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Preface

The purpose of this study is to produce the first eruption source parameters for Katla volcano.
Furthermore this study aims to understand the eruption dynamics and particularly fragmentation
mechanisms of large phreatomagmatic basaltic eruptions. Two eruption deposits from the large
basaltic explosive eruptions of Katla volcano in 1755 and 1625 were investigated to achieve
these goals. Fragmentation mechanisms were studied to better understand the underlying
processes of the large explosive eruptions and the distribution of the deposits were mapped,
sampled and modeled to quantify their size. Furthermore studies of contemporary descriptions
of the eruptions combined with detailed investigations of the temporal change in the deposits

provided new insight into the evolution of these large eruptions.

Outline of thesis

The thesis is structured in 6 chapters. Chapter 1 is an introduction. Chapter 2 is an account of
the methods used in this work. Chapter 3 is the published paper Schmith et al. (2017)
presenting a new method for assessing the shape of ash grain bulk populations and a new way
to interpret fragmentation mechanism from the shape data. This paper shows that the
fragmentation mechanism of large basaltic explosive eruptions in Iceland must be viewed as a
combination of magmatic and phreatomagmatic processes. Chapter 4 is a submitted
manuscript, 2017 paper (Schmith et al. submitted manuscript, 2017) presenting the temporal
evolution of the two Katla eruptions from 1755 and 1625 based on historical accounts, grain size
modeling, and grain shape analysis of the deposits. This paper shows that while the apparent
size, duration, geochemistry, and deposit distribution were similar for these two eruptions, they
were different in terms of dominating fragmentation mechanisms and plume dynamics. Chapter
5 is a manuscript (Schmith et al. in prep), which presents the eruptive source parameters for the
two Katla eruptions of 1755 and 1625. The parameters are derived from isopach maps, total
grain size distribution-, volume-, inverse mass loading-, and plume height modeling. This final
paper shows that both eruptions were subplinian to plinian and that most likely the 1625
eruption was the biggest Katla eruption in historical times. Chapter 6 presents the conclusive
remarks and future perspectives of the study.

This work has contributed to the ICAO data collection and was co-funded by the Nordic

Volcanological Center and University of Copenhagen.
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Abstract

Iceland is one of the most active terrestrial volcanic regions on Earth with an average of more
than 20 eruptions per century. Around 80% of all events are tephra generating explosive
eruptions, but less than 10 % of all known tephra layers have been mapped. Recent hazard
assessment models show that the two key parameters for hazard assessment modeling are
total grain size distribution (TGSD) and eruptive style. These two parameters have been
determined for even fewer eruptive events in Iceland. One of the most hazardous volcanoes in
Iceland is Katla and no data set of TGSD or other eruptive parameters exist. Katla has not
erupted for 99 years, but at least 2 of the 20 eruptions since the settlement of Iceland in 871
have reached Northern Europe as visible tephra fall. These eruptions occurred in 1755 and
1625 and remain enigmatic both in terms of actual size and eruption dynamics.

This work presents studies of these two far-reaching eruptions in terms of fragmentation and
eruption dynamics as well as the first set of eruption source parameters for any Katla eruption.
In order to provide detailed insight into the eruption dynamics a new method for classifying
fragmentation mechanisms based on tephra grain morphology was developed and is presented
in this work.

The deposits are estimated to cover 23400 km? and 23600 km? on land in Iceland for the 1755
and 1625 eruptions. Volumes calculated from the power-law integration method are 1.20-1.50
km?® for the 1755 eruption and 1.12-1.36 km?® for the 1625 eruptions. The total erupted mass
converted from erupted volume of the 1755 eruption was 1.84-2.45-10'% kg with a lower-bound
mass eruption rate of 1.25-1.67-10° kg/s. In 1625 Katla erupted between 1.53-1.94-10" kg
tephra as calculated from the erupted volume with a lower-bound mass eruption rate of 1.61-
2.04-10° kg/s. The average 1755 plume height was 14.4 km based on mass loading data
inversion with an empirical correlation estimate of paroxysmal peaks at 25+ 6 km. The average
1625 plume height was 16.6 km based on mass loading data inversion with an empirical
correlation estimate of paroxysmal peaks at 25+ 6 km.

A new quantitative method producing grain shape data of bulk samples of volcanic ash was
developed to correlate the bulk average grain shape with magma fragmentation mechanisms.
The new shape index: the regularity index (RI) was developed from a manually classified

reference morphology dataset using principal component analysis. The systematic change in Rl
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between wet and dry eruptions supports that the Rl can be used to assess the relative roles of
magmatic versus phreatomagmatic fragmentation. Surtseyan ash has an Rl of 0.207-0.191 +
0.002 (20), whereas Hawaiian ash has an Rl of 0.134 £ 0.001 (20) and these samples
represent the extremes of the fragmentation spectrum. Subglacial samples show intermediate
Rls of 0.168 + 0.002 (20), 0.175 + 0.002 (20) and lacustrine samples have slightly higher RI of
0.187 +0.002 (20).

The method uses automated image analysis of 2D projections ash grains in the size range 125-
63 um. Loose bulk samples from the deposits of 6 different basaltic eruptions were analyzed
and 20,000 shape measurements of 26 shape parameters for each were obtained within ~45
min using the Particle Insight™ dynamic shape analyzer (Pldsa).

The RI modeling showed that subglacial eruptions were controlled by both magmatic and
phreatomagmatic fragmentation processes. Further investigations determined the Rl of
consecutive depositional units of both the 1755 and 1625 eruptions. The detailed models
showed that the fragmentation processes in the 1755 eruption was a stable combination of
magmatic degassing and magma/water-interaction with only minor perturbations, whereas the
1625 eruption went progressively from predominantly phreatomagmatic to predominantly
magmatic and back to phreatomagmatic. This study documents that the amount of and access
to melt water can change significantly during subglacial eruptions and that magmatic processes
play an important role in the fragmentation process.

The RI study was combined with field data on deposit stratigraphy, granulometric modeling,
componentry, and written accounts of the eruptions and produced a coherent model of the
evolution of the eruptions. The collective data set shows that the 1755 eruption was a
continuous uprush eruption much like the recent 2011 Grimsvétn eruption. However, the 1755
Katla eruption had a longer duration of 17 days and a higher mass eruption rate. The 1625
eruption was a dynamic eruption less influenced by magma/melt-water interaction, which agrees
well with the higher average plume height as compared to the 1755 eruption.

This work has contributed to the general understanding of the fragmentation dynamics of large
subglacial eruptions. It has also provided much needed data for improvement of future hazard
and risk assessments of one of the most hazardous volcanoes in Iceland. Furthermore the Rl
method is expected to be widely applicable to tephra morphology studies and to be helpful

during the next volcanic ash crises.
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Resumé (Danish summary)

Island er en af verdens mest aktive vulkanske regioner med gennemsnitligt mere end 20 udbrud
pr. arhundrede. Omkring 80% af alle eruptioner er eksplosive tephradannende udbrud, men
under 10 % af alle kendte tephralag er kortlagt. Nye risikovurderingsmodeller viser at
nggleparametrene til modellering af udbrudsfarer er total kornstarrelsesfordeling (TGSD) og
udbrudsstil, hvilket er blevet bestemt for endnu faerre udbrud.

Katla er en af de farligste vulkaner pa Island, og der findes ingen dataseet med TGSD eller
andre udbrudsparametre for denne vulkan. Katla ikke har veeret i udbrud i 99 ar, men mindst 2
ud af Katlas 20 historiske udbrud gennem de sidste 1100 ar har naet Nordeuropa i form af
synligt askefald. Disse udbrud fandt sted i 1755 og 1625 og er fortsat gadefulde bade hvad
angar faktisk starrelse og udbrudsdynamik.

Denne afhandling praesenterer studier af magmafragmentation og udbrudsdynamik for de to
vidtreekkende 1755 and 1625 vulkanudbrud samt det farste saet af udbrudsparametre for Katla.
For at give en mere detaljeret indsigt i udbrudsdynamikken er der derudover udviklet en ny
metode baseret pa askekornsmorfologi til klassificering af askefragmentation.

Aflejringerne fra udbruddene anslés at deekke 23400 km? og 23600 km? pa land i Island for
henholdsvis 1755 og 1625 udbruddet. Volumener beregnet ud fra potensfunktionsmetoden er
pa 1,20-1,50 km® og 1,12-1,36 km?® for henholdsvis 1755 og 1625 udbruddet. Den samlede
udbrudsmasse af 1755-udbruddet er 1,84-2,45-10" kg omregnet fra udbrudsvolumenet og det
nedre estimat for en masseeruptionsrate er pa 1,25-1,67-10° kg/s. | 1625 erupterede Katla 1,53-
1,94-10'? kg beregnet ud fra udbrudsvolumenet med en masseeruptionsrate p& 1,61-2,04-10°
kg/s. Den gennemsnitlige askesgjlehgjde for 1755-udbruddet var 14,4 km baseret pa inversion
af massefordelinsdata. For 1625-udbruddet var denne hgjde 16,6 km. Den paroxysmale
maximumhgjde anslas til 25 + 6 km for begge udbrud ved beregning ud fra den empirisk
korrelation af volumen og askesgjlehgjde for pliniske udbrud.

En ny kvantitativ metode til bestemmelse af askemorfologi blev udviklet for at korrelere den
gennemsnitlige kornform i askeprgver med magmafragmentationsmekanismer. Det nye
formindeks: Regularitetsindekset (RI) blev udviklet ved principal komponent analyse af et
dataseet af manuelt klassificerede kornmorfologityper. Den systematiske gendring i Rl mellem

vade og terre udbrud viser, at Rl kan bruges til at vurdere de relative roller af magmatisk versus
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phreatomagmatisk fragmentation. Surtseiske udbrud har et Rl pa 0,207-0,191 + 0,002 (20),
mens Hawaiianske udbrud har et Rl pa 0,134 + 0,001 (20). Disse prover repraesenterer
ekstremerne af fragmentationsspektret. Prover fra subglaciale udbrud analyseres til
middelveerdier af Rl pa 0,168 + 0,002 (20) og 0,175 + 0,002 (20) og prover fra lakustrine udbrud
har et lidt hgjere Rl pa 0,187 + 0,002 (20).

Metoden bruger automatiseret billedanalyse af 2D-projektioner af askekorn i starrelsesomradet
125-63 um. Lose askeprover fra aflejringer af 6 forskellige basaltiske askeudbrud blev
analyseret, og 20.000 kornmalinger af 26 formparametre blev opnaet indenfor ~45 minutter ved
anvendelse af Particle Insight ™ dynamic shape analyzer (Pldsa).

RI-modelleringen viste, at subglaciale udbrud blev styret af bAde magmatiske og
phreatomagmatiske fragmentationsprocesser. Yderligere undersogelser fastslog Rl af de
aflejrede udbrudsenheder i bade 1755- og 1625-udbruddet. De detaljerede modeller viste, at
fragmentationsprocesserne i 1755-udbruddet var en forholdsvis stabil kombination af
magmatisk afgasning og magma/vand-interaktion. Fragmentationen under 1625-udbruddet gik
gradvist fra overvejende phreatomagmatisk fragmentation til overvejende magmatisk og tilbage
til phreatomagmatisk. Undersggelsen dokumenterer, at meengden af og adgangen til
smeltevand kan aendre sig signifikant under subglaciale udbrud, samt at magmatiske processer
spiller en vigtig rolle i fragmentationsprocessen.

RI-studiet blev kombineret med stratigrafiske feltdata, granulometrisk modellering,
komponentbestemmelse og skriftlige kilder med beskrivelser af udbruddene. Dette datasaet
dannede baggrunden for en sammenhaengende model for udbruddenes udvikling. Det samlede
dataseet viser, at udbruddet i 1755 var et kontinuerligt opstremsudbrud ligesom det seneste
udbrud i 2011 fra Grimsvoétnvulkanen. Dog havde Katla-udbruddet en lsengere varighed og en
hejere masseeruptionsrate. 1625-udbruddet var et dynamisk udbrud, som var mindre pavirket af
magma/smeltevandsinteraktion, hvilket stemmer overens med den hgjere gennemsnitlige
askesgjlehgjde sammenlignet med 1755-udbruddet.

Dette studie har bidraget til den generelle forstaelse af fragmentationsdynamikken under store
subglaciale udbrud. Det har ogsa leveret ngdvendige data til forbedring af fremtidige fare- og
risikovurderinger af en af de mest farlige vulkaner i Island. Desuden forventes RI-metoden at
vaere bredt anvendelig til tephra-morfologistudier og veere et nyttigt veerktgj under de neeste

vulkanske askekriser.
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Agrip (Icelandic summary)

island er eitt af mestu jardskjalftasveedunum & jérdu, ad medaltali meira en 20 eldgos & 6ld. Um
80% allra atburda eru tephra sem veldur sprengifimum gosum, en minna en 10% allra pekktra
tephra laganna hefur verio kortlagdur. Nylegar ahzettumatsmyndir syna ad lykilatridi fyrir
aheettumatsmat eru heildar kornstaerd dreifingar (TGSD) og gosstill, sem hefur verid akvardad
fyrir jafnvel faerri eldgos. Einn af haettulegustu eldfjllunum & islandi er Katla og engin gégn um
TGSD eda adrar eldgosar eru til stadar. Pratt fyrir ad Katla hafi ekki gosio i 99 ar, hafa ad
minnsta kosti 2 af 20 eldgosum fra uppgjérinu & islandi ari® 871 nad Nordur-Evrépu sem
synilegt tephra fall. Pessi gos atti sér stad arid 1755 og 1625 og haldist 6truleg baedi hvad
vardar raunverulegan steerd og gosdrif.

Petta verk kynnir rannsoknir & pessum tveimur langt gosjum hvad vardar sundrungu og gosdrif
og fyrstu eldgosgjafar fyrir eldgos fra Katla. Til ad veita nakveema innsyn i gosdrifid hefur verid
préad nyjar adferdir til ad flokka uppbrotsadferdir sem byggjast & kornfraedilegri kenningu.
Innlanin eru azetlud 23400 og 23600 km2 & landi & islandi fyrir 1755 og 1625 eldgos. Rummal
reiknud Gt fra samrunaadferdinni fyrir orkuheimildir eru 1,20-1,50 km3 og 1,12-1,36 km3 fyrir
1755 og 1625 eldgos, i somu rod. Heildar gosmassi 1755 gosid var 1,84-2,45-1012 kg breytt ur
gosbindi med laegri bundnu gosshrada 1,25-1,67-106 kg / s. Arid 1625 gos Katla upp & milli
1,53-1,94:1012 kg tephra sem reiknad Ut fra gosinu med laegri bundnu massa gosinu & bilinu
1,61-2,04 kg / s. Ad medaltali 1755 plume haed var 14,4 km byggt & massi hledsla gagna
innrennsli med empirical fylgni mat & paroxysmal tinda a 25 + 6 km. Ad medaltali 1625 plume
heed var 16,6 km byggt & massi hledsla gagna innrennsli med empirical fylgni mat & paroxysmal
tinda & 25 + 6 km.

Nytt magn adfero til ad framleida korn form gagna af magn syni af eldfjalladsku var pr6ad til ad
tengja magn medaltals korn I16gun med magma sundrungu kerfi. Nyja formvisitalan:
regluvisitalan (RI) var préud ur handvirkt flokkad tilvisunarformfraedilegu gagnasafni med pvi ad
nota meginhluta greiningu. Kerfisbundin breyting & RI milli blautra og purra eldgos stydur ad
heegt sé ad nota Rl til ad meta hlutfallsleg hlutverk magmatiskra versna gegn fitusykingu.
Surtseyanhas hefur Rl 0,207-0,191 + 0,002 (20), en Hawaiian aska hefur Rl 0,134 + 0,001 (20)
og pessi syni takna 6fgar brottsvidsins. Undirliggjandi syni syna millistig RIs 0,188 + 0,002 (20),
0,175 + 0,002 (20) og lacustrine syni hafa adeins heerra Rl 0,187 + 0,002 (20).
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Adferdin notar sjalfvirkan myndgreiningu & 2D vérpun & 6sku korn & steerdarsveedinu 125-63
pm. Losar lausnir i massa fra 6 mismunandi basaltgosum voru greindar og 20.000
formmeelingar me0 26 formbreytur fyrir hverja var fengin innan ~45 min med pvi ad nota Particle
InsightTM dynamic formgreiningartaekid (Pldsa).

RI likanio syndi ad undirglacial var stjérnad af baedi magmatic og phreatomagmatic
sundrunarferli. Frekari rannsoknir akvardu Rl af samfelldri losunareiningum beedi i 1755 og
1625 gosinu. Nakveemar gerdir syndu ad sundrunarferlid i 1755 eldgosid var nokkud stéougt
blanda af magmatic degassing og magma / water-samskipti, en 1625 gosid for smam saman ur
adallega phreatomagmatic ad adallega magmatic og aftur til phreatomagmatic. Pessi rannsékn
lysir pvi yfir ad magn og adgengi ad braedslumarki breytist verulega medan & gosinu stendur og
pessi magmatic ferli gegna mikilvaegu hlutverki i sundrunarferlinu.

Rannsoknin i Rl var sameinud med gégnum um innslattarskot, kéfunarfreedilegan likanagero,
componentry og skriflegar reikningar um gosio og framleitt samhengi fyrir préun gosanna.
Gagnadflunin synir ad 1755 gosid var samfellt gosgos, likt og Grimsvotn 2011, en 17 daga
lengur. Gosid 1625 var 6flugt eldgos sem hefur minna ahrif & magma / breedslu-vatn samskipti,

sem er vel samheeft vid hzerri medaltal plume haed i samanburdi vid 1755 eldgosid.
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Chapter 1

Introduction

In april 2010 the moderate VEI (Volcanic Explosivity Index) 4 explosive eruption of the Icelandic
volcano Eyjafjallajokull caused the largest volcano-related aviation shutdown in history (Davies
et al., 2010; Sammonds et al., 2010; Schumann et al., 2011; Langmann et al., 2012). The air
traffic shutdown affected more than 4 million passengers and was estimated to have cost US$
5.0 billion in lost global GDP (Oxford-Economics, 2010). No visible ash fall was detected over
the European area, but a mass loading of 0.6 g/m?, 40 um modal grain size was measured in
Térshavn, Farao Islands (Stevenson et al., 2012). Air quality measurements also showed a
small rise in the 24 h moving average concentrations of particles <10 um (PMyo) at ground level
in the UK (Stevenson et al., 2012). However, the plume height of the 2010 Eyjafjallajékull
eruption never exceeded 10 km (Dellino et al., 2012).

Then in 2011 another VEI 4 eruption from Iceland produced an ash cloud that was detected in
the Faeroe Islands, Scotland, Norway, Sweden, Finland and Denmark (Kerminen et al., 2011;
Hreinsdottir et al., 2014). This was the largest eruption from Grimsvétn volcano since 1873, but
the third eruption of this volcano since 1996 (Hreinsdottir et al., 2014). Once again air traffic was
suspended on behalf of a moderate eruption with no visible ash fall, though the presence of ash

was detected in air pollution levels (Kerminen et al, 2011).

In September 1625 black sand rained down over Bergen, Norway (Magnusson, 1627;
Thorarinsson, 1981). It lay like snow and colored the sails black on ships in the harbor
(Magnusson, 1625; Thorarinsson, 1981). This black sand was basaltic ash and it came from
Katla volcano in Iceland. Again 130 years later basaltic ash from Katla colored hanging laundry
black on the Farao Islands (Det Kongelige Danske Videnskabernes Selskab, 1758) in what in
Icelandic records is known as the largest Katla eruption in historical times (Thorarinsson, 1958;
Larsen, 2000, Larsen, 2010). It is clear even by qualitative comparison to the 2010
Eyjafjallajokull and 2011 Grimsvétn eruptions that events of such magnitude would have

enormous conseqguences in modern times.

In the aftermath of the 2010 Eyjafjallajokull eruption European societies realized that hazards
related to volcanic eruptions in Iceland were not restricted to the Icelandic territory. Analysis of

18



the Icelandic tephra records show that these two examples of volcanic activity are neither
extraordinary in magnitude nor frequency (Davies et al, 2010; Sammonds et al, 2010). Thus the

2010 Eyjafjallajokull eruption initiated a flurry of ash-related research on issues such as:

* The volcanological characteristics of the Eyjafjallajokull and Grimsvétn eruptions
(e.g. Gislason et al., 2011; Dellino et al., 2012; Gudmundsson et al., 2012; Stevenson et al.,
2012; Cioni et al., 2014, Hreinsdottir et al., 2014; Liu et al., 2015b; Wilkins et al., 2016)

* The frequency of ash plumes over Northern Europe (e.g. Swindels et al., 2011; Lawson
et al., 2012; Biass et al., 2014; Sciani et al., 2014; Watson et al., 2016, Watson et al., 2017)

* Modeling and detection of ash plumes over Northern Europe (e.g. Bonadonna et al.,
2011; Schumann et al., 2011; Bonadonna et al., 2012; Langmann et al., 2012; Biass et al.,
2014; Sciani et al., 2014; Wilkins et al., 2016).

This increased focus on the distal hazard potential of Icelandic volcanoes has highlighted 3

unresolved issues in relation to explosive basaltic eruptions from Iceland:

First issue: Dynamics of phreatomagmatic subglacial explosive basaltic eruption
are poorly understood.

There is a discrepancy between the known plume dynamics and associated expected impact of
subglacial basaltic eruptions (e.g. Gudmundsson et al., 1997; Gudmundsson et al., 2008;
Thordarson and Larsen, 2007; Thordarson and Héskuldsson, 2008; Jude-Eton et al., 2012) and
the dynamics of the 2011 Grimsvdtn eruption (Hreinsdéttir et al., 2014) as well as the recorded
presence of large subglacial basaltic Katla eruptions (Einarson et al., 1980; Thorarinsson, 1981;
Larsen, 2000; Larsen and Eiriksson, 2008; Thordarson and Hoskuldsson, 2008, Larsen, 2010).
Most knowledge about phreatomagmatic eruption dynamics comes from direct observations and
deposit studies of Surtseyan eruptions (e.g. Thorarinsson, 1967; Walker and Croasdale, 1972;
Wohletz, 1983; Dellino and LaVolpe, 1995, 1996; Mattson, 2010; Murtagh and White, 2013;
Schipper et al., 2016). Fine-grained, poorly sorted deposits characterize these eruptions with
fine lamination by surge deposits as well as accretionary lapilli (e.g. Walker and Croasdale,
1972, Wohletz, 1983, Murtagh and White, 2013). Surtseyan tephra grains are bound by
breakage surfaces of the blocky, mostly equant, grains with planar to curvi-planar faces, smooth
or stepped surfaces, and faces meeting at nearly right angles (Heiken 1972; Wohletz 1983;
Buttner et al., 2002). Morphologies also include moss-like and platy textures (Wohletz, 1983)
and vesicles are scarce and usually spherical (Heiken 1972, 1974). The plume dynamics as

witnessed by Thorarinsson (1967) were “intermittent explosions” of debris, which were
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associated with vapor explosions. Thorarinsson (1967) also observed sustained plumes of few
km in height feed by continuous uprush of vapor and tephra debris. This correlated with
melt/water interaction experiments showing that the blocky shape could result from rapid vapor
film generation, expansion and collapse (Wohletz, 1983; Wohletz, 1986; Zimanowski et al.,
1997a,b; Blttner et al., 1999, 2002, 2006). In the industry this process is well-studied and
known as molten fuel-coolant interaction (MFCI). Therefore much effort has been spent trying to
classify ash grains as either blocky or vesicular to distinguish between phreatomagmatic and
magmatic fragmentation and to support the MFCI theory experimentally (e.g. Dellino and
LaVolpe, 1995, 1996; Biittner et al., 2002; Maria & Carey, 2002; 2007; Durig et al., 2012;
Murtaugh and White, 2013). However, tephra from large subglacial eruptions at Katla contain
vesicular lapilli (Oladottir et al., 2005), and quantitative grain morphology studies show that the
Grimsvétn 2011 tephra contained vesicular grains (Liu et al., 2015b). Thus the binary
fragmentation classification related to the MFCI-framework is not well suited to classify
fragmentation in subglacial eruptions. Nor does this eruption framework fully explain the
subglacial fragmentation (Liu et al., 2015b).

Additional studies of phreatomagmatic basaltic eruptions have treated the fragmentation of deep
submarine eruptions (Schipper et al., 2010), of littoral cones (Mastin, 2007) and of rootless cone
environments (Hamilton et al., 2010; Fitch et al., 2017, Hamilton et al., 2017), but none of these
environments provide a well-suited analog for large subglacial eruptions, as they do not produce
any eruption plume.

The study of wet fissure eruptions suggests that high eruption rates associated with continuous
uprush eruptions may produce an eruption plume (Mastin et al., 2004; Mattson and
Hoskuldsson, 2010) and this may be a better analog for explosive subglacial eruptions.

Another group of phreatomagmatic eruptions that provide information about phreatomagmatic
eruption dynamics are phreatoplinian eruptions (e.g. Houghton et al., 2015). However, most
phreatoplinian eruptions are associated with silicic melts and characterized by very fine
fragmentation (e.g. Thordarson and Larsen, 2007; Carey et al., 2009, 2010, Avery et al., 2017),
which do not correspond to the observed lapilli related to the large basaltic subglacial eruptions
(Oladottir et al., 2005).

Wet plume dynamics are not straightforward to interpret and lack thermodynamic constraints
(Houghton et al., 2015). Although eruption plume height is a function of thermal buoyancy (e.g.
Sparks, 1986) and water act as a cooling factor on the system, water vaporization transfers
great amount of energy into the gas phase (Houghton et al., 2015). Thus plume height cannot
be directly correlated to water-content (Van Eaton et al., 2012). However, pre-eruptive water-

temperatures do affect plume height (Houghton et al., 2015) suggesting that the melting-
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dynamics associated with subglacial eruptions lowers plume height. Woodcock et al. (2012)
modeled heat loss in the Gjalp 1996 eruption and showed that 78 % of the initial magma heat
could be lost to water boiling. This is consistent with the assumption of lower plume heights for
subglacial eruptions. Based on 20™ century observations of eruptions from Grimsvétn it was
assumed that most eruption plumes of basaltic subglacial eruptions reached a height of 6-15 km
(Thordarson and Héskuldsson, 2008). Thus the general evaluation has been that subglacial
eruptions in Iceland didn’t pose a significant distal hazard (Gudmundsson et al., 2008,
Thordarson and Héskuldson, 2008).

However, the plume of the Grimsvétn eruption reached 15-20 km in the initial paroxysmal
phase, where most of the tephra production occurred (Hreinsdottir et al., 2014). Furthermore,
Mele et al. (2011) conducted at systematic study of the aerodynamics of ash particles using the
Dellino et al. (2005) shape factor. They found that ash particles typically are highly irregular and
that this irregularity results in a lower terminal velocity than for regularly shaped particles of
similar grain size. This explains, why ash particles can be carried long distances in spite of a
weak eruption plume, as seen in the Eyjafjallajékull eruption (Dellino et al, 2012).

Thus the dynamics of large basaltic subglacial eruptions cannot be equated to previously

studied phreatomagmatic eruptions.

Second issue: Lack of basaltic tephra in European crypotephra record

Basaltic cryptotephras are hardy ever retrieved in the European tephrostratigraphy even though
historical records document their presence in the European area (Larsen and Eiriksson, 2008a;
Pyle-O’Donnell, 2011; Lowe, 2011, Swindles et al., 2011; Watson et al., 2016a). This has lead
to the conclusion that basaltic eruptions don’t produce ash clouds over Northern Europe
(Watson et al., 2017) contrary to observations in 2011 (Kerminen et al., 2011) and historical
accounts of tephra fall from historical eruptions (Thorarinsson, 1981, Larsen and Eiriksson,
2008). The reason for this discrepancy is still unknown (Watson et al., 2017), but traditional
methods of extracting cryptotephra favour rhyolitic compositions (Pyle-O’Donnell, 2011; Lowe,
2011) and Larsen and Eiriksson (2008) suggested that acidity could affect the preservation of
basaltic grains. Larsen & Eiriksson (2008) also noted that out of eight historical reports of tephra
falls in NW Europe since 1600 AD, four silicic and four basaltic, only three silicic tephras have
been recovered from the geological strata.

This causes an underestimate of the distal hazard of phreatomagmatic basaltic eruptions based

on the distal cryptotephra record.

Third issue: No eruption source parameters for Katla

Katla has not erupted since 1918, but it is one of the most hazardous volcanoes in Iceland in
21



terms of tephra fall and it is statistically overdue for an eruption (e.g. Larsen, 2000;
Gudmundsson et al., 2008; Larsen, 2010; Budd et al., 2016). However, no eruption source
parameters (ESPs) or observations exist to support a quantitative hazard and risk assessment
of Katla (Biass et al., 2014, Scaini et al., 2014).

Problem and scope of thesis

The combination of an underestimate of the potential size of phreatomagmatic basaltic
eruptions (1) with no findings of distal basaltic tephras (2) has lead to a low awareness of the
tephra fall hazard of phreatomagmatic subglacial basaltic eruptions. This awareness has now
changed with the 2010 and 2011 events and is continuously fueled by unrest at Katla (Budd et
al., 2016). However, without the quantitative means to evaluate realistic hazard scenarios (3)
mitigation steps are hard to take.

This work contributes to resolving these issues by the detailed study of eruption deposits from

Katla volcano.

Geological setting

Iceland is one of the most active terrestrial volcanic regions on Earth with about 2400 eruptions
during the last 11ka and an average of more than 20 eruptions per century (Gudmundsson et
al., 2008; Thordarson and Hoskuldsson, 2008). There are 30 active volcanic systems ranging
from central volcanoes to fissure swarms and a combination of both (Seemundsson, 1978) as
shown in fig 1.1. The volcanic systems are structured in the neovolcanic zones (fig 1.1) of which
the Eastern Volcanic Zone (EVZ) is the most active (Thordarson and Héskuldsson, 2008).
Around 80% of all eruptions are tephra generating explosive eruptions and every 9 in 10
explosive eruption is basaltic (Larsen and Eiriksson, 2008; Thordarson and Hoskuldsson, 2008).
This unusually high amount of explosive basaltic eruptions is associated with a wet eruptive
environment as most explosive eruptions are phreatomagmatic (86 %) (Larsen and Eiriksson,
2008; Thordarson and Hoskuldsson, 2008; Larsen, 2010). Most explosive eruptions are
assumed to be small producing on average 0.1 km® tephra (Thordarson and Héskuldsson,
2008) though the majority of estimated volumes are in the 0.1 km®- 1 km® range (Larsen and
Eiriksson, 2008). However, less than 10 % of the known Holocene tephra layers had been
mapped for dispersal in 2004 (Thordarson and Hoskuldsson, 2008), so the statistics are not
complete even though important work has been carried out since then (e.g Oladottir et al., 2008;
Oladottir et al., 2011; Oladottir et al., 2014; Gudnason et al., 2017).

Subglacial phreatomagmatic eruptions from Katla, Grimsvétn and Bardarbunga account for 60

% of the explosive eruptions with Grimsvétn being the most active volcano in historical times
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(since 870 AD), whereas Katla is the most productive in terms of volume (Thordarson and
Larsen, 2007). Katla has also produced the highest amount of large basaltic eruptions in
historical times with even bigger estimated volumes for prehistoric eruptions (Oladottir et al.,
2014). It was selected as 1 of the 4 most dangerous volcanoes in Iceland in terms of tephra fall
with a roughly estimated 5-10 % probability of producing ash clouds with an ash concentration
of 2 mg/m® over Scandinavia, the UK and Northern Europe (Biass et al., 2014; Scaini et al.,
2014).

Katla volcano

Katla is a 1450 m high, 30 km wide central volcano partly covered by the 600km? and 230 m
thick Myrdalsjokull glacier (foto, front page) (Larsen, 2000, Bjérnsson et al., 2000; Oladottir et
al., 2005; Larsen, 2010). Together with the 75 km SW-NE trending Eldgja fissure swarm it forms
the Katla volcanic system situated on the S part of the Eastern Volcanic Zone (EVZ) (Jakobson,
1979; Larsen, 2000). All the outcropping nunataks around the caldera are glassy rhyolites
(Lacasse et al., 1995; Lacasse et al: 2007). The underlying magma chamber is estimated to be
5 km across and 10 km?.

Myrdalsjokull has 3 outlet glaciers onto the lowlands, S6lheimajékull (S), Kétlujokull (E), and
Entujokull (NW). They cut through deep breaches in the Katla caldera walls (Bjérnsson et al,
2000), which also function as pathways for jékulhlaups associated with the subglacial
volcanism. Melt water and jokulhlaups drain onto the southern and eastern outwash plains
(Sélheimasandur (S) and Myrdalssandur (E)) and the northern river of Markarfjét, but all
documented jokulhlaups since 1179 AD has escaped at Kétlujokull onto Myrdalssandur with one
minor exception in 1860 coming out at Sélheimajdkull (Larsen, 2000). The jékulhlaups emerge
in close temporal relation to the appearance of a visible eruption plume — either shortly before or
after (Larsen, 2000) They discharge in pulses with the first ones usually being most voluminous,
carrying melt-water, ice blocks and volcanic material with them (Larsen, 2000).

The closest farms are found at a distance of 13-14 km and the village Vik is about 20 km from
the volcano (Larsen, 2000; Biass et al., 2014). Summer grazing fields are found on the east,
south and west sides of the complex, a popular recreational area, P6rsmork, lies on the western
flanks, and crucial infrastructure, the highway 1, runs along the southern rim of the complex on

the outwash plains to connect southern and eastern Iceland (Larsen, 2000).

Overall geochemistry

The geochemical characteristics of the Katla volcanic system are transitional-alkali Fe-Ti
basalts, intermediate, and silicic products (Jakobsen, 1979; Larsen, 1999; Larsen, 2000;
Larsen, 2001; Oladottir et al., 2005, 2008; Lacasse et al., 2007, Larsen, 2010). The basalts from
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Katla volcanic system display a very narrow compositional range during the Pleistocene and
Holocene (Lacasse et al., 2007) with consistently high TiO, content of about 4-5 wt % (Oladottir
et al., 2005, 2008; Lacasse et al., 2007).

Eruption frequency and duration

The number of estimated basaltic eruptions during the last 8400 years is 300-350 eruptions
(Oladottir et al., 2005) and 16-17 SILK layers have been identified in total, but a few more are
expected to exist (Larsen, 2010, Larsen & Eiriksson, 2008). Eruptions in the system occurs
about 1-3 times pr. century with a total of 20 eruptions in historical times (Larsen, 2000; Larsen,
2001; Larsen; 2010). The average repose time between eruptions is 48 years (since 1500 AD),
but it ranges from 13-95 years (Larsen, 2000). The duration of recorded Katla eruptions has
been between 2 weeks to 4 month (Larsen, 2000), but both shorter and longer eruption
durations could be expected (Larsen, 2010). Silicic eruptions are generally expected to be short-
lived event based on their narrow dispersal (Larsen, 2010), but there have been observations of

silicic eruptions in historical times to verify this assumption.

Tephra volume estimates

Volume estimates of basaltic tephras have been made for the uncompacted land volumes of all
historical eruptions (Larsen, 2000; Larsen, 2010) and for 9 prehistoric eruptions (ages between
~ 1860 BC — 870 AD) (Oladottir et al., 2014). Land volumes of the historic eruptions range one
order of magnitude between 0.05 km*-5km? (Larsen, 2010). However, the only deposit larger
than 1 km?® did not originate from the central volcano, but from the Eldgja fissure swarm
associated with the Katla volcanic system (Larsen, 2000; Larsen, 2010). Prehistoric volumes of
basaltic tephras range from 0.2-2.7 km® with only two deposits smaller than 0.8 km?, thus
showing even larger eruptions in the past than what characterized the historical eruption record
(Oladottir et al., 2014).

The volumes of silicic tephras are typically in the range of 0.05-0.3 km® of uncompacted

material.

Icelandic tephra records traditionally distinguish between uncompacted volumes of freshly fallen
tephra and volumes of older compacted tephra deposits. Thorarinsson (1958) found that
compaction reduced deposit volumes by c. 40%, which is used as the conversion factor.
Although uncompacted tephra volumes on land are useful for local hazard assessment and risk

mitigation, they cannot be used to assess distal hazards for aviation and air quality.

Parameters of the large historical eruptions 1755 and 1625

An early determination of the 1755 tephra volume was a crude estimate of at least 1.5 km®
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freshly fallen tephra (Thorarinsson, 1975). Later volume calculations applied isopach maps
(1625 map, Larsen, 2000) and estimated the uncompacted tephra volumes on land as 0.8 km?®
for the 1755 deposit and 0.5 km?® for the 1625 deposit (Larsen, 2010).
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Chapter 2

Field methods and field data processing

This chapter provides information on how field data and samples from the 1755 and 1625

eruption deposits were obtained. Methods directly involving sample measurements or field

observations are also presented here. Methods used in subsequent modeling are introduced

here, but described in further detail in the relevant chapters.

Field work
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Figure 2.1. Map of the field area showing all 53 field sites. Eight sections were discarded after subsequent
examination and overview of photos, observations, and in some cases geochemistry. Background maps

are based on data from the National Land Survey of Iceland

Field surveys

Several field surveys were conducted in the SE of Iceland through the fall of 2012 and through

the summer of 2014. Initial campaigns in the fall of 2012 focused on downwind areas 15-70 km

from the vent, whereas later campaigns focused on tracing distal areas up to 200 km from the
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vent as well as the edges of the deposits. A final short field campaign in the summer of 2016
was used to revisit old sites that proved ambiguous or lacked sampling and to expand with a
few new field sites in the Laki area (fig 2.1).

The main focus of the field surveys was to get widely distributed grain size samples along the
main dispersal axis and on perpendicular cross sections of the deposits as well as to
supplement previous observations and thickness measurements. The existing field observations
(Larsen, personal communication, fig 5.2, and fig 5.3) were used to guide the search for good
sections and to locate possible blank spots.

In total 53 sections were logged with thickness data, layer descriptions and field observations
(fig 2.1, fig 5.2, fig 5.3, appendix A, appendix B).

Field observations are presented in the section logs and photos of appendix A. Thickness
measurements were made with a 1 mm precision measuring stick and a measuring error of + 2
mm. However, layer thickness is subjectively defined based on interpretation of primary layer
features, section selection and spacing and natural thickness variation due to topographical
changes (Engwell et al., 2013). An average measurement uncertainty of ~ 30% is therefore

assumed following Engwell et al. (2013).

Section types

All data were collected from soil sections, as they were readily accessible, the layers were
mostly well preserved, deformation and out washing of the layers was minimal compared to the
glacial setting, and there are no complications from multiple flow depositions as in marine cores.
Using a single section type also support a more coherent dataset, although local landscape
factors, wind and water regimes still provide unique reworking and preservation conditions for

each site.

Distribution of sampling sites

There are a few challenges related to finding soil sections in the SE of Iceland. The three large
glacial outwash planes of Myrdalssandur, Medallandssandur, and Skeidararsandur dominate
the lowland area of the SE and the vast lava fields from the 1783-84 Laki eruption and the 934-
37 Eldgja eruption cover large parts of the lowlands as well (fig 2.1). Preservation conditions in
the highland vary a lot and erosion of the tephra layers is common. Thus soil for preserving the
tephra layers is not evenly distributed across the SE area and is completely absent close to the
coast and on the sandurs. The most well preserved sections are found in the hilly grasslands
such as Skaftartunga (fig 2.1), where the soil accumulation rate is high.

Thus the sampling of the deposits is biased in an E and NE direction with very few points to the

SE and no proximal data. Below follows a description of the geographic areas of the field
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surveys. All areas are shown in figure 2.1 and all sections can be found in appendix A and

appendix B.

The Rjupnafell section

The most proximal and detailed downwind section was found on the E side of Rjupnafell 22.5
km from the eruption site. Here the deposits consist of several sorted beds of lapilli to fine ash
and the 1595 bluish Hekla deposit works as a stratigraphic marker. This section is used as a
reference section for detailed studies of eruption evolution and dynamics in Chapter 4 and

further details can be found there.

Skaftartunga and Sida

Plenty of soil was accessible in the areas of Skaftartunga and Sida providing good section
coverage of these regions about 20-60 km from the eruption site. These areas were also rich in
distinctive marker layers from the other volcanic systems in the EVZ and thus offered good
stratigraphic control. In Skaftartunga many sections showed bedded deposits from the 1755 and
1625 eruptions, which were sampled and measured separately, but only one layer was
distinctive enough to be correlated between sections. This was the white layer in the 1625
deposit, but to keep the dataset consistent both deposits were treated as whole eruption

deposits.

Lakagigar and Eldgja

The Lakagigar and Eldgja areas about 25-70 km NE from the vent are still dominated by the
lavas and tephras from the fissure eruptions as well as arid areas with little soil available.
However, the stratigraphic control by marker layers is remarkably good in places with soil and
therefore the trace of the 1755 deposit can be determined although the layer is too thin for

sampling in most places. The 1625 deposit can be found and sampled throughout the region.

Alftaver, Medalland, and Landbrot

The areas Alftaver, Medalland, and Landbrot about 30-60 km SE-E of Katla were dominated by
sandurs and lava fields from Eldgja and Laki and many EVZ-eruptions never reached these
areas. Thus soil sections are scarce, but the 1755 and 1625 deposits are distinct in terms of
thickness here aiding the field recognition. Both deposits still show internal bedding in Alftaver,
but no bedding in Landbrot further E.
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Myrdalur

The geographically most proximal sections are found in the Myrdalur area S of the eruption site.
They all lie within 14 to 21.5 km of the vent area, but in a crosswind direction. The Myrdalur
sections remain the most ambiguous since almost all tephra layers in this area are from Katla.
The only available marker layers are the 1597, 1341 and 1300 Hekla deposits, which don’t
cover the whole area, and then the 1357 Katla deposit, which is characteristically thick and
coarse all over Myrdalur (please refer to Chapter 5 for details on marker layers). Thicknesses of
individual Katla layers can vary substantially between sections, and thin layers appear or
disappear within short distances, which makes direct correlation between sections more difficult.
The final interpretation of sections in this area was therefore reached by combining knowledge
of eruption history from Katla (Larsen, 2010) and direction of historical eruptions (Larsen, 2000)
and previous studies of the area (Buckland et al., 1986) with observations of marker layers and
general rhythm and thickness of all layers in the sections. The 1625 deposit is missing in most

sections in the area, while the 1755 deposit is found in all sections.

Fljétshverfi

In the Flj6tshverfi region 70-90 km NE of the vent soil sections were less frequent and basaltic
deposits from Grimsvoétn volcano started to dominate the soils. Fortunately several stratigraphic
markers still aid a field-based determination of stratigraphy. The 1755 and 1625 deposits show

no internal structures marking the transition into the distal part of the deposits.

Skaftafell and Oraefi

Glaciers, steep topography and flooding planes dominate the Skaftafell and Oreefi areas around
Vatnajoékull and Oraefajdkull volcano about 115-140 km ENE of the eruption site. Furthermore
the 1362 Oraefajokull eruption deposit had destroyed soil production in the S-most parts of the
Oraefi region. The thin Katla deposits cannot be uniquely distinguished in the field from the
many other basaltic deposits from e.g. Grimsvétn and thus stratigraphic control was essential.
This changed the field strategy in this area slightly, as more layers were sampled in the field for

geochemical analysis.

Sudursveit and Myrar

The most distal areas in the field surveys were the Sudursveit and Myrar regions about 150-200
km NE of Katla. Situated on the edge of the Vatnajokull glacier these regions were also
dominated by glacial landscapes with little undisturbed soil. A few soil sections were located, but
there was no visual recognition of the Katla deposits. Several layers were sampled for

geochemical analysis.
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Modification of soil section dataset

In total 8 sections were discarded from the original dataset leaving 45 sections for the study (fig
2.1, Appendix B). In sections with limited stratigraphic control layers were analyzed
geochemically to relate them to source volcanoes. The different volcanic systems in the EVZ
are distinctive in terms of major element geochemistry (e.g. Oladottir et al., 2011) and therefore
major element analysis of tephra samples can be used to assign the sampled layers to their
volcanic system of origin. A total of 10 samples from 5 different sections in the Skaftafell, Orzefi,
Sudursveit and Myrar regions were analyzed (Appendix B, Appendix C). Two samples from the
Skaftartunga region served as reference samples of the 1755 and 1625 deposits (Appendix C).
Five tephra grains from each sample were mounted in a grid structure and cast into an epoxy
plug. The plug was polished and carbon coated and run on a JEOL JXA-8200 Superprobe
electron microprobe at University of Copenhagen for major element analysis. The acceleration
voltage was 15 kV, the beam current was 10 nA and the beam diameter was 15 um. Natural
and synthetic minerals and glasses were used as standards (K22_ATHO and K15_KL5) and the
standards were run for every 6™ sample. Six to ten measurements were made on each sample
and the average of the oxide total for the whole dataset was 99.01+0.94 with a single outlier

below 95 % total oxides. The outlier was removed from the dataset.
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Figure 2.2. Major element variation diagrams showing the compositional fields of central volcanoes in the
EVZ as well as the distribution of the analyzed samples. Section numbers refer to sections as presented
in appendix A and B and a, b, and c refers to layers as outlined on the sections in appendix A. The right
panel shows only the Katla field and shows that Gréf, section 21a, ¢ and Skaftafell, section 25a are from
Katla. Volcanic fields are based on data from Oladottir et al., 2008, Oladottir et al., 2011, and Larsen,
1999.
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The geochemical variation diagram (fig 2.2) contains the compositional fields of the volcanoes
closest to the sampled areas. In the CaO vs. TiO, variation diagram the compositional fields of
the volcanoes hardly overlap and thus samples can be uniquely correlated to their source
volcano. All analyses from each sample are included and the right panel shows that only 3
samples from 2 sections are related to Katla. One sample is from the Skaftafell section (section
25) and the other 2 are from the Oraefi section Grof (section 21) (see fig 2.1, 2.2 appendix A and
B). Sections 22 (Reynivellir) and 24 (Heinaberg) from Oraefi and Myrar were removed from the
dataset as no Katla deposits were found there (fig 2.1, 2.2, appendix A and B).

Other modifications were related to issues with separating homogeneous fall deposits from fine-
grained jokulhlaup deposits. Qualitative comparison of photos and samples resulted in the
subsequent removal of one Alftaver section (Hraunbaer, section 12, appendix A and B) and one
Medalland section (Eldvatn, section 6, appendix A and B) from the original dataset, as the
layers turned out to be water deposited.

Two sections in Sudursveit were also removed. One section was primarily measured for the
Oraefajokull 1362 deposit, which left the upper part of the section including the Katla deposits
poorly constrained (Steinadalur, section 19, appendix A and B). The other section showed signs
of water deposition and was abandoned in the field after measuring (Borgarhafnarstadir, section
23, no photo). A section on Skaftartunga was withdrawn, as a better section was found very
close by in a later campaign (Framri Tonfahringar, section 34, appendix A and B). Finally a
section from Medalland was removed from the dataset, as two stratigraphic markers were
initially mixed up and all exposed soils in the area turned out to be prehistoric (Leidvellir, section

7, appendix A and B).

Isopach maps

When constructing the isopach maps additional thickness measurements from previous field
campaigns in the 1970’s by Gudrun Larsen (GL) were included in the dataset. In general the
new and the old datasets showed good agreement, but a few outliers were excluded after
examination of the stratigraphic control and field observations of the deposits. However, even
with the addition of 59 sections the data point distribution was still highly skewed towards the
Skaftartunga and Sida areas providing poor constraints on the E and SE shape of the isopachs.
Therefore information on wind directions from contemporary descriptions was included to guide

the interpretation of the thickness data distribution.
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Wind analysis

A crude wind rose based on the wind data presented in table 4.4 was created for each eruption
to quantitatively include information about wind conditions. The dataset was collected from
weather descriptions in 3 contemporary texts (Magnusson, 1627; Det Kongelige Danske
Videnskabernes Selskab, 1758; Hallgrimsson, 1870). However, observations had to be adjusted
as people tended to align e.g. mountain ridges with E-W or N-S directions (Thordarson, 1991).
Therefore the actual bearing trend of relevant ridges was measured and the wind directions
were adjusted accordingly (Chapter 4, contemporary texts).

Time intervals have been binned by day/night and directions have been divided into 22.5°
intervals. Intensities have been categorized into: No wind, wind, and strong wind/storm, which
have in turn been translated into Beaufort scale intervals of 0 (0-0.3m/s), 1-6(0.3-13.9m/s) and
=7 (=13.9m/s) (figure 2.3). It should however be noted that wind data was collected from
contemporary texts that are non-scientific and thus the interpretation has been done with great

care.

Wind Rose 1755 from observations Wind Rose 1625 from observations

N

Wind Speeds in m/s Wind Speeds in m/s
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Figure 2.3 Wind roses showing the wind conditions during the 1755 and 1625 eruptions based on
contemporary text data corrected (Magnusson, 1627; Det Kongelige Danske Videnskabernes Selskab,
1758; Hallgrimsson, 1870).

There are distinct differences between the wind conditions between the two eruptions. Wind
conditions were dynamic and changing in strength and direction during the 1755 eruption,

whereas the 1625 eruption had much more stable wind conditions.

1755 isopach map construction

The best-constrained isopach was the 10 cm line, which had an N, NE, E and SE constraint.
The N extent was determined from the 8 cm (total 11 cm) measurement at Atley (fig 2.4ab). The
top of the 1755 layer was eroded and mixed with soil, so the 8 cm is a min. thickness. The NE

extent was determined by a cluster of measurements ranging from 9 cm (total thickness 20) at
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Hemra to 7 cm in several places around Svinadalur (fig 2.4ab). Stratigraphy at Hemra was well-
constrained, but the uppermost 11 cm of the total 20 cm were mixed with small amounts of soil.
The E extension was constrained by the measurement at Skalmarbaejar (old farm,
Skalmarbaeramaur fig 2.4a), where the stratigraphic constraint of the section was poor and thus
the measurement of GL was followed (fig 2.4b).

The SW extent was estimated from a group of points on Alftaver converging around 12 cm (fig
2.4ab). Extent S-wards was estimated from the 6 cm measurement by GL (fig 2.4b). The wind
rose was used to guide the final shape of the 10 cm isopach line, which was subsequently used
to define the overall shape of the 1755 isopach map.

The 20 cm and 100 cm isopach were drawn afterwards reflecting the same shape as defined by
the 10cm isopach, but with very few points as constraints (fig 2.4ab).

Then the 2 cm isopach was added with good constraints N and S, but has primarily relied on
sections from this study as the stratigraphic control was well-known for all sections (fig 2.5a).
The E extension was based on the measurement of 2 cm at Dalurfell from this study.

The 1 cm isopach was constrained in a similar way as the 2 cm isopach, but the E extent was
estimated from several measurements W of Orzefajokull (fig 2.5a). A 0.1 line was based on GL
indications of traces of 1755 (marked as (x), fig 2.5a).

The 0 line (to be used for total grain size distribution modeling) was drawn from the descriptions
of the tephra fall. The ash fall reached all the way to the Eastfjords (Mj6ifjérdur) as well as
Flj6tshlid due to changing winds. This has been accounted for in the 0-line of the tephra map in
figure 2.5b.

1625 isopach map construction

The 1625 thickness dataset required additional interpretation of local depositional effects as
particularly medial points showed great diversity in thicknesses within very short distances.
Some of the discrepancies could be explained by local preservation factors and landscape
morphology, but the total variation could not. A few sections were therefore selected as key
sections with good exposure and preservation as well as stratigraphic control from marker
layers.

The 10 cm and 5 cm isopach lines have been used to define the overall shape of the isopach
map (see fig 2.5) along with the wind rose (fig 2.3b).

Key sections for the 10 cm isopach of the 1625 map were Ingill, Porlaksfell, Hellnamyri (fig 2.6a)

and these 3 sections define the NE extent of the 10cm isopach.
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Figure 2.4 showing maps with 100 cm to 5 cm isopachs of the 1755 deposit. 2.4a shows section positions
from this study with names while 2.4b shows the thickness measurements at these sections for the 1755
deposit together with sections measured previously by Gudrun Larsen (GL). At some sections ranges of

thicknesses are reported, as no single thickness value was representative. In sections with primary

internal layering of the 1755 deposit, the total layered thickness is given with the total thickness of the

deposit in brackets. See text for additional comments.
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Fig 2.5a showing measurements used to constrain the 2-0.1 cm isopachs for the 1755 deposit. The map
in 2.5b shows the information used to constrain the 0 line for the 1755 deposit. An x indicates a trace
deposit was observed. See text for additional comments.
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For the E and SE limits of the 10 cm isopach the sections of Svindalur, Holmsabru and E
Eldvatn (GL) were considered (fig 2.6a). Svinadalur had a 7cm stratified deposit and about 12
cm of deposit in total with signs of reworked fine top. The primal thickness might be bigger than
7 cm, as the section was on a slight slope and thus could be thinned. The distinct 0.5 cm white
dust layer was seen 1.5 cm from the deposit base and the section had a well-constrained
stratigraphy. At Holmsabru (Hrifunes) there was a 12 cm stratified deposit with about 2 cm
reworked top and 10 mm light-colored dust at the base. The total thickness was 14 cm and the
stratigraphy was well constrained. At E Eldvath ~40 cm deposit with about 0.5 cm light colored
dust at the base was found by GL with good stratigraphic control. A photograph shows
reworking of the top of the deposit, but unfortunately there are no measurements of the stratified
deposit and thus the primal thickness is unknown. Neither of these sections can be used to
define the 10 cm isopach specifically, so instead the shape of the 5 cm isopach is used and
these sections are then useful to estimate the extent of the 10 cm isopach in the E and SE
directions.

For the E and SE extension of the 5 cm isopach line the key sections that are used to define the
shape are the Eldvatn 2 section in a Kipuka in the Laki lava field as well as sections around
Klaustur by GL and at Skalmarbaramaur (fig 2.6ab).

To the SE the Eldvatn 2 secion has a ~20 cm thick 1625 layer in a tilted section pushed up by
the Laki lava forming a kipuka. The layer is still intact though cut by faults and slightly undulating
at the top. The layer seems to be stratigraphically constrained by the Hekla 1597 layer and
consists of 13 cm homogeneous tephra, where the top is undulating and disturbed (no exact
measure) and 7 cm stratified. This point is placed within the 5 cm isopach area.

The E extent is constrained by measurements around Kirkjubaejarklaustur by GL. The section at
Prestbakki from this study is considered a minimum thickness as all tephra layers in this section
are fairly thin suggesting extensive remobilization of the tephra in this area.

Going S the Skalmarbaeramaur section shows a well-defined stratigraphy with 4-6 cm tephra
and a reworked top and thus constrains the S extent of the 5 cm isopach. In addition to these
three key sections a wind rose was used to construct the 5 cm isopach line. The N and NE
shape followed that of the 10 cm isopach, but then the overall shape of the map was modified to
both fit the three key sections as well as the wind rose.

The shape of the 20 cm isopach was given by the 10 cm isopach and the E extension was
determined from the Hemra point with 18 cm stratified section and 19 cm 1625 tephra in total
(fig 2.6ab). This point is placed just outside the 20 cm isopach.

The 50 cm isopach was drawn on the basis of the Rjupnafell (this study) and Moldir sections

(GL) with Moldir showing ~50 cm of tephra (fig 2.6ab). In the lowermost 6-7 cm the black tephra
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is mixed with light colored dust which forms a ~0.5 cm clean light-grey layer at the top of the 6-7
cm layer as is in line with observations at Hemra and elsewhere for this layer. Thus min. 7 cm of
the total 50 cm are stratified, but there is no reported primal thickness. There is also no
stratigraphic control in terms of marker layers, so layer recognition is based on characteristics of
the lower mixed and light units only. Although the primal thickness is unknown at Moldir the
thickness at Rjupnafell and the overall shape of the isopachs suggests that the border of the 50
cm isopach lies close to this point and it has been included just within the 50 cm isopach as it is
unknown whether erosion or secondary deposition have influenced the primal thickness of this
section.

A suggestive 30 cm isopach was drawn based on the Hemra, Rjupnafell and Moldir sections (fig
2.6ab).

The 2 cm isopach was constrained N and NE by several points, but only approximated to the
overall shape on the S part. Several measurements on Alftaver show thicknesses larger than 2
cm, but the Alftaver section shows a 2 cm thick unit with 2 cm medium ash on top (fig 2.7ab).
The very top of the layer is reworked and so the primal thickness is most likely around 2 cm.
The N edge of the 1 cm isopach was well-constrained by several measurements in the Eldgja
and Laki area as was the most proximal S part measured in Myrdalur (fig 2.1, 2.7b). The E
constrain was only given by a single point near Oraefajokull (fig 2.7ab).

The 0.5 cm isopach line was constrained S by measurements in the Myrdal-area as well as N
from sections in the Eldgja and Laki areas (fig 2.1, 2.7ab). The eastern extend was not
constrained by direct measurements and was estimated based on the overall shape of the rest
of the map.

The 0-line is suggestive and it was defined in order to model the total grain size distribution. The
0 line was based on measurements in Myrdalur (S) and near Eldgja (N) (fig 2.7ab). Furthermore
the description in Eldrit (Hallgrimsson, 1870) reported ashfall as far North as Langanes and over
the entire South and East country. Ashfall over the sea NE of Iceland is also reported.

Gudmundsdéttir et al., 2016 also found a thin 1625 deposit in lake Légurinn (fig 2.7b)
White dust is found in several base units of the 1625 tephra deposit at multiple locations closest

to Katla. It has not been possible to map out this deposit due to lack of points, and it is therefore

included in the total 1625 deposit map.
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Figure 2.6 showing maps with 50 cm to 5 cm isopachs of the 1625 deposit. 2.6a shows section positions
from this study with names while 2.6b shows the thickness measurements at these sections for the 1625
deposit together with sections measured previously by Gudrun Larsen (GL). At some sections ranges of
thicknesses are reported, as no single thickness value was representative. In sections with primary
internal layering of the 1625 deposit, the total layered thickness is given with the total thickness of the
deposit in brackets. See text for additional comments.
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Fig 2.7a showing measurements used to constrain the 2-0.5 cm isopachs for the 1625 deposit. The map
in 2.7b shows the information used to constrain the 0 line for the 1625 deposit. An x indicates a trace
deposit was observed. See text for additional comments.
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Grain size analysis

Grain size was measured on 34 1755 deposit samples and 33 1625 deposit samples (figure
5.2). However, a total of 128 samples were processes for grain size analysis, as all deposits

were sampled by individual bedding units.

Sieving

Samples were dried at 50°C and samples > 15g were split in halves. All samples were hand
sieved in 1¢ steps down to 3¢, split at 3¢ and one half was sieved down to 4, while the other
half was run on the Sedigraph to obtain fine grain data down to 9-10¢. Sedigraph data were
automatically binned into whole ¢ classes and merged with the sieving data using the 3-4 ¢

overlap to guide relative weights.

Fine grain size distributions on the SediGraph 11l 5120

The Sedigraph measures the grain size distribution by the sedimentation method, where particle
mass and sedimentation fall rate is measured from x-ray absorption and related to an equivalent
spherical diameter grain size by Stokes’ law. This technique depends on laminar flow conditions
during the sedimentation measurement, which required a liquid mixed of 50% glycerol and 50%
demineralized water to ensure this condition even for the largest grains. However, increasing
the viscosity of the liquid means much longer settling times for the fine particles. Thus the grain
size variation should be as limited as possible to allow for as fluid a fall medium as possible so
the fine end of the spectrum can settle within reasonable timescales. Therefore the overlap
between hand sieving and Sedigraph grain sizes was kept at 1¢.

To optimize the procedure some initial test runs of various ash concentrations were made. Ash
contents ranged from 0.5g to 3g. Each sample was run 3 consecutive times and the averages
from each run were compared graphically (appendix D, fig D1). Furthermore x-ray intensity
reduction feedback related to sample concentration was also logged for ash contents of 0.5 g —
4 g (appendix D, table D1).

The initial test runs showed that 2.5-3.5g of material with 60 ml mixed liquid was the acceptable
amount of ash to produce stable results. Thus samples larger than 3 g were setup for a single
measurement run with 3 g of sample in 60 ml liquid. Samples with less than 3 g available
material were setup for 3 consecutive runs and results were reported as the average of the 3

runs. This procedure ensured good data quality for ash contents down to 1 g.
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Density

The density of the <3¢ grain size ash was measured by 100 ml pycnometer for use in tephra
dispersal modeling and to obtain better accuracy on the Sedigraph grain sizes. Pycnometer
measurements were carried out with demineralized water left on the lab counter overnight to
obtain a stable water temperature for all measurements. Densities were calculated as the
average of 4 samples from each deposit with standard deviations of 3.5 % and 5.4 % for the
1755 and 1625 deposit, respectively.

Average bulk density of field samples was also calculated based on mass loading

measurements as presented in Chapter 5.

Componentry

Componentry was determined on the 3-4¢ grain size range for all depositional units from the
Rjupnafell deposit (please refer to appendix A and Chapter 4 for more information on the
Rjupnafell units). Small subsamples were taken from the 3-4¢ sieving portion of each unit after
turning the sample bag slowly upside down 2-4 times to ensure proper mixing of the sample

contents. Componentry counts were made on 100 grains/sample using binoculars.

Ash grain morphology

Descriptive ash grain morphology

A Hitachi TM 3000 Tabletop scanning electron microscope (SEM) was used to obtain images of
ash grains in the 3-4¢ size interval. The ash grains were mounted on a Hitachi 12.5 mm sample
stub with carbon tape and were coated with gold. Twelve samples were selected to cover the
most proximal down-wind deposits in the Rjupnafell section (appendix A, fig 2.1) as well as the
distal section at Blomsturvallafjall (appendix A, fig 2.1) for both the 1755 and 1625 deposit. The
images served as supportive imagery for the quantitative Particle Insight dynamic shape
analyzer morphology study. Therefore the images were studied to get a qualitative overview of

grain types, surface features and grain erosion, but no quantitative grain counts were attempted.

Quantitative grain morphology

A new method for quantitative grain morphology measurements was developed for the 3-4¢ size
interval of ash using the Particle Insight™ dynamic shape analyzer (Pldsa). Details of the

method are presented in Schmith et al. (2017) in Chapter 3 and the reference grain dataset is
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presented in appendix F. All 128 grain size samples were also run on the shape analyzer and

analyses from all the Rjupnafell units (appendix A) and presented in Chapter 4.

Modeling methodologies

Grain size modeling

Raw grain size distribution data have been described using the Inman (1952) parameters to
describe the distributions (See appendix G for the complete raw grain size dataset). The
deconvolution procedure allowed for tracking of subpopulations in a quantitative way and was
carried out using the DECOLOG software (Borselli and Sarocchi, 2016).

Wohletz et al. (1989) developed the sequential fragmentation/transport theory (SFT-theory) for
volcanic ash to demonstrate the correlation between a fragmentation and/or transport process
and resulting grain size distribution. The basis of the theory is that mass distribution from

fragmentation of a particle of mass m’ is described by the function f(m' - m) as

fon' »m) = (),

mq

Y
where m is the mass of the particles in the final population (m’>m) and (l) describes the

my
sequential cascading mechanism similar to a chain reaction. The sequential mechanism relates
the average mass m; to m by the free parameter y, although y is constrained by y = -1 as
particles have to break into smaller particles. Different fragmentation mechanisms have different
distributions related to y. Utilizing prior knowledge about fragmentation processes Wohletz et al.,
1989 derived different equations for the resulting grain size distribution of both magmatic and
phreatomagmatic fragmentation. They showed that y was well suited to distinguish between
magmatic and phreatomagmatic fragmentation. Values of -0.33 to -0.66 represented the full
magmatic fragmentation process, whereas values between -0.5 and +0.33 were expected for
phreatomagmatic fragmentation. This model was tested on the 1755 and 1625 deposit to
explore the potential of an integrated shape and grain size interpretation of fragmentation

mechanism.

Volume

Volume was calculated from isopach thickness and area using exponential (Fierstein and
Nathenson, 1992), power law (Bonadonna and Houghton, 2005), and Weibull fits (Bonadonna
and Costa, 2012) as standard procedure comparable to other studies (e.g. Daggit et al., 2014;
Bonadonna et al., 2015). Isopach area was determined in QGIS and results are shown in

appendix H. Volume was modeled in the AshCalc module (Daggit et al., 2014) and uncertainty

42

Eqg. 1.1



was estimated using the TError package (Biass et al., 2014). AshCalc and uncertainty model
inputs are described in chapter 5.

Recent studies have developed alternative volume calculation methods to overcome issues of
poor field data coverage and the subjective process of selecting and constructing
isopach/isomass maps (Burden et al., 2013; Engwell et al., 2013; Klawonn et al., 2014; Engwell
et al., 2015; Green et al., 2016; Yang and Bursik, 2016). Some studies have aimed at
automating the construction of isopach maps (Engwell et al., 2013; Engwell et al., 2015), while
others suggest direct integration of field data to avoid the ambiguity of isopach/isomass map
construction (Burden et al., 2013; Green et al., 2016; Yang and Bursik, 2016). Klawonn et al.
(2014) showed that the derived volume discrepancy between different expert isopach maps is
only 8% for well-constrained medial deposits irrespective of the expert’s choice of isopachs.
Therefore the main challenge of isopach/isomass maps is the poorly constrained proximal and
distal area, but with much less influence on the total volume from the distal part (Klawonn et al.,
2014). Thus the main challenge related to volume calculation by isopachs in this study is the
lack of proximal data, which cannot be resolved using automatic isopach models. Instead the
isopach-based volume estimates were compared to a statistical volume estimate. The Baysian
statistical model of Green et al. (2016) use calibration against expert isopachs, which then leads
back to the issue of the initial isopach map construction. The Yang and Bursik (2016) model
required a “by hand” estimate of wind direction, which would introduce another unconstrained
uncertainty unless compared to the isopach map. Thus the statistical model of Burden et al.
(2013) was selected for the 1755 and 1625 deposits as it represented a direct integration of the

thickness measurements.

Total grain size distribution (TGSD)

The total grain size distribution was calculated from the Voronoi tessellation standard method as
recommended by Bonadonna et al. (2015). This model requires the estimate of a zero
deposition line, which has been drawn onto the isopach maps based on field observations and

descriptions of tephra fall in Iceland.

Total mass and mass eruption rate

The total erupted mass was derived from the total erupted volume using the density model
described in chapter 5. Mass eruption rate was then calculated from eruption duration as
estimated from the historical descriptions. The duration estimates were made based on

observations of the presence of an eruption column.
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Plume height

Plume height was derived using the empirical fits of Mastin et al. (2009) from both total dense
rock equivalent (DRE) volume and MER:
H = 25.9 + 6.64log,(V)
H =2.00- V0241,
where H is plume height, V is total DRE volume, and V is volumetric flow rate. The volumetric
flow rate was calculated from the MER using a density conversion of 2700 kg/m® based on the
density measurements of the 3-4¢ ash fraction. Uncertainty of fits were made using the figures

1 and 2 of Mastin et al. (2009). Model implications are discussed in chapter 5.

Mass loading inversion

A new strategy to derive ESPs is to combine inverse problem algorithms with tephra dispersal
models (Connor and Connor, 2006; Klawonn et al., 2012; White et al., 2017). These models use
mass loading or grain size data as inputs and then use the inversion iteration algorithm to solve
for the optimal parameter combination. Parameters are tested against the data distribution by
forward modeling in the tephra dispersal models. Although the inversion algorithm uses the
directly measured data the tephra dispersal model required assumptions about clast density,
shape and total grain size distribution (Connor and Connor, 2006). The total grain size
distribution can be problematic in the forward models, as the model cannot account for the
deposition of accretionary lapilli (Mastin et al., 2016). However, corrections have not been made
to the measured TGSD of the 1755 and 1625 deposits, as aggregation parameters could not be
constrained. The Tephra2 based inversion method of Connor and Connor (2006) was applied
here, as the inversion model of Klawonn et al. (2012) required actual observations of the plume
shape, which are not available for these historical eruptions, and the model by White et al.
(2017) was released too recently to be incorporated into this work. The Tephra2 inversion
applies the simplex downhill method for optimal parameter solution. This method finds the local
minima of the parameter function, which could result in several sets of parameter solutions.
Therefore different starting plume heights ranging from 5 to 45 km were run to test the
uniqueness of the solution in a realistic plume height parameter space. The extreme plume
heights both converged on the same parameter outcome and thus the minima parameters are
considered representative for realistic eruption source parameters. Other model inputs are

presented and discussed in chapter 5.
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Abstract

Here we introduce a new quantitative method to produce grain shape data of bulk samples of
volcanic ash and we correlate the bulk average grain shape with magma fragmentation
mechanisms. The method is based on automatic shape analysis of 2D projections ash grains in
the size range 125-63 um. Loose bulk samples from the deposits of 6 different basaltic
eruptions were analyzed and 20,000 shape measurements for each were obtained within ~45
min using the Particle InsightT'VI dynamic shape analyzer (Pldsa). We used principal component
analysis on a reference grain dataset to show that circularity, rectangularity, form factor, and
elongation best discriminate between the grain shapes when combined. The grain population
data show that the studied eruptive environments produce nearly the same range of grain
shapes, although to different extents. Our new shape index (the regularity index (RI)) places an
eruption on a spectrum between phreatomagmatic and dry magmatic fragmentation. Almost
vesicle-free Surtseyan ash has an Rl of 0.207 + 0.002 (20), whereas vesiculated Hawaiian ash
has an Rl of 0.134 £ 0.001 (20). These two samples define the end-member RI, while two
subglacial, one lacustrine, and another submarine ash sample show intermediate Rls of 0.168 +
0.002 (20), 0.175 +0.002 (20), 0.187 £ 0.002 (20) and 0.191 + 0.002 (20), respectively. The
systematic change in Rl between wet and dry eruptions suggests that the Rl can be used to
assess the relative roles of magmatic versus phreatomagmatic fragmentation. We infer that both
magmatic and phreatomagmatic fragmentation processes played a role in the subglacial

eruptions.
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Introduction

Hazard evaluations of explosive eruptions are often based on information extracted from the
geological tephra record. The significant differences between the hazards posed by magmatic
and phreatomagmatic eruptions of basaltic magmas (e.g. Nemeth and Cronin 2011) mean that
fragmentation is a key parameter, which is routinely studied on the basis of tephra grain
morphology (e.g. Murtagh and White 2013; Dellino et al., 2012; Graettinger et al., 2013; Cioni et
al., 2014; Miwa et al., 2015). To obtain interpreter independent results most methods are based
on quantitative analysis of grain morphology (e.g. Leibrandt and Le Pennec 2015; Liu et al.,
2015a; Genareau et al., 2013; Proussevitch et al., 2011; Bittner et al., 2002; Maria and Carey
2002), but current fragmentation classification methods cannot match observations of complex
fragmentation events (e.g. Graettinger et al 2013; Jordan et al., 2014). Therefore we have
developed a new quantitative method for studying the fragmentation processes of basaltic
tephra deposits. It automates shape parameterization for ash in the size-range 125-63 um for
small samples with good reproducibility. The classification diagram models only the particles
actively involved in the explosion and provides a quantitative spectrum between magmatic and

phreatomagmatic fragmentation to allow for a more complex fragmentation evaluation.

Background of grain morphology and fragmentation

Tephra grain morphology has been linked to magma fragmentation by two different approaches.
One is volcanological and combines grain morphology with eruption types and volcanic
processes. It distinguishes between magma fragmentation by either magmatic volatile
exsolution (magmatic) or by explosive interaction with external water (phreatomagmatic), thus
focusing on fragmentation drivers (e.g. Heiken 1972; Dellino et al., 2012; Murtagh and White
2013). The other approach is mechanical and describes magma fragmentation in fluid dynamic
terms as either brittle or ductile deformation (e.g. Buttner et al., 2002; Durig et al., 2012). The
volcanological approach is typically used in studies of field samples of tephra, while fluid

dynamic approaches are often preferred in experimental studies.

The volcanological morphology framework

The systematic features that link tephra morphology to eruption types were based on overall
grain shape and surface features derived from SEM imagery (Heiken 1972). For the magmatic
fragmentation scheme it characterized ash from fire fountains as whole smooth-skinned
rounded droplets, elongated strands (Pele’s hairs), and broken, ragged, and irregular droplets
(Heiken 1972). For magmatic Strombolian activity Heiken (1972) noted equant grains, which

contained ovoid to spherical vesicles.
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Another classification ties grain morphology to the magmatic volatile exsolution processes by
defining simple and complex particles (Proussevitch et al., 2011). Simple ash particles have full-
length curved sides representing bubble walls and represent the plateau border between three
or more bubbles. Complex particles have indents from more bubbles on their surface and result
from the breakage of larger bubbles. Complex particles are larger than the simple particles and
for proximal basaltic samples they range in size from 50 um and up (Genareau et al., 2013),
while simple particles dominate the finer ash.

Phreatomagmatic eruptions produce blocky, mostly equant, grains with planar to curvi-planar
faces, smooth or stepped surfaces, and faces meeting at nearly right angles (Heiken 1972;
Wohletz 1983; Buttner et al., 2002). Vesicles are scarce and usually spherical (Heiken 1972,
1974). Other characteristic morphology traits include moss-like and platy textures, which are
usually found in grains smaller than 63 um (Wohletz 1983).

Graettinger et al., 2013 showed that magmatic gas-driven explosions could trigger
phreatomagmatic ones and vice versa creating feedback loops between these two
fragmentation types. This explosion facilitation creates highly complex deposits, which can be
difficult to interpret in terms of a main fragmentation process (Jordan et al., 2014), though
volcanological morphology studies of ash still characterizes deposits as either magmatic or

phreatomagmatic (e.g. Murtagh & White 2013; Jordan et al., 2014).

The fluid dynamic morphology framework

This experimental perspective highlights the important distinction between passive and active
particle formation (Zimanowski et al., 1997a; Bittner et al., 2002; Durig et al., 2012). Active
particles are produced directly in the explosion whereas passive particles are not. Molten fuel-
coolant interaction (MFCI) experiments show that the active particles are angular (blocky) and
crack-dominated particles less than 130 um in size related to brittle fragmentation (Zimanowski
et al., 1997a; Bittner et al., 2002). Passive particles are related to ductile fragmentation and

consist of spherical and elongated drops and broken strands (Zimanowski et al., 1997a).

Connecting volcanological and experimental data

Phreatomagmatic eruption deposits have been associated with blocky grains inferred to
represent the active MFCI particles (Wohletz 1983; Zimaowski et al., 1997a), but blocky
particles can also be formed passively by quench granulation in a non-explosive interaction with
water. Quench granulation is caused by brittle failure of the material as it contracts during
cooling and produces grain sizes around coarse ash to fine lapilli (Mastin et al., 2009; Schipper

et al., 2011; Graettinger et al., 2013). Furthermore natural brittle fragmentation involves
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fragmentation of pre-stressed material (Durig et al., 2012) and cannot solely be attributed to
MFCI.

Passive particles are placed in the magmatic morphology scheme although they are also
created in MFCI explosions (Zimanowski et al., 1997a; Wohletz 1983). Thus active and passive
particles classes cannot be directly equated to volcanological morphology suites.

For hazard assessment purposes the active particles generated by the explosion are the
important ones. Therefore drops, hairs, and blocky passive shapes should be removed from the
dataset, as they are passive particles. The data of Genareau et al. (2013), Graettinger et al.
(2013), Bittner et al. (2002), and Wohletz (1983) suggests that the optimal size interval of
volcanic ash particles for studying active eruption fragmentation is between 3 ¢ and 4 ¢ (125 —
63 um).

Method background

Automatic shape analysis

Interpretation of qualitative grain morphology is largely subjective and interpreter-dependent
(Sheridan and Marshall 1983) and therefore quantitative shape parameters were developed to
remove interpreter bias. Leibrandt and Le Pennec (2015) and Lui et al. (2015) have given
extensive reviews of both the history and nomenclature of shape parameters and only highlights
will be repeated here.

Dellino and La Volpe (1996) used image parameter analysis (IPA) and constructed 4
dimensionless parameters, which were assigned to the 2D projection of the selected tephra
particles on photographs and SEM images by automated image analysis software. Using
multivariate data analysis the four parameters were combined to a 2D diagram to distinguish
between ductile and brittle fragmentation (passive and active particles) (Buttner et al., 2002).
Murtagh and White (2013) added a magmatic/phreatomagmatic fragmentation regime boundary
to the diagram.

The IPA shape parameters relate to properties of the tephra particle as a whole such as
length/width, area and perimeter. These metrics are measured in raster-based imagery counting
pixels. To obtain stable bulk average results around 1000-1500 particles should be analyzed per
sample (Leibrandt and Le Pennec 2015). The shape parameters are more or less sensitive to
image sharpness, resolution and pixel classification model. The least sensitive parameters are
area and length, which receive the largest contribution from the unambiguous pixels within the
grain and converge towards a single best estimate value with increasing resolution. Liu et al.
(2015a) have found a minimum resolution of 750 pixels/particle to get stable area and length

parameters. Perimeter, however, is calculated from ambiguous edge pixels and thus highly
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resolution and pixel-smoothing dependent. Perimeter values of tephra increase with increased
resolution (Maria and Carey 2002), which suggests a fractal/pseudo fractal behavior of the
perimeter (e.g. Dellino et al., 2002; Maria and Carey 2002). This is used in the fractal method of
morphology classification (e.g. Dellino et al., 2002; Maria and Carey 2002, 2007; Perugini and
Kueppers 2012), but the method has not yet been automated for large grain capacities.

3D shape analysis is yet another branch of morphology studies currently being developed with
promising results, but it remains laborious, costly, and can only produce data on a few grains at
this stage (Bagheri et al., 2015).

Thus the 2D projection method remains the fastest, most cost effective, and widely used
(Leibrandt & Le Pennec 2015).

The IPA shape parameters

To aid interpretation 2D particle metrics are mostly described by geometric shapes; i.e. circles,
rectangles, ellipses or polygons. Directly constructed grain geometries include circumscribing
circles, ellipses, rectangles or polygons. A group of model geometries translates some of the
particle properties (length, width, area or perimeter) into simple shape models by constructing,
for example, a circle with the same area or perimeter as the grain. The geometric shapes are
intuitive to interpret and to compare to the measured particle metrics by the IPA parameter
formulas (Table 3.1). To be able to compare different grain sizes IPA parameters are often
constructed to be dimensionless and some have values between 0 and 1.

Unfortunately, due to differences in software and nomenclature in the literature, 2D shape
parameters have no standard reference. Parameters with the same name can be defined
differently in different studies and conversely parameters calculated in the same way may bear
different names across different publications. The nomenclature in this paper follows the Pldsa

software, but otherwise following Liu et al. (2015a).

Connecting tephra morphology and shape parameters

Complex tephra grain morphology cannot be uniquely captured by one single shape parameter
(Liu et al., 2015a). Instead it can be divided into three main types of shape variation, which are
captured by different groups of shape parameters (Liu et al., 2015a). One group deals with the

dimensions of the grain in terms of elongation expressed as aspect ratio.

Table 3.1 previous page. Shape parameter overview and definitions from the Pldsa. The 25 parameters
used in this study are described by shape model and shape name and equations are shown where
relevant. See additional comments in text about shape models and parameters. Additional used
parameters from other studies are shown beneath the relevant references.
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Another group (the morphology roughness of Liu et al., 2015a) deals with the overall geometric
shape of the grain seen as either larger bubble walls or straight breakage faces defining the
outline of the tephra grain. It is best evaluated by comparing the area of the particle to the area
of a model geometric shape (circle, ellipse, rectangle or convex hull). The last group (textural
roughness of Liu et al., 2015a) deals with surface perturbations, such as small vesicles or
breaking steps on the grain surface, that do not change the overall geometry and is measured
by perimeter parameters.

Tephra morphology can then be described by using a parameter from each group; elongation,
morphology roughness and textural roughness. However, elongation and morphology
roughness are determined from length and area measures, which are stable in high-resolution
raster imagery, but textural roughness is perimeter derived and is thus dependent on sharpness
and resolution (Leibrandt and Le Pennec 2015). The specific choice of parameters depends on
the analytical settings, software output, particle orientation, and resolution, and should always

be considered carefully for each experimental setup.

Method

Sample selection

Samples of five basaltic tephra fall deposits were collected from multiple different volcanic
settings in Iceland (fig 1) and one sample site from Jan Mayen Island, Norway. Sample
information is presented in Table 3.2. The deposits were carefully chosen to avoid samples that
may have been altered by erosion or transport. The Katla and Grimsvétn tephra layers were
sampled from the middle unit of a series of several consecutive fall units. The Karl sample was
chosen from a cm thick fall unit in the deposit and the Hverfjall deposit was sampled on the
crater rim to ensure that no flow transport had affected the grains. The tephras have similar SiO,
contents ranging from 46.5-49.7 wt.% (Table 3.2) and contain only scarce phenocrysts and
microlites. They are therefore ideal for comparing the tephra populations from different eruptive

settings.

Sample preparation

Samples were dried at 50 °C and carefully hand sieved dry through a 125 pm (3 ¢) and a 63 um
(4 ¢) sieve. Small subsamples were mounted on carbon tape on a Hitachi 12.5 mm sample
stub, were gold coated and then studied in a scanning electron microscope (SEM) to look for
erosion features on the grains and get a qualitative overview of grain types (see appendix J).

Erosion features were not observed.
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Karl 1210-40

Hverfjall 2500 BP

Grimsvotn 2011

Katla 1755

Fimmvorduhdls 2010 Eggoya 1732

Eruption

Jan Mayen, Norway Iceland Iceland Iceland Iceland

Iceland

Location

Subplinian Surtseyan Surtseyan

Subplinian

Surtseyan

Hawaiian

Eruption type
Vent type

Submarine vent

Lacustrine fissure

Subglacial vent

Subglacial vent

Submarine vent

Fissure

Tuff cone fall unit

Tuff ring

Tuff cone fall unit Tephra layer Tephra layer

Loose tephra deposit

Deposit type

Phreatomagmatic Phreatomagmatic Phreatomagmatic

Phreatomagmatic

Phreatomagmatic

Dry magmatic

Fragmentation
Sampling

~300 m from vent in
costal section

From crater of eruption

section from third fall unit phase lll

~9 km from vent in glacial

~22 km from vent in soil

~2 km from vent in costal section
from second fall unit (P1-2)

Few 100m from source
during the eruption

section from fifth fall unit

Tholeiitic

Tholeiitic basalt

Transalkalic basalt 47.8 wt Tholeiitic basalt

% Si0,

Alkali basalt

Alkali basalt

Geochemistry

49.67 Wt% SiO,

49.2 wt % SiO,

49.5 wt % SiO,

46.5-48 wt % Si0,

46.8 wt% SiO,

Eiriksson et al. 1994;

Mattsson and

Sigmarsson et al. 2013

Oladottir et al. 2008;
Oladottir et al. 2011

Sigmarsson et al. 2011; Gjerlgw et al. 2015

personal observation

References

Jakobsson et al. 1978

Hoskuldsson 2011;
personal comm.

Table 3.2 (left). Overview of the 6 tephra
fall samples used in this study
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Figure 3.1. Map of Iceland showing the
source locations of the sampled eruptions.

Image analysis

50-90 mg of sieved bulk sample was run on the
Particle Insight™ dynamic shape analyzer
(Pldsa). The analyzer circulates a fluid containing
the suspended grains though a lens in front of a
camera, which captures 30 frames/second.
Images have a resolution of 0.858 um/pixel, which
translates to a resolution range of 16600 to 4200
pixels/particle for the chosen grain size.

The images are processed as binary images and
analyzed automatically by the Pldsa software.
Predefined grain rejection criteria such as size,
shape, darkness and focus can be used to ensure
data quality. We used a darkness threshold of 0.8
for grain detection and a circularity rejection of
0.98 to reject air bubbles created in the fluid from
the dataset. Up to 28 shape parameters are
reported on each analyzed grain and sample
photos with grain data are available as well as
general sample average statistics. For more
information on the general setup we refer to the

Pldsa website.
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We used a setup that generated 25 parameters on 20,000 grains for each sample (see Table
3.1). Many particle images are out of focus because the photos are taken while the grains are
flowing, and samples were run with 90 % focus rejection in order to ensure high image quality.
Individual grain data were exported for grains with an equivalent area circle diameter (see Table
3.1) larger than 63 um. The area-based size cut-off is also used to ensure a minimum of 4000
pixels/particles, which is much larger than the minimum of 750 pixels/particle recommended by
Liu et al. (2015a).

Shape parameters

The shape parameters are grouped into 5 overall shape models: circular, rectangular, ellipsoid,
convex polygonal shape and fiber (see Table 3.1). A short overview of each is given here.

The circular model converts the irregular grain into an equi-axis model, which is intuitive to
interpret and easy to compare to other grains in terms of size, for example. This may also be
convenient for tephra fall models that assume all particles are spheres. Different circle models
are constructed either using equal area or perimeter of the grain or as a shape-bounding circle.
All models are rotation independent.

The rectangular model is a single model based on the bounding rectangle yielding a length,
width and aspect ratio. A smallest rectangle is fit to the particle regardless of rotation and it is
thus orientation independent.

An ellipsoid model is built to better take particle shape irregularity into account. Analogous to the
circular model, the ellipse has an equal area and a bounding model. The challenge of the
ellipsoid model is that many major and minor axes can be defined from a specific area. To guide
the choice of axes the software chooses the axes with the same aspect ratio as the bounding
rectangle and the actual amount of new information is thus very limited. This model is rotation
dependent.

The polygon model is based on the convex hull shape and measures polygon order (i.e. number
of sides on the fitted polygon) and convexity based on convex hull area. This model is also
rotation independent.

The irregular model provides the caliper measures of Feret length and width, which are the
smallest and largest possible distance between two parallel lines, and are thus by this definition
rotation invariant (as opposed to other definitions in the literature of maximum and minimum
pixel distances).

The fiber model is mostly intended for industrial use and uses a simple algorithm to straighten

out long thin curved particles to rectangles.
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We only discuss dimensionless parameters such as aspect ratio, form factor, and circularity
(Table 3.1) because we are interested in the parameter changes between irregular magmatic
grains and regular blocky phreatomagmatic grains and not the size diversity. However, because
each dimensionless parameter only captures a limited amount of shape change, it is useful to
analyze and combine the shape parameters to obtain as much shape information as possible

while keeping it graphically simple.

Building a reference grain dataset and modeling shape parameters

Thumbnail images from the 6 samples were used to identify and define a reference grain
dataset. Initial qualitative observations indicate that the grains could not be divided into strictly
blocky or vesicular grains. Some grains were blocky with no visible vesicles, but other grains
had overall blocky shapes with bubbles disrupting the outline to a greater or lesser extent. Thus,
grains with greater numbers of bubbles, or fewer larger bubbles, grew progressively more
irregular (also observed by Liu et al., 2015a). There was no clear cut-off at which the grains
went from generally blocky to generally irregular. Grains were therefore divided into four
different classes: blocky, blocky-vesicular, vesicular and elongate, based on their projection
outlines (see Table 3.3). Blocky grains have a clearly regular outline. Vesicular grains have a
clearly irregular outline. Blocky-vesicular grains have an overall blocky shape with a more or
less irregular outline. The elongated grain class has a clear elongated appearance.

We assigned 75 grains to each class and then used the standard deviation normalized
reference grain dataset for principal component analysis to identify the most important variation
parameters for separating different grain types. Variation diagrams for the eruption bulk samples
were subsequently generated based on the principal component analysis results.

The principal component analysis was run with a 6-non-dimensional parameter setup. Twenty of
the reported parameters were relating to the grain size variation between 63 and 125 um
(lengths, widths, and diameters, see Table 3.1) or redundant aspect ratio measures. They were
therefore removed from the initial 26-parameter setup before the principal component analysis.
The six parameters used were circularity, form factor, rectangularity, polygonal order, convexity,

and Feret aspect ratio (see Table 3.1).
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Pldsa images of
representative grains

Regularity parameter
Feret aspect ratio
Convexity

Mean radius diameter

SEM images of same
grain type at
comparable size

Characteristics

Grain type group data
Regularity parameter (RP)

RP arithmetic mean
Feret aspect ratio (FAR)
FAR arithmetic mean
Convexity (CV)

CV arithmetic mean

0.29
1.33
0.92

113 um

Blocky

L X 4

0.29
1.93
0.91

106 um

100 um

Straight perpendicular faces,
rectangular outline

>0.2
0.30
<26
1.59
>0.85
0.91

Blocky-vesicular

< ¢

0.21 0.18

1.53 1.87

0.88 0.90
112 um 111 um

100 um

Straight perpendicular faces
with few concavities, overall
rectangular outline

0.09-0.33
0.20
<2.6
1.82
>0.83
0.89

Vesicular

0.15
1.65
0.84

109 um

50 um

& -

0.06

1.88

0.84
99um

Curved faces, irregular

outline

<0.2
0.12
<26
1.94
>0.79
0.86

Elongated
0.02 0.05
6.88 431
0.97 0.89
75 um 105 um
200 um

Long thin grains,
rectangular outline

<0.14
0.05
>2.6
4.98

>0.81
0.91

Table 3.3. Grain type morphology overview. Plsda and SEM images are shown of a typical grain from
each grain type and the descriptive characteristics are given. For the Plsda grains the regularity
parameter, Feret aspect ratio and convexity measures are given for the shown grains. The mean radius
diameter is given for size comparison. Finally an overview of the parameters for the reference grain type
groups is given stating the range of the given parameters as well as the arithmetic average for the grain

type.

Comp1 Comp 2 Comp 3 Comp 4 Comp 5 Comp 6
Circularity 0.487 -0.0066 -0.2922 -0.1814 -0.0146 0.8027
Form 0.4726 0.1214 -0.2011 -0.2891 0.6843 -0.4118
Factor
Rectangu- 0.1627 0.9023 0.1778 -0.1445 -0.3204 -0.065
larity
Polygonal 0.4168 0.0837 0.0201 0.902 0.0601 -0.04
order
Convexity 0.3583 -0.2496 0.8822 -0.161 0.0277 0.0659
Aspect -0.4592 0.3189 0.2527 0.1522 0.6515 0.4195
ratio
Percent of 62.2421 17.4474 9.5186 6.8809 2.3823 1.5287
variance

Table 3.4. Principal component coefficients for all variables and *percent of variance for each principal
component. 96 % of the reference grain variation is described by components 1 to 4.
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Figure 3.2. Principal component analysis

for 6 variables on the reference grain

dataset. 3.2a: Principal component 2 vs.
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1. 3.2b: Principal component 3 vs. 1. 3.2c:
Principal component 4 vs. 1. See text and

Table 3.4 for additional comments.

Principal Component 1

Principal Component 1

Results

Principal component analysis and parameter

selection

The principal component analysis (PCA) shows that
96 % of the data variance could be expressed by 4
components (Table 3.4). The first component,
particle elongation, captures 62.24 % of the variance.
As particles get more elongated the area to
perimeter ratio changes, as does the length to width
ratio. The area to perimeter ratio change is tracked
by form factor and circularity, while the length to
width ratio change is found in the changing aspect
ratio. Therefore, form factor, circularity, and aspect
ratio contribute most to the first component (Table
3.4). However, elongation is best expressed by the
particle aspect ratio, as form factor and circularity are
also very sensitive to roughness changes, for
example. We used the Feret aspect ratio because it
is directly measured on the particle and is rotation
invariant as measured by the Pldsa. This parameter
alone efficiently separates the elongated grains from
the rest (Fig 3.2a).

The second most prominent variation (17.45 %) was
the change from regular to irregular morphology—or
blocky to vesicular morphology (Fig 3.2a).
Rectangularity stands out as the primary contributor
to this second component (Table 3.4) and it is one of
the parameters that measures the overall shape of
the grain by comparing the area of the particle to the
area of the smallest bounding rectangle. This fits with
the observed component trend in Figure 3.2a.
Convexity, commonly known as solidity (Cioni et al.,

2014; Liu et al., 2015a), and polygonal order
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describe the remaining shape variation of the reference grain population as the third component
(9.52 %) and the fourth component (6.88 %) (Fig. 3.2b,c). Both parameters are related to the
convex-hull shape of the particles and express the complexity of the overall grain geometry.
However, the convexity variation is caused by a group of elongated grain outliers with very low
convexities. This grouping cannot be correlated with other parameters or visual specifics. We
interpret it as an image analysis error with regard to this specific parameter. Furthermore, when
taking components 3 and 4 into account it becomes clear that they do not reflect a morphology
change from blocky to vesicular grains and instead their variation is perpendicular to the blocky-
vesicular trend as seen on Fig 3.2b and c.

Other parameters contribute essential information about irregularity shown by the trend from
blocky to vesicular grains. Both circularity and form factor make important contributions as
mentioned in the discussion of component 1. Figure 3.2 shows that both form factor and
circularity follow the blocky to vesicular grain trend in all diagrams. Circularity, like rectangularity,
evaluates the overall morphology by comparing the area of the particle to the area of the
bounding circle. The more regular, compact and equant a particle is the closer both circularity
and rectangularity are to 1. The form factor takes the smaller irregularities of the outline into
account by comparing the particle’s perimeter to the perimeter of a circle with the same area as
the particle. Notice that elongated particles will have a very low form factor in spite of their
smooth, regular outline. This is because by definition they are not equant. Following the
examples of others (e.g. Dellino and La Volpe 1996) we combined the three parameters into a
single factor to contain all the information in a simple 2D diagram. We call it the regularity
parameter, because it accounts for both the outline and overall shape aspects of regularity

variation. It is defined as:

Regularity parameter = Circularity - Rectangularity - Form Factor Eq. 3.1
4A
Circularity = —22r Eqg. 3.2
BC
: A article
Rectangularity = Eq. 3.3
BRWBR
4ﬂA article
Form Factor = ——F—— Eq. 3.4
particle
4A e AmA 16A°,,.
Regularity parameter — pa;ncle particle 2parttcle — . pamclze Eq 3.5
ndBC lBRWBR P particle dBC lBRWBRP particle
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Table 3.5. Reproducibility tested by running
the same subsample consecutively 6 times.
The low standard deviations all below 1%
show a good precision of the method. T-tests
were also performed on consecutive runs and
on runs with the largest difference in the mean
of the parameter. Only two tests show
dissimilarity of a single parameter (< 0.005)
(Johnson 2013).

* Mean of the regularity index of all runs

where Aparicie = area of the particle
projection, Pparicie = perimeter of the particle
projection, dgc= diameter of the circle
bounding, but not intersecting the particle
projection, Igg= length of the rectangle
bounding, but not intersecting the projection,
wgr= width of the rectangle bounding, but
not intersecting the projection. All
components of the regularity parameter are
ratios from O to 1 and thus the regularity
parameter is also a ratio ranging between 0
and 1. Regular, equant particles with smooth
edges score close to 1 whereas irregularly
shaped particles score close to 0.

The change from regular to irregular tephra
grains reflects a change from blocky to
vesicular and then to elongated grains. The
form factor is very sensitive to the jagged
irregular outline of vesicular grains and the
high perimeter to area ratio of elongated
grains. All three parameters are sensitive to
the overall morphology change from
compact blocky equant grains to irregular
vesicular and elongated grains. The
regularity parameter is therefore good for
distinguishing between blocky and vesicular
particles (Table 3.3, Fig 3.3a).

Particle Insight shape analyzer data
reproducibility

The Pldsa was not specifically designed to
run tephra samples and the stability of the
shape parameter output was tested by 6
runs of the same sample under the same

conditions. Standard deviations on the
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means of the dimensionless parameters of circularity, rectangularity, form factor, convexity, and
Feret aspect ratio range from 0.07% to 0.23% (Table 3.5). This translates into a standard
deviation of 0.77% for the regularity parameter (Table 3.5). The same parameters were tested
for normality with normal probability plots and all show normal distributions for minimum 99% of
the distribution (Appendix K). T tests were used to test for dissimilarity between adjacent sample
runs as well as sample runs with the largest difference in parameter mean value. P-value
recommendations of Johnson (2013) were followed, so p-values < 0.005 reject the null
hypothesis (Table 3.5). Only 2 of the 36 t tests resulted in a rejection of the null hypothesis.
Based on the low standard deviations and the t test results the data are considered

reproducible.

Statistical verification of grain types

T tests between all reference grain types were performed to test if the grain types are
statistically significantly different (Table 3.6). All results of regularity parameter, form factor and
circularity reject the null hypothesis and are thus successful in distinguishing between shape
types. Rectangularity for blocky-vesicular and vesicular grains is not statistically dissimilar. This
is also true of the Feret aspect ratio T-test of blocky-vesicular and elongated distributions.
However, the overall result of the t tests show that the regularity parameter combined with the

Feret aspect ratio is effective in separating the grain types.

. . . . Feret aspect Regularit
Reference grain types Circularity Form Factor Rectangularity X P g v
ratio factor
Blocky vs. blocky-vesicular 7.28633E-13 1.79975E-21 0.001206307 3.23483E-07 1.97618E-20
Blocky vs. Vesicular 4.40146E-28 1.77909E-48 4.11322E-22 3.81556E-09 4.72646E-05
Blocky vs. Elongated 4.37849E-70 4.61729E-57 0.001312259 8.01789E-29 6.14298E-59
Blocky-vesicular vs. Vesicular ~ 8.65214E-10 5.1706E-13 1.37356E-15 0.035989286 4.24739E-18
Blocky-vesicular vs. Elongated ~ 2.19939E-59 2.95902E-36 0.137023985 5.23038E-27 6.97522E-43
Vesicular vs. Elongated 4.62724E-42 5.1776E-20 0.000120391 2.71972E-26 3.73693E-25

Table 3.6. T tests of the dissimilarity between the shape parameters of the different grain types. All but
two parameters are shown to be dissimilar by the p<0.005 criterion (Johnson 2013). Only the Feret
aspect ratio of the blocky-vesicular vs. vesicular distributions and the rectangularity of blocky-vesicular vs.
elongated distributions do not reject the null hypothesis. This shows that the grain types display well-
defined distributions compared to one another.

Statistical significance of different deposits

Finally, all the samples were compared to each other by t-tests of the shape parameters

circularity, rectangularity, form factor, Feret aspect ratio, and regularity parameter. Only 6 of the
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75 t tests reject the null hypothesis and the 6 eruption samples are considered significantly

different in terms of their shape parameters.

The regularity index

Based on the results of the PCA we constructed a classification diagram using the Feret aspect

ratio and the regularity parameter (Fig 3.3a).
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Figure 3.3. 3.3a: All reference grains plotted with regularity against elongation. Graphical average lines
through (0.0) show the difference between grain types as inclinations of the slope. 3.3b: Showing grains
from the Fimmvoérdurhals sample in a “regularity against elongation” plot. Elongated grains have been
removed. A graphical average line with manipulated starting point is shown to illustrate the average
regularity of the whole population. 3.3c: All sample average lines plotted in a plot similar to 3b and
showing the regularity index of each eruption deposit. 3.3d: Correlating regularity index, percentage of
elongated grains and geochemistry. See text for additional comments.
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The plot quantitatively characterizes the ash from the different eruption environments. It is
possible to separate blocky, vesicular and elongated reference grains (Fig 3.3a), although
adjacent shape groups overlap due to transitional grains. These transitional grains become
important when the whole sample grain morphologies are plotted (Fig 3.3b) and individual grain
types cannot be distinguished. Cut-off values for grain types are given in Table 3.3 based on the
300 reference grains.

In order to focus the quantitative study on the active ash particles generated by the explosion,
elongated grains generated by ductile fragmentation (Bittner et al., 2002) were removed by the
cut-off values in Table 3.3. An important observation is that all eruption deposits contain the
whole spectrum of grain types within the measured grain size interval (see appendix L).
Therefore the sheer amount of data points in each plot (around 15,000—17000 points) makes
any visual distinction impossible. To quantify the difference we have projected the points onto a
line through (0.0) using a linear regression. The line serves as a graphical average of the
distribution and the slope is a measure of the average regularity of the grains. The (0.0)
constraint has been invoked so all the lines have the same starting point and the slope of the
lines are directly comparable. We also prefer to have a positive slope, so it follows the same
logic as the shape change. The higher the regularity parameter of a grain the higher it plots in
the diagram. Thus, the more regular and blocky a grain population is the steeper the slope is
and the higher the slope value is. Conversely, a population with very jagged, elongated and
irregular grains will have a much flatter regression line and a lower slope value. We have
termed the slope value the regularity index (RI) and we note the slope is strictly a modeling tool
that is used to quantify the relative amounts of blocky vs. vesicular and elongated grains.
Values of the Rl of the 6 samples are given in Figure 3.3c. The sample with the most irregular
grains is the Fimmvérduhals fire fountain sample, which has the lowest Rl of 0.134 + 0.001 (20).
Then follows the subglacial tephra samples from the Grimsvétn and the Katla eruptions, which
have intermediate Rls of 0.168 + 0.002 (20) and 0.173 = 0.002 (20), respectively. The highest
RI (0.207 £ 0.002 (20)) is exhibited by the sample of the Surtseyan eruption in Eggoya, Jan
Mayen, whereas the sample from other Surtseyan eruption of Karl shows a slightly lower RI of
0.187 +0.002 (20). The latter is comparable to the tephra from the wet fissure eruption sample
from Hverfjall, which has a Rl of 0.191 + 0.002 (20). There is no apparent correlation between
the fraction of elongated grains and the Rl (Fig 3.3d). However, there is a tentative correlation
between geochemistry and Rl for same eruption environments. In the submarine environment
the alkalic Eggoya sample has a higher index than the tholeiitic Karl sample. Between the
subglacial samples the trans-alkalic Katla sample has a slightly higher index than the tholeittic

Grimsvétn sample.
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Discussion

Points of awareness using the Pldsa method

The sheer rapidity (20,000 grains in about 30-45 min) makes this method attractive and
useable. The equipment is small, easy to run, and requires only simple sample preparation. Its
main advantage is that it characterizes many grains from random angles, which allows for more
accurate and complex grain shape models. However, it is clear upon examining results and
thumbnail images that the use of a moving medium involves some challenges. Firstly each
sample should run for a limited time only. Small grains may start to wash out from the larger
grains and thereby change the optical properties of the fluid slightly. Using wet sieving methods
or prewashing the dry-sieved samples can resolve the issue to some extent, so samples can
run for longer if needed.

Another challenge is defining the dark threshold and the camera gain. There is a balance
between detecting clear grains and getting a well-defined dark-grain outline. This will mostly be
a challenge for samples with transparent tephra grains such as silicic ash. Finally, high focus
rejection is important to ensure data quality (90 % is recommended). High focus rejection,
however, limits the analyzed grain size to the larger part of the dispersed grains. Reruns on the
same < 125 um grain size sample with 90 % focus rejection and then 30 % focus rejection show

a shift in average mean radius diameter from 81.6 pm to 46.1 um.

Resolution and the perimeter value issue revisited

The resolution of the OPA imagery determines the baseline data quality. Outline irregularity is
one of the key features that distinguish magmatic tephra from phreatomagmatic tephra, and the
perimeter is the central parameter in gaining this information. Therefore most studies use
parameters highly sensitive to perimeter changes (e.g. Dellino and La Volpe 1996; Buttner et
al., 2002; Jordan et al., 2014; Leibrandt and Le Pennec 2015; Lui et al., 2015), but as previously
discussed perimeter measurements are resolution dependent. This becomes an issue when
dealing with a stationary imaging setup for a range of grain sizes. While some studies have
overcome this obstacle by manually normalizing the OPA imagery to a specific resolution (e.g.
Liu et al., 2015a; Durig et al., 2012), this option defies the objective of automated bulk analysis.
As the imaging setup is usually stationary and the pixel/area is constant for all images, the
resolution effectively drops significantly for smaller grains, thus decreasing the perimeter value.
This means that smaller grains will seem smoother compared to larger grains of similar shape.
This effect is evident in the dataset of by Leibrandt and Le Pennec (2015). They provide

average convexity (see Table 1 for definition) data of 1500 particles in 0.5 ¢ sieving intervals.
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They show grain sizes ranging from 0.5 ¢ to 5.5 ¢ (0.710 mm to 0.023 mm) from one bulk
sample at a fixed magnification. Including data using different magnifications makes it possible
to evaluate whether the parameter change is a real shape change or an artifact of the
resolution. When comparing the constant magnification data with higher magnifications it is
evident that the change is indeed an artifact of perimeter resolution (Leibrandt and Le Pennec
2015). Based on the published diagram of the Leibrandt and Le Pennec (2015) dataset we have
found a quantitative change in bulk average of the convexity parameter of less than 2 % in the 3
to 4 ¢ size range. Liu et al. (2015a) finds that changing the resolution from 10° to 10®
pixels/particle increases convexity of a single grain by a factor of 2—-3 depending on the grain
morphology. However, that would correspond to a size range from e.g. 3to 10 ¢ (0.125 to
0.00125 mm) or about -2.5 to 4 ¢ (6.3 to 0.063 mm), which are orders of magnitude from the
grain size range of current automated morphology studies. Thus the resolution difference in the
limited size range of 3 to 4 ¢ should not pose problems for the data quality.

Additionally, perimeter parameter values from different studies with different image
resolution/grain sizes cannot be compared. Unfortunately most of the IPA studies reported in
the literature are focused on perimeter parameters and thus comparing results between different

studies remains difficult.

Applicability of established classification diagrams to Pldsa data and automated
bulk analysis

When comparing the different classification diagrams of Buttner et al. (2002), Murtagh and
White (2013), and Liu et al. (2015a) it is apparent that these authors have shown no quantitative
way to deal with bulk samples containing a broad mix of all morphologies and only quantify
shape changes of single grains. Liu et al. (2015a, b) presents a bulk analysis of tephra from
Grimsvétn, 2011, which plots all across the classification diagram—as observed in our study.
Leibrandt and Le Pennec (2015) treat bulk datasets and deal with bulk averages in their
classification diagram, but a lot of morphology distribution information is lost in this way. Many
different morphology distributions may result in the same average value, although the generic
implications may be vastly different. Therefore, we encourage the use of what we term a
graphical average model instead, so that the overall point distribution may be visually inspected.
For comparison we plotted our reference grains and samples onto the classification diagrams of
Buttner et al. (2002), Murtagh and White (2013), Leibrandt and Le Pennec (2015), and Liu et al.
(2015a) (Fig. 4). For the Buttner et al. (2002) and Murtagh & White (2013) diagrams we had to
recalculate our data to reflect circularity, rectangularity and compactness as defined in these

diagrams (Table 1, Dellino and LaVolpe 1996). Unfortunately elongation cannot be obtained

63



Biittner et al. 2002 a Murtagh and White 2013 b
16 Ductile vs. brittle 10 Hydromagmatic vs. magmatic
a14 - ® blocky < 9 -
2 ® blocky-vesicular | & g
-
® 1.2 7 pBrittle ® vesicular -4
Q o 7
£ | © elongated <
s 1 x 6 -
© Py %)
x - [ < 3 5 -1
%- 0.8 o *ae '.o ® ~ o : e © ) g
K] ] % 00 % o °°° c 4
5 0.6 < $°% o . a
@ ¢ £ 31
£o04 - LI o S
] ¢ 2
z —
0.2 Ductile 1
0 T T T T T T T T T T T T T T 1 o 1
0123456 7 8 9101112131415 0.5 1.5 2.5 3.5
Circularity x elongation Circularity x rectangularity
Adapted from C Adapted from Liu et al. 2015a d
16 - Leibrandt and Le Pennec 2015 16 -
1.5 | ¢ Fimmvordurhals ' |
: B Grimmsvotn 15
1.4 1 <*Katla 1.4 -
| ®Karl > 4
'g 1.3 = Hverfjall -‘é 13 °
E R B Eggova K) 312
€11 - l‘ . 51.1] e
S . ko] ¢
0.9 - =09 |
0.8 ° 0.8 °
0.7 - 0.7
0.6 T T T T T T 1 0.6 T T T T T T T T T 1
03 04 05 06 0.7 08 0.9 1 0 0.10203040506070809 1
Circularity Solidity

Figure 3.4. Pldsa data plotted in the most commonly used classification diagrams related to tephra grain
morphology. 3.4a: Diagram first presented by Dellino and La Volpe (1996), and Bttner et al. (2002)
subsequently added the ductile/brittle fields based on MFCI experiments. The parameters used in this
diagram can be recalculated from Pldsa data except for elongation. We have defined a substitute
elongation. All parameter calculations are shown in Table 1, Dellino and LaVolpe (1996). 3.4b: Diagram
from Murtagh and White (2013). Parameters are the same as used by Dellino and La Volpe (1996), but
they are combined in a different way on the two axis. 3.4c: Adopted from Leibrandt and Le Pennec
(2015). Parameter definitions are shown in Table 1, Leibrandt and Le Pennec (2015). As the convexity
parameter of Leibrandt and Le Pennec (2015) could not be obtained from the Pldsa, we have used
rectangularity as defined by Dellino and La Volpe (1996) (Table 1). See text for additional comments.
3.4d: Diagram adopted from a. Parameter definitions are shown in Table 1. Again convexity has been
replaced by rectangularity. See text for further comments.

from our dataset in the exact same way, so instead we have used the Feret length as the long
axis and calculated a perpendicular mean based on the particle area (Table 3.1). For the
Leibrandt and Le Pennec (2015) and Liu et al. (2015a) diagrams we have used circularity and

solidity as defined. Both diagrams use convexity, which cannot be obtained from our dataset
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and thus leaves these diagrams ill-suited for the interpretation of the Pldsa-dataset. However, in
an attempt to revise the diagrams to accommodate the Pldsa data, we have followed the
recommendations of Liu et al. (2015a) and chosen a shape parameter from the same cluster
analysis parameter group as convexity. In three out of four cluster analyses rectangularity (of
Dellino and LaVolpe 1996) follows convexity in the same position in the diagram (Liu et al.,
2015a) and it is therefore chosen as the best replacement parameter. The major difference
between the two parameters is that rectangularity is not bound between 1 and 0 because the
bounding rectangle does not define the shortest perimeter of the grain. Additionally, to follow the
same graphical logic as the original diagrams we have inverted the Dellino and LaVolpe (1996)
rectangularity (1/rectangularity), but it should be kept in mind that the grain distribution does not
approach (1,1).

The four comparative plots are shown in Fig 4. In the Buttner et al. (2002) diagram (Fig 3.4a) all
reference grains are classified as ductile, while the Murtagh and White (2013) diagram (Fig
3.4b) classifies almost all reference grains as phreatomagmatic. None of these obscure
classifications can be explained by our slight adaptation of the elongation equation, and so
these two diagrams do not represent our dataset well. Nemeth and Cronin (2011) used light
microscopy, scanning electron microscopy and backscatter electron microscopy to obtain
images of tephra grains, which were subsequently turned into binary images and analyzed by
the Imaged software package. Their study shows that the data distribution is controlled by the
imaging method. Both light microscopy and scanning electron microscopy data plot in the
ductile field of Buttner et al. (2002), while all backscatter electron data falls in the brittle field for
the same samples. Thus the distribution of our reference grains might be controlled by the
imaging method. Either way the diagrams are not appropriate for interpretation of our Pldsa
data.

In the diagram adapted from Leibrandt and Le Pennec (2015) (Fig 3.4c) the reference particles
are spread out and blocky and vesicular particles rarely overlap. However, when applying the
method of averages to our samples the distinction between different bulk samples from different
eruptions sites is not well defined. The six bulk samples fall in two groups consisting of (1)
Fimmvdrduhals, Grimsvétn, and Katla, and (2) Karl, Hverfjall, and Eggoya. Thus the overall
division is the same as shown in Figure 3 by using the RlI, but the averages do not provide a
quantitative comparable measure and this makes it hard to interpret the differences between
bulk samples. So, although it is useful to differentiate between our reference grains, it is less
effective for bulk samples of similar chemical composition using the proposed method of bulk

averages.
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In the diagram adopted from Liu et al. (2015a) (Fig 3.4d) the instability issue of our solidity
parameter for elongated grains is evident. The rest of the reference grains plot with the blocky
grains in the upper left part and vesicular and elongated grains plot in the lower part. But the
groups overlap significantly and are not as well-defined and systematic as reflected in the
Leibrandt and Le Pennec (2015) plot. The same can be said for the eruption bulk sample
averages. Thus the adapted version of the Liu et al. (2015a) diagram is not helpful in
interpreting our dataset.

Our overall conclusion is that the existing diagrams and discrimination methods are not
adequate to characterize our dataset. This may be due to different imaging set-ups, where our
setup is the only dynamic one, or it could be related to different image processing conditions
and differences in grain sizes. However, it may also be explained as an artifact of diagrams
created on the basis of very different reference grains. The Bittner et al. (2002) diagram was
based on experimental grains of MFCI without any vesiculation taking place. All our samples
show evidence of some vesiculation and they might not be appropriate for the Blttner et al.
(2002) plot.

The magmatic/phreatomagmatic fields in the Murtagh and White (2013) diagram were drawn
from an equation from a study comparing end-member products of Kilauea lki ash and Loi’hi
seamount ash. Thus the reference grains are very similar to this study as they are basaltic and
include similar environments with similar grain types (except for quench granulation grains from
seamounts). But the means of deriving the equation is not published and the classification
differences remain unresolved.

The Leibrandt and Le Pennec (2015) diagram was constructed from andesitic reference
samples with comparable geochemical compositions but different eruption styles (Strombolian
and subplinian, Leibrandt and Le Pennec 2015). Thus, the sample setup resembles our study
and might explain why this diagram is the most useful for our dataset as depicted by the plotted
systematics of our reference grains (Fig 3.4c).

The diagram of Liu et al. (2015a) builds on convex hull shape parameters. We have previously
shown that our analysis provides ambiguous solidity results particularly for elongated grains.
Therefore, this diagram cannot be used to accurately evaluate our dataset. Furthermore, the
diagram was made to illustrate different grain types and is therefore based on reference
samples from vastly different eruption styles. Samples also range from mafic to silicic
compositions. Blocky reference particles are taken from submarine quench granulation of
basalt, while the vesicular grains are from basaltic to dacitic eruptions. There is no ambiguity in
telling these particles apart even without shape parameters, so it is not surprising that shape

parameters do a good job of separating them. Our reference grains were picked out from a
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much narrower variation interval as all samples share approximately the same geochemistry
and crystal content. This could also limit the applicability of the Liu et al. (2015a) diagram to our
dataset.

In summary we suggest the use of a diagram for the Pldsa dataset based mostly on area- and
dimension ratio parameters in which grain shape changes continuously and where the whole

bulk dataset is shown.

Volcanological implications of the grain type distribution

The presence of all grain types in all eruption deposits suggest that brittle fragmentation is more
complex than traditionally reflected in classification diagrams. This is probably related to the
studied grain size, which supports the detection of both blocky and vesicular (irregular) grains.
Liu et al. (2015b) recognized that the grain size and morphology of tephra from the Grimsvétn
2011 eruption was related to pre-fragmentation bubble size and distribution. They showed that
the proportion of dense fragments (without vesicles) grew to up to 80% as the grain size
approached that of the modal vesicle diameter (15-25 pm). At 63—91 um 60% of the grains
were dense and the rest vesicular, whereas about only 25—-10 % of the grains were dense in the
91-125 grain size fraction. Thus, the choice of studied grain size is critical to volcanological
interpretations. An example of this is the work of Honnorez and Kirst (1975): their results are
most probably an artifact of comparing particles from grain sizes two orders of magnitude apart.
The particles in their quench-fields (Fig. 3.4) are primarily in the range of 0.08 to 0.05 mm,
whereas the grains in their explosive granulation fields (Fig. 3.4) all range from few mm up to
cm in size. The fields are set apart by the number of corners or inflexion points in the grain
perimeter and the planarity fields (percentage of plain grain perimeter). Thus, the distribution of
samples is readily explained as pertaining to larger vesicle-populations being preserved in the
larger grains—or the change from a simple particle-dominated sample to a complex patrticle-
dominated sample (Genareau et al., 2013).

However, the grain type diversity in all deposits needs an explanation and therefore the
fragmentation dynamics must be considered. The eruption style of fire fountaining has been
attributed to volatile-coupled ascent of basaltic magma, with mono-modal or bimodal vesicle
size distributions found in fire fountain clasts (e.g. Parfitt and Wilson 1995; Mangan and
Cashman 1996; Stovall et al., 2011; Jutzeler et al., 2016). Pre-fragmentation heterogeneity in
vesicle size for fire fountains has been observed (Stovall et al., 2011) spanning as much as 3
orders of magnitude, which can thus produce different sizes of simple ash grains (Genareau et

al., 2013). Large dense simple ash grains would settle out close to the fountains, which is where
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the sampling of Fimmvérduhals was done. These simple ash grains could, in some orientations,
be characterized as blocky or blocky-vesicular grains by the Pldsa analysis.

Another possible process might relate to post-fragmentation alteration. Post-fragmentation
vesicle size heterogeneity is very commonly observed in fire fountain clasts (e.g. Mangan and
Cashman 1996; Schipper et al., 2010; Stovall et al., 2011). However, the post-fragmentation
bubble expansion and coalescence process usually produces thin bubble walls and small
plateaus (Mangan and Cashman 1996; Parfitt and Wilson 1995; Jutzeler et al., 2016) and it is
likely not the cause of the blocky grains observed in the analyzed size range. Other
explanations could be brittle fragmentation of degassed recycled clasts, but this is mostly a
concern in pulsatory eruptions such as Strombolian or Surtseyan and probably not a valid
explanation in fire fountains (d’Oriano et al., 2014). We suggest that the presence of blocky and
blocky-vesicular grains in the fire fountain deposit is related to the pre-fragmentation vesicle size
distribution.

Genareau et al. (2013) found that complex ash particles (bubbly ash grains preserving more
than one vesicle indentation) preserve pre-fragmentation vesicle sizes with no post-
fragmentation expansion features complicating the analysis. They also showed a method for
determining the vesicle size distribution for complex ash-sized particles in the 50-125 um size
range. It would be interesting to compare the results from vesicle size studies like Genareau et
al. (2013) with a Pldsa dataset for the same samples.

The presence of irregular vesicular grains in the phreatomagmatic eruptive settings can be
explained by pre-fragmentation vesiculation (Liu et al., 2015b). Other recent studies have
reported on the pre-fragmentation vesicle size and volume distributions in subaqueous
environments, such as submarine (e.g. Schipper et al., 2010, 2011; Jutzeler et al., 2016), glacial
lake (Graettinger et al., 2013), and Surtseyan eruptions (e.g. Murtagh and White 2013; Schipper
and White 2016). They conclude that the eruption style is related to the pre-fragmentation
volatile-coupled or de-coupled ascent of the magma. Thus the pre-fragmentation vesiculation
processes play a vital role in the phreatomagmatic eruptions and can explain the presence of

vesicular grains.

Volcanological implications of the regularity index results

Our classification scheme allows for quantitative comparison of the morphology of populations
of ash grains generated in different eruptive settings. The general systematics of the Rl
conforms to the established shape interpretation scheme by showing that wet eruptions have
blockier and more equant particles than dry eruptions. The advantage of using a grain

population-based index is that the rigid binary classification of magmatic/phreatomagmatic can
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be transformed into a fragmentation spectrum. The spectrum end-members represent the
phreatomagmatic fragmentation (high RI) and the dry magmatic fragmentation (low Rl).
Intermediate Rl values represent mixed fragmentation processes. Interestingly, the intermediate
Rl values in this study are related to eruptions of subglacial central volcanoes, where magmatic
degassing have been shown to play a significant role in the fragmentation process for silicic
melts (Owen et al., 2013) as well as for the Grimsvédtn 2011 eruption (Liu et al., 2015b). Data
from Hreinsdottir et al. (2014) shows that the height of the Grimsvétn 2011 eruption column
correlated with the rate of pressure change in the underlying magma chamber. This observation
supports the influence of pre-fragmentation volatile exsolution on the eruption style. Liu et al.
(2015b) suggests that thermal stresses play a role in the fragmentation process and argue that
their data supports an initial fluidal (ductile) magmatic fragmentation followed by brittle thermal
granulation of thermally stressed vesicular particles. Graettinger et al. (2013) also report a
tephra sequence from a subaqueous glacier lake eruption at Askja volcano, Iceland, with fluidal
textures. However their deposit sequence changes from fluidal-dominated textures to a fine
blocky ash deposit indicating that the more effective brittle fragmentation mechanism of MFCI
takes over. Considering the plume heights of the Grimsvétn 2011 eruption of 20 km we consider
the brittle thermal granulation to be a secondary fragmentation mechanism to MFCI in this
eruption as well.

Schipper and White (2016) looked at fragmentation in Surtseyan eruptions and found that it is
the mingling of magma and water in MFClIs that drives them. Graettinger et al. (2013) suggests
that the magmatic ductile fragmentation can enable the fuel-coolant premix that leads to MFCI-
explosions. Conversely, the shockwave from MFCI explosions can cause rapid depressurization
of the magma and trigger magmatic explosions. This feedback mechanism could explain the
varying content of vesicular grains between our two Surtseyan deposit samples and relate it to
differences in the volatile exsolution history of each eruption.

The findings from Hreinsdottir et al. (2014) and Schipper and White (2016) can also explain a
part of our quantitative dataset. They suggest that the higher the Rl gets the more the MFCI has
controlled the fragmentation process. This is supported by the data from Liu et al. (2015b),
where our intermediate Rl for Grimsvétn 2011 deposit correlates with 60% — 25 % blocky grains
in our analyzed size range.

The above fragmentation interpretation of our Rl is based on the assumption that the irregular
grains are related to magmatic degassing and vesiculation, whereas blocky grains are related to
phreatomagmatic explosions. Such an interpretation should be used carefully, as grain shapes

are highly influenced by phenocryst and microlite content (Schipper et al., 2010; Jutzeler et al.,
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2016). Therefore our fragmentation spectrum can only be directly applied to phenocryst- and

microlite-poor tephras of basaltic composition at present.

Conclusion

Our analysis of grain populations shows that both Surtseyan, subglacial and fire fountain
eruptions produce a similar range of shapes from blocky to vesicular as well as elongated
grains. We suggest that the analyzed particle morphologies are directly related to the
fragmentation mechanisms. We have tested our dataset in four different published classification
diagrams for tephra grains. This test shows that while other diagrams are successful at
classifying the grain shape they are not useful for interpreting our bulk datasets and they do not
provide a means for quantitatively comparing bulk samples.

To deal with the lack of comparability among existing classifications, we have defined a
regularity parameter and demonstrate how the regularity of grain shape can be used to
distinguish between blocky and vesicular grains. Then we designed a diagram plotting regularity
against elongation, which shows a systematic change from blocky grains to vesicular grains and
which allows for graphic averaging of the shape of an entire grain population. This average is a
measure of the overall grain regularity and can be used as an index of regularity of the
population. Our results show that the RI differs for different eruptive settings. Submarine and
lacustrine eruptions produce the most regular grains with regularity indices of 0.207-0.187. A
fissure eruption produces mostly irregular grains with an index of 0.134, whereas subglacial
eruptions produce intermediate averages with indices of 0.168-0.173. If the Rl is used as a
fragmentation proxy, then our initial results suggest that both phreatomagmatic explosions as
well as magmatic degassing play a significant role in the active subglacial eruption
fragmentation.

The systematic change in indices between wet and dry eruptions suggests that the Rl can be
used to assess the role of magmatic versus phreatomagmatic fragmentation. This could be very
helpful in active eruption scenarios and hazard studies. Other interesting perspectives could
arise from looking at changes in Rl with increased microlite content, increased silica content or
systematically varying volatile content.

Future work should consider combining Pldsa analysis with thorough vesicle size distribution

studies on the same samples and adding samples from Strombolian and Plinian eruptions.

70



Acknowledgements

Our sincere gratitude goes to Eirik Gjerlew and Jonas Gudnason for providing samples from Jan
Mayen and Grimsvétn. Our grateful thanks are also extended to Gudrun Larsen for advice and
assistance with fieldwork and to Tobias Dirig, Bergrun Oladottir, Tinna Jénsdottir, Agnes
Magnusdottir, Emma Liu and Kathy Cashman for the many interesting discussions. Finally we
warmly acknowledge the helpful comments and suggestions of P. Dellino, K. Cashman and 3

anonymous reviewers.

71



Chapter 4

Large explosive basaltic eruptions at Katla volcano,
Iceland: fragmentation, grain size and eruption

dynamics

Johanne Schmith'*, Armann Héskuldsson'?, Paul Martin Holm®, and Gudrun Larsen?®

'Nordic Volcanological Center, Earth Science institute, University of Iceland, johannes@ign.ku.dk,
+4527121368

®Earth Science institute, University of Iceland

®Institute of Geoscience and Natural Resource Management, University of Copenhagen

Submitted manuscript, 2017 to Journal of Volcanology and Geothermal Research april 2017

Abstract

Katla volcano in Iceland produces hazardous large explosive basaltic eruptions on a regular
basis, but very little quantitative data for future hazard assessments exist. Here details on
fragmentation mechanism and eruption dynamics are presented for the first time. We show that
magma/water interaction is important in the ash generation process, but to a variable extend.
By investigating the large explosive basaltic eruptions from 1755 and 1625, we document that
eruptions of similar size and magma geochemistry can have very different fragmentation
dynamics. Our models show that fragmentation in the 1755 eruption was a combination of
magmatic degassing and magma/water-interaction with the most magma/water-interaction at
the beginning of the eruption. The fragmentation of the 1625 eruption was initially also a
combination of both magmatic and phreatomagmatic processes, but magma/water-interaction
diminished progressively during the next stages of the eruption. However, intense magma/water
interaction was reintroduced during the final stages of the eruption dominating the fine
fragmentation at the end. This detailed study of fragmentation changes documents that
subglacial eruptions have highly variable interaction with the melt water showing that the
amount and access to melt water changes significantly during eruptions.

Our study is based on a detailed deposit stratigraphy, granulometric modeling, componentry
and the new quantitative regularity index model of fragmentation mechanism. While it is often

difficult to reconstruct the progression of eruptions that have no quantitative observational
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record, this study shows that integrating field observations and granulometry with the new

regularity index can form a coherent model of eruption evolution.

Introduction

Katla volcano in the SE part of Iceland is one of the most prominent and hazardous Icelandic
volcanoes known to produce major explosive eruptions (Thordarsson and Larsen, 2007;
Thordarsson and Héskuldsson, 2008; Biass et al., 2014; Budd et al., 2016). During the last
millennium at least two major basaltic eruptions from Katla has reached Europe (Det Kongelige
Danske Videnskabernes Selskab, 1758; Thorarinsson, 1981) with observed tephra fall in 1625
and 1755, respectively. Even though Katla is a bimodal system (Larsen, 2000, 2010; Oladottir et
al., 2005, 2008), explosive basaltic eruptions by far outhumber silicic ones by 300 to 20 within
the Holocene (Larsen, 2000; Oladottir et al., 2005). Katla has not produced an eruption since
1918, but recent seismic unrest suggests another eruption might be imminent (Budd et al.,
2016). It is therefore very important to understand the mechanisms responsible for creating

these potent basaltic explosive eruptions.

The explosivity of the basaltic eruptions is usually attributed to interaction of the magma with
glacial melt water creating phreatomagmatic explosions (e.g. Oladottir et al., 2005, 2008; Larsen
2010 and references therein). However, the tephra fall deposits of many Katla tephras including
those of the 1625 and 1755 eruptions consist of vesicular ash and lapilli and they hardly contain
any lithics (Oladottir et al., 2005), which is atypical for phreatomagmatic deposits (e.g. Wohletz,
1983). As fragmentation mechanism has a great influence on the hazard assessment of future
eruptions (Nemeth and Cronin, 2011) it is of key importance to sort out the details of the
fragmentation process driving large explosive basaltic Katla eruptions.

Therefore this study aims to frame the fragmentation mechanism(s) of the 1755 and 1625
eruptions through detailed studies of the deposits with detailed stratigraphy, granulometric
analysis, contemporary descriptions and the fragmentation index of the ash component. In
terms of the general Katla tephra record these two eruptions fit into the group of large Katla
eruptions, but they are not uncharacteristically large compared to other historical eruptions
(Larsen, 2010) or compared to the Holocene tephra record (Oladottir et al., 2008; Thordarsson
and Hoéskuldsson, 2008). With Katla being a very active system and overdue for the next
explosive eruptions, this information could in turn influence hazards assessments of past and

future Katla eruptions.
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Geological background

The Katla volcanic system

Kirkjubaejarklaustur,

Legend

° Field sites
[ 1755 main direction
[ 1625 main direction

Figure 4.1. Map of field area showing Katla volcanic system and field sections. The main mapped
directions of the 1755 and 1625 deposits are indicated with isopach fields. Background maps are based
on data from National Land Survey of Iceland.

The Katla volcanic system is ~80 km long and situated on the Southern part (Southern
Transgressive Zone) of the Eastern Volcanic Zone (EVZ) in Iceland. It consists of the 30 km
wide Katla central volcano and the 75 km southwest-northeast trending Eldgja fissure swarm.
Katla central volcano is partly covered by the 600km? Myrdalsjokull glacier, which reaches an
average thickness of 230 m (Bjoérnsson et al., 2000). The central volcano is situated on the SW
part of the Katla volcanic system, while the Eldgja fissure swarm propagates from the
Myrdalsjokull ice cap almost reaching the Vatnajékull ice cap (fig 4.1).

The hyaloclastite massif of the central volcano reaches 1380m a.s.| (Larsen, 2010) and the
volcano reaches a total height of 1450 m a.s.l. (Oladottir et al, 2005). The summit caldera is a

10 x 14 km, 110 km? ice filled structure with a depth of 650-750 m (Bjérnsson et al., 2000).
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All the outcropping nunataks around the caldera are silicic (Lacasse et al., 1995; Lacasse et al.,
2007) and consists of glassy rhyolites. The age of the caldera is unknown, but some authors
have linked it to the formation of the Vedde ashes around ~12.1 ka cal. years BP (Lacasse et
al., 1995; Birks et al., 1996; Lacasse and Garbe-Schdnberg, 2001).

A seismic undershooting study (Gudmundsson et al., 1994) revealed a S-wave slow anomaly
beneath the caldera. It was about 5 km across and terminating at 3 km’s depth (1500 m below
sea level). The resolution did not allow for an estimate of the top of the anomaly, but the volume
was estimated to be about 10 km®>. This depth correlates to the neutral buoyancy of basaltic

melts in the crust (Gudmundsson et al., 1994).

Tephra characteristics and geochemistry

Basaltic tephra from the Katla volcanic system is coal-black fine ash to lapilli (e.g. Larsen, 2000;
Oladottir, 2005). The geochemical characteristics of the Katla volcanic system are transitional-
alkali Fe-Ti basalt with a very narrow compositional range and consistently high TiO, content of
about 4-5 wt % during the Pleistocene and Holocene (Lacasse et al., 2007).

It is estimated that the tephra contains about 1-5 modal% phenocrysts and groundmass crystals
of plagioclase, olivine, clinopyroxene, and rarely magnetite (Oladottir et al., 2005; Oladottir et
al., 2008). The lithic component includes greyish white felsic rock fragments of rhyolite,
brownish hyaloclastites and greyish basalts (Oladottir et al., 2005). Accessory crystal fragments
of plagioclase and olivine crystals and lithics constitute less than 1 modal %. Microcrysts
consists of needle-like plagioclase and rare sub-rounded clinopyroxene.

Lacasse et al. (2007) estimated the vesicularity of lapilli and coarse ash to be 30-50 %. Vesicles

were sub-rounded <1-2mm. Pipe-vesicles were also present (Lacasse et al., 2007).

Holocene eruption summary

The Katla volcanic system has probably been active for several hundred thousand years
(Bjornsson et al., 2000). The duration of recorded Katla eruptions has been between 2 weeks to
4 month (Larsen, 2000), but both shorter and longer eruption durations could be expected
(Larsen, 2010).

The Holocene eruptions are mostly confined to the 700 m deep Katla caldera beneath the
Myrdalsjokull glacier. Conventional opinion is that the dominant explosive eruption style is
caused by the presence of the ice, which interacts with the magma in phreatomagmatic
eruptions (Thorarinsson, 1975). Basaltic tephra layers outside the ice cap represents
supposedly more than 300 eruptions during the Holocene (Oladottir et al., 2005, 2008; Larsen
and Eiriksson, 2008; Larsen 2010). There are 20 known silicic eruptions from Katla volcanic

system in the corresponding period. There are 8-10 known lava-producing eruptions from the
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volcanic system (Larsen, 2010), including the Eldgja eruption 934-40 and the 7700 years old
Holmsa fires.

Soil sections in SE Iceland have recorded 20 historic eruption since 870 AD of which 16 have
been mentioned in historical documents. Eighteen of the tephra layers have been chemically
analysed to verify their origin from the Katla Volcanic System (Larsen, 2000; Oladottir et al.,
2005). The volume of the 20 historical tephra deposits ranges 0.02-1.5 km® uncompacted
volume (Larsen, 2000). Isopach maps have been made of several prehistoric basaltic eruptions
to estimate volume of the eruptions (Oladottir et al., 2014). Volumes of the biggest prehistoric

eruptions may exceed 2 km? (the K-E and K-N of Roébortsdottir, 1992).

Methods

Selection of key section and field sampling

Key section

To make a good characterization of the fragmentation pattern for the two large eruptions in this
study, we needed a well-preserved detailed deposit. However, due to the presence of the
Myrdalsjékull glacier the most proximal undisturbed tephra sections are located more than 14
km from the suspected vent area outside the glacier itself (fig 4.1). Work on the main axis of
historical Katla eruptions of Larsen et al. (2009) show that downwind sections are found in the
areas E/NE of Katla (fig 4.1), and we have selected a single key section for both deposits in this
area. Dealing with only one key section ensures that parameters influencing the deposit such as
distance from vent, preservation conditions, and landscape factors do not change. However, the
challenge of using a single key section is that changing wind directions would change the part of
the plume being deposited over the area or even blow the plume away from the area of the
section. To account for changing wind directions we have compared the section’s bearing from
the eruption site with the prevalent wind directions for the eruptions as provided in contemporary
descriptions. Assuming the main axis of dispersal is controlled by wind, this provides
information about the position of the Rjupnafell section relative to the plume.

The most proximal and best preserved section found was the Rjupnafell section 22-23 km from
the source area (fig 4.1). The section lies close to the estimated major deposition axis of Larsen
et al. (2009) (fig 4.1) with an azimuth angle of ~80° from the source area (fig 4.1).

Our selection criteria were well-preserved stratified fall deposit(s) with internal units, which show
minimal reworking by wind. We have used the Hekla 1597 bluish/grey deposit as a stratigraphic
marker (see figure 4.2) as well as historic information on number and timing of Katla eruptions

(Hallgrimsson, 1870).
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Field sampling

The deposits are divided into fall units based on abrupt grain size changes, where vesicular
lapilli tops of the lower unit and a fine ash bottom of the next unit define most unit boundaries.
Both deposits are loose and therefore sampling was done by carefully taking out the loose
material with a knife and spatula. The open framework structure of the lapilli layers permitted
secondary deposition of ash from the fall unit above into the lower unit and it was not practically
possible to make a clean break between the units for sampling. Therefore we chose to sample
the top of one unit with the fine bottom from the next, which is accounted for in the
interpretations of different types of data. The dimensions of the hole left after sampling were
measured to obtain sample volume, and all samples have been carefully bagged and

transported in order to keep the grains as intact as possible.

Granulometry methods

Grain size measurements

All samples have been dried at 50°C and split in halves. One half was carefully hand-sieved for
grain size in whole ¢ steps down to 3¢ (125um) following Wohletz et al. (1995). The sieved
sample was split again at 3¢ (125um) and one half was run on a Micrometrics Sedigraph IlI
grain size analyzer to obtain data for the fine ash granulometry. The other half was hand sieved
through the 4¢ (63um) sieve to allow calibration of the Sedigraph data. Sieve- and Sedigraph

data were merged to produce whole grain size distributions for each sample.

Deconvolution and modeling of subpopulations

The granulometry data of each unit was treated with the deconvolution program DECOLOG 5.6
to obtain data on grain size subpopulations. Inman parameters (Inman 1952) of arithmetic
mean, sorting, and skewness were evaluated using the logarithmic method of moments scale
(Blott and Pye, 2001). The subpopulation data were then modeled using the approach of
Wohletz et al. (1989), (1995), and Eychenne et al. (2012).

Morphology analysis

Qualitative grain morphology

Photos of 3-4¢ (125-63 um) sized ash grains were obtained from a Hitachi TM 3000 Tabletop
Microscope scanning electron microscope (SEM) for manual inspection. The ash grains were
mounted on carbon tape on a Hitachi 12.5 mm sample stub, were gold coated and studied to

get a qualitative overview of grain types, surface features and grain erosion.

77



Quantitative grain morphology

To characterize the bulk grain morphology of small subsamples of ash from each eruption
deposit sample, we analyzed the samples by the method recommended by Schmith et al.
(2017). We used a Particle Insight™ dynamic shape analyzer (Pldsa) to run about 50-90 mg of
bulk sample of 3-4¢ (125-63 um) to characterize the morphology of the ash grains by shape
parameters. We used this grain size, because it allows for the best discrimination between
magmatic and phreatomagmatic fragmentation mechanisms (Wohletz, 1983; Schmith et al.,
2017 and references therein). The image resolution for this grain size is in the range of 16600 to
4200 pixels/grain, which ensures good 2D shape parameters (Schmith et al., 2017). We used a
darkness threshold of 0.8 for grain detection, 90% focus rejection, circularity rejection of 0.98 to
remove air bubbles and ensure high data quality. We measured 25 shape parameters and
collected data from 20,000 grains for each sample. Individual grain data were exported for

grains with an equivalent area circle diameter larger than 63 um.

Componentry methods

100 grains were counted in each sample for ash componentry in the 3-4¢ (125-63 pum) grain

size range using binoculars. This grain size was chosen to support the morphology data.

Treatment of contemporary texts

Contemporary descriptions of both eruptions can be found in the Icelandic and Danish litterature
(e.g. Det Kongelige Danske Videnskabernes Selskab, 1758; Hallgrimsson 1870; Magnusson,
1627). We have used information about weather conditions, wind directions, tephra fall areas,

and the apparent activity during each eruption.

Eruptive activity

Information about eruptive activity is provided indirectly as descriptions of loud thunders or
bangs, visual observations of smoke, fire and tephra fall, and earth movements. We interpret
the loud thunders and bangs to be explosions and base eruption intensity on the experienced
loudness or frequency as provided. The smoke column rising from Katla is taken represent the
eruption column. Fires are often mentioned as well and we interpret these to be either activity at

the main vent or independent fire fountains based on the context.

Weather conditions

Weather information about precipitation was used directly from the texts as provided.
Thordarson (1991) found that people tended to align topographic directions with E-W or N-S
directions in the 18™ century. We have therefore corrected the provided directions accordingly

using bearings of the local topography. When only areas of tephra fall is provided these have
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been used to infer the wind direction. If the provided wind directions do not correlate with
inferred wind directions from fall area, then emphasis has been given to the direction inferred by

fall area, as we deem fall information more reliable.

Analysis of 1755 and 1625 deposits

The 1755 Rjupnafell field deposit and componentry

The 1755 tephra deposit at Rjupnafell consists of ash to lapilli sized juvenile grains.
Componentry of the 3-4¢ (125-63 um) ash shows that brown sideromelane glass dominates this
grain size making up 67-75 %, while opaque tachylite represents 23-33% (fig 4.3a). Crystal
fragments are scarce as are lithics, which combined make up 0-4% of the deposit (fig 4.3a) with
unit 4 showing the highest contents of lithics of 2% and unit 6 showing the highest crystal
content of 3%. The deposit is classified as a mono-component juvenile tephra deposit (Walker,
1971) and therefore grain size and morphology data can be directly related to eruption
processes and ambient conditions for this fall deposit.

The 1755 deposit can be divided into 7 units (fig 4.2a,b), where each unit consists of a poorly
consolidated ash layer overlain by loose lapilli. The lack of flow structures and textures in any of
the beds support that this is a primary fall deposit. The beds show different degrees of sorting
and grading (fig 4.2a,b). Unit 1 and 2 are poorly sorted, but unit 2 tends towards inverse
grading. Unit 3 is well sorted and inversely graded, whereas unit 4 is poorly sorted though also
tending towards inverse grading. Unit 5 is moderately sorted with invers grading and unit 6 and
7 are both poorly sorted. The fine bed of unit 6 shows a slightly undulating top, suggesting slight
erosion (fig 4.2a). The coarse bed of unit 6 and 7 shows no grading and the transition is defined

by a higher content of fines in the deposit, but no proper fine unit (fig 4.2a,b).

The 1625 Rjupnafell deposit

The 1625 tephra consists of fine ash to lapilli sized juvenile grains. The lapilli contain scoria as
well as reticulite up to 1.7 cm on longest axis. This ash is also dominated by juvenile fragments
consisting of 61-76 % sideromelane glass and 21-36 % tachylite (fig 4.3b). Crystal fragments
and lithics combined make up 1-4% of the deposit (fig 4.3b).

The 1625 deposit can be divided into 9 bedded units shown in (fig 4.2¢,f). All units consist of
black tephra, but the base of the deposit has fine white-ish dust mixed in with the black tephra

(fig 2e). The 1625 beds show different degrees of sorting and grading (fig 4.2¢,f).
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Figure 4.2. 4.2a: Photo of the 1755 deposit at Rjupnafell and 4.2e photo of the 1625
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for the 1625 deposit. Interpreted fall units vs. sampled units are indicated by numbers and
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size variation for each sample unit of the 1625 deposit. 4.2d: Plot of regularity index for the
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Figure 4.3. 4.3a: the ash componentry of the 1755 unit. 4.3b: the ash componentry of the 1625 units

Unit 1 is inversely graded and contains up to 0.5 cm lithics, unit 2 is normally graded, and unit 3
is inversely graded with vesicular lapilli defining the very top. A very thin ash layer starts unit 4,
which is poorly sorted, but with a top defined by vesicular lapilli. Unit 5 and 6 are the same as 4.
Unit 7 is also poorly sorted, but with a tendency to normal grading. Unit 8 is a normally graded
fine-grained unit with a single truncation of coarse grains 2 cm from the top. The last well-

defined unit (unit 9) is again inversely graded and poorly sorted.

Granulometric analysis

Grain size for the 1755 deposit
Grain size variation charts for each unit of the deposit are shown in figure 4.2c. For the 1755

deposit all units except 1 and 6 are clearly bimodal in the frequency plots and very poorly sorted
(0, >2, table 4.1). Unit 1 and 6 are close to unimodal with only small 2" modes and classify as
poorly sorted (2> o, >1, table 4.1). All units except units 1 and 4 are skewed towards fines, with
units 2, 3, and 5 being very fine skewed (a, > 1.30, table 4.1) and units 6 and 7 being fine
skewed (1.30 > a, > 0.43, table 4.1). Unit 4 and 1 are coarse skewed (-1.30 > «, > -0.43, table
4.1).

Grain size for the 1625 deposit
Grain size variation charts for each unit of the deposit are shown in figure 4.2g. In this deposit

all units except 8 are bimodal in the frequency plots and all units except unit 5 are very poorly
sorted (o, >2, table 4.1). Unit 8 is unimodal with a broad mode and very poor sorting (o, >2, table
4.1). Units 1, 2, 8, and 9 are symmetrical (0.43 > a, > -0.43, table 4.1), while units 3 to 6 are fine
skewed (1.30 > a, > 0.43, table 4.1) with unit 5 being very fine skewed (o, > 1.30, table 4.1).
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Deconvolution modeling

Based on the bimodal nature of the grain size distributions as well as field observations of the

bedding of all units, we have modeled the presence of two subpopulations of grain sizes in all

units using the deconvolution method (modified from Wohletz et al., 1989) to obtain Inman

parameters for each subpopulation (see table 4.1). Fits between observed data and the model

function used for the deconvolution are very good as shown by the fit values in table 4.2.

For the 1755 deposit the coarse subpopulation modes fall between -1.19 ¢ and 1.15 ¢ with

means ranging from -1.41 ¢ to 1.88 ¢ with unit 1 and 4 being the finest grained of the coarse

subpopulations (table 4.1). Unit 4 is the only very poorly sorted and very fine skewed coarse

unit. All other coarse units are moderately to poorly sorted and unit 3, 5, and 6 are symmetrical,

while unit 1, 2 and 7 are coarse skewed (table 4.1).

The fine subpopulation modes of the 1755 deposit fall between 2.31 ¢ and 4.13 ¢ and means

ranging 1.41 ¢ to 4.28 ¢ and thus show the same range of spread as the coarse subpopulations

(table 4.1). However 2 subpopulations stand out. The fine subpopulation of unit 4 is fine skewed

and moderately sorted, while that of unit 6 is coarse skewed and very poorly sorted (table 4.1).

The remaining subpopulations 1,2,3,5,and 7 are symmetrical and poorly sorted (table 4.1).

17555 CDF fit R’ PDF fit R 1625 CDF fit R’ PDF fit R
Unit 7 0.9999542 0.9968378 Unit 9 0.9999794 0.9992018
Unit 6 0.9999671 0.9988244 Unit 8 0.9999793 0.9989606
Unit 5 0.9999793 0.9989606 Unit 7 0.9999671 0.9988244
Unit 4 0.9998893 0.9912369 Unit 6 0.9999289 0.9960601
Unit 3 0.9996597 0.9881978 Unit 5 0.9999794 0.9992018
Unit 2 0.9999056 0.9917086 Unit 4 0.9999786 0.9990741
Unit 1 0.9999766 0.9990752 Unit 3 0.9999497 0.9932051
Unit 2 0.9999692 0.9986175
Unit 1 0.9999392 0.9931204

Table 4.2. Deconvolution R*-fit values for each unit for a two-component deconvolution. The R®-fits are
reported between observed and modeled cumulative distribution functions (CDF)s as well as for observed

and modeled probability density functions (PDF)s.

The 1625 deposit has coarse subpopulation modes between -1.56 ¢ and 0.76 ¢ with means

ranging from -1.67 ¢ and 0.56 ¢ with unit 8 as a clear outlier with a coarse mode at 2.67 ¢ and a

mean at 2.72 ¢ (table 4.1). Unit 1 is the only very poorly sorted and fine skewed coarse unit,

though unit 8 is also very poorly sorted but symmetrical (table 4.1). All other coarse units are

poorly sorted and coarse skewed except for unit 3 and 9, which are symmetrical (table 4.1).
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Fine subpopulation modes range from 0.79 ¢ to 3.45 ¢ and means ranging 1.32 ¢ to0 4.22 ¢
(table 4.1). The range of spread of the fine subpopulations is thus wider range than the coarse
subpopulations. The units are divided into two groups based on mean grain size and sorting.
Group 1 consists of units 4 to 7, which have the coarsest modes with means ranging 1.32 ¢ to
2.54 ¢ and all are very poorly sorted (table 4.1). In the frequency diagrams in figure 2h these
units have very similar grain size distribution patterns with a pronounced coarse mode and
minor fine mode. Group 2 consists of units 1, 2, 3, and 9, which have finer means ranging 3.19 ¢
to 4.22 ¢ and they are all poorly sorted (table 4.1). Unit 8 stands out as the only moderately well

sorted unit (table 4.1).

Interpreting granulometric results

A plot of sorting versus median diameter can be used to assess the relative roles of eruption
intensity (i.e. column height) or changing wind directions against changes in fragmentation
intensity with e.g. magma/water interaction or ash aggregation processes. For decreases in
column height or wind changing from primary axis to the edge of the plume the resulting deposit
will be finer and better sorted (Eychenne et al., 2012; Pardini et al., 2016). For increases in
fragmentation intensity with magma/water interaction or increased ash aggregation and
premature settling from the plume, the deposit will also decrease in grain size, but the sorting
will decrease showing higher values of .

The total units of the 1755 deposit shows no distinct pattern with fining, whereas the 1625 show
a better sorting with fining except for unit 1 and 3 (fig 4.4a). This suggests that the grain size of
the 1755 deposit is primarily controlled by water/magma interaction and/or ash aggregation
processes. Conversely the 1625 eruption seems to primarily be controlled by eruption intensity
or changing wind directions.

Further details can be obtained if we assume that coarse and fine modes of the deconvolution
roughly represent the coarse and fine beds of the deposit.

We have therefore plotted these modes in a sorting vs. median diagram as well (fig 4.4b and c).
The coarse modes of the 1755 deposit form a fairly well-defined group with unit 4 as a distinct
outlier in terms of lower grain size and much poorer sorting (fig 4.4b). The fine units form a
group of slightly poorer sorting than the coarse modes with the two outliers of unit 6 with very
poor sorting and unit 4 with moderate sorting. The grouping of the coarse unit modes suggests
a relatively stable eruption process only disrupted for unit 4. The main grouping of the fine unit
modes is towards slightly poorer sorting suggesting that increased magma/water interaction
processes are responsible for the cyclic grain size change. However, premature settling of fines
by aggregation processes would also decrease the sorting of only the fine part of the deposit

and could also contribute to poorer sorting of the fine unit.
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Figure 4.4. 4.4a: Sorting vs. median
diameter for whole unit grain size
distributions, 4.4b: 1755 fine and coarse
modes, 4.4c: 1625 fine and coarse
modes.

The significantly better sorting of unit 4
suggests that eruption intensity variation or
changing winds are responsible for this unit.
Coarse unit 4 and fine unit 6 form a distinct
group of very poor sorting. Thus a significant
change in fragmentation intensity or
aggregation processes should be considered
for these two units. Such changes might have
been recorded as either extremely intense
explosions or heavy precipitation in the
contemporary accounts. However, unit 6 is
close to being unimodal with a long fine tail and
therefore the deconvolution algorithm might not
resolve the fine subpopulation efficiently. The
observations of the almost uniform ash deposit
that make up unit 8 (fig 4.2a) could similarly
explain why the coarse subpopulation of unit 8
is an outlier.

In the 1625 diagram all coarse units except 1
and 8 are grouped at approximately same to
slightly poorer sorting values at the same
median range (fig 4.4c). The fine modes are
divided with one group of unit 1, 2, 3, and 9 of
similar to slightly better sorting than the coarse
modes suggesting eruption intensity or wind
changes to be the controlling processes (fig
4.4c). The other group consists of units 4, 5, 6,
and 7, which are coarser and very poorly
sorted units (fig 4c). This group points to
increased fragmentation intensity or ash
aggregation as the controlling process for
these grain size changes. However, like unit 6
of the 1755 deposit, the coarser medians and
poorer sorting might also be an artifact of the

deconvolution process due to small amounts of
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fines.

y and the fragmentation factor

According to the sequential fragmentation/transport-theory (SFT-theory) the free parameter y
can be used to assess the fragmentation mechanism related to the different subpopulations by
means of estimating the sequential size distribution of different fragmentation processes
(Wohletz et al., 1989). Values of -0.33 to -0.66 are expected for magmatic fragmentation,
whereas values between -0.5 and +0.33 are expected for phreatomagmatic fragmentation
(Wohletz et al., 1989). However, if the fragmentation mechanism does not fully evolve, values
will remain close to -1. y-values for all subpopulations of the two deposits are shown in table 4.1.
For the 1755 deposit all values lie close to -1 and no single fragmentation mechanism can be
pinpointed. The 1625 deposit shows the same pattern except for the fine subpopulation of unit
8, which has a y-value of -0.28. This points to a well-developed phreatomagmatic fragmentation
for this unit.

The fragmentation factor was developed to account for the increased dispersal (and decreased
sorting) of phreatomagmatic deposits (Wohletz et al., 1995). A plot of fragmentation factor

against subpopulation mode can be used to discriminate between magmatic and

1755 coarse and fine modes 5 1625 coarse and fine modes
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Figure 4.5. Plots of fragmentation factor against subpopulation mode. 4.5a: The 1755 units and 4.5b the
1625 units. Magmatic and phreatomagmatic fields are separated at (0.0) on both axis. After Wohletz et al.
(1995).

phreatomagmatic deposits (Wohletz et al., 1995).
For the 1755 deposit all the fine-grained subpopulations as well as coarse subpopulation of unit

4 and 1 are classified as phreatomagmatic (fig 4.5a). The remaining coarse subpopulation units
86



are magmatic (fig 4.5a). For the 1625 deposit all the fine-grained subpopulations as well as
coarse subpopulation of unit 2, 8, and 9 are classified as phreatomagmatic (fig 4.5b). The
coarse subpopulation of unit 6 fall on the boarder between magmatic and phreatomagmatic,
while the remaining coarse subpopulation units are magmatic (fig 4.5b).

However, the SFT-model does not consider the influence of ash aggregation, which would
undermine the size distribution assumptions used for calculating the bounds of the magmatic

and phreatomagmatic y-value.

Morphology of grains and bulk population morphology

Qualitative ash grain morphology

Ash grains from both eruption deposits have been inspected visually on the SEM and show a
wide range of morphologies. We have observed: blocky and aggregate morphologies
associated with phreatomagmatic explosions (fig 4.6a,b,c) as well as vesicular and curved
grains from breakage of bubble foam related to magmatic fragmentation (fig 4.6e,f,g), blocky-
vesicular grains showing some degree of gas exsolution taking place (fig 6d), and smooth
skinned achneliths from ductile melt deformation (fig 4.6h.i). All morphologies are observed
within the same deposit and it is not possible to pinpoint the dominant grain shape from general
visual inspection for either eruption deposit. Nor is it possible to identify general morphology
changes between units within each deposit. Therefore we have used the regularity index of

Schmith et al. (2017) to quantify any bulk morphology changes.

Morphology modeling and interpretations

To obtain quantitative information about fragmentation we have used a plot of regularity
parameter vs. grain elongation for all the grains in each unit. A straight trendline was then fitted
to each unit through (0,0) to obtain the regularity index for all sampled units (fig 4.2d,h, table
4.3). The regularity index is represented by the inclination of the sample trend line and can
therefore also be interpreted from the plots. We also included the regularity indicies of a
phreatomagmatic tuff cone, Grimsvotn 2011 and a magmatic fire fountain for comparison (after
Schmith et al., 2017, table 4.3).

Ash morphology of the 1755 deposit

The 1755 deposit show a moderate variation in regularity index between different units of 0.162
and 0.179, which indicate both phreatomagmatic and magmatic fragmentation for all units (fig
4.2d, table 4.3). The narrow variation suggests a fairly stable cyclic behavior of the eruption.
Unit 1 has the steepest line with the highest index value of 0.179 (fig 4.2d, table 4.3), which
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would indicate that magma/water contact dominated the initial fragmentation generating ash.
The fragmentation process generating ash shows no systematic variation with stratigraphy, but
the indices get slightly lower to around 0.162-0.170 in the last part of the eruption for units 5-7

(fig 4.2d, table 4.3) indicating less magma/water contact towards the end.

Ash morphology of the 1625 deposit

The regularity indices of the 1625 deposit show large variations throughout the units (table 4.3).
The base of the deposit is not included in the analysis, so the initial trigger of the eruption is
unknown. The regularity index unit 1 falls in the middle of the spectrum at 0.165 (fig 4.2h, table
4.3), which indicates that both gas exsolution and magma/water-interaction played a role.
Through units 2,3, and 4 the lines flatten and index values decrease all the way to 0.144 for unit

4 (fig 4.2h, table 4.3), which indicate that the role of magma/water-interaction diminishes.

Figure 4.6. SEM images showing the variety of ash grain morphologies from the 1755 deposit. 4.6a:
Blocky equant ash grain. 4.6b: Blocky ash grain with small dents from bubbles. 4.6¢: Ash aggregate.
4.6d: Blocky ash with several separated near-spherical vesicles. 4.6e: Vesicular ash grain from bubble
foam. 4.6f: Vesicular ash grain with deformed and coalesced vesicles. 4.6g: Platy grain from bubble wall.
4.6h: Smooth-skinned tear shaped achnelith. 4.6i: Elongated achnelith surrounded by blocky grains.
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Samples 1755 regularity index values 1625 regularity index values

Unit 1 0.179 0.165
Unit 2 0.172 0.159
Unit 3 0.173 0.156
Unit 4 0.173 0.144
Unit 5 0.162 0.183
Unit 6 0.170 0.177
Unit 7 0.163 0.185
Unit 8 0.189
Unit 9 0.198
Phreatomagmatic tuff cone Eggoya 0.207
Fire fountain Fimmvérduhals 0.134
Subglacial eruption Grimsvotn 0.168

Table 4.3. Regularity index values for all units of the 1755 and 1625 deposits as well as reference values
from a tuff cone, a fire fountain and a subglacial eruption from Schmith et al. (2017). Regularity index
values refer to figures 4.2d and 4.2h.

Unit 4 has an index line close to that of the magmatic fire fountain (fig 4.2h), which shows that
the fragmentation style creating the ash of this unit was predominantly magmatic. Then indices
increase for units 5-8 to 0.177-0.189 (fig 4.2h, table 4.3), reflecting changes of the dominating
fragmentation style towards phreatomagmatic processes. The sampled deposit ends with unit 9
showing the highest regularity index of 0.198 (fig 4.2h, table 4.3) suggesting the fragmentation

being mostly related to magma/water-interaction in the end of the eruption.

Contemporary descriptions

Eruption activity and weather information

Data on weather conditions and eruptive activity are presented in table 4.4. The local
topography by Holt in Myrdalur, where the 1755 observations were made, have a bearing of
N114°E, which is close to the overall bearing trend of N110°E from Eyjafjallajokull to the Holt
area (fig 4.1). As this topographic trend was most likely considered e-w at the time, then that
would have influenced the reported directions by approximately +20°. This discrepancy has
been accounted for in the wind directions in table 4.4.

A written summary of the course of each eruption is given in the following sections.

Table 4.4 (right). Activity levels as interpreted from descriptions of the 1755 and 1625 eruptions in
Magnusson, 1627; Det Kongelige Danske Videnskabernes Selskab, 1758; and Hallgrimsson, 1870
(Eldrit). Dates in the duration column refer to dates in October and then November for the 1755 eruption.
The 1625 eruption dates all refer to September.
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Duration Activity level 1755 Wind Precipitation Special events
17" - 18" Intense explosive activity Calm 17" Clear 17" 3 vents and one
W-wind 17 night Rain 18" eruption column
Calm 18" observed
19™-20" Increased explosive activity WNW wind 19"-20" Clear 19™ 2 vents
Rain 19™ night mentioned on
Rain 20" the 19"

20" Very intense explosions Strong WSW wind Rain 2 especially large
bangs and dense
rock fall noted

20M-21° Intense explosive activity Strong WSW wind 20"-21% Rain + snow 20™-

215’(
21% - 24" Explosive activity Strong NNE wind 21%" night Dry 21%-22™
Strong WNW wind 22™ Snow 22" night
Strong E wind 22™ night Dry 23™%4+24"
Strong NE wind 23™
Low WSW wind 23" night
Strong N wind 24"

25" —26™ Decreased explosive activity WNW-NW-NNW wind Dry

27" Increased explosive activity Strong NE wind Snow

28" — o™ Decreased explosive activity Calm Rain 28"

3™ Incandescence at vent Calm No eruption
column. Eruption
stopped

Duration Activity level 1625 Wind Precipitation Special events

2" noon — Intense explosive activity WSW wind Dry

nd . .

2" midnight

3™ midnight — Decreased activity WSW wind Dry

3 sunrise

3" sunrise - 7™ Intense explosive activity WSW wind 3rd Dry

8-9 AM SW wind 4th-6th

WNW wind 7th

7" 8-9 AM — Very intense explosive activity WNW wind Dry Incandescent

7" 3 Pm fall, very loud
explosions,
“lightning” colors
and collisions

7" 3PM - Intense explosive activity WNW wind 7th Dry

8" noon WSW wind 8th

8™ noon — Very intense explosive activity WSW wind 8th Dry 8th Opening of

9™ morning Storm SW 9th Rain 9th several fissures E
of vent. Earth
movement felt N
of Katla

9" morning — Quiet eruption Storm SW 9th Rain

9™ evening

9™ night — Decreased explosive activity Storm SW 9th Rain 9th Fountains visible

11" noon WSW wind 10th Dry 10th-11th and continuous

Calm 11th tremors N of
Katla
11" noon — Increased explosive activity Calm Dry
th

11" afternoon

11™ afternoon Decreasing explosive activity Calm 11th Dry 11" Eruption stops

—13" evening WNW wind 11th night Rain 117 night on the 13th

SW wind 12th Dry 12™-13"
NW wind 13th
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Summary of the interpretation of the 1755 eruption

The 1755 eruption began around 10AM on the 17™ of October 1755. It was initiated by a felt
earthquake and a violent j6kulhlaup all over Myrdalssandur with an eruption column rising from
the central volcano (Katlagja). The eruption column lasted for 17 consecutive days and was
reported gone on the 3™ of November (table 4.4). Based on the description of continuous noise
from the mountain the activity seems to have been relatively stable for the first 8 days of the
eruption except for two particularly violent explosions on the 20" of October. These explosions
caused dense rocks of 1-5 kg and a single one on 7.25 kg to fall up to 30km from the volcano
according to Det Kongelige Danske Videnskabernes Selskab (1758). For the last 9 days the
intensity waxed and waned a little, but is mostly described as a steady decrease in activity
(table 4.4).

The initial fall was reported to consist of firm and dense hot rocks followed by a pumice fall and
then hail with “sand”-grains in the middle of the ice. This suggests an initial phreatomagmatic
phase.

The South country suffered some damage, but especially Skaftartunga was damaged. Tephra
fall was reported all the way to the East Fjords (Mj6ifjérour) on the 20™ of October and on the

19" it fell on ships close to the Faroe Islands.

Summary of the interpretation of the 1625 eruption

The 1625 eruption began early in the morning on the 2" of September 1625 with a loud
explosion and a Jékulhlaup at 8 AM (Magnusson, 1627). Throughout the eruption the activity
was waxing and waning with 9 different phases (table 4.4) until it ended in the evening of the
13™ of September. The eruption column lasted ~11 days, but additional small vents of
fountaining were opened on the 8"-9" of September (Magniisson, 1627). There are reports of
continuous ground movement in the Skaftartunga area during the last 3-4 days of the eruption
(Magnusson, 1627). We suggest that they are related to tremor.

The ash in Skaftartunga ended up covering the forest and ash fall was reported over the entire
S and E country as far N as Langanes (Magnusson, 1627). Ships in the sea were covered by

ash and ash also fell in several villages in Norway (Magnusson, 1627; Thorarinsson, 1981).

Implications of the contemporary descriptions for eruption dynamics

The traditional length of the 1755 eruption according to the literature is ~120 days, but this
interval is based on including jékulhlaup events in mid January 1756, which are not relevant for

the tephra modeling. Such a significant change in eruption duration would have profound impact
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on the estimated mass eruption rate (MER) and thus on the estimated intensity and hazard

potential of the eruption.

An integrated interpretation of eruption dynamics

Since the Rjupnafell section is at a medial distance of 22-23 km from the vent area we assume
that only substantial changes in the eruption dynamics or local weather would be recorded in
the tephra deposit. We have therefore aimed at relating major changes in the deposit to

changes in eruption activity and weather conditions.

The 1755 eruption

For the 1755 deposit the combination of initially intense activity, calm conditions and clear
weather (table 4) should result in a poorly sorted deposit at Rjupnafell. The presence of the
glacier and the initial j6kulhlaups suggest that the initial energy at least partly goes into
water/magma interaction. Therefore the overall grain size is expected to be fine and the
regularity index to be high. This is observed in unit 1 (table 4.1, figure 4.2a,b,c, and figure
4.4a,b) with the lowest mean and the ash bulk morphology showing the highest
phreatomagmatic contribution of all eruption units at Rjupnafell (figure 4.2d, table 4.5).

Then the weather changes to W-wind (table 4.4), which places Rjupnafell close to the main
dispersal and we expect a sorted bed of increased grain size to be deposited, which fits with the
coarse bed of unit 2 (figure 4.2a, 4.4Db).

The weather changes again to calm conditions with rain and a poorly sorted fine dominated
deposit is expected as the result of increased ash aggregation. This is seen in the fine part of
sample unit 2 (table 4.1, figure 4.2a,b,c, and figure 4.4a,b) (fine lower bed of fall unit 3).

Then the wind changes to WNW with apparently increased explosive activity and no
precipitation. This should result in a poorly sorted, tending to inversely graded deposit, but with
an increased fine component as rain sets in (table 4.4). This fits well with the observations of
sample unit 3 with an inversely graded lower part overlain by a very poorly sorted top with a
higher content of fines (table 4.1, figure 4.2a,b,c, and figure 4.4a,b). The coarse bed grain size
increase compared to coarse unit 2 (table 4.1, fig 4.4b), which fits with the increased eruption
intensity.

The wind then turns WSW and increases in strength, which should result in a light increase in
grain size being deposited at Rjupnafell. This is observed in the lower part of unit 4 (figure 4.2,
a,b). Then two very strong explosions are mentioned along with a fall of dense blocks. This fall
suggests violent fragmentation and a widening of the vent, which indicates that most of the

explosive energy went into fine fragmentation in these events.
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Regularity Fragmentation Sorting vs median
index factor

1755 Coarse Fine Global Coarse Fine
Unit 7 P*0.40 P P ? Column/wind Fl/accretion
Unit 6 P*0.49 M P ? Column/wind Fl/accretion
Unit 5 P*0.38 M P ? Column/wind Fl/accretion
Unit 4 P*0.53 P P ? Fl/accretion Column/wind
Unit 3 P*0.53 M P ? Column/wind Fl/accretion
Unit 2 P*0.52 M P ? Column/wind Fl/accretion
Unit 1 P*0.62 M P ? Column/wind Fl/accretion
1625

Unit 9 P*0.88 M P Fl/accretion Fl/accretion Column/wind
Unit 8 P*0.75 P P Column/wind Column/wind Column/wind
Unit 7 P*0.70 M P Column/wind Column/wind Column/wind
Unit 6 P*0.60 M P Column/wind Column/wind Fl/accretion
Unit 5 P*0.67 M P Column/wind Column/wind Fl/accretion
Unit 4 P*0.14 P/M P Column/wind Column/wind Fl/accretion
Unit 3 P*0.30 P Column/wind Column/wind Fl/accretion
Unit 2 P*0.34 P P Column/wind Fl/accretion Column/wind
Unit 1 P*0.43 P Column/wind Column/wind Column/wind

Table 4.5. Summary of classification of units based on figures 4.3, 4.4, 4.2d,h, and table 4.3. Regularity
indices have been recalculated to as fractions of the scale between the phreatomagmatic tuff cone and
the magmatic fire fountain. P=phreatomagmatic, M=Magmatic, Column/Wind=decreased column
height/wind changing direction, FI/Accretion=increased fragmentation intensity from water/magma
interaction/accretion of ash and premature fallout.

It would therefore be expected to leave a deposit rich in fines, which show an increased content
of lithics. Both features fit well with the fine part of unit 4 (table 4.1, figure 4.2a,b,c, figure 4.3a).
Interestingly the increased fragmentation intensity is not connected to increased magma/water
interaction by either the regularity index (table 4.5, figure 4.2d), or by the position of fine sample
unit 4 in figure 4.4b.

The apparent eruption intensity remains very high, and with the strong WSW-wind and
rain/snow falling we would expect an inversely graded deposit with large scoracious lapilli, but
with a significant content of fines washed out from the plume, which is seen in the coarse bed of
unit 5 (table 4.1, figure 4.2a,b,c, figure 4.4b).

The wind then changes to NNE with clear weather leaving Rjupnafell on the edge of the plume.
This accompanied by an apparent decrease in the eruption intensity with little tephra fall for a
few hours. Next the sources disagree about the wind direction. One mentions a drop in activity
and little fall in the morning, with increased fall and strong WNW wind in the afternoon. The
royal Danish scientific society report mentions tephra fall across Myrdalur, which would result in

a N-NE directed wind during this period. Thus the wind has probably been unstable with low
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eruption intensity. Thus a change for a fine very poorly sorted deposit is expected as seen at the
top of sample unit 5 (table 4.1, figure 4.2a,b,c, figure 4.4b). The regularity index indicates a
decrease in magma/water interaction might explain the perception of decreased activity.

Then both sources agree that the wind then changes to E and ENE combined with lower
explosive intensity suggesting no deposition at Rjupnafell. This might explain the undulating top
of the fine bed of sampled unit 5 (fine lower bed of fall unit 6) as seen in figure 4.2a.

From here on the descriptions of the eruption becomes less detailed making direct links to the
deposit more difficult. However this also suggests that the remaining part of the eruption was
less intense and eventful.

The next period is described as dry weather and at first a low WSW wind, which quickly turns to
a strong N wind, followed by a period of NW winds and decreased activity, leaving Rjupnafell off
the main depositional axis. A moderately sorted though not graded deposit of relative fine grain
size would be expected from this description. This fits with unit 6 (fig 4.2a,b, table 4.1) except
the grain size indicates that the activity decrease might not have been that substantial, but
explained by less magma/water interaction. The dry conditions also fits well with small amount
of fines in this unit (fig 4.2c, table 4.1, table 4.4).

A short activity increase coupled with strong NE winds on the 27" should mark a change in the
deposit towards fining, which might be the cause of the transition from unit 6 to unit 7 (fig 4.2a).
The regularity index of the ash of sample unit 6 (the fine transition to unit 7) increases from unit
5 (table 4.5, fig 4.2d), which indicates increased water-magma interaction, and could explain the
perceived increase in activity. The rest of the activity in calm conditions should produce a poorly

sorted top for the rest of the eruption probably representing unit 7 (table 4.4, fig 4.4a).

The 1625 eruption

The description of the 1625 eruption is not as detailed as that of the 1755 eruption. Thus the
amount of information available for the 1625 eruption does not allow as detailed a correlation
between the described eruptive activity, wind directions and the Rjupnafell deposits.

From a section at Hemra as well as other sections further N of Myrdalssandur we know that the
white base of the Rjupnafell deposit is not the first part of the eruption. At least one additional
phase is observed below the fine-grained white deposit (field observation). The initial activity
also remains unknown in the contemporary descriptions as most of the observations are
focused on the jokulhlaup and consequences of tephra fall. However, there was a seemingly
stable WSW wind and dry weather. The activity of the opening was sustained for only a day and
then at night the activity decreased. Based on grain size means (table 4.1) unit 1 and 2 might be

related to this initial decreased activity.
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The next three days the only information is that the wind remained in SW placing Rjupnafell in
the main fall direction, the weather stayed dry, and the activity level remained the same (table
4). We suggest that the part of the Rjupnafell deposit, containing unit 3 to 7 represents this part.
These units are dominated by lapilli with large scoracious pieces found in all units. The
regularity index of sampled unit 2 represents the fine part of fall unit 3 and it decreases
significantly (table 4.5, fig 4.2h) showing decreasing influence of magma/water-interaction in the
fine fragmentation. This fits with fine unit 2 being better sorted than coarse unit 3 in figure 4.4c
suggesting eruption intensity controls the deposition. This would also explain the increase in
scoracious lapilli for unit 3 (figure 4.2e, f). This trend continues with sample unit 3 (fine base of
fall unit 4) and culminated with the lowest regularity index in sample unit 4 (lower fine base of
fall unit 5). Thus the influence of magma/water-interaction decreases, which correlates with an
increased mean grain size from unit 3 to 5 (table 4.1) and a decreasing amount of fines (figure
4.2f). Thus there is nothing to suggest that there is an increase in magma/water-interaction or in
ash aggregation as suggested by the position of the fine subpopulations of unit 4-7 in figure
4.4c. This distinct group of fine subpopulations instead shows that the deconvolution algorithm
cannot resolve the fine subpopulations properly.

Then suddenly the fragmentation style changes for the fine fragmentation in the fine top sample
of unit 5 (fine base of fall unit 6, figure 4.2e). A much higher regularity index (table 4.5, fig 4.2h)
points to a marked increase in magma/water-interaction, which correlates with a more than 1¢
decrease in mean grain size for unit 6 (table 4.1). For the fine base of fall unit 7 the
magma/water-interaction decreases slightly as the regularity index drops a little (table 4.5, fig
4.2h), which correlates with a slight increase in the mean grain size of unit 7 (table 4.1).

After this steady period the wind turned WNW (table 4.4) leaving Rjupnafell on the edge of the
plume. At the same time the intensity of the explosions increased considerably with heavy ash
fall reported (table 4.4). This suggests that eruption intensity increased and a fine-grained
deposit would then be deposited at Rjupnafell, which probably corresponds to unit 8. This
continued for another day with the wind turning WSW, briefly interrupted by a massive
explosion/earthquake that might have opened up several fire fountains as the description report
new fires on the mountain (table 4.4). At Rjupnafell a small lapilli interval is seen in the
otherwise fine-grained unit (fig 4.2 e,f), which could correspond to this event. The otherwise fine
deposit suggests intense fragmentation at the vent supported by the high unit 8 regularity index
(table 4.5, fig 4.2h) showing large influence on fine fragmentation by water/magma interaction.
Then the wind turned SW and rain set in coinciding with a quite period in the eruption (table 4.4)
and this change might correspond to the very fine thin top of unit 8 (fig 4.2e,f). Then eruptive

activity picked up again though not as intense as previously with a WSW wind (table 4.4).
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Therefore a lapilli-dominated bed is expected at Rjupnafell though with finer lapilli size than
previously seen. This corresponds with the coarse bed of unit 9 (table 4.1). Continuous
earthquake activity is described for the whole period as well. We infer this to be related to
shallow intense explosions causing tremor and the high regularity index of unit 9 (table 4.5, fig
4.2h) indicates a fragmentation dominated by water/magma interaction.

A short burst of increased activity coupled with calm conditions is then described (table 4.4)
followed by an activity decrease with changing wind conditions until the end of the eruption.
However, as the top of the deposit was reworked, we do not have any data for this last part of

the eruption.

Implications for fragmentation modeling of basaltic eruptions

Recent studies have shown that fragmentation in subglacial eruptions is not solely driven by
magma/water-interaction (Graettinger et al., 2013; Jude-eton et al., 2012; Cioni et al., 2014; Liu
et al., 2015). Graettinger et al. (2013) reported feedback loops between decoupled gas magma
eruption and phreatomagmatic explosions, which are in line with our observations.
Heap et al. (2014) showed that large vesicles in low porosity magma could decrease the brittle
strength of the magma more than small vesicles at the same porosities. Furthermore
coalescence of bubbles in low porosity magmas would also reduce the brittle strength (Heap et
al., 2014). In a complex fragmentation setting of subglacial basaltic eruptions, this is likely to
have implications for the feedback between magmatic and phreatomagmatic explosions. In such
a fragmentation framework the findings of multi stage bubble nucleation and thus highly variable
size distribution of Genereau et al. (2013), could explain the morphology variation seen in figure
4.6.
The study of the dynamics of the two large subglacial Katla eruptions contributes another
perspective that even though the geological setting, geochemistry, duration, estimated areal
distribution, and overall deposit type are comparable (Larsen, 2010), subglacial eruptions can
still differ in essential ways.
The 1755 eruption deposition is mainly controlled by weather-processes of wind and
precipitation changing throughout the eruption. In contrast the wind remains fairly stable and the
weather dry during the 1625 eruption and eruptive processes mainly control the 1625
deposition.
This has major implications for the treatment of the eruption deposits.
The grain size variations can to some extent be used to sort out eruption dynamics information,
but the variations of sorting with median are not straightforward and require a lot of
supplementary information about weather. The fragmentation factor shows no correlation with
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any of the changes in the eruption (table 4.5) and cannot be used to constrain the fragmentation
mechanism according to our dataset. This shows that the assumptions about grain size and
sorting as a proxy for fragmentation as in the method by Wohletz et al. (1995) is to heavily
influenced by other processes such as ash aggregation.

The morphology data from the quantitative shape analysis show good correlations with grain
size variations for the 1625 eruption, where steady weather conditions do not affect the
deposition. The correlation is not as good for the 1755 deposit, where frequent showers and
changing winds are the main controls of the grain size distribution.

The morphology population modeling clearly shows the distinction between the two eruptions
and is a very effective way to distinguish between different fragmentation mechanisms. We
therefore recommend that assessment of fragmentation mechanism should be based on
quantitative morphology models and not on grain size distributions accompanied by qualitative

morphology observations.

Conclusion

We have studies the eruptive processes of the two large basaltic explosive eruptions of 1755
and 1625 from Katla from 3 different datasets. The field data show that the eruptions are
comparable in terms of total thickness, a cyclic eruptive behavior, and componentry. However,
there are differences in grading, apparent vesicularities of lapilli, and thicknesses of units. Grain
size variations show a similar range of grain sizes and an overall bimodal grain size distribution
for both deposits, and for units of significant bimodality, deconvolution modeling can be used
assess the Inman parameters for each mode. Correlating mode sorting with mode median
cannot be used as a fragmentation type proxy as depositional processes modify the distribution.
However, the new regularity index can be used to assess fragmentation processes of complex
eruptive settings. Therefore we recommend combining granulometric analysis with quantitative
morphology modeling to better constrain complex fragmentation mechanisms.

In the 1755 eruption ash was generated by a combination of magmatic degassing and
magma/water-interaction with magma/water-interaction being more dominant in the beginning of
the eruption.

Ash fragmentation in the 1625 eruption was also initially a combination magmatic degassing
and magma/water-interaction, but magma/water-interaction became progressively less
important during the next phases. In the final phases magma/water-interaction dominated the

fragmentation process.
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Abstract

Katla volcano has not erupted for 99 years. However, a history of numerous past eruptions can
be found in tephra records and contemporary accounts from historical chronicles. At least 2 of
the 20 historical eruptions have reached Northern Europe as visible tephra fall, even though all
historical eruptions were basaltic. These eruptions occurred in 1755 and 1625 and they show
the hazard potential of subglacial basaltic explosive eruptions from Katla. We have studied
these two far-reaching eruptions based on the Icelandic tephra record in soil sections in SE
Iceland and have produced the first eruption source parameters for any Katla eruption.

We have projected the deposits to cover 23400 and 23600 km? on land in Iceland for the 1755
and 1625 eruptions, respectively. The volume of the 1755 eruption was 1.34 km® with a 99 %
confidence interval of 1.20-1.50 km® based on power-law integration. The 1625 eruption volume
was 1.24 km® with a 99 % confidence interval of 1.12-1.36 km®. The total erupted mass of the
1755 eruption was 2.13-10'% kg (99 % confidence interval of (1.84-2.45)-1012 ) based on a
conversion from eruption volume with a lower-bound mass eruption rate of 1.45-10° kg/s (99 %
confidence interval of (1.25-1.67)-10°). In 1625 Katla erupted a total of 1.73:10'% kg (99 %
confidence interval of (1.53-1.94)-10'?) tephra as calculated from the erupted volume. However,
due to shorter duration of the 1625 eruption it had the higher lower-bound mass eruption rate of
the two eruptions extruding tephra at 1.82:10° kg/s (99 % confidence interval of (1.61-2.04)-10°).
Plume height estimates for the 1755 eruption range from 9+ 2 km to 25+ 6 km based on

empirical correlation methods, but with a most likely average at 14.4 km from mass loading data
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inversion. Empirical correlation estimates brackets the plume height of the 1625 eruption
between 10+ 2 km and 25+ 6 km with an inversion-based plume height of 16.6 km.
Comparison with the recent Grimsvétn 2011 eruption plume dynamics suggest that average
plume heights for the whole eruption is given by the inversion plume height, whereas most
tephra was emplaced from a peak plume height at 25 km.

We recommend that the reported eruption source parameters are implemented in future hazard

models for Katla volcano.

Introduction

Katla is one of the most prominent Icelandic volcanoes known to produce major explosive
eruptions (Thorarinsson, 1981; Larsen, 2010; Biass et al., 2014; Schmith et al. submitted
manuscript, 2017). Volume wise Katla volcanic system is the most productive volcanic system in
Iceland in historical times counted from 870 AD (Thordarson and Larsen, 2007; Thordarson and
Hoéskuldsson, 2008) and recent unrest suggests that another Katla eruption may be imminent
(Budd et al., 2016). Hazard assessment of Icelandic volcanoes shows that Katla is one of the
most important volcanic systems to constrain in terms of hazards (Gudmundsson et al., 2008;
Biass et al., 2014). Past basaltic eruptions have been studied for volume (e.g. Larsen, 2000,
2010; Thordarsson and Larsen, 2007) and a statistical approach estimating hazard potential
has also been used (Biass et al., 2014; Scaini et al., 2014), yet there exists no dataset of
eruption source parameters (ESP) for explosive eruptions of this volcanic system (Biass et al.,
2014). Therefore this study combines field studies with numerical modelling to obtain values of
total grain size distributions, erupted volumes, erupted mass, mass eruption rate and plume
height for two large explosive basaltic Katla eruptions.

Explosive eruptions from Katla in 1755 and 1625 both have left large deposits on SE Iceland
and are therefore well suited for detailed study. They are also described in contemporary texts,
which yield information on weather conditions and eruption (Schmith et al. submitted
manuscript, 2017). Both eruptions have reached far outside Iceland and have been reported to
leave visible fall deposits in e.g. Bergen (1625, Thorarinsson, 1981), Shetland Islands (1755,
Thorarinsson, 1981) and on the Faroe Islands (both erutions, Det Kongelige Danske
Videnskabernes Selskab, 1758; Thorarinsson, 1981). In terms of the general Katla tephra
record these eruptions fit into the group of large Katla eruptions, but they are not
uncharacteristically large compared to other historical eruptions (Larsen, 2010; submitted
manusctript, 2017) or compared to the Holocene tephra record (Oladottir et al., 2008). They are

therefore an attractive choice for constraining the first Katla eruption source parameters.
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Geological background

Katla volcano is situated in the SW of Iceland on the very active Eastern Volcanic Zone (EVZ)
(fig 5.1). The area is dominated by 9 large volcanic structures with associated fissure swarms
making up active volcanic systems of which the 6 most notorious are Bardarbunga-Veidivotn,
Grimsvoétn, Hekla, Térfajokull, Eyjafjallajokull, and Katla (fig 5.1) (Thordarson and HOskuldsson,
2008). In historical times the EVZ has been responsible for about 87 % of all volcanic activity in
Iceland and has covered the SE area of Iceland with tephra at least 57 times as documented in
the surrounding soils (Thordarson and Hoskuldsson, 2008). The lowland in the area contains
several large glacial outwash plains such a Myrdalssandur, Sélheimasandur,
Medallandssandur, and Skeidararsandur as well as the wide lava fields from the Eldgja and Laki

eruptions. The highland area is a largely arid rock desert with few lush valleys.
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Figure 5.1. Overview map of field area in SE Iceland. Place names represent volcanoes of the Eastern
Volcanic Zone, the larger glacial outwash planes (sandurs) and the Laki lava flow in the low-land area.
The glacial outwash planes and the Laki lava flow mark soil free areas and thus show the limitations to

the soil section distribution.
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Katla volcanic system

Katla volcanic system consists of the central volcano of Katla as well as the 75 km SW-NE
trending Eldgja fissure swarm propagating from the Myrdalsjékull ice cap almost reaching the
Vatnajoékull ice cap (fig 5.1).

Katla volcano is a 30 km wide hyaloclastite massif reaching 1380m a.s.l (Larsen, 2010) with
outcrops of rhyolitic nunataks around the summit (Lacasse et al., 1995; Lacasse et al., 2007).
The summit caldera is 10 x 14 km and has a depth of 650-750 m (Bjérnsson et al., 2000). The
age of the caldera could date back to the Vedde ash formation ~12.1 ka cal. years BP (Lacasse
et al., 1995; Birks et al., 1996; Lacasse & Garbe-Schdnberg, 2001) and studies show that all
eruptions during the past millennium has been confined to the caldera (Thorarinsson, 1975;
Larsen, 2010). The magma chamber beneath Katla is suggested to be at about 3 km’s depth
with a 10km?® volume containing basaltic magma (Gudmundsson et al., 1994).

Katla is partly covered by the 600km?® Myrdalsjékull glacier, which reaches an average thickness
of 230 m (Oladottir et al., 2008) giving the volcano a total height of 1450 m a.s.l. (Oladottir et al.,
2005). Myrdalsjokull has 3 outlet glaciers onto the lowlands, Sélheimajokull (south), Kétlujékull
(east), and Entujékull (northwest) (fig 5.1). They cut through deep breaches in the Katla caldera
walls (Bjérnsson et al., 2000), which also function as pathways for jékulhlaups associated with
the volcanism. Melt water and jokulhlaups drain onto the southern and eastern outwash plains
(Sélheimasandur (south) and Myrdalssandur (east)) and the northern river of Markarfjét and
Bjornsson et al. (2000) calculated the water divides as shown in fig 5.1. Since 1179 AD all
documented jékulhlaus except one (a minor jékulhlaup below Sélheimajdkull in 1860) have gone
through the Kétlujékull passage and down to Myrdalssandur carrying meltwater, ice blocks and
volcanic material with them (Larsen, 2010). The jékulhlaups are reported to emerge in close
temporal relation to the appearance of a visible eruption plume — either shortly before or after
(Larsen, 2010). The jékulhlaups discharge in pulses with the first ones usually being most
voluminous (Larsen, 2010).

Like other Icelandic volcanoes Katla mainly produces basaltic tephra although the system is
bimodal (Larsen, 2000, 2010, Oladottir et al., 2005, 2008). The basalts from Katla are
transitional-alkali Fe-Ti basalts and they displayed a very narrow compositional range during the
Pleistocene and Holocene (Lacasse et al., 2007) with consistently high TiO, content of about 4-
5 wt %. Therefore they can be uniquely identified in major element geochemical analysis
(Oladottir et al., 2005, 2008, and 2011).

Holocene eruption summary

Deposits from more than 300 explosive basaltic eruptions and 20 silicic eruptions have been

found in soil sections from the Holocene period (Oladottir et al., 2005, 2008; Larsen & Eiriksson,
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2008; Larsen 2010). Furthermore 8-10 lava eruptions have covered the SW of Iceland with a
few km? and up to 780 km? of basaltic lava fields. This includes the Eldgja eruption from 934-40
AD and the 7700 years old Holmsa fires (Larsen, 2010).

The settlement of Iceland in 870AD marks the beginning of the historic period in Iceland. In this
period Katla has produced 20 tephra layers and 16 has been mentioned in historical documents
(Larsen, 2000). Their volume range from 0.02-1.5 km® uncompacted volume (Larsen, 2000).
Explosive eruptions in the system occur 1-3 times pr. century and the average repose time
between eruptions is 48 years (since 1500 AD), but it ranges from 13 to 95 years (Larsen,
2000).

Isopach maps have also been made of several prehistoric basaltic eruptions to estimate volume
and magnitude of the eruptions (Thorarinsson, 1975; Larsen, 2010). Volumes of the biggest

prehistoric eruptions may exceed 2 km? (the K-E and K-N of Rébortsdéttir, 1992).

The 1755 eruption

An earthquake and a jokulhlaup initiated the 1755 eruption on the 17" of October 1755 (Det
Kongelige Danske Videnskabernes Selskab, 1758, Schmith et al. submitted manuscript, 2017).
Shortly after an eruption column rose from the central volcano lasting for 17 consecutive days
and it was reported gone on the 3" of November (Det Kongelige Danske Videnskabernes
Selskab, 1758, Schmith et al. submitted manuscript, 2017). Schmith et al. (submitted
manuscript, 2017) showed that the activity was stable from the 17" to the 23" though deposited
in different directions due to changing wind directions. However, two violent explosions took
place on the 20™ of October according to Det Kongelige Danske Videnskabernes Selskab
(1758). Then between the 24™ October and the end of the eruption the intensity waxed and
waned a little before decreasing steadily (Schmith et al. submitted manuscript, 2017).

The 1755 deposit can be divided into 7 units. The 1755 tephra deposit consists of ash to lapilli
sized juvenile grains with 67-75 % brown sideromelane glass, 23-33% opaque tachylite and O-
4% crystals and lithics in the 3-4¢ (125-63 um) ash component (Schmith et al. submitted
manuscript, 2017).

The fine fragmentation generating ash during the eruption was related to both magmatic gas
exsolution as well as phreatomagmatic processes (Schmith et al. submitted manuscript, 2017)
and changed little during the eruption.

Tephra fall across Skaftartunga was reported as 30-90 cm on flat fields, but 125-190 cm on
sheltered locations and the tephra thickness across the 300 km long Eastern country all the way

water erosion (Det Kongelige Danske Videnskabernes Selskab, 1758). Tephra fall reached
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ships close to the Faroe Islands on the 3" day of the eruption (Det Kongelige Danske
Videnskabernes Selskab, 1758).

The 1625 eruption

The 1625 eruption started with a loud explosion, a J6kulhlaup and an eruption column at 8 AM
on the 2" of September 1625 (Magnusson, 1627). The eruption column lasted ~11 days until
the evening of the 13™ of September (Magnisson, 1627; Schmith et al. submitted manuscript,
2017). Contrary to the 1755 eruption dynamics the activity of the 1625 eruption was waxing and
waning with 9 different phases throughout the eruption (Schmith et al. submitted manuscript,
2017). The fine ash fragmentation also changed significantly during the eruption from a mixture
of magmatic and phreatomagmatic processes to dominantly magmatic processes and ending
with mostly phreatomagmatic processes (Schmith et al. submitted manuscript, 2017).

On the 7""-8" day of the eruption additional small vents were opened displaying fountaining
activity (Magnusson, 1627; Schmith et al. submitted manuscript, 2017).

The 1625 tephra deposit can be divided into 9 fall unit of ash to lapilli sized juvenile grains with
61-76 % brown sideromelane glass, 21-36% opaque tachylite and 1-4% crystals and lithics in
the 3-4¢ (125-63 pm) ash component (Schmith et al. submitted manuscript, 2017).

The fine fragmentation generating ash during the eruption was related to both magmatic gas
exsolution as well as phreatomagmatic processes and varied significantly over the course of the
eruption (Schmith et al. submitted manuscript, 2017).

Also for this eruption the area of Skaftartunga was buried deep in ash, which covered the birch
forest and reached depths of ~50 cm (Magnusson, 1627). The ash fall was reported as far N as
Langaneset (Magnusson, 1627) and covered the entire S and E country as well as ships in the
sea off the Icelandic coast (Magnisson, 1627; Schmith et al. submitted manuscript, 2017). The
ash fell on ships in Bergen in Norway 1000 km from Katla covering the deck as snow and ash

fall was reported in several villages in Norway (Thorarinsson, 1981).

Field studies of the tephra deposits

Field surveys

We have conducted a series of field surveys from 2012 to 2016 and identified the 1755 and
1625 tephra fall layers in 53 soil sections (outcrops and pits) across the SE area of Iceland (fig
5.1, 5.2, and 5.3). We used previous studies and descriptions of the 1755 and 1625 deposits
(e.g. Magnusson, 1627; Det kongelige danske videnskabernes selskab, 1758; Hallgrimsson,
1870; Thorarinsson, 1958; Buckland et al., 1986; Larsen, 2000, 2010) to guide the search for
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Figure 5.2. Map of data points on the 1755 deposit, where each point represents a logged soil section.
Sections with mass loading data were also sampled for grain size and thickness and sections with grain
size samples were sampled and measured for thickness. Sections logged for thickness include sections
from previous field campaigns in the 1970’s. The 1918 eruption site is shown and we have also chosen
this as the 1625 vent site. The old placement of the 1755 eruption site by Bjérnsson et al. (2000) is also
shown along with the water drainage divides of the Myrdalur glacier. The old 1755 eruption site lies in the
S drainage area, whereas the new 1755 eruption site is situated in the E drainage area correlating with
observed jokulhlaups on the Myrdalssandur. Five representative soil sections are presented as well. They
show the diversity between medial down-wind (Rjupnafell) and medial off-axis (H6fdubrekkuheidi)
sections as well as the differences in the 1755 deposit and stratigraphic markers in various areas.
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Figure 5.3. Map of data points on the 1625 deposit, where each point represents a logged soil section.
Sections with mass loading data were also sampled for grain size and thickness and sections with grain
size samples were sampled and measured for thickness. Sections logged for thickness include sections

from previous field campaigns in the 1970’s.

The 1918 eruption site is shown and we have chosen this as the vent site of the 1625 eruption based on

jokulhlaup directions.

Five representative soil sections are presented as well. They show the diversity between medial down-
wind (Rjupnafell) and medial off-axis (Hé6fdubrekkuheidi) sections as well as the differences in the 1625
deposit and stratigraphic markers in various areas.
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sections mainly in the E and NE directions from Katla volcano. The aim was to sample the
deposits in cross sections as well as along the main dispersal axis. However, lack of available
soil on the glaciers, glacial outwash planes and in the lava fields (fig 5.1) limited the distribution
of sections to an area between 15 km to 70 km from the caldera with a few distal sections along

the direction of dispersal reaching up to 120 km from source (fig 5.1, 2, and 5.3).

1755 and 1625 tephra layer identification

Basaltic tephra deposits from Katla are recognized as coal-black layers of ash to lapilli in the
field (fig 5.2 and 5.3) and they are usually distinguishable from other basaltic tephras from the
EVZ based on macroscopic characteristics (Oladottir et al., 2005). However, as there are about
300 different basaltic layers from Katla in the SE Icelandic soils, we used distinct stratigraphic
marker layers to obtain stratigraphic control of each section. Among the important marker layers
are the brown coarse ash deposit from the Hekla 1845 eruption, the bluish-black tephra from
Laki 1783-84 and the fine grey ash layer from the 1597 Hekla eruption. Other historic marker
layers include the yellow fine ash layer from the 1362 Oraefajokull eruption, the coarse yellow
ash trace from the Hekla 1104 eruption, the fine grey ash layer from Veidivotn 1477 and Hekla
1200 and the fine grey-green Settlement-layer from about 871 (fig 5.2 and 5.3).

In distal areas with more than 100 km distance to the vent the fine ash grain size causes the
Katla deposits to change to a more grey-black color, which resembles that of other basaltic
tephras from the EVZ. Therefore we have sampled all likely candidates of the 1755 and 1625
Katla deposits for major element geochemical analysis in distal sections with ambiguous
stratigraphy.

Sections in the Myrdal area had few stratigraphic markers (fig 5.2 and 5.3, Hé6fdubrekkuheidi).
Instead the rhythm of the layers, their relative distances, and the work by Larsen et al. (2009) on

the main axis of historical Katla eruptions aided interpretation of the stratigraphy.

Measurements and sampling

All 53 sections have been measured for layer thicknesses and layers of 1 cm or more were
sampled for grain size. In stratified deposits the internal layers were sampled separately as units
where possible. Sampling of layers of a few cm was done by cutting out regular pieces with a
small knife and carefully scraping out the loose material. The dimensions of the sample were
measured for mass loading and bulk density information in sections where the layer thickness
and preservation permitted a regular shape of the sample to follow recommendations on types
of field data by Bonadonna (2006). Thin layers were sampled by gently scraping out the loose
material with a knife. Great care was taken to bag and transport all samples in order to keep the

grains as intact as possible.
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Soil sections

The 1755 layer was identified in 45 soil sections in the field area, whereas the 1625 layer was
identified in 44 sections. Eight of the initial 53 sections were discarded due to lack of
stratigraphic control or because the deposits turned out to be contaminated with flooding
deposits. The position of the final 45 soil sections is shown in fig 5.2 and 5.3 as well as a
sedimentary log and photos of representative sections. The most proximal section downwind
was the Rjupnafell section, which has been extensively described in Schmith et al. (submitted
manuscript, 2017). This section contains the most detailed deposit, though the medial 1625
deposit sections further N contain a distinct deposit component of white dust, which is absent in

the Rjupnafell deposit.

Isopach maps

New model for vent areas

We have made a new model of the vent area based on water divides of the Myrdal glacier
(Bjornsson et al., 2000), information about directions of jékulhlaups (Larsen, 2000, 2010) and
new interpretations of the contemporary vent descriptions (Hallgrimsson, 1870) accounting for

direction bias caused by topography (Thordarson, 1991).

1755 vent position

The 1755 vent was observed almost due north of the farm Holt in Myrdalur (fig 5.2), but with no
observations of the specific area (Hallgrimsson, 1870). However, Thordarson, 1991 found that
people in the 18" century tended to align topographic directions with E-W or N-S directions. The
cliffs by Holt have a bearing of N114°E, which is close to the overall bearing trend of N110°E
from Eyjafjallajokull to the Holt area (fig 5.2), though this topographic trend is shown as an E-W
trend in 16™-18™ century maps of Iceland. Thus N would be perceived at about 20°E and the
1755 eruption site should be found at a bearing around 20°E from the farm Holt. Further
constraints from the E outlet of all the jékulhlaups of the 1755 eruption, frame the position of the
vent in the E drainage area by the water drainage divides modeled by Bjérnsson et al. (2000)
(fig 5.2). There are several active geothermal areas in this region, but the bearing of 20°E from
Holt correlates only with the 1918/1823 eruption site and the 1955 geothermal area (fig 5.2) and
we consider the 1918/1823 eruption site the best candidate for the 1755 eruption vent. This
area has produced several explosive eruptions, while the 1955 geothermal area falls on the

caldera rim along with many other geothermal areas not know to have produced explosive
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eruptions. Thus our 1755 vent area model suggests that recent major explosive eruptions from

Katla had the same vent area within the caldera.

Vent position of 1625 eruption

There are no observations relating to the specific position of the 1625 eruption site, but the
jékulhlaup directions are the same as for the 1755 and 1918 eruptions. Following the vent

model of the 1755 eruption, we have placed the 1625 vent at the site of the 1918 vent (fig 5.3).

Isopach map construction

The isopach maps were constructed based on thicknesses from the soil sections as well as 59
and 52 thickness measurements from previous surveys (Larsen, unpublished data) of 1625 and

1755 deposits, respectively (fig 5.4 and 5.5).
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Figure 5.4. Isopach map for the 1755 deposit. 5.4a: The overall isopach map of 1755 deposit, where each
point represents a logged soil section. Sections logged for thickness include sections from previous field
campaigns in the 1970’s.

5.4b-d: Subsections of the isopach map at different scales with deposit thicknesses. An x indicates a
trace of the deposit. Indications of Fljétshlid and Mjéifjorour on 5.4b are areas of tephra fall named in the
contemporary sources (Det Kongelige Danske Videnskabernes Selskab, 1758).

109



Legend
B 1628 eruption site | ({1
79 50 cm isopach
[ 30 cm isopach
20 cm isopach
771 10 cm isopach
(1 5cm isopach
(18 cmisopach
"1 cmisopach
0,5cm isopach
—=1625 0 line

Legend
© 1625 sections this study
© 1625 sections 1970's

0,5cm isopach

Legend
* 1625 sections, this study
Legend il Lakellogurinn) < 1625 sections 1970's
W A & 171625 50 cm isopach
1 50 cm isopach b i . 7711625 30 cm isopach
p 1625 20 cm isopach
1625 10 cm isopach
[ 1625 5¢cm isopach

0,5cm isopach
—-0lline ’
® Sections informing 0 line

X
053
/ 0-0:5'
gt

Figure 5.5. Isopach map for the 1625 deposit. 5.5a: The overall isopach map of 1625 deposit, where each
point represents a logged soil section. Sections with mass loading data were also sampled for grain size
and thickness and sections with grain size samples were sampled and measured for thickness. Sections
logged for thickness include sections from previous field campaigns in the 1970’s.

5.5b-d: Subsections of the isopach map at different scales with deposit thicknesses. An x indicates a
trace of the deposit. Indication of Lake Légurinn on 5.5b marks the position of a lake core containing
deposit of the 1625 eruption (Gudmundsdottir et al., 2016).

We have mapped whole deposits as single layers as individual black units could not be traced
between sections. The only units that can be traced independently are the white and mixed
lowermost units of the 1625 deposit, but to keep the mapping consistent we have included these

units in the total isopach map.

1755 and 1625 isopach maps

The 1755 isopach map (fig 5.4) contains 8 isopachs from 100 cm to 0.1 cm as well as a O-line
and covers around 23400 km? on land. There is a main axis of deposition towards ENE and a
secondary axis towards ESE.

The 1625 isopach map (fig 5.5) contains 9 isopachs from 50 cm to 0.1 cm and covers around

23600 km? on land. There is one main axis of deposition towards ENE.
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The land coverage of the 10 cm and 1 cm isopachs for each eruption as well as the maximum
distance from vent to isopach are shown in table 5.1.

Comparison with previous estimates from Larsen (2010) shows that the 1755 1 cm isopach has
extended significantly (59%) in distance from vent, but not in land area coverage (0.5%). The
1755 10 cm isopach has increased in lateral extent (20% increase), but shows a substantially
smaller area-coverage (-30%). For the 1625 1 cm isopach there is only a 5% increase in
distance from vent, but a 30% increase in land area coverage. The 1625 10 cm isopach has
also increased 5% in lateral extent and only 4% in land area coverage. Thus the most significant
changes are related to significantly smaller areas of the medial isopachs for the 1755 deposit,
whereas the significant area coverage changes for the 1625 deposit are related to the distal

isopachs.

Eruption source parameters (ESP)

Total grain size distribution method (TGSD)

Samples from 34 of the 1755 sections and from 33 of the 1625 sections (fig 5.2 and 5.3, grain
size sample points) have been dried at 50°C and carefully hand-sieved for grain size in whole ¢
step down to 3¢ (125um). At 3¢ (125um) the sample was split and one half was run on a
Micrometrics Sedigraph IIl grain size analyzer in a 50% glycerin solution to measure the fine
ash grain size distribution. The other half was hand sieved through the 4¢ (63um) sieve to
achieve an overlap between sieve- and Sedigraph data.

Sieve- and Sedigraph data were merged using sieve overlap as scaling to produce grain size
distributions from -4¢ (16 mm) to 10¢ (1um). For sections with multiple units both unit grain size
and whole deposit grain size were calculated.

VORONOI_TOTGS (Bonadonna and Houghton, 2005; Biass and Bonadonna, 2014) was used
to model the total grain size distribution of each eruption deposit with the zero-line defined as in
the isopach maps (fig 5.4 and 5.5). We only used input from samples with mass loading

estimates in this model (fig 5.2 and 5.3, mass loading data points).

Total grain size distribution results

The TGSD model results are shown in fig 5.6 and table 5.1 and shows different distribution for
the two deposits. The 1755 distribution has a mean at 2.03¢, a median at 2.27¢ reflecting a fine

skewed very poorly sorted bimodal deposit (fig 5.6) with more than one third (38 wt%) of the
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Parameters 1755 1625 Parameters 1755 1625
TGSD (o) Isopach distance (km)

Me: 2.03 1.92 d10cm 42 42

Mde 2.27 1.86 dLarsen, 2010 10cm 35 40

o 2.04 1.94 5d10em +20 % +5%

Ske -0.13 0.02 dicm 191 137

Kep 0.83 1.15 dLarsen, 2010 1cm 120 130

% =3¢ 37.4 27.8 5d1cm +59 % +5%

Volume (km’) Area of isopachs (km?)

Vpoweriaw, total 1.34 (1.20-1.50) 1.24 (1.12-1.36) |A 126000 46100

Vpowerlaw, medial-distal 0.63 (0.56-0.70) 0.42 (0.38-0.46)  |Aang 23400 23600

VExponential, 1 segment 1.04 0.52 ALand 10em 6027 594

VExponential, 2 segments 0.81 (0.72-0.91) 0.53 A arsen, 2010 Land 10cm 6000 570

Vexponential, 3 segments 0.86 0.48 (0.43-0.50)  |8A ang 100m +0.5 % +4%

Viveibul 0.66 (0.58-0.72) 0.44 (0.38-0.48)  |Atand 1m 625 7172

VStatisticaI, min 0.94+0.004 1.24+0.009 ALarsen, 2010 Land 1cm 900 5500

Vstatistical, max 0.97+0.003 2.76+0.032 A Lond 1cm -30% +30%

Volume model error Plume height (km)

VPowerIaw, total 0.97 3.62 HMER,PowerIaw, total 9+ 2 10+ 2

VPowerIaw, medial-distal 0.97 3.62 HMER,PowerIaw, medial-distal 8+ 2 7+2

VExponentiaI, 1 segment 0.52 0.18 HMER, Exponential, 2 segments 8+2 8+2

VExponentiaI, 2 segments 0.06 0.11 HMER,WeibuII 8+2 7+2

VExponentiaI, 3 segments 0.103 1.9E-3 HMER,StatisticaI, min 8+ 2 10+ 2

Vweibull 0.08 0.08 HMER,StatisticaI, max 8+ 2 12+ 2

Total mass (kg) Plume height (km)

Mpoweriaw, total 2.13-10" 1.73-10" Hv, powerlaw, total 25+ 6 25+ 6
(1.84-2.45) -10% (1.53-1.94) -10%

MPowerIaw, medial-distal 1-00'1012 5-86'1011 HV, Powerlaw, medial-distal 23+ 6 22+ 6
(8.66-10-1.15-10"")  (5.17-6.58)-10™

MExponentiaI, 2 segments 1-29'1012 6-70'1011 HV, Exponential, 2 segments 24+ 6 22+ 6
(1.1-1.5)-10" (5.8-7.2)-10"

Muweibui 1.05-10" 6.14-10" Hy,weibui 23+ 6 22+ 6
(8.9-10"-1.2-10") (5.2-6.8)-10"

Mstat min: 1.49-10" 1.70-10" Huy statistical, min 24+ 6 25+ 6

Mstat max: 1.54-10" 3.85-10" Hy statistical, max 24+ 6 27+ 6

MER (kg/s) Inversion model

MERpoweriaw, total 1.45-10° 1.82-10° Fit 16.77 22.60
(1.25-1.67) -10° (1.61-2.04) -10°

MERpowerlaw, medial-distal 6.82:10° 6.17-10° Md@inversion 1.60 1.50
(5.89-7.85)-10° (5.44-6.92)-10°

MER gyponential, 2 segments 8.77-10° 7.05-10° Minversion (kg) 9.92:10"  4.52-1
(7.5-10° -1.0-10°) (6.1-7.6)-10° 2 o"

MERweibul 7.15-10° 6.46-10° MERinversion (Kg/s) 6.75:10°  4.76:1
(6.1-8.3)-10° (5.5-7.2)-10° 0’

MERstatistical, min 1.02-10° 1.79-10° Hinversion (km) 14.4 16.6

MERstatistical, max 1.05-10° 4.05-10°

Density (kg/ms) Volume DRE (km3)

D ash 2756+97 2789+151

O field 870+250 860+158 V/oRe, powerlaw, total 0.79 0.64

O bulk 1590+210 1396+156
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Table 5.1 (left): Overview of characteristic eruption- and deposit parameters for the 1755 and 1625 tephra
deposits. Parameters used: d is the maximum distance of the isopach from vent. A is the area of the
isopach. Subscripts of 10cm and 1cm refers to the 10cm and 1 cm isopach lines, respectively. Subscript
Land refers to land coverage and subscripts Larsen, 2010 refers to values in Larsen (2010). dd and A
show the change in percent from Larsen (2010)-values to values of the present study.

TGSD gives total grain size distribution parameters, where Mg is mean ¢, Mdg is median ¢, og is the
standard deviation (sorting), Sk is distribution skewness, Ko is kurtosis, and % = 3¢ gives the

percentage of the distribution of ash of 3¢ or smaller.

For density pash is the density of 3-4¢ ash, pseq is average measured bulk field density and ppyi is bulk
density of the deposit as calculated by equation 5.2 in the text. Volume estimates from all volume models
are reported as calculated in the AshCalc module (Daggit et al., 2014) with 99 % confidence interval in
brackets estimated by TError (Biass et al., 2014). V is volume, M is total mass, and MER is mass eruption
rate. Model error is the mean relative squared error for the model fit of all isopach based volume models.
Error for the statistical model is the standard deviation for the solution distribution.

The dense rock equivalent (DRE) volume was calculated only for the power-law using a DRE density of

2700 kg/m®.

Plume height (H) is calculated by empirical relations defined by Mastin et al., 2009, where subscripts
beginning with MER refer to equation 5.3 in the text and subscripts with V refer to equation 5.4 in the text.
The Mastin et al. (2009)-estimates are given with a 50 % confidence interval.

Inversion model refers to the method outlined in Connor and Connor (2006) and presents median ¢
(Md@inversion), Mass (Minversion), mass eruption rate (MERinersion), and plume height (Hinversion)- The model fit

is the chi-squared fit.

TGSD Katla 1755

25

wt %

4321012345678 910
¢

TGSD Katla 1625
25 —rT—T—TTTT
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0 ‘
4-3-2-10123456 78910
¢

Figure 5.6. Total grain size distribution (TGSD) for the
1755 deposit (a) and the 1625 deposit (b). Grain sizes
are binned in whole ¢ steps in both distributions and
span -4 to 10 ¢ for both deposits.

Discussion of the TGSD models

The similar mean of the TGSD of the
two deposits supports the finding by
Schmith et al. (submitted manuscript,
2017) that both eruptions had a similar
degassing history, while the difference
in distributions and content of fines
supports differences in surface
water/magma interaction modifying the
grain size distribution as also indicated
by Schmith et al. (in submitted
manuscript, 2017). The symmetric
1625 TGSD supports an eruption
dominated by eruption plume
processes with relatively stable wind
and dry weather conditions and low
influence of ash aggregation. The high
fines content of the 1755 deposit
shows the higher degree of
fragmentation from water/magma

interaction and also wet weather
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conditions leading to washout of fines from the plume as found by Schmith et al. (submitted
manuscript, 2017). Thus fewer fines would reach very distal regions from the 1755 plume and
this could explain why the 1625 ash fall was observed further from the source than the slightly

bigger 1755 eruption.

Volume (V)

Methods to determine volume

Volume has been calculated from exponential segment models, power law models and weibull
models of thickness vs. isopach area fits using AshCalc (Daggit et al., 2014). The statistical
approach suggested by Burden et al. (2013) has also been used for both deposits.

The Weibull model was applied to both eruptions and a single minimum on the Kappa vs.
Lambda error-surface was found in both cases. The exponential models were applied to both
eruptions and resulted in 1-3 segments. The power law fitting was integrated to find a total
volume between 0.2 km and 1300 km from the vent for the 1625 eruption and between 0.2 km
and 1000 km from the vent for the 1755 eruption. The proximal limit of both eruptions was
based on proximal limits suggested by Bonadonna & Houghton (2005) based on the proximal
exponential thinning, as we do not have any observations of the proximal thicknesses. The
distal limit was based on observed ash fall in Bergen in 1625 (1317 km from Katla) and in the
Shetland Islands in 1755 (992 km from Katla) (Thorarinsson, 1981).

The statistical model of Burden et al. (2013) was also applied, but as the thickness showed high
variability in several field sites, we ran a minimum and maximum scenario using respectively the
minimum thicknesses and maximum thicknesses measured for each site.

Errors on all isopach-based volumes were reported as the 99% confidence intervals of each
volume model and were estimated using the TError package (Biass et al., 2014). It is beyond
the scope of this study to assess our own isopach thickness and area uncertainty, and therefore
we adopted uncertainty estimates following results of Klawonn et al. (2014).

Errors of the statistical volume model were calculated as the standard deviation of the volume
distribution.

We subsequently explored the significant difference between the volume results of the
exponential and Weibull models compared to the power-law and statistical models. A partial
power-law volume was constructed using the same model parameters as for the total volume
power-law model. However, we equated the proximal integration limit to the nearest medial data
point, to investigate whether the volume difference was related to the lack of proximal thickness

data. As the power law model assumes a symmetric circular distribution, the same area circle
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radius of the nearest isopach served as the nearest medial data point. For the 1755 deposit the
partial volume proximal limit was moved to 4.5 km from vent and for the 1625 deposit the patrtial

volume proximal limit was 5 km.

Volume results of the 1755 deposit

The results from the 4 different strategies for calculating the total erupted tephra volume are
shown in table 5.1 and figure 5.7. All results are presented with the 99 % confidence interval as
determined by the TError-package in parenthesis. Of the isopach-based volume calculation
strategies the Weibull model yields the lowest volume of 0.66 (0.58-0.72) km®, while the power-
law yields the highest value of 1.34 (1.20-1.50) km®. The exponential model shows intermediate
values ranging from 0.81 (0.72-0.91) km® to 1.04 km?®, with the best fit at the two-segment model
of 0.81 km® volume. The strategy of Burden et al. (2013) shows little variation between the
minimum and maximum thickness scenarios and results in model volumes of 0.94+0.004 km®
and 0.97+0.003 km®, respectively. The power law model restricted to the medial-distal data

coverage estimates a medial-distal volume of 0.63 (0.56-0.70) km?®.

Discussion of 1755 volume results

The Weibull model volume and the medial-distal power law volumes are in the same range
suggesting that the Weibull model does not take the proximal deposition effectively into account
without any proximal deposition data. This is supported by findings that the Weibull model
underestimates the volume by ~50-60%, when proximal data input are missing (Bonadonna and
Costa, 2012). This also fits well with the observation that the total volume estimate by the power
law model doubles the Weibull model volume. The exponential strategy accounts for the whole
deposit, but underestimates the proximal deposit contribution as the 1* segment decay is based
on the more moderate medial decay value. Thus the best-fit model of two segments yields the
lowest volume estimate. Model sensitivity evaluations show that the exponential model tends to
underestimate the total volume with about 60%, when based only on medial and distal data
(Bonadonna and Houghton, 2005). The strategy of Burden et al. (2013) suggests a total volume
close to 1 km® and is less sensitive to the lack of proximal data points, but may still
underestimate to total volume as the thickness measurement distribution is skewed due to the
lack of soil sections in many areas and because it does not extrapolate to distal areas. The
power-law model shows a reasonable fit and thus we infer this model to be the best
representation of the min. volume of the 1755 deposit. This is in line with sensitivity estimates
showing that power law model based on medial and distal data only underestimated the total

volume by ~25% (Bonadonna and Houghton, 2005). Furthermore Bonadonna et al. (2015)

115



found that the power law was more appropriate for deposits with exponent m >2 (m=2.164 and
m=2.292 for the 1755 and 1625 fits, respectively) and well-constrained distal deposits.

Previous volume estimates were based on freshly fallen tephra thickness estimates and range
from 1.5 km?® total uncompacted volume (Thorarinsson, 1975) to 0.8 km® uncompacted volume
on land (Larsen, 2010). The volume is reduced by at least 38% from the freshly fallen deposit to
the compacted tephra layers found in soil sections (Thorarinsson, 1958). Thus the current
volume estimates would range from 1.02 to 2.12 km® uncompacted tephra with the estimate by

Thorarinsson (1975) well within this range.

Volume results of the 1625 deposit

The results from the 4 different strategies for the calculation of the total tephra volume are
shown in table 5.1 and figure 5.8. The Weibull model yields the lowest volume of 0.44 (0.38-
0.48) km® and then the exponential model shows intermediate values ranging from 0.48 (0.43-
0.50) km® to 0.53 km?® with the best fit at the three-segment model of 0.48 km® volume. The total
distribution power-law again shows the highest isopach based volume of 1.24 (1.12-1.36) km®.
The strategy of Burden et al. (2013) shows significant variation between the minimum and
maximum thickness scenarios and model volumes are 1.24+0.009 km?® and 2.76+0.032 km?®,
respectively. The power law model restricted to the medial-distal area yields a partial volume of
0.42 (0.38-0.46) km®.

Discussion of 1625 volume results

The volume results of the 1625 deposit show the same patterns as the 1755 volume results,
though with an even larger value range. The power law model restricted to the medial-distal
data coverage models a medial-distal volume of 0.42 km® consistent with the observation from
the 1755 deposit that the Weibull and exponential fits do not account for the proximal volume
contribution without any proximal data. Again the total power-law volume correlates with the
minimum statistical volume estimate and thus it is again considered the best total volume
estimate. The lack of a thickness measurement at the most proximal location of Sandfell is
probably the cause of the much larger discrepancy between what is effectively medial-distal
volume estimates and the total deposit estimates. For the statistical model the measured
thicknesses vary by 50-100% in several places causing a high maximum scenario estimate.
Previous estimates of the 1625 volume were 0.5 km® of uncompacted tephra on land by Larsen
(2010) and therefore a direct comparison yields no new information. However, the previous
volume estimate is contained within all of the current volume estimates with the lowest being
recalculated to 0.71 km® uncompacted tephra. Thus the present estimates do not contradict the

previous one.
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Total mass (M), mass eruption rate (MER) and plume height
(H)
Methods

Total erupted mass

There are no previous estimates of the total mass of the 1755 and 1625 Katla eruptions and no
observations of the plume heights. Therefore we have used two different approaches based on
independent datasets to constrain the total erupted mass and plume height.

The first approach was based on conversion of the isopach-based volume to mass and then
using empirical relations between volume and plume height as well as volume flow rate and
plume height from Mastin et al. (2009) to estimate the plume height. In addition, we also used
the Tephra2 inversion strategy proposed by Connor and Connor (2006) to derive the erupted
mass and plume height based on a mass loading dataset.

We converted volume to mass by equation 5.1, where p is the bulk density modeled for each
whole eruption deposit as shown in equation 5.2:

M=p-V, Eq 5.1

p= dm<3(p " Prieta t dm23(p " Pash» Eq5.2

where M is the total mass, V is the total volume (here as calculated by the power law model),
dm is the mass fraction of the specified grain size interval according to the TGSD-model, pash is
the ash density of the 3-4¢ (125-63um) ash grain size measured with a pycnometer, and pyieiq IS
the field bulk density average for 20 samples in the area ~15-65 km from the vent (fig 5.2 and
5.3). For the field density estimates the sample volume was measured in situ in the field and the
bulk density of each sample was calculated from equation 5.1 using the dry sample weight. The
field-based medial bulk density is assumed to be an average of the density of clasts larger than
3¢ (125um). We have used this density model to account for the density variation from coarse
to fine grains (e.g. White et al., 2017), but this density model does not account for varying
degrees of compaction and variable amounts of fine ash between sections. However, sections
are scattered across most of the medial deposit and is considered a better estimate than an

average reference table value.
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MER
To turn the total mass into an average mass eruption rate, we have used the timespan of

eruption column, which was 17 consecutive days for the 1755 eruption, whereas the 1625

column lasted 11 days (Schmith et al. submitted manuscript, 2017).

Plume height
We estimated the volume-based plume height from the empirical relationship between

volumetric flow rate V of dense rock equivalent (DRE) and plume height H (equation 5.3) and
between total DRE volume (Vpge) and plume height (equation 5.4) as found by Mastin et al.
(2009). We converted MER to V and M to Vpge using a DRE density of 2700 kg/m?®.
H =2.00-V%%" Eq5.3
H =259+ 6.64"Log1o(Vprg) Eq 5.4

Inversion approach

The inversion was run on 20 mass/area values for the 1755 deposit and 21 for the 1625 deposit
distributed primarily between 15-65 km from source (fig 5.2 and 5.3). Input parameters are
shown in table 5.1. Grain size parameters are closely constrained by the TGSD model and
diffusion ranges follow Connor and Connor (2006). Densities are as calculated from field bulk
density of medial deposits for juvenile clasts and as pycnometer ash density used for the lithic
density, as there are only very small amounts of lithics. Plume height is constrained by the
volume-based plume height estimates, which will be discussed in the next section. The total
mass ranges were calculated using lowest bulk density and volume estimate for the lower

bound and highest volume estimate and ash density for maximum boundary.

Results of total mass and MER from volume

The pasn Was determined as 2756+97 kg/m® for the 1755 ash and 2789=151 kg/m® for the 1625
ash. Arithmetic average of the field densities resulted in a field bulk density of 870+254 kg/m?® for
the 1755 deposit and 860+158 kg/m® for the 1625 deposit. The uncertainty of the field bulk
density is the standard deviation for the measurements and thus relate to measurement and
sample size uncertainty, but not uncertainty due to difference in compaction. The deposit bulk
density of the whole deposit then becomes 1590+210 kg/m® for the 1755 deposit and 1395+156
kg/m® for the 1625 deposit.

The total mass is calculated as 2.13-10'? (1.84-2.45)-10'® kg for the 1755 eruption and as
1.73:10'? (1.53-1.94)-10"® kg for the 1625 eruption (table 5.1), when using the power-law
integration as the best volume estimate. In terms of average MER the 1755 has a slightly lower
value of 1.45-10° (1.25-1.67)-10° kg/s compared to the 1.82:10° (1.61-2.04)-10° kg/s of the 1625

eruption.
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Discussion of erupted mass and MER results

Both eruptions are comparable both in volume and erupted mass suggesting that the estimate
of the 1755 eruption being the largest eruption of historical times (Thorarinsson, 1975) is not
correct.

The higher average MER of the 1625 eruption fits well with the interpretation of lower
water/magma ratio evident from field observations and shape analysis of Schmith et al.
(submitted manuscript, 2017). This suggests that the melt water could not get access to as
much of the column for part of the eruption.

The traditional length of the 1755 eruption according to the literature is ~120 days, but this
interval is based on including jékulhlaup events in mid January 1756, which are not relevant for
the tephra modeling. Such a significant change in eruption duration has profound impact on the

estimated mass eruption rate (MER) and thus on the estimated intensity of the eruption.

Results of plume height estimates from MER and volume

The plume height estimates are listed in table 5.1 and show that the volume based plume height
estimate yields the higher values of 25.22 km for the 1755 eruption and 24.62 km for the 1625
eruption. The MER based estimates yields much lower values of 9.10 km and 9.61 km for the
1755 and 1625 eruptions respectively. Errors corresponding to the 50% confidence interval on
the fits are about + 6km for the volume fits (fig 2 of Mastin et al., 2009) and + 2km for the MER
fits (fig 1 of Mastin et al., 2009).

Discussion of plume height estimates from MER and volume

Previous estimates of moderate to large explosive Katla eruptions suggest that plume heights
between 10-25 km would be reasonable (Biass et al., 2014), but with no direct relation to the
1755 and 1625 eruptions. Although both plume height estimates are based on rough empirical
best-fit relations (Mastin et al., 2009), they outline the same range as the previous estimates.
However, they do not overlap within the 50% confidence interval. This might be related to the
MER being a minimum average estimate for the entire eruption and thus the derived plume
height is a lower bound average. The volume-based plume height model is primarily based on

Plinian eruptions and is thus suitable to estimate peak eruption plume height.

Results of plume height and total mass by inversion

The results of the inversion models are reposted in table 5.2. The plume height of the 1755
eruption was modeled as 14.4 km with a chi-squared fit of 16.8. The associated total mass was
modeled to be 9.92:10'? kg and grain size parameter estimates a median grain size of 1.60¢

with a standard deviation of 1.43¢.
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The plume height of the 1625 eruption was modeled to reach 16.6 km with a chi-squared fit of
22.6. The associated total mass was modeled to be 4.52:10"" kg. The modeled median grain

size was reported as 1.50¢ with a 1.850.

Discussion of inversion results

TGSD

The grain size distribution of the inversion compares well with the TGSD of the two deposits.
The median values are shifted towards coarser grain sizes, which are to be expected, as the
inversion models cannot take fine ash aggregation into account (Mastin et al., 2016). Therefore
the inversion standard deviations are also smaller reflecting the smaller grain size interval of the
total grain size distribution. However, when comparing the inversion median grain size between
the two deposits the 1755 median is still shifted towards finer values than the 1625 median as
seen in the deposit TGSD. When comparing the sorting values of the inversions, they do not
reflect the TGSD of the deposits. This may also be related to the fine ash cut-off of the inversion

model.

Total erupted mass

The total mass values of the inversions are both within a factor 5 of the volume-derived total
mass estimate for both deposits, although not within the TError confidence interval. The 1755
inversion has overestimated the total erupted mass, while the 1625 inversion underestimates
the total erupted mass compared to volume based values. This discrepancy might also be
explained by differences in fine ash aggregation between the two eruptions. In the 1755
eruption much of the ash settled prematurely by aggregation processes (Schmith et al.
submitted manuscript, 2017). This was not the case in the 1625 eruption. Thus average mass
loading values of the 1755 eruption in the medial area are increased by aggregation, which is

not accounted for in the inversion.

Plume height

The plume heights of the inversions fall within the minimum and maximum estimates made by
using the Mastin et al. (2009) conversion of MER and V to plume height. This is consistent with
recent findings of Bonadonna et al. (2015) that inversion of mass/area results in an average
value for the plume height of the whole duration of the eruption. The inversion plume heights are
also within previous assumptions about Katla plume heights (Biass et al., 2014).

The 1755 plume height is about 2 km lower than the 1625 plume height. This fits well with the
volume based estimates of higher MER of the 1625 eruption compared to the 1755 eruption. It

also fits with previous studies finding a higher water/magma-ratio involved in the fragmentation
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process of the 1755 eruption compared to the 1625 eruption. Thus the inversion model results
successfully described the main features of the two eruption deposits.

The issues of using an inversion model are related to the limited description of the complex
column deposition processes in the most proximal areas, medial and distal aggregation
processes, and the assumption of a single wind profile (Bonadonna and Costa, 2012). The
single wind profile is particularly of concern in long-lasting eruptions, where wind conditions are
prone to significant changes. Schmith et al. (submitted manuscript, 2017) estimated substantial
changes in wind conditions especially during the 1755 eruption, which are not reflected in the
wind sampling of the inversion. However, in cases where isopleth data is difficult to collect and
other parameters can be constrained by other means, it provides a useful alternative to Plinian

plume derived empirical parameterizations of plume height.

Classification of the eruptions

The most accurate way to characterize explosive eruptions is probably by reporting ESPs
(Bonadonna et al., 2016). However, traditional nomenclature supports a process-based
characterization of eruption, though there is not yet a fully satisfactory classification model that
can be used to adequately compare all explosive eruptions (Bonadonna et al., 2016). Walker,
1973 used the Fragmentation index (F) defined as the percentage of ash finer than 1mm at the
point of the dispersal axis corresponding to 1/10 of the max thickness of the deposit to classify
eruptions. However, ash aggregation strongly affects the fragmentation index (F) (Bonadonna
and Costa, 2013; Bonadonna et al., 2016). Thus this classification method is deemed
unsuitable, as we have not been able to account quantitatively for the amount of aggregation in
these two deposits.
The volcanic explosivity index (VEI) (Newhall and Self, 1982) is widely used and based on our
total volume estimate the 1755 and 1625 eruption would both be classified as VEI 5 eruptions.
However, this index does not take the much longer duration of these eruptions into account and
therefore a characterization combined with the inversion plume height might be more suitable.
The inversion plume height of 14.4 km for the 1755 eruption and 16.6 km for the 1625 eruption
would place both eruptions in the VEI 4 category and thus these eruptions are either way
characterized as large eruptions.
The description of basaltic volcanism by Valentine and Gregg (2008) does not include eruption
styles beyond Strombolian and cannot be used for a more detailed classification.
A simplified new classification based on the MER and H empirical relationship as described by
Mastin et al. (2009) was recently introduced (fig 5.9) (Bonadonna and Costa, 2013). Using the
MER-derived plume height both eruptions are classified as moderate/small (fig 5.9), but as
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previously discussed, the calculated average MER is too low to provide a meaningful plume
height for the eruptions. The volume-derived plume height parameter classifies the 1755and
1625 eruptions as Plinian (fig 5.9), whereas both eruptions are classified as subplinian eruptions
based on the inversion parameters (fig 5.9).

From this discussion it is evident that the 1755 and 1625 eruptions represent a class of large

eruptions that has yet to be properly included in future classification models.
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Figure 5.9. Eruption classification diagram based on mass eruption rate (MER) and plume height (H) from
Bonnadonna and Costa (2013) of both the 1755 and 1625 eruptions. Classifications for each plume
height model for each eruption are shown. Plume height models based on mass eruption rate classifies
both eruptions as small to moderate although the 1755 eruption is bordering subplinian. The plume height
model based on mass loading inversion classifies both eruptions as subplinian with the 1755 eruption
bordering the moderate to small field. The highest plume heights are obtained in the volume-based plume
height model, which classifies the 1755 eruption as Plinian and the 1625 eruption as Plinian bordering
subplinian.

Discussion

The characterization of eruption in terms of quantifiable parameters is important for evaluating
future eruption scenarios and for informing hazard- and risk assessments. These two large
basaltic Katla eruptions within a timeframe of about a century show the hazard potential of this

volcanic system. Both eruptions are larger in terms of volume and erupted mass than previously
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estimates for any explosive Katla eruptions (Larsen, 2010; Biass et al., 2014; Scaini et al.,
2014).

The ESPs are consistent the recent findings by Schmith et al. (submitted manuscript, 2017)
related to the eruption dynamics of the two eruptions. The 1755 eruption was characterized by
phreatomagmatic activity with stable amounts of accessible water at the vent, but very unstable
and wet weather (Schmith et al. submitted manuscript, 2017). This is consistent with the
bimodal TGSD of the 1755 deposit. The 1625 eruption started out with phreatomagmatic activity
like the 1755 eruption, but the amount of water decreased progressively during the peak of the
eruption, although it came back to dominate the late stages of the eruption (Schmith et al.
submitted manuscript, 2017). During this eruption the weather remained stable and mostly dry.
The lower magma-water interaction as well as the stable dry weather could explain the single
mode of the 1625 TGSD. The lower bulk density of the 1625 deposit compared to the 1755
deposit is also in line with a more vesiculated 1625 tephra due to less magma-water interaction
during the peak of the eruption.

The stronger influence of melt water on the 1755 fragmentation compared to the 1625 eruption
could also explain the slightly lower average plume height as estimated from the direct inversion
of deposit data. This is explained as plume height is related to heat-based buoyancy (e.g.
Sparks, 1986) and heat transfer studies for subglacial eruptions show that ash-size particles
loose 70-80 % of their heat to boiling water in magma-melt-water interaction (Woodcock et al.,
2012). The higher magma-water interaction of the 1755 eruption would thus on average produce

a colder and hence lower plume.

To evaluate the ESPs qualitatively we compare the 1755 and 1625 Katla eruptions to the recent
2011 Grimsvotn eruption. The subglacial setting is very similar and the phreatomagmatic
fragmentation is comparable particularly to the 1755 eruption (Schmith et al., 2017). The 2011
Grimsvétn eruption lasted for 7 days and produced 0.27 km® DRE based on fall out integration
(Hreinsdottir et al., 2014). This compares to a 17-day duration and 0.79 km® DRE of the 1755
eruption and 11-day duration and 0.64 km>® DRE production of the 1625 eruption. Thus the Katla
eruptions had a 1.2 times (1755) and 1.5 times (1625) higher average tephra production rate
than Grimsvétn eruption. This suggests that plume heights of the 1755 and 1625 eruptions
should be comparable and higher than observed for Grimsvotn 2011. Most of the tephra from
Grimsvétn was extruded during the first 24 h with a peak MER of ~8010° kg/s correlating with
plume heights of 15-20 km, which decreased to 5-10 km for the remainder of the eruption
(Hreinsdottir et al., 2014). The dynamics of the Grimsvétn 2011 eruption supports the inference

that the inversion plume heights of the Katla eruptions are averages of the whole eruption and
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that most of the tephra was emplaced from a much higher plume at the initial peak of the
eruption. Thus plume heights of the volume-based model of about 25 km seem reasonable for
the bulk of the tephra emplacement.

Field data show that the Katla volcanic system has produced more than 300 explosive basaltic
eruptions during the Holocene (e.g. Oladottir et al., 2008). Field indications of deposit
thicknesses suggest that the 1755 and 1625 deposits are among the larger eruptions, but
certainly not abnormally large. It is therefore reasonable to think that large basaltic explosive
eruptions from Katla are to be expected in the future. However, further investigations of deposit

sizes would be required to estimate the frequency and recurrence interval of such large events.

Conclusion

The 1755 and 1625 Katla eruption deposits result from two large subplinian historical eruptions.
Both eruptions are very similar in size and our new isopach maps and isopach derived volume
estimates show that 1.20-1.50 km?® of tephra was deposited from the 1755 eruption, while 1.12-
1.35 km® was deposited from the 1625 eruption. These are larger than previous estimates.

The 1755 deposit covered 23400 km? on land and was observed settling as far as 1000 km from
vent. The 1625 deposit covered 23600 km? on land and settled as far as 1300 km from Katla.
We determined the total erupted mass of the 1755 eruption as 1.84-2.45-10'? kg with a mass
eruption rate of 1.25-1.67-10° kg/s. The 1625 eruption total mass was 1.53-1.94-10'% kg tephra
with a mass eruption rate of 1.61-2.04-10° kg/s. Plume height estimates for the 1755 eruption
range from 9+ 2 km to 25+ 6 km with an inversion plume height at 14.4, whereas the 1625
eruption plume height falls between 10+ 2 km and 25+ 6 km with an inversion plume height of
16.6 km.

Comparison with the recent Grimsvétn 2011 eruption plume dynamics suggest that average
plume heights for the whole eruption is given by the inversion plume height, and that most
tephra was emplaced from a peak plume height at 25 km.

We conclude that the lower average plume height of the 1755 eruption by comparison to the
1625 average plume height is partly related to differences in fragmentation mechanism between
the two eruptions and partly due to the longer duration of the 1755 eruption.

We recommend that this new information on large Katla eruptions should be included in future

assessments of Icelandic tephra hazards.
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Chapter 6

Concluding remarks

The demand for quantitative constraints on volcanological phenomena is rising along with
growing computational capacities of modern society. Conclusions that previously relied on
subjective expert evaluation are now being informed by statistical inputs and large quantities of
raw data. This trend applies to classification schemes and process modeling as well as
forecasts and real-time monitoring (Bonadonna et al., 2016). A good example of this
transformation is the field of tephra grain morphology. The original morphology classification
scheme and tephra catalog was based on visible inspection of qualitative grain features
(Heiken, 1972, 1974), whereas current shape analysis is defined by quantitative shape
parameters and statistical analysis (e.g. Dellino and LaVolpe, 1996; Blttner et al., 1999; Maria
and Carey, 2002, 2007; Riley et al., 2003; Alfano et al., 2011; Murtagh and White, 2013; Jordan
et al., 2014; Bagheri et al., 2015; Leibrandt and LePennec, 2015; Liu et al., 2015a, b; Miwa et
al., 2015; Schmith et al., 2017; White et al., 2017). In the field of fragmentation assessment one
of the main challenges was to produce a meaningful classification system for the eruption
deposits. The initial binary classification between magmatic and phreatomagmatic fragmentation
(Heiken, 1972) has been adapted to shape analysis (Buttner et al., 2002 and Murtagh and
White, 2013). However, recent understanding of interactions between fragmentation
mechanisms show fragmentation is much more dynamic (e.g. Graettinger et al., 2013, Jordan et
al., 2014) and thus a more dynamic classification model is needed. The Rl-classification
provides a fragmentation spectrum to accommodate this need for a flexible fragmentation
classification. The method was developed for basaltic tephras from different eruptive settings in
Iceland. However, recent studies of silicic tephras from Antartica, Alaska and New Zealand used
a similar approach of PCA analysis showing results of a fragmentation spectrum in line with the
RI-method (Avery et al., 2017). This supports the universal applicability of the RI-method to
other eruptive settings, geological regions, and chemical compositions. However, the
interpretive setup of Avery et al. (2017) relies on SEM-imaging and separate image analysis
software, which increases the time and effort used on data processing considerably. Other
automated grain shape methods have focused on single grain morphology classification (e.g.
Liu et al., 2015b) or average bulk morphology classification (Leibrandt and LePennec, 2015).

These studies have proved successful in providing high quality morphology data, but have not
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presented a quantitative method for comparing different morphologies in terms of fragmentation
interpretation (Schmith et al., 2017). Thus the new Rl-classification is currently the only flexible

fragmentation model based on shape parameters.

Previous quantitative fragmentation models primarily relied on grain size modeling. However,
the application of both the RI morphology classification and the grain size model of Wohletz et
al. (1989, 1995) show that grain size is modified by many other processes such as ash
aggregation and thus doesn’t provide reliable results in relation to fragmentation. The
modifications of grain size distributions are currently a topic of intense study (e.g. Alfano et al.,
2016; Costa et al., 2016a; Mastin et al., 2016; Pardini et al., 2016; Mueller et al., 2017) and
recent findings show that the ash aggregation process mainly produces a narrow size range of
aggregates (Mastin et al., 2016). Thus parameterization and possible correction procedures
might be available in the future.

However, even without grain size constraints, the Rl method shows that the large Katla
eruptions are a result of mixed fragmentation. A vesiculation study of deep submarine, shallow
submarine, phreatomagmatic (on land), and dry magmatic eruptions showed that shallow
submarine and phreatomagmatic land eruptions more closely mimic bubble distribution
characteristics of more evolved and more explosive eruptions (Jutzeler et al., 2016). This
suggests that the most explosive basaltic magma-water interaction happen at low confining

pressures as in the Katla setting. The findings

The need for quantification also applies to eruption size and dispersal as seen by the demand
for better ESPs and size classification (Bonadonna et al., 2015; Bonadonna et al., 2016). The
ESP modeling of the 1755 and 1625 eruption was necessitated by the urgent need for
quantitative hazard assessment of Katla (Biass et al., 2014, Budd et al., 2016), but it points to
several unresolved issues with the ESP modeling process. Firstly, the optimal characterization
of past eruptions is by direct mass/area measurements to avoid density complications when
obtaining a range of total erupted mass (Bonadonna et al., 2015). However, for medial-distal
deposits it is a challenge to obtain enough and widely distributed mass/area measurements for
isomass maps as shown by this work. Furthermore total mass estimates based on isomass
maps do not resolve the issues of underestimating proximal and distal contributions as well as
the subjectivity of drawing isomass lines. These issues are currently intensely studied for
volume estimates (Burden et al., 2013; Engwell et al., 2013; Daggit et al., 2014; Klawonn et al.,
2014; Engwell et al., 2015; Green et al., 2016; Yang and Bursik, 2016), but they also apply to

total mass estimates based on isomass maps (e.g. Bonadonna et al., 2015).

128



Secondly, the number and distribution of thickness measurement made the construction of
isopach maps possible. However, with the issues of volume determination in mind this work has
followed recent recommendations of Bonadonna et al. (2015) to combine several approached.
The most obvious combination is the 3 well-established area vs. thickness fitting techniques
assuming either exponential, power law or Weibull thinning (Pyle, 1989; Fierstein and
Nathenson, 1992; Bonadonna and Houghton, 2005; Bonadonna and Costa, 2012). All 3 are
based on the dataset of the isopach map and thus directly comparable. Also the new modeling
interfaces and algorithms of Ash-calc (Daggit et al., 2014) and TError (Biass et al., 2014) will
surely make this standard procedure for isopach based mass- and/or volume estimates.
Furthermore the combination of the 3 fitting estimates and the new statistical volume integration
(Burden et al., 2013) shows that multiple methods contribute to better interpretation of the
results of each model. In the case of this Katla modeling the underestimation of particularly the
proximal volume became evident from model comparison. The interpretation of volume model
results was also aided by the use of two comparable deposits. The thickness distributions varied
slightly between the deposits, but the general distribution of sample points was similar. Thus the
systematic underestimate of the proximal volume was highlighted.

Thirdly, this Katla study also shows that as older ESP estimates are likely to be volume
estimates, this parameter continues to be important for inter-study comparison. Another
interesting aspect is that Icelandic tephra volumes are traditionally reported as uncompacted
volumes on land after Thorarinsson (1958, 1967) (Larsen, 2010; Oladottir et al., 2014). The
sentiment was that farmers and civil authorities had to deal with volumes and thicknesses of
freshly fallen tephra. Thus the current focus on modeling mass loading estimates for hazard and
risk analysis (e.g. Biass et al., 2014, Scaini et al., 2014) might overlook an important aspect of

the mitigation process.

Fourthly, this work on Katla deposits demonstrates some of the issues related to inversion
approaches for generating ESPs. Although inversion of grain size data works well for average
plume height estimates (Volentik et al., 2010), the inversion of mass/area data is sensitive to the
lack of data points and is likely underestimate the total mass if the dataset is too small
(Bonadonna et al., 2015) as supported by the inversion of Katla data. The inversion is also very
sensitive to the choice of ash dispersal model (White et al., 2017). The Connor and Connor
(2006) method applied to the Katla deposits is integrated with the Tephra2 dispersal model, and
thus best suited for strong plumes with vertical mass release (Connor and Connor, 2006;
Klawonn et al., 2012). This is probably a good model for the initial paroxysmal phase of the two

Katla eruptions, but might not apply to later stages of the eruptions. The weak plume can be
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dealt with using the Klawonn et al. (2012)-method, but it requires observations of the actual
position of the plume to provide the model with ash release points and cannot be applied to the
Katla eruptions. However, this issue might be resolved by a new flexible inversion approach
using a model-independent inversion interface (White et al., 2017). Furthermore this approach
also provides much needed uncertainty estimates on the output parameters (White et al., 2017)

and is thus in line with other ESP approaches (Biass et al., 2014, Bonadonna et al., 2015).

Future perspectives

First and foremost this work shows that we are only beginning to understand the nature of
explosive phreatomagmatic basaltic eruptions in Iceland and thus the hazard they represent.
The new RI-methods shows great potential to reveal much more detail about eruption dynamics
in many more eruptive environments. The recent focus on standardized quantitative tephra
morphology analysis (e.g. Jordan et al., 2014; Leibrandt and LePennec, 2015; Liu et al., 2015a,
b) is a testimony to the demand for such a method. Detailed studies of many more eruption
deposits could contribute to a more nuanced classification of phreatomagmatic eruptions.
Furthermore the RI-method was developed to cope with fragmentation classification within short
timeframes and with minimal manual effort. It can therefore also play a vital role in real-time
eruption monitoring of future explosive eruptions.

In relation to tephra dispersal studies and hazard assessments, previous assumptions of low
dispersal potential of phreatomagmatic eruptions (e.g. Thordarson and Héskuldson, 2008) are
shown by the 2011 Grimsvétn eruption and findings in this work to be too simplistic. Thus a
future effort to make a detailed mapping of phreatomagmatic fragmentation processes of
subglacial eruptions would be vital to evaluate the hazard potential of future Icelandic
phreatomagmatic eruptions.

With regard to tephra dispersal models there is a need for a reliable real-time method to
determine grain morphology for terminal velocity estimates (e.g. Coini et al., 2014; Bonnadonna
et al., 2015). Alfano et al. (2011) showed that 2D morphological characterization of sphericity
could be used for calculating terminal fall velocity of ash grains and the Pldsa could provide
such morphology data on a routinely basis. Thus future work directed at integrating the shape
parameters of the automated image analysis software with terminal velocity models would be
highly valuable.

The RI fragmentation model applies to ash-sized tephra grains and the Pldsa limits the grain
size. This grain size is optimal for fragmentation studies of phreatomagmatic and mixed

fragmentation eruptions, but a combination of the Rl method with classical vesicularity studies of
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larger clasts (e.g. Shea et al., 2010) could provide new insights about particularly magmatic ash
generation.

The findings of complex fragmentation mechanisms of the large Katla eruptions (Schmith et al.
submitted manuscript, 2017) coupled with recent observations of paroxysmal plume heights
around 15-20 km in the subglacial 2011-Grimsvdtn eruption (Hreinsdottir et al., 2014) it would
be important to obtain a more complete cryptotephra record for Northern Europe that focuses on
extraction of basaltic cryptotephras. Currently very few basaltic cryptotephras have been
recovered (Watson et al., 2017), but this work, recent ash plume observations (Kerminen et al.,
2011), and historical records (Thorarinsson et al., 1981) provide clear indications that more
basaltic tephras are to be found and included in future hazard assessments.

Another important aspect revolves around the determination of eruption source parameters
derived from deposits. There are three main considerations.

Firstly, this work presents the first set of eruption source parameters for Katla, which is an
important contribution as it will now be possible to do quantitative hazard and risk assessments
for Katla. Furthermore the studied eruptions provide a good starting point for hazard
assessments as they represent characteristically large eruptions from this volcano. However,
with such a diverse eruption record much more work is needed to adequately account for
different eruption types and scenarios. Therefore future

Secondly, field campaigns are costly, time consuming, weather and season dependent, and
they rely on knowledge and understanding of the field area. The subsequent processing of field
data in laboratories is also a costly and time-consuming process. Current practice is to collect
individual datasets for each study as different types of studies requires different field
observations and measurements. However, this is an ineffective use of time and funding and
the tephra community is increasingly aware of this. Thus collective efforts at workshops in e.g.
Portland, 2014 and Portland 2017 (planned) are aiming at creating common collection
standards and databases (Kuehn et al., 2014). At the same time the dispersal and hazard
modeling community also aims at creating standards for field measurements as to best support
the subsequent parameter modeling (e.g. Biass and Bonadonna, 2011; Bonadonna et al.,
2012). This work supports future data sharing by contributing data to the ICAO project and by
attending the tephra community workshop.

Thirdly, the determination of eruption source parameters relies increasingly on integrated
methods combining field data with rigorous computer modeling. As shown in this work it is
essential that field data be collected to best support the subsequent modeling by e.g. making
mass loading measurements. Furthermore it is important that model interpretations are in line

with constraints and limitations of the field data (Biass and Bonadonna, 2011, Biass et al.,
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2014). Thus multidisciplinary research groups would provide the best future research

environment for integrated tephra studies.

Main conclusion

This work has contributed to the continued progression of tephra science by providing a new
quantitative method for shape analysis and fragmentation classification. The method assigns a
Regularity Index (RI) to the deposit and data shows that Surtseyan ash has an Rl of 0.207-
0.191 £ 0.002 (20) and Hawaiian ash has an Rl of 0.134 + 0.001 (20) and these samples
currently represent the extremes of the fragmentation spectrum. Subglacial and lacustrine
samples show intermediate Rls of 0.168-0.175 + 0.002 (20) and of 0.187 = 0.002 (20).

This new method has been successfully applied to the 1755 and 1625 Katla eruption deposits
and has demonstrated its usefulness as well as the complex dynamics of subglacial explosive
basaltic eruptions.

The 1755 Katla deposit shows a Rl range of 0.162-0.179 + 0.002 (20), whereas the 1625
deposit shows a Rl range of 0.144-0.198 + 0.002 (20). Thus the fragmentation in the 1755
eruption is characterized by a relatively steady magma/water-interaction in contrast to the
dynamic changes in water/magma-interaction during the 1625 eruption. The fragmentation
difference between the two eruptions cannot be recognized by visual investigation or grain size
modeling of the deposits. This discrepancy can be explained by other factors acting on the

deposition during the eruptions such as weather conditions.

The two large Katla eruptions from 1755 and 1625 have also been quantified in terms of erupted
volume, mass, MER, TGSD and plume height parameters given as intervals to account for the
inherent uncertainty pertaining to preservation conditions, field observations, and various
modeling approaches.

Volumes are 1.20-1.50 km?® for the 1755 eruption and 1.12-1.36 km?® for the 1625 eruption. The
total erupted mass of the 1755 eruption is 1.84-2.45-10'? kg with a minimum MER of 1.25-
1.67-10°% kg/s. In 1625 Katla erupted 1.53-1.94-10'° kg tephra with a minimum MER of 1.61-
2.04-10° kg/s. The average 1755 plume height was 14.4 km with paroxysmal peaks at 25+ 6
km. The average 1625 plume height was 16.6 km with paroxysmal peaks at 25+ 6 km.

These are the first eruption source parameters for Katla volcano and thus provide a significant
contribution for future hazard and risk assessments of Icelandic volcanism and Katla in
particular.

The lower average plume height of the 1755 eruption reflects the higher influence of

magma/water-interaction on this eruption compared to the 1625 eruption.
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The collective effort of this work shows that studies of eruption dynamics as well as
determination of eruption source parameters are needed to fully characterize explosive

eruptions.
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Appendix A - soil sections
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Appendix A - soil sections

Section 48, Armundabotna
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Appendix A - soil sections

Section 3, Blagil
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Appendix A - soil sections
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Appendix A - soil sections

Section 20, Djupadalur
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Appendix A - soil sections

Section 51, Eintunahals
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Appendix A - soil sections

Section 5, Eystri-Dalbaer
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Appendix A - soil sections
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Appendix A - soil sections

Section 41, Grof and Kirkja
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Appendix A - soil sections

Section 52, Hellnamyri
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Appendix A - soil sections

Section 13, Hj
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Appendix A - soil sections

Section 44, Holsarfoss
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Appendix A - soil sections

| Section 47, Hrossatunga
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Appendix A - soil sections

Section 37, Innri Tonfahringar
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Appendix A - soil sections
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Appendix A - soil sections

Section 40, Krokur
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Appendix A - soil sections

Section 1, Lambdaskadsholar
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Appendix A - soil sections

Section 30, Litlihéfdi

DEPOSIT
SCALE (cm)
LITHOLOGY

Eyjafjallajokull
2010

20

Katla1755 30

Hekla 1597

40

50

60

Katla1357

70

80

Section 50, Merkurheidi

£ >
= £
@ S 3
o w o
a :(: o
a8 S £ MUD SAND GRAVEL
2} 3 c 2 9 =
s 2 9 3
- © o O
o a o o
il i i
Katla1918
| Hekia 1845
Laki 1783-84
rounded clasts
Katla1755
reworked
Katla 1625
2 reworked top
clayw 1icm
rounded clasts
PhD thesis A18

Johanne Schmith



Appendix A - soil sections

Section 32, Nupamyri
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Appendix A - soil sections
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Appendix A - soil sections

| section 25, Skattafell

MUD  SAND

DEPOSIT

SCALE (cm)
LITHOLOGY

| Grimsvétn 2011

i Katla1918

Katla1755
Oraefajokull 1727
Katla 1625

Veidivotn 1477

Oraefajokull 1362

| Seciton 27, Skagnes | and Il
z >
§ 0] [
= () n
w P o
2 o o
) E SAND  GRAVEL u
%) 5 c 2 9o —
T 2 9 3
VC & © © O
o QO o QO
1 1 1 1
Katla1918
Katla1755
Hekla1597
Katla1357
PhD thesis A21

Johanne Schmith



Appendix A - soil sections
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Appendix A - soil sections

Section 38, Sydri Oreefa
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Appendix A - soil sections

Section 9, Prestbakki
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Appendix A - soil sections
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Map of discarded sections. Discarded sections are listed alphabetically below.
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Appendix A - soil sections

Discarded section. Eldvatn, section 6. Flow deposits

PhD thesis A26
Johanne Schmith



Appendix A - soil sections

Discarded section. Leidvellir section 7, prehistoric layers

PhD thesis
Johanne Schmith
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Discarded section. Hraunbeaer, section 12. Flow deposits.

PhD thesis
Johanne Schmith




Appendix A - soil sections

Discarded section. Steinadalur, section 19. Poor stratigraphic control.

PhD thesis A29
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Appendix A - soil sections

Discarded section. Reynivellir, section 22. Discarded based on geochemical analyses.
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Appendix A - soil sections

T s

74

Section 24, Heinaberg

Discarded section. Heinaberg, section 24. Discarded based on geochemical analyses.

PhD thesis
Johanne Schmith




Appendix A - soil sections

Discarded section. Framri Tolfahringar, section 34. Poor preservation compared to nearby
section.

PhD thesis A32
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Appendix B - soil section coordinates

Locality Gps-coordinates Sec Locality Gps-coordinates Sec
(wgs 84) no. (wgs 84) no.

Alftaver (2) 63.5224 -18.3528 16 Hrossatunga 63.9571 -18.4008 47
Armundabotna 63.9594 -18.2504 48 Inngil 63.7353 -18.7344 43
Atlay 63.6729 -18.6489 53 Innri Tédnfahringar 63.8716 -18.5890 37
Blagil 63.9663 -18.3229 3 Ketlistadirskoli 63.4351 -19.1635 26
Bleikéluhraun 63.8777 -18.5738 35 Kipuka, Endvatn 2 63.6261 -18.0613 14
Blomsturvallafjall 63.9569 -17.6889 8 Kriuvotn 64.0211 -18.2494 2
Dalurfell 63.9139 22.7301 18 Krokur 63.7861 -18.5344 40
Djupadalur 64.0193 -17.6866 20 Lambaskradshélar  63.9144 -18.6038 36
Einhyrningar E 63.7666 -18.7713 42 Lambdashodsholar  63.9226 -18.6284 1
Eintunahals 63.8362 -18.2199 51 Litliheidi 63.4713 -18.9914 28
Engigardur 63.4571 -19.0387 33 litlihofdi 63.4814 -19.1552 30
Eystri-dalbazer 63.7653 -17.9537 5 Merkurheidi 63.8162 -18.2126 50
Fagrifoss S 63.8664 -18.2588 49 Nupamyri 63.4508 -18.8772 32
Fjaldrargljufur 63.7684 -18.1882 10 Nupsheidi 63.8045 -18.5722 39
Grof 63.9130 -16.7243 21 Rjupnafell 63.6299 -18.6588 15
Grof + kirkja 63.7282 -18.5224 41 Skaftafell 64.0321 -16.9893 25
Heidi 63.4866 -18.9568 31 Skagnes | and Il 63.4569 -19.1352 27
Hellnamyri 63.8237 -18.3305 52 Skalmarbaeramaur 63.5797 -18.3772 17
Hemra 63.6896 -18.5010 45 Svinadalur 63.6978 -18.4363 11
Hjorleifshofdi 63.4169 -18.7547 13 Sydri Orzefa 63.8593 -18.5621 38
Hofdabrekkuheidi 63.4962 -18.8756 29 Varmafell 64.0540 -18.2117 46
Holmsarfoss 63.7101 -18.7253 44 W Prestbakki 63.8300 -18.0533 9
Hrifunes 63.6330 -18.5042 4

Table B1. Sections included in the study. Locality names refer to place names in the
vicinity of the section site.

Gps-coordinates

Sec

Locality (wgs 84) no. Comments
Eldvatn 63.6223 -18.0703 6 Mixed with flooding deposits
Leidvellir 63.5938 -18.3438 7 Prehistoric layers
Hraunbaer 63.50557  -18.42432 12 Flooding deposit
Sampled primarily for Oraefakjokull 1362 and
Steinadalur 64.15862 -16.00111 19 strategraphic control not good enough
Reynivellir 63.89807 -16.57772 22 Layers were not from Katla (geochemistry)
Borgarhafnarstadir 64.1872 -15.81861 23 Layers were not from Katla (geochemistry)
Heinaberg 64.298 -15.59486 24  Layers were not from Katla (geochemistry)
Poor preservation and a better section was found
Framri Tolfahringar 63.87702 -18.57784 34 atBleikdluhraun (35)

Table B2. Sections discarded from study. The reason for discarding each section is

described in the comments.

PhD thesis
Johanne Schmith
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Appendix C — Geochemical analyses of tephra grains

'1(_7;‘_)'53 sio2 FeO K20  TiO2  Na20 AI203 MnO  CaO  Cr203 F P205  MgO o Total
4735 1501 076 477 318 1252 028 9,54 0,00 0,10 0,74 4,78 0,00 99,03
4725 1458 073 4,97 314 1275 026 9,70 0,00 0,00 075 5,00 0,00 99,13
47,88 1565 0,69 5,08 3,01 1272 020 9,86 0,00 0,06 0,68 5,17 0,00 100,99
4783 1513 074 5,07 28 12,81 0,24 9,75 0,00 0,02 0,68 5,08 0,00 100,20
46,06 1562 0,77 4,79 328 1197 026 9,32 0,02 0,01 078 4,60 0,00 97,48
4717 1513 074 4,80 317 1225 0,19 9,62 0,02 0,01 0,80 5,03 0,00 98,94
4692 1554 0,78 475 312 1240 024 9,61 0,01 0,06 0,64 4,88 0,00 98,95
4725 1478 074 4,68 314 1266 022 9,49 0,00 0,00 0,70 4,95 0,00 98,60
4714 1476 0,78 4,76 316 1276 023 9,52 0,04 0,10 0,72 5,10 0,00 99,06
4752 1468 071 472 329 1262 0,16 9,53 0,00 0,03 0,67 5,03 0,00 98,96
Avg. 4724 1509 0,74 4,84 313 1255 0,23 9,59 0,01 0,04 0,72 4,96 0,00 99,13
SD 0,49 0,38 0,03 0,14 0,12 0,25 0,03 0,14 0,01 0,04 0,05 0,16 0,00 0,88
Katla . )
1625 sio2 FeO K20  TiO2  Na20 AI203 MnO  CaO  Cr203 F P205  MgO o Total
4701 1525 074 4,84 322 1232 022 9,36 0,00 0,00 078 4,97 0,00 98,71
4672 1518 0,78 4,86 330 1226 0,19 9,49 0,01 0,03 0,77 4,97 0,00 98,56
47,10 1455 0,65 4,62 319 1240 026 9,60 0,02 0,13 078 4,99 0,00 98,30
4724 1491 0,82 4,68 325 1237 026 9,38 0,00 0,08 0,76 4,94 0,00 98,69
46,76 1463 0,70 4,66 329 12,71 0,18 9,60 0,03 0,01 078 5,05 0,00 98,40
4607 1474 078 471 333 1235 0,18 9,40 0,00 0,06 0,69 5,12 0,00 97,42
4738 1489 0,75 4,66 329 1248 031 9,72 0,00 0,11 0,69 5,02 0,00 99,29
4701 1455 0,69 4,76 332 1246 021 9,61 0,01 0,03 076 4,97 0,00 98,38
46,80 1515 0,72 4,85 319 1226 021 9,57 0,00 0,01 0,77 4,92 0,00 98,44
4704 1465 072 4,97 327 1243 0,18 9,46 0,00 0,05 073 4,97 0,00 98,47
Avg. 4691 1485 0,73 476 327 1240 0,22 9,52 0,01 0,05 0,75 4,99 0,00 98,47
SD 0,34 0,25 0,05 0,11 0,05 0,12 0,04 0,11 0,01 0,04 0,03 0,06 0,00 0,44
Se2c1t|aon sio2 FeO K20  TiO2 Na20 AI203 MnO  CaO  Cr203 F P205  MgO o Total
47,71 1302 0,23 1,92 254 128 018 11,35 004 0,00 0,24 6,45 000 96,54
4895 1302 0,23 1,84 2,51 1350 026 1160 0,02 0,06 0,15 6,44 000 9857
4896 1265 0,22 1,89 252 1317 023 1153 0,0 0,00 0,15 6,56 000 97,87
4988 9,38 0,00 1,32 0,30 3,84 024 1910 0,29 0,00 004 1580 000 100,19
50,78 9,28 0,00 0,94 025 2,68 023 1894 0,16 0,00 002 1678 000 100,07
5267 10,04 0,01 0,68 023 1,76 035 16,21 0,14 0,00 002 1858 000 100,69
5029 1512 0,28 3,09 337 1329 029 9,64 0,02 0,05 0,37 5,09 0,00 100,90
5051 1395 027 2,98 309 13,31 0,24 9,82 0,05 0,00 0,22 5,68 000 100,12
50,68 1335 0,29 3,20 293 1328 018 1042 0,0 0,00 035 6,22 0,00 100,90
50,05 1220 0,17 1,98 1,97 9,74 024 1318 0,08 0,01 0,17 9,73 000 99,54
Avg. 1,33 1,99 0,12 0,88 1,24 4,96 0,05 3,61 0,09 0,02 0,13 5,24 0,00 1,45
sD 47,71 13,02 0,23 1,92 254 1286 0418 11,35 0,04 0,00 0,24 6,45 0,00 96,54
Se2c1tlloon sio2 FeO K20  TiO2 Na20 AI203 MnO  CaO  Cr203 F P205  MgO o Total
46,86 1485 0,79 4,81 327 1258 0,18 9,52 0,00 0,09 0,74 5,05 000 9874
46,55 14,83 0,70 4,86 320 1244 026 9,75 0,01 0,08 0,72 5,12 000 9853
4624 1573 0,73 4,81 318 12,21 0,16 9,63 0,02 0,10 0,69 5,02 000 9852
4647 1518 0,75 4,55 307 1241 0,15 9,84 0,00 0,05 0,65 4,92 000 98,04
47,19 14,81 0,67 479 329 1241 0,30 9,63 0,00 0,02 0,68 5,12 000 9891
4725 1508 071 4,94 326 1263 034 9,51 0,04 0,00 0,70 5,12 000 99,58
46,70 1478 0,70 4,76 320 1259 024 9,65 0,00 0,08 0,77 5,11 000 9858
4669 1502 0,79 4,85 326 1249 026 9,72 0,03 0,01 075 5,11 000 98,98
4682 1512 071 4,94 329 1254 0,16 9,61 0,00 0,08 0,71 5,11 000 99,10
4701 1522 0,69 4,63 320 1259 022 9,71 0,00 0,06 0,56 5,12 000 99,01
Avg. 46,78 1506 0,72 479 322 1249 0,23 9,66 0,01 0,06 0,70 5,08 0,00 9880
SD 0,30 0,27 0,04 0,12 0,06 0,12 0,06 0,10 0,01 0,03 0,06 0,06 0,00 0,40
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Appendix C — Geochemical analyses of tephra grains

Se2°1t::°" Si02 FeO K20 Ti0O2  Na20  AI203  MnO ca0O  Cr203 F P205  MgO o Total
4689 1529 0,78 5,03 2,68 12,45 0,26 9,73 0,00 0,06 0,90 514 0,00 99,20
4724 14,85 0,80 4,84 2,75 12,80 0,23 9,67 0,05 0,09 0,75 5,16 0,00 99,23
4680 14,74 0,74 4,53 3,33 12,56 0,14 9,67 0,00 0,08 0,79 5,00 0,00 98,38
4673 15,08 0,76 4,84 3,34 12,61 0,23 9,47 0,01 0,08 0,70 511 0,00 98,95
4709 14,99 0,72 4,83 3,36 12,49 0,23 9,54 0,00 0,09 0,76 5,10 0,00 99,20
4705 14,99 0,80 4,82 323 12,46 0,21 9,60 0,00 0,05 0,82 517 0,00 99,20
46,81 15,45 0,68 4,93 3,33 12,26 0,24 9,58 0,00 0,06 0,67 5,05 0,00 99,07
4676 14,74 0,70 4,76 3,34 12,54 0,27 9,53 0,01 0,00 0,67 5,10 0,00 98,42
4645 1510 0,75 4,67 3,33 12,34 0,19 9,42 0,00 0,06 0,75 5,04 0,00 98,10
46,81 14,98 0,67 4,80 323 12,28 0,16 9,26 0,02 0,02 0,73 5,02 0,00 97,99
Avg. 4686 15,02 0,74 4,81 3,19 12,48 0,21 9,55 0,01 0,06 0,75 5,09 0,00 98,78
SD 0,21 0,21 0,04 0,13 0,24 0,15 0,04 0,13 0,02 0,03 0,07 0,06 0,00 0,47
Sezcztlaon Si02 FeO K20 Ti0O2  Na20  AI203  MnO caO  Cr203 F P205  MgO o Total
49,71 14,21 0,49 3,20 3,03 12,61 0,28 9,45 0,00 0,00 0,40 525 0,00 98,63
4984 14,11 0,43 3,29 3,12 12,51 0,18 9,58 0,00 0,07 0,36 5,33 0,00 98,82
4950 14,28 0,50 3,20 3,13 12,69 0,20 9,58 0,02 0,00 0,42 525 0,00 98,77
4999 14,40 0,48 3,20 3,13 12,65 0,21 9,64 0,03 0,04 0,35 548 0,00 99,60
4923 14,08 0,49 3,10 3,12 12,62 0,25 9,48 0,03 0,05 0,33 5,26 0,00 98,04
4965 14,52 0,40 3,01 3,10 12,65 0,26 9,55 0,00 0,02 0,38 5,26 0,00 98,80
4983 1443 0,45 3,22 3,04 12,68 0,23 9,35 0,01 0,02 0,28 525 0,00 98,80
4717 1432 0,64 4,56 3,31 12,79 0,24 9,71 0,00 0,09 0,51 525 0,00 98,60
4934 12,91 0,38 2,58 2,81 13,24 0,23 10,67 0,00 0,01 0,25 6,26 0,00 98,69
4973 12,66 0,44 2,63 2,71 13,30 0,13 10,42 0,02 0,04 0,25 6,13 0,00 98,46
Avg. 49,40 13,99 0,47 3,20 3,05 12,77 0,22 9,74 0,01 0,04 0,35 5,47 0,00 98,72
SD 0,78 0,62 0,07 0,51 0,16 0,26 0,04 0,42 0,01 0,03 0,08 0,37 0,00 0,37
Sezcztlloon Si02 FeO K20 Ti0O2  Na20  AI203  MnO caO  Cr203 F P205  MgO o Total
5026 13,73 0,54 3,10 3,00 13,00 0,26 9,73 0,01 0,00 0,33 5,35 0,00 99,31
4986 14,01 0,48 2,95 3,06 12,99 0,18 9,63 0,01 0,01 0,32 545 0,00 98,95
4989 14,07 0,50 3,13 2,98 13,12 0,26 9,63 0,01 0,01 0,27 5,51 0,00 99,38
50,37 14,30 0,46 3,16 3,00 12,91 0,22 9,51 0,02 0,02 0,37 5,40 0,00 99,74
5025 14,62 0,16 2,57 2,66 13,45 0,24 10,65 0,02 0,00 0,29 6,40 0,00 101,30
4983 1379 0,41 3,13 3,36 12,97 0,21 9,79 0,06 0,01 0,33 5,10 0,00 98,98
50,15 15,69 0,54 3,07 3,21 13,37 0,25 8,36 0,02 0,03 0,33 3,82 0,00 98,85
50,09 14,32 0,44 3,02 3,04 13,12 0,23 9,61 0,02 0,01 0,32 5,29 0,00 99,50
0,21 0,63 0,12 0,19 0,20 0,20 0,03 0,62 0,02 0,01 0,03 0,71 0,00 0,79
5026 13,73 0,54 3,10 3,00 13,00 0,26 9,73 0,01 0,00 0,33 5,35 0,00 99,31
Avg. 4986 14,01 0,48 2,95 3,06 12,99 0,18 9,63 0,01 0,01 0,32 545 0,00 98,95
SD 4989 14,07 0,50 3,13 2,98 13,12 0,26 9,63 0,01 0,01 0,27 5,51 0,00 99,38
Sezc‘:laon Si02 FeO K20 Ti0O2  Na20  Al203  MnO ca0O  Cr203 F P205  MgO o Total
4873 1556 0,53 3,57 3,14 12,25 0,24 8,93 0,00 0,00 0,42 4,56 0,00 97,93
4985 1525 0,55 3,38 3,10 12,60 0,29 8,79 0,00 0,00 0,37 4,56 0,00 98,75
4965 1322 0,34 2,43 2,15 14,18 0,15 10,57 0,02 0,05 0,29 6,36 0,00 99,41
4938 1273 0,36 2,54 2,11 14,19 0,20 11,42 0,00 0,05 0,29 6,55 0,00 99,83
5021 14,04 0,48 3,14 3,10 12,89 0,16 9,80 0,01 0,04 0,33 5,40 0,00 99,61
4995 14,12 0,56 3,04 3,07 13,03 0,28 9,56 0,00 0,02 0,31 524 0,00 99,18
4779 16,14 0,89 4,80 3,45 12,41 0,21 8,74 0,00 0,12 0,88 4,24 0,00 99,67
4730 15,05 0,68 4,92 3,16 12,74 0,31 10,08 0,00 0,01 0,67 524 0,00 100,17
5079 12,72 0,50 323 2,63 12,70 0,28 10,43 0,03 0,00 0,37 6,15 0,00 99,83
51,38 1346 0,52 3,14 2,89 13,02 0,23 10,05 0,00 0,00 0,29 5,69 0,00 100,68
Avg. 4950 14,23 0,54 3,42 2,88 13,00 0,24 9,84 0,01 0,03 0,42 5,40 0,00 99,50
SD 1,20 1,15 0,15 0,79 0,42 0,64 0,05 0,82 0,01 0,04 0,19 0,75 0,00 0,72
PhD thesis C2

Johanne Schmith




Appendix C — Geochemical analyses of tephra grains

Se;:;)on sio2  FeO K20 Ti02  Na20 AI203 MnO  CaO  Cr203 F P205  MgO o Total
4097 1266 024 196 276 1347 025 1108 003 001 015 645 000 99,03
5037 1279 028 193 266 1372 020 1095 0,00 001 018 645 000 9954
5019 1238 027 186 261 1331 024 1105 0,00 000 018 633 000 9842
5242 70 0,02 0,60 020 257 025 2016 019 000 002 1702 000 10054
5242 681 002 0,59 022 308 021 2032 027 000 000 1671 000 10065
4956 1274 020 2,23 260 1344 029 118 004 000 024 656 000 9975
4950 1198 0,13 2,32 260 1334 020 1212 005 004 022 746 000 10005
4874 1201 021 185 237 1377 025 1222 002 001 012 747 000 99,04
4933 11,88 0,19 1,90 227 1389 020 1234 001 001 015 754 000 9970
4967 1152 0417 172 228 1394 018 1226 005 002 018 757 000 9956
Avg. 5023 11,19 0,17 1,70 206 1145 023 1344 0,07 001 014 896 000 9963
sD 118 215 009 0,58 094 432 003 344 0,09 001 007 398 000 0.65
Sezcstlaon Si02  FeO K20  Ti02  Na20  Al203 MnO  CaO  Cr203 F P205  MgO o Total
4735 1538 0,71 49 319 1251 028 953 0,01 008 067 49 000 9954
4734 1518 074 495 336 1270 029 959 000 009 066 49 000 99,86
4681 1502 074 479 313 1260 022 956 000 006 072 498 000 9863
4725 1527 075 484 316 1273 027 976 0,01 004 078 49 000 99,79
4724 1513 1,01 480 319 1291 027 992 003 003 058 49 000 100,08
4660 1549 099 460 299 1293 015 9,51 000 004 046 495 000 9871
4395 1481 072 455 315 1189 023 957 000 005 065 472 000 9429
4679 1500 069 473 318 1262 020 965 0,01 000 070 49 000 9850
4680 1496 072 492 332 1276 025 956 002 003 072 493 000 9907
4680 1466 0,71 485 311 1251 021 956 000 004 074 49 000 9824
Avg. 4671 1509 078 479 318 1262 024 962 0,01 005 0,67 493 000 9867
sD 095 024 011 013 010 028 004 042 0,01 002 009 007 000 158
Se2c5tlloon Si02  FeO K20  Ti02  Na20  Al203 MnO  CaO  Cr203 F P205  MgO o Total
5711 1323 1,59 144 476 1348 038 537 000 000 064 143 000 9942
5755 13,16 1,59 157 48 1365 039 543 000 009 062 136 000 100,20
5764 1268 165 138 477 1367 037 518 000 010 040 124 000 99,07
5658 1321 1,60 146 460 1352 034 506 000 009 044 127 000 9817
5689 1380 2,00 176 439 1166 044 495 004 011 075 128 000 9806
5694 1474 2,00 174 440 1178 037 49 003 007 067 131 000 9894
Avg. 5712 1347 174 156 462 1296 038 515 0,01 008 058 132 000 9898
sD 037 065 019 015 017 08 003 020 0,01 004 012 006 000 073
Se§t1|on si02  FeO K20  Ti02  Na20  AI203 MnO  CaO  Cr203 F P205  MgO o Total
6066 907 167 100 447 1511 028 477 002 010 045 131 000 9892
6056 933 176 105 444 1510 034 471 002 009 033 133 000 99,06
5036 966 139 114 439 1509 025 527 000 009 049 168 000 9881
5065 943 154 1,21 427 1504 031 516 000 009 051 173 000 9893
5794 968 160 123 420 1457 021 505 000 013 057 170 000 9688
5891 970 167 1,21 428 1491 034 510 000 014 058 171 000 9855
Avg. 5951 9,48 1,61 114 434 1497 020 501 0,01 0,11 049 1,58 000 9852
sD 094 023 012 009 010 019 005 020 001 002 009 018 000 075
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Appendix D — SediGraph setup experiments

SediGraph average data on cummulative
mass curve

120
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60 =3 g sample
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Figure D1. Cumulative grain size curves from measurements with different ash
concentration of the same sample. All samples were run from the Mastertech with
ash dispersed in 60 ml 50% glycerol liquid. All curves show averages of 3
consecutive runs with the same ash concentration. The 3 g curve is smooth showing
well-defined data detection, whereas the low concentrations in the 1 g sample
make the detection of the fine particles below ~7 ¢ less reliable as seen by the kinks
on the curve, but still within 95% cumulative mass. At 50% lower concentrations
(0.5 g sample) detection becomes difficult around 5-6 @ and the average data are
unsatisfactory with a total cumulative sum of 84 %.

Amount of sample Sedigraph x-ray intensity feedback

4g 79/142 kCnts/s good 44-45% baseline

3g 85/145 kCnts/s good 41-42% baseline

2g 102/145 kCnts/s good/low 29-30 % baseline

lg 121/145 kCnts/s concentration is low 16-17 % baseline
05¢g 130/145 kCnts/s concentration is low 9-10% baseline

Table D1. Feedback about x-ray intensity reduction as a function of grain
concentration. Baseline x-ray intensity was 145.000 counts/s and intensity
feedback is given as measured counts and the percentage of intensity reduction.
Intensity reduction between 30-75 % is acceptable, whereas intensity reductions
below 30 % are too low for reliable measurements and intensity reductions above
75% are too high (Sedigraph 111 5120 Operator’s Manual, 2010). Sample sizes of
2.5-3.5 g are sufficiently large to safely meet the x-ray intensity reduction criterion.
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Appendix E — SEM images of ash > 3¢
Blomsturvallafjall, distal 1755 depsit

TM3000 2013/07/05 21:07 D8.4 x150 500 um
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Appendix E — SEM images of ash > 3¢
Rjupnafell 1755, u 5, coarse part

TM3000 2013/07/05 19:18 N D83 x150 500 um
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Appendix E — SEM images of ash > 3¢
Rjupnafell, 1755 unit 4, coarse part

TM3000 2014/03/01 16:52 N D54 x100 1 mm
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Appendix E — SEM images of ash > 3¢
Rjupnafell, 1755, unit 4 fine part

TM3000 2014/03/01 16:41 N D54 x100 1 mm
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Appendix E — SEM images of ash > 3¢
Rjupnafell, 755 unit 2

TM3000 2013/07/05 19:44 N D7.7 x300 300 um
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Appendix E — SEM images of ash > 3¢
Blomsturvalaﬁall, 1625, distal deposit

———— ——————————

TM3000 2013/07/05 20:27 N D83 x150 500 um
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Appendix F — Shape parameters of reference grains

Dataset of reference grains
Please find the electronic appendix F by following the link. The dataset is in read-

only excel format as it was too spacious to print in full.
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https://drive.google.com/open?id=0B07ii2VcrJuBeEdYZW8teE9WNzA

Appendix G — grain size distribution 1755
Grain size (mm) in 1¢ intervals

Locality 16 8 4 2 1 0.5 0.25 0.125 0.0625 0.03125 0.01563 0.00781 0.0039 0.00195 0.00098
Alftaver (2) 0.00 0.00 1.50 9.09 19.40 19.97 14.17 1293 11.97 6.28 3.06 0.91 0.53 0.16 0.04
Bleikdluhraun 0.00 0.00 0.00 0.05 1.67 8.42 19.29 20.86 20.45 18.07 7.86 2.26  0.67 0.36 0.04
Blomsturvallafjall 0.00 0.00 0.00 0.72 210 294 6.54 24.48 30.23 19.89 9.78 2.09 0.47 0.43 0.33
Dalurfell 0.00 0.00 0.00 0.03 1.06 475 6.02 20.48 39.10 21.43 5.66 1.03 0.22 0.05 0.16
Djupadalur 0.00 0.00 0.00 0.16 0.54 3.26 1293 28.54 33.78 11.81 5.26 2.84 0.62 0.26 0.00
Einhyrningar E 0.00 0.00 0.34 228 487 1292 23.05 20.43 19.16 11.58 3.95 096 0.22 0.22 0.03
Eintunahals 0.00 0.00 0.00 1.63 15.62 17.59 11.98 13.65 16.82 11.75 7.62 250 0.25 0.04 0.56
Engigardur 0.00 0.00 0.00 0.50 530 18.08 29.02 26.15 13.75 4.43 1.60 0.63 0.34 0.12 0.08
Eystri-dalbaer 0.00 0.00 0.20 1.62 8.75 17.15 12.70 15.97 9.45 23.32 8.27 1.57 0.52 0.41 0.07
Fagrifoss S 0.00 0.00 0.00 0.11 260 597 17.80 27.51 25.95 11.53 5.22 2.02 0.28 0.24 0.77
Fjaldrargljufur 0.00 0.00 0.00 0.87 9.25 22.87 1336 12.23 17.92 14.88 6.72 1.48 0.17 0.24 0.00
Grof 0.00 0.00 0.00 0.29 0.54 4.60 22.72 30.24 22.96 9.50 5.43 2.32 0.43 0.46 0.50
Grof + kirkja 0.00 0.00 0.57 3.37 15.79 16.64 10.70 12.55 16.74 12.09 7.48 3.18 0.54 0.36 0.00
Heidi 0.00 0.00 0.05 0.16 3.01 15.47 26.63 18.52 16.00 10.82 5.73 2.52 0.76 0.33 0.00
Hellnamyri 0.00 0.00 0.00 1.45 8.15 11.24 13.60 20.31 21.01 14.70 6.92 2.04 0.27 0.14 0.18
Hemra 0.00 0.49 2.51 6.06 14.00 11.01 10.98 13.85 16.88 10.83 8.13 3.81 0.77 0.12 0.58
Hjorleifshofdi 0.00 0.00 0.22 0.25 3.06 12.17 23.67 20.60 21.49 10.74 5.29 1.36 0.60 0.35 0.19
Hofdabrekkuheidi 0.00 0.00 2.79 6.09 8.75 10.99 17.61 18.54 16.22 10.96 4.87 234 047 0.37 0.00
Hoélmsabru 0.00 0.00 0.59 2.23 9.06 20.08 19.83 15.62 19.25 9.80 2.86 0.55 0.14 0.00 0.00
Holmsarfoss 0.00 1.65 0.59 3.76 10.89 14.78 11.70 11.54 19.10 14.86 7.36 2.61 0.87 0.29 0.00
Hrossatunga 0.00 0.00 0.00 0.43 0.58 5.63 15.44 24.24 30.19 14.04 4.98 2.11 0.38 0.10 1.87
Inngil 0.00 0.00 0.00 0.54 1.75 541 18.94 17.86 23.95 19.20 9.26 2.32 0.46 0.26 0.05
Kipuka. Endvatn 2 0.00 0.00 0.00 1.48 15.54 13.64 47.98 19.85 1.16 0.27 0.07 0.00 0.00 0.00 0.00
Krékur 0.00 0.00 0.00 1.27 271 853 26.55 2191 19.20 11.45 6.06 1.71 0.48 0.13 0.00
Litliheidi 0.00 0.00 0.00 0.03 0.88 893 26.65 12.43 22.48 15.04 8.15 4.13 0.95 0.32 0.00
litlihofdi 0.00 0.00 3.59 3.59 488 6.10 1298 28.48 28.85 6.00 2.16 1.69 0.79 0.64 0.26
Nupamyri 0.00 0.00 0.35 0.09 1.05 5.69 28.87 22.66 20.40 11.97 6.10 1.81 0.73 0.25 0.04
Nupsheidi 0.00 0.00 0.00 0.02 0.89 11.38 25.53 21.98 17.96 12.89 6.54 2.18 0.36 0.27 0.00
Rjupnafell 0.11 3.05 7.77 1863 2541 1299 566 6.15 8.98 5.60 3.52 1.42 0.43 0.24 0.04
Skalmarbaeramaur |0.00 0.13 294 1057 2852 2470 9.82 8.24 6.82 4.67 2.43 0.53 0.10 0.17 0.38
Svinadalur 0.00 0.00 0.53 2.34 8.25 14.29 17.00 18.29 22.00 12.48 3.76 0.97 0.08 0.00 0.00
Sydri Oraefa 0.00 0.00 0.00 0.33 2.85 12.39 18.17 18.09 18.75 16.60 8.48 3.49 0.54 0.30 0.00
Varmafell 0.00 0.00 0.00 0.00 1.69 3.39 13.56 23.73 19.40 17.25 2.82 9.70 1.35 0.00 7.10
W Prestbakki 0.00 0.00 0.00 036 4.12 16.69 16.66 22.64 22.62 11.14 3.84 0.91 0.45 0.57 0.00
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Appendix G — grain size distribution 1625
Grain size (mm) in ¢ intervals

Locality 16 8 4 2 1 0.5 0.25 0.125 0.0625 0.03125 0.01563 0.00781 0.0039 0.00195 0.00098
Alftaver (2) 000 0.00 036 159 732 20.77 2333 1461 13.70 10.90 5.61 1.25 0.31 0.21 0.03
Armundabotna 0.00 0.00 0.00 044 315 1356 21.79 1571 23.44 11.91 6.68 2.17 0.29 0.07 0.79
Blagil 000 0.00 o0.00 013 1.08 7.63 23.71 20.68 22.16 10.57 8.07 4.37 1.05 0.14 0.41
Bleikdluhraun 000 0.00 0.00 000 084 916 2419 2224 2221 11.66 6.90 2.23 0.42 0.15 0.00
Blomsturvallafjall 000 0.00 000 099 270 1129 9.70 2164 3530 12.09 3.97 0.98 0.53 0.46 0.35
Djupadalur 000 0.00 0.00 010 1.10 14.10 33.89 2585 1447 6.24 1.83 0.55 0.16 1.16 0.54
Einhyrningar E 0.00 0.00 0.49 293 1212 1464 10.63 16.26 23.54 11.53 4.90 2.07 0.51 0.38 0.00
Eintunahals 0.00 0.00 032 1.23 10.00 19.87 1898 14.76 17.48 10.12 5.14 1.90 0.20 0.00 0.00
Eystri-dalbaer 000 0.00 0.09 133 6.62 19.08 2391 1558 15.24 8.62 3.73 0.68 0.36 2.62 2.14
Fagrifoss S 000 0.00 015 135 6.36 15.08 17.87 19.07 18.24 11.64 6.64 2.52 0.15 0.26 0.67
Fjaldrargljufur 0.00 0.00 0.00 110 11.61 21.25 10.60 1199 17.83 14.44 7.78 2.20 0.54 0.36 0.29
Grof 000 0.00 0.00 007 009 142 1833 30.76 23.98 15.30 6.69 2.50 0.63 0.24 0.00
Grof + kirkja 0.00 0.00 3.30 1087 17.23 10.75 846 10.07 15.32 12.71 7.65 2.51 0.70 0.31 0.11
Hellnamyri 0.00 0.00 0.28 2.25 11.00 18.63 18.03 12.01 13.32 10.20 8.92 4.01 0.64 0.07 0.64
Hofdabrekkuheidi 000 0.00 055 200 557 1519 2467 2515 16.87 6.93 2.14 0.63 0.18 0.11 0.00
Hoélmsabru 0.32 1.33 491 11.22 2120 21.08 12.27 8.41 8.74 6.05 3.17 0.99 0.31 0.00 0.00
Holmsarfoss 0.00 0.47 416 914 1343 14.00 11.68 12.01 15.19 9.81 6.37 2.41 0.81 0.41 0.11
Hrossatunga 000 0.00 000 002 025 4.00 1954 21.79 23.87 15.32 9.31 3.51 0.64 0.16 1.60
Inngil 000 0.13 293 996 16.79 12.75 10.73 11.45 14.57 10.76 6.82 2.34 0.55 0.22 0.00
Kipuka. Endvatn 2 0.00 0.00 043 211 1045 2262 2693 1460 11.43 6.31 3.44 1.22 0.45 0.00 0.00
Kriuvétn 000 0.00 000 000 018 263 19.03 23.19 30.24 19.66 4.20 0.18 0.14 0.37 0.18
Krékur 0.00 0.00 094 579 1240 13.76 1492 1517 16.02 12.38 6.19 1.83 0.45 0.15 0.00
Lambaskradshdlar 000 000 112 050 093 9.24 2037 1736 19.30 14.12 10.09 5.07 1.04 0.73 0.12
Lambdashodsholar 0.00 0.00 0.00 044 6.50 31.72 1329 13.09 19.84 11.29 2.82 0.46 0.30 0.16 0.08
Litliheidi 000 0.00 000 000 143 447 6.63 1139 33.76 25.19 10.70 4.28 1.10 0.69 0.35
Nupsheidi 0.00 0.00 241 6.64 16.15 1739 867 1139 18.10 10.72 5.68 2.14 0.48 0.24 0.00
Rjupnafell 090 3.72 750 1249 1846 13.72 936 9.74 11.15 6.44 3.91 1.67 0.59 0.34 0.01
Skalmarbaeramaur 0.00 0.41 348 752 17.63 1794 973 10.82 14.14 11.94 5.14 0.94 0.22 0.08 0.00
Svinadalur 000 0.44 199 6.27 17.22 18.67 1255 12.24 14.58 8.45 4.85 1.69 0.66 0.27 0.13
Sydri Oraefa 000 0.00 0.25 046 3.67 1470 1930 17.84 19.67 13.25 7.41 2.47 0.87 0.11 0.00
Varmafell 000 0.00 136 000 068 2,04 1361 19.05 16.33 30.17 9.89 3.87 0.77 0.69 1.55
W Prestbakki 0.00 0.00 0.00 014 4.08 18.33 18.14 16.36 19.57 14.23 5.99 1.58 1.09 0.49 0.00

DhN thacic Inhanna Crhmith fake!



Appendix H — Isopach area

Isopach Area
(cm) (km)
1755
100 70
50 137
20 264
10 626
5 1910
2 6684
1 18601
0.1 45010
0.01 125998
1625
50 91
30 171
20 278
10 594
5 1344
3 3194
1 9271
0.5 16476
0.01 46114
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Appendix | — mass loading data

Locality Section no Mass Ioagiing Thickness
(kg/m’) (cm)
Alftaver (2) 16 66.19172068 12
Bleikéluhraun 35 7.4175
Dalurfell 18 13.30555556 2
Einhyrningar E 42 11.73543307
Eintunahals 51 10.78055556 0.8
Engigardur 33 13.33333333 2
Fagrifoss S 49 12.2671875 1.5
Grof 21 8.897402597 1
Grof + kirkja 41 29.54888889 3
Heidi 31 27.94285714 3.5
Hellnamyri 52 7.366666667 1.5
Hemra 45 86.61694431
Holmsarfoss 44 17.37142857 2
Kipuka, Endvatn 2 14 128.2785714 12
Krékur 40 12.3225 1.5
Nupamyri 32 4.795833333 1.5
Rjupnafell 15 179.9675116 35
Skalmarbaeramaur 17 40.75359643 7
Svinadalur 11 49.068125 11
W Prestbakki 9 12.03166667 2

Table 11. Mass loading and thickness data for the 1755 deposit
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Appendix | — mass loading data

Locality Section no Mass Ioa;ﬂing Thickness
(kg/m") (cm)
Alftaver (2) 16 58.4459032 4
Armundabotna 48 20.7064148 2.5
Blagil 3 7.919480519 0.8
Bleikéluhraun 35 13.3 2
Djupadalur 20 33.58333333 2
Einhyrningar E 42 17.29913043 2.5
Eintunahals 51 19.03846154 2.7
Fagrifoss S 49 28.46933333
Grof+kirkja 41 86.31777778
Hellnamyri 52 95.37200651 7.8
Holmsarfoss 44 91.944 11
Hrossatunga 47 19.15306122 2
Inngil 43 53.05357143 11
Kipuka, Endvatn 2 14 40.51923077 20
Krékur 40 19.49230769 2.5
Lambaskradshdlar 36 9.665079365
Nupsheidi 39 28.9025 4
Rjupnafell 15 335.096242 35
Skalmarbaeramaur 17 26.27142857 4
Svinadalur 11 36.44 6.5
Sydri Oraefa 38 19.15324675 2

Table 12. Mass loading and thickness data for the 1625 deposit
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Appendix J — Supplementary figure 1, chapter 3

TM3000 2014/02/25 16:55 N D4.4 x100 1mm

TM3000 2014/02/25 1820 N D4.2 x100

TM3000

TM3000 2013/07/05 19:32 N D7.7 x150 500 um TM3000 2014/03/01 19:31 N D5.7 x100

Supplementary Fig 1.

SEM-images showing bulk grain population of the six eruption deposits used for this
study. a) Fimmvorduhals Hawaiian deposit dominated by achneliths and irregular
grains b) Karl Surtseyan fall deposit dominated by angular blocky grains c) Grimsvotn
subplinian fall deposit showing a mix of blocky and vesicular grains d) Hverfjall
Surtseyan fall deposit dominated by angular blocky grains e) Katla subplinian fall
deposit showing both angular blocky grains, vesicular grains and fluidal grains f)
Eggoya Surtseyan fall deposit dominated by angular blocky grains.

Please note that the shown grains are not the ones that have been run on the Pldsa,
but taken from the same sample bag by the same random sampling method used to
sample subsamples for the Pldsa.
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Appendix K — Supplementary figure 2, chapter 3
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Appendix L — Supplementary figure 3, chapter 3

Fimmvérdurhals 2010, firefountain Eggoya 1752, submarine tuffcone Karl, submarine tuffcone
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