the fissure system. This eruptive phase 

originated from fissure 7, 24 days after the activity at P2 (which in turn 

followed an extended period of quiescence, 17 days after M3). Longer lag 

times between fissure opening phases seems to be characteristic of the 

northern fissure, and the activity is more prolonged based on chronologies 

extracted from historical accounts. 

3) P3: eruptive episode 10, approximately 24–25 October 1783 CE: this sample 

represents shallow subglacial eruptive activity along fissure 10 which created 

large tuff cones which were ice-confined at the very north of the Laki fissure 

(the last 3 km of the 29.5 km long Laki fissure, (see Chapters 4 and 5). The 

tuff cones are a mixture of fall and surge deposits littered with accretionary 

lapilli and armoured clasts. Large sub-angular to rounded lithics, from a 

glacially deposited and fluvially modified substrate, occur throughout the 

pyroclastic density current and coeval tephra fall sequence (see Chapter 5). 

The time frame for this activity is less well defined, occurring around 24–29 

October and continuing for an unknown period. A possible tephra fall is 

described in the contemporary accounts on 25 October when sandy ash fell in 

the fire districts, which matches this crater’s deposits well (see Chapters 4 

and 5).  

4) M6, eruptive episode 10, 24–25 October 1783 CE: this clast represents ice-

confined magmatic activity as the pyroclastic material creating the tuff cones 

of P3 managed to isolate the vents from the water source, and spatter-fed lava 

flows and dense magmatic lapilli from the waning phases of the eruption is 

produced (see Chapter 5). This, like P3, occurs along fissure 10, for the last 3 

km of the fissure system. The M6 clasts are much denser and more crystal-

rich than earlier eruptive products, which makes sense as eruption wanes and 

more cooling and outgassing occurs, creating more syn-degassing 

crystallisation (see Chapter 5). 
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7. 2. 2 Image Acquisition 

 

A JEOL-JSM-7001F Schottky Emission Scanning Electron Microscope at The 

Institute for Planetary Materials, Okayama University, Japan, was used to collect 

Back-Scatter Electron (BSE) images from each polished thin section. To fully 

capture textural variations of the vesicle populations, which span several orders of 

magnitudes, nests of overlapping images at different magnifications were taken. The 

pyroclasts from the Laki eruption are texturally complex and display a high degree 

of melt heterogeneity with domains characterised by distinct vesicle populations (for 

further details, see the Results section of this chapter). In order to accurately 

represent the observed textural heterogeneity within the Laki clasts, the method of 

Shea et al. (2010) was modified to include the whole thin section area mapped with 

100x magnification BSE images collected with a 60% overlap. Internal SEM 

software (Mapxml) or software derived from UAV aerial image mapping (pix4D, 

using manual tie-points) was used to stitch the images without distortion into a 

whole clast map. The 100x full-pyroclast map replaces the flatbed scan and 50x 

magnifications in the Shea method, whereas the 250x and 500x magnification nest 

structures remain unchanged (Figures 7. 5 and 7. 6). The 250x and 500x 

magnifications were collected on a table-top Hitachi TM3000 SEM at The 

University of Iceland. The number of higher magnification images range from six to 

twelve depending on the heterogeneity of the sample, with more images taken for 

samples displaying a higher degree of textural complexity. Images analysed for the 

higher magnification nests were positioned to capture the relative proportions of 

different domains within the clast to ensure the data set included adequate numbers 

of nests to characterise each type of identified domain individually.  

 

Image properties and scaling factors, alongside details of how the images were 

processed, are the same as those used for the Holuhraun clasts, and a detailed 

description of the processing method and any necessary image properties can be 

found in Chapter 6. 
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7. 2. 3 Geochemical Glass Analysis 

 

Major element and volatile concentrations of basaltic glass from the Laki tephra was 

determined by electron microprobe analysis (EMPA), at The University of Iceland, 

using a JEOL JXA-8230 SuperProbe, with an acceleration voltage of 15 kV, 

corresponding to a 10 nA beam current with a diameter of 10 μm. EMP analysis 

followed the same set-up as described in further detail in the Holuhraun vesicularity 

Chapter 6. 

 

7. 3 Results 

7. 3. 1 Deposit characteristics 

 

The tephra aprons from the Laki eruption form a proximal apron-like sheet which 

thickens towards the vent, forming shallow topography surrounding the scoria cone 

vents which divert spatter-fed lava flows. Due to the pre-existing landscape in the 

immediate vicinity of the Laki crater row, which consists of water-saturated 

heathland and older sub-glacially erupted deposits forming low-lying fells or eroded 

ridges, the internal stratigraphy of well-preserved tephra aprons can be easily 

accessed in proximal gullies. The orientation of explosive tephra apron deposits as 

they are traced away from the vents corresponds roughly to the wind direction during 

that opening phase (Head and Wilson, 1989), and thus the dispersal axis along which 

most of the tephra fell. Dispersal axes extracted from contemporary accounts 

(Steingrímsson, 1783a, 1783b, 1788; Eriksson, 1783), agree well with the orientation 

of proximal tephra aprons surrounding the Laki craters (Figures 7. 2 and 7. 3) 

(Thordarson et al., 1996, 2003a; Thordarson and Self, 1993; Thordarson, 2003). The 

Laki tephra deposits are well mapped and described in detail for fissure opening 

phases 1–6/7 by Thordarson and Self, (1993), however, sequences from fissure 

segments 7–10 of the fissure system which extends north of Mt. Laki are not well 

mapped, defined, or characterised. A new tephra apron for M5, episode 8, has been 

identified which extends N/NE of the craters and is distinct from M4, episode 7 

(Figures 7. 2 and 7. 3), which is deposited to the SW (See Chapter 5) alongside 

previous unidentified magmatic and phreatomagmatic deposits from fissure 10 (see 

Chapter 5). 
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Magmatic proximal tephra aprons and medial tephra layers are black in colour, with 

a submetallic lustre, well-sorted, coarse, lapilli-sized clast supported units which also 

contain a medium to coarse ash matrix. They are rich in shiny black achneliths, with 

metallic blue-purple sheens and light- brown/yellow golden pumice, with 

subordinate amounts of lithics and matt black scoriaceous clasts. Pele’s hairs and 

tears occur as a minor component in all the magmatic units, but notably, the high 

intensity activity in the opening phase of M2 (14–15 June 1783 CE), fissure eruptive 

episode 3, (Figures 7. 2 and 7. 3) resulted in a Pele’s hair rich tephra layer at the base 

of this apron and also in the base of the medial M2 tephra layer which lies between 

M1 and P1.  

 

Phreatomagmatic medial tephra layers are sandy-pale-brown in colour and are 

dominated by an abundant fine-ash-rich matrix, with subordinate, rounded, golden 

pumice lapilli. Vesicular achneliths, formed by hot magmatic gases fusing the outer 

clast surface of pumice clasts forming a fluidal outer skin (Thordarson et al., 1996), 

are absent in the phreatomagmatic units due to their interaction with external water. 

The phreatomagmatic lapilli clasts are also relatively round when compared to the 

magmatic clasts.  

 

In the field, the phreatomagmatic deposits provide marker units in the proximal–

medial tephra stratigraphy; this is particularly important for identifying the tephra 

units produced by the southern fissures. Due to the reactivation of all the previously 

active fissures during M3, the opening phases of M–3 and P1 cannot be sampled 

directly on the tephra apron near the vent as M3 lies unconformably on the top of all 

of these units. In places M3 is indistinguishable from the previous magmatic units 

thus obscuring the tephra apron stratigraphy. Consequently, sampling for these units 

is done in proximal–medial locations either from thick tephra layers preserved in 

local soil horizons or at the edges of aprons using phreatomagmatic markers, e.g., P1 

(27 June 1783 CE, episode 4) overlies M2, separating it from the next magmatic unit 

M3 (Thordarson and Self, 1993; Thordarson et al., 2003a). P2 (29 July 1783 CE, 

episode 6) acts as a similar marker unit above M3 and prior to M4 deposition in soil 

horizons close to the northern fissure. 
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Angular juvenile and older wall-rock lithics occur in both the magmatic and 

phreatomagmatic units, but of particular interest are the sub-rounded lithics present 

in the P3 sequence (24–25 October 1783 CE, episode 10), at the crater (not traceable 

in its rarely identified tephra layer). These are derived from a fissile layer of fluvial-

terminal-glacial origin that was ripped up during the crater-forming event along with 

lithic fragments from deeper in the conduit. Contemporary accounts of the eruptive 

activity from this phase initially suggested that the plume seen at this period of the 

eruption was from Grímsvötn, but further analysis suggests that it could easily be 

from fissure 10 (Chapter 5). Detailed isopach mapping of P3 has been impeded by 

the heavily glacially eroded surrounding terrain. Síðujökull is a surging glacier 

(Figures 7. 1, 7. 2 and 7. 4; see Chapter 5 for further details) and had a greater extent 

at the time of the eruption resulting in thick tillite and moraine sequences which 

removed or buried local tephra deposits. The P3 tephra layer has, however, now been 

identified in two locations: Nupahraun (near Illugilshnúkar) and eastern 

Geirlandsheiði (Figure 7. 1; and see Chapter 5 for further details), as a thin layer 

defining the top of the proximal-medial Laki tephra which at these locations displays 

internal sub-units. At Geirlandsheiði, these subunits are identified as M2, P1, M3, 

P2, M4, M5 and P3 (Figure 7. 3) and at Illugilshnúkar further to the NE (see Figure 

7. 3), the subunits present are identified as P2, M4, M5 and P3. P3 occurs at these 

localities as a thin layer consisting of thicker coarse ash to very fine lapilli lenses 

connected by fine–coarse ash stringers (Figure 7. 3), indicative of this unit falling 

onto snow (Thordarson, pers. communication). Due to an abundance of fines in P3, 

and lack of lapilli clasts in medial tephra layer, its density sample was collected 

directly from the vent pyroclastic density current and coeval fall deposits (see 

Chapter 5).  



 230 

 

Figure 7. 3: Laki 1783–84 CE tephra layers in medial soil horizons and proximal tephra apron layering from a single eruptive phase. (1A) extensive black M5 apron tephra layer extending 

north-eastwards away from the green moss-covered crater, outlined in (1B) with red for clarity, with the inset outline for (1C) indicated by a yellow box. (1C) A tephra pit through the edge of 

M5 explosive apron tephra fall deposit to the soil layer underneath, 3 distinct layers with different grainsizes G1–3 (labelled) can be observed. (2A and B) Medial soil horizons in the Síða 

highlands, with coloured overlays highlighting distinct tephra magmatic (red) and phreatomagmatic (blue) sub-units within the Laki 1783–84 CE tephra layer, which are also labelled. Katla 

1755 CE, Hekla 1845 CE, Katla 1918 CE and Grímsvötn 2011 CE are labelled for reference. 
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7. 3. 2 Clast density and bulk vesicularity 

 

The average clast density for the Laki 1783–84 CE tephras ranged from 130–610 kg 

m-3, throughout the eruption from 8 June 1783 CE to approximately after and 

including the 24 October 1783 CE. This average density range corresponds to an 

average vesicularity range of 53–87 %, with errors reported to 1 std (Tables 7. 1a 

and 7. 1b). The clast density modal range of the tephra is 200–300 to 1500–1600 kg 

m-3, corresponding to a modal vesicularity range of 40–55 to 85–90 %. 
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Tables 7. 1a and 7. 1b:  

 Av. 

Density 

(kg m-3) 

1 std Av. 

Ves. 

1 std Distribution Ves. 

Range 

Min. 

Ves.  

Max. 

Ves. 

Modal Density (kg m-3) Modal 

Ves. 

M1 (S. Fissure) 500 ±21 81% ±7 Unimodal (+ve skew) 32% 59% 91% 400–500 85–90% 

M2 (S. Fissure) 470 ±26 82% ±9 Unimodal (+ve skew) 57% 35.% 93% 400–500 85–90% 

P1* (S. Fissure) 340 ±14 87% ±5 Unimodal (slight +ve skew) 23% 71% 94% 200–300 85–90% 

M3 (S. Fissure) 450 ±25 82% ±9 Sawtoothed-Unimodal (+ve skew) 42% 53% 95% 200–300, 400–500 80% 90% 

P2  (N. Fissure) 540 ±38 77% ±13 Bimodal (+ve skew) 56% 37% 95% 200–300, 900–1000 65% 90% 

M4 (N. Fissure) 610 ±22 77% ±8 Bimodal (-ve skew) 28% 82% 93% 400–500, 700–800 75% 90% 

M5 (N. Fissure) 554 ±25 80% ±9 Bimodal (+ve skew) 40% 54% 94% 400–500, 700–800 75% 90% 

P3  (N. Fissure) 340 ±18 87% ±7 Unimodal (+ve skew) 56% 44% 95% 200–300 85–90% 

M6 (N. Fissure) 130 ±20 53% ±7 Unimodal-Jagged (slight +ve skew) 33% 36% 69% 1500–1600, 1200–1300 40% 55% 

 

* From Zoë Decker’s masters thesis, sample name: 20150925-003 Laki 4 

Table 7. 1 a and b: Laki 1783–84 CE density and calculated bulk vescularity data. Table 7.1a (above). Displaying measured density and calculated bulk vesicularity of the Laki clasts, Table 7. 

1b (below, next page): displays the averages for the N and S explosive phases, as well as the waning stages of the eruption. 

 
 

 

 

 

 

 

Southern Fissure  

Density Distribution Unimodal, negatively skewed with dense tails 

Modal Range 300–500 kg/m3 (85–90% vesicularity) 

Northern Fissure  

Density Distribution Unimodal, negatively skewed with dense tails, and bimodal 

with dense tails 

Modal Range 100–800 kg/m3 (70–90% vesicularity) 

Closing phase of the eruption  

Density Distribution Unimodal, jagged 

Modal Range 1300 g/m3 (55% vesicularity) 
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The Laki fissure-opening episodes display distinct differences in density and bulk 

vesicularity passing from the SW to the NE of the long fissure system. Both 

magmatic and phreatomagmatic samples from the southern eruptive fissures (SW of 

Mt. Laki), i.e., episodes 1–5, from 8 June–9 July 1783 CE, are unimodal, positively 

skewed, and all samples have dense tails (Figures 7. 2 and 7. 4, Tables 7. 1a and 7. 

1b). The average clast density for the SW fissures has a modal range from 200–300 

to 400–500 kg m-3, corresponding to a modal vesicularity range of 80 to 90 %. The 

clast density distributions from eruptive episodes 1–4, M1–P1, displays a subtle shift 

towards lower densities from 400–500 to 200–300 kg m-3. The first two magmatic 

eruptive phases, M1 and M2, are denser than the first phreatomagmatic phase, P1, 

between M2 and M3. M1 and M2 are more positively skewed and also display more 

pronounced dense tails than P1, which has a tighter distribution. The sample from 

eruptive episode 5, M3, spans a broader range in density than the previous eruptive 

phases; it has a jagged unimodal distribution and pronounced dense tail. M3 has a 

modal density of 400–500 kg m-3 as the modal density decreases to similar values to 

M1 and M2.  

 

To the NE of Mt. Laki, magmatic and phreatomagmatic northern fissure phases, i.e., 

episodes 6–8 (29 July–7 September 1783 CE), are bimodal and positively skewed 

(Figures 7. 2 and 7. 4; Tables 7. 1a and 7. 1b). The bimodality is more pronounced in 

episodes 6 and 7 (P2 and M4), whilst episode 8 (M5) has a saw-toothed unimodal 

distribution. The average clast density for the NE fissures has a modal density range 

from 200–300 to 700–800 kg m-3, corresponding to the modal vesicularity range of 

70–75 to 85–90 %. The modal density of P2, is lower than the magmatic phases 

either side of this episode, which is similar to the phreatomagmatic phase, P1, in the 

SW Laki fissures. The dominant peak in the bimodal samples shifts to a higher 

density in M4, indicating greater proportions of higher clast vesicularities in the 

phreatomagmatic samples compared to the magmatic phase occurring in the next 

fissure opening. P2 spans the largest variation in density, with two modes at 200–

300, and 900–1000 kg m-3, corresponding to modal vesicularities of 60–65 and 85–

90 %, with a very pronounced dense tail. Episode 7 (M4) displays a much tighter 

bimodal distribution, with a slight negative skew, which is shifted towards higher 

clast densities when compared to P2 of 300–400 and 700–800 kg m-3 corresponding 

to modal vesicularities of 70–75 % and 85–90 %. Episode 8 (M5) has a unimodal 
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saw-toothed distribution with a main modal density peak at 300–400 kg m-3. The 

clast density distribution for M5 is shifted towards lower densities when compared to 

P2 and M4, although the modal peak is the same as the lower density peak for M4. 

Unlike M4, M5 has a pronounced dense tail.  

 

The closing phases of the eruption in the very NE of the fissure system, i.e., episode 

10, which occurred approximately from the 24 October 1783 CE onwards, are 

grouped separately from the other Laki explosive activity due to their sub-glacial to 

emergent ice-confined eruptive environment (Figures 7. 2 and 7. 4). The initial 

subglacial phreatomagmatic deposit from episode 10, P3, has a tight unimodal 

distribution, which is positively skewed and accompanied by a short, dense tail. P3 

has a modal density range of 200–300 kg m-3, which corresponds to a modal 

vesicularity range of 85 to 90% (Tables 7. 1a and 7. 1b), indicating a shift towards 

lower densities as the activity progresses to the NE from the early northern fissure 

episodes. As this phase of the eruption evolves into the ice-confined magmatic 

activity, which captures the waning phases of the Laki eruption, a marked shift 

towards higher densities occurs. This late-stage magmatic activity, the M6 sample 

displays a unimodal distribution which has a jagged, broad shape with a marginal 

positive skew. M6 has a modal density range of 1200–1300 kg m-3, which 

corresponds to a modal vesicularity range of 55–60 % (Tables 7. 1a and 7. 1b). M6 

has the highest modal density of all the Laki eruptive episodes analysed. The clasts 

from this sample contain a higher abundance of microlites, visible in hand sample. In 

thin section, the groundmass for the clasts in this sample is completely 

microcrystalline in places and contains mature euhedral microlite populations.  
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.  
Figure 7. 4: Analysed phases of the Laki 1783–84 CE fissure opening phases. A panel compilation that indicates the evolution of several aspects of the Laki eruption (y-axis) through time (x-

axis). The Laki fissure (bottom panel) is shown in grey, with the samples of interest highlighted in colour. M2 (red), M4 (green), P3 (blue) and M6 (yellow). The fissure is drawn to scale, and 

the glacier Síðjökull and north arrows are shown for orientation. The length of active fissures and their activity initiation date are shown below this panel. The middle panel displays the density 

histograms of samples collected for these phases. The very top panel displays images of the decoalesced analysed modal clast analysed from each of these eruptive phases. 
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7. 3. 3 Qualitative textural analysis and initial interpretations 

 

All analysed clasts are composed of sideromelane, tachylite is present in unanalysed 

M4 and M5 samples, with varying microlite and phenocryst contents, although the 

latter has been measured as <6% for all samples. All the Laki clasts, regardless of 

eruptive environment, or degree of external water interaction, display mature and 

internally heterogeneous bubble textures. The majority of magmatic clasts are 

surrounded by a discontinuous, more rapidly quenched, outer rind containing an 

immature vesicle population which is absent in the phreatomagmatic clasts.  

 

The observed pattern of a general increasing maturity of the vesicle population from 

the outer rind to the interior, in a semi-symmetrical arrangement (Figures 7. 5–7. 8), 

in the Laki pyroclasts occurs in a very similar fashion to vesicle populations in the 

Holuhraun pyroclasts (Chapter 6). Although this is less obvious in some of the Laki 

samples, the overall pattern from the outside to the clast interior is the same as 

Holuhraun (see Chapter 6): (1) an outer immature rind, (2) an interior rind (present 

in lower-intensity activity only, i.e., M6) and (3) inner mature foam (Figures 7. 5–7. 

8). 

 

7. 3. 3. 1 Post-fragmentation expansion 

 

Pyroclasts displaying a rapidly quenched rind, coupled with an internally mature 

magmatic foam have been demonstrated by several studies at Kīlauea to result from 

post-fragmentation expansion of the interior vesicle population (Mangan and 

Cashman, 1996; Porritt et al., 2012; Stovall et al., 2011, 2012; Parcheta et al., 2013; 

Holt et al., 2019). This process has also been identified in the 2014–15 CE event at 

Holuhraun (Chapter 6). In all of these events this texture is generated by the ongoing 

post-fragmentation vesiculation, where hot and insulating sustained jets of gas create 

thermal gradients within the fluidal Laki pyroclasts in the fountains. This insulating 

environment permits varying rates of continued vesicle growth and development to 

maturity across the pyroclasts. Consequently, the rapidly quenched outer rind is the 

most representative of the vesicle population of the melt at fragmentation. However, 

unlike the Holuhraun and Hawaiian pyroclasts, a quenched rind is only present in 

some of the Laki magmatic eruptive episodes and always absent in the 
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phreatomagmatic phases; therefore, whilst quantitative textural analysis concentrates 

on the available outer rinds to identify the conduits of the melt at fragmentation, the 

whole-clast data sets from distinct eruptive phases are used for comparison. 
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Figure 7. 5: SEM BSE images of texturally analysed pyroclasts from explosive tephra phases M2 and M4, Laki 1783–84 CE. These BSE images indicate the distribution of 250x and 500x 

magnification nests in M2 (left hand) and M4 (right hand) clasts. Underneath are SEM images at 250x and 500x that display examples of the different main textures found within the clasts. The 

location of the 500x magnification is indicated by a coloured box in the 250x images.  
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Figure 7. 6: SEM BSE images of texturally analysed pyroclasts from explosive tephra phases P3 and M6, Laki 1783–84 CE. These BSE images indicate the distribution of 250x and 500x 

magnification nests in P3 (left hand) and M6 (right hand) clasts. Underneath are SEM images at 250x and 500x that display examples of the different main textures found within the clasts. The 

location of the 500x magnification is indicated by a coloured box in the 250x images.  
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Figure 7. 7: Analysed rinds from M2 and M6 explosive tephra phase clasts, Laki 1783–84 CE. Outlines of the analysed melt rinds from ImageJ, the melt rich rinds are shown in white with any 

bubbles in black on a black background. From the top left across (A) M2 (9–10 July 1783 CE), (B) M6 (>25 October 1783 CE). These plots demonstrate the proportion of the rind in each 

sample, M6 towards the end of the Laki eruption has a higher degree of rind than the other samples
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As with the Holuhraun pyroclasts, post-fragmentation expansion of the interior of 

the Laki pyroclasts has enhanced pre-existing, primary, textural heterogeneities not 

easily observed on a micro-scale in the rind. This process highlights evidence of the 

same patterns of shallow conduit mingling of different melt packages as analysed in 

the Holuhraun pyroclasts. For consistency, and because of their similar vesicle size 

distributions and number densities of these domains, the same terminology and 

classifications are used for the Laki clast domains as in the Holuhraun clasts 

(Chapter 6), whose key features are recapped below:   

 

1) Mature vesicle texture (domain type 1): This mature texture contains a 

heterogeneous vesicle population, displaying evidence of several vesicle 

coalescence, nucleation, and growth events associated with vesicle shearing and 

deformation. The microlite population is not mature, mostly consisting of swallow-

tailed laths. The vesicles in this domain had insufficient time to relax and therefore 

preserve disequilibrium textures; this vesicle and microlite population is generated 

by fast ascent rates, although not as fast as the ultra-vesicular foam texture. 

 

2) Ultra-vesicular foam texture (domain type 2): A monodispersed, open-celled, 

polyhedral foam (Mangan and Cashman, 1996) comprising of small, rounded, 

bubbles with very thin bubble walls. It represents delayed disequilibrium 

vesiculation, whereby rapid ascent rates permit a high degree of volatile 

supersaturation prior to a late stage, short-lived, relatively homogeneous, burst 

nucleation event (Houghton and Gonnermann, 2008). N.B. As also observed in the 

Holuhraun clasts, it occurs as lenses or bands of well-developed foam throughout the 

Laki clasts in 2D, although these may connect in 3D. In the Laki clasts, there is a 

transitional texture that seems to result from the mingling of the mature and ultra-

vesicular textures, forming a hybrid foam (Figure 7. 8, also see supplementary 

material appendix C). 

 

3) Very mature, melt- and crystal-rich texture (domain type 3): The vesicle 

population present in this texture is strikingly smooth and elliptical, which reflects 

sufficient time for bubble relaxation, to simple shapes, suggesting a prolonged 

residence time in the shallow conduit prior to fragmentation. It is rich in mature, 

coarse, euhedral microlites relative to the mature and ultra-vesicular foam textures, 
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containing an immature and proportionally low microlite population. It represents a 

mature equilibrium texture, which didn’t ascend as rapidly at shallow levels as the 

other vesicle textures present. 

 

Again, as with Holuhraun pyroclasts, the proportions of these domains display 

differing degrees of dominance or in response to changes in ascent rate and therefore 

changes in shallow conduit processes at different stages of the event, which is 

addressed in full in the discussion (see Figures 7. 5–7. 8, 7. 11, 7. 14 and 7. 15). For 

the Laki eruption, this is more complicated than the observed changes in activity in 

the Holuhraun 2014–15 CE eruption, as Laki consisted of 10 distinct fissure opening 

episodes for each of which we are only analysing the initial, most explosive tephra 

fall. An additional layer of complexity for the Laki eruption exists alongside the 

temporal shift in eruptive activity seen in the opening phases, as there are changes in 

eruptive environment along-strike. Most of the eruptive activity was magmatic with 

localised phreatomagmatic activity present in both the SW and NE fissures due to 

interactions with surface water bodies (lakes). In the very NE of the fissure, during 

the final eruptive episode, there is evidence of shallow subglacial and ice-confined 

eruptive environments.  
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Figure 7. 8: Textural maps of domain proportions in Laki 1783–84 CE pyroclasts. Textural maps corresponding to descriptions of: (A) The rind shown in yellow, (B) interior rind shown in pink, 

as well a mature interior texture domain types 1–3: (1) Mature melt (no colour) (2) Ultra-vesicular foam shown in red and (3) Very mature melt, bubble poor and crystal rich shown in green. M2 

and M6 both have a clear quenched rind, but it is better developed in M6. The proportions of (2) and (3) evolve throughout the eruption from <20% in M2, <35% in M4, (2) makes up 100% of 

P3 but is absent in M6, instead M6 entirely consist of (3) at varying stages of maturity captured by the immature vesicle textures in the thick outer and inner rinds. M6 represent the waning 

phase of the eruption, which would result in lower fountaining heights and the clasts spending less time in a hot insulating environment which corresponds to a thicker true rind and the presence 

of an interior thick rind. 
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7. 3. 4 Quantitative textural analysis 

 

Quantitative textural analysis has been carried out on (1) the rinds, where available, 

e.g., M2 and M6, (2) specific textural domains that were large enough to be isolated, 

e.g., the ultra-vesicular foam and mature textures in M4, and (3) whole clast textural 

data for comparison.  

 

7. 3. 4. 1 VND 

 

Both of the Laki rinds have a low vesicularity, calculated from the ImageJ thin-

section data sets, which ranges from 55.1% M2 to 34.58% in the M6 clasts, 

approximately 30% lower than the density derived vesicularity calculated for the 

whole clasts in both cases (Table 7. 2). Vesicle number densities (VND or NV) for 

the two analysed lapilli clast rinds from the Laki eruption are very similar: M2 2.67 x 

103 mm-3 and M6 3.15 x 103 mm-2, despite the large difference in MER and 

intensity/explosivity, which decreased exponentially between the initial eruptive 

fissures (i.e., M2) and final fissure eruptive episodes (i.e., M6) (Thordarson and Self, 

1993; Thordarson et al., 1996). When these values are melt-corrected, i.e., adjusted 

to account for the volume of vesicles in reference to the melt (NV
m) the 

corresponding values are slightly higher at 5.93 x 103 (M2) and 4.54 x 103 mm-3 

(M6) (Table 7. 2), with M2 now displaying the higher VND.  

 

Whole-clast NV values span nearly an order of magnitude in range from 2.03 x 103–

1.17 x 104 mm-3, where the subglacial sample P3 defines the upper boundary with 

the highest vesicle number density compared to the magmatic clasts which have a 

tight range from 2.03 x 103–2.42 x 103 mm-3. When whole clast values are adjusted 

to NV
m, the vesicle number density all values increase, although to different extents 

M2 increases markedly whereas the increase is only marginal for M6, the range 

between the clasts also increases by a further order of magnitude 7.63 x 103–1.02 x 

105 mm-3 (Table 7. 2). All whole clasts VND values are higher than their associated 

outer rinds, if available. Two textures are isolated in the interior foam in the M4 

clast: (1) the mature texture is similar to the M4 whole clast, at 6.30 x 103 mm-3, 
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whereas (2) the ultra-vesicular foam texture has an order of magnitude larger at 2.03 

x 104 mm-3 and is the highest value NV
m amongst the Laki clasts.   
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Table 7. 2: 

 

 
 

 

 

 

 

Table 7. 2: Vesicle number density data for selected rinds, whole clasts and interiors from Laki 1783–84 CE. See supplementary data, appendix A: Laki Clasts, for the complete data set. 

Sample  Date Erupted Days into eruption Density (g/cm3) Vesicularity Vg/Vl NA (mm-2) NV (mm-3) NV
m (mm-3) 

M2 rind 14–15 June 1783 7 N/A 55.1 0.5894000 116 2.67E+03 5.93E+03 

M2 14–15 June 1783 7 0.412 85.5 5.8965517 53 2.42+E03 1.67E+04 

M2 (interior) 14–15 June 1783 7 N/A  5.3071527   1.08E+04 

M4 ultrafoam 25 August–1 Sept 79 N/A 77.34 3.4130627 244 4.61E+03 2.03E+04 

M4 mature 25 August–1 Sept 79 N/A 67.98 2.1230481 92 2.02E+03 6.30E+03 

M4 25 August–1 Sept 79 0.70 73.4 2.7593985 107 2.03E+03 7.63E+03 

P3 (subglacial) 24 Oct 141 0.32 88.5 7.6956522 305 1.17E+04 1.02E+05 

M6 rind >24 Oct >141 N/A 34.58 0.5285845 72 3.15E+03 4.54E+03 

M6 >24 Oct >141 0.9 68.2 2.1446541 59 2.74E+03 8.62E+03 

M6 (interior) >24 Oct >141 N/A  1.6160696   4.08E+03 
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7. 3. 4. 2 VVD 

  

Vesicle volume distributions (VVD) (Figure 7. 9) show the volume fractions of a 

population within geometric size bins for the Laki clasts and, where available, 

accompanying rind pairs. Both the M2 and M6 Laki rinds have a unimodal 

distribution, with a slight negative skew and fine tails. 

 

In the M2 rind >90 % of the void space is accounted for by vesicles with equivalent 

diameters from approximately 0.035–0.35 mm, with a modal peak between 0.15–

0.25 mm. The M2 rind has a tight, markedly negative skewed distribution, around a 

25 % volume fraction modal peak, a fine tail, with an abrupt drop off in large vesicle 

sizes when compared to the M6 rind. The M6 rind spans a greater range from 0.06–

0.9 mm, with a modal peak at 0.15–0.25 mm, and whilst this is the same size bin as 

for M2 it has more subdued peak; with a small volume fraction, <10 %, attributed to 

the mode. This diverse vesicle population range occurs in the sample with the 

thickest rind (Figures 7. 5–7. 8) and creates a near-normal population which is very 

common in growth-driven size distributions; with a fine tail which is reduced 

compared to M2 and not extending into smaller vesicle sizes <0.01 mm. This is 

indicative of a vesicle collapse signature (Shea et al., 2010).  

 

The Laki whole clasts span much larger ranges, which is expected for textures 

modified by post-fragmentation. In all cases, the whole clast volume distributions are 

offset from their rinds by 3–4 order of magnitude. The Laki whole clasts display 

both unimodal and weakly bimodal vesicle volume distributions, M2 and M6 are 

unimodal, and M4 and P3 are weakly bimodal. Despite its internal textural 

heterogeneity M2 is unimodal with a skewness close to zero, with an extended fine 

tail compared to its rind. M6, which is internally homogeneous, has a unimodal 

population that is negatively skewed, driven by the presence of a thick rind and inner 

rind M6 displaying a ripening of the mature texture through coalescence. The M4 

whole sample, which is internally heterogeneous to a markedly greater extent than 

M2, is weakly bimodal, with a coarse tail and a slight fine tail; the modal peak, for 

the smaller bubble fraction, is well defined. P3, like M6, is internally texturally 

homogeneous. P3 consists solely of an ultra-vesicular foam at varying stages of 

maturity and displays a weakly bimodal VVD trend; with a more pronounced peak 
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than M6 in the smaller bubble size fractions, which can be attributed to the large 

areas of tightly packed small vesicles that exist within P3 around large scale internal 

fabric collapse features. These develop due to the opening of a permeable network 

via extensive coalescence and outgassing. The unimodularity of these distributions is 

surprising given the internal textural heterogeneity of the samples, which contain 

starkly different vesicle textural domains.   

 

Domains showing two textures were isolated in M4, the very mature foam and the 

ultra-vesicular foam. The very mature foam vesicles display a positive skew and 

have a broadly unimodal distribution with a slight fine tail. The dominance of large 

vesicles in this population indicates a very mature population. The ultra-foam vesicle 

distribution is tightly unimodal, with a very reduced fine tail producing a distribution 

very similar to the M2 rind. The modal peak from the M4 ultra-vesicular foam 

occurs at a smaller equivalent diameter, 0.22 mm, than for the mature texture, 0.3 

mm, and is much more pronounced.  
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Figure 7. 9: Vesicle volume distributions from the Laki 1783–84 CE pyroclasts. Vesicle volume distributions 

show the volume fraction (%) weighted by their vesicle size bins (mm). The whole clast data is plotted on the 

right side of the figure with the corresponding rinds on the left. The data is present from the bottom upwards in a 

would-be stratigraphic time sequence.  
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7. 3. 4. 3 CVVD 

 

Cumulative vesicle by volume distribution vs equivalent vesicle diameter plots 

(Figure 7. 10) produces sigmoid curves, which enable more direct comparisons than 

the VVD plots between different vesicle populations within a single pyroclast, as 

well as from time-series samples from the same eruption. Both of the Laki rinds 

produce sigmoidal curves; however, unlike the Holuhraun clast rinds, they do not 

display a similar curve shape. 

 

Rinds: The M2 rind, which represents the melt erupted during a higher intensity 

eruptive fissure opening phase in the Laki eruption, has a much steeper sigmoid 

curve  gradient than M6, driven by >80% of the cumulative vesicle volume is 

represented by a narrow vesicle size distribution from 0.09–0.2 mm. Steep and 

smooth sigmoid curves can indicate that this texture is generated by one phase of 

nucleation and growth, the rind in M2 does not include an embryonic version of 

either the ultra-foam or very mature texture and only captures the mature texture, so 

this may well be the case. The M6 rind, which represents the melt erupted during the 

closing stages of the final fissure opening episode, which was also the lowest 

eruptive intensity phase, has a much shallower and smooth, sigmoid curve. Greater 

than 80% of the cumulative vesicle volume is represented by a broad vesicle size 

distribution from 0.10–0.60 mm. The shallow M6 sigmoid curve also displays 

several prominent changes in slope, in the larger equivalent vesicle diameter sizes, 

matching the wide range in vesicle sizes recorded in the VVD distributions. Unlike 

M2, the M6 clast comprises solely of the very mature domain texture and therefore 

experienced the same shallow conduit history, captured in varying stages of maturity 

from the rind to the interior. Therefore, these changes in the slope of the CVVD 

curve indicate that this vesicle population in the M6 rind underwent coalescence, 

creating these larger populations.  

 

Whole clasts: The M2 and M6 whole clast sigmoid curves have a markedly 

shallower gradient compared to their rinds, which is offset towards larger equivalent 

diameter vesicle size bins reflecting the contrasting immature vesicle population in 

the rinds and the mature, heterogeneous, interior vesicle textures. The mature interior 
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domains have undergone further post-fragmentation modification via growth, 

coalescence and further, although limited, nucleation.  

 

Unlike Holuhraun, two analysed pyroclasts from the Laki eruption are texturally 

homogeneous, containing only one type of the domains present in other texturally 

heterogeneous clasts; as a result, the CVVD curves from these samples can be used 

to display the post-fragmentation evolution of a single texture. The M6 whole clast 

curve shows a small, distinct, bulge below the 20 percentile in the smaller vesicle 

size distributions, from 0.08–0.10 mm, associated with the presence of thicker outer 

and inner rinds in this clast. Whilst the M6 whole clast is offset to larger vesicle 

sizes, it maintains a similar gradient minus the bulges. Whilst this whole clast is 

offset towards larger bubble size bins than the M6 rind; the curves have a similar 

morphology and gradient, which is expected from growth-driven expansion of an 

existing more texturally homogeneous vesicle population. This can be seen clearly 

when comparing the M6 rind to the other Laki pyroclasts, such as M2, which 

displays a marked change in slope in the whole clast CVVD compared to its rind. 

 

P3, which consists entirely of the ultra-vesicular foam texture (domain type 2; also 

see Chapter 6), spans the largest range in vesicle sizes of all the analysed clasts from 

0.01–4.0 mm, producing a shallow slope sigmoid curve. P3 contains a higher 

proportion of smaller vesicles than either of the analysed rinds and whole clast 

samples. Its curve shows a notable early rise between 0.02–0.03 mm when compared 

to all the other analysed rinds, interior textures and whole clasts. P3 also displays 

notable changes in slope below the 50 percentile, at 0.10 mm, associated with 

distinct areas within the clast which record variations in ultra-vesicular foam 

maturity in response to post-fragmentation expansion. 

 

The M4 whole clast curve has a larger range than M2 and M6, but not as large as P3, 

and displays clear evidence of multiple coalescence events, recorded by a shallowing 

off slope indicating an increase in the larger equivalent diameter vesicle populations 

above the 70 percentile.  
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Figure 7. 10: Cumulative vesicle by volume distribution of textural analysis of Laki 1783–84 CE pyroclasts. Cumulative vesicle by volume distribution vs equivalent vesicle diameter plots 

produce curves that enable better direct comparisons between samples than VVD histograms. Here the rind data is plotted as dashed lines and the whole clasts as continuous lines of the same 

colour as the rinds. The M2 rind and M4 ultra-vesicular foam display a very similar curve shape and vesicle size range. The M6 rind is displaced to large vesicle size bins akin to the M4 mature 

texture for the bottom 50% of the sample but displays a steeper gradient than both of the M4 textures. Despite their textural differences, the M2 and M6 whole clasts display a very similar curve 

morphology, with a bulge at <10% for the M6 clast, probably due to the presence of a well-developed rind and interior rind, which drives up the proportions of smaller vesicles. 
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Isolated textures in heterogeneous clasts: Interestingly, the M4 ultra-vesicular foam 

curve replicates the M2 rind volume distribution with a very steep curve and minor 

offsets at the top and bottom of the curve. As the hypothesis for the formation of this 

texture is a sudden late nucleation event driven by volatile supersaturation, this form 

of curve is to be expected. The M4 ultra-vesicular foam contains higher proportions 

of the smallest and largest vesicles compared to the M2 rind populations; this is due 

to the extensive post-fragmentation expansion of this population in the interior of the 

clast.  

 

M4 mature domain vesicle volume distributions are spread over a larger range in 

vesicle sizes in these populations and offset towards smaller vesicle sizes at the base 

of the curve, much like the M4 whole clast distribution. The M4 mature texture in 

isolation also displays changes in slope above the 75 percentile, indicating that there 

is evidence of coalescence in these larger vesicle size populations. 

 

7. 3. 5 Glass geochemistry 

 

To ascertain if these different textural end-members were linked to geochemical 

variations within the melts mingling in the shallow conduit throughout the Laki 

eruption, groundmass glass from all domain types was analysed, by EMP, from all of 

the texturally analysed clasts: M2, M4, P3 and M6. The different textural domains, 

that were mapped out and analysed in the quantitative and qualitative results 

sections, were targeted for analysis of major element and volatile element 

concentrations, e.g., sulfur (S) and chlorine (Cl). For each clast, 14–20 separate 

points were analysed for the rind, and between 10–40 separate points for the inner 

rind and each of the interior domains, averages are reported in Table 7. 3 (see 

supplementary material, appendix B: Laki EMPA bubble data, for the full data set).  

 

Eruptive clasts from M2, M4 and P3 display the same major element geochemistry 

within statistical errors. Notably, whilst the major element concentrations are 

consistent throughout most of the different domains in the magmatic clasts there are 

differences in the S concentrations present in distinct domains. The ultra-vesicular 

foam (domain type 2, Figure 7. 8) displays markedly lower S concentrations than the 
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other analysed domains in both the M2 and M4 samples, which is relatively similar 

to the observations of its counterpart analysed in the Holuhraun clasts.  

 

The difference in S concentration between the ultra-vesicular foam and the majority 

of other domains is approximately 100 ppm in the M2 clast, and >50 ppm in the M4 

clast. Whilst the relative offset between the ultra-vesicular foam and other textural 

domains is different, in the Laki vs Holuhraun clasts, there is a commonality of the 

ultra-vesicular foam in both eruptions in terms of volatile content and VSD and 

VND. This suggests they were affected by similar shallow conduit processes: a melt 

package is driven to volatile supersaturation, associated with rapid ascent, relative to 

the other melt packages which form the other textures, triggering a late bursting 

nucleation event. An exception to this is a very low S concentration in an isolated 

pocket of mature vesicle texture referred to in Table 7. 3 as Mature (2), which is 

approximately 70 ppm lower than the ultra-vesicular foam and 150 ppm lower than 

the outer rind, mature and very mature domains. It is texturally unclear whether this 

is transitional or somehow related to the neighbouring ultra-vesicular foam. 

 

Importantly, the magmatic to phreatomagmatic samples display a stark contrast in S 

concentration, with the phreatomagmatic, P3 clast, containing approximately 150–

200 ppm higher S values in the analysed glass in most domains compared to the 

magmatic samples. However, P3 is mapped texturally as entirely ultra-vesicular 

foam (domain type 2; Figure 7. 8), which is, as mentioned previously, relatively 

more degassed than other domains of the clast. Therefore, the relative difference 

between P3 and magmatic ultra-vesicular foam S concentrations is more in the 

region of 300 ppm. The consistent discrepancy between the S concentration in 

magmatic and phreatomagmatic samples suggests that this shallow sub-glacially 

erupted sample has either been quenched before it could fully degas, via contact with 

external glacial melt water, or volatile loss was suppressed due to a higher 

overburden pressure from the glacier. Major element concentrations in the M6 clast 

indicate that the melt erupted during the closing phase of the final fissure opening 

event of the Laki eruption was slightly more evolved than previously erupted 

material during the same fissure activity, i.e., P3 or indeed earlier on in the eruption 

from different fissures. This does not correspond to an increase in S concentration; 
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instead, it displays S values which are similar to both M2 and M4 rinds and mature 

texture (domain type 1, Figure 7. 8). The M6 S values are extremely similar from the 

outer and inner rind to the interior of the clast; this extreme homogeneity is probably 

due to the clast consisting entirely of a single texture, the very mature texture 

(domain type 3, Figure 7. 8). 
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Table 7. 3: Basaltic glass analysis summary for all Laki clasts and their separate interior domains or concentric variations.  

 

Clast Texture SiO2 

 

TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Totals S ppm 

M2 Rind 49.9 2.97 13.01 14.12 0.22 5.41 9.72 2.71 0.45 0.34 98.96 470 

 Mature 49.8 2.97 13.13 14.08 0.22 5.29 9.78 2.83 0.47 0.33 98.85 476 

 Very Mature 49.7 2.96 13.13 14.11 0.23 5.31 9.80 2.80 0.46 0.33 98.87 442 

 Ultra-vesicular foam 50.0 2.96 13.09 13.92 0.23 5.29 9.78 2.83 0.45 0.35 98.89 357 

M4 Potential Rind 49.9 3.06 12.68 14.46 0.23 5.20 9.56 2.77 0.48 0.36 98.83 456 

 Mature 49.7 3.03 12.67 14.13 0.22 5.25 9.69 2.80 0.49 0.35 98.44 345 

 Mature (2) 49.7 3.08 12.78 14.58 0.27 5.16 9.59 2.81 0.48 0.34 98.79 195 

 Very Mature 49.7 3.07 12.75 14.45 0.23 5.20 9.61 2.82 0.48 0.35 98.72 442 

 Ultra-vesicular foam 49.9 3.07 12.68 14.32 0.25 5.20 9.56 2.74 0.48 0.35 98.66 272 

 Transitional 49.7 3.03 12.77 14.21 0.22 5.20 9.59 2.77 0.48 0.34 98.36 403 

P3 Ultra-vesicular foam expanded 49.8 2.92 13.13 13.99 0.21 5.28 9.78 2.79 0.45 0.32 98.63 594 

 Ultra-vesicular foam collapsed 50.0 2.95 13.15 14.04 0.22 5.26 9.79 2.85 0.46 0.34 99.09 647 

M6 Rind 50.2 3.19 12.69 14.69 0.23 5.04 9.73 2.34 0.49 0.37 98.99 463 

 Inner Rind 50.1 3.18 12.70 14.72 0.24 5.09 9.76 2.60 0.49 0.36 99.22 457 

 Very Mature 50.2 3.21 12.70 15.04 0.24 5.10 9.78 2.36 0.50 0.35 99.43 465 

 

Table 7. 3: EMPA groundmass glass geochemistry of analysed domains in the Laki 1783–84 CE pyroclasts. EMPA basaltic glass analysis of Laki pyroclasts. All data is an average of several 

analyses; see Supplementary data for the full data set (appendix B: Laki EMPA bubble data). All Major oxide data is reported in weight percent, with totals as the percentage sum of all oxides 

and volatiles measured. S, measured as parts per million, is the only volatile reported here; see supplementary data for full S data set. Cl elemental errors are too high to be presented in this data 

set. All analysis with a high elemental S error have been discarded.   
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7. 3. 8 Temporal changes in textures throughout the eruption 

 

Similar to the Holuhraun pyroclasts, textural observations of the Laki pyroclasts 

(Figure 7. 8) clearly outline the heterogeneity in 2 out of the 4 samples. These clasts 

contain several domains with contrasting shallow conduit histories that have mingled 

at a relatively late stage prior to final fragmentation, thus recording three differing 

vesiculation histories within one clast. As with the Holuhraun samples, these 

domains are preserved despite post-fragmentation modification of vesicle 

populations; distinct primary textures have been accentuated and highlighted by 

post-fragmentation expansion. Unlike the Holuhraun pyroclasts, two Laki clasts: P3 

and M6, have a texturally homogeneous interior. The clasts in question record this 

texture, preserved at different stages of maturity, due to post-fragmentation 

expansion, and thus even they are not strictly homogeneous throughout in terms of 

the size of the population. The dominance of certain distinct textural domains, or 

their proportions, vary temporally throughout the eruption, corresponding to trends 

in eruptive activity and lack thereof, i.e., changes in MER as well as new fissure 

opening phases and changes in eruptive environment. Whilst the degree of textural 

diversity present in the Laki pyroclasts and how this varies throughout the different 

fissure opening episodes in the Laki eruption, will be addressed in full in the 

discussion section; a brief numerical overview is presented below: 

 

Immature vesicle textures (A and B, Figures 7. 7–7. 8) are only observed in two of 

the analysed clasts: (1) in M2, the immature texture form a very thin unbroken outer 

rind margin in two areas of the outer clast surface which represents <5 % of the clast 

area; (2) in M6, the immature texture is represented by both a thick outer rind which 

is continuous around all unbroken outer surfaces, as well as an extensive inner rind. 

The M6 sample contains the only example of an inner rind in the Laki clasts, unlike 

in Holuhraun, where it occurs in several clasts from different samples throughout the 

eruption. In M6 these make up approximately 15–20 % of the clast, which sub-

divides into approximately <8 % rind and 5–10 % inner rind. The M6 clast 

represents the very waning stages of the Laki eruption, with lower intensity 

fountaining. The interior of the M6 clast reached the glass transition faster than in 

the higher intensity eruptive phase M2 sample, as the low intensity fountaining in 
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M6 limits the time this clast experienced thermal insulation. Immature vesicle 

textures are absent in M4 and P3.  

Temporally through the Laki eruption, over different fissure opening episodes, there 

are fluctuations in the proportions of contrasting textural domains, which evolved 

from melts with contrasting vesiculation histories (differing nucleation and growth 

rates), and subsequently mingled with the more dominant melt prior to fragmentation 

(Figures 7. 5–7. 8, 7. 14 and 7. 15). The Laki pyroclasts from earlier eruptive phases, 

M2 and M4, are dominated by a single vesicle texture (domain type 1, Figure 7. 8, 

see supplementary material, appendix C), which is produced by a common early 

shallow conduit history for the majority of the melt present in these clasts prior to 

fragmentation. In M2, this mature texture (domain type 1) makes up 80 % of the 

clast, which decreases to 70 % in M4. The difference in textural proportions from 

fissure opening phase 2, which produced M2, and fissure opening phase 6, which 

produced M4, is driven by the increase in the presence of the ultra-vesicular foam 

texture (domain type 2) from <5 % to 10 % of the sample (Figure 7. 8). This occurs 

alongside an increase of the very mature vesicle texture (domain type 3) from <10 % 

to 10–15 %.  

 

The Laki pyroclasts from fissure 10, the final phase of Laki eruptive activity, which 

moves from a shallow subglacial eruptive environment to an ice-confined 

environment, do not display evidence of mingling of different melt domains; instead, 

they are texturally homogeneous. Critically, they do have homogeneous textures; P3 

consists entirely of the ultra-vesicular foam (domain type 2), and M6 consists 

entirely of the very mature vesicle texture (domain type 3) (Figure 7. 8).  

 

All magmatic clasts are achneliths with golden pumice interiors, changes in textural 

proportions in clast interiors in M2 and M4 not coupled by a variation in clast 

componentry or phenocryst populations (which sits at around 3 % for both of these 

samples). However, the phreatomagmatic P3 clasts do not have a hot gas fused outer 

film surface, and instead consists entirely of golden pumice and have a low 

phenocryst content of 0.5 %. The M6 clasts, like the other magmatic clasts, are 

achneliths with denser black basaltic pumice interiors; and display a slight increase 

in phenocryst content of 4.5 % but a marked increase in microlites which are visible 

in hand-sample with the naked eye.  
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7. 4 Interpretations and discussion 

 

The bubble population present in the Laki rinds in the M2 and M6 clasts is the 

closest approximation of the melt textures present immediately prior to 

fragmentation at the most intense and least intense explosive phases of the Laki 

eruption during fissure opening phase 2 and 10, respectively.  

 

No rinds were found in any of the P3 clasts; all of them have broken, none-fluidal, 

edges due to the thermally granulating effects of magma-water interactions 

(Moreland et al., 2019). As a result, any early-formed rind disintegrated when the 

melt from P3 interacted with external water during this shallow sub-glacial eruptive 

phase. Despite being magmatic, not enough rind exists in the M4 modal clast for 

separate statistical analysis either; as a result, no information could be extracted for 

the properties of the melt immediately prior to fragmentation in the shallow conduit 

for either of these phases.  

 

7. 4. 1 Vesicle number density (VND) and variations in mass eruption rate 

(MER) 

 

Plots of clast NV
m against time-averaged mass discharge rate are often used as a 

rough proxy for eruptive intensity (in silicic samples), but this is complicated for 

basaltic, point-sourced, fissure events as the exact volume erupted from a given 

fissure geometry over a known period of time needs to be used. Episodic waxing and 

waning changes in MER further complicate this, as a result it is difficult to achieve 

anything more than an approximate estimate for fissure eruptions; the quality of 

which is even worse for relatively undocumented earlier historic events or for pre-

historic eruptions, where the erupted patterns are unconstrained.  

 

For the isolated point-source Laki clasts, there is no large discrepancy between the 

Holuhraun whole clast or the Laki magmatic whole clast samples, this also holds 

true for the rinds with the eruptions both displaying very similar NV
m values (Figure 

7. 11). The similarity of the Laki and Holuhraun clast NV
m, despite Holuhraun 

representing the weaker intensity explosivity end-member for FL eruptions and Laki 

representing a high discharge, sub-Plinian intensity, event, cause both eruption NV
m 
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data sets to plot in a very similar space to moderate–high fountaining events 

(Houghton et al., 2016) at Kīlauea Iki 1959 CE. The low NV
m values for the Laki 

eruption are at odds with historical documentation in Eldrít suggesting sub-Plinian 

intensity fountaining activity, which has been confirmed by detailed isopach maps 

(Thordarson and Self 1993; Thordarson et al., 2003a), is further highlighted when 

comparing these samples to sub-Plinian basaltic fissure pyroclasts from the Eldgjá 

939 CE eruption (Figure 7. 11). Whilst the Eldgjá data set (Moreland et al., 2019) 

does not separate clasts for time-averaged discharge point-source vents for different 

phases of the eruptions, due to the lack of detailed contemporary accounts, the data 

from this eruption more clearly displays a supportive trend for the coupled higher 

NV
m and higher intensity hypothesis in basaltic clasts than the Laki data set. This 

suggests that in the Laki eruption, other fragmentation criteria such as inertia, stress 

and strain and larger bubbles not captured and recorded in pyroclasts are potentially 

playing a more dominant role in the Laki magma fragmentation than during the 

Eldgjá or Holuhraun events which have more typical NV
m values for their time-

averaged discharge rate.  



 261 

 

Figure 7. 11: Time-averaged mass discharge rate against vesicle number density for basaltic fissure eruptions. A comparison plot using point source discharge rates for Laki and Holuhraun and 

comparing the relative differences in NV
m (mm-3) which can be used an a proxy for eruptive intensity for certain events 
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A decrease in NV
m between the M2 rind and the M6 rinds is clearly observed, which 

agrees with both the intensities inferred from the deposits and with the contemporary 

accounts, which indicate high-intensity phases during the first few months of the 

event (Thordarson and Self 1993, Thordarson et al., 1996, 2003a; Thordarson, 2003). 

Both P1 (Decker, 2017), the isolated M4 ultra-vesicular foam and P3 have elevated 

NV
m values above the magmatic rinds and whole clasts. P1 is a heterogeneous 

textured clast and does not follow the same analysis undertaken in this study (carried 

out to eliminate textural bias), and as such, will not be considered further as the data 

set is skewed.  

 

P3 displays the highest NV
m values compared to any other Laki samples and consists 

entirely of the ultra-vesicular foam texture. This suggests that this phase was a high-

intensity explosive phase formed by a very vesicular foam that interacted with a 

shallow overlying glacier tongue and external glacial meltwater (see Chapter 5). The 

activity captured by P3, for which there are no previous studies and limited 

contemporary documentation where it was initially interpreted as an explosive 

episode at the Grímsvötn central volcano (see Chapter 5), created the largest 

unconfined crater on the Laki cone-row and was clearly an intense event.  

 

7. 4. 2 VG/VL 

 

The volume contributed by the smallest vesicles in the CVVD plots is negligible, 

and so even a large number of these bubbles will have a negligible impact on the 

volume-based size distribution of the population, thus poorly representing trends at 

smaller scales of the population. However, this can be rectified by plotting VND, 

unaffected by the aforementioned issues, against vesicle-to-melt ratio (Gardner et al., 

1996) to identify trends across the population at all scales (Stovall et al., 2011, 2012) 

(Figure 7. 13).  

 

The rinds of the Laki samples consistently display lower number densities, seen as 

moderately lower NV (mm-3) values, but when these values are referenced to the melt 

fraction (NV
m) this distinction is more exaggerated. VND for silicic samples is used 

as a proxy for the degree of volatile saturation at nucleation (Mangan et al., 1993; 
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Toramaru, 1995; Mangan and Cashman, 1996), which was also applied successfully 

to crystal-rich basaltic Plinian events (Sable et al., 2006). However, previous studies 

of Hawaiian basaltic fountaining events of differing intensities (Stovall et al., 2012; 

Parcheta et al., 2013) (also see Chapter 6) found a discrepancy between the VND for 

the rind and interior of the clasts. This highlights that for lower viscosity eruptions 

the competing processes of early nucleation (increasing VND) and post-

fragmentation coalescence (reducing VND) have to be deconvoluted for the interior 

of the clasts, and that the rinds are much more representative of the melt at 

fragmentation.  

 

The decrease between VND of the rinds from M2 to M6 samples could be due to 

increased post-nucleation evolution via growth or coalescence, which is scaled to the 

melt’s residence time in the shallow conduit (Mangan et al., 1993). To examine these 

competing processes, a plot of VND against vesicle-to-melt ratio (VG/VL) (Gardner 

et al., 1996) can be used to distinguish between processes (Figure 7. 13) as well as 

identify trends across populations at all scales for the whole clasts as it represents 

trends in the smaller populations better than the CVVD data sets due to smaller 

vesicles contributing a negligible volume resulting in a minimal impact to the 

CVVD. How the clasts as a whole plot in VND and VG/VL space will also 

distinguish which post-fragmentation processes have a dominant influence on the 

clasts.  

 

The M2 and M6 rinds plot in very similar VND vs VG/VL space. M6 is shifted 

towards coalescence/outgassing driven by a lower NV
m and VG/VL number relative to 

M2, or the M2 clast towards a greater role for nucleation/growth relative to M6 

(Figure 7. 13). M6 could indicate longer residence times in the shallow conduit, 

which promotes coalescence (tens of seconds) rather than growth (seconds) (Mangan 

et al., 1993). The M6 clast captures the waning phases of the eruption with low 

intensity spatter activity feeding small capping lava flows. The shift towards a lower 

NV
m number, from the vigorous M2 activity which created a Pele’s-hair-rich tephra 

layer to the M6 samples, could mirror a decrease in mass eruption rate, and thus 

longer shallow conduit residence times of the melt in these waning phases, which 

would favour coalescence. However, the M6 rind is offset both down and left of M2 

on a trajectory that indicates the influence of both coalescence and outgassing 
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(Figure 7. 13). This again agrees with a lower ascent/mass discharge rate allowing 

coalescence. This is confirmed by textural observations in the samples with the 

presence of bubble collapse features in both the P3 and M6 samples (Figures 7. 12).  

 

Both of the whole clast size distributions when compared to the rinds are offset on a 

trajectory that indicates growth and nucleation has modified all internal textures 

post-fragmentation from their original rind values, increasing both the VG/VL as well 

as the NV
m (Figure 7. 13). The latter observation is interesting as Stovall et al. (2011, 

2012) and Parcheta et al. (2013) both observed decreasing NV
m from the rind to the 

core for the clasts, not an increase. However, for M6, there is a much smaller offset 

between the rind and whole clast than when compared to M2; and there are two 

competing processes at play here, which could be responsible for the difference: (1) 

nucleation (N) and growth (G), and (2) coalescence (C) and outgassing (O). If (1) 

N+G is wholly responsible, the M6 sample appears to have been modified to a lesser 

extent by post-fragmentation overprinting potentially due to the presence of an 

extensive outer rind and addition of the inner rind in M6. (1) agrees with this clast 

representing the waning phases of activity. However, M6 also displays textural 

relicts of process (2) outgassing in the form of collapsed, elongate and distorted 

vesicles as well as a frozen run-away coalescence event texture in the clast interior 

(Figure 7. 12). These processes competing with (1) lower the NV
m and VG/VL values 

causing the sample to backtrack, along the same trajectory it travelled along, closer 

to its rind value. The whole clast values for M2 are complicated by the texture 

diversity. This study has outlined the presence of mingled or banded textures in full 

in previous sections; it, therefore, follows this clast’s textural diversity did not form 

in situ. Instead, it is the result of differing melts, with different ascent histories that 

have mingled prior to fragmentation. Therefore, the NV
m and VG/VL values of the 

whole clast cannot be used to define a single point on a single path of vesiculation. 

This is not the case for M6, which only contains a very mature, bubble-poor, melt- 

and crystal-rich texture (domain type 3), which is present in rind, interior rind and 

interior domains. 

 

The issue of mingling is also a concern for the M4 clast, whose VG/VL and NV
m 

values are artificially created through 3 separate textures mingling: two distinct 

mature heterogeneous melts and an ultra-vesicular foam, all of which are then 
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modified through post-fragmentation expansion. Whilst evolutionary trends cannot 

be inferred from these separate textures, as they are unrelated, they are plotted on the 

VG/VL plot for reference in terms of proportions of each adding to the whole clast. 

From the whole sample, the mature textures are displaced from the whole sample 

towards outgassing/ coalescence and outgassing (C+O), and the ultra-vesicular foam 

is displaced towards nucleation/ growth and nucleation (N/G+N). This agrees with 

the textural observations of the sample with ultra-vesicular foam domains 

representing a burst of nucleation generating a tight size distribution. The mature 

melt itself has regions with very few bubbles and a lot of microlites, as well as 

highly coalesced textures with thick melt walls, which may reflect outgassing.  

 

The pattern of increasing VND and VG/VL values from the rind to interior in the M2 

and M6 Laki clasts follows the same trend of post fragmentation expansion as 

demonstrated for the majority of the Holuhraun samples (Figure 7. 13, Chapter 6). 

As with Holuhraun, this trend from the rind to interior is the opposite of that 

observed in the Kilauea Iki 1959 CE samples (Figure 7. 13) from episodes 1, 16 and 

17 (Stovall et al. 2011, 2012) and the 1969 CE Mauna Ulu samples (Parcheta et al., 

2013). 
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Figure 7. 12: SEM BSE images of collapse or outgassing features in P3 and M6 pyroclasts from Laki 1783–84 CE. Outgassing features in the last two phases of the Laki eruption: P3 (left-hand 

side, light blue) and M6 (right-hand side, yellow). In P3 large coalesced permeable networks have developed (top left), the foam around these areas shows scrunched and deformed collapse 

features (bottom right zoomed-in areas). In M6, these collapse features are less well defined in the mature melt texture, but deformed relicts of elongate vesicles are visible as rough linear 

features. 
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Figure 7. 13: VND against vesicle-to-melt-ratio of Laki pyroclasts. VND against vesicle-to-melt ratio (VG/VL) 

(Gardner et al., 1996) after Stovall et al. (2011, 2012). The compass inset refers to the different processes 

governing the trajectory line angle between the clast’s rinds and whole clasts as well as between each other. This 

plot distinguishes the data sets from rinds (opaque symbols) from their whole clast counterparts (brightly 

coloured symbols of the same colour). Dark black lines indicate assumed trends from the rinds to the whole 

clasts. The dashed red lines for M4 ultra-vesicular foam and mature textures indicate a rough/potential mingling 

trajectory for these two post-fragmentation modified textures. The compass inset refers to a process governing 

the trajectory line angle between the clast’s rinds and whole clasts as well as between each other. P3 has the 

highest VND and VG/VL number plotting high above any of the other rinds, whole clasts, or isolated interior 

textures. Kīlauea Iki 1959 CE pyroclast data from Stovall et al. (2011, 2012) for episodes 1, 15 and 16, as well as 

data from Holuhraun 2014–15 CE pyroclasts (Chapter 6) are plotted for reference.  

 

P3, which represents shallow subglacial eruptive activity, has the highest VG/VL and 

NV
m of all the Laki samples. Indeed, texturally it is more akin to recticulite, than 

subglacial phreatomagmatic samples, and clearly represents a fully vesiculated 

magmatic foam that has been quenched by glacial melt water after primary 

fragmentation (Chapter 5). This eruptive environment created a fine-ash-rich 

alternating sequence of pyroclastic density current and coeval fall deposits. Of 

particular interest is the textural homogeneity of this sample, P3 like M6, displays 
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only one of the four textures present in the Laki samples, but a different texture. P3 

consists entirely of ultra-vesicular foam and seems to represent a conduit influx of 

homogeneous, actively vesiculating, melt during a sudden rapid ascent phase. This 

phase precedes the M6 activity, which caps the P3 sequence erupting from the same 

fissures, but the M6 melt is dominated by the mature melt- and crystal-rich texture 

with rounded coalesced bubbles. The offset of the M6 rind towards C+O, as well as 

its textural maturity, indicates slower ascent rates during the waning phase of the 

eruption, allowing for bubble wall relaxation and euhedral microlites to develop 

during a prolonged shallow conduit history of tens of seconds (Mangan et al., 1993). 

 

7. 4. 3 Interpretations of observed temporal textural changes during the 

eruption 

 

Models for temporal shifts in activity are constrained by the small number of clasts 

that could be analysed quantitatively. The earliest two clasts from fissure 2, M2, and 

fissure 6, M4, are dominated by mature vesicle textures (domain type 1), which 

represents a partially disequilibrium process texture. As the eruption progresses the 

very mature vesicle texture (domain type 3) increases in abundance, indicating 

equilibrium processes. The amount of ultra-vesicular foam (domain type 2) present 

in the samples corresponds to eruptive episodes which have experienced a long lag 

time between fissure opening phases. A lag time of 3 days between M1 and M2 

results in a minor component of ultra-vesicular foam in the samples, whereas a lag 

time of 25 days between P2 and M4 results in a higher proportion of a banded and 

mingled ultra- vesicular foam present in the sample. A long lag time and a sudden 

new fissure opening event could provide the conditions needed in the shallow 

conduit for re-pressurisation and subsequent sudden decompression of the melt. As 

activity shuts down at a fissure, existing magma pathways to the surface become 

plugged with stagnating melt, creating higher overburden pressures for the magma 

still at depth; subsequently, a new fissure opens giving the magma feeding the Laki 

eruption a new pathway to the surface as it undergoes rapid decompression and rapid 

ascent rates. This would trigger a widespread homogeneous burst nucleation event, 

associated with volatile supersaturation, which could generate larger volumes of 

ultra-vesicular foam that mingled with slower-moving melt packages (Figures 7. 14 

and 7. 15) in eruptive periods with a longer lag time between fissure opening phases. 
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P3, which erupts after the longest lag time, 6 weeks, consists only of ultra-vesicular 

foam representing a conduit flooding by melt undergoing a burst of late-stage bubble 

nucleation and rapid growth, which is interpreted as being due to high volatile 

supersaturation associated with the rapid ascent rates/decompression. This is 

immediately followed by eruptive activity M6, which caps the sequence, solely 

consisting of melt showing very mature textures (domain type 3), which display 

evidence of a cessation of bubble nucleation, relaxation of bubble walls and 

equilibrium crystallisation of microlites. This is the waning stages of the eruption. 

With lower mass-discharge rates and accompanying slower ascent rates, Laki was 

running out of the other melt types with a dwindling supply of fresh pulses of melt 

into the system. M6 clasts represent the end of the eruption, with only very mature 

texture (domain type 3) melt leftover in the conduit, which indicates slow ascent 

rates with ample bubble relaxation and crystallisation time. Bubble collapse textures 

suggest outgassing had begun prior to fragmentation in the shallow conduit during 

the eruptive phases, which emplaced P3 and M6 clasts. 
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Figure 7. 14: (A) Conceptual model of the evolution of the shallow conduit system during the 1783–84 CE Laki 

eruption. A conceptual model for the evolution of the shallow conduit system during a single fissure opening 

phase in the Laki eruption. Images of examples of vent activity for the Holuhraun eruption are provided as insets. 

Simplified schematic diagrams of the Holuhraun dyke and vent activity are displayed on the left, alongside 

zoomed-in examples of the magma at depth in accompanying circles. The magma is initially all red with a small 

population of rounded bubbles and phenocrysts. Stage 1 of activity) A long curtain of lava fountaining across the 

entire newly opened eruptive fissure lasts for <1 hour in high-intensity fissure eruptions (Sumner et al., 1998). 

Stage 2) Waxing MER occurs in step with discrete vents developing along the fissure due to discrepancies in 

flow rate and conduit geometry, resulting in increased fountaining heights and an apron tephra fall phase.  
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Figure 7. 15 (B) Conceptual model of the evolution of the shallow conduit system during the 1783–84 CE Laki 

eruption. Stage 3a) The magma supply decreases, and the eruptive activity changes according to changes in 

bubble bursting and development of a lava pond whose level eventually drops completely. Stage 3b) The eruptive 

activity experiences a pulse of resurgence with an increase in fountain height due to a pulse of new melt. This is 

shown in the circular inset magma sketches: A) an orange melt displaying a mature vesicle population which is 

also crystal-rich, rising slower through the shallow conduit with a pulse of fresh melt. B) red with a small vesicle 

population with a higher ascent rate that mingles with the mature melt. As this package rises, the fresh melt batch 

vesiculates homogeneously, creating a stiff ultra-vesicular foam that forms bands within the mature melt.   
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7. 5 Discussion 

 

7. 5. 1 Correlating fountaining heights with N+G+C 

 

The 1783–84 CE Laki eruption is the second-largest FL event in Icelandic history. It 

benefits from detailed contemporary accounts, which have provided unique 

opportunities to unravel the temporal evolution of the eruptive sequences. Alongside 

the style of eruptive activity, documented by contemporary accounts, variations in 

activity within individual fissure opening phases have been identified in the tephra 

deposits and lava flows the eruption emplaced. This has enabled the identification of 

peak periods of explosive activity, or periods of increased mass discharge rates, and 

the subsequent atmospheric and environmental impacts of such a sustained and 

polluting event.  

 

VND is commonly used with silicic eruptions, as it scales to volatile supersaturation 

and thus ascent rate (Toramaru, 1995, 2006; Mourtada-Bonnefoi and Laporte, 1999, 

2004), to approximate eruptive event explosivity. Previous studies focussing on 

basaltic Hawaiian activity of varying intensity (Stovall et al., 2011, 2012; Parcheta et 

al., 2013) found that the VND for rinds or rims of the clasts gave the best 

approximation for ascent rate. This was also identified for the Holuhraun 2014–15 

CE, a low-intensity FL end-member event (Chapter 6), where rinds gave a better 

indication of the melt prior to fragmentation as the interior of the clasts had 

undergone similar post-fragmentation overprinting. Due to the vesicular nature of the 

rinds, fusing of the outer surface of the clast, by the hot gas stream in the fountains 

creating the achneliths, has only affected the very outer skin of the clast and not 

penetrated into the quenched rinds.  

 

The M2 clast rind represents melt at fragmentation during the most explosive 

episode of Laki (Thordarson and Self, 1993; Thordarson et al., 2003a), and therefore 

most intensive phase of the entire Laki eruption. The M2 rind has a higher VND than 

the M6, rind which agrees with the weaker waning stages of the eruption that 

produced the M6 pyroclasts and fed the rheomorphic, spatter-fed, lava capping 

sequences (Chapter 5). 
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However, whilst contemporary accounts and previous studies (Thordarson et al., 

1996; Thordarson and Self, 1993; Thordarson et al., 2003a) of tephra dispersal and 

fountaining height for the Laki event indicate that this eruption (VEI 4) was much 

more explosive than the 2014–15 CE event at Holuhraun, the NV
m of the rinds for 

the Laki clasts are marginally lower than those calculated for the September 

Holuhraun rinds (see Chapter 6). VNDs from both rinds fall within the range of the 

Kilauea Iki 1959 CE and are between half and one order of magnitude less than the 

Eldgjá 393 CE basaltic Plinian eruption (Moreland et al., 2019). Moreland et al. 

(2019) did not isolate the rinds from the whole clast during analysis, but as shown 

with the Laki and Holuhraun VNDs, whilst there is some modification by post-

fragmentation over-printing processes, the rinds and whole clast VNDs are still 

within the same order of magnitude. This indicates that whilst the interiors have been 

modified, as they roughly agree with the rind data sets, and we assume these first 

order estimates stand in the case of the Moreland et al. (2019) Eldgjá samples. VND 

and mass-eruption rate (MER) plots (Figure 7. 11) add little to the interpretation of 

the data set, as making direct comparisons with the intensities of point source 

volcanism with fissure eruptions which have multiple vents, or indeed fissures, 

active at the same time is extremely difficult.  

 

For low viscosity magmas, larger bubbles (>1 m) can easily decouple from their 

original melt package, rising faster through the shallow conduit and potentially 

increasing the shear rate on the melt prior to fragmentation closer to the top of the 

shallow conduit; thereby changing the regime from bubbly to slug flow (Houghton 

and Gonnermann, 2008) in sub-Plinian events. This may account for the explosivity 

of these opening phases at Laki, which have rinds with an equivalent or lower NV
m to 

those analysed from a weaker intensity (Holuhraun 2014–15 CE) event using exactly 

the same method and analyst. The textural results from Laki suggest that unlike 

Eldgjá, which displays higher NV
m, the driving forces (i.e., inertia, stress, strain, or a 

larger bubble fraction), for such high fissure opening phase eruptive intensities are 

not captured in these pyroclasts.  
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7. 5. 2 Temporal changes in textures throughout the eruption, conditions of 

ascent/shallow conduit model and conduit geometry 

 

Fissure eruptions have complex linear sub-surface geometries (Parcheta et al., 2015a, 

2015b, 2016) and in Iceland are known to not be monogenetic in nature, e.g., 

Holuhraun I, II and 2014–15 CE (Hartley and Thordarson, 2013), Krafla fires 1975–

84 CE (Sæmundsson, K. 1991; Einarsson, P. 1991b) and Mývatn fires 1724–29 CE 

(Sæmundsson, 1730; Grönvold, 1984). The complicated sub-surface geometry, e.g., 

flared, changing, or irregular inclination could exacerbate and influence differences 

in ascent rate across the conduit and therefore impose a delay of crucial seconds that 

influence the development of melt textures in the system, creating clasts with 

complicated internal textures. The ultra-vesicular foam texture could correspond to 

fresh pulses of melt from depth that undergo rapid decompression (Figures 7. 14–7. 

15). This model matches the resurgence of activity documented during the 

Holuhraun eruption where the activity almost stopped, and a dense plug veined with 

an incipient ultra-vesicular foam was erupted immediately afterwards (see Chapter 

6). The textural fingerprint of this process, although not fully understood, may be 

used to identify a similar episodic eruptive nature and peak explosivity or 

atmospheric volatile loading phases in FL eruptions of all magnitudes.  

 

The variety in domains and their variable maturity could also be a factor of chaotic 

mingling of melt packages with different shallow conduit histories. The very mature, 

denser, textured melt (domain type 3) mingles with fresh mature and ultra-vesicular 

upwelling melt pulses (domain type 1 and 2) in the shallowest conduit and becomes 

incorporated/entrained creating the hybrid domain texture clasts. In the explosive 

opening phases of the Laki fissures melt packages rise at different rates in a chaotic 

conduit flow, the fastest ascending melt package results in this melt being volatile 

supersaturated and could form the ultra-vesicular foam (domain type 2) through a 

homogeneous burst nucleation event. This hypothesis is supported by the ultra-

vesicular foam domains in M2 and M4 containing the lowest S concentrations, by 

50–100 ppm when compared to all other textural domains suggesting they lost more 

S than domains which did not reach supersaturation. In M4, mature (2) also displays 

markedly lower S values, which are also consistently lower than the ultra-vesicular 

foam, however, it abuts an unanalysed ultra-vesicular foam domain and could be the 

result of an interaction with that domain or simply by an unmapped additional ultra-
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vesicular foam texture. Buoyant but slower ascent rate blebs forming the mature 

disequilibrium texture (domain texture 1), which has not had time to relax, has 

indistinguishable S contents to the rinds of the clasts. Other blebs are texturally very 

mature (domain type 3), displaying relaxed bubble shapes and mature euhedral, and 

in some places zoned, microlite populations (Francalanci et al., 2012), indicating that 

this texture is in equilibrium and has had time to relax. The latter texture could have 

two methods of formation. The alternatives are that: a) it is a relic of partially 

degassed, downwelling/convecting melt (Jones and Llewellin, 2020), which has 

partially been re-entrained into and mingled with, upwelling and actively 

vesiculating buoyant melts (domain types 1 and 2), creating hybrid textured, clasts 

upon fragmentation; or, b) it is the product of a third upwelling melt package which 

is ascending slower than domain types 1 and 2 and therefore has time to equilibrate. 

In the M2, M4 and M6 clast domains with this texture have indistinguishable S 

values to the rinds; therefore, the former hypothesis seems more likely, creating a 

large scale, relatively well-mingled, textural spread across the eruptive products 

which at the level of a single pyroclast record smaller scale heterogeneities.  

 

At the very end of the Laki eruption, waning phases of the activity would likely form 

an overturning lava pond with bubble bursting activity, as observed at Holuhraun 

after November 2014 CE (see Chapter 6). This type of activity at the very final 

stages of fissure 10’s life-span, fed mapped rheomorphic, spatter-fed, pāhoehoe 

flows which mantle the tuff cone (see Chapter 5; Figure 7. 16). Conduit filling with 

the very mature vesicle texture (domain type 3), which consequently dominates the 

associated eruptive products of the M6 phase, was in response to the reduction in the 

magma ascent rate towards the end of the eruption as the supply of new melt from 

below dwindles. Consequently, the bubbles in slow-moving melt have time to grow 

and coalesce, as well as relax into very stable morphologies. M6 has a mature 

microlite population, with the groundmass glass displaying more evolved 

geochemistries (Table 7. 3), in response to this extensive equilibrium crystallisation 

and melt textural maturation. Further EMP analysis of mapped domains in additional 

Laki clasts could be undertaken to verify this hypothesis fully. 
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In a large-scale propagating fissure eruption like Laki, changes in location of melt 

pathways along strike can also not be ruled out as new opening phases are initiated, 

but the subsurface geometry of an event like this is poorly constrained. Therefore, 

the very mature equilibrium texture could be associated with the role of sub-surface 

conduit geometry in influencing the shallow conduit dynamics. 

 

7. 5. 3 Phreatomagmatic vs Magmatic activity 

 

Unlike phreatomagmatic pyroclasts, which have experienced the suppression of 

volatile loss by early quenching due to external water entering the system prior to 

magmatic foam fragmentation, P3 is texturally similar to a mature and well-

developed recticulite foam indicative of high ascent rate and fountaining activity. 

This texture requires homogeneous late nucleation resulting from a rapid 

decompression rate. Due to the location of the eruptive environment, the trigger for 

this decompression could either be purely associated with fissure opening or to the 

removal of the overlying shallow glacial tongue, and therefore, sudden change in 

overburden pressure. Moreland et al. (2019) postulated that thick ice from an outlet 

glacier from Mýrdalsjökull, overlying part of the Eldgjá fissure system did not 

provide sufficient overburden pressure to inhibit volatile exsolution and the 

phreatomagmatic phases reached full vesiculation and shared the same shallow 

conduit history as their magmatic counterparts. In the case of Eldgjá the presence of 

overlying ice and external meltwater did not add to the explosivity of the event but 

triggered thermal granulation through shock (Moreland et al., 2019). Síðujökull, the 

outlet glacier from Vatnajökull, which episode 10 of the Laki eruption propagated 

underneath (see Chapter 5), is a thin glacial tongue which would have been 

approximately 100 m thick at the time of the eruption, and thus is unlikely to provide 

sufficient change in overburden to generate rapid decompression due to ice melting 

(Figure 7. 16). The longer lag time in fissure opening between M5 and P3, up to 6 

weeks, could provide a tectonically induced change in overburden pressure, that was 

sudden enough to produce eruptive products consisting solely of ultra-vesicular foam 

textures.  
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The presence of ice or glacial melt water has, however, partially suppressed 

degassing of the P3 tephra due to earlier quenching, with elevated S concentrations 

identified in the groundmass glass; which are 300 ppm richer than the ultra-vesicular 

foam in magmatic clasts and 150–200 ppm higher than all analysed magmatic clast 

domains (Table 7. 3).  

 

Historic high-discharge and high-magnitude FL events are notable in size, but when 

compared to their ancient larger-scale counterparts, Flood Basalt (FB) eruptions, 

they are at least 4 orders of magnitude smaller. FB eruptions can contain a single 

lava flow with a volume of 2000 km3, often part of a compound flow field province 

>10,000 km3 emplaced over thousands of years (Rampino and Stothers, 1988; Self et 

al., 2005). However, regardless of magnitude, basaltic fissure eruptions maintain a 

similar style, nature, and emplace similar eruptive products. Therefore, by analysing 

pyroclasts from smaller scale, well-documented, modern analogues, we can improve 

our understanding of the eruption dynamics during large ancient FB events. This is 

important as FB eruptions are considered to induce significant atmospheric and 

climatic perturbations through the volatiles and aerosols they release and have a 

postulated association with the mass extinct events which punctuate Earth’s 

geological record (Self et al., 2005).  
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Figure 7. 16: Conceptual model of the evolution of shallow subglacial activity at fissure 10 during the Laki 

1783–84 CE eruption. Part of schematic outline modified after Moreland et al. (2019). A fissure opens below the 

tongue of Síðujökull. At the glacier margin the craters are not confined laterally by the ice, forming ellipsoidal 

tuff cones comprising of pyroclastic surge layers cross-cutting each other. Where the ice is thicker, cauldrons 

form above this portion of the fissure with a body of meltwater below them, when the water reaches a high 

enough hydrostatic pressure, a jökulhlaup escapes from this region of the fissure. Subsequent activity is 

magmatic, although further north, the fissure continues to melt the surrounding glacier and episodic jökulhlaups 

disrupt the cooling spatter fed lava flows giving them hackly (rapid and disorganised) columnar jointing.   
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7. 5. 4 The influence of local tectonics 

 

The episodic nature of the explosive phases from the eruptions is directly associated 

with variations in MER in response to recharge or changes in overburden pressure. 

However, the trigger and mechanisms which dictate fissure propagation during these 

high magnitude and high-intensity fissure eruptions, e.g., Vatnaöldur 870 CE, Eldgjá 

939 CE, Veiðivötn 1477 CE, and of course Laki 1783–84 CE remains poorly 

understood. All historic examples of high magnitude and high intensity events in 

Iceland display evidence of distinct explosive episodes associated with new fissure 

openings, as well as varying lag times between new fissure opening events. 

 

Grímsvötn’s fissure swarm is younger and less developed than Veidivötn’s; as such, 

the region is less tectonically active and thus contains many fewer extensional 

fissures. The magma feeding the Laki eruption was stored at around 6–9 km depth, 

rapidly ascending on a timescale of days prior to fissure openings (Hartley et al., 

2016). A less fractured surface crust may have resulted in a greater lithostatic 

overburden in the area prior to the eruption, resulting in the documented large 

earthquake swarms which precede each fissure opening phase as the Laki magma 

starts to ascend from depth. This rapid change in pressure during a new fissure 

opening phase, associated with a waxing MER may result in ultra-vesicular foams 

forming in these opening phase events that follow significant lag periods in activity. 

An overburden pressure change during the opening phase of fissure 10 due to the 

initial presence of ice could exacerbate the conditions required to generate only ultra-

vesicular foam textures, i.e., the majority of all of the melt is rapidly ascending and 

is driven to volatile supersaturation. 

 

7. 6 Conclusions 

 

The 1783–84 CE 8-month long Laki eruption is the only well-documented historical 

high magnitude and high-intensity FL event in Iceland, thus providing a unique case 

study to contrast and compare the modulating role of shallow conduit processes on 

FL eruption style with more frequent, lower intensity and higher intensity basaltic 

fissure fountaining events of varying magnitude. NV
m analysis of pyroclasts from 4 

of its 9 explosive tephra fall units from separate fissure opening episodes, which 
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span: distinctive phases of the eruption or different eruptive environments, i.e., 

magmatic or phreatomagmatic, reveal discrete textural variations both temporally 

and between eruptive environments.  

 

Comparing the rinds from the most explosive phase of the eruption, M2, and the 

waning phases of the eruption, M6, a clear relative decrease in NV
m is observed. 

However, the NV
m of both these clasts are marginally less than those calculated for 

the rinds analysed for the lower intensity 2014–2015 CE Holuhraun FL eruption 

pyroclasts and similar to those calculated for Kilauea Iki 1959 CE. This indicates 

that larger bubbles not captured by the pyroclasts alongside influences such as 

inertia, stress and strain are the main drivers of such explosive vent activity during 

the Laki eruption.  

 

Disequilibrium and equilibrium textures were identified in the Laki pyroclasts, 

which were enhanced by post fragmentation expansion of the clast interiors. Post-

fragmentation vesiculation highlights pre-existing distinct textural domains, which 

are the result of distinct melt packages with differing shallow conduit histories 

mingling prior to fragmentation creating a texturally heterogeneous erupted melt. 

Temporal variations in these textural proportions suggest a broad correlation 

between the extent of lag time between opening phases and the percentage of ultra-

vesicular foam present, which is generated by disequilibrium processes. It is absent 

in the initial fissure-opening phase and increases throughout the eruption until the 

final episode, where it dominates within the conduit. Increasing quantities of very 

mature textures, caused by equilibrium processes, help identify periods of lower 

intensity fountaining activity; again, the proportions of this increases throughout the 

eruption in the magmatic clasts. Geochemical analysis of the groundmass glass in 

these textural domains within the clasts suggests that the textural differences are the 

product of melts with different geochemistries, as their major element compositions 

are nearly identical but instead record a difference in the shallow conduit history 

these melt packages experienced on ascent. An exception to this is the groundmass 

glass in M6 which is texturally more mature and has a slightly more evolved 

geochemistry, due to extensive microlite crystallisation towards the end of the 

eruption as the MER wanes. 
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The consistently lower S concentrations of the ultra-vesicular foam domains relative 

to the other melt textures present suggests this texture is generated by a rapid burst 

nucleation event in response to these melt packages being driven to volatile 

supersaturation through rapid ascent rates. This difference in volatile content is more 

pronounced in the Laki clasts than a similar contrast in the ultra-vesicular domains 

identified in the Holuhraun pyroclasts. However, the volatile content in the shallow 

sub-glacially erupted phreatomagmatic clast, P3, which consists entirely of ultra-

vesicular foam, is up to 300 ppm higher than its counterparts in the magmatic clasts. 

This suggests that volatile loss during this phase of the eruption was suppressed due 

to the presence of the glacier; either through increased overburden pressure or early 

quenching of the melt through its interaction with external water prior to 

fragmentation. This sample is texturally very mature, with the highest NV
m of all the 

Laki clasts, and whilst it has higher S concentrations, it also displays evidence of 

post-fragmentation expansion. Thus, further analysis is required to underpin the 

processes going on during the sub-glacially erupted portion of the Laki fissure.   
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Chapter 8: Fingerprinting the mechanisms and timing of S 

released accompanying FL eruptions using novel 

chalcophile stable isotope proxies 
 

 

8. 1 Introduction 

 

The volatile budget from a volcanic eruption predominantly consists of CO2 and 

H2O, with lower concentrations of sulfur (S), halogen species and associated metals. 

However, CO2 and H2O are thought to have a negligible short-term impact on 

atmospheric chemistry due to their high background abundances (Wignall, 2001; 

Self et al., 2005, 2008); hence, despite the relatively low eruptive concentrations of 

S, this is the only volcanic volatile species that has been observed to perturb the 

radiative balance of the atmosphere (Schmidt and Robock, 2015). Initially, at the 

vent and in a volcanic plume, SO2 and H2S are the most abundant S species present 

(Wallace and Edmonds, 2011), but relatively unreactive H2S rapidly converts to SO2 

through oxidation by hydroxyl radicals (OH) in the highly oxidising, high-

temperature, vent environment (Gerlach, 2004; Mather et al., 2008; Oppenheimar et 

al., 2011). Sulfur dioxide, if not deposited out of the plume, subsequently undergoes 

another conversion stage in the plume: oxidation via a reaction with OH radicals, 

produced by photolysis of ozone, to sulfate PM aerosols (SO4
2-) or to sulfuric acidic 

aerosols H2SO4 (Eatough et al., 1994) through a prior chain reaction from HOSO2, to 

SO3. Multiple parameters dictate the rate at which this conversion occurs, such as: 

ambient temperature; humidity; solar flux (Möller et al., 1980; Eatough et al., 1994; 

Carlsen et al., 2021); or whether the air is polluted (Hewitt, 2001), as chemical 

reactions or physical interactions occur with other particulate matter present (Carlsen 

et al., 2021). These aerosols absorb near-IR radiation and scatter it away from 

Earth’s surface, inducing a surface cooling effect and creating thermal gradients that 

modify meteoric conditions (Robock, 2000; Robock and Oppenheimar, 2003; 

Edmonds and Mather, 2017). If injected into the stratosphere, the life span of both 

SO2 (hours) and sulfate PM (SO4
2-) (days) increases to weeks and months-years, 

respectively, due to the slower removal processes associated with a low humidity 

environment. Thereby increasing their associated climatic and environmental impact. 
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Large and sustained injections of volcanic S can induce significant environmental 

degradation and health hazards through a tropospheric sulfur and halogen rich 

volcanic fog (vog), which also contains significant amounts of trace metals, acid rain 

and climatic perturbations, over the timescales of months-to-years, through upper 

troposphere-lower stratospheric sulfur aerosol loading (e.g. Thordarson and Self, 

1993; 2001; Self et al., 2005; Thordarson et al., 2009; Schmidt et al., 2010, 2011; 

Oppenheimer et al., 2011; Wallace and Edmonds, 2011). 

 

Of particular interest are basaltic eruptions, which produce a volatile load about an 

order of magnitude higher than explosive silicic eruptions (Devine et al., 1984). 

Explosive basaltic eruptions are easily capable of sub-Plinian to Plinian eruptive 

intensities that can achieve stratospheric injection levels, e.g., Fontana 60ka, 122BC 

Etna, Tarawera 1886 CE, Krakatoa 1883 CE (basaltic andesite), Katla 1918 CE and 

Grímsvötn 2011 CE (Self, 1992; Larsen, 2000; Sable et al., 2009; Costantini et al., 

2010), but are generally much shorter-lived compared to their effusive counterparts. 

However, high-intensity and high magnitude basaltic flood lava (FL) eruptions, 1–

100 km3 in DRE volume, produce volcanic plumes capable of stratospheric volatile 

loading during their higher intensity phases (Thordarson et al., 1996; Moreland et al., 

2019). Analysis of the activity sequences of historical examples of eruptions of this 

nature in Iceland, such as the Laki 1783–84 CE and Eldgjá 939 CE events, show that 

they are capable of prolonged periods of volatile loading through discrete high-

intensity phases that are days to weeks apart associated with new fissure opening 

activity. This style and intensity of eruptive activity maintains and prolongs the 

stratospheric S burden for longer than is expected for a single explosive phase. 

Consequently, modelling the hemispheric or global S dispersal from volcanic plumes 

within the atmosphere and stratosphere, as well as calculating the total S burden for 

previous high-intensity and high magnitude FL eruptions, to improve hazard and 

environmental assessments, has been a key research focus over recent decades 

(Sigurdsson, 1982; Thordarson et al., 1996, 2001, 2003a; Thordarson and Self, 1996, 

2003; Self et al., 2005, 2006, 2008; Oppenheimer et al., 2011; Schmidt et al., 2011, 

2015; Loughlin et al., 2012; Ilyinskaya et al., 2017). This is especially important for 

the European geographical area, which is vulnerable to unsafe S pollution levels 

from high magnitude and high-intensity FL events or low level S pollution events 

from high magnitude and low-intensity FL events in Iceland.  
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The partitioning of sulfur between magmatic fluids and melts controls the volatile 

budget of magmas, and thus total atmospheric S burden an eruption can have, as well 

as the speciation of sulfur released into the atmosphere upon eruption (Webster and 

Botcharnikov, 2011). How S partitions between vapour-melt phases is complicated, 

therefore to model this comprehensively for a given melt calculations of its S 

saturation threshold must include the effects of: temperature (T); pressure (P); melt 

composition; oxygen fugacity (fO2); and S fugacity (fS2) (Wallace and Carmichael, 

1992; Scaillet and Pichavant, 2005; Moretti and Baker, 2008; Wallace and Edmonds, 

2011, Barnes, 2012). The latter two parameters are particularly important as the 

redox state of the magma in question, prior to eruption, has a strong influence on the 

distribution of S between the melt and liquid/gas phase by controlling the amount of 

dissolved S that a melt can carry in solution at depth before the melt becomes S 

saturated. Experimental data demonstrates that upon decompression, as a basaltic 

magma ascends, the S strongly partitions into the gas phase (Edmonds and Mather, 

2017), in particular for reducing conditions, e.g., MORB where S2- becomes even 

less soluble in the melt phase during ascent. 

 

In the last two decades, it has been possible to measure both the ratio of H2S/SO2 in 

gas fluxes for eruptions or quiescent outgassing (Mcgee et al., 2001; Burton et al. 

2007; Christopher et al., 2010; Wallace and Edmonds, 2011) as well as the degassing 

budget to constrain patterns of volatile outputs through ground-based FTIR and 

DOAS analysis. This can be used alongside LiDAR or modified differential 

absorption LiDAR measurements of the plume to resolve gas mixture ratios 

(Oppenheimer et al., 2011), as well as ground-based electrochemical sensors such as 

a multi-gas or battery-powered filter packs used to characterise the chemistry of 

gases and aerosols present in the plume (Pfeffer et al., 2015; 2018; Ilyinskaya et al., 

2017). However, high errors due to lack of IR sources means that not all S species 

that separated from the melt in a liquid or gas phase can be measured in the 

outgassing plume as some phases are not stable at atmospheric pressures and 

temperatures. For example, at magmatic temperatures and atmospheric pressures, 

e.g., during syn-eruptive degassing sulfate dissociates, forming SO2 and O2 (Behrens 

and Webster, 2011). This is also true for sulfides (FeS2), which are broken down 

upon eruption and released into the gas phase (SO2 as H2S), thus increasing the total 

atmospheric S loading of the eruption in question, as well as releasing trace metals 
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associated with the sulfide phase into the atmosphere increasing the environmental 

impact of the eruption (Berlo et al., 2014; Gautheir et al., 2016; Brounce et al., 2017; 

Edmonds and Mather, 2017; Hartley et al., 2017; Longpré et al., 2017). 

 

However, the speciation of S measured in volcanic plumes during atmospheric or 

stratospheric loading does not mirror the pre-eruptive redox state of the parent melt. 

Instead, the redox of the system and therefore the S speciation in the silicate melt 

and associated vapour or liquid phase are modified both upon decompression as the 

magma ascends to the surface (Anderson and Wright, 1972; Carmichael and 

Ghiorso, 1986; Wallace and Carmichael, 1992; Burgisser and Scaillet, 2007; Métrich 

et al., 2009; Métrich and Mandeville, 2010; Cottrell and Kelley, 2011; Gaillard et al., 

2011; 2015; Gaillard and Scaillet, 2014; Moussallam et al., 2014, 2016, 2019; 

Brounce et al., 2017; Helz et al., 2017; Longpré et al., 2017) as well as upon eruption 

in the hot core of the volcanic plume as H2S converts to SO2 (Getahun et al., 1996; 

Hoshyaripour et al., 2012). In some circumstances, fO2 determined by Mössbauer 

analysis of glass (Óskarsson et al., 1994) or XANES analysis of melt inclusions from 

rapidly quenched glassy tephra samples (Wallace and Edmonds, 2011; Moussallam 

et al., 2014, 2016, 2019; Shorttle et al., 2015; Hartley et al., 2017) yield information 

on the pre-eruptive redox conditions. However, if the melt in question is aphyric or 

the sample is old and weathered or altered then, the MIs cannot be analysed, and the 

species of S lost to the atmosphere cannot be determined, as the redox of the eruptive 

glasses does not reflect the conditions under which S species were lost to the 

atmosphere (Burgisser and Scaillet, 2007).  

 

An emerging field utilizing redox sensitive novel stable isotope systems, of 

moderately volatile chalcophile elements such as zinc (Zn) and copper (Cu), 

alongside redox controlled volatile trace elements such as rhenium (Re), could 

potentially geochemically fingerprint the S speciation of the volatile phase released 

upon eruption. Using these novel data sets in combination with geochemical 

modelling and in-situ analytical techniques such as XANES, could provide another 

tool to advance our understanding of the evolution of redox conditions and S 

speciation of the melt and volatile phases that prevailed in the shallow conduit 

during syn-eruptive degassing and fragmentation. This helps to bridge a current gap 

between the measurable geochemical window into the melt at depth, provided by 
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melt inclusions, and the volatiles and aerosols measured in the eruptive plume by 

identifying, through analysis of the residual eruptive products the volatile and 

particulate species present prior to atmospheric dissociation.   

 

For example, if S is lost as an oxidised volatile phase then the melt is depleted in the 

light Zn isotope, leaving the erupted melt with a heavy 66Zn/64Zn signature (Figures 

8. 1 and 8. 2; Luck et al., 2005; John et al., 2008; Herzog et al., 2009; Chen et al., 

2013; Chen, 2014). However, if S has been lost as a reduced volatile phase, with a 

Cu3Cl3 fluid component, the melt is expected to be depleted in the heavy Cu isotope 

and thus isotopically lighter with respect to 65Cu/63Cu (Figures 8. 1 and 8. 2). If an 

immiscible sulfide melt phase, which concentrates the light copper isotope, has 

formed, then they will have a lighter 65Cu/63Cu signature, relative to the melt 

(Figures 8. 1 and 8. 2; Halter et al., 2005; Markl et al., 2006; Moynier et al., 2006; Li 

et al., 2009; Savage et al., 2015). Thus, if additional sulfides are added to the melt it 

will have an increasingly lighter 65Cu/63Cu signature, but if they are removed the 

residual melt will have an heavier 65Cu/63 signature (Figures 8. 1 and 8. 2). To 

differentiate between sulfate fluid segregation and an SO2 rich gas phase segregating 

from the melt trace elements which exhibit a similar behaviour to S, e.g., Re has 

been used to distinguish between gas and fluid oxidised loss S and therefore a heavy 

66Zn/68Zn signature (Figure 8. 2). 
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Figure 8. 1: A schematic of expected fractionation trends generated by Zn and Cu partitioning into oxidized and reduced S rich phases at magmatic temperatures during basaltic fissure 

eruptions. Each of the four quadrants (labelled A–D) displays the expected fractionation trends and the resultant isotopic fingerprints for δ66Zn and δ66Cu for different oxidized and reduced S 

rich phases and the residual melt. (A) Shows the expected trend of the residual melt towards heavier δ66Zn as the lighter Zn isotope is preferentially partitioned into an oxidized S gas phase 

(SO2) and Zn (ppm) is lost through degassing; (B) Shows the expected trend of the residual melt towards lighter δ65Cu has the heavier Cu isotope is preferentially partitioned into a reduced S 

gas phase (H2S) and Cu (ppm) is lost through degassing; (C) Shows the expected trend of the residual melt towards lighter δ65Cu as sulfides rich in Cu (ppm), which the lighter Cu isotope 

preferentially partitions into, are added to the melt packages; (D) Shows the expected trend of the residual melt towards heavier δ65Cu as sulfides rich in Cu (ppm), which the lighter Cu isotope 

preferentially partitions into, are lost from the melt packages. 
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Figure 8. 2: An illustration of Zn and Cu partitioning into oxidized and reduced S rich phases. Schematic of a 

basaltic fissure eruption, and its eruptive products, with its shallow conduit system in cross-section. The inset 

displays a package of melt rising through the shallow conduit: melt is shown in red, bubbles in white, immiscible 

sulfide phases in yellow, plagioclase crystals in greyscale and olivine or pyroxene in green. This inset also 

highlights the partitioning behaviour of Cu and Zn during ascent, depending on the redox conditions of the 

system and which S species are present, which in turn results in the mass-dependant fractionation of these two 

stable isotope systems.  

 

8. 1. 1 Previous work on Zn and Cu isotopic variations of terrestrial samples 
 

Most previous chalcophile isotope studies have concentrated on determining the Zn 

isotopic composition of bulk silicate earth (BSE) (Herzog et al., 2009; Telus et al., 

2012; Doucet et al., 2016; Liu et al., 2016; Mahan et al., 2017; Sossi et al., 2018; 

Wang et al., 2017) and Cu (Liu et al., 2015; Savage et al., 2015; Moynier et al., 

2017) and the fractionation of these stable isotope systems during magmatic 

differentiation, hydrothermal and ore-forming processes. Our understanding of how 

these systems behave at magmatic temperatures and in response to degassing during 

eruptions is limited and mostly theoretical. Whilst previous work has identified 

mass-dependant fractionation of Zn stable isotopes induced by volatile loss during 

planetary formation events; there are few compelling examples of Zn fractionation 

due to degassing at magmatic temperatures during basaltic eruptions (Toutain et al., 

2008; Chen et al., 2013; Chen, 2014; Liu et al., 2016). To date, there is only one 

published study that investigates Cu isotope evolution in an arc volcanic system, 

Niuatahi volcano, Tonga rear arc (i.e., Wang et al., 2019), which characterised a 
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number of complementary aspects of a volcanic system as a whole, e.g., 

hydrothermal system derived molten sulfur versus basaltic and dacitic lavas.  

 

Whilst the sampling strategy adopted by these previous studies provides a broad 

perspective of each volcanic system, in terms of characterising differences in the 

isotopic composition of melts produced over the eruptive history or the differences 

between eruptive products and the accompanying hydrothermal system, neither of 

these strategies had the goal to systematically analyse one eruptive event and isolate 

the degassing induced mass-dependant fractionation fingerprint of Zn or Cu. In 

particular, these studies make comparisons of a limited number of samples from 

unrelated eruptions or parts of the lava field that may have been emplaced by very 

different vent activity rather than systematically analysing the spatial and temporal 

evolution of the eruptive products from a single event. The absence of any 

covariation of δ66Zn isotopes with Zn concentrations and SiO2 (wt %) in the eruptive 

products from Hekla central volcano highlights this concept well. Whilst this sample 

set captures the range of SiO2 that the Hekla stratovolcano and associated fissure 

system has produced in the last 6000 years of its eruptive history (Savage et al., 

2011), only 1 or 2 samples are analysed from each individual eruption within the 

system. This sample set is unsuitable for evaluating degassing induced isotope 

fractionation, as the melts in question are geochemically unrelated and have 

undergone different degrees of magmatic differentiation, mixing, and mingling with 

other magmas. As a result, they have different initial S concentrations and redox 

conditions, as well as experiencing different extents of degassing upon eruption 

response to different eruptive dynamics and intensities, as well as emplacement 

mechanisms. 

 

Only if the eruptive history, and associated lava emplacement history, is well 

understood can the 65Cu/63Cu and 66Zn/68Zn variations be clearly related to degassing 

and distinguished from other effects. Lava flow fields are often compound, with 

multiple vents emplacing separate lava flow branches simultaneously, or discrete 

vents emplacing lava flows during distinct stages of the eruption associated with 

changes in eruption style and therefore degassing. Large scale late-stage lava flow 

resurfacing events have been observed in recent eruptions, e.g., Holuhraun 2014–15 

CE (Pedersen et al., 2017), which complicates retrospective sampling as the 
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association between active channel migration, eruptive style and the resultant lavas 

emplaced is unclear.  

 

This work focuses on two historical, well-documented, geochemically homogeneous, 

OIB FL eruptions. It aims to minimise the limitations of previous studies by isolating 

the effect of shallow conduit processes, such as syn-eruptive degassing, lava flow 

emplacement dynamics such as syn-emplacement degassing, and the evolution of the 

transport system in relation to vent activity; by documenting the effects of these 

processes on the Zn and Cu stable isotope systems. As of yet, a clear understanding 

of how these systems behave at magmatic temperatures and in response to different 

physical volcanological processes is not well constrained. This study will enable a 

greater understanding of the existing isotopic compositional ranges in eruptive 

products and how these systems behave during basaltic fissure eruptions. 

Establishing a detailed baseline dataset will enable better comparisons between 

crucial variations in isotopic compositions within samples from different parts of a 

volcanic system, i.e., intrusive versus extrusive rocks or the geothermal system, or 

between the isotopic fingerprint generated by different styles and intensities of 

eruptions. This has not been attempted with a large and diverse temporal and spatial 

sampling suite from a single eruptive event. 

 

8. 1. 2 Geological Setting 

 

A FL eruption occurs on average every 250 years in Iceland (Thordarson et al., 

2003a); high-intensity and high magnitude FL events are associated with significant 

hemisphere-wide atmospheric and stratospheric volcanic pollution triggering 

environmental and climatic perturbations (Thordarson et al., 1996). Whilst the lower 

intensity end-member of the FL spectrum produces significant localised volcanic S 

and halogen pollution as well as intermittently elevating particulate or S levels in 

neighbouring countries (Schmidt et al., 2015). Iceland’s proximity to Europe has 

direct implications for the health, environment and economy of dense European 

population centres and therefore, FL eruptions have been a particular focus for recent 

hazard assessments (Schmidt et al., 2011, 2012; Loughlin et al., 2012; Schmidt and 

Robock, 2015; Ilyinskaya et al., 2017; Carlsen et al., 2021).  
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Basaltic fissure eruptions span a wide spectrum in terms of intensity, magnitude, 

style, emplacement nature, and duration, producing comparable eruptive products, 

regardless of size. This enables smaller-scale, well-documented, FL eruptions to be 

used as modern analogues to improve our understanding of the atmospheric volatile 

loading and climatic impact associated with larger geological events such as flood 

basalt (FB, >100 km3) eruptions (Self et al., 1996; Chenet et al., 2007, 2008, 2009; 

2003; Blake et al., 2010). Icelandic basaltic magmas are chosen for this study 

because they are S-rich and efficient at degassing their S load into the atmosphere 

(Edmonds and Mather, 2017).  

 

Two small-scale historical, well-documented, Icelandic flood lava eruptions were 

chosen as modern analogue case studies (Figures 8. 3–8. 5): 

 

(1) The 2014–15 CE Holuhraun eruption, which created a lava field of 1.45 ± 

0.04 km3, released 9.6 Mt SO2 into the atmosphere (Gíslason et al., 2015; 

Pfeffer et al., 2015; 2018). The magma that fed the 2014–15 CE Holuhraun 

eruption is a moderately evolved olivine-tholeiite, sourced from 8 ± 5 km 

depth, and is compositionally indistinguishable from other historical basalts 

that have erupted from the Bárðarbunga–Veiðivötn system (Halldórsson et 

al., 2018). It contains <5% macrocrysts, which are predominantly composed 

of plagioclase with subordinate clinopyroxene and olivine, a quenched 

immiscible chalcopyrite sulfide phase and varying microlite contents which 

increase with distance from the vent, with the highest microlite contents 

associated with more mature, viscous, late-stage, lava morphologies (IES 

eruption team). Lava and tephra samples were collected throughout the 6-

month long event capturing all stages of eruptive activity and analysed for 

whole rock major and trace element concentrations, taken with O, Pb, Sr and 

Hf isotopes; these data sets indicate that the magma feeding this eruption is 

compositionally homogeneous, generated by homogenisation of a 

compositionally variable mantle source (Halldórsson et al., 2018). A minor 

increase in the primitive crystal mush content, from a disrupted crystal mush 

at depth, in the very last eruptive products from Holuhraun has also been 

detected by the authors during field observations. Cumulate mush crystals 
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were dominated by plagioclase; they varied in size and had rounded 

resorption rims. Gabbroic fragments, dominated by plagioclase, were also 

observed in samples from early on in the eruption (Geiger et al., 2016); 

again, these had rims reacting with the carrier melt. Analysis of these 

gabbroic fragments identified that they displayed slightly lower δ18O values 

when compared to bulk whole rock samples, suggesting they record melts 

that had incorporated hydrothermally altered crust. Samples containing 

disintegrated cumulate mush crystals or gabbroic fragments were avoided 

during sample selection as they do contain minor proportions of olivine, 

which could skew the Zn isotope data sets and distort trace element ratios in 

the samples selected for this study. Samples containing visible mush or 

gabbroic fragments were filtered out upon crushing during the sample 

preparation stage. They were also avoided in the field during post-eruption 

sampling. The Holuhraun eruption yielded un-paralleled in-situ, airborne and 

satellite monitoring volcanological datasets, making it an ideal test case for 

characterisation of the isotopic variations, as we can directly relate any Zn or 

Cu stable isotope measurement to time-constrained observations. The 

majority of the eruptive activity from Holuhraun 2014–15 CE occurred along 

a 1.8 km long fissure, which started life as an open ‘curtain-of-fire’ and 

concentrated down within two days into discrete vents which were the focal 

point of the eruptive activity for its duration. This eruption is the low-

intensity end-member for high magnitude eruptions, i.e., FL eruption, used in 

this study and due to its remote location and small size resulted in a limited 

local environmental impact. 
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Figure 8. 3: (A: above). The temporal evolution of the Holuhraun 2014–15 CE flow field and sample 

locations. Samples analysed in this study, which correspond to the data table located in supplementary 

material, appendix B: Holuhraun Sample List. Some samples do not have a recorded GPS location. As 

indicated by the sample locations, the N, W and NE areas of the flow field were much more accessible 

than the southside due to the risk of jökulhlaups from Dyngjujökull. 

Figure 8. 3: (B: below). Outline of the 2014–15 CE Holuhraun flow field after 27 February 2015 

shown in grey, overlain on top of an Arctic DEM hillshade of the sandur it erupted onto. Four time 

periods are displayed, with their associated emplaced lava branches, to highlight the branching nature 

of flow emplacement, which is predominantly emplaced in a clockwise fashion. The initial branching 

of the flow field occurs coevally with changes in vent activity on 15 September 2014 occurs coevally. 

 

 

Dyngjujökull 

Askja 
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(2) The 1783–84 CE Laki eruption which produced 14.7 km3 of lava and 0.4km3 

of tephra (Thordarson and Self, 1993), as eruptive activity propagated along a 

29-29.5 km long fissure (see Chapter 5). In total, it is thought to have 

released 120 Mt of SO2 into the atmosphere (Fiacco et al., 1994; Thordarson 

et al., 1996; Thordarson and Self, 2001; Stephenson et al., 2003), thereof 100 

Mt SO2 into the lower stratosphere, producing a significant hemisphere-wide 

climatic and environmental impact (Sigurdsson, 1982, 1990; Wood, 1992; 

Thordarson and Self, 2001, 2003; Highwood and Stevenson 2003; Oman et 

al., 2006a, 2006b; Schmidt et al., 2010, 2012). The magma that fed the Laki 

eruption is a quartz tholeiite, containing <10% macrocrysts, predominantly 

composed of plagioclase with subordinate clinopyroxene and olivine, and 

like Holuhraun, its eruptive products contain a sulfide phase (see 

supplementary material, appendix B: Sulfides Tri Plot), with a calculated 

storage zone depth of 6–10 km. The limited elemental and isotopic (Pb, U, 

Th, Sr, Hf and O) variations throughout the eruptive products (Sigmarsson et 

al., 1991; Bindeman et al., 2006; Halldórsson et al., 2018) indicates that the 

magma feeding this 8-month long event was geochemically homogeneous. 

However, it is worth highlighting that the crystal cargo increases and 

becomes more primitive with time during the Laki eruption (Passmore, 2009; 

Passmore et al., 2012; Neave et al., 2013, 2017). The Laki eruption was much 

more explosive than Holuhraun, producing a plume capable of stratospheric 

loading (Thordarson and Self, 1993; Thordarson et al., 2003a, 2003b), its 

fissure system spans 29–29.5  km (see Chapter 5), and activity migrated 

along the fissure system in 10 distinct fissure opening episodes, from the SW 

towards the NE. Contemporary accounts documented in the Eldrít chronicles 

compiled and analysed by Thorarinsson (1967, 1969, 1984); Thordarson 

(2003); and Thordarson et al. (2003b), focus predominantly on the detailed 

scientific style of Jón Steingrímsson’s accounts (Steingrímsson, 1783a, 

1783b, 1788, 1901; Steingrímsson and Ólafsson, 1783). However, these 

studies also contain observations, maps and descriptions from subsequent 

Eldrít’s written by: Björnsson (1783); Eiríksson (1783); Thorarinsson (1783); 

Pálsson (1783, 1793–1794); and Stephenson (1783, 1785, 1786). Taken 

together, these accounts provide scientifically important observations for 

reconstructing the eruptive activity. These are used in conjunction with 
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meteorological observations from elsewhere in Europe (Grattan and Pyatt, 

1994; Grattan and Charman, 1994; Grattan and Brayshay, 1995; Grattan, 

1998; Grattan and Sadler, 1999; Grattan et al., 1999; 2005; Thordarson and 

Self, 1993; 2001; 2003; Thordarson et al., 1996, 2003b), enabling a detailed 

reconstruction of the vent activity based on local tephra stratigraphy. The 

Eldrít chronicles and analysis of these accounts by Thordarson et al. (2003b), 

also provides sufficient resolution for the timing of the emplacement of 

lowland lava flows from the Laki eruption. The lava flow field has the added 

complication of the multiple vents and fissures, feeding it being active at the 

same time, and thus the known lowland arrivals are the only accurately dated 

lava flows as the highland record is unknown. The tephra layers from the 10 

fissure opening episodes for the Laki eruption are given distinct names which 

define whether they are a magmatic (M) or phreatomagmatic (P) phase and 

their order, which includes 2 cone tephras from fissures (F) with no 

corresponding tephra layer: M1, M2, P1, M3, P2, M4, M5, F9, P3 (F10) and 

M6 (See Chapter 7). This modified the initial set up by Thordarson and Self. 

(1993), which uses strombolian (Sx) and tuff-cone (TC-x) for the different 

phases (x), as the activity is not strombolian this numbering system has been 

updated in this thesis (see Chapters 5 and 7).  
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Figure 8. 4 (A: above): A georeferenced map of the temporal evolution of the Laki lava field and sample 

locations. Arctic DEM hillshade of the Laki area and its surroundings, overlain with the dated, Laki lava field 

arrivals to the lowlands, outlines taken from Thordarson et al. (2003b) were edited and georeferenced.  

Figure 8. 4 (B: below): Arctic DEM hillshade of the Laki area and its surroundings, overlain with the outline of 

the final extent of Laki lava field, with the sample locations and types indicated throughout the flow field. For 

corresponding GPS points and sample names, see supplementary data, appendix B: Laki Sample List. 
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Figure 8. 5: Laki crater row, apron tephras and tephra dispersal axis. An outline sketch, to scale, of the 

Laki cone-row, modified from Thordarson and Self, (1993) using aerial images (from Loftmyndir). 

The length of individual fissure opening phases is indicated by the scale at the bottom of the figure, 

given alongside the date of initial opening phase activity just above the scale bar. Magmatic (M) 

cones are shown in green, with their tephra aprons outlined in black. Phreatomagmatic (P) cones have 

two colours:  blue cones and light blue tephra aprons, which indicate surface lake generated 

phreatomagmatic tuff cones, and turquoise cones which, indicates sub-glacially generated 

phreatomagmatic tuff-cones. The small yellow features on the top of the latter indicate the location of 

ice-confined hackly lavas, which have undergone rapid cooling from external water interaction 

(assumed to be generated through interactions with jökulhlaups). Mt. Laki is shown in light orange. 

Blue and green dashed lines and black arrows indicate the dispersal axis of observed tephra fall, with 

locations of vents calculated by Thordarson and Self. (1993). 

 

The relative geochemical homogeneity of these large volume eruptive events 

minimises the complication of Cu and Zn isotopic variations being due to a 

heterogeneous source composition; thereby making these well-documented and well-

characterised FL events the perfect test site to apply and test these novel stable 

isotope proxies. Each of these eruptions offers a different aspect to capture the range 

of δ66Zn and δ65Cu values produced by an eruptive event during the stages of vent 

activity/dynamics and the associated changes in lava flow field emplacement 

regimes. Holuhraun erupted along a single fissure, whereas the Laki lava field was 

fed by multiple fissures. Despite the differences in eruptive intensity, with Laki 

producing fountains above 1400 m compared to the maximum fountaining height of 

170 m observed at Holuhraun (IES eruption team reports), each of the Laki fissures 

went through relatively similar stages of activity to those observed for Holuhraun: an 

emergent fissure; explosive phase which wanes into predominantly lava effusion; 

and low-intensity bubble bursting or lava pond boiling before activity ceases. A 

large-scale detailed sampling campaign was undertaken to capture the range in 

eruptive products for both events in high resolution, which enables comparisons with 

the on-site monitoring data sets for Holuhraun 2014–15 CE and previous studies and 

contemporary accounts for Laki 1783–84 CE. 
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8. 2 Methods 

8. 2. 1 Sampling methodology 

 

In the case of the Holuhraun eruption, pristine lava selvages were collected from 

active or recently active lava fronts (Table 8. 1). The glassy lava selvages represent 

the naturally or manually quenched skin of the lava flow which records the volatile 

and microlite content at that point away from the vent, providing information on the 

lava channel and flow field development. Tephra was collected as it fell and 

alongside documented vent activity at the time (Figure 8. 6), with cone building 

tephra collected towards the end of the eruption.  
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Table 8. 1 Key lava morphologies observed and sampled during Holuhraun 2014–15 CE.Active examples of the main lava morphologies observed and documented throughout the 

Holuhraun 2014–15 CE eruption. Key observations such as proximity to the vent, first time observed, velocity, and FLIR measured temperature is noted alongside key morphological 

characteristics. Images of the active lava fronts were taken by Dr. Gro.  B. M. Pedersen (GBMP), Dr. Robert A. Askew (RA) and the author (CRG). 

 ‘A’ā Rubbly pāhoehoe Slabby pāhoehoe Spiney pāhoehoe 

Description A lava with brecciated flow tops and bases. 

The breccia consists of jumbles of blocky 

lava and irregular-shaped clinker. 

 

 

A flow characterised by a flow top of 

pāhoehoe crustal rubble and a pāhoehoe 

base. The crustal rubble is up to several 

decimetre in size. 

 

A flow characterised by a flow top of 

crustal slabs and a pāhoehoe base. The 

slabs are up to metres across and several 

decimetres thick. 

A flow with a coherent crust, 

undisrupted at meter scale and with a 

spinose surface and characterised by 

longitudinal grooves and ridges over a 

flow field scale. Flows never display 

large amounts of volume growth via 

inflation. 

Emplacement The clinker is formed by viscous tearing of 

the chilled lava crust. The clinker is rafted 

towards the flow front where it is dislodged 

from the front in a caterpillar-track motion 

(Keszthelyi and Self, 1998, Harris et al., 

2017). 

 

 

 

 

 

 

 

 

Can be twofold (1) Pulses of lava disrupt 

the immature crust of a pāhoehoe flow, that 

is brecciated and transported on top of the 

flow (Keszthelyi et al., 2004; Guilbaud et 

al., 2005). (2) Breakout picks up loose 

breccia from the a´a´ flow that is carried on 

top of the flow. 

 

 

 

Pulses of lava disrupt a mature crust of an 

inflated pāhoehoe flow and forms heaps 

of slabby clasts that raft on top of the 

flow (Macdonald, 1967; Swanson, 1973; 

Self et al., 2000). 

 

Surface is formed by very slow but 

evident viscous tearing of the 

microlite rich lava in a break-out 

which as it oozes out and tears forms 

very fine Pele’s Hair like spines on 

the surface. This flow type is 

susceptible to over inflation of, 

creating flower structures with outer 

surfaced turn 180º. It is often 

unpreserved over aerial scales. 

 

Temperature

s 

(FLIR data) 

Ca. 995 

 

Ca. 1005 Ca. 1050 Ca. 1015 

Velocity ≈ 30-60 m/hr ≈ 10-30 m/hr ≈ 400 - 800 m/hr 1-2 m/day 

First time of 

observation 

1 September/ 2nd eruption day 1 September 31 August /1st day of eruption 4 November 

Location of 

activity 

Active flow front. Marginal and frontal break out. Marginal and frontal break out. Primarily 

in proximal areas 

Marginal and frontal break out. 

Primarily in proximal areas due to 

lower discharges. 

Video 20140906_1523_GBMP 20140904_2221_GBMP 20140831_2033_RA 041114_1627_CRG 
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Figure 8. 6: Medial tephra fall from the Holuhraun 2014–15 CE eruption. Field images (capture by Dr. Bergrún 

Arna Óladóttir) of golden pumice, achneliths (fused outer surface golden pumice clasts), Pele’s tears and hairs on 

the dark Sandur, comprised of basaltic ash and rounded rock fragments from the glacial outwash plain. The size 

of golden pumice and achneliths varies from ash to large lapilli.   

 

Sampling the Laki 1783–84 CE eruptive products was not as straightforward, target 

locations were selected utilising aerial and drone-based imagery alongside 

information from contemporary accounts (Eldrít chronicles, various authors) 

compiled and analysed by Thordarson et al. (2003b) and Thordarson (2003); to best 

capture different stages of lava flow advance down strike, through long-lived 

channels using changes in lava crust morphology. The tephra sampling strategy at 

Laki differed from the southern to northern fissures, which lie to the SW and NE of 

Mt. Laki respectively. The southern (S.) fissure tephra aprons cannot be used directly 

as during the 5th fissure opening phase (9–12 July, 1 month into the eruption) the 

entire S. fissure cone-row was reactivated, with tephra aprons from this episode 

falling directly onto older apron phases. To remove this complication, and a potential 

source of contamination of different tephra phases, a medial-proximal soil section 

containing a thick clear Laki tephra layer, and the target subunits, was used and each 

subunit separately ensuring no contamination from the layers above or below. The 

distinctive tephra layers from the following eruptions were used as stratigraphy 

marker units within the soil horizon to pinpoint the Laki tephra layers: Grímsvötn 

2011 CE, Katla 1918 CE, Hekla 1845 CE, Veidivötn 1477 CE, Öræfajökull 1362 
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CE, Eldgjá 936 CE and Vatnaöldur-Törfajökull 870 CE (The Settlement layer), the 

presence of an intact sequence confirms that the stratigraphy was unaffected by 

secondary deposition/erosion or permafrost distortion (Figure 8. 7). The northern 

(N.) fissure tephra sampling focussed on the edge of proximal tephra aprons, which 

represent pyroclasts deposited downwind during the most explosive eruptive 

activity, and the variation that could be identified within a layered deposit associated 

only with activity from one fissure eruptive episode (Figure 8. 7). At this distance 

from the vent, the tephra apron is thinner but still clearly contains stratigraphic 

variations, present as sub-units with differing proportions of coarse or fine material 

and clear contacts between sub-units, which can be interpreted as subtle changes in 

vent activity. There is no stratigraphic evidence in the N. fissures of re-activation as 

the fissure opening events moved steadily, in a step-wise fashion, to the NE along 

the Laki cone-row, therefore these tephra aprons are not contaminated. However, 

because the soil layer is underdeveloped in this region, the very top of the unit which 

exhibited evidence of secondary erosion/deposition and weathering was excluded. 

For M4 (25 August–1 September) and M5 (7–14 September) enough variation in the 

stratified proximal apron tephra units can be observed to take 3 sub-samples from 

each of these deposits to see how degassing induced isotopic fractionation 

potentially varies within the life span of a single fissure. P3 erupted in a shallow 

subglacial environment (24–29 September), it is a cone building tephra sample from 

a co-surge and wet fall eruption phase; the tephra apron created by this event has 

been destroyed by the surrounding glacier as it was either deposited on ice or 

removed as the glacier re-advanced over the unconsolidated material. M6 erupted 

sometime after the wet phase of P3 stopped, as the vent isolated itself from the 

external water source, M6 represents the waning phases of the eruption. Tracing the 

cones from fissure 10, along strike to the NE they become increasingly ice-confined 

in morphology (see Chapter 5). 
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Figure 8. 7: Proximal Laki tephra aprons and internal layering and sub-units in medial Laki tephra in soil 

horizons. (1A) extensive black M5 apron tephra layer extending north-eastwards away from the green moss-

covered crater, outlined in (1B) with red for clarity, with the inset outline for (1C) indicated by a yellow box. 

(1C) A tephra pit through the edge of M5 explosive apron tephra fall deposit to the soil layer underneath, 3 

distinct layers with different grainsizes G1–3 (labelled) can be observed. (2A and B) Medial soil horizons in the 

Síða highlands, with coloured overlays highlighting distinct tephra magmatic (red) and phreatomagmatic (blue) 

sub-units within the Laki 1783–84 CE tephra layer, which are also labelled. Katla 1755 CE, Hekla 1845 CE, 

Katla 1918 CE and Grímsvötn 2011 CE are labelled for reference.  

 

8. 2. 3 Sample preparation (major elements, trace elements, Cu and Zn) 

 

All lava and tephra samples were selected to avoid visible biological material, then 

dried at 40C in an oven for 72 hours, following IVHHN guidelines for volcanic ash 

sample preparation, to remove water and biological material before being processed 

without causing compositional changes. Samples were visually inspected when dry, 

and any samples with signs of alteration that could not be separated from pristine 

glass were discarded. Only the glassy rind and immediately adjacent material from 

the lava flow selvages was crushed and processed. Lava samples were cut using a 

diamond blade rock saw, and suitable fragments were then crushed. At every stage 

of processing rock fragments with contamination from any metallic surface, e.g., 

hammer/rock saw were removed. The tephra samples were crushed by hand using an 

agate mortar and pestle.  
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8. 2. 3. 1 Sample powdering (Cu and Zn, traces and majors) 
 

Selected lava chips and crushed tephras were powdered using an agate ball mill at 

the rock preparation facility at Durham University. The mills were cleaned with 

water and then ethanol prior to and after running clean low-iron silica sand, this 

process is repeated between each sample. To pre-contaminate each ball-mill, a small 

quantity of sample was run for 5 minutes; this powder was agitated and discarded 

before the bulk sample was loaded and fully powdered (smooth when rubbed 

between a gloved finger and thumb).  

 
8. 2. 3. 2 Sample analysis, Major elements: 

 

Major element abundances, as well as CrO3 and NiO concentrations, in bulk rock 

powder samples were obtained by wavelength-dispersive X-ray fluorescence 

spectrometry (Philips PW 2400) at the Institute for Planetary Materials, University 

of Okayama following the methodology outlined by Takei (2002). This analysis was 

carried out on fused glass beads containing lithium tetraborate flux at a ratio of 10:1. 

The totals reported are corrected to loss on ignition (LOI). The international standard 

BCR was analysed 3 times at the start of the analysis and twice after every 10 

samples to track reproducibility and instrument drift. Two blank fused beads were 

also analysed at the start and the end of the analysis run. The Analytical errors 

(2 SD) for major element analysis were <5%.  

 

8. 2. 3. 3 Sample dissolution (Cu and Zn and traces) 

 

Eruptive products from both the 1783–84 Laki eruption and the 2014–15 event at 

Holuhraun contain potential small scale unavoidable heterogeneities inherent in 

natural samples. In the case of these basaltic lavas and tephras, they take the form of 

slight variations of: phenocrysts; immiscible sulfides; cryptic fragmentation induced 

incorporation of conduit material into vesicles in tephra samples; and sulfur rich melt 

stringers around phenocryst phases. Therefore, to ensure comparable data from each 

bulk rock powder aliquots for Zn, Cu, and trace elements were taken from the same 

digestion. All eruptive products, from both events, contained over 100 ppm for Cu 

and Zn; based on these ICP-OES concentrations (Halldorsson et al., 2018) and XRF 
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concentrations (Passmore, 2009), 60 mg of powder was digested for Zn and Cu 

stable isotope and trace element (ICP-MS) analysis collectively: 25 mg for Zn, 25 

mg for Cu and 10 mg for traces.  

 

The methodology, briefly summarised below, for the chemical purification of Zn in 

this study is outlined in detail by Moynier et al. (2006), and later adapted by Pons et 

al. (2011). Each sample was digested in concentrated HF and HNO3 at a ratio of 2:1 

ml in 7 ml PTFE Teflon screw cap beakers. They were then heated at 150 °C for 3 

days in-between a normal and reversed hot block to create oven like, equal, heat 

distribution. The samples were subsequently dried down, but not baked, to an opaque 

gelatinous consistency. Then 0.5 ml of HNO3 was added to the samples, which were 

refluxed at 120–150 °C overnight, before being dried down again. All samples were 

visually inspected using a binocular microscope before being evaporated at dryness 

to identify any anomalies in the digestion. At gel consistency, another 0.5 ml of 

HNO3 was added, and samples continued to dry down to a gel again. This step was 

added to ensure all HF had evaporated as HNO3 has a higher boiling temperature, 

and thus evaporates at a slower rate. This sequence of nitric acid reflux and dry 

downs inhibits the development of fluoride precipitates in the samples into which Zn 

would partition, causing mass fractionation. At this point 4 ml of concentrated (10.4 

M) HCl was added, and the sample residue refluxed for >24 hours at 120 °C; the 

samples were placed in an ultra-sonic bath intermittently to aid any potential fluoride 

precipitates that had formed into solution (although no precipitates were observed). 

When the sample was fully in solution in concentrated HCl it was aliquoted by mass 

for Zn, Cu and trace element analysis. The equivalent of 10 mg of sample solution 

was taken for traces, dried down, and then taken up in 0.5 M nitric to be stored in 1.5 

ml centrifuge tubes. 25 mg was taken for Cu analysis, dried down and stored in 7 ml 

Teflon beakers in 6 M HCl. For Cu, the samples are loaded onto the columns in 7 N 

HCl + 0.001% H2O2, the small amount of peroxide to ensure all the copper is present 

as Cu 2+. Because H2O2 can degrade over time, the samples are further dried down 

retaken up in HCl and peroxide just prior to column chemistry. For Zn, the sample 

was brought back up in 3 ml of 1.5 M HBr, ready to be loaded onto the columns.  
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Alongside the sample rock powders, 3 duplicates of international standards (BCR-2, 

BIR-1 and BHOV-1) were put through the digestion and column chemistry as well 

as 7 procedural blanks.  

 

8. 2. 3. 4 Sample analysis, trace elements: 

 

The sample trace element concentrations were measured at The Department of Earth 

Sciences, Durham University by Inductively Coupled Plasma-Mass Spectrometry 

(ICP-MS). The trace element aliquot was dried down and taken back up in 0.5 M 

HNO3 and spiked with 5 ppb In and Re and 20 ppb Be for use as internal standards. 

The spiked sample solutions were analysed on a Thermo Scientific X-SERIES-2 

quadrupole ICP-MS, which was calibrated at the beginning of each analysis against 

multi-element synthetic standards prepared from high purity single-element 

standards. The external reproducibility for the following elements is <5 %: Sc, Ti, V, 

Ni, Cu, As, Rb, Sr, Y, Cd, Sb, Ba, La, Ce, Nd, and <10% for the follow elements: 

Sm, Eu, Gd, Tb, Ho, Tm, Lu, Li, Co, Pr, Dy, Er, and Yb. Tables of the trace and 

element data for all samples are provided in the supplementary information 

(Appendix B: Holuhraun Traces and Laki Traces). Aliquots of international 

reference standards BCR -2, BHVO-1 and BIR-1 were analysed alongside the 

Icelandic basalt samples, giving elemental concentrations which agree well with 

other published studies (Herzog et al., 2009; Moeller et al., 2012). 

 

8. 2. 3. 5 Zinc Column Chemistry 

 

The quantitative separation of Zn was achieved on shrink fit Teflon columns by 

anion-exchange chromatography using 0.5 ml of pre-cleaned BioRad AG1-X8, 

(200–400 m mesh) resin. The resin was cleaned on the column by four alternating 

passes of 0.5 M HNO3, and Milli-Q (MQ) ultrapure (18.2 M) H2O. Finally, the 

resin was pre-conditioned by loading 3 ml of 1.5 M HBr. The sample solution (also 

in 3 ml of 1.5 M HBr) was added to the column, following which the matrix was 

eluted in 3 ml of 1.5 M HBr, leaving behind ZnBr3
-. Zn was then recovered from the 

column via elution in 0.5 M HNO3 which changes the speciation of Zn as it passes 

through the column to Zn2+, unbinding it from the resin and eluting it from the 

column. To ensure total purification of Zn from other sample matrix elements, each 



 313 

sample was passed through the columns twice. Two sample replicates were also 

prepared to assess the reproducibility of the procedure and analysis.  

 

8. 2. 3. 6 Copper Column Chemistry 

 

The quantitative separation of Cu was achieved by anion-exchange chromatography 

using pre cleaned AG MP-1 anion-exchange resin (100–200 mesh, chloride form). 

The resin was cleaned on the column by 3 alternating passes of both 0. 5 M HNO3 

and MQ. A final MQ pass is carried out after this pre-cleaning sequence before the 

column is pre-conditioned by loading 6 ml of 7 N HCl. The sample solution (1 ml of 

7 N HCl +0.001% H2O2) is then added to the column. The first stage of matrix 

cations (that is, those with a much lower affinity for the resin than Cu2+, e.g., Mg, Ti, 

Ni etc) are eluted in 7 ml of 7 N HCl +0.001% H2O2, the purified Cu2+ is then eluted 

in 20 ml of 7 N HCl +0.001% H2O2. After the complete recovery of Cu from the 

column, Fe and Zn are eluted from the column using the alternating pre-cleaning 

passes of HNO3 and MQ described at the start of the column procedure. This follows 

the original method outlined by Maréchal et al. (1999). As with Zn, the sample is 

passed through the columns twice to minimise the amount of matrix in the sample 

elute.  

 

For both Cu and Zn column chemistry, the sample recovery rate was greater than 

99%. Complete recovery for these column chemistry procedures is required to 

ensure the isotopic values measured are not the product of overprinted values due to 

procedural errors, e.g., fractionation on the column due to low elemental recovery 

(Maréchal et al., 1999). 

 

8. 2. 3. 7 Mass spectrometry analytical set up for Cu and Zn isotope measurements 

 

Zinc isotope ratio measurements were performed on a Thermo Scientific Plus MC-

ICP-MS at Durham University, running in low-resolution mode. The samples, in a 

0.5 M HNO3 solution, were introduced via a PFA 50 nebuliser attached to a glass 

ESI SIS spray chamber at an uptake of 50 μl/min, giving a signal of 12.5 V (per 

ppm). To correct for potential instrument mass-bias and isobaric interference of 62Ni 

on 64Zn, this study follows an established standard-sample bracketing and empirical 
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external normalisation method (Maréchal et al., 1999, Mason et al., 2004, Chen et 

al., 2013). Prior to analysis the sample concentrations are diluted to match the pure 

750 ppb AA-ETH Zn bracketing standard solution, and both are spiked with 70 μl of 

350 ppb pure ETH Cu solution. AA-ETH Zn is used as the bracketing standard 

instead of JMC-Lyon due to the limited supply of the latter (Archer et al., 2017). The 

ETH standard has been calibrated against the international reference standards JMC-

Lyon and IRMM-3702 and has an offset of 0.28 ± 0.02 ‰ for δ66Zn relative to JMC-

Lyon and is indistinguishable from IRMM-3702 (Archer et al., 2017). An offline Ni 

correction was applied to the data (Maréchal et al., 1999; Young, 2002; Chen, 2013) 

after it was Cu normalised (Mason et al., 2004). Values are reported in standard delta 

notation in per mil (eq. 1), and in keeping previous Zn isotope studies all data is 

published relative to the standard reference material JMC-Lyon this study follows 

suit with all δ66Zn data corrected by +0.28 ‰.  

 

δ66Zn = [(66Zn / 64Zn sample)/ (
66Zn / 64Zn JMC-Lyon)-1] x1000   eq. 1 

 

Each sample was analysed 3 times, with each measurement consisting of 30 cycles 

with an integration time of 3 seconds; an average of these 3 analyses is reported. 

IRMM-3702 was analysed every 10 samples, followed by the mono-component 

reference solutions Romil Zn A and B and a blank. The precision and accuracy of 

the methods were assessed using the international reference materials BIR-1, BCR-1, 

BCR-2 and BHOV-1 from UGSG, which, as stated previously were put through 

chemistry alongside the samples themselves undergoing the same method steps. The 

values obtained from these standards agree well with published data (Herzog et al., 

2009; Bigalke et al., 2010; Moeller et al., 2012; Telus et al., 2012; Chen et al., 2013; 

Chen et al., 2015; Sossi et al., 2015; Liu et al., 2016; Inglis et al., 2017; Wang et al., 

2017). 

 

Seven masses were monitored during analysis which used the following Faraday cup 

configuration: 

 

L3 L2 L1 C H1 H2 H3 

62 Ni 63 Cu 64 Zn 65 Cu 66 Zn 67 Zn 68 Zn 
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Copper isotope ratio measurements were performed on a Thermo Scientific Plus 

MC-ICP-MS at the University of St. Andrews running in low-resolution mode.  The 

samples, in 1 ml 0.23 M HNO3 solution, were introduced via an ESI microflow PFA 

nebuliser attached to a glass SIS spray chamber at an uptake of 75 μl/min, giving a 

signal of 4 V (on 63Cu and 60Ni, using 1011 Ohm resistors). As for Zn, to correct for 

potential instrument mass-bias of 64Ni, this study follows an established sample Ni 

doping, standard-sample bracketing, and empirical external normalisation method. 

The internationally certified reference standard for Cu ERM-AE633 was used as the 

internal bracketing standard during analysis; again, this is due to dwindling supplies 

of the previous international reference standard NIST SRM976. Prior to analysis, the 

sample concentrations were diluted to 75 ppb and doped with 200 ppb Ni. Each 

measurement consists of 22 cycles of 8.389 second integrations with a 3 second idle 

time. An offline log-normal Beta correction was applied to the measured Cu and Ni 

ratios, and a Ni interference correction was applied to the data; however, this did not 

change the data or its distribution or errors indicating that there was little Ni mass-

bias interference, consequently the values presented in this study are not corrected 

for Ni interference. Values are reported in standard delta notation in per mil (e.q. 2). 

All previously published Cu isotope data is given relative to the standard reference 

material NIST SRM796, and this study follows suit with all δ65Cu data corrected by 

-0.01‰ (the offset between ERM-AE633 and NIST SRM796) to enable comparisons 

between existing Cu isotope data (Moeller et al., 2012; Savage et al., 2015). 

 

δ65Cu = [(65Cu / 63Cu Sample /65Cu/63Cu NIST SRM976.) – 1] × 1000   e.q. 2 

 

The precision and accuracy of the methodology were assessed using the international 

reference materials BIR-1, BCR-1, BCR-2 and BHOV-1, BHVO-2 from UGSG; 

which as stated previously were put through chemistry alongside the samples 

themselves, and their values agree with the published data (Li et al., 2009; Bigalke et 

al., 2010, 2011; Moynier et al., 2010; Chen, 2014; Chen et al., 2013; Savage et al., 

2015) 
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Cup configuration: 

 

L3 L1 C H1 H2 H3 

60 Ni 62 Ni 63 Cu 64Ni/64 Zn 65 Cu 66 Zn 

 

The isotopic compositions of international standard reference materials (USGS) 

BIR-1, BHOV-1 and BCR-1 and -2 analysed in this study agree well with published 

values (Table 8. 6) (e.g., Herzog et al., 2009; Bigalke et al., 2010; Moeller et al., 

2012; Telus et al., 2012; Chen et al., 2013; Sossi et al., 2015; Liu et al., 2016; Inglis 

et al., 2017; Wang et al., 2017; McCoy-West et al., 2018). 

 

The reagents used to digest the silicate rock powders were distilled by sub-boiling at 

The Arthur Holmes laboratory facility Durham University using Teflon stills with 

the exception of ultra-pure (UpA) HBr, which was obtained from Romil. The total 

procedural blank from these in-house reagents and the facility was measured on the 

MC-ICP-MS at Durham University, using a PFA50 nebuliser and cinnabar spray 

chamber with an uptake of 90 μl/min, giving Zn concentrations between 4.0–9.8 ng. 

These variations are negligible as >100 μg of Zn was processed for each sample. The 

presence of variations in the blank are thought to be explained by the presence of 

small quantities of a Zn rich compound found in the plastic items used in the clean 

laboratory, such as gloves or pipettes, and not due to variations in the purity of the 

reagents used.  

 

8. 3 Results 

 

Bulk whole-rock major, trace element, and Cu and Zn isotope data for Laki and 

Holuhraun are reported in Tables 8. 2–8. 5 respectively, the complete data set is 

presented in the supplementary material (see supplementary data, appendix B: 

Holuhraun Isotopes and Laki isotopes). The uniform geochemistry of the lavas and 

tephra, both temporally and spatially, of these two FL events yield, unsurprisingly, 

minimal variation in major element abundances in the 88 samples analysed (51 for 

1783–84 CE Laki and 42 for 2014–15 CE Holuhraun) (Tables 8. 2–8. 5). Trace 

element variations in both the tephra and lava samples from both eruptions span a 
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typical range of Icelandic sub-aerial OIB basalts, with Zn and Cu concentrations for 

both eruptions in the range of 85–200 ppm for both Zn and Cu. 
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Table 8. 2: Holuhraun tephra Cu and Zn isotopic variations. Holuhraun explosive and cone tephra Zn and Cu isotopic variations, alongside selected elemental concentrations and major element 

contents. / Indicates no δ65Cu values or major/trace element concentrations for this specific sample.  

 

 

 

 

 

 

 

 

 

Sample Name Days into 

eruption 

Type δ66Zn 2 SD δ65Cu 2SD Zn 

(ppm) 

Cu 

(ppm) 

SiO2 

(wt%) 

MgO 

(wt%) 

H10 (-1) Explosive tephra 0.161 0.021 / / 98.00 150.20 / / 

ÁH 010914-01 1 Explosive tephra 0.197 0.026 0.07 0.08 89.62 138.00 49.73 6.89 

SS 020914 2 Explosive tephra 0.189 0.029 0.05 0.05 127.5 194.30 49.86 6.86 

JAS 040914-001 4 Explosive tephra 0.148 0.018 / / 98.86 150.50 50.49 6.77 

WM 1496-2 T 6 Explosive tephra 0.187 0.029 0.08 0.04 94.57 143.60 49.90 6.82 

WM 1496-2 Pele’s H/T 6 Explosive tephra 0.128 0.039 0.08 0.05 94.17 122.80 52.88 5.73 

BAÓ 07092014-3 7 Explosive tephra 0.157 0.050 0.08 0.02 / / 49.92 6.89 

WM 1499-2 9 Explosive tephra 0.173 0.038 / / 99.27 147.20 49.77 6.95 

BAÓ 170914-01 17 Explosive tephra 0.159 0.070 0.13 0.04 118.0 171.10 49.52 6.90 

BAÓ 210914 (67) T 21 Explosive tephra 0.182 0.022 / / 98.74 159.60 49.35 6.97 

TTJIJCG 081014-02 38 Explosive tephra 0.213 0.034 0.06 0.03 97.76 148.60 49.77 6.91 

MSR 161014-03  46 Explosive tephra 0.157 0.022 / / 113.2 164.30 49.63 6.89 

MSR 161014-03 repeat 46 Explosive tephra 0.150 0.029 / / 113.2 164.30 49.63 6.89 

MSR 291014-1 59 Explosive tephra 0.183 0.002 / / 99.76 152.10 49.75 6.94 

TTCG 041114-02 Snow 65 Explosive tephra 0.246 0.002 / / 98.43 142.20 49.80 6.89 

MSR 12112014-1 73 Explosive tephra 0.215 0.013 0.16 0.04 94.15 139.10 49.89 6.93 

PN 120215-01 165 Cone tephra 0.145 0.033 0.07 0.01 94.80 142.30 49.46 6.98 
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Sample ID Date 

emplaced 

Type δ66Zn 2 SD δ65Cu 2SD Zn 

(ppm) 

Cu 

(ppm) 

MgO 

(wt %) 

SiO2 

(wt%) 

Sýni 81 0 Active lava 0.163 0.009 0.07 0.03 99.62 156.30 6.97 49.52 

RCPW-2 1 Active lava 0.168 0.020 0.09 0.04 104.20 164.60 6.95 49.43 

JG 040914-03 4 Active lava 0.199 0.038 0.08 0.04 98.52 152.10 6.92 49.57 

06092014-08 6 Active lava 0.245 0.031 0.04 0.05 107.80 168.80 6.96 49.50 

BAJ 07092014-5 7 Active lava 0.229 0.020 0.08 0.07 131.80 198.00 6.89 49.92 

ÁH 170914-03 17 Active lava 0.166 0.045 0.06 0.03 112.20 168.40 6.96 49.39 

BAÓ 210914-1 21 Active lava 0.185 0.013 / / 111.40 169.60 6.90 49.45 

WM 231014-01 53 Active lava 0.179 0.014 / / 106.50 163.30 6.94 49.59 

JG 111114-01 72 Active lava 0.189 0.010 0.14 0.03 97.64 148.80 6.97 49.29 

MSR 271114-02 88 Active lava 0.209 0.017 / / 112.50 170.90 6.95 49.21 

ÁH 141209-04 105 Active lava 0.188 0.025 0.07 0.01 109.80 165.80 / / 

MSR 180115-1 140 Active lava 0.214 0.033 / / 104.20 158.00 6.98 49.43 

MSR 280115-02 150 Active lava 0.249 0.053 / / 103.10 159.60 7.04 49.48 

20150215#1 168 Active lava 0.215 0.005 / / 100.10 149.30 6.96 49.27 

MSR 170215-1 170 Active lava 0.206 0.014 / / 101.60 155.50 6.93 49.30 

Baugur Base 88 Resurface L 0.241 0.025 0.19 0.04 93.31 134.40 6.94 49.38 

20160815-002 Spatter 105 Resurface L 0.261 0.025 / / 98.62 137.50 6.89 49.54 

20160815-003  140 Resurface L 0.255 0.030 / / 88.75 129.30 6.98 49.34 

20160815-006 150 Resurface L 0.261 0.030 / / 103.60 158.50 / / 

20160815-007 168 Resurface L 0.262 0.019 / / 94.83 145.90 6.96 49.40 
 

Table 8. 3 Holuhraun lava Cu and Zn isotopic variations. Holuhraun active and post eruption lava sample Zn and Cu isotopic variations, alongside selected elemental concentrations and major 

element contents. / Indicates no δ65Cu values or major/trace element concentrations for this specific sample.    
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Table 8. 4 Laki tephra Cu and Zn isotopic variations. Laki explosive and cone tephra Cu and Zn isotopic variations, alongside selected elemental concentrations and major element contents. / 

Indicates no δ65Cu values or major/trace element concentrations for this specific sample.  

  

Sample Name Days into 

eruption 

Type δ66Zn 2 SD δ65Cu 2SD Zn 

(ppm) 

Cu 

(ppm) 

SiO2 

(wt%) 

MgO 

(wt%) 

M1 1 Explosive tephra 0.146 0.007 0.17 0.07 119.9 101.20 49.77 5.67 

M2 T 6 Explosive tephra 0.250 0.058 0.20 0.04 125.9 103.20 49.69 5.63 

P1  17 Explosive tephra 0.270 0.031 0.13 0.04 133.6 115.00 49.54 5.65 

M3 -011 T 31 Explosive tephra 0.260 0.011 -0.07 0.03 120.9 104.70 49.75 5.63 

M1–3_P1 cone 34 Cone tephra 0.204 0.008 0.33 0.06 119.3 97.80 49.49 5.58 

M4 Base 78 Explosive tephra 0.236 0.022 0.41 0.03 114.6 92.14 49.69 5.64 

M4 middle 80 Explosive tephra 0.261 0.021 0.30 0.04 105.3 86.84 49.63 5.63 

M4 Top  84 Explosive tephra 0.273 0.016 / / 128.8 108.00 49.78 5.63 

M5 (G3) 91 Explosive tephra 0.157 0.022 0.07 0.02 154 128.80 49.48 5.63 

M5 (G2) 94 Explosive tephra 0.150 0.029 0.10 0.05 119.7 102.70 49.75 5.62 

M5 (G2) Repeat 94 Explosive tephra 0.243 0.021 / / 119.7 102.70 49.75 5.62 

M5 (G1) 97 Explosive tephra 0.271 0.028 0.15 0.04 119.9 101.60 49.70 5.58 

F9  110 Cone tephra 0.203 0.027 0.24 0.01 100.10 149.30 49.45 5.56 

P3 Cone phase 138–140 Cone tephra 0.201 0.002 / / 121.9 103.00 50.05 5.57 

M6  >140 Cone tephra 0.201 0.038 0.16 0.04 134.3 119.20 / / 
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Table 8. 5: Laki lava Cu and Zn isotopic variations. Laki lavas, sub-categories used throughout this chapter indicated under type: early arrival; highland; Skaftá gorge; lowland; and rootless 

cones. Alongside the estimated date of emplacement (using Thordarson and Self, 1993) and their corresponding Cu and Zn isotopic variations, selected elemental concentrations and major 

element contents. / Indicates no δ65Cu values or major/trace element concentrations for this specific sample.  

 

 

 

 

 

 

Sample Name Days into 

eruption 

Type δ66Zn 2 SD δ65Cu 2SD Zn 

(ppm) 

Cu 

(ppm) 

SiO2 

(wt%) 

MgO 

(wt%) 

Hrossatunga ‘A’ā  – 01 6 Early lava 0.167 0.025 0.15 0.01 110.1 92.6 49.590 5.623 

Bugar 48 Early lava 0.126 0.024 / / 153.40 126.60 49.538 5.647 

Grænháls-Brattland 66 Early lava 0.166 0.019 / / 105.10 91.75 49.533 5.617 

Hrossatunga ‘A’ā  - 03 4 Highland Lava 0.288 0.017 / / 111.5 92.04 49.423 5.669 

Leiðólfsfell-2 10 Highland Lava 0.278 0.022 / / 117 98.71 49.746 5.612 

Stakfell below RC 54 Highland Lava 0.254 0.003 0.14 0.06 120.8 103.1 49.701 5.611 

Stakfell above RC 60 Highland Lava 0.243 0.009 / / 152.4 132.8 50.655 5.742 

M1-3 +P1 111016-002 4 Highland Lava 0.266 0.019 / / 122.30 104.70 49.632 5.698 

M1-3 +P1 131015-003a 12 Highland Lava 0.257 0.004 / / 133 107.9 49.674 5.602 

M4/P2 180916-013 66 Highland Lava 0.263 0.054 / / 117.7 94.21 / / 

M5/F8 190916-017 >94 Highland Lava 0.238 0.036 / / 122.1 95.59 / / 

F9-10 phh channel -008 >105 Highland Lava 0.275 0.021 / / 120.8 103.9 49.577 5.623 

P3/M6 101016-003  >140 Highland Lava 0.269 0.011 / / 129.5 108.7 49.628 5.689 

190814-003 Flow 2 top  91 Skaftá Gorge N 0.242 0.014 / / 117.3 100.8 / / 

190814-001B (Selv) 60 Skaftá Gorge N 0.232 0.018 / / 118.8 101.5 49.669 5.687 

190814-001C (Selv) 51 Skaftá Gorge N 0.263 0.017 / / 137.4 119.4 49.883 5.599 

Skál 6 Lowland lava 0.236 0.072 0.11 0.03 132.80 113.30 49.458 5.639 

Svínadalur- Múli 10 Lowland lava 0.241 0.001 / / 126.80 106.30 49.582 5.605 

Efri-fljótar Krókur 161017-01 16 Lowland lava 0.243 0.029 0.11 0.09 120.70 102.90 49.613 5.655 

Gráhóll ‘A’ā 23 Lowland lava 0.298 0.068 0.11 0.09 108.60 91.91 49.650 5.631 

Gráhóll ‘A’ā með Skaftá fast OB 35 Lowland lava  0.234 0.009 0.17 0.02 113.80 96.95 49.620 5.662 

Eyjunni Á Skaftá 43 Lowland lava 0.244 0.018 / / 118.10 101.50 49.783 5.649 

Hraunból 54 Lowland lava 0.252 0.062 / / 128.30 106.60 50.025 5.571 

Brúnná 91 Lowland lava 0.287 0.031 0.19 0.04 115.80 99.31 49.498 5.732 

Eldvatnkrókur 143 Lowland lava 0.262 0.011 / / 125.20 106.30 49.830 5.631 

Stakfell 001A+B 54 Rootless cone 0.279 0.03 / / 168.2 142.8 49.751 5.616 

Innrieyrar-Eldborgarraðir 025 91 Rootless cone 0.268 0.012 0.18 0.05 167.6 139.3 49.777 5.569 
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USGS st. d66Zn- norm (JMC-Lyon corrected) 2sd 

BIR-1 0.26 0.26 

BIR-1 0.25 0.25 

BIR-1 0.22 0.22 

BIR-1 0.23 0.23 

BHVO-2 0.26 0.26 

BHVO-1 0.31 0.31 

BHVO-1 0.28 0.28 

BCR-2 0.25 0.25 

BCR-2 0.22 0.22 

USGS st. d65 Cu- Ni norm (NRST corr) 2sd 

BHVO-2 0.09 0.04 

BHVO-2 0.10 0.05 

BHVO-2 0.13 0.02 

BHVO-2 0.11 0.04 

BHVO-2 0.13 0.05 

 
Table 8. 6: International standards Zn and Cu isotopic ratios during analytical runs
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When compared, the 2014–15 CE Holuhraun lava and tephra have, on average, 20 

ppm higher Cu contents than those of 1783–84 CE Laki eruption, driven by the 

greater proportion of sulfides in the Holuhraun samples. On the other hand, the 

1783–84 CE Laki lavas have 30–70 ppm higher Zn contents than the 2014–15 CE 

Holuhraun lavas, which is in keeping with 1783–84 CE Laki having marginally 

higher proportions of olivine phenocrysts. Concentration plots of Zn against 

immobile and incompatible elements such as Nb initially give an R2 of around 0.7. 

However, when the tephra and lavas are separated into physical volcanological sub-

groupings the R2 values of Zn against Nb are >0.96 for both eruptions (see 

supplementary data, appendix B: Laki Traces). This strongly suggests that the Zn 

concentrations in the 250-year older 1783–84 CE Laki lavas have been little affected 

by weathering and other processes that control the Zn content in lava and tephra 

samples.  

 

For both the 2014–15 CE Holuhraun and 1783–84 CE Laki eruptive products, Cu 

and Zn concentrations show a strong correlation, with an R2 of >0.85 for the 

Holuhraun eruptive products and >0.93 for Laki eruptive products. Temporal Cu and 

Zn concentrations for the 2014–15 CE Holuhraun tephras and lavas alike display no 

correlation (Figures 8. 8 and 8. 9). However, there is an intriguing trend of two 

distinct Pb concentration trends in the Holuhraun lavas and tephras throughout the 

eruption when compared to Zn concentrations which do not vary temporally or 

spatially; however, when investigated further, this is an artefact of ICP-MS analysis 

and not associated with a particular batch sample digestion, giving false trends. 

Other trace elements have not been affected by these analytical errors and thus just 

the Pb data is discarded.  

 

A similar trend of Pb against Zn exists in the Laki lavas and tephras; again, this is 

not associated with spatial and temporal variations, and again this is again due to 

analytical errors and not associated with a particular batch digestion as the Laki and 

Holuhraun samples were analysed at the same time. Unlike the lavas and tephra from 

Holuhraun, the Laki lavas and tephras show two distinct peak periods in Zn and Cu 

concentration at 50–60 days into the eruption and 85–95 days into the eruption but 

with no general temporal correlation (Figure 8. 8). 
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Figure 8. 8: Trace element temporal changes and co-variations in Holuhraun 2014–15 CE tephras and lavas. Selected trace element co-variation plots (left-hand side) and temporal 

variations in trace element plots (right-hand side) for the Holuhraun eruptive products: lavas (red boxes); explosive tephras (orange triangles); and Pele’s hair (yellow triangle).  
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Figure 8. 9: Trace element temporal changes and co-variations in Laki 1783–84 CE tephras and lavas. Selected trace element covariation plots (left-hand side) and temporal 

variations in trace element (right-hand side) of the Laki eruptive products, lavas are shown in squares and tephras in triangles; see legend for details. The lavas are broken up into the 

subcategories: early, highland, lowland, Gráhóll Skaftá fast-moving break out, and Skaftá gorge N sequence. 
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For the 2014–15 CE Holuhraun eruptive products comparison of Cu and Zn 

concentrations against MgO (wt%) show no correlation (see supplementary material, 

appendix B: Holuhraun Traces, Holuhraun Majors and Holuhraun Isotopes). 

However, when isolating the Laki 1783–84 CE eruptive products into sub-groups: 

the cone tephra of the cone-row and first lavas N and S display strong covariance in 

Zn or Cu against MgO content with R2 >0.97. The lowland lava arrivals, highland 

lavas and rootless cones display no systematic variation of Zn and Cu concentrations 

with MgO content (see supplementary material, appendix B: Holuhraun Traces, 

Holuhraun Majors and Holuhraun Isotopes). In all of these cases, the MgO content 

displays an extremely narrow range, well within analytical error (Tables 8. 2 and 8. 

3).  

The ranges of trace element values and isotopic variations versus MgO content are 

discussed below, despite the narrow range found in MgO which is well within 

analytical error. These trends are not statistically robust, but with future analysis 

these data sets and potential trends can be added to.  

 

8. 3. 1 Copper and Zinc isotopic signatures  

 

The isotopic data obtained for all eruptive products from both events fall on a mass-

dependant fractionation line of R2 = 1, e.g., 68/64Zn /δ66/64Zn = 1 and 65Cu/63Cu = 1 

signifying that there are no artificial signatures due to sample processing causing 

mass-independant fractionation, or isobaric interferences for either isotope system 

during analysis. The 2014–15 CE Holuhraun and 1783–84 CE Laki lava and tephra 

samples have slightly heavier δ65Cu when compared to BSE δ65Cu 0.07 ± 0.10 ‰ 

(Savage et al., 2015) and moderately lighter δ66Zn when compared to BSE δ66Zn 

0.28 ± 0.05 ‰ (Chen, 2014) and MORB/OIB δ65Cu 0.06 ± 0.06 ‰ (Savage et al., 

2015) and δ66Zn 0.28 ± 0.06 ‰ (Liu et al., 2016) (Figures 8. 10 and 8. 11).  

 

Initial values obtained from samples from both events demonstrate that both isotope 

systems display a high degree of scatter around the mean value for MORB with no 

distinct temporal or geochemical isotopic trends (see supplementary data, appendix 

B: Holuhraun Isotopes). However, when samples from each eruption are grouped in 

accordance with volcanological parameters such as tephra versus lava, temporal 
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variations dictated by vent activity, and lava channel development, trends and subtle 

covariations do emerge from the data. Due to sub-dividing the data sets for each 

eruption in this way, only some of the trends have enough samples within their sub-

groups to be statistically robust.  

 

Figure 8. 10: Caltech δ66Zn comparison plot of samples with existing data sets. Existing δ66Zn data pertinent to 

this study displayed in Caltech plot: δ66Zn variations of all existing published basaltic volcanics and peridotite 

samples, with their 2sd errors indicated by black lines, are displayed on the x-axis and spaced arbitrarily on a 

valueless y-axis (see supplementary data, appendix B: Zn Caltech Plot). BSE is indicated by the bold line at 

δ66Zn 0.28 ± 0.06 ‰ (Wang et al., 2017), the range for MORB, within a 2sd error, is shown as an elongated grey 

box; dashed lines at δ66Zn 0.31 ± 0.09 ‰, and 0.18 indicate the average values obtained for OIB and peridotites 

(Wang et al., 2017). 
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Figure 8. 11: Caltech δ65Cu comparison plot of samples with existing data sets. Existing δ65Cu data pertinent to 

this study displayed in Caltech plot: δ65Cu variations of all existing basaltic volcanics and peridotite samples with 

their 2sd errors indicated by black lines, are displayed on the x-axis and spaced arbitrarily on a valueless y-axis 

(see supplementary data, appendix B: Cu Caltech Plot). BSE is indicated by a dashed black line at δ65Cu 0.07 ± 

0.10 ‰ (Savage et al., 2015), the range for OIB/MORB within 2sd error is shown as an elongated grey box δ65Cu 

0.06 ± 0.06 ‰ (Savage et al., 2015).  
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8. 3. 1. 1 Zn isotope variations: 

 

8. 3. 1. 1. 1 Holuhraun 2014–15 CE 

 

The Holuhraun eruptive products have a total range in δ66Zn from 0.128–0.262. The 

heavier δ66Zn values are predominantly seen in the lavas sampled after the eruption 

had finished, which capture late-stage resurfacing events of the flow field (Pedersen 

et al., 2017), which range from 0.241–0.262 δ66Zn. The samples collected 

throughout the eruption which represent tephra fall and active flow break-outs have a 

total δ66Zn range from 0.128–0.249, when this is sub-divided further, the lavas span 

a range of 0.163–0.249 δ66Zn and the tephras a larger range from 0.128–0.246 δ66Zn 

including a Pele’s hair (0.128 δ66Zn) and cone tephra sample (0.145 δ66Zn). If the 

latter two are removed, the explosive phase tephra spans a slightly smaller range 

from 0.148–0.246 δ66Zn; however, this is still a greater range than the lavas due to 

more samples having lighter δ66Zn values (see Table 8. 2 and 8. 3). 

 

Holuhraun lavas: Display two statistically resolvable trends towards heavier δ66Zn 

with time (Figure 8. 12) in the actively sampled lava flows, which correlate well 

with a distinct change in mass-discharge rate and eruptive behaviour at the vent, and 

a change in the channel system observed on-site. A very strong covariance trend, 

with an R2 of 0.9089 (although statistically weak as it is defined by 5 data points) 

exists between an increasingly heavier δ66Zn in the lavas and days from the initiation 

of the eruption, which is also a proxy for distance from the vent and time spent in the 

transport system for the first 10–16 days of the eruption, suggesting an increase in 

the oxidised volatile loss of light Zn (Figure 8. 12). This phase of eruptive activity 

correlates with the first waxing mass eruption rate (MER), and discharge rate, peak 

phase from the 31 August–9 September (Bonny et al., 2018; also see Chapter 5). 

However, the trend does not correlate with the overall variations in Zn or Cu trace 

element content (Figures 8. 8 and 8. 12). From 10 September onwards, the MER 

exponentially decreases until 15 September, where it declines to its lowest flux since 

the first days of the event, and the eruption almost stopped. However, from 17 

September onwards, the MER displays another waxing phase, peaking on 20 

September before entering into a steadily decreasing MER phase until the eruption 

ended in February 2015 (Figure 8. 12). This second period from 17 September–27 
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February displays a clear, statistically weaker, covariance of δ66Zn increasing with 

time, with an R2 of 0.6746 again suggesting an increase volatile loss of light Zn with 

time. However, this time, it does not correlate with distance of the active lava fronts 

from the vent, as from 15 September onwards, the channel system branches creating 

a compound flow field with different transport systems active at different time 

periods, and also cases of older transport system reactivation later on in the eruption 

(Pedersen et al., 2017; Figure 8. 3). This trend of increasing 66Zn occurs over a much 

longer timescale, 160 days, indicating at least some change in the transport system as 

partial channel insulation starts to occur. When viewed as a whole, the active lavas 

display no covariance (with an R2 0.2272). There is no corresponding trend of δ66Zn 

with Zn or Cu content in the molten and rapidly water quenched or recently naturally 

air quenched lava selvages. Likewise, there is no observable temporal trend in the 

post-eruption samples from transect of a lava flow outbreak which occurs as a direct 

resurfacing event, starting from the older levees of main active channel, and again no 

covariance trend of δ66Zn with Cu and Zn content. Nevertheless, samples that were 

taken from the first surface outbreak itself display the lightest δ66Zn, when compared 

to the older ‘A’ā channel levees, the resurfacing outbreak then develops a clear 

surface morphology with values moving towards a heavier δ66Zn; however, this 

increase is only shown by 3 data points and therefore is not statistically robust. This 

sampling transect, considering all samples and secondary spatter collected from 

closer to Baugur, exhibits a moderate trend towards heavier δ66Zn with increasing 

MgO of R2 0.7742 (Figure 8. 12); which could be due to the slight increase in olivine 

content in these later stage magmas, or a slightly more evolved melt chemistry, 

feeding the system towards the end of the eruption. Field and hand sample 

observations indicate that lava flows with a higher microlite content are produced 

towards the end of the eruption. At this stage the flow field is fed entirely from a 

rolling boil lava pond, undergoing convection and over-turning processes, creating 

an environment where crystals that were once microlite in size (<100 m) mature 

and grow; as well as further degassing induced crystallisation generating a new 

microlite phase. This lava then slowly drains into the flow field through the transport 

system, to feed late-stage lavas flows. From November onwards more viscous lava 

flow types dominate the active flow portions of the Holuhraun flow field (Pedersen 

et al., 2017; Table 8. 1), and these are very microlite crystal-rich and observed to 
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have a marginally higher FLIR derived temperature (attributed to the latent heat of 

crystallisation) than other viscous flows, e.g., ‘A’ā (IES eruption team field 

observations; Table 8. 1). An increase in the macrocryst content of the Holuhraun 

magma also occurred towards the very end of the eruption, with crystal mush 

xenocrysts also observed more frequently in hand-samples (C. R. Gallagher and K. 

W. Burton field observations).  

 

Holuhraun tephras: display no resolvable δ66Zn trends either temporally or with Zn 

and Cu concentration or MgO content, although where tephra-lava sample pairs from 

the same day exist, the tephra always preserves a marginally lighter δ66Zn (but 

within analytical uncertainty). The δ66Zn values also generally become heavier with 

time in the explosive tephra phases, with the cone building phase tephra displaying a 

much lighter δ66Zn value. The Pele’s hair sample (produced by the most vigorous 

vent activity, 6 September) gives the lightest δ66Zn value and the lowest MgO, CaO, 

Al2O3, and FeOt contents, as well as the highest SiO2 content (Table 8. 2 and 

supplementary material, appendix B: Holuhraun Isotopes). This is due to the lack of 

phenocryst phases in the Pele’s hairs samples, dictated by processes such as inertia, 

shearing, and strain acting upon the melt at fragmentation, which were highest 

during the highest MER phases; resulting in the highest explosive intensity of 

Holuhraun 2014–2015, that produced Pele’s hairs which have a very thin diameter. 

This sample drives a very weak covariation of δ66Zn and MgO content (R2 0.5502), 

in the early September tephras, which once removed do not display any covariation. 

 

8. 3. 1. 1. 2 Laki 1783–84 CE 

 

The Laki eruptive products have a total range in δ66Zn from 0.126–0.298. This range 

of δ66Zn values is predominantly dictated by lavas and rootless cone samples; 

however, the limited number of rootless cone samples have a narrow range in δ66Zn 

compared to the lavas. The latter of which have a large range, from 0.126–0.298 

δ66Zn, when samples from across the entire flow field are grouped together. Three 

particular lava flows sampled during the field campaign (Hrossatunga ‘A’ā -01, 

Bugar and Grænháls-Brattland; see Figure 8. 4) were emplaced by early peak 

discharge, explosive vent activity, and display the lightest δ66Zn ranging from 0.126–

0.167 (Figure 8. 13). Isolated sub-divisions of highland and lowland lavas display 
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very similar ranges in δ66Zn, with highland lavas spanning the range of 0.238–0.288 

compared to 0.234–0.298 for the lowland lavas. Tephra fall spans a total range in 

δ66Zn from 0.146–0.271, when this is subdivided into the highest eruptive intensity, 

explosive phase, apron tephra, the range stays the same; however, when the cone 

tephra sub-group is isolated a narrow range from 0.201–0.204 δ66Zn is observed, 

although from a limited number of samples (Figure 8. 13).  

 

Laki lavas: display clear vent activity related isotope signatures, initial lavas 

produced by an emergent curtain of fire active across a new fissure opening episode, 

these first lavas have a light δ66Zn signature. In contrast, lavas fed by explosive 

activity phases, from established vents, display heavier δ66Zn values. This trend 

exists regardless of distance from the vent, with highland and lowland (Síða district) 

lavas emplaced during periods of explosive activity, when the related June-July lava 

flow fronts are isolated (Figure 8. 13). When the first lavas, the Skaftá gorge 

sequence, lowland lavas and highland lavas are considered separately, none of these 

sample sub-groups display a resolvable temporal trend in δ66Zn. However, these lava 

samples do display good statistical trends of increasingly lighter δ66Zn with 

increasing Zn content (Figure 8. 13) and Cu content (see supplementary data, 

appendix B: Laki Isotopes). The first lavas display strong trends of decreasing δ66Zn 

with increasing Zn concentration (R2 of 0.9853) and MgO content (R2 of 0.9610), 

although they are a limited sample population size. The Skaftá gorge sequence lavas, 

lowland and highland lavas do not show a covariance of δ66Zn with MgO content, 

and none of the Laki lavas display temporal trends of δ66Zn. However, strong trends 

exist with increasingly lighter δ66Zn with higher elemental Zn content; in particular, 

the first lavas and Skaftá gorge sequence displays this trend well (R2 of 0.9853 and 

0.8623 respectively), with moderate trends displayed by the highland lavas (R2 of 

0.6395) and lowland lavas (R2 of 0.6184). It should be noted here that whilst the 

Skaftá gorge and first lavas are of a limited sample number, the lowland and 

highland lava sub-groups contain between 8–10 samples and are thus more 

statistically robust.  

 

Laki tephras: display a clear temporal trend when considered in terms of their 

individual explosive fissure opening phases, each starting with lighter δ66Zn values, 

which become heavier with time; however, there is no corresponding trend for δ66Zn 
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values against Zn or Cu concentrations with time (Figure 8. 13). The temporal 

variations are stronger for individual apron tephra phases, e.g., M4 and M5 (R2 of 

0.8715 and 0.8364 respectively), whereas where this detail of sampling was not 

possible in the S. fissure M1–3+P1 displays a very weak covariation (R2 of 0.4597). 

The cone tephras do not display a trend towards lighter δ66Zn with time, but there is 

a strong covariance of the δ66Zn with vent deposit activity through different eruptive 

phases with time (Figure 8. 13). The trend is always the same: each separate eruptive 

phase starts with lighter δ66Zn values, which get heavier with time as the fissure 

activity eventually wanes; this trend occurs not only with time but also with Zn and 

Cu content (Figure 8. 13). Cone tephra values, taken from 10 cm below the cone 

surface, to avoid surface weathering, each represent the waning period of activity at 

the vent in question give a surprisingly consistent light δ66Zn value of 0.201–204 

δ66Zn for all 4 cone samples analysed, which doesn’t change with time (R2 of 

0.8560). When these narrow δ66Zn values are compared to variations in Zn and MgO 

content, they display no covariance trends (Figure 8. 13). 
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Figure 8. 12: Holuhraun δ66Zn variations, temporal and key major and trace covariations in lavas and tephras. Holuhraun eruptive product δ66Zn variations displayed temporally (left-

hand plots) isolated by their sub-categories, all errors are 2sd. The top left-hand plot display temporal δ66Zn tephra variations: explosive tephra (orange triangles); Pele’s hair (yellow 

triangle); and cone tephra (red triangle). The left-hand middle plot displays temporal δ66Zn variations in active lava (red squares) and post-eruption resurfacing lavas (dark red 

squares). The bottom left-hand plot only displays δ66Zn variations for temporal tephra and lava pairs that exist within the data set; samples without a pair were excluded for clarity. 

The right-hand plots display the same sub-categories of eruptive products and their δ66Zn variations against selected trace element (top and upper middle plots) or major elements 

(upper middle and bottom plots). 
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Figure 8. 13: Laki δ66Zn variations, temporal and key major and trace covariations in lavas and tephras. Laki eruptive products δ66Zn variations displayed temporally (left-hand plots) 

isolated by their sub-categories, all errors are 2sd. The top left-hand plot displays temporal δ66Zn tephra variations: explosive tephra (green triangles) and cone tephra (orange 

triangles). The bottom left-hand plot displays temporal δ66Zn variations in the Laki lavas. Sub-categories are as outlined before for previous figures, see legend for details. The right-

hand plots display the same sub-categories of eruptive products and their δ66Zn variations against selected trace element (top and upper middle plots) or major elements (lower 

middle and bottom plots) 
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8. 3. 2. 1. Cu isotope variations: 

 

8. 3. 2. 1. 1. Holuhraun  

 

The Holuhraun eruptive products have a total range in δ65Cu from 0.03–0.19. When 

this is sub-divided into separate ranges for lavas and tephras, these display a near 

identical range within error: the lavas have a range in δ65Cu from 0.04–0.19 and the 

tephra have a range in δ65Cu from 0.03–0.17 within which the Pele’s hair sample 

falls at 0.07 (Table 8. 3).  

 

Holuhraun lavas: display a moderate temporal trend towards heavier δ65Cu values 

(R2 of 0.6177), as well as a strong trend of lighter δ65Cu values with increasing Cu 

content (R2 of 0.8860) (Figure 8. 14); the same, statistically weaker, trend exists with 

Zn content (see supplementary data, appendix B: Holuhraun isotopes). There is no 

trend of δ65Cu values with MgO content for the lava samples.  

 

Holuhraun tephras: If the cone tephra sample is excluded, there is no statistically 

robust temporal variation of δ65Cu (R2 of 0.3976), which is similar to the 

observations for δ66Zn in the tephra samples. However, as with the lavas, the δ65Cu 

values of the tephras indicate a tendency towards increasingly heavier δ65Cu with 

time. When the cone tephra is included in the data set, unlike for δ66Zn, the trend of 

increasingly heavier δ65Cu with time is moderate (R2 of 0.6220). Notably, the Pele’s 

hair sample has a heavier δ65Cu than both the tephra and lavas sampled during this 

more vigorous fountaining phase. A strong covariance of heavier δ65Cu and 

increasing MgO, Al2O3, and CaO content exists in the explosive tephra samples if 

the Pele’s hair sample is excluded (Figure 8. 14; see supplementary material 

appendix B: Holuhraun Isotopes), e.g., R2 of 0.7420 for MgO content. 

 

When the tephra and lava pairs are isolated from the other analysed samples, the 

temporal trends towards heavier δ65Cu are stronger; the tephra displays an R2 of 

0.6957 and the lavas an R2 of 0.8441. The lavas initially have lighter δ65Cu values 

than the tephras, although this is within analytical error (Figure 8. 14). 
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8. 3. 2. 1. 2 Laki 

 

The Laki eruptive products have a wide range in δ65Cu from -0.07–0.41, which is 

driven entirely by the Laki tephra samples (Table 8. 4). When the Laki lavas and 

tephras are isolated from each other, their ranges are different unlike, the Holuhraun 

samples (Figures 8. 14 and 8. 15). The range in δ65Cu for the lavas is from -0.02–

0.19 and from -0.07–0.41 for the tephras (Table 8. 5). The latter has both a wider 

range and contains several markedly heavier δ65Cu values. Laki lavas and tephras 

display the opposite trends for δ65Cu, both temporally as well as elementally, but 

within the same range of values.  

 

Laki lavas: display no temporal trend in δ65Cu values (R2 0.4381), although they 

generally become heavier with time (Figure 8. 15). A similar pattern of heavier 

δ65Cu with increasing Cu and MgO contents is also evident, although again, this isn’t 

statistically resolvable (R2 of 0.4574 and 0.4316, respectively).  

 

Laki tephras: display the opposite trend to the lavas, with strong temporal trends 

towards lighter δ65Cu values over time when different explosive phases are isolated, 

e.g., the S. and N. fissure explosive tephras are separated (R2 of 0.8518–0.9548). The 

N. fissure explosive tephras can be divided further to isolate M5, which is the only 

sample sequence through a complete apron sample (Figure 8. 15) (R2 of 0.8617). 

Cone build phase tephras display a very strong temporal trend towards lighter δ65Cu 

values (R2 of 0.9457) (Figure 8. 15). All of these tephra sub-groupings are limited 

statistically by a low sample number. Weak trends of lighter δ65Cu values with 

increasing Cu content also exist for the same sub-groupings (R2 of 0.5677) (Figure 8. 

15). No statistically resolvable trends of δ65Cu with MgO content are observed, with 

the exception of both M5, which displays a strong trend of marginally lighter δ65Cu 

with MgO content (R2 of 0.9910), and the cone tephra, which displays a very weak 

covariation of lighter δ65Cu with MgO content (R2 of 0.4194). 
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Figure 8. 14: Holuhraun 2014–15 CE δ65Cu variations, temporal and key element covariations. Holuhraun eruptive products δ65Cu variations displayed temporally (left-hand plots) 

separated by their sub-categories, all errors are 2sd. The top left-hand plot displays temporal δ65Cu tephra variations: explosive tephra (orange triangles); Pele’s hair (yellow triangle); 

cone tephra (red triangle). The middle left-hand plot displays temporal δ65Cu variations in active lava (red squares). The bottom left-hand plot only displays temporal tephra and lava 

pairs δ65Cu variations that exist within the data set, samples without a pair were excluded for clarity. The right-hand plots display the same sub-categories of eruptive products and 

their δ65Cu variations against selected trace element (top and upper middle plot) or major elements (lower middle and bottom plot). 
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Figure 8. 15: Laki 1783–84 CE δ65Cu variations, temporal and key element covariations. Laki eruptive products δ65Cu variations are displayed temporally (left-hand plots) whilst 

separated by their sub-categories, all errors are 2sd. The top left-hand plot displays temporal δ65Cu tephra variations: explosive tephra (green triangles) and cone tephra (orange 

triangles). The bottom left-hand plot displays temporal δ65Cu variations in the Laki lavas, sub-categories are as follows: lowland and highland lavas (dark blue squares); rootless cone 

tephras (purple triangles); and the fast-moving Gráhóll með Skaftá lava flow front break-out (lighter blue square). The right-hand plots display the same sub-categories of eruptive 

products and their δ65Cu variations against selected  elements (top and upper middle plots) or major elements (lower middle and bottom plots). 
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8. 3. 3. 1 Covariance of isotope systems: 

 

8. 3. 3. 1. 1 Holuhraun: For the Holuhraun active lavas, there is an excellent 

covariance trend (R2 of 0.7246) between both isotope systems, where both increase 

from light δ66Zn and δ65Cu values towards heavier δ66Zn and δ65Cu values if the 

samples taken during the most explosive phases of activity are excluded (Figure 8. 

16); no trend is observed if the post-eruptive or explosive activity lava samples are 

included. Whilst the data set is limited temporally and spatially, and thus cannot 

provide the resolution needed for a statistically robust conclusion, the limited data 

set for all September samples plot in light δ66Zn and light δ65Cu isotope space 

(Figure 8. 16), with heavier δ66Zn and heavier δ65Cu values for lavas erupted after 

September. The tephras also display no resolvable trend when all samples are 

included; however, when the early September samples are isolated, they also display 

the same strong trend from light δ66Zn and δ65Cu to increasingly heavier δ66Zn and 

δ65Cu values (R2 of 0.7726) (Figure 8. 16). 

 

8. 3. 3. 1. 2 Laki: The Laki lavas display no isotopic covariation trend when 

considered as a whole data set. However, when the same previous sample sub-

groupings are considered (where sample numbers allow), two strong isotope trends 

can be seen from light δ66Zn and δ65Cu to heavier δ66Zn and δ65Cu values for the N. 

fissure lavas (R2 of 0.9683), which only marginally decreases when including the N. 

fissure rootless cone sample in the N. fissure lava samples (R2 of 0.8759) (Figure 8. 

16). The S. fissure lavas data set displays no resolvable isotope trend (R2 of 0.3359) 

(Figure 8. 16). However, it is also important to note here that these values are not 

statistically robust due to the limit sample numbers in these sub-groupings. The 

tephra covariation plots of δ66Zn and δ65Cu are inconclusive when all tephra samples 

are assessed together, as well as when they are divided into N. and S. fissures 

(Figure 8.16). However, when isolated, the M5 tephras show the same trend from 

light δ66Zn and δ65Cu to increasingly heavier δ65Cu and δ66Zn (R2 of 0.8681) that is 

observed in the N. fissure lavas. Notably, M5 is the only full sample sequence 

through a tephra apron for the δ65Cu data set. Whilst the S. fissure displays no 

covariance, the very slight change in slope suggests these samples shift from heavier 

δ66Zn and lighter δ65Cu to lighter δ66Zn and heavier δ65Cu (Figure 8. 16), which is 
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the opposite to the M5 tephras. Cone tephras display a very strong isotopic 

covariation trend (R2 of 0.9625), generated by the flat-line δ66Zn values in all 

samples; (i.e., consistently no increasing oxidised S loss in these samples regardless 

of eruptive fissure). A shift towards increasingly heavier δ65Cu values indicates 

either FeS2 (immiscible sulfide fluid) loss fractionating Cu from the melt or 

decreasing degrees of degassing of a reduced volatile phase, e.g., H2S (Figure 8. 16). 
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Figure 8. 16: δ66Zn and δ65Cu isotope covariations for Holuhraun 2014–15 CE and Laki 1783–84 CE tephras and lavas. The left-hand side plots depict Holuhraun tephra and lava 

δ66Zn and δ65Cu isotopic covariations. The top left-hand side plot displays δ66Zn and δ65Cu isotopic covariations in the Holuhraun tephra phases: explosive tephra (orange triangles); 

Pele’s hair (yellow triangle); and cone tephra (red triangle). The bottom left-hand plot displays lava δ66Zn and δ65Cu isotopic covariations in active lava (red squares) and post-

eruption lavas (purple squares). The right-hand side plots depict Laki tephra and lava δ66Zn and δ65Cu isotopic covariations. The top right-hand side plot displays δ66Zn and δ65Cu 

isotopic covariations in both explosive tephra (green triangles) and cone tephra (orange triangles). The bottom right-hand side plot displays δ66Zn and δ65Cu isotopic covariations in 

Laki lavas: lowland and highland lavas (dark blue squares); rootless cone tephra (purple triangle); and the fast-moving Gráhóll Skaftá lava flow front break-out (lighter blue square).  
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8. 4 Discussion  

 

To recapitulate, for emphasis for the following section, the expected response of 

oxidised volatile loss of S is that the residual eruptive products will have heavier 

δ66Zn values, as the light Zn isotope preferentially partitions into the volatile phase 

and is degassed. If S is lost as a reduced volatile species the residual eruptive 

products will have lighter δ65Cu values as the heavy Cu isotope, preferentially 

partitions into the volatile phase, and is degassed. Whereas, if S is lost as a reduced 

particulate phase (i.e., as sulfides) this will result in the residual eruptive products 

having heavier δ65Cu values, as the light Cu isotope preferentially partitions into the 

sulfide phase. If the eruptive products gain additional sulfides, the residual melt will 

have heavier δ65Cu values. 

 

A key limitation of this study is that there is no pristine un-degassed sample to 

compare with the data on partly degassed eruption products presented here. 

Alternatives such as hyaloclastite and pillow lavas within the same volcanic systems 

as the eruptions from this study are Plio-Pleistocene in age (Thordarson and 

Höskuldsson, 2008) and have experienced alteration which would affect δ66Zn 

values and Zn concentrations as this element is mobile during low-temperature 

alteration; such as palagonisation due to high quantities of water and a distinct heat 

gradient. The best alternative for Holuhraun might be the Pele’s hair sample which 

appears to have undergone the least amount of S loss. MORB δ66Zn and δ65Cu 

values are generally used within the isotope community as a reference for 

undegassed basaltic samples; in this case this is less than ideal as MORB generally 

represents depleted magmas, whereas 1783–84 CE Laki and 2014–15 CE Holuhraun 

magmas are enriched and fairly evolved basaltic melts (Passmore, 2009; Passmore et 

al., 2012; Hartley et al., 2017; Halldorsson et al., 2018). For this reason, this study is 

focused on the intra-flow field variations that result from resolvable physical 

volcanological processes. Iceland produces magmas with OIB chemistries, both 

1783–84 Laki and 2014–15 Holuhraun sit within the axial rift of Iceland, namely the 

Eastern (EVZ) and Northern (NVZ) volcanic zones, respectively. 
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8. 4. 1 Zn isotope variations 

 

8. 4. 1. 1 Holuhraun  

 

Holuhraun tephras: δ66Zn values do not display distinct temporal variations with 

trace element or major element concentrations; however, the explosive activity 

generated tephra samples generally seem to shift to heavier δ66Zn values with time 

(Figure 8. 12). A single cone tephra sample, collected in February when the cone 

could be approached safely, captures the less intense cone building phase of the 

eruption; it has a very light δ66Zn value compared to the rest of the tephra data set. 

This would suggest either a volatile gain in the system or, which is more likely, less 

efficient degassing of the cone tephra at this phase of more effusive activity. Notably 

this matches the trend observed in the Laki cone tephra phases which generally have 

lighter δ66Zn values suggesting less oxidised volatile S loss. The Pele’s hair sample 

has the lightest δ66Zn of all the pyroclast samples (Figure 8. 12), representing a less 

efficient process of oxidised S loss during its formation. This may be associated with 

the thickness of the glass and mechanisms of formation, with more degassing 

occurring around the thin stretched hairs rather than the hairs themselves. This is not 

mirrored by the explosive tephra sample analysed from this day, consisting of a bulk 

sample of a natural abundance of lapilli sized clasts, collected in one locality at the 

same time so limiting the effects of slight variations S (ppm) vs vesicularity which 

could skew the Holuhraun tephra data set. A trend of higher S and lower vesicularity 

exists in the phreatomagmatic samples from P1 in the Laki eruption (Thordarson et 

al., 1996), but this is not applicable at Holuhraun as these samples are purely 

magmatic, although the difference in vesicularity and S content in these magmatic 

samples could be explored further. As observed from δ66Zn values there is no trend 

found for δ65Cu variations (either temporally or with trace element concentrations) in 

the Holuhraun tephras.  

 

The explosive activity at Holuhraun is weaker but much more prolonged, over a 

period of days, compared to high-intensity explosive activity which was limited to 

hours–tens of hours at Laki. Both indicate a shift towards more efficient oxidised Zn 

loss with time; however, while this is very pronounced at Laki, it is much more 

subtle at Holuhraun, which may be the result of a difference in fountaining intensity 
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and thus the result of the modulation of eruptive style by shallow conduit dynamics 

(Figures 8. 12 and 8. 13).  

 

Figure 8. 17: Conceptual models for the generation of δ66Zn and δ65Cu isotope variations throughout both fissure 

eruptions. A simplified schematic model for the type of vent activity, lava flow field development, evolution of 

the lava flow transport system, and changes in subsurface geometry throughout the Laki and Holuhraun fissure 

eruptions is shown from the top-down on the left side of the figure. Corresponding examples of the evolution of 

vent activity intensity are shown alongside the schematic using examples of this activity from Holuhraun 

eruption, which are displayed to the right for reference. Although, the fountaining activity for the explosive 

tephra apron forming phases at Laki would have had much larger fountains, reaching 1400 m in height. (caption 

continues on next page).  
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(Caption continued). On the left hand-side, the conceptual model from the top-down shows: 1) Initial fissure 

opening episode. As melt rises through the dyke (shown as red in the subsurface), velocity gradients are 

generated due to subsurface geometry and thus is preferentially channeled through certain regions of the dyke. 

The melt feeds emergent curtain-of-fire eruptive activity at the surface, which is associated with fast-flowing 

sheet pāhoehoe lavas with no established channel system; 2) MER waves to highest intensity stage (the 

timescales for the process for Holuhraun versus Laki is very different). The activity devolves onto discrete vents 

above the highest velocity flow areas in the dyke, with areas with higher rheological properties developing at 

depth (shown in dark red), creating rheological gradients in the subsurface. Apron tephra fall is associated with 

this phase of activity. The hydrostatic head for the lava channel system is powerful enough to feed and emplace 

lavas far from the vent region; 3) MER decreases, and correspondingly the vent activity displays bubble bursting, 

discharge rates in the channel system decrease. Lavas use existing channel systems, and lava flow field 

resurfacing events occur through inflation events, or lavas nearer vent are emplaced on top of older flows. 

 

Holuhraun lavas: As demonstrated in the Holuhraun Zn isotope result section, two 

positive temporal trends are observed in the measured δ66Zn values. The first spans 

the first 10 days of activity (31 August–9 September), defining a steep positive trend 

of increasingly heavy δ66Zn over a short time period that coincides with stepwise 

increase in magma discharge during the first waxing MER phase (Figures 8. 12, 8. 

17, and 8. 18). The lighter δ66Zn values indicate that the lavas formed at the 

beginning of the eruption are less degassed than the lavas formed during subsequent 

days up to 6 September (Figures 8. 12 and 8. 18). This trend is interpreted to indicate 

increasingly higher degrees of the volatile loss of light Zn with time during this 

period of waxing magma discharge (Figures 8. 12 and 8.18). This waxing MER 

phase and the corresponding increase in fountaining intensity, was also accompanied 

by a concentration of the fountaining activity onto the discrete vents that develop due 

to formation of choke points along the erupting fissure (Figure 8. 17). A reversal 

back to lighter δ66Zn values around 17 September follows a major exponential drop 

in the magma discharge from 9–15 September (Figure 8. 18), and a near halt of the 

eruption on 15 September as revealed by vent activity consisting of very subdued 

periodic bubble bursting activity (IES eruption team, field reports) and relatively 

much denser eruptive tephra (see Chapter 6). 
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Figure 8. 18: Temporal δ66Zn variations alongside physical volcanological data sets. Multi-panel figure showing 

the temporal δ66Zn variations against key physical volcanological observations. From the bottom to the top, the 

following panels are displayed: (1) Temporal δ66Zn variations from the active Holuhraun lavas (dark blue 

squares). Two trends are clear when these lavas are sub-categorised into early lavas (outlined by the yellow box) 

and later lavas (outlined by the red box). (2) Images that display key observed changes in vent activity 

throughout the Holuhraun eruption, which are associated with the highest MER vent activity on 6 September 

2014, the lull in vent activity on 15–17 September 2014 and lava pond boiling towards the end of the eruption 

(February 2015). (3) A plot of temporal changes in cumulative lava volume output of the Holuhraun eruption 

(using dense rock equivalent, DRE) from Bonny et al. (2018) is displayed instead of time-averaged MER; as a 

shift in average lava discharge between the early lavas (outlined by the yellow box above) and later lavas 

(outlined by the red box) better isolates the shift in flow field development in response to exponential decreases 

in MER and near shut down in vent activity on the 15 September. (4) The temporal and spatial evolution of the 

Holuhraun flow field development shown as different georeferenced shapefiles for key phases of the eruption. 

Initially the flow field was fed by a single channel and was emplaced as one lava flow branch. After 15 

September, in response to the change in MER or discharge, the flow field begins to branch and eventually 

develops into a complex compound flow field. Late-stage re-inflation and resurfacing breakouts from older 

channels are observed as opaque shapefiles.  
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The second sub-group spans the rest of the eruption, from 17 September–28 

February after a lull in activity and period of low MER before a second waxing 

phase which starts on 17 September; which is defined by a shallower trend towards 

heavier δ66Zn, i.e., more degassed magma values, over a much longer time-span 

(Figures 8. 12, 8. 17, and 8.18). This agrees with the morphologies of lava outbreaks, 

or squeeze-outs emplaced from November onwards, which are generally more 

viscous. At this stage in the eruption, the first appearance of spiney pāhoehoe was 

observed: a microlite rich, viscous, and very degassed flow type associated with lava 

flow squeeze-outs or late-stage flow fed by an established lava pond (Pedersen et al., 

2017). Direct comparisons between time spent in the channel or distance from the 

vent after 15 September, when the ‘A’ā lava reached its critical length, are extremely 

difficult as the flow field develops multiple different branches which advance further 

to the E and ESE as each new branch creates topography which the follow branch 

flows around (Figure 8. 3). Later in the eruption, a more insulated lava channel 

transport system also develops, inhibiting degassing during transport due to 

pressurisation. As a result, the different lava channel transport systems which exist 

prior to and post 15–17 September are difficult to compare, and therefore, this can 

only be made in general terms. The end of the eruption is dominated by reactivation 

and resurfacing events (Pedersen et al., 2016). This late-stage process may add to the 

increased scatter and relatively weaker trend which is observed in this second sub-

grouping of the Holuhraun lavas (Figures 8. 12 and 8. 18). Importantly, these 

second-subgroup samples were collected from different active fronts from different 

flow branches, or resurfacing channel levee outbreaks, dictated by accessibility. 

Whereas the lavas sampled from 31 August–7 September were sampled along one, 

open channel fed, flow branch, with increasing distance from the vent with time 

(Figures 8. 3 and 8. 18) and thus define a tighter, more robust covariance trend of 

heavier δ66Zn with time. During the early stages of the eruption, the channel could 

not crust over properly in this time period, and thus all these early lava samples that 

were collected are travelling in the same transport system. 

 

Unlike Laki, the phenocryst/xenocryst cargo content of Holuhraun is very constant 

throughout, with rare gabbroic xenoliths observed (Gautheir et al., 2016; Halldórsson 

et al., 2018). Signs of very large, rounded crystal mush macrocrysts only appearing 

at the very end of the eruption; (Gallagher and Burton in field observation) which 
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were avoided during sampling. This observation is consistent with the limited range 

in Zn concentrations of the Holuhraun lavas (97.6–112.5 ppm, Table 8. 2).  

 

This second sub-group could potentially be divided again with the period from 17–

21 September defining a third isolated group, during which a second waxing MER 

phase occurs; creating a second peak intensity phase over a short period of time 

(Figures 8. 12 and 8. 18). However, this study does not have the sample resolution to 

cross-check this, as there are only two samples analysed which fall into this 

timeframe. 

 

8. 4. 1. 2 Laki 

 

Determining the primary Zn content for Laki is even more challenging as this 

eruption is 250 years old and has a well-developed biological layer above much of it 

consisting of mosses and lichens, which promote clay formation and alteration and 

weathering of the glassy surfaces potentially resulting in Zn remobilisation. 

However, when considered against immobile trace elements, in their volcanological 

groupings, there is an R2 value of >0.97, suggesting that weathering has not 

significantly affected the Zn content of these samples.  

 

Unlike the Holuhraun eruptive products, most of the Laki lava and tephra 

subgroupings display a distinct but variable covariation of elemental Zn and Cu 

concentration with MgO content (see supplementary data, appendix B: Laki Traces, 

Laki Majors and Laki Isotopes). The first lava arrivals, highland lavas, and rootless 

cone samples display strong covariations, with weak covariations displayed by some 

of the explosive tephra sub-groupings. No covariation is observed between elemental 

Zn and Cu with MgO in the lowland lavas.   

 

The rootless cone samples and first lava arrivals maintain this strong covariation 

trend when comparing δ66Zn and MgO content (Figure 8. 13). However, both the 

highland lavas and cone tephras, which had strong Cu and Zn against MgO contents 

trend, do not display any observable covariation between δ66Zn and MgO (Figure 8. 

13). The sub-groupings of distinct phases of explosive apron tephra fall display some 

of the strongest δ66Zn and MgO covariation trends, with increasingly lighter δ66Zn 
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values associated with increasingly higher MgO contents. This trend is consistent for 

the S. fissures explosive tephra and for each isolated apron tephra fall phase in the N. 

fissures. A distinct shift from relatively lower to higher MgO contents is seen with 

increasing heavier δ66Zn each time, suggesting that the MgO contents become ever 

so slightly evolved during each eruptive episode alongside more efficiently degassed 

vent activity (Figure 8.13). If more syn-eruptive crystallisation is occurring during 

degassing, this may be contributing to this trend, with microlite rich bands observed 

in M4 and M5 tephras (see Chapter 7). Petrological observations of more primitive 

macrocryst phases with time (Passmore, 2009; Passmore et al., 2012) should create a 

higher MgO content, unless they are not incorporated extensively into the tephra and 

instead are concentrated into the lava output from the vents.  

 

Laki lavas: The lava sub-groupings display moderate–strong trends between 

elemental Zn concentrations and δ66Zn values. The first lava arrivals and Skaftá 

gorge sequence display the strongest trends but are statistically weak as they each 

consist of 3 data points; whilst the lowland and highland lavas display only moderate 

covariance trends between elemental Zn concentrations and δ66Zn values, each 

consist of 8–10 data points and thus is statistically more robust. As Zn has a 

relatively strong partition coefficient for olivine, of 1, samples with slightly higher 

proportions of olivine as macrocrysts or microlites would have higher Zn contents, 

with measurements revealing that olivine macrocryst phases contain around 100–200 

ppm Zn. The Laki explosive and cone tephra elemental Zn concentrations and δ66Zn 

values do not display a clear trend, with one exception, the M5 explosive tephra 

displays a strong trend, but this is mainly driven by one data point. This trend can 

potentially be explained by a slightly higher number of olivine macrocrysts in the 

portion of tephra powdered for M5than in the other samples, not due to a general 

increase in macrocrysts in the magma feeding the eruption at this time. Although 

macrocryst content increases slightly towards the end of the eruption and these 

macrocrysts are more primitive (Passmore, 2009; Passmore et al., 2012). The Laki 

lavas in any subgroupings do not display any temporal trends throughout the 

eruption.  

 

The Laki tephras preserve a clear temporal trend towards heavier δ66Zn, i.e., more 

degassed apron tephra throughout the lifespan of explosive activity of a single 
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fissure opening episode (Figure 8. 17), evolving as follows: (1) The vent activity 

starts as a continuous curtain of fire across the length of the fissure; (2) Over a short 

timescale, within tens of minutes to hours (Sumner et al., 1998), the fountaining 

intensity of sub-Plinian phase intensity events increases to its maximum height due 

to a rapidly waxing mass-eruption rate (MER); (3) Choke points also develop along 

the fissure, where parts of the dyke shut down due to narrower sub-surface geometry 

in places, creating a stronger thermal gradient resulting in cooler, more microlite rich 

material, which moves slower and eventually clogs and chokes this part of the 

shallow subsurface fissure (Figure 8. 17). Here we liken this type of increased 

explosivity, due to a waxing MER and geometric factors in the conduit, to a 

“waterfall effect”: whereby this change in eruptive activity can be likened to water 

travelling in a river that suddenly goes over the edge of a waterfall and experiences 

changes in velocity, shearing, and strain rate. In response to changes in MER, and a 

much smaller conduit diameter, this subjects the melt to an increased strain rate and 

shearing, which studies have shown induces further degassing (Shields et al., 2014) 

in response to increasing fountaining intensity. This period of high intensity eruptive 

activity correlates with more efficient degassing of oxidised sulfur, and therefore 

each of these explosive phases displays a shift towards heavier δ66Zn throughout 

these discrete episodes (Figures 8. 13 and 8. 17). As activity wanes from this initial 

sub-Plinian intensity, into predominantly lower intensity activity and effusive 

behaviour, towards the final stages of vent activity, i.e., the top tephra in the cone 

building phase, the degassing efficiency has decreased with consistently lighter 

δ66Zn observed along the cone row at four different cones from different fissure 

episodes (Figures 8. 13 and 8. 17).  

 

The Laki explosive apron tephra produced fissure opening phases that were sub-

Plinian in intensity reaching >1400 m high, approximately 10 times higher than the 

weak-moderate fountaining phases observed at Holuhraun; which peaked at 170 m 

high during its most explosive phase 6–9 September (IES eruption team field report 

observations). A discrepancy between the two eruptions in the δ66Zn of the tephra 

and lavas can be observed; with both the explosive and the cone tephras from Laki 

reaching heavier δ66Zn values than the Holuhraun tephra, which is also mirrored in 

some of the δ66Zn values of the lava samples in the two eruptions (Figure 8. 17). If it 

is assumed that both eruptions have a similar initial δ66Zn value prior to eruption, the 
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heavier δ66Zn values suggest that the short-lived, hours long, higher intensity 

eruptive phases at Laki, are more efficient at degassing oxidised S at the vent 

compared to the weaker intensity explosive phases at Holuhraun; which lasted for 

several days, do not display a strong corresponding δ66Zn trend. Higher fountaining 

heights during the apron tephra sub-Plinian intensity explosive phases, is consistent 

with the pyroclasts being transported for longer in the thermally insulating fountains, 

allowing post-fragmentation modification of the clasts, causing a thermal gradient 

inside the pyroclasts (see Chapters 6 and 7). However, textural and in-situ 

geochemical analysis of these post-fragmentation modified clasts indicates that the 

clasts mostly undergo growth drive expansion, due to pressure changes, rather than 

further volatile exsolution suggesting this is not the reason for the discrepancy in 

δ66Zn values. Instead, a rapid increase MER during these more intense fissure 

opening phases at Laki, might drive the melt to volatile supersaturation enhancing 

degassing through burst homogeneous nucleation events. This agrees with textural 

findings in the Laki eruptive products (see Chapter 7), where an ultra-vesicular 

foam, with a low S groundmass glass concentration, was identified in M2 onwards in 

explosive tephra samples. An exception to this is M6 which captures the waning 

stage of the eruption, where this volatile supersaturation generated texture is absent 

(see Chapter 7). Whilst a similar ultra-vesicular foam was also identified in two of 

the Holuhraun samples after sudden increases in MER, on the 1 and 17 September, 

they are proportionally smaller in the samples and whilst they have a lower S 

content, it is not as pronounced as in the Laki samples (see Chapters 6 and 7). More 

intense fountaining activity, which occurs due to a waxing MER, during the Laki 

eruption displays a clear trend with increasingly heavier δ66Zn (Figures 8. 13 and 8. 

17). For both eruptions, the devolution of activity onto discrete vents and peak MER 

appear to increase the efficiency of oxidised S loss resulting in heavier δ66Zn values. 

Early lavas from initial fissure opening phases, prior to the highest intensity 

explosive activity, display lighter δ66Zn values; whereas all lavas fed by established 

explosive vent activity or later stage activity, which is dominated by lava effusion 

activity, have heavier δ66Zn values, indicating further oxidised S loss (Figure 8. 17).  

 

The range in δ66Zn is smaller for the N. fissure explosive tephras, but it shows the 

same trend. A proposed explanation for this reduction in range is increased quantities 

of clearly degassed texturally mature, microlite and macrocryst rich melt in the N. 
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fissure eruptive products (seen in small quantities as early as M2, see Chapter 7). 

The texturally mature melt represents the remnants of a previously degassed melt 

batch that still exists in the dyke prior to a new fissure opening phase, with new 

explosive activity triggered by the injection of a fresh batch of melt represented in 

the erupted pyroclasts by an ultra-vesicular foam. The explosive apron phase tephras 

vary in Zn content by up to 50 ppm, which indicates either increased microlite 

content from a mature melt phase being mingled in varying degrees or macrocryst 

incorporation, again to varying degrees (Passmore, 2009). 

 

The cone-forming phase tephras, produced after the explosive activity has mostly 

finished, are surprisingly uniform in their light δ66Zn (with a range of 0.003‰) 

(Table 8. 4; Figures 8. 13 and 8. 17), indicating that the final layers of pycroclasts on 

the cones are relatively less efficiently degassed. These samples are produced when 

bubble bursting and lava pond boiling activity takes over, which is associated with 

lower MER and, therefore, lower eruptive intensities. The majority of the melt 

erupted at this time, during the cone building tephra phase, directly feeds the lava 

transport system. This degree of degassing of oxidised Zn is unchanged regardless of 

eruptive environment, as subaerial and shallow sub-glacially erupted samples alike 

have the same range of δ66Zn, despite EMPA analysis of P3 indicating volatile loss 

suppression due to a higher degree of quenching (see Chapters 5 and 7).  

 

The similarity of isotopic values between sub-aerial and shallow subglacial cone 

tephra samples is also important, as the initial findings from Chapters 5 and 7 

suggest the Laki magmatic foam interacted with late-stage water/ice once it was 

fully vesiculated, suggesting a consistent δ66Zn in cone tephras is established through 

similar shallow conduit dynamics. However, the suppressed loss of S identified 

through EMPA analysis of the texturally analysed P3 clast (see Chapter 5 and 7) 

does not fit with this hypothesis of similar degrees of degassing in these samples. 

Further analysis of ice-water interaction samples from fissure 10 from the N. of Laki 

sequence are needed to investigate this further.  

 

Importantly, this study finds a lack of δ66Zn isotopic variations in the cone tephra, 

which are usually the only samples of pyroclastic deposits available for analysis 

from older eruptions. Therefore, cone tephra samples, rather than apron tephras, will 
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not give a good indication of the speciation of volatiles lost during explosive vent 

phases. The cone tephras only record the less explosive tephra phases, deposited 

during bubble bursting or lava pond boiling activity (Figures 8. 12–8. 17). Therefore, 

unless the corresponding medial or distal tephra from an older or less well-known 

eruption can be traced, variations in δ66Zn imparted by volatile degassing cannot be 

discerned. Identifying tephra fall from explosive apron forming tephra phases for 

older eruptions in the field is more difficult than sampling cone tephras due to 

exposure, burial, or preservation issues. However, apron tephra sheets have been 

identified and sampled for both the Roza Member and Grande Ronde Member 

(Brown et al., 2015) of the Columbia River Basalt Group, a FB eruption, indicating 

that whilst harder to find these deposits can be sampled and analysed.  

 

The majority of Laki lavas, when compared to the Holuhraun lava suite, display 

relatively heavier δ66Zn values. Two statistically distinct separate lava groupings 

from the Laki lava field, highland lavas 1–5 km from the vent and lowland >20 km 

Síða district lavas, display moderate-heavy δ66Zn values (Figure 8. 13). Whilst these 

are comparable to the degassed lavas fed by fountaining activity at Holuhraun, the 

caveat with a direct comparison is that the Holuhraun eruption was fed by one 

fissure and a clear sequence of eruptive activity related solely to that fissure, whereas 

the Laki lava flow field is fed by 10 fissures. Along the Laki cone-row multiple 

fissures were active at the same time, potentially during different stages in the 

evolution of vent activity, all feeding the flow field with active lava branches or 

channels potentially merging in the highlands or lowlands. This complicated activity 

sequence would distort or over-print primary isotopic signals by reducing the known 

conditions of sample formation either at the vent or along a single lava flow branch 

transport system, as mixing may have occurred to varying degrees at different stages. 

The result is a much more complicated compound flow field for Laki than 

Holuhraun. However, at least some of the Laki lavas are very likely to have been 

emplaced in exactly the same way as Holuhraun, with historical accounts stating that 

a fissure opening phase featured a short-lived (12–24 hours) sub-Plinian fountaining 

explosive phase with widespread sheet forming tephra fall that was followed by lava 

surge that passed through the distal part of the transport system days later 

(Steingrímsson, 1788; Thordarson and Self, 1993; Thordarson et al., 2003b) (Figure 

8. 17). The hydrostatic pressures required to enable lava to travel from the vents to 
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the lowlands (>40km) would also demand more vigorous activity than bubble 

bursting/overturning lava pond to reach these distances.  

 

Unlike at Holuhraun, where the early lavas from the curtain of fire activity were 

easily sampled, the initial Laki lavas with lighter δ66Zn values are not captured well 

by this study as they are buried under later lava flow front advances (Figures 8. 13 

and 8. 17). This would be the case if Holuhraun was sampled today, with early lava 

lying buried and inaccessible below the current flow field deposit. However, at three 

localities for Laki where the later lavas did not advance over the same area as the 

initial fissure opening phase lavas, the light δ66Zn value of these relatively less 

degassed early lavas fed by curtain activity is preserved. Examples of these samples 

can be found at Hrossatunga (‘A’ā -01) and Bugar/Grænháls-Brattland (S. and N. 

fissures respectively) (Figure 8. 17). 

 

The lowland and highland lavas show a shallow covariation from heavier δ66Zn 

towards moderately lighter δ66Zn with increasing Zn content, consistent with either 

volatile gain into the system or a decrease in degassing efficiency of oxidised S with 

increases in Zn and Cu. There are two potential explanations for this:  

 

(1) The Laki lava field is fed not by one fissure whose activity wanes over time 

but by activity that propagates, opening new fissures and displaying a cycle 

of explosive activity followed by waning at each fissure. The explosive 

activity is the main source of lava surges within the lava field. This low-

moderate fountaining activity, as seen in the Holuhraun 2014–15 CE event, 

produces relatively heavier presumably degassed δ66Zn values. The lavas 

which reach the lowlands developed well-established (closed) transport 

channels which inhibited degassing due to transport pressurisation (Devine et 

al., 1984; Thordarson et al., 1996) (Figure 8. 17). Therefore, the relatively 

degassed, heavier δ66Zn, signature of these lavas must have been set close to 

or at the vent where the channel was open due to a high discharge rate from 

vigorous vent activity. This is in agreement with XANES data for the Laki 

lavas, which shows that oxidised S loss at the vents in explosive tephra 

phases leaves the erupted melt more reduced (Hartley et al., 2017). As 

explosive activity wanes, the fissures degassing becomes less efficient (i.e., 
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light δ66Zn cone building tephras), and increasingly lighter δ66Zn is seen in 

the flow field along with increasing Zn content (Figures 8. 13 and 8. 17).  

 

Alternatively, 

(2) The introduction of macrocrysts with olivine as a subordinate component, for 

which Zn has a partition coefficient of 1, would increase the Zn content 

(assuming 100–200 ppm for crystals). An increase of macrocrysts from the 

crystal mush-zone, accompanying drainage of the magma storage zone, is 

seen throughout the eruption (Passmore et al., 2012; Neave et al., 2013). The 

introduction of larger, well-developed microlites in larger proportions into 

the systems from the vents, which are shutting down, in response to low 

MER (Figure 8. 17), but still contributing to the lava flows, could be a way of 

increasing the Zn content in a degassed melt. There is also a rheological 

gradient around the macrocrysts which locally impedes degassing, on a 

microscale, with elevated S contents compared to normal groundmass glass 

(by up to 400 ppm) measured by this study in the melt around these crystals, 

which in turn promotes sulfide nucleation and growth. This might explain the 

similar increase in Cu content in the samples with higher Zn concentrations.  

 

These trends can only be deciphered when we separate out the highland and lowland 

lavas; other target areas of interest, such as rootless cone fields and their associated 

lavas, are either too complex to understand in terms of transport system or there is 

not enough data to give a high enough resolution to say anything statistically robust.  

 

For both the lavas and the tephra samples, the data sets cannot distinguish whether 

lighter δ66Zn values result from the degassing of oxidised S as a volatile or aerosol 

phase. Future work comparing these values to Re trace element concentrations will 

be carried out to try and tease this apart due to its similar volatile behaviour to S.  

 

XANES fO2 data, from Hartley et al. (2017), for melt inclusions and matrix glass 

from 4 tephra samples and 5 lava selvages exist for the Laki eruption, although this 

data set indicates that a primary fO2 has been overprinted by diffusion and re-

equilibration with their external environment at magmatic temperatures. This study 

found that evolved Icelandic basalts, and indeed the Laki itself, are more oxidised 
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than previously thought and the lava selvages from this event track a progressively 

reducing and degassing carrier melt due to oxidised S loss (Hartley et al., 2017). This 

agrees well with this study’s findings of δ66Zn variability, which indicates some 

oxidised S loss during the Laki and Holuhraun eruptions, as well as reduced S loss 

from the degassed lava samples. Although to date, no Holuhraun melt inclusions 

have been analysed by XANES.   

 

Other processes that could potentially produce the range of isotopic variation 

captured in the eruptive products from this study are: magma differentiation; 

mantle/source heterogeneity; and crustal contamination (addition of volatiles and 

change in composition, and therefore redox and S saturation). The former two 

processes which generate heterogeneities can be ruled out easily for Laki and 

Holuhraun from the previous Pb, Th, U, Hf and O isotopic studies, which indicate 

that both these eruptions are fed by homogenous melts (Sigmarsson et al., 1991; 

Bindeman et al., 2006; Halldórsson et al., 2018). The observation of increasing 

crystal mush content, and increasingly more primitive compositions throughout the 

Lakieruption, indicates some degree of heterogeneity in the melts (Passmore, 2009; 

Passmore et al., 2012). However, these crystals never exceed a bulk volume of 5-

10% of the melt, and thus do not significantly change the overall chemistry of the 

erupted products. The latter process, which could result in the addition of volatiles, 

could be responsible for the initial isotopically lighter δ66Zn values in both eruptions 

from the initial lavas and un-degassed Pele’s hairs (Figures 8. 12– 8. 17). However, 

further work would be required to pick these variations apart, potentially using the 

Re-Os isotope system, which is highly sensitive to fractionation amongst minerals, 

as well as volatile loss. 

 

8. 4. 2 Cu isotope variations 

 

8. 4. 2. 1 Holuhraun δ65Cu variations 

 

Holuhraun lavas: display a strong covariation trend towards lighter δ65Cu with 

increasing Cu content (Figure 8. 14). The increase in Cu content can be explained by 

the general gain of Cu into the system, through increasing the sulfide content, for 

which Cu has a high partition coefficient. At the same time, sulfides have lighter Cu 



 358 

isotopic values which the higher Cu content samples all have. Increasing the sulfide 

content of the erupted melts could be achieved through two mechanisms: (1) 

immiscible sulfide phases are relatively dense and thus might be more prone to 

settling into the convecting lava pond, they would, therefore, be incorporated more 

readily into the melt feeding lava flows; or (2) there is an increase of immiscible 

sulfides in the erupted melt due to floatation/hitching of this phase onto the edge of 

bubbles rising through the conduit, thereby, transferring sulfides from a parent melt 

package through the shallow conduit (Mungall et al., 2015). The latter mechanism 

fits the Holuhraun data set best, as active lava samples taken earlier in the eruption 

have higher Cu content and lighter Cu isotope values than those emplaced later in 

the eruption. This process may also be responsible for the lower Cu content and 

heavier Cu isotope values later on in the eruption, with the same process having the 

reverse effect on melt batches erupted later on which have had their sulfides 

scavenged by more rapidly rising bubbles. No point counting was carried out to 

quantify variations in sulfide content in samples taken throughout the eruption lava, 

which would have verified this hypothesis; however, all analysed samples contain an 

immiscible sulfide phase (see supplementary material, appendix B: Sulfides Tri 

Plot). A shift from lighter δ65Cu values and higher Cu contents towards heavier 

δ65Cu values and lower Cu contents is observed throughout the eruption (Figure 8. 

14). This trend could be generated by higher proportions of faster moving pulses of 

melt, driven to volatile supersaturation and which experienced increased S degassing 

earlier in the eruption. As the MER wanes, the eruption is dominated by mature, 

slower-moving melts in the shallow conduit system, which has already lost the 

heavier Cu isotope in a reduced volatile S phase. This hypothesis is supported by 

textural observations of increasingly mature melts taking over the shallow conduit 

system with decreasing MER, as well as the lower S contents measured in domains 

of volatile supersaturation generated textures from waxing MER phases occurring 

earlier in the eruption (see Chapter 6). This earlier loss of a volatile reduced S phase, 

e.g., H2S, could also take the form of large bubbles or bubble clusters that decouple 

from the melt and move at higher rise rates through the shallow conduit. Large 

bubble bursts of decoupled volatiles were observed during phases of lower intensity 

vent activity during the Holuhraun eruption (see Chapter 6). Field observations also 

noted reduced volatile S loss from the lava flow field during syn-degassing 

emplacement, and low oxygen environments near active lava flow fronts in the flow 
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field throughout the eruption. The detection of H2S from syn-emplacement degassing 

of the lava flow field was frequently recorded on IES team gas meters. An Icelandic 

police team who were at the eruption site making field observations in December 

also reported a low oxygen environment causing their fingertips to turn white. These 

field observations are supported by data collected via XANES analysis of glassy lava 

selvages from basaltic fissure eruptions, which detected reduced conditions (Brounce 

et al., 2017; Hartley et al., 2017). 

 

Holuhraun tephras: display no trend of δ65Cu with Cu and Zn content (Figure 8. 14); 

however, like the Holuhraun lava samples, the tephra samples also display a 

statistically moderate trend of increasingly heavy δ65Cu values with time (Figure 8. 

14). As with the lava samples, similar processes could be responsible for this 

covariation trend, such as; (1) the loss of the heavy Cu isotope via a volatile reduced 

S phase, i.e., H2S, occurring predominantly earlier in the eruption and decreasing 

over time; or (2) the earlier erupted melt gaining more sulfides from melt packages 

lower down in the lava column hitching a ride on bubbles. If this is due to increase 

sulfide contents, this would increase the eruption’s atmospheric trace metal budget 

during its highest eruptive intensity, which is capable of delivering a plume to higher 

levels in the atmosphere, as these sulfide particulates oxidise and break down upon 

eruption (Berlo et al., 2014; Edmonds and Mather, 2017). Observed sulfide 

proportions in the Holuhraun melt changes temporally, and contain varying 

proportions of Cu, although chalcopyrite is the predominant sulfide form 

(Halldórsson et al., 2018; see supplementary material, appendix B: Sulfides Tri Plot). 

It is likely that a late-stage immiscible sulfide phase formed from the host magma 

during syn-eruptive degassing, rather than additional sulfides incorporated into the 

melt at depth from a different magmatic source which was ruled out by Halldórsson 

et al. (2018). Varying proportions of sulfides in the eruptive products may be due 

simply to a heterogeneous distribution within the melt itself, or volcanic processes 

such as; (1) sulfides hitching a ride with bubbles, moving faster through the conduit 

than their parental melt batch; or (2) settling or convecting sulfides in the vent area 

pond, which is predominantly feeding the lava flow field, and thus be preferentially 

incorporating sulfides into lavas rather than tephras. Both these processes would 

create the lighter δ65Cu values observed in the earlier erupted Holuhraun samples 

through the addition of 63Cu and an increase in elemental Cu concentration. The S 
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released by sulfide destabilisation during the Holuhraun eruption, as it converts to 

SO2 and SO4
2- or H2SO4

2-, may have varied with time, but it does not significantly 

increase the eruption’s total atmospheric S budget, which is calculated from melt 

inclusion and eruptive glass S concentrations as there is no external melt at depth 

contributing extra sulfides to this eruption.  

 

8. 4. 2. 2 Laki δ65Cu variations 

 

Laki tephras: The Cu stable isotope data sets from the Laki tephra samples show a 

strong temporal trend with from initially heavier δ65Cu towards lighter δ65Cu values, 

which can be clearly observed both in the tephra layers sampled from proximal soil 

horizons for the S. fissures and through a time series of tephra apron samples from 

the N. fissures (Figure 8. 15). This is a much stronger trend than when the samples 

are grouped into S. fissure and N. fissure samples than for the δ66Zn data. These 

trends in the S. and N. fissure samples, from initially heavier δ65Cu towards lighter 

δ65Cu values, could indicate the heavier Cu isotope is lost in a reduced volatile phase 

to increasing degrees with time, or the increasing addition of sulfides, and therefore 

generating a shift towards lighter Cu isotope values with time, for the S. and N. 

fissure tephras separately (Figure 8. 15). For the latter hypothesis, the reverse could 

also be the case, where fewer sulfides are removed from the residual melt phases 

with time. Importantly, a complete time series through an individual tephra apron is 

only available for M5 samples, which show a strong temporal trend from heavier 

δ65Cu towards lighter δ65Cu values; unlike for the δ66Zn samples where this is also 

observed for M4 due to higher sample numbers for the δ66Zn analysis (Figures 8. 13 

and 8. 15). In the case of δ65Cu and δ66Zn, an isotopic “reset” towards initial values 

is observed for both the S and N fissure samples. Notably, in the case of the strong 

trend from heavy to lighter δ65Cu values for the N. fissure tephra apron samples, 

which amalgamates data from both the M4 and M5 explosive phases, the starting 

value for the M5 explosive phase isn’t “reset” back to the initially heavier δ65Cu 

range as observed for the Laki δ66Zn data sets for each complete apron phase time-

series. Instead, the trend for the M5 data set continues towards increasingly lighter 

δ65Cu directly from the M4 samples (Figure 8. 15). This suggests that the processes 

driving the samples towards lighter δ65Cu values with time continue between these 

two eruptive phases. The addition of convecting sulfides from lava ponds in the vent, 
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from the M4 to M5 fissure phases is unlikely, as, at very shallow-surface levels, 

fissure segments from different eruptive phases are not likely to be connected. 

Earlier degassing of a reduced volatile S phase could generate this continued trend 

towards lighter δ65Cu values with time, either at depth or as a decoupled volatile 

phase. Indeed, throughout the Laki eruption an increase in the proportions of mature 

melt textures present, which rose slowly through the shallow conduit is noted in 

Chapter 7, enabling more decoupling of faster moving volatile phases in larger 

bubbles, potentially removing more of the heavier Cu isotope in M5 compared to M4 

through degassing of H2S. Another textural variation as the eruption progresses 

noted in the Laki pyroclasts is the higher proportions of ultra-vesicular foam, 

generated by rapid rise rates driving this melt domain to volatile supersaturation, 

present after significant lag times between fissure opening phases (see Chapter 7). 

This may have generated further degassing heavier Cu in the M5 tephras compared 

to M4 and explain the continued trend towards lighter δ65Cu values for the N. fissure 

tephra samples. Previous studies also suggest a difference in the explosivity, and 

therefore the MER, of the fissure opening phases throughout the eruption 

(Thordarson and Self., 1993; Thordarson et al., 2003b), which may also provide the 

conditions for larger bubbles to more easily decouple from their parent melt 

packages, again providing the mechanisms for heavier Cu isotope loss through H2S 

degassing. Samples analysed for both M4 and M5, the only tephra apron samples 

taken as a sequence through individual aprons, both display a migration towards 

lighter δ65Cu values during the explosive activity for these fissures. This either 

suggests further volatile loss of the heavy Cu isotope or the increasing addition of 

sulfides either through sulfide hitching a ride on bubbles or through density settling 

convection. As is the case for the δ66Zn values for the Laki tephra apron samples, the 

δ65Cu data sets aren’t statistically robust as more samples are needed for these 

subgroups. In both cases, strong trends in an individual tephra apron are only defined 

by 3 or 4 data points.  

 

There is a larger range of δ65Cu for the Laki cone tephra samples compared to the 

flat line δ66Zn values, with one of the cone tephras containing the second heaviest 

δ65Cu composition of the Laki samples (Figure 8. 15).  Temporally the cone tephra 

samples exhibit a very strong trend from heavy to light δ65Cu; this could either 

indicate an increasing gain of the light Cu isotope into the system with time or a 
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decrease in the volatile loss of the heavy Cu isotope with time. This trend from 

heavier to lighter δ65Cu values of the Laki cone tephras could indicate, as with the 

Holuhraun lavas and tephras, an addition of 63Cu into the samples through sulfides 

“hitching a ride” on the side of bubbles in the shallow conduit, increasing their 

quantity in melt batches which they didn’t originate from due to their higher 

buoyancy and therefore faster ascent rate (Mungall et al., 2015). Once in the vent 

region, as material feeding the more explosive activity is recycled, denser phases 

such as sulfides and crystals may be more prone to segregation and recirculation, 

thus entraining these phases, to a larger extent, into the melt feeding the lavas rather 

than the rapidly ascending high MER, more explosive eruptive phases forming the 

tephra aprons. A weak covariance trend from heavy to lighter δ65Cu, can be observed 

with increasing Cu content within a range of 40 ppm (0.5677 R2; Figures 8. 14 and 

8. 16); this would agree with the hypothesis of an increase in sulfides driving this 

trend. No significant visual temporal changes in sulfide content were observed, but 

again as with Holuhraun, this could be tested by point counting. For the N. fissure 

Laki samples, in particular M4, the samples have a much heavier δ65Cu composition 

to start with. This could be explained by the long lag time between eruptive phases 

(see Chapter 5 and 7) (Thordarson, 2003; Thordarson et al., 2003b), which would 

generate a marked difference between the proportions present of mature melt and 

ultra-vesicular foams (see Chapter 7); with the mature texture containing more 

sulfides, or this explosive phase potentially having undergone less initial reduced S 

volatile loss. The wider range, and generally heavier δ65Cu values, are driven solely 

by the explosive phase apron forming tephras from Laki (Table 8. 4), which is not 

dissimilar to a couple of samples previously analysed from explosive phase tephras 

from Mauna Ulu 1974 CE (Liu et al., 2015). 

 

Laki lavas: A smaller set of Laki lava samples were analysed for Cu stable isotopes 

than for Zn isotopes. Samples with heavier δ65Cu broadly have higher Cu and Zn 

concentrations, but no clear covariance trend exists; therefore, more samples are 

required to test this correlation properly. This trend is also the opposite of what is 

seen for Holuhraun, where δ65Cu becomes lighter with increasing Cu and Zn, 

potentially due to an increase in sulfide content (Figures 8. 12–8. 17). This suggests 

that the samples which have both low Cu and light δ65Cu have been driven to a 

reducing environment through the oxidised loss of S at the vents and subsequent 
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reduced Cu volatile phase loss, which is entirely consistent with the explosive tephra 

data set and with previous petrological and XANES studies (Moussallam et al., 

2016; Hartley et al., 2017). These findings also agree with the low proportions of Fe-

Ti oxides in the glass lava selvages in the Laki eruption (Thordarson et al., 1996), as 

reduced conditions would inhibit their crystallisation. Further supporting evidence 

for reducing conditions in the lava flows was also acquired during the Holuhraun 

eruption: with H2S recorded on the field team gas meters at the lava margins (IES 

eruption team field reports), as well as low oxygen conditions and H2S detection 

recorded by the specialised police unit stations at the eruption site in December who 

noted their fingertips turning white due to the lack of oxygen in the area by the 

active lava flows. Samples with relatively heavier δ65Cu have not undergone as 

much reduced volatile loss of S; indeed, the samples with the heaviest δ65Cu value is 

the same fast travelling lava flow break-out, upstream of the main active front, 

producing the relatively un-degassed sample of Gráhóll með Skaftá, which was 

documented by historical accounts (Thordarson and Self, 1993). Notably, the same 

Gráhóll með Skaftá sample also has an undegassed, light δ66Zn, signature.  

 

8. 4. 3 δ66Zn and δ65Cu isotope covariations 

 

8. 4. 3. 1 Holuhraun δ66Zn and δ65Cu covariation comparisons 

 

Holuhraun tephras: Covariation plots of δ66Zn and δ65Cu for the explosive tephra 

samples from Holuhraun display no resolvable trends when the whole data set is 

compared. The highest intensity explosive activity at Holuhraun is represented by 

the 6 and 7 September 2014 samples, δ66Zn and δ65Cu covariations display the same 

fingerprint as the most explosive tephra δ66Zn and δ65Cu signatures at Laki of heavy 

δ66Zn and light δ65Cu (Figures 8. 16 and 8. 17). Notably, all the early September 

samples, during the initial waxing MER period sit in a similar quadrant in δ66Zn 

versus δ65Cu isotope space (Figure 8. 16). Although within this small sub-group of 5 

samples a strong covariance trend is present from lighter δ66Zn and light δ65Cu 

towards heavy δ66Zn and heavier δ65Cu values. This suggests that for the mechanism 

that generates the increase in oxidised S loss, creating a trend towards heavy δ66Zn in 

these samples, occurs at the expense of the process(es) that generate the light δ65Cu 

values which could be driven either by sulfide gain to the system or by reduced 
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volatile S loss. The Pele’s hair sample has a similar light δ65Cu value but lies at a 

lighter δ66Zn value which, as previously discussed, suggests that this sample 

experienced less oxidised S degassing despite occurring during a period of higher 

intensity and increasing shearing with the melt around the Pele’s hair potentially 

degassing more as the lapilli sample for the same day has a heavier δ66Zn value. 

Similarly, the cone tephra sample displays a less oxidised S degassed signature with 

a light δ66Zn value but a much heavier δ65Cu value, which could be generated by 

lower degrees of reduced S volatile loss or by sulfides being preferentially removed. 

The latter process fits the data set well, as it occurs during a period of activity 

dominated by a lower MER towards the end of the eruption, with vent activity 

defined by lava pond convection where sulfides could undergo density settling and 

be preferentially incorporated into the lava flow field. As with the Laki lava cone 

tephras, a light δ66Zn signature for the Holuhraun cone tephra suggests that the 

mechanisms that these samples are formed by are governed by similar eruptive 

conditions and degrees of volatile loss. 

Holuhraun lavas: The active Holuhraun lavas, when treated as a whole, display no 

covariance trend. However, a strong covariance trend from lighter δ66Zn and light 

δ65Cu exists in the Holuhraun active lavas, as long as the lavas from the more intense 

activity, higher MER, phases are excluded as these have elevated oxidised S loss 

signatures and therefore heavier δ66Zn values. The limited data for all September 

active samples plot in similar δ66Zn and δ65Cu space, following a similar pattern to 

the Holuhraun early September tephras. However, this space is slightly different for 

the two types of samples; they all have similar δ65Cu values but are differentiated by 

their δ66Zn values, with lavas sitting in lighter δ66Zn space suggesting that the 

tephras have undergone more oxidised S loss although this difference is within 

analytical error (Figure 8. 16). Whilst the Holuhraun September lava data set is 

limited temporally and spatially and thus cannot provide the resolution needed for a 

statistically robust conclusion, it does suggest that similar mechanisms of volatile S 

loss, and sulfide gain or loss exists throughout September. The post-eruptive lava 

samples, emplaced towards the very end of the eruption and fed by the waning stages 

of the lava pond, both plot in heavy δ66Zn and lighter δ65Cu space (Figures 8. 16 and 

8. 17), which could be the result of the inclusion of more sulfides which had been 

convecting in the lava pond or higher degrees of reduced S volatile loss. They both 
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plot in heavy δ66Zn space, suggesting these samples have undergone higher degrees 

of oxidised S loss than the September active samples despite their similar δ65Cu 

values (Figure 8. 16).  

8. 4. 3. 2 Laki δ66Zn and δ65Cu covariation comparisons 

 

Laki tephras: As noted earlier, the explosive apron phase tephra covariation plots of 

δ66Zn and δ65Cu are inconclusive when assessed collectively, as well as when they 

are divided into N. and S. fissures (Figure 8. 16). However, when isolated, the M5 

tephras display a strong trend from lighter δ66Zn and light δ65Cu to increasingly 

heavy δ66Zn (Figure 8. 16); which suggests an increase in oxidised S loss alongside 

either the removal of sulfides or decreasing degree of reduced S loss. This indicates a 

change in the mechanisms of S loss throughout this fissure opening phase from more 

reduced to oxidising conditions or increased removal of sulfides from the system for 

later phases. The latter could occur due to them hitching a ride with bubbles and 

being incorporated into earlier erupted melts.  

 

The Laki cone tephras display an excellent isotopic covariation trend (Figure 8. 16). 

This is a flat-line δ66Zn values in all samples, which is combined with a shift towards 

increasingly heavier δ65Cu values. This trend is generated by then consistently low 

δ66Zn values, which do not display an increasing oxidised S loss in these samples, 

regardless of eruptive fissure phase or environment, as well as increasing FeS2 

(immiscible sulfide melt) loss fractionating Cu from the melt or decreasing degrees 

of degassing of a reduced volatile phase, e.g., H2S (Figure 8. 16). This trend mirrors 

the exact same fingerprint as the single cone tephra sample analysed from the 

Holuhraun eruption. These variations can be explained either with sulfides that are 

circulating in the convecting lava, during these phases of low MER, that are 

potentially preferentially incorporated into the lavas, and not the small bubble burst 

fed cone tephras, or with sulfides which hitch a ride with bubbles and are erupted 

with earlier phases. However, a reduction in the loss of a reduced volatile S phase 

could also generate the variations observed in δ65Cu values. Again, this is a very 

important finding as only variations in δ65Cu values are observed in these samples, 

paired with remarkably consistent δ66Zn values observed regardless of fissure phase 

or environment which has to be taken into account by future analysis of this type of 

sample. 
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Laki lavas: The same is true for the Laki lavas as for the tephra samples; the data 

sets, when viewed as a whole, display no covariation trends. However, when the 

same previous sample sub-groupings are considered in isolation, a strong covariation 

trend for the N. fissure lavas from light δ66Zn and lighter δ65Cu to heavy δ66Zn and 

heavy δ65Cu values can be observed. This marginally decreases when including the 

N. fissure rootless cone sample in the N. fissure lava samples (Figure 8. 16). This is 

the same trend that is displayed by the M5 tephras, which are also from a N. fissure 

eruptive phase. However, it is important to note that these trends are not statistically 

robust due to low sample numbers.  
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8. 5 Conclusions 

 

This study is the first to find statistically resolvable variations in Zn and Cu isotopes 

as a product of degassing processes at the vent and associated lava field throughout 

eruption in two different intensity FL events: Holuhraun 2014–15 CE and Laki 

1783–84 CE. Zinc and Copper isotopic values also appear to respond to variations in 

disequilibrium degassing processes (e.g., shallow conduit processes, such as 

increased proportions in ultra-vesicular foams and heavier δ66Zn values) alongside 

equilibrium degassing during syn-emplacement of lava flows within basaltic samples 

from the same eruption. Whilst these initial constraints on volatile Zn and Cu loss 

during volcanic degassing are important, future work utilising well-documented 

eruptions spanning a range of: MER; varying flow field developmental stages; 

samples taken at several distances from the vent along the transport system; as well 

as considering eruptions from different tectonic settings is necessary to fully 

understand how δ66Zn or δ65Cu behave during degassing. Additional analysis for 

certain sub-groupings outlined in this chapter is also necessary to verify these 

findings with statistically robust trends; which, due to sampling and the limited 

scope of this project, require further work.  

 

However, there are two significant caveats to be considered for this type of sample 

suite and data set: (1) The first is the lack of a known point zero for δ66Zn or δ65Cu, 

or starting point, in terms of relatively un-degassed and un-weathered samples to 

compare this data set to. Whilst MORB can be used, it is not ideal as the mantle 

melting regime is not the same as those feeding the Icelandic OIB magmas. 

Hyaloclastites from Holocene age eruptions within the same volcanic systems in 

Iceland as Holuhraun and Laki have been subject to surface extensive weathering 

and palagonisation; and thus, whilst they are less degassed (volatile loss is not 

completely suppressed), they are likely to have altered δ66Zn values and depletion in 

mobile trace element concentrations, e.g., Zn. (2) The second is that oxidised volatile 

versus oxidised particulate loss of S cannot be distinguished without comparing 

measured δ66Zn values to volatile elements concentrations, such as rhenium (Re), in 

these samples; as Re behaves similarly to Zn during oxidised volatile S loss. This 

complementary analysis will be the focus of future work to underpin these 

differences properly.  
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Chapter 9: Synthesis and conclusions 
 

 

9. 1 Synthesis and conclusions 

 

This project aimed to explore the mechanisms and timing of volatile loss from high 

magnitude basaltic fissure eruptions, by using a multidisciplinary approach to 

understand textural and isotopic variations in eruptive products for two historic 

Icelandic flood lava (FL) events as case studies: Holuhraun 2014–15 CE and Laki 

1783–84 CE. Not only do these two eruptions occupy end-member eruptive styles of 

the spectrum of fountaining intensity from low-moderate Hawaiian fountaining to 

sub-Plinian intensity vent activity, they are also distinguishable by their order of 

magnitude difference in volume with activity predominantly feeding compound lava 

flow fields. 

 

The questions addressed include: 1) the effect of eruptive environment on volatile 

loss, and the extent of influence of an overlying shallow sub-glacial tongue on 

eruptive products compared to a purely magmatic environment; the textural 

fingerprint of the evolution in mass eruption rate (MER) throughout the eruption and 

the preservation of equilibrium versus disequilibrium processes recorded in 

pyroclasts; 2) the speciation of S lost to the atmosphere throughout the eruption, and 

detectable changes in the efficiency of volatile loss as a function of the style of vent 

activity and eruptive environment as indicated by variations in Zn and Cu isotopic 

ratios; 3) the effect of single flow versus compound flow fields and changes in the 

insulation of the transport system on the variations in Zn and Cu isotopic ratios of 

lava samples as well as the impact of multiple vents feeding a single flow field on 

the Zn and Cu isotopic signature of eruptive products.  

 

9. 1. 1 Eruptive environment 

 

Chapter 5 This research is the first to identify exposed and fully preserved eruptive 

sequences from an historical shallow-subglacial–ice-confined basaltic fissure 
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eruption. Although this type of eruption is known to be common in Antarctica, their 

eruptive products are not preserved due to erosion or readvance of the local ice 

extent. The response of Earth’s ice-bodies to climate change will result in more of 

these sequences being accessible due to exposure providing a window to understand 

these processes further from historical events rather than much older sequences 

where the eruptive activity type and duration, as well as environment or ice-

thickness, is less well constrained. Using examples such as Laki 1783–84 CE to 

underpin changes in activity from a known and well characterised subaerial 

magmatic phase prior to propagation of activity under the ice also enables isolation 

of the purely ice or external water-magma related processes and interactions 

occurring throughout an eruptive event. Remote sensing resources like the Arctic 

DEM or similar high-resolution mapping can be used to target areas of interest in 

high altitude or high latitude regions for future research. Moreover, such eruptions 

can serve as analogues of similar volcanism occurring on Mars and further our 

understanding of the processes that occur on other planetary bodies. In the case of 

the Laki eruptive products, ice-confinement due to increased ice-thickness changes 

the aspect ratio of the deposit when tracing it from the SW to the NE; however, the 

level of interaction with external ice or water varies throughout the stratigraphy with 

clear evidence of fluctuating water levels. Geochemical and textural analysis of these 

eruptive products provides evidence of early quenching and thus suppression of 

volatile exsolution, with elevated sulfur (S) concentrations of up to 300 ppm, 

compared to the magmatic samples. Estimated ice-thicknesses based on eruptive 

sequences are shallow, approximately 100–150 m, which should not play a 

significant role in overburden pressure relating to volatile exsolution during eruption, 

but further analysis is required to completely rule this out. However, texturally 

immature and more mature magmatic foams coexist within the same pyroclastic 

samples, and whilst they have similar S values in these domains, texturally they are 

very different with mature textures indicating post-fragmentation expansion.  

 

9. 1. 2 Textural maturity 

 

Chapters 6 and 7 Explore temporal variations in the proportions of distinct textural 

domains identified in both the 1783–84 CE Laki and 2014–15 CE Holuhraun 
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pyroclasts. This textural heterogeneity is generated by the coeval presence of discrete 

melt packages of the same primary magma, that have experienced contrasting 

shallow conduit histories and differing ascent rates, which subsequently mingle prior 

to fragmentation. This textural fingerprint records the presence of discrete domains 

generated by equilibrium and disequilibrium processes, with the latter preserved as a 

low S content ultra-vesicular foam, formed by a burst nucleation event as the result 

of volatile supersaturation due to rapid ascent rates, occurring during episodic 

increases in MER during the eruptions. In the Laki pyroclasts, there is a broad 

correlation between the proportion of ultra-vesicular foam and the amount of lag 

time that exists between sudden waxing MER associated with sub-Plinian intensity 

opening. Whilst this texture has been noted in other basaltic fissure eruptions in 

Iceland and Hawaii, the reason for its generation has not been previously clarified 

nor its volatile content measured. The textural and geochemical presence of this 

texture in pyroclasts can be used to identify peak periods of eruptive intensity as well 

as pulsating fountaining behaviour in basaltic pyroclastic from less well documented 

or older eruptions, as well as identify peak explosive phases during higher 

magnitude, FB eruptions, to better characterise their explosive activity phases.  

 

9.1.3 Post-fragmentation modification of primary textures 

 

Chapters 6 and 7 Identified pervasive post-fragmentation expansion of the interior of 

the pyroclasts in both the 1783–84 CE Laki and 2014–15 CE Holuhraun eruptions, a 

phenomenon which has previously been noted in several textural studies of Hawaiian 

pyroclasts. A radial cooling gradient forms in the pyroclast as a result of the 

thermally insulating fountaining environment, from the rapidly outer quench rind to 

the interior. The outer rind consists of immature vesicle textures formed by a more 

rapidly quenched outer surface of the clast preserve the closest estimate to the melt 

prior to fragmentation. A more thermally insulated clast interior cools relatively 

slower and, as a result, the maturity of the vesicle population in the clasts increases 

in maturity in a semi-concentric arrangement when traced from the outer rind to the 

centre of the clast. Despite post-fragmentation modification of the primary vesicle 

texture, textural analysis indicates that the primary texture predominantly expands, 

enhancing primary textures, maintaining their diversity and distinct domains, rather 
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than over-printing these textures through other processes such as coalescence or 

further extensive nucleation.  

 

Calculated vesicle number densities (NV
m) for the rapidly quenched outer rinds of the 

2014–15 CE Holuhraun pyroclasts are similar to other rind NV
m values from similar 

intensity fountaining eruptions such as Kilauea Iki 1959 CE, with temporal 

variations in number density throughout the Holuhraun eruption corresponding to 

observed shifts in vent activity intensity. However, whilst the NV
m values calculated 

for the 1783–84 CE Laki outer rinds indicate relative shifts towards decreasing 

number densities in intensity between the most explosive fountaining phases versus 

the waning stages of eruptive activity, the numbers are much lower than other 

analysed sub-Plinian events such as Eldgjá 939 CE. This suggests that the processes 

driving the sub-Plinian intensities of the Laki fissure opening phases are not reflected 

or captured in the eruptive pyroclasts, e.g. much larger bubbles or bubble clusters.  

 

9. 2 Chalcophile isotope variations in eruptive products  

 

Chapter 8 This is the first research study to find statistically resolvable variations in 

chalcophile element isotopes, Zn and Cu, in response to volatile behaviour. Thus, 

these isotopes can potentially be used as a novel proxy for tracing the speciation of S 

loss during basaltic fissure eruptions, as well as to identify changes in degassing 

processes at the vent and associated lava field throughout a single eruption. This 

technique was applied successfully to two FL eruptions of differing fountaining 

intensities: Holuhraun 2014–15 CE and Laki 1783–84 CE identifying potential 

mechanisms of atmospheric and stratospheric S loading, as well as fingerprinting 

peak periods of volatile loss associated with different and well-constrained, vent 

activity. The majority of isotopic variations observed in the samples do not correlate 

to changes in major element concentrations, but some variations and trends are 

associated with changes in Zn and Cu concentrations.  

 

Strong trends towards heavier δ66Zn isotope values in tephras and lavas from both 

eruptions denote periods of higher degassing efficiency associated with periods of 

higher MER in both eruptions. Variations in isotope values in more explosive tephra 
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phases may be associated with disequilibrium degassing processes (e.g. shallow 

conduit processes, such as increased proportions in ultra-vesicular foams and heavier 

δ66Zn values), alongside equilibrium degassing during cone build phase tephra and 

syn-emplacement of lava flows within basaltic samples from the same eruption.  

 

Variations δ66Zn and δ65Cu occur throughout both eruptions and appear to track 

changes in oxygen fugacity, and therefore the speciation of S released, both in the 

flow field and at the vents. With varying proportions of sulfides predominantly 

dictating the variation in δ65Cu observed in the vent products, with light δ65Cu and a 

reduction in elemental Cu suggesting the volatile loss of H2S in the lava field 

consistent with recently documented oxygen fugacity measurements from both Laki 

and other basaltic eruptions.  

 

Temporal trends in both tephras and lavas for both isotope systems are more easily 

deciphered than spatial variations, which are solely associated with the development 

of the flow field. This study has highlighted the weaker isotope trends that occur in 

response to the development of compound flow fields with an evolving and complex, 

insulated versus open, transport system which changes at different localities 

throughout the eruption. This can be readily observed in the two Holuhraun trends 

where the early eruption samples taken from one advancing flow front display a 

much stronger trend than those from different flow branches from limited accessible 

areas of the flow field later in the eruption. The Laki lava field has an added layer of 

complexity with the active lava transport systems potentially being fed by several 

vents at once at varying stages of eruptive intensity as well as differing levels in 

insulation. This may explain the much weaker trends observed in this sample set 

compared to Holuhraun, as high-resolution flow field sampling of a well-constrained 

transport system is required to isolate these isotope signatures due to the 

complications arising from the development of several flow field branches in large 

volume compound flow fields. This observation is critical as it highlights the 

importance of well-constrained geological and physical volcanological observations 

in lava flow field sampling for isotopic studies. Therefore, if a corresponding 

explosive phase produced an apron tephra layer that cannot be used, extra care 

should be taken with sampling the correct lava values, and cone building phase 

tephra will not display variations in isotopic signatures which correspond to the 
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periods of peak degassing. Instead, cone phase tephra has isotopic values suggesting 

less efficient oxidised S degassing phases of the eruptive event during this phase of 

activity. More historical examples of varying intensity and magnitude events are 

required to fully constrain and understand how Zn and Cu behave during different 

eruptive activity.  

 

This novel method could be applied to larger, less well-constrained, events such as 

older eruptions or individual FB units to identify S speciation upon degassing from 

the cone phase tephra and different flow field morphologies to identify the speciation 

of S lost in these events. Zinc and Copper isotope data sets from the 2014–15 CE 

Holuhraun and 1783–84 CE Laki FL events highlight the large variation in values 

that can be found in products from a single, geochemically homogeneous, eruption. 

Variations of this scale have implications for published data sets that use a small 

number of samples to ascertain the baseline values of these isotope systems for an 

eruptive event to assess the degree of degassing; as the isotopic fingerprint of 

eruptive dynamic processes, which evolve throughout an eruption, give very 

different values depending on which samples are analysed. This study highlights the 

need for, and importance of, large sample sets of different eruptive products, 

spanning different temporal and spatial variations, to fully understand the different 

isotopic signatures imparted on different eruptive products from a single event. 

 

9. 3 Future work 

 

Although the work presented here contributes to our understanding of the 

mechanisms and timing of volatile loss during large volume basaltic fissure 

eruptions, it has also raised several outstanding questions that could be addressed by 

future work, which are outlined below: 

 

(1) What are the driving mechanisms of explosive activity during shallow 

subglacial eruptive activity, and how does the interaction with thin ice or 

alternatively its meltwater equivalent and hydraulic system beneath the 

glacier suppress volatile loss? 

(2) Is the ultra-vesicular foam texture and its driving disequilibrium process 

identified in these two eruptions present in other basaltic events? Visual 
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observations from published textural analysis of other basaltic fissure 

eruptions Eldgjá 939 CE as well as Mauna Ulu 1969 and Kilauea Iki 1959 

suggest that texturally similar foams are present in clasts produced during 

pulsating or episodic fountaining behaviour. These textures may also record 

similar textural domains capturing the mingling of melts generated by 

disequilibrium or equilibrium shallow conduit processes prior to eruption. 

Geochemical analysis of these samples, as well as further textural and 

geochemical analysis of other basaltic fissure eruptions which are known to 

have episodic changes in MER, can be used to provide statistical weight to 

this hypothesis. This textural and geochemical fingerprint could then be used 

to identify peak periods in MER due to episodic fountaining behaviour in less 

well-constrained events or much older FB events to assess similarities in 

eruptive style or evolution of eruptive activity. Ultra-vesicular foam vs very 

mature texture proportions serve as markers of the evolution of the style of 

activity at the vent. The recent eruption at Fagridalsfjall, Geldingardalsgos 

2021 CE, displayed pulsating, discrete, increases in fountaining intensity for 

at least part of the eruption could be used to see if this process is present in 

this eruption where, if MER is averaged, there is hardly any change.  

(3) Elemental mapping of the groundmass glass using fast diffusing elements 

such as lithium could be used to further investigate the disequilibrium versus 

equilibrium textural patterns in pyroclasts from eruptions where volatile 

supersaturation generated ultra-vesicular foam textures have been identified. 

(4) Vesicle number density analysis of the Laki pyroclast rinds, although limited, 

has indicated that there are other processes that are the main drivers for the 

sub-Plinian intensity of the opening phases of this event. To what degree do 

the tectonics of relatively embryonic fissure swarms in this portion of the 

EVZ contribute to this? Improving our understanding of the behaviour of 

larger bubbles or bubble clusters during sustained higher intensity sub-

Plinian fountaining through increased image resolution, particle tracking in 

image frames, as well as time-lapse or slow-motion videos of future events, 

is key to understanding shallow conduit processes during more intense 

fountaining events using more frequent intense fountaining volcanoes such as 

Etna. 
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(5) What controls the step–wise evolution of the vent system, i.e. un-zipping of 

the crust in the EVZ during high magnitude and high intensity Icelandic 

basaltic fissure eruptions such as Eldgjá and Laki? Why did no such thing 

take place in the 2014–15 CE Holuhraun eruption? 

(6) What dictates these periodic sub-Plinian opening phases, which are 

characteristic of these fissure unzipping episodes. Is it more tectonic or 

storage zone and recharge based? 

(7) Whilst this is the first study to identify mass-dependant fractionation of 

chalcophile isotopes, indicated by δ66Zn and δ65Cu variations in tephra and 

lava samples suggesting oxidized and reduced volatile loss at different stages 

of basaltic fissure eruptions; elemental Re concentrations are required to 

distinguish between volatile and particulate oxidized S loss. 

(8) Larger data collection and analysis for samples in the sub-groupings outlined 

in Chapter 8 are also necessary to verify these initial findings with 

statistically robust trends, which due to sampling and the limited scope of this 

project require further detailed work.  

(9) Can chalcophile element stable isotope analysis of samples from less well 

constrained or older geological basaltic fissure eruptions be used to identify 

periods of peak eruptive intensity, or changes in eruptive environment, as 

well as the evolution of the flow field transport system? Before applying this 

method to larger and relatively unconstrained activity in flood basalt events, 

further testing on other well constrained basaltic fissure eruptions of varying 

magnitudes, and fountaining intensities, is required to gain a better 

understanding of how robust these variations are. This needs to be carried out 

not only in Iceland but across a variety of tectonic settings to acquire a 

basaltic volcanism data set that can be used in a global context. 

(10) Can other isotopic systems such as Fe and S be used alongside the novel Cu 

and Zn systems to help better constrain the volatile speciation during 

eruption? This can also be aided by in-situ XANES analysis of specific 

groundmass glasses of eruptive products, as well as utilising field plume 

chemistry measurements to build a complete picture of what’s left versus 

what’s lost, better enabling us to constrain the conditions of volatile 

speciation upon eruption. 
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(11) Currently, there is no starting point in terms of an un-degassed control point 

sample to compare δ66Zn and δ65Cu isotopic variations with. Instead, only 

relative internal variations within eruptions can be compared, with 

assumptions made in terms of starting compositions for both of these isotope 

systems making it difficult to compare these datasets. Could analysis of un-

weathered samples of relatively young subglacial pillow basalts from the 

same volcanic systems help constrain this further, or will partial degassing at 

these pressures, or alteration and therefore Zn mobility, always be an issue? 

In all likelihood, the geochemistry community will never have an absolute 

whole rock un-degassed starting point for these isotopic systems. Whilst 

MORB can be used, with these limitations in mind, it is not ideal for OIB or 

Arc setting magmas. With the possibility of future improvements in 

analytical techniques, in-situ Zn and Cu isotope measurements may be 

possible in melt inclusions (MIs), although as highlighted in recent XANES 

studies, only tephra oxygen fugacity and speciation measurements will be 

reliable indicators due to diffusion compromising MI in phenocrysts in lava 

flows.  

 


