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Abstract 
 

Flood lavas (FL), or high magnitude (1ï100 km3) basaltic fissure eruptions have a 

recurrence interval of 250ï500 years in Iceland. These events can produce 

atmospheric volcanic pollution at troposphericïstratospheric 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, 2014ï15 CE Holuhraun, and (ii) a high intensity and magnitude end-

member, 1783ï84 CE Laki which is well-documented in detailed contemporary 

accounts. 

 

Micro-textural analysis of the ófrozenô 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.  

 



 IV  

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 2014ï15, 

sem dæmi um afllítið og smátt flæðibasaltgos, og (ii) Skaftáreldar 1783ï84 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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Strokkur Geyser strafed the sky,  

And ploughed and sowed the inner eye. 
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Contemporary account describing the Laki 1783ï84 CE eruption 

 

 

óAll that day and night the thunderous crashing was so great that everything 

shuddered and shook, and the earthquakes made every timber crack again and 

again. The entire area between Árfjall and the uplands of Skaftártunga appeared as 

one great conflagration and the fire was still churning in the orifice mentioned 

earlier. With several companions I went over to the canyon. The flood of fire flowed 

with the speed of a great river swollen with meltwater on a spring day. In the middle 

of the flood of fire great cliffs and slabs of rock were swept along, tumbling about 

like large whales swimming, redhot and glowingô                     

       Steingrímsson, 1788 

 

 

 

 

óéthe face of the Earth became white. Grass withered down to the roots like it had 

been burned. Milking cows and milch ewe lost their yield. Due to the haze and the 

mist the sun was blood red in colouré this could be called the grass burning 

summer or the sulphuric summeréô  

Pétursson, 1784 

 

 

 

 

óéthe flow of lava was so intense that no one had experienced such enormity and 

people thought that this would be their last day aliveéô  

Pálsson, 1784 
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Chapter 1: Introduction  
 

 

 

1. 1 Introduction  

 

Flood lavas (FL: or high magnitude (>1ï100 km3) basaltic fissure eruptions) are the 

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

eruptive frequency of 1 in 250ï500 years, they are commonly associated with 

substantial atmospheric volcanic pollution at troposphericïstratospheric 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, 2014ï15 CE Holuhraun, documented with modern 

scientific tools; and the high-intensity and high magnitude eruption, 1783ï84 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 clastôs 

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 2014ï15 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 2014ï15 CE a case study.  

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

flood lava eruption: Laki 1783ï84 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: 2014ï15 CE Holuhraun and 

1784ï84 CE Laki and provides a detailed overview of previous work. 

 

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

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 fissureôs eruptive activity, changing to 

purely dry magmatic activity towards the latter stages of the fissureôs 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 2014ï15 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 1783ï84 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 

2014ï15 CE and Laki 1783ï84 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 1783ï84 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.  
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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 fissureôs 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 Earthôs 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 planetôs 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 Earthôs 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) Gr²msvºtn 2011 (FutureVolc), (C) An artistôs 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-PlinianïPlinian (>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, (authorôs own 

photograph); (B) Holuhraun 2014ï15 CE at highest MER, 170 m, on the 7 September 2014 (authorôs 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-PlinianïPlinian 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, ñLaki-typeò 

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

2012 (Loughlin, 2012). A ñLaki-typeò 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 Kǭlauea, 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 ñcurtain-of-fireò 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., Kǭlauea in Hawaii: Kǭlauea Iki 1959 CE (Richter et al., 1970; 

Stovall et al., 2011, 2012), Mauna Ulu 1969ï74 CE (Parcheta et al., 2013; Swanson 

et al., 1979) PuôuôǽôǾ 1983ï86 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 2014ï15 

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 800ï1,500 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 Kǭlauea: Kǭlauea 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), PuôuôǽôǾ 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 

minutesïhours (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 monthsïyears 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 1783ï84 CE. Both displayed sub-

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

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

2014ï15, also in Iceland, at Holuhraun displaying lowïmoderate, <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 ócurtain-of-fireô 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 2ï6 

and 7ï9 November fissure eruptions from creating very small lava fields of 0.02 km3 

during 2ï4 days minutes eruption (Peltier et al., 2009), when compared to early 

Holocene Icelandic shield lava eruptions which produce 10sï100s of km3 of lava 

over prolonged periods of time (decadesïhundreds 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 pǕhoehoe 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 ócurtain-of-fireô 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 2014ï15 CE. On the 31 August 2014, the Holuhraun 2014ï15 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 hoursï

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 

100ï400 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-PlinianïPlinian 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 weakï

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-PlinianïPlinian 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 Kǭlauea 

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 1783ï84 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 Kǭlauea in Hawaii: Kǭlauea 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) PuôuôǽôǾ 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 1783ï84 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, Kǭlauea, 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 pǕhoehoe and 

óaôǕ, but also feature a spectrum of hybrid morphotypes such as slabby, rubbly, and 

spiney pǕhoehoe (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 pǕhoehoe to óaôǕ lavas, whereas more thermally 

efficient closed transport systems feed a spectrum of pǕhoehoe 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 pǕhoehoe closed transport system, with the active lava channel location 

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

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

óAôǕ 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 pǕhoehoe 

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) óAôǕ fed by open-channels during higher MER phases 

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

pǕhoehoe, frequently associated with the similar vent dynamics as óAôǕ lavas, but 

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

an óAôǕ during deflating and new frontal lobe emplacement. These are lost as the 

active óAôǕ front then advances over them. (4) Spiney pǕhoehoe, 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 2014ï15 CE lava morphologies. The primary active lava flow morphologies observed during the Holuhraun 2014ï15 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.

 óAôǕ  Rubbly pǕhoehoe Slabby pǕhoehoe Spiney pǕhoehoe 

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 

pǕhoehoe crustal rubble and a pǕhoehoe 

base. The crustal rubble is up to several 

decimetre in size. 

 

A flow characterised by a flow top of 

crustal slabs and a pǕhoehoe 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 pǕhoehoe 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 pǕhoehoe 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 Peleôs 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 å 30-60 m/hr å 10-30 m/hr å 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 2014ï15 eruption, resurfacing events occurred in areas around 

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

pǕhoehoe flows which were predominantly comprised of spiney pǕhoehoe 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 meltôs 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 ɛm (Cashman and Mangan, 1994; Klug and Cashman, 1996; Castro et 

al., 2012). In low viscosity magmas, the melt from ruptured films assimilates to the 



 29 

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 1783ï84 

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 70ï75 % 

(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 1ï3 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 Earthôs 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 monthsïyears 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 1783ï84 CE eruption. Schematic courtesy of Dr. Thorvaldur 

Thordarson of the 1783ï84 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 1ï3 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 1783ï84 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 Earthôs 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., 0.5ï1 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 hundredsïthousands 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 10ï20 years, the atmospheric effects of the sulfur loading can only last a 

maximum of 2ï3 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-Plinianï

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 ŭ66Zn 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 ŭ65Cu 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 ŭ65Cu 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 1ă for ŭ66Zn. 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. Peleôs hairs ŭ66Zn 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 

2014ï15 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 ŭ65Cu and ŭ66Zn isotope variations observed. 

 

Chen et al. (2013) found no variation of ŭ66Zn 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 Heklaôs eruptive history with only 1ï2 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 

ŭ66Zn in Kǭlauea 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 1783ï84 CE and Holuhraun 2014ï15 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 Plateauôs geological history spans two 

geological Periods: the Quaternary (0ï2.58 Ma) and the early part of the Neogene 

(2.58ï16 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 CEï0.0117 Ma); the 

Pleistocene (0.781ï2.58 Ma); the Pliocene (2.58ï5.333 Ma); and the latter half of the 

Miocene (5.333ï16 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 

(0.0117ï0.781 Ma); the Plio-Pleistocene (0.781ï3.3 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 SïSE 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 



 61 

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 50ï200 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, 

Tjºrnes Fracture Zone; KR, Kolbeinsey Ridge; ¥VB, Öræfi Volcanic Belt; SVB, Snæfellsnes Volcanic Belt. The 

numbered volcanic systems are as follows: The Reykjanes Volcanic Zone: (1) ReykjanesïSvartsengi, (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) HeklaïVatnafjöll, (17) 

Torfajökull, (18) BárðarbungaïVeiðivötn, (19) Grímsvötn; North Volcanic Zone: (20) Kverkfjöll, (21) Askja, 

(22) Fremrinámur, (23) Krafla, (24) Þeistareykir; Öræfajºkull 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 Öræfajºkull 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. 3ï3. 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 (>1ï100 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 0.5ï1.5 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 2014ï2015 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 Icelandôs 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 km3ï100 km3 reoccur 

with a frequency of 250 years. They occur as two main end-members creating two 

very morphologically different physical volcanological landforms: (1) yearsïtoï

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 PǕhoehoe 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. 

monthsïyears 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 decadesï

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 monthsïyears 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 ólimitô 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 1783ï84 CE (~15 km3); and 

Holuhraun 2014ï2015 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 1783ï84 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 1783ï84 

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 1783ï84 CE (Guilbaud et al., 2007) and 

Holuhraun 2014ï15 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 1783ï84 

CE and Holuhraun 2014ï2015 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 km3ï10,000 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 2014ï15 CE Holuhraun eruption 

 

The 2014ï15 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 2014ï15 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, 1862ï1864 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 2014ï15 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 2014ï15 CE Holuhraun flow field. Arctic DEM hillshade of the area 

surrounding the Holuhraun 2014ï15 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 2014ï15 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 2014ï15 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 

2014ï15 CE eruptions, indicate geochemically and isotopically indistinguishable and 

homogeneous magmas. Their geochemical fingerprint is suggestive of affinities to 

the magma produced in the BárðarbungaïVeiðivötn (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 2014ï15 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 

2014ï15 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 2014ï15 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 2014ï15 CE. Figure taken from Veðurstofnun 

Íslands (The Icelandic Met Office), which indicates the propagation of seismic activity preceding the Holuhraun 

2014ï15 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 25ï29 August, when the first visible eruption 

took place through the vent system of the 1797 CE Holuhraun eruption, about 6ï7 

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 4ï5 hours. 

 

 

Figure 4. 5: This image shows the aerial extent of the small eruption which occurred <48 hours before the 2014ï

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 2014ï15 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 ómonogeneticô fissure formed during the AD 

1797 Holuhraun event, with new spatter starting to cover the older cones. Fountain 

fed lava flows emplaced shelly pǕhoehoe 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 2014ï15 CE eruption. IES eruption team image. A field team 

member stands inside one of the old Holuhraun 1 craters where the Holuhraun 2014ï15 CE eruption utilised 

existing fissure cracks, ramparts, and channels to emplace new slabby pǕhoehoe 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 1783ï1784 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 pǕhoehoe 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 pǕhoehoe 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 pǕhoehoe 

flows, which make up the majority of the flows emplaced during the eruption, and 

(3) spiney pǕhoehoe, initially emplaced as very microlite rich, higher temperature 

(probably due to the latent heat of crystallisation), squeeze-outs from November 

onwards. Spiney pǕhoehoe 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 16ï20 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 2014ï15 CE lava field. Outline of the 2014ï15 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 2014ï15 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 dailyï

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 ñcurtain-of-

fireò, 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 2014ï15 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 6ï9 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 8ï9 days of the eruption 

(Bonny et al., 2018); as a result, fountaining height increased to 160ï170 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 Peleôs hairs from 6ï8 

September. During this initial phase seismic activity reduced somewhat from 31 

Augustï5 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 20ï30 

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 1ï

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 2014ï15 CE. The style and intensity of vent activity during Holuhraun 2014 ï15 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 2014ï15 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 2014ï15 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 2014ï15 Holuhraun eruption emitted more than the combined 

atmospheric load of over 20 years of eruptive activity produced by Kǭlauea, as 

recorded by USGS from 1977ï1997 CE, and more than the 1991 CE eruption of 

Pinatubo (Sutton et al., 2001). It was the most polluting event since the 2000ï2003 

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 2014ï15 event was a low-

intensity flood lava event; the vent activity during the 2014ï15 event supported a 1ï

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 2014ï15 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 Ḑ50 m. 

 

4. 3 The 1783-4 CE Laki FL eruption  

 

The Laki 1783ï84 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 óthe Laki crater-rowô 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 SWïNE, (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 2014ï15 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 1783ï84 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 10ï15 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 systemôs volcanism is basaltic, with basaltic andesite, dacite, rhyolite 

outcropping as nunataks linked to the systemôs 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 1783ï84 CE series of events 

 

The 1783ï84 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 1783ï84 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 1783ï84 CE lava flow field. Arctic DEM hillshade 

of the area surrounding the Laki 1783ï84 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 

0.5ï1 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 Peleôs 

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 pǕhoehoe 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 pǕhoehoe 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 6ï16 km/day, which dropped to 2ï3 km/day for fissures 3ï

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 pǕhoehoe, 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, 1881ï1901, 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 óFire 

Districtsô (Holm, 1784). From east to west these are: Ćlftaver, Skaft§rtunga, 

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 FLôs, 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. 
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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 eruptionôs 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 2014ï15 CE and Laki 1783ï84 CE represent two end-member styles of 

fountaining activity for high magnitude basaltic fissure eruptions: lowïmoderate and 

sub-Plinian intensity fountaining, with only the Eldgjá FL eruption surpassing this 

activity at sub-PlinianïPlinian activities. Analysis of the modulating role of shallow 

conduit processes on eruptive intensity and temporal evolution of this throughout an 

eruptionôs 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-glacialïice- 

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 ódryô 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 



 114 

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 óThe present is key to the 

pastô 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. 



 115 

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 1783ï84 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 1783ï84 CE eruption 

 

On 8 June 1783 CE a fissure eruption, Skaftáreldar (The Skaftár Fires) from now on 

referred to as Laki 1783ï84 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 SWïNE 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 rowôs 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 250ï500 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 eruptionôs 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 

ówell-definedô 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 7ï10 which erupted after late August 
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during the Laki 1783ï84 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 Juneï30 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 1783ï84 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 1783ï84 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 1881ï1901 geological map. Images of the original geological map from Thoroddsen 

1881ï1898 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. 

 




























































































































































































































































































































































































































































































































































