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Abstract

A gravity survey was carried out to study the structure and geometry of craters and
underlying diatremes formed in two major explosive basaltic fissure eruptions, the ~60 km
long AD 871£2 Vatnadldur and AD ~1477 Veidivotn fissures in South Central Iceland,
both belonging to the Bardarbunga-Veidivotn volcanic system. A minor effusive phase at
the end of the Veidivotn eruption filled the bottom of the large phreatomagmatic craters
from the main explosive phase, while the Vatnadldur eruption was almost purely
explosive. Six gravity profiles were surveyed across six explosive craters, using a
LaCoste&Romberg gravimeter and kinematic GPS. Complete Bouguer anomalies were
obtained by integrating the gravitational effects of the mass of the topography using a high-
resolution DEM. Studies of the subsurface geometry and structures were made using 2.5-D
forward gravity models. The results indicate 100-300 m deep diatreme structures at both
Vatnaodldur and Veidivotn. The purely explosive edifices at Vatnadldur Innri are filled with
relative low density unconsolidated water-saturated tephra, and have much narrower
diatremes than those seen at the Veidivotn fissure, which experienced a late effusive stage
leading to lava-filling of the craters. It is proposed that softer subsurface at Veidivotn led to
wider diatremes than found at Vatnaoldur. At least at one of the craters in Vatnadldur, the
activity may have lasted long enough to lead to minor effusive activity, as a relatively high
density body, assumed to be lava, fills the diatreme.

Utdrattur

Lyst er rannsokn & byggingu giga og efsta hluta gosrasar i tveimur storum tetigosum,
Vatnadldugosinu 871+2 og Veidivatnagosinu ~1477. Badar gossprungurnar tilheyra
eldstodvakerfi Bardarbungu. Til ad skoda innri gerd giga og gosrdsar voru sex snid mald
med pyngdarmeli, fjogur yfir giga i Vatnadldum og tvo yfir giga i Veidivotnum. Botn
giganna ur Veidivatnagosinu er pakinn hrauni sem rann i lok pess. I Vatnasldum virdist
hafa verid svo til hreint tetigos. Hed malistodva var akvordud med LaCoste-Romberg
pyngdarmeli og KGPS malingum. Bouguer pyngdarfravik voru dkvoroud med heildun
stafrens, péttmoskva landlikans nast melistad en gisnari landlikon notud fjer.
Likanreikningar af byggingu giganna voru gerdir med 2,5-vidri tilkun, par sem bunir eru
til bergskrokkar med mismunandi edlismassa en endanlega lengd pvert 4 malilinu. Staerd,
16gun og edlismassi bergskrokka er akvardadur med hlidsjon af jarofredi svedisins og
00rum skordum, og logun og edlismassa hnikad til par til gott samraemi naest milli meldra
fravika og reiknadra fravika likansins. Nidurstodurnar benda til ad trektlaga gosrasir,
verulega vidari en nokkur berggangur, nai nidur 4 100-300 m dypi undir botni giganna,
badi i Vatnadldum og i Veidivotnum. I gigum i Vatnadldum innri er gosrésin fyllt gjosku
sem veldur pyngdarleegd. Jafnframt eru gosrasirnar mun prengri en i Veidivotnum, par
sem hraun fra lokum gossins liggur 4 botni giganna. Sprengivirkni i Veidvotnum virdist
hafa myndad breidari en grynnri gosrasir, sem fylltust af hrauni i lok gossins.
Visbendingar eru um ad i a.m.k. einum af gigum Vatnaaldna fremri hafihraun myndast i
lok gossins, pvi berg med haan edlismassa liggur undir gjosku i midju gigsins.






To my father, deceased in 2004,
who gave me the scientific curiosity,

and with who I would have loved to talk about my research.






Table of Contents

LSt Of FIUIES cccceueiiiireriiininninninisnisssnissssnisssanssssassssssssssssssssssssssssssssssssssssssssssssssasssssasssssasss ix
LSt OF TADIES cuueeieneriiiriniiiinineicssnnicsinnicsnnicsssnisssssesssssessssnsssssssssssssssssesssssssssssssssssessssnsssnss xii
ACKNOWIEAZEIMENLS ...cuuvrirrrurinssarisssanesssensssanessarsssssssssssssssssssssssssssssssssssssssssssssssssssasssssasssss xiii
1 INErOAUCTION.. . cccueeiiitrinineiesnercssnricsssrecsssnessssnessssnesssssesssssssssssssssesssssesssssesssssessssaessnsnessnss 1
1.1  The geology of Iceland...........ccoooouiiiiiiiiiiiiiie e 2
1.2 The Eastern VOICANIC ZOME .......cocueeiuiiiiiiiiiiiiienieeieeete ettt 4
1.3 The Bardarbunga-Veidivotn volcanic SYSteM ........eevereerierierienienieneeieeieseeeeeaee 5
1.4 The AD 87142 Vatnadldur and AD ~1477 Veidivotn eruptions .........ceccvveereveenneee. 7

2 PhreatomagmatiSI........coceeccssercsssnicssnscssansssssnssssssssssasssssasssssassssssssssssssssssssssssssssnsssssnssss 9
2.1 Phreatomagmatism, a process Of INtEraction..........ccceeeuveeevuveeniieeeriieeeniieenreeervee s 9
2.1.1 Phreatomagmatic eruptive Styles .........ccocueeriiiriieiieiiieiieeieee e 10

2.1.2 Last stages of phreatomagmatic eruptions..........cceeeeuveeeciieenciieencveeenreeennnennn 11

2.2 Structures of monogenetic phreatomagmatic volcanoes...........cc.cceeevvereeneruennne. 12
2.2.1  MaAar VOICANOES .....ccuueeiiiiiieiiieiteite ettt e 14

2.2.2  Tuffring and tuff cone volcanoes...........ccoeceeriieriienieenieeiiee e 15

2.2.3  Subsurface diatreme SUCTUIES .........cevverieriieriirienieeieeee ettt 16

2.2.4 Relation between explosive styles and basaltic volcanic structures............ 18

2.3 Gravity investigations of the structure of explosive monogenetic volcanoes....... 18
2.3.1 Efficiency and reliability of gravity investigations............cceceeveeeeeenieennnen. 19

2.3.2 Variations in eruptive styles highlighted from gravity ...........cccccoevveennennne. 20

2.4 Choice Of the StUAY AI€a.......ccccviiiiiieeiiieeiiee et eee e sire e e sebeeeeaee s 21

3 Gravity thEOTY uuciiccieeiccnissneiccsssnneccssssssecsssssssesssssssssssssssssssssssssasssssssssssssssssssssssssssssssaass 23
3.1 BaSIC PIINCIPIES teooueiiiiiiieeiiieee ettt ettt e e st e e eba e e veeesaseeenareeenns 23
3.2 Gravity TEAUCTIONS ...cueiiiieieieeiieeieeiteete et e ete et e seteebeeeteesaeeabeesaeesseenseesssaenseaans 25
3.2.1  Tidal COTTECHION ... cceiuiieeiieeeiieeeiee ettt et e et e et e e et e e e aeeesateeesaseeesaseeenes 25

3.2.2  DIift COTTECHION. c..euieiieiieiiettee ettt s 26

3.2.3  Latitude COTTECHION .....eeeuviieeiiieeiieecieeeeiee et e et e et e e e e e e e e eavaeesareeesaseeenes 26

3.2.4  Free air COITECTION ..ovvieuiiiietieieeitesttete ettt ettt ettt s 26

3.2.5 Correction for topography: a combined Bouguer and terrain correction..... 27

3.3 Free-air and Bouguer anomalies...........c.ccoveriieriieiiieniieeieesceeie e 28

4 Gravity survey, data and methods ..........ccceeuvrerueecnnee 29
4.1 Data aCqUISTEION ....euvieiieeiieiie et eite et eieeeteeteesbe e saesteeaeeesseeseeesseesseessseenseesnsens 30
4.2 Digital Elevation Models..........ccoooiiiiiiiiiiiiiiiieece e 31
4.3 DAta PIOCESSINE ...veeevrieeiiieeiiiieeiieeeitteeeiteessteesseeesseeessseeessseeessseeessseesssseesssseesnsees 32
4.3.1 Survey point COOTAINALES. ....c.eeruiriirieiirierieeeetese ettt 32

4.3.2 Reading corrections and free-air anomalies.............ccceevvveevienienciieneeeneenne. 33

4.3.3 Complete Bouguer anomalies ...........cccccecuereriiriinienienienieneeeesecie e 34

4.3.4  DENSIEICS. .eouueeiitieiieeiteeeiie ettt ettt ettt ettt ettt ettt ettt 35

vii



4.3.5 Accuracy of the Bouguer anomalies............ccceeeviiierciieenciieeeiie e 41

5 Forward MOAEIliNg ......cccoueiieiirnricnissnniecssssnnicsssssnnecssssssssssssssssssssssssssssssssssssssssssssssssssssss 43
5.1 Forward modelling at Vatnadldur INnri .........ccceeeveeeiiieeiiieeiieceeeeeeee e 46
S.11 Profile Va3 oot 46

5.1.2  Profile Va4 ..ottt 49

5.2 Forward modelling at Vatnadldur Fremri ..........ccooecvveeiieeiiinieiiicieceeie e 51
5.2.1  Profile Va-1 .ot 51

5.2.2 Profile Va2 c..oooiiiee ettt 52

5.3 Forward modelling of the Veidivotn profiles Ve-1 and Ve-2.......ccccccvvveevveenneenns 55
5.3.1 Profile V-2 ..ot 55

5.3.2 PrOfile V-1 ..ooioiiieie ettt e 57

60 DISCUSSION couveriernririrunesssnnesssnnesssnnsssssssssssssssassssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssnns 59
6.1 Conduit structures at Vatnadldur ............occeiiiiiiiiiiieiiieceeeeeee e 59
6.2  Conduit structures at VEIOTVOLN .....ceveeriieeiieiiieiiesie ettt st 61

T CONCIUSIONS .ouuuveriiiivrnniicsssnniessssserecssssassessssssssosssssssasssssssssssssssssessssssssssssssssssssssasssssssnssssss 65
REFEIEIICES ..veecvrericrnrinssanisssanisssnnssssansssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssnns 67
APPCINAIX A cuurrenirinensnennsnensensssesssensssesssnssssssssssssassssssssssssssssssssssesssssssssssns 77
APPENAIX Bu.ooeerriiniinieiinieninsnicssnicsssisssssssssssssssssssssassssssssssssssssasssssasssssssssssassssssssssssssssnss 81

viii



List of Figures

Figure 1.1 The geology and tectonic settings of Iceland..............cccoeviiiiiiniiiininniies
Figure 1.2 The Bardarbunga-Veidivotn volcanic SyStem.........cocueeveerieeiiieniceneeniieenieenne

Figure 1.3 Geological morphology of the Vatnadldur and Veidivotn fissures ................

Figure 2.1 Graph showing the classification of eruptive styles based on the degree of

fragmentation (F) and the dispersal (D) of the pyroclastic falls.....................

Figure 2.2 Schematic cross-section of a maar volcano explaining the terminology

USEA I TADIE 2.1 et e e e e e e e eeeas

Figure 2.3 Schematic-cross section showing the structure and morphology of a

MAAT-AIALIEINE VOICATIO «.evvvveeeeeeeeeeeeeeeeeeeeeeeeeeeee et eeeaeeeeeeeeeeeeeeeeeeeeeeees

Figure 2.4 Schematic cross-sections comparing the structures, morphologies and

deposits between a tuff ring and a tuff cone..........ccooeeeviiiiiiieniiie,

Figure 2.5 A diatreme forms by downward migration of the explosion chamber,

located 1N the TOOT ZONE.....c.oevveeiieeieiieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeees

Figure 2.6 Schematic cross-section of a tuff ring volcano and its associated shallow

IALTEITIE ..ttt e e e e eeeeeeeeeeeeeaeaeeeeeeeeeeeeeeeneeenees

Figure 2.7 Cross-sections showing the structure of the Mytina-maar volcano

(Central Europe) inferred from 3-D modelling ..........ccccceveieiinniininiiienene

Figure 2.8 Cross-sections through 3-D models highligting the bulk structures of four

tuff ring volcanoes in the Aukland Volcanic Field (New Zealand)................

Figure 3.1 The gravity anomaly can be negative (left) or positive (right) and is
influenced by the density contrast caused by an anomalous body of
density p; with respect to the surrounding materials having a bulk densiy

Figure 3.2 Deflection of the vertical of an angle ® where g is the total acceleration
of gravity in the presence of an anomalous body, which causes a total

ravity anomMalY (Za). c.eecveerveeriierieeiieeieeieeeee et e eteeieeereebeesebeebeeenbeenaeesanees

Figure 4.1 Area of study in the Veidivotn area, South Central Iceland ...........ccccoeeeeeee.

Figure 4.2 Picture taken during the fieldtrip, showing all the equipment required for

precise gravity and elevation measurements ...........cocceeeueereeeiieenieeeeeneennnen.

X

.14

.25



Figure 4.3 Chart of the distribution of the vertical errors (Azg,) from the GPS

IMNEASUTCITIEIIES ....iiiiiiiiieii ettt et e et e et e et s etaaeeenaeeenesenaaeeeaesennns

Figure 4.4 The mass effect of the topography is integrated over a square of 100 km-

side-length, centred on each SUIVEY POINt........cceevvieeiierieeiiieieeieeie e

Figure 4.5 Graphical representation of the integration of the effect of the bedrock

topography over the 25 m grid spacing DEM, using the Nagy formula..........

Figure 4.6 Cross-section over the Vatnadldur and Veidivotn fissures..........cceeeveeeeeneennns

Figure 4.7 Bedrock geology at the Vantadldur and Veidivotn fissures, and

Immediate SUITOUNAINGS ....cccvveeeiiiieeiiieeieeeee e e eree e e e eaeeesreeeeaeeenenes

Figure 4.8 Density determinations of the topographic formations along the

Vatnadldur profiles using the Nettleton‘s method ...........ccccoveeeiiiiniieennnenee.

Figure 4.9 Density determinations of the topographic formations along the

Veidivotn profiles using the Nettleton‘s method .........ccceeeevieiiiiinieenieenee.

Figure 5.1 Schematic cross-section of a 2.5-D gravity forward model defining the

terminology used for modelling descriptions..........ccceecvveeriveeniieeniie e

Figure 5.2 Bodies of same densities having different shapes and lying at different

depths can produce the same gravity anomaly............cccceeveiieeniieeniiieenneeenee,
Figure 5.3 Topographic map of the area of study .........cccoeceieiiiiiiiiiiiiie e,

Figure 5.4 Observed gravity anomaly (top) along the Va-3 profile (Vatnadldur Innri) ....

Figure 5.5 2.5-D gravity forward modelling highligting the volcanic structure of the

edifice crossed by the Va-3 gravity profile (Vatnadldur Innri).......................

Figure 5.6 2.5-D gravity forward modelling highligting the volcanic structure of the

edifice crossed by the Va-4 gravity profile (Vatnadldur Innri).......................

Figure 5.7 2.5-D gravity forward modelling highligting the volcanic structure of the

edifice crossed by the Va-1 gravity profile (Vatnadldur Fremri)....................

Figure 5.8 2.5-D gravity forward modelling highligting the volcanic structure of the

edifice crossed by the Va-2 gravity profile (Vatnadldur Fremri)....................

Figure 5.9 2.5-D gravity forward modelling highligting the volcanic structure of the

edifice crossed by the Ve-2 gravity profile (Veidivotn)........cccceeeeveeeeveeennenn.

Figure 5.10 2.5-D gravity forward modelling highligting the volcanic structure of

the edifice crossed by the Ve-1 gravity profile (Veidivotn)........cccecvveeeevenneee.

Figure 6.1 Schematic cross-section showing the phreatomagmatic structure of the

purely explosive Va-4 edifiCe.........ooviiiviiiiiiiiieiieeieeeeece e



Figure 6.2 Schematic cross-section showing the phreatomagmatic structure of the
EXPlOSIVE V-1 €dIfICE ...couiiiiiiiiieiieieeeee s

xi



List of Tables

Table 2.1 Comparisons between maar, tuff ring and tuff cone volcanoes............c..c........ 13
Table 4.1 Information about the gravity base station JH (at Jokulhleimar)....................... 34
Table 4.2 Density of Quaternary and Holocene rocks in Iceland ..........cccccoceeveeiinicnnnne. 36
Table 4.3 Bulk basaltic tephra densities determined from density measurements............. 38

Table 4.4 Density values of the topographic formations inferred from the Nettleton‘s
MNETNOM ..ttt s 39

Table 5.1 Half-strike lengths of the polygons determined from the approximate
CTAter dIAMELETS. ..c..eeuviiiiiiieiiiicteetee ettt 45

Table 6.1 Approximate dimensions of the volcanic edifices at Vatnadldur (Va-) and
VEIOIVOIN (V€-) ittt ettt et et e e aae e eaaeeenaeeenee 60

xii



Acknowledgements

I would like to express my gratitude, first and foremost, to my supervisor Magnus Tumi
Gudmundsson for his guidance, useful comments and availability during this master
project, despite his very busy schedule. Thanks to him, I learnt a lot about
phreatomagmatic eruptions and also about gravity, this great geophysical tool that I had
only briefly heard about before. My gratitude also goes to Gudrun Larsen, for her kind help
in providing me with the geological knowledge and articles related to the area of study.
Without her, the completion of the thesis would not have been possible. I also wish to
warmly thank Disa Hognadottir for all the time she allowed me in software explanations
and for the useful additional data she supplied me. Special thanks to Porbjorg Aglistsdottir
for her generous contribution of experience and nice company during the fieldwork. I also
want to thank Rosa Olafsdéttir for her useful help in ArcGis problems and for having
allowed me saving a lot of digitalization time by giving me topographic data. I also thank
Finnur Pélsson for his helpful explanations about GPS data analysis, and Pall Einarsson
and Bryndis Bransdéttir for helping me find old articles. Many thanks to Porsteinn Jonsson
who stopped at my area for taking samples. I finally would like to thank all the staff at the
Institute of Earth Sciences for their assistance and support during my two years of master
at the University of Iceland.

I am grateful to thank the scientist Jan Mrlina for having provided me with useful articles
and for our interesting email exchanges. I also would like to thank, Flora Grabowska, Peter
Kokelaar and James D.L. White who also provided me with useful articles.

Special thanks to my uncle Jean Boissonnas, and my friend Lynn Erler, who kindly
reviewed my thesis, for correcting my English and for their useful comments and advice
regarding scientific style. And many thanks to Pascale Bizet for the last-minute English
corrections.

I also want to thank my mother, my sister, my boyfriend and my friends for their support
during the hardest times.

I finally would like to thank my French engineering school in geology, called LaSalle
Beauvais, for having allowed me to undertake this master degree in Iceland as an
equivalence of my fifth year. I thank all the staff from LaSalle Beauvais for the knowledge
and experience I acquired there, which appeared very useful for completing my project.

xiii






1 Introduction

Phreatomagmatism characterizes explosive volcanic eruptions resulting from the
interaction between hot rising magma and relatively cold fluid (e.g. Morrissey et al., 2000).
Basaltic phreatomagmatic eruptions commonly form monogenetic (i.e. single volcanic
event) maar-diatreme volcanic structures (e.g. Lorenz et al., 1970; Lorenz, 1986; White
and Ross, 2011). A few places in the world where entire maar-diatreme structures outcrop,
e.g. Hoppi Buttes in Arizona and Suoana maar-diatreme in Japan (White, 1991; Geshi et
al., 2011), have been widely studied from a petrographic point of view in order to
understand the mechanisms of phreatomagmatic eruptions. Laboratory studies have
revealed the details of the fragmentation mechanism associated with fuel-coolant
interaction (e.g. Zimanowski, 1998). However, some aspects of phreatomagmatism are still
not entirely understood because in most areas the whole structures do not outcrop,
preventing the overall comprehension of the explosive system.

Local gravity investigations have proved to be efficient in detecting and characterizing
buried phreatomagmatic structures (e.g. Mrlina et al., 2009) as clear density contrasts often
exist between the conduit filling materials and the surrounding bedrock. Gravity can
therefore be very useful for understanding better the volcanic history of explosive volcanic
edifices (e.g. Cassidy et al., 2007).

The AD 871+£2 Vatnadldur and AD ~1477 Veidivotn eruptions (e.g. Larsen, 1984; Larsen
et al., 2013) were both large tholeiite explosive fissure eruptions that occurred in a high
groundwater level area in South Central Iceland. They respectively produced ~5 km® and
~10 km’® (freshly fallen volumes) of basaltic tephra from discontinuous crater rows. Tephra
from both events can be traced over large parts of Iceland. From geological mapping, the
AD 871+2 Vatnadldur eruption is considered to have been almost purely explosive;
whereas the AD ~1477 Veidivotn eruption became effusive at the end of volcanic activity.

The aim of the present study is to reveal and compare conduit structures of the Vatnadldur
and Veidivotn crater rows by performing gravity profiling across relevant craters from both
fissures (four profiles cross Vatnadldur whereas two cross Veidivotn).

The study addressed two main questions:

e What is the structure of the conduits at the selected volcanic edifices that formed
during the AD 871+2 Vatnadldur and AD ~1477 Veidivotn phreatomagmatic
eruptions and are there differences between both crater rows?

e What can those crater/conduit structures tell about the mechanism of the two
eruptions and how do they compare with the results of other studies of similar
volcanic structures?



The present chapter gives a brief overview of the geology of the study area. The second
chapter outlines the process of phreatomagmatism and the common resulting volcanic
structures. Gravity theory detailing the basic principles and the gravity reductions
composes the third chapter. The methods for data acquisition and data processing are
provided in the fourth chapter and the fifth chapter presents the results obtained from
forward gravity modelling. A discussion, summary and conclusions are found in Chapters
6 and 7.

1.1 The geology of Iceland

Iceland straddles the N-S mid-Atlantic ridge (MAR), having an average spreading rate of
1.8 cm per year in the direction N105°E (Gudmundsson, 2000). Volcanism in Iceland is
generated from the interaction between the MAR and a mantle plume, which has been
highlighted by P- and S-wave structures from both seismic refraction (e.g. Palmason, 1971;
Gebrande et al., 1980; Darbyshire et al., 1998) and teleseismic tomography (e.g. Bijwaard
and Spakman, 1999; Wolfe et al., 1997, Foulger et al., 2001). The Iceland plume is
described as a narrow cylindrical zone of relatively hot material extending from ~75 km to
at least ~400 km in depth, centred in the northwestern edge of Vatnajokull (Figure 1.1)
(Bjarnason, 2008). Both relatively high volcanic activity (Saemundsson, 1978) and seismic
activity (Einarsson, 1991) are observed above the centre of the Iceland plume where the
crust is anomalously thick (38-40 km) (Darbyshire ef al., 1998).

The surface expressions of the volcanic activity in Iceland are the neovolcanic zones
(Figure 1.1) (e.g. Saemundsson, 1978; Jakobsson, 1979a; Gudmundsson, 2000).
Saemundsson (1978) defined two types of neovolcanic zones: the ‘“axial rift zones”
marking the plate boundary with extensive crustal spreading; and the “lateral rift zones”,
also called the flank zones, where there is almost no spreading activity (Figure 1.1).
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Figure 1.1 The geology and tectonic settings of Iceland. The axial rift zones are the
Northern Volcanic Zone (NVZ), the Eastern Volcanic Rift Zone (EVRZ), the Hofsjokull
Volcanic Zone (HVZ), the Western Volcanic Zone (WVZ) and the Northern Reykjanes
Ridge (NRR). The lateral rift zones are the Sncefellsnes Volcanic Zone (SVZ), the
Oreefajokull Volcanic Zone in eastern Iceland (OVZ), and the South Iceland Flank Zone
(SIFZ). Both the EVRZ and the SIFZ form the Eastern Volcanic Zone (EVZ). The transform
zones are the Tjornes Fracture Zone (TFZ) and the South Iceland Seismic Zone (SISZ).
The volcanic systems of the EVZ are Bardarbunga-Veidivétn (21), Grimsvétn (22),
Vestmannaeyar (33), Eyjafjallajokull (34), Katla (35), Tindfjallajékull (36), Hekla (37) and
Torfajokull (38). The biggest glacier is named Vatnajokull (Based on Sigmundsson, 2006,
Jakobsson et al., 2008, Thordarson and Hoskuldsson, 2008, and references therein).

The neovolcanic zones on land are composed of 29 volcanic systems (Figure 1.1)
(Johannesson and Saemundsson, 1998; Jakobsson et al., 2008). A volcanic system usually
consists of fissure swarms and at least one central volcano that often has produced
intermediate and silicic products as well as basalts. The fissure swarms are commonly
characterized by graben structures and crater rows producing mafic basalt (Saemundsson,
1978; Jakobsson, 1979b). Each volcanic system may produce magma with specific
petrographical and geochemical characteristics (Jakobsson, 1979a,b).

The eruptive styles in Iceland have been mainly controlled by environmental conditions
throughout time. During the Holocene (<10,000 years), basaltic phreatomagmatic eruptions
(e.g. Thordarson and Hoskuldson, 2008; Larsen and Eiriksson, 2010), and effusive basaltic
eruptions, including large basaltic flood lava episodes (e.g. Thordarson and Hoskuldson,
2008) are the two main eruptive styles recorded in Iceland. The former relates to either
subglacial or other wet environments; whereas the latter is an indicator of purely sub-aerial
eruptions (Thordarson and Hoskuldson, 2008).



The Icelandic crust began to form during late Tertiary (3.1 to 16 million years ago). Lava
shield volcanoes and crater rows are the two main Tertiary volcanic structures, mostly
characterized by basaltic tholeiitic flood lava eruptions (Saemundsson, 1979; Hardarson et
al., 2008). The Plio-Pleistocene (0.7 to 3.1 million years ago) and the Upper-Pleistocene
(0.01 to 0.7 million years ago) were characterized by alternative periods of cold and warm
climate, leading to subglacial explosive activity and aerial flood lava eruptions,
respectively (Saemundsson, 1979; Sigmundsson, 2006). Subglacial activity was prominent
due to the repeated growth of an ice cap that extended beyond the present coast of Iceland
at the end of the Upper-Pleistocene (Geirsdottir and Eiriksson, 1994): extensive
hyaloclastites, pillow lavas and breccias were produced from hyaloclastite ridges and tuyas
and such activity still occurs under present-day glaciers (e.g. Gudmundsson, 2005;
Jakobsson and Gudmundsson, 2008).

Several key volcanic eruptions have been recorded and dated using tephrochronology
(Thorarinsson, 1979) and demonstrate that the EVZ was the most active neovolcanic zone
during the Holocene, with both a relatively high eruption frequency rate (from years to
decades) and the highest magmatic production (e.g. Larsen et al., 1998; Thordarson and
Larsen, 2007; Larsen and Eiriksson, 2008a; Larsen and Eiriksson, 2008b; Thordarson and
Hoskuldsson, 2008).

1.2 The Eastern Volcanic Zone

The EVZ is composed of 8 volcanic systems distributed over two subvolcanic zones:
Grimsvotn and Bardarbunga-Veidivotn are tholeiitic volcanic systems, belonging to the
Eastern Volcanic Rift Zone (EVRZ); whereas Katla, Hekla, Vestmannaeyar,
Eyjafjallajokull, Tindfjallajokull and Torfajokull are more silicic volcanic systems,
belonging to the South Iceland Flank Zone (SIFZ) (Figure 1.1) (Jakobsson, 1979a;
Johannesson and Saemundsson, 1998; Thordarson and Hoskuldsson, 2008; Jakobsson et
al., 2008).

In the EVZ, prehistorical times (i.e. before 1,100 years ago) were characterized by large
(>1 km), high-discharge (>1,000 m® s) basaltic lava flood episodes (Thordarson ef al.,
2003; Thordarson and Larsen, 2007; Thordarson and Hoskuldsson, 2008) as well as several
hundred explosive eruptions (e.g. Oladottir ef al., 2011). The historical period was mainly
characterized by large basaltic explosive events, either due to subglacial activity under the
Vatnajokull icecap or due to high groundwater levels within the fissure swarms (e.g.
Larsen and Eiriksson, 2008Db).

Before the Holocene, records are scarcer but extensive subglacial activity may have
occurred in the EVZ during the Pleistocene, as it was covered by ice (Geirsdottir and
Eiriksson, 1994): the nature of the bedrock of the EVZ mostly consists of hyaloclastite and
other subglacial deposits (Johannesson and Saemundsson, 1998).

About 80% of the volcanic events recorded after the Norse Settlement occurred in the
EVZ. Grimsvotn, Bardarbunga-Veidivotn, Katla and Hekla volcanic systems, have been
the most active volcanic systems, respectively (e.g. Thordarson and Larsen, 2007).

Two main reasons have been suggested to explain such high volcanic activity in the EVZ,
and above all in the EVRZ: (1) the EVRZ lies just above the centre of the inferred Iceland
plume (Figure 1.1); (2) the EVZ accommodates almost all the spreading compared to its



parallel neighbour, the WVZ (LaFemina et al., 2005). The spreading axis is located along
the eastern edge of the Bardarbunga-Veidivotn volcanic system, decreasing, from 19.0
+2.0 mm per year in the north-east to 8 £2.0 mm per year towards the SIFZ in the south-
west (LaFemina et al., 2005).

1.3 The Bardarbunga-Veidivotn volcanic system

The Bardarbunga-Veidivotn volcanic system partly lies under the northwestern part of the
Vatnajokull ice cap, i.e. above the centre of the Iceland plume (Figure 1.1). From Holocene
records, it is the second most active volcanic system after the Grimsvétn system and the
fourth most productive in terms of erupted magma volumes, after the Katla, Grimsvétn and
Hekla volcanic systems, respectively (e.g. Thordarson and Larsen, 2007; Thordarson and
Hoskukdsson, 2008).

In terms of size, Bardarbunga-Veidivotn is the largest volcanic system in Iceland, being
~190 km long, ~28 km wide and covering a total area of ~2500 km® (Thordarson and
Larsen, 2007; Johannesson and Saemundsson, 1998). Nearly 60 km of the length are ice-
covered. The Bardarbunga-Veidivitn volcanic system lies on a bedrock mainly composed
of Upper Pleistocene hyaloclastite formations (see section 1.1) and is one of the two purely
tholeiite volcanic systems of the EVZ, the other being Grimsvétn (Jakobsson, 1979a;
Johannesson and Saemundsson, 1998). No high temperature geothermal field has been
found within the volcanic system (Jakobsson, 1979a).

Bardarbunga is the dominant central volcano of the volcanic system (Bjornsson and
Einarsson, 1990; Johannesson and Saemundsson, 1998). A second auxiliary central
volcano, Hamarinn, has been inferred to be part of the Bardarbunga volcanic system
(Figure 1.2) (Thorarinsson et al., 1973; Gudmundsson and Hognadéttir, 2007). Its
existence may be an indicator of a high magma supply over limited period followed by
sporadic lateral magma movements (Gudmundsson and Hognadéttir, 2007).

The fissure swarms of the Bardarbunga-Veidivotn volcanic system are oriented NE-SW,
i.e. following the MAR rifting axis direction (JOhannesson and Saemundsson, 1998). The
Dyngjuhdls fissure swarm extends to the northeast part of the system; whereas the
Veidivotn fissure swarm intersects the Torfajokull central volcano in the southwesternmost
part of the system (Figure 1.2) (Bjornsson and Einarsson, 1990; Larsen, 1984). The
Veidivotn fissure swarm is composed of numerous NE-SW fissures from 10 to 67 km-long
(e.g. Larsen et al., 2008).
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Figure 1.2 The Bardarbunga-Veidivotn volcanic system has two central volcanoes,
Baroarbunga (B) and Hamarinn (H), and two main volcanic fissures known from
historical phreatomagmatic episodes, Vatnaoldur (1) and Veidivotn (2) (Based on Jonsson
etal., 1997; Jakobsson et al., 2008, Thordarson and Hoskuldsson, 2008; Larsen et al.,
2013 and references therein).

The eastern edge of the south part of the Bardarbunga volcanic system, i.e. along the
Veidivotn fissure swarm, is the location of the highest spreading in the EVRZ; therefore,
this region accumulates the maximum strain of the EVZ (Jonsson ef al., 1997; LaFemina et
al., 2005). This phenomenon may explain the relatively high rifting activity recorded
within the Veidivotn fissure swarm during the Holocene (LaFemina et al., 2005). Before
the Norse Settlement, during a warm period, a sequence of at least 10 large tholeiite
basaltic flood lava eruptions, referred to as the Tungnaa lavas, have been verified as
originating from the Veidivotn fissure swarm (e.g. Vilmundardottir, 1977; Jakobsson,
1979a; Jakobsson, 1979b; Hjartarson, 1988; Thordarson et al., 2003; Halldorsson, 2007).
The Thjorsé eruption is the earliest and biggest flood episode of this lava sequence (~8,600
years B.P.): ~25 km’ of erupted lava extended up to the south coast, over ~140 km (Figure
1.2). The Thjorsa eruption is also one of the largest flood events on Earth with the longest
lava flow in Iceland (Thordarson and Hoskuldsson, 2008). The Tungnaa lavas flowed
within the Tungnad and Thjorsa riverbeds and gradually raised the groundwater level
within the Veidivotn fissure swarm. One or more lakes formed within the volcanically
active area as a result of a lava dam by an eruption nearly 2,000 years ago (Larsen, 1984).
During historical times, two of the main rifting episodes, the AD 871+2 Vatnadldur
(Larsen 1984; Gronvold et al., 1995) and the AD ~1477 Veidivotn (Larsen, 1984; Larsen
et al., 1998; Thorarinson, 1976) eruptions, occurred in this “wet” part of the Veidivotn
fissure swarm, leading to phreatomagmatic eruptive episodes that produced large amounts
of basaltic tephra (e.g. Larsen, 1984; Jonsson et al., 1997; Larsen et al., 2013). In parallel,
23 explosive subglacial eruptions have been recorded in the Bardarbunga volcanic system
during historical times (e.g. Larsen, 2002; Larsen and Eiriksson, 2008b). Volcanic activity
at Bardarbunga and even at Grimsvotn may have occurred at the same time as the AD
~1477 Veidivotn fissure eruption (e.g. Larsen, 1984; Larsen et al., 1998; Larsen, 2002). A
periodic major rifting activity at intervals of 600 to 800 years has been suggested at the



Veidivotn fissure swarm, implying lateral magma movement from the Bardarbunga central
volcano (Larsen, 1984).

In total, during the entire Holocene, the Bardarbunga-Veidivotn volcanic system has
erupted at least 57 km® of basaltic magma in subaerial episodes, and ~10 km® of basaltic
magma has been estimated from subglacial eruptions (including both the AD 871+£2
Vatnadldur and AD ~1477 Veidivotn eruptions) (Thordarson et al., 2003). For the last
decades, the Veidivotn fissure swarm has been aseismic (e.g. Einarsson, 1991; Jakobsdottir
2008), but it is still considered as an active volcanic region and eruptions similar to the
large historical episodes may be expected in the future (Larsen, 1984; LaFemina et al.,
2005).

1.4 The AD 87112 Vatnaoldur and AD ~1477
Veidivotn eruptions

The AD 87142 Vatnadldur (Larsen 1984; Gronvold ef al., 1995) and AD ~1477 Veidivotn
(Larsen, 1984; Larsen et al., 1998; Thorarinson, 1976) eruptions occurred during the two
most recent rifting episodes on the Bardarbunga-Veidivétn volcanic system (EVRZ). They
took place along the western parts of the NE-SW discontinuous 60 km-long Vatnadldur
and 67 km-long Veidivotn fissures, respectively (Figure 1.2) (Larsen, 1984; Larsen, 2005).
In this part of the Veidivotn fissure swarm, the environmental settings had been modelled
by large prehistorical flood episodes that raised the groundwater level by filling up the
riverbeds of the Tungnaa and Thjorsa rivers (see section 1.2). The Vatnadldur fissure
formed along the Veidivotn lake basin during the AD 871£2 Vatnadldur eruption that
modified again the environmental settings, creating the temporary, large, tephra-dammed
Langalon lake (~140 km?) (e.g. Larsen, 1984; Larsen, 2005; Larsen ef al., 2013). The
Veidivotn fissure formed in the middle of the basin of the former Langalon, during the AD
~1477 Veidivotn eruption that altered again the hydrological context and new temporary
lakes were created before the tephra dams broke (e.g. Larsen, 1984; Larsen, 2005; Larsen
et al., 2013). The high groundwater-level explains the large predominance of
phreatomagmatic activity during both the AD 871+2 Vatnadldur and AD ~1477 Veidivtn
eruptions. However, the AD ~1477 Veidivotn eruption can be classified as a “mixed
eruption” as the explosive activity changed into an effusive style at the end of the event:
small amounts of lava filled the bottom of the craters (Larsen, 1984; Larsen, 2005).

Phreatomagmatic explosive activity dominated on a ~25 km-long discontinuous portion of
the AD 871+2 VatnaoOldur fissure. In case of the AD ~1477 Veidivétn event, the
phreatomagmatic activity occurred along a fairly continuous ~31 km of the Veidivotn
fissure (Larsen, 1984; Larsen, 2005). Both explosive phases may have lasted for 1-5 days
(Larsen, 2005). The bulk of the tephra produced during both events was tholeiite basalt
(Larsen, 1984) but some magma mixing and hybridization occurred in the
southwesternmost part of the Veidivotn fissure swarm, where it enters the Torfajokull
volcanic system (Blake, 1984; Zellmer et al., 2008). The AD ~1477 Veidivotn basaltic
tephra was coarser than the bulk of the AD 871+2 Vatnadldur ash, being lapilli and ash
size and contained some non-juvenile lithics of alluvial and lacustrine origin (Larsen,
2005). A volume of ~5 km® basaltic tephra (freshly fallen volume) within the 0.5 cm
isopach, was emitted during the AD 87142 Vatnadldur eruption; whereas the AD ~1477
Veidivétn eruption produced ~10 km® of basaltic tephra (freshly fallen volume) (Larsen,
2005). During each event, the tephra expelled out of craters and crater rows (Figure 1.3),



coalescing into a tephra layer with a maximum thickness of 12 meters (Larsen, 1984;
Larsen, 2005).
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Figure 1.3 Geological morphology of the Vatnadldur and Veidivétn fissures (Larsen et al.,
2013).

The AD 871+2 Vatnadldur tephra layer dispersed almost in all directions around the
fissure, covering an area of 50,000 km” within the 0.5 cm isopach but has also been
identified in some Greenland ice cores (e.g. Gronvold et al., 1995). The AD ~1477
Veidivotn tephra layer covers an area of 53,000 km? on land towards the E, NE, and NNE
(Larsen, 1984; Larsen, 2005) and the 1 cm isopach extends offshore in North Iceland
(Larsen et al., 2002; Larsen and Eiriksson, 2010; Larsen ef al., 2013). Tephrostratigraphy
and tephrochronology studies have pinpointed the probable presence of the AD ~1477
Veidivotn tephra layer in both western Ireland (Chambers et al., 2004) and Central Sweden
(Davies et al., 2007).

The large thickness of the tephra layers and their extensive dispersal characterize both the
AD 87142 Vatnadldur and AD ~1477 Veidivotn events as Phreatoplinian eruptions
according to the classification scheme of Walker (1973, 1980) (see further, Figure 2.1 and
section 2.2.4), the latter being the largest explosive eruption in Iceland, recorded in
historical times (Larsen, 2005; Thordarson and Larsen, 2007; Larsen and Eiriksson,
2008b).



2 Phreatomagmatism

The Vatnadldur and Veidivotn fissures (e.g. Larsen, 1984) were both formed in
phreatomagmatic activity. A large amount of tholeiitic basaltic tephra was emitted during
each explosive event (see section 1.4), forming aligned monogenetic edifices (i.e. formed
during one single event), such as tuff rings and tuff cones with maar-like craters up to 1.8
km in diameter (Jakobsson, 1979a; Larsen, 1984; Thordarson and Larsen, 2007).

Few places in the world display outcropping phreatomagmatic conduits of such
monogenetic explosive volcanoes, e.g. the Hoppi Buttes in Arizona (e.g. White, 1991) and
the Suoana volcano in Japan (Geshi ef al., 2011); and have therefore enabled a better
understanding of the volcanic structures and the related phreatomagmatic mechanisms.
Some relatively recent geophysical investigations (gravity and magnetics) have completed
the information by highlighting the overall geometry of some buried explosive volcanic
structures (e.g. Cassidy et al., 2007; Mrlina et al., 2007; Mrlina et al., 2009)

This chapter summarizes current knowledge of the phreatomagmatic processes that mostly
arise from petrographic studies and experiments (e.g. Wolethz, 1983; Zimanowski, 1998),
and focuses on morphological aspects. Firstly, the overall phreatomagmatism process is
briefly explained; the resultant explosive structures are then compared and some forward
geophysical models similar to the present gravity investigation are tackled. Finally, the
reasons for focusing on the Vatnadldur and Veidivotn fissures for this study are explained.

2.1 Phreatomagmatism, a process of interaction

Subaerial phreatomagmatic activity (or hydrovolcanic activity) is based on the interaction
between magma and water, leading to explosive eruptions. Most of the water required
originates from external non-magmatic sources, i.e. groundwater or surface water (e.g. sea
water, meteoric water, lake water) (e.g. Lorenz et al., 1970; Morrissey et al., 2000;
Houghton et al., 2000).

The magma-water interaction process is analogous to an industrial explosion called “fuel-
coolant interaction” (FCI): an extremely rapid conductive heat transfer occurs from the
magma (fuel) to the water (coolant), converting thermal energy into kinetic energy in a
short period of time (e.g. Wohletz, 1983; Zimanowski, 1998; Morrissey et al., 2000).
Experiments on remelted lava and water revealed that vapour films develop when the
water is trapped within the magma, which becomes partly insulated (Zimanowski, 1998).
Collapse of the vapour films due to disturbance causes the rapid heat transfer that
superheats the water. As a result, the magma undergoes a rapid thermal contraction,
leading to its fragmentation into small particles (e.g. Zimanowski, 1998) called pyroclasts
or tephra (e.g. Francis and Oppenheimer, 2004).

The heated water then flash boils and volumetrically expands, causing a fast explosive
vaporization cloud generated by a shockwave, due to the increase in hydrostatic and
dynamic pressure (e.g. Lorenz et al., 1970; Wholetz and Sheridan, 1983; Zimanowski,
1998; Morrissey et al., 2000; Lorenz, 2000). The shockwaves (or explosive bursts) occur



periodically, by the cyclic formation and collapse of the vapour films (Wholetz, 1983;
Zimanowski, 1998; Morrisey et al., 2000).

The degree of explosivity is controlled by numerous parameters, the most important of
which being (1) the area of contact surface between magma and water, (2) the depth of the
“explosion chamber” (Lorenz, 2000) where the fragmentation occurs, (3) the local
water/magma ratio, (4) the difference in temperature and the pressure conditions, (5) the
magma ascent rate and (6) the propagation of shockwaves through the mixing zone. (e.g.
Wohletz, 1983; Vespermann and Schmincke, 2000). The stronger the explosivity, the
stronger both the fragmentation and the transportation of the fragments, the finer the
pyroclasts (Wohletz, 1983).

The hydrological and geological settings are variable, leading to the production of a great
diversity of phreatomagmatic eruptions that are relatively difficult to classify strictly
(Morrissey et al., 2000; White and Houghton, 2000).

2.1.1 Phreatomagmatic eruptive styles

A classification of both magmatic and phreatomagmatic eruptive styles, based on both the
degree of fragmentation of pyroclastic falls (F) and their area of dispersal (D), was first
suggested by Walker (1973) and refined later (Self and Sparks, 1978; Walker, 1980)
(Figure 2.1). The Surtseyan (Walker, 1973) and Phreatoplinian (Self and Sparks, 1978) are
the two main phreatomagmatic eruptive styles encountered on Earth.
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Figure 2.1 Graph showing the classification of eruptive styles based on the degree of
fragmentation (F) and the dispersal (D) of the pyroclastic falls where (1) refers to the AD
871%2 Vatnaoldur eruption and (2) corresponds to the AD ~1477 Veidivotn eruption (After
Thordarson and Héskuldson, 2008, based on Larsen, 2005). F corresponds to the
percentage of pyroclasts finer than 1 mm at the point where the 0.1 T, crosses the axis of
dispersal; whereas D is the area enclosed by the 0.01T,,, isopach; Ty.. being the
maximum thickness of tephra measured (Walker, 1973).

Surtseyan eruptions (named after the 1963 Surtsey eruption in Iceland) are either
characterized by explosive jets of ash (cock’s tails or cypressoid) during intermittent
activity or by continuous upsursh activity carrying tephra to much greater heights (e.g.
White and Houghton, 2000). Both resulting from the interaction between a rising basaltic
magma and water (e.g. Morrissey et al., 2000; Francis and Oppenheimer, 2004). This
phreatomagmatic interaction leads to high fragmentation (F ~80-90%) and the eruption
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height may reach several kilometers. However, the Surtseyan being moderately intense, the
dispersion is restricted to 50 km?* (D < 50 km?) (Figure 2.1) (Walker, 1973).

Some authors have differentiated the Surtseyan style from the Taalian style (Kokelaar,
1986) (named after the 1965 eruption of the Taal volcano in Phillipines) by noticing a
slight difference in magma-water interaction processes (e.g. Wohletz and Sheridan, 1983;
Kokelaar, 1986; Vespermann and Schmincke, 2000): a Taalian eruption is due to the
interaction of ascending magma with external lacustrine water entering the volcanic vent;
whereas a Surtseyan eruption results from the interaction of ascending magma and external
seawater as the magma enters the water body (Kokelaar, 1986). Therefore, relatively less
water is involved in Taalian eruptions, leading to more powerful eruptions. Note that when
authors only consider the Surtseyan style, it is used for characterizing both lacustrine and
seawater interactions as the explosive power is similar.

Depending upon the water/magma ratios, the amount of heat energy involved per unit time
in any phreatomagmatic eruption is variable, causing the transformation of the water either
into steam (or even superheated steam) or into a 2-phase fluid (vapour and liquid) that
leads to “dry” or “wet” phreatomagmatic eruptions, respectively (Wohletz and Sheridan,
1983; Morrissey et al., 2000). Therefore, Surtseyan and Taalian eruptions can be
subdivided into either wet or dry eruptions (e.g. Sohn, 2012). Note that because of the
relatively larger amount of water available, Surtseyan eruptions are commonly “wetter”
than Taalian eruptions (e.g Morrissey et al., 2000).

Phreatoplinian eruptions are poorly understood large eruptions that commonly result from
the interaction of silicic magma with a large amount of external water, during an explosive
eruption of a polygenetic volcano (i.e. volcano built from numerous eruptive episodes)
(Houghton et al., 2000). The explosivity occurs at deeper levels than during Surtseyan
eruptions, i.e. ~1 km depth (e.g. Kokelaar, 1986) and the explosivity is more powerful. The
high degree of explosivity of Phreatoplinian eruptions converts most of the water into
steam, leading to dry phreatomagmatic eruptions with respect to Surtseyan and Taalian
eruptions (Morrissey et al., 2000). The three more relevant indicators defining
Phreatoplinian eruptions are (1) a wide dispersion of tephra (D > 50 km?®) (Figure 2.1), (2)
a high degree of fragmentation similar to Surtseyan eruptions and (3) fine-grained fallout
deposits near the eruption site (Self and Sparks, 1978; Houghton ef al., 2000). The duration
of a Phreatoplinian eruption usually lasts from hours to weeks or months (Houghton et al.,
2000).

2.1.2 Last stages of phreatomagmatic eruptions

During any phreatomagmatic eruption, when the explosion becomes too weak compared to
the depth of the explosion site to allow the eruptive cloud to reach the surface, the
explosive eruption slows down. This stage usually marks the end of the fragmentation
process, and consequently, the end of the explosive phase (Lorenz and Kurszlaukis, 2007).
If no magma is supplied to the system anymore, the phreatomagmatic structure becomes
water-saturated and post-eruptive subsidence occurs due to compaction and diagenesis in
the crater (Lorenz and Kurszlaukis, 2007). However, if there is still some supply of
magma, the cessation of explosivity is generally due to a lack of water available: the
transition from explosive into effusive styles may occur (e.g. Lorenz et al., 1970). Water
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usually lacks in the system either when (1) the magma ponds above the groundwater level,
or when (2) the magma has sealed the walls of the volcanic conduit (Houghton et al.,
2000). The most common effusive styles observed in transition from phreatomagmatic
styles are either Strombolian or Hawaiian, and commonly lead to the formation of scoria
cones or lava lakes, respectively (Lorenz, 1986; Houghton et al., 1999). If the transition
into effusive occurs at the last stage of volcanic activity, the magma may only fill the
conduit without reaching the surface (e.g. White, 1991) or a small amount of magma may
reach the surface and be buried by post-eruptive deposits (Lorenz, 2003). Note that the
opposite transition from effusive to explosive style may also occur if water is added to the
magmatic system (e.g. Geshi et al., 2011).

2.2 Structures of monogenetic phreatomagmatic
volcanoes

Monogenetic volcanoes commonly result from basaltic phreatomagmatic eruptions (e.g.
Lorenz et al., 1970). A typical explosive monogenetic volcano consists of a crater,
surrounded by a tephra ring encircling a cone-shaped conduit called a diatreme (e.g.
Lorenz et al., 1970; White and Ross, 2011). Note that the polygenetic complex structures
resulting from Phreatoplinian eruptions (e.g. Francis and Oppenheimer) are not detailed
here as none of the volcanic edifice considered in the present study presents such
landforms.

As seen in section 2.1, environmental settings lead to specific degrees of explosivity,
producing different styles of phreatomagmatic eruptions. Consequently, both the surface
and subsurface structures of the resulting monogenetic volcanoes may be different. Maars,
tuff rings and tuff cones are the most common explosive monogenetic landforms (Table
2.1), and the most common subaerial volcanoes observed on land after scoria cones
(Vespermann and Schmincke, 2000); they are usually associated with various different
subsurface diatremes in terms of size (e.g. Lorenz ef al., 1970; White and Ross, 2011).

After each explosion burst of any on-going explosive eruption at a monogenetic volcano,
(see section 2.1), an eruptive cloud, composed of vaporized water and tephra, reaches the
surface. Water condenses again, due to cooling and decompression, leading to large tephra
fallout deposition inside the crater (primary deposits) by base surges and fallout (Table
2.1); whereas proximal tephra deposits pile up as thin beds (commonly from several
millimetres to few meters thick) surrounding the crater to form the ejecta ring (Lorenz,
2003). Pyroclastic surge processes are responsible for bedding tephra deposition where
each bed commonly refers to one shockwave (see section 2.1) (Wohletz, 1983). In large
phreatomagmatic eruptions, creating large tephra rings, substantial fallout deposits can
extend ten to hundreds of kilometres beyond the crater (e.g. Larsen, 1984).

Poorly vesiculated deposits of glassy juvenile materials are typically observed in any
phreatomagmatic eruptions at monogenetic volcanoes (e.g. Geshi et al, 2011), and
accretionary lapilli and vesiculated tuff may form in case of wet phreatomagmatic eruption
(see section 2.1) (Table 2.1) (White and Ross, 2011).
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Table 2.1 Comparisons between maar, tuff ring and tuff cone volcanoes (Based on White
and Ross, 2011 and references therein;, Wohltez and Sheridan, 1983; Kokelaar, 1986, and
Vespermann and Schmincke, 2000). Refer to Figure 2.2 for terminology.

Maar volcanoes

Tuff ring volcanoes

Tuff cone volcanoes

Bottom of the crater
above/below
groundwater level*

Volume of erupted
material (km®)

Ring (or crater)
diameter

Average thickness of

tephra

Dip of beds at the rims

Stratification

Dominant grain size

Proportion of non-
juvenile fragments

Vesicular juvenile
fragments

Dense to poorly
vesicular juvenile
fragments

Transport mode of
pyroclasts

Below

Usually 200-300 m
<30 m on average
Sub-horiz. to 20°
Well-stratif.

(1 to 5 cm intervals)

Ash and lapilli

Up to 90%

Possible

Typically abundant

Base surges (dominant)
and fallout

Above (usually)

0.0001 to 1
Usually 200-300 m
<50m

(can reach 200 m)
Sub-horiz. to 20°
Well-stratif.

(1 to 5 cm intervals)

Ash and lapilli

Variable

Possible

Typically abundant

Base surges
and fallout

(dominant)

Above

0.0001 to 1

Between 100 and 300 m

Between 100 and 300 m

10-30°

Massive

(10 cm to 1 m intervals)
or weakly stratif.

Ash and lapilli

A few % or less

Possible

Typically abundant

Base surges,
fallout (dominant)
and remobilize

Vesiculated tuffs Possible Possible Possible
Accretionary lapilli Common Common Common
External water Limited Abundant to limited Abundant
Diatreme thickness Deep Shallow Absent
Palagonitization Little or no Little of no Highly

*Conditions after the end of the eruption.



Thickness of tephra / \

(1) Regional topography surface

(2) Groundwater level Bottom of the crater

Diatreme thickness

Figure 2.2 Schematic cross-section of a maar volcano explaining the terminology used in
Table 2.1. Note that (1) and (2) can be at the same elevation (Based on Vespermann and
Schmincke, 2000).

2.2.1 Maar volcanoes

A maar is a monogenetic volcano named after its relatively large and shallow explosive
crater having a diameter-to-depth ratio of at least 3:1, which has been cut into the pre-
eruption surface (Lorenz et al., 1970; Lorenz, 1986; White and Ross, 2011). Maar crater
diameters vary between less than 100 m to more than 1,500 m and usually measure several
tens of meters in depth (some can exceed a depth of 500 m) (Lorenz, 1986). A maar crater
is usually surrounded by a relatively small ejecta ring (10-30 m thick on average) (Table
2.1) that does not have a specific name. In some cases, the ejecta ring surrounding a maar
crater can be high enough to be called a tuff ring (e.g. Geshi et al., 2011) but it rarely
matches the characteristics of a tuff cone (Lorenz et al., 1970; Wohltez and Sheridan,
1983; Lorenz, 1986; White and Ross, 2011). A deep diatreme commonly develops beneath
a maar (Figure 2.3).

Maar crater
with post eruptive sediments Sreom =

______ \ “=———————-—__/ original ground surface

Upper diatrem
bedded deposits

Ejectaring

Root zone
various types of breccias

feeder dike

Figure 2.3 Schematic-cross section showing the structure and morphology of a maar-
diatreme volcano (Scale 1:1) (From Lorenz, 2003).
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2.2.2 Tuff ring and tuff cone volcanoes

Tuff rings and tuff cones are monogenetic volcanoes named after their specific ejecta rings.
Tuff rings have characteristic low topographic slopes associated with low dip beds that
commonly do not exceed 20° and the height of the tuff ring rims usually does not exceed
50 m (Table 2.1) (Wohltez and Sheridan, 1983; White and Ross, 2011). Tuff cones have
higher profiles and steeper slopes than tuff rings (Figure 2.4); their rim heights are greater
than for tuff rings, measuring usually between 100 and 300 m; the beds commonly dip
between 10 and 30° (Table 2.1) (Wohltez and Sheridan, 1983; White and Ross, 2011).

Tuff ring volcanoes have wide pyroclast-filled craters similar to maar craters, but that
rarely lie below the groundwater surface (Lorenz et al., 1970; Lorenz, 1986; White and
Ross, 2011). Tuff cone craters also commonly lie above the groundwater level (Wohltez
and Sheridan, 1983; White and Ross, 2011).

Tuff ring

Tuff cone

Figure 2.4 Schematic cross-sections comparing the structures, morphologies and deposits
between a tuff ring and a tuff cone. 1: Explosion breccias; 2: Thinly bedded deposits; 3:
Thickly bedded deposits (Wohletz and Sheridan, 1983).

The primary dominant process leading to the morphological difference between tuff rings
and tuff cones is the deposition process that is mostly the result of pyroclastic surges in the
formation of tuff rings and tuff cone structures are mainly formed by fallouts (Table 2.1)
(e.g. White and Ross, 2011; Sohn, 2012).

The base of tuff ring and tuff cone ejecta rims is commonly made of an angular coarse-
grained pyroclastic deposit called “explosion breccia” (Wohltez and Sheridan, 1983)
(Figure 2.4). Those basal deposits consist mainly of country rock fragments measuring
from 2 cm to more than 1 m supported by an ash and lapilli matrix, emplaced by dominant
ballistic falls and minor surges (Wohltez and Sheridan, 1983). “Thinly bedded deposits”,
emplaced mostly by pyroclastic surges, overlie the basal “explosion breccias” and consist
of large amounts of juvenile lapilli and ash tephra mixed with relatively low amounts of
accidental clasts (the lithic pyroclasts rarely exceed 50% of the unit) (Wohltez and
Sheridan, 1983; Vespermann and Schmincke, 2000). Only tuff cones present an overlying
unit of “thickly bedded deposits” that can be 1 m thick on average and consists of
pyroclastic surge deposits interbedded with thin layers of poorly bedded fine ash resulting
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from fallout deposition (Wohltez and Sheridan, 1983; Vespermann and Schmincke, 2000;
White and Ross, 2011). Asymmetric ejecta rings are usually caused by strong wind
conditions (Wohltez and Sheridan, 1983; Vespermann and Schmincke, 2000).

2.2.3 Subsurface diatreme structures

The subsurface cone-shaped diatremes are most prominent under maar volcanoes (Table
2.1). The diatreme-filling materials consist mostly of juvenile and lithic pyroclasts of ash
and lapilli size, but large blocks of country rocks can also be observed (Lorenz et al.,
1970). A diatreme is commonly composed of three units having fairly different deposits
characteristics: (1) the root zone, characterized by an irregular shape, represents the bottom
end of the diatreme, being the transition between the feeder dike and the (2) lower diatreme
that underlies the (3) upper diatreme (Figure 2.3) (e.g. White, 1991; Lorenz, 2003; Geshi et
al.,2011; White and Ross, 2011).

The root zone is the site of fragmentation (see section 2.1). It can exceed 50 m in width and
500 m in depth (Lorenz and Kurszlaukis, 2007 and references therein). The root zone is
mainly composed of various types of breccia deposits originating either from country rocks
(“contact breccias”, “subsidence breccias” and “breccias formed by rockfalls or
rockslides”), or from volcanoclastic materials of the lower diatreme unit (“diatreme rocks™)
(Lorenz and Kurszlaukis, 2007). The rework and chaotic aspect of the root zone deposits
suggests some current movements through many “ejection/fallback™ cycles caused by the
fragmentation process (e.g. White, 1991; Geshi et al., 2011).

The lower diatreme is mostly characterized by non-bedded reworked pyroclasts originating
from both the rising juvenile material and the non-juvenile wall rocks. The deposits are
coarsely arranged as a relatively homogeneous or well-mixed unit, due to the circulatory
system of “ejection/fallback” process (e.g. White, 1991; Lorenz, 2003; White and Ross,
2011).

The upper diatreme commonly consists of volcanic tephra-filling bedded deposits. The
occurrence of numerous fractures and normal faults at the upper diatreme margins testifies
for syneruptive subsidence processes (White, 1991; Lorenz, 2003; Geshi et al., 2011;
White and Ross, 2011). The subsidence process within the craters is highlighted by the
bowl-shape of the bedded deposits, better seen in the upper diatreme unit (e.g. Lorenz,
2003; Geshi et al., 2011). When diatremes are relatively shallow, the upper diatreme may
develop directly above the root zone: the bedding would dip less due to less subsidence
(White and Ross, 2011).

The size of the crater is generally related to the size of the underlying diatreme and seems
to be linked with the duration of the eruption: the shorter the eruptive activity, the smaller
the crater and its associated diatreme (in terms of diameters and depths) (Lorenz, 1986).

The optimal pressure allowing phreatomagmatic explosions equals ~20-30 bars (e.g.
Lorenz, 1986 and references therein; Vespermann and Schmincke, 2000). When an
explosive burst (see section 2.1) occurs in the root zone, the water and the pyroclasts are
expelled out of the diatreme: a zone of depression forms and the time-lapse before the zone
will be again full of both water and rock materials triggers a cone of depression in the
water level that pulls the explosion chamber slightly downward in order to reach again the
required confining pressure (assuming a constant rate of water supply) (Figure 2.5)
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(Lorenz, 1986). Therefore, this pressure-controlled downward penetration process is
responsible for both the periodic growth of the explosive complex and the subsidence
effects at the crater (e.g. Lorenz, 1986; White, 1991; Lorenz, 2000; Lorenz, 2003).

fm 9

‘f%
cg ¢ \mp%)

}x

Figure 2.5 A diatreme forms by downward migration of the explosion chamber, located in
the root zone, due to magma-water interactions, causing the formation of a cone of
depression in the water level (blue dashed lines) (Lorenz, 1986).

When ample water is available, the explosion site is quickly replenished, preventing the
formation of a cone of depression. Therefore, the downward development does not occur
and collapsing and subsiding processes are negligible, leading to the absence of a diatreme
and the formation of a tuff cone (Lorenz, 1986; Lorenz, 2003; Lorenz and Kurszlaukis,
2007). Tuff rings are commonly underlay by relatively shallow diatremes, testifying for
relatively limited availability of water with respect to tuff cone formations: the lower
diatreme is usually absent (Figure 2.6) (Lorenz, 1986; Lorenz, 2003).

Shallow diatreme with pyroclastic vent
(Upper diatreme)

% Rootzone

Feeder dyke

Figure 2.6 Schematic cross-section of a tuff ring volcano and its associated shallow
diatreme. The dimensions (1 km in diameter and 150 m in height) are taken from the
Hverfjall tuff ring in northern Iceland (Lorenz, 1986).

The shape and growth of diatremes are also largely influenced by the degree of
consolidation of the country rock (Lorenz, 2003). Hard-rock environments (e.g. gneisses,
granitoids, schists, basalts, sandstones, limestones) can be joint aquifers: many joints and
faults intersecting the rock formations are good paths for channelling water to the system
(Lorenz, 2003). When the successive explosion chambers form (Lorenz, 2000), the
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downward migration process can give access to new sources of water by connecting joints
and faults to the explosion chamber (Lorenz, 2003). Soft-rock environments are commonly
more suitable for the growth of diatremes as they consist of highly permeable
unconsolidated rock material (e.g. sands, pebble beds, unconsolidated breccias) (Lorenz,
2003). The slopes of the inner crater are usually less steep for explosive volcanoes in soft-
rock environments rather than in hard-rock environments (Lorenz, 2003). Underground
collapse and surface landslide can lead to irregular diatreme shapes in soft rock
environments (e.g. Geshi et al., 2011): the crater enlargement may be more “collapse-
controlled” in soft-rock environment than “pressure-controlled”. If water-saturated
sediments either overlie hard-rock formations (e.g. White, 1991) or are interbedded
between hard-rock materials, a combination of both processes can occur during the
formation of a maar-diatreme volcano (Lorenz, 2003).

2.2.4 Relation between explosive styles and basaltic volcanic
structures

As discussed in section 2.1, when differentiating Taalian from Surtseyan eruptions, the
former involve less water than the latter: relatively lower water/magma ratios leads to
“dryer” and more powerful phreatomagmatic eruptions. By connecting this concept to the
structures of basaltic monogenetic volcanoes, tuff cones commonly form during Surtseyan
eruptions (e.g. Kokelaar, 1986; Vespermann and Schmincke, 2000), as large amounts of
water both prevent the development of diatremes and lead to the ejection of pyroclasts
mainly by fallout transportation (Table 2.1). Tuff rings are usually produced by Taalian
eruptions: the relatively less amount of water involved in the explosive process leads to the
formation of a shallow diatreme and pyroclasts are mainly deposited by surges (e.g.
Kokelaar, 1986; Vespermann and Schmincke, 2000) (Table 2.1). When limited water is
available, the crater tends to become a maar (e.g. White and Ross, 2011).

Both the AD 871+£2 Vatnadldur and AD ~1477 Veidivotn eruptions were first classified as
Surtseyan due to the nature of the pyroclasts (Larsen, 1984). Later on, they were redefined
as phreatoplinian because of both their high degree of fragmentation and large tephra
dispersion recorded (Figure 2.1) (Thordarson and Larsen, 2007; Thordarson and
Hoskuldson, 2008; Larsen, 2005). The term Taalian has not been used in the classification
of Icelandic eruptions.

2.3 Gravity investigations of the structure of
explosive monogenetic volcanoes

As explained later, in section 3.1, gravity investigations highlight density contrasts in the
subsurface: a denser body (with respect to the surrounding materials) generates a positive
anomaly; whereas a less dense body produces a negative anomaly.

The structures of phreatomagmatic monogenetic volcanoes commonly display density
contrasts: the diatreme-filling materials are usually composed of either relatively light
tephra compared to the surrounding bedrock if the eruption was purely explosive, or of
lava, denser than the surrounding bedrock, resulting from a late effusive stage. Therefore,
gravity became an efficient tool for highlighting the bulk structure of monogenetic
phreatomagmatic volcanoes. This geophysical method is used more and more for this
purpose and may be coupled with other geophysical methods to obtain more precise data.
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Two gravity studies have been selected for their pertinent similarities with the present
study (see sections 4 and 5), in order to establish how reliable the gravity method is and
what can be learned from gravity surveys about phreatomagmatism.

2.3.1 Efficiency and reliability of gravity investigations

Mrlina et al. (2007) proved the existence of a buried maar-diatreme volcano in the western
Eger rift at the Czech/German border (Cheb basin, Central Europe), by using gravity
investigations: a Bouguer map (map accuracy +0.06 mGal) spanned the area over the
assumed buried maar-diatreme structure. 3-D forward modelling was performed along a
cross-section. The forward modelling method consists of finding the shapes and densities
of anomalous bodies to produce a calculated gravity signal that fits to the anomaly
measured (e.g. Pedley ef al., 1993). 2.5-D models can be extended to 3-D models by
allowing restricted lengths of the bodies in the direction perpendicular to the profile (i.e.
strike direction) instead of keeping infinite lengths (e.g. Kearey et al., 2002).

The model suggested the bulk shape of the now-called Mytina maar volcano (Figure 2.7).
The negative gravity anomaly indicated the presence of a relatively low dense body
presenting a diatreme-shaped structure. An additional magnetic survey highlighted a
relatively high magnetic susceptibility of this anomalous body, suggested to include
magnetic minerals (Mrlina et al., 2007). The materials filling the diatreme were therefore
inferred to be composed of volcanic debris and relicts of country rocks; and a sediment-
filled maar, expected to be overlain by alluvial sediments, was assumed to lie on the top of
the diatreme structure (Mrlina et al., 2007). It was also assumed that the density of the
diatreme body increased with depth due to compaction (Mrlina et al., 2007). No proof (e.g.
drillholes, outcrops) could support the assumptions made regarding the nature and densities
of the materials: the aim of the study was to reveal the approximate structure of the maar-
diatreme volcano (Mrlina et al., 2007).

As the gravity investigations were consistent with a maar-diatreme edifice, Mrlina et al.
(2009) performed more detailed geophysical surveys (gravimetry, magnetometry, and
electrical conductivity techniques) coupled with an exploratory drilling in the centre of the
gravity anomaly (see section 3.1) in order to get a more precise 3-D forward model of the
Mytina maar, based on a new Bouguer map (map accuracy +0.10 mGal) (Figure 2.7). Both
the complementary geophysical surveys and the exploratory drilling produced information
about the internal maar-diatreme structure: the low density filling-diatreme materials
consist of country rock breccias, mixed with volcanic products (e.g. bombs, lapilli and ash)
and the maar is filled by low density sediments such as clay, gravel and sand (Mrlina et al.,
2009).

Comparison of the gravity models from both surveys (Figure 2.7) shows that the mean
density values and body shapes are similar, even if the inner diatreme structure
arrangements differ. The comparison of both studies reveals that the gravity method is an
efficient and reliable tool for highlighting the bulk shape of maar-diatremes; but additional
investigations (e.g. drillholes) are required to obtain more detailed information of the
internal structures.
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Figure 2.7 Cross-sections showing the structure of the Mytina-maar volcano (Central
Europe) inferred from 3-D modelling. The existence of the maar volcano was first
emphasized from gravity, suggesting its bulk structure (left) (Mrlina et al., 2007). Later,
the structure was more detailed from another survey coupling gravity and magnetic
investigations (right) (Mrlina et al., 2009): 15 bodies were used but only seven are shown.
Densities are in g/cm’and the vertical scale is exagerated.

2.3.2 Variations in eruptive styles highlighted from gravity

Cassidy et al. (2007) performed a detailed gravity survey across four monogenetic
volcanoes that are part of the Auckland volcanic field (New Zealand) in order to model
their subsurface structure and obtain new information about their magmatic evolution.
Pukaki and Pukekiwiriki volcanoes are both tuff rings with a sediment-filled maar crater
and lying in a soft-rock environment; Domain and Waitomokia volcanoes are tuff rings
similar to the two former ones, but have a small scoria cone in the centre of their maar
crater and lie in a hard-rock environment. Cassidy et al. (2007) created a Bouguer gravity
map (map accuracy +0.10 mGal) covering each volcano and allowing 3-D forward
modelling (Figure 2.8). A magnetic investigation was coupled to the gravity survey in
order to highlight any possible magnetic volcanic materials from the sedimentary bedrock,
and data from borehole drillings were used to control the relevance of the gravity results
(Cassidy et al., 2007). Pukaki gravity and magnetic data had been obtained in a previous
study (Rout ef al., 1993) and were reinterpreted by Cassidy et al. (2007).

The gravity models reveal bowl-shaped crater structures that are consistent with
phreatomagmatic activity (Cassidy et al., 2007):

- At Pukaki, the eruption must have been purely explosive as the negative anomaly centred
in the crater indicates the absence of any lava body in the conduit (all the magma must
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have interacted explosively with the groundwater available) (Figure 2.8) (Cassidy et al.,
2007). The cessation of the eruption was interpreted as being due to a sufficient reduction
of magma buoyancy because of stoppage of water-magma interaction and pressure release.
The resulting potential intrusive solidified magma may either have a too small volume or
may be at a depth beyond data resolution to generate any anomaly on the geophysical
profiles (Cassidy et al., 2007).

- At Pukekiwiriki, the phreatomagmatic eruption must have changed into effusive at the
end: the model suggests magma ponding in the crater (Figure 2.8). Groundwater supply
must have been exhausted before the eruption stopped (Cassidy et al., 2007).

- At Domain and Waitomokia, magma supply and supply of available water must have
been larger than at Pukaki and Pukekiwiriki as the bedrock was excavated to greater depths
(Figure 2.8) (Cassidy et al., 2007). The occurrence of a lava fill is probably due to a lack of
groundwater availability at the end of the eruption (Cassidy et al., 2007).
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Figure 2.8 Cross-sections through 3-D models highligting the bulk structures of four tuff
ring volcanoes in the Aukland Volcanic Field (New Zealand), from both gravity and
magnetic investigations (Cassidy et al., 2007).

2.4 Choice of the study area

The AD 871+2 Vatnadldur and AD ~1477 Veidivotn fissure eruptions are known to have
been predominantely phreatomagmatic leading to the formation of aligned tuff rings, tuff
cones and maar volcanoes, forming crater rows (see section 1.4).
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The first interesting comparison between the two events is that the AD 87142 Vatnadldur
eruption has been interpreted as being almost purely explosive; whereas the AD ~1477
Veidivotn eruption became effusive at the end, filling the bottom of the craters with lava.

In order to confirm this assumption made from geological mapping, gravity appeared to be
a suitable method as the assumed Vatnaoldur tephra-filled conduits were expected to be
less dense than the surrounding bedrock, expected to generate a gravity low; whereas the
Veidivotn dense lava-filled conduits were expected to generate a positive gravity anomaly.
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3 Gravity theory

Gravity is a passive method of geophysics that contributed to a better understanding of the
Earth’s shape and its rotational properties (Fowler, 1990). This method can also give
information about the Earth’s structure at smaller scales as it can be used to detect lateral
density variations in the subsurface (e.g. Gudmundsson and Hognadottir, 2007). This
chapter presents an overview of gravity theory, from the fundamental principles to the
computation of gravity anomalies, including the corrections of the effects of some physical
parameters that influence gravity measurements.

3.1 Basic principles

The force of gravity is determined by Newton’s gravitational law, sometimes called the
“Inverse square relationship” (Equation 3.1) that expresses the force of gravitational
attraction between two point masses (Fowler, 1990; Sleep and Fujita, 1997, Kearey et al.,
2002).

G M1 M2 Equation 3.1
F=2572
2
F: Force of attraction between the masses (m kg s'22
G: Gravitational constant (G = 6.673 10" m* kg™ s)

M; and Mz: Point masses (kg)
r: Distance between the masses (m)

The gravity g (or gravitational acceleration, a force per unit mass) is obtained from
Equation 3.1, by dividing the force of attraction, F, by the mass of the attracted body (M,).
(Equation 3.2) (Fowler, 1990; Sleep and Fujita, 1997; Kearey et al., 2002).

F_GM,

9= M, r? Equation 3.2

g: Gravitational acceleration, or Gravity (m s'z)

F: Force of attraction between the masses (m kg s?)
M; and Ma: Point masses (kg)

G: Gravitational constant (G = 6.673 10" m* kg™ s?)
r: Distance between the masses (m)

Equation 3.2 gives a constant value of gravity at the surface of a homogeneous, strictly
spherical and non-rotating body. In reality, gravity is not constant at every point of the
Earth’s surface, due to its ellipsoidal shape, irregular surface, heterogeneous mass
distribution and rotating behaviour (Fowler, 1990; Kearey et al., 2002).

For local studies, the minute variations are expressed in milligal (mGal - c.g.s.) or gravity

unit (gu - SI units) (Sleep and Fujita, 1997; Kearey et al., 2002): 1 mGal = 10 gu= 10" m
2

s”.

In the present study, the studied parameter is the mass distribution in the shallow
subsurface, causing density contrasts: an anomalously dense or light body, with respect to
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the surroundings, will generate gravity variations, called gravity anomalies, of which
magnitude and extent depend on the size and density of the body (Figure 3.1).

Gravity Anomaly

Po Po > Po Po < P

Figure 3.1 The gravity anomaly can be negative (left) or positive (right) and is influenced
by the density contrast caused by an anomalous body of density p; with respect to the
surrounding materials having a bulk densiy po (Vilhjalmsson, 2006).

From a mathematical point of view, density anomalies in the subsurface cause the vector of
gravitational attraction (g) to deviate in both magnitude and direction, this physical
phenomenon is called the “deflection of the vertical” (Figure 3.2) (Sleep and Fujita, 1997).

Gravimeters (or gravity meters) are highly sensitive instruments used to measure the
gravity anomalies at the Earth’s surface. A simplified description is that of a spring in
equilibrium, carrying a mass (Sleep and Fujita, 1997; Kearey et al., 2002). An anomalous
body in the subsurface will cause a change in the measured spring length (Sleep and Fujita,
1997; Kearey et al., 2002). The deflection of the vertical is usually extremely small;
therefore, the gravity anomaly is equal to Ag, the vertical component of g,, the
gravitational attraction of the anomalous body (Figure 3.2) (Sleep and Fujita, 1997).
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Figure 3.2 Deflection of the vertical of an angle ® where g is the total acceleration of
gravity in the presence of an anomalous body, which causes a total gravity anomaly (g,),
and gy would be the gravitational acceleration is the absence of the anomalous body (Sleep
and Fugita, 1997).

The gravity anomaly can be expressed from Equation 3.1 and Equation 3.2 considering the
mass held by the spring in the gravimeter as M, and the anomalous body as M, (Equation
3.3) (Fowler, 1990; Sleep and Fujita, 1997; Kearey et al., 2002). Note that the anomalous
body is assumed to be homogeneous, spherical, and non-rotating.

GrI;/h cosp <= Ag = G ':’3‘2 z Equation 3.3
Ag: Gravity anomaly (m s7)

ga: Gravity anomaly vector

B: Angle between the ga and go (Figure 3.2)

G: Gravitational constant (G = 6.673 10" m? kg'1 s'z)

Ma: Mass of the anomalous body (kg)

r: Distance between the anomalous body and the gravimeter (m)

z: Vertical depth to the anomalous body (m)

Ag = |ga] cosp =

3.2 Gravity reductions

The aim of the present gravity survey was to highlight the structure of anomalously high or
low density bodies, lying in the uppermost few hundred meters of the crust. Therefore, all
the effects other that arising from the mass distribution have to be removed (i.e. the Earth’s
ellipsoid shape, its rotating behaviour, its irregular surface).

Note that the term “reduction”, often used in gravity, means “reduction to zero” as the
gravity effects of the parameters are entirely removed (or corrected) from the “observed”
gravity values. The values measured with the gravimeters are usually called “readings”.
Their conversion in milligals using a calibration table (LaCoste & Romberg, Inc., 1979),
gives gravity values relative to a reference values at a base station of known absolute
value.

3.2.1 Tidal correction

The periodic tidal effect is due to both the rotation of the Earth around its own axis and the
rotation of the Earth-Moon system (and Earth-Sun system) around its own centre of mass
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(e.g. Sleep and Fujita, 1997; Kearey et al., 2002). Gravimeters are very sensitive and
precise enough to detect those gravity variations, which therefore influence the readings
(Sleep and Fujita, 1997; Kearey et al., 2002). The tidal effect is the first parameter that
needs to be corrected, and it is directly applied to the reading gravity values after they have
been converted to milligals. The Longman algorithm (Longman, 1959) is an algebraic
method that calculates this undesirable effect and allows for its removal from the data.

3.2.2 Drift correction

The reading value on the gravimeter is related to the extension of the spring due to the
gravitational attraction of the mass, held by the spring, towards the anomalous body
(Figure 3.2) (Sleep and Fujita, 1997). Some minute changes, due to the imperfect elasticity
of the spring, are referred to as the instrumental drift. In order to reduce this effect,
readings are performed at regular intervals at a base station, where the absolute gravity
value is known (Sleep and Fujita, 1997; Kearey et al., 2002). A linear trend in drift is
assumed in between the base-station readings. An absolute, observed gravity value (gops) 18
obtained for each survey point by calculating the difference in gravity relative to the base
station.

3.2.3 Latitude correction

The gravity value at the Earth’s surface (~9.81 m s™ on average) depends on the distance to
the centre of the Earth. The relatively gradual ~21-km-change in the Earth’s radius, from
the poles to the equator induces some gravity variations along the latitudes. In addition, the
centrifugal effect arising from the rotation of the Earth lowers the gravity values (Fowler,
1990). The combined effect is a reduction from ~9.83 m s~ at the poles to ~9.78 m s at
the equator (Sleep and Fujita, 1997; Kearey et al., 2002). The International Gravity
Formula 1980 (Equation 3.4) (International Association of Geodesy, 1980) reduces those
two effects by considering the Earth as a symmetric spheroid model called “reference
ellipsoid” (e.g. Fowler, 1990). For each survey point, the reduction is applied by
subtracting the latitude correction g,(A) from the observed value gu,s in order to only
consider the gravity between the reference datum and the survey points (Fowler, 1990;
Kearey et al., 2002).

gn(N) = go (1+ asin®\ + Bsin®\ + ysin®N) Equation 3.4

gn(A): Normal gravity at the latitude A (mGal)

go: Value of gravity at the equator (go = 978031.85 mGal)
a =5.278895 10

B =2.3462 10"

y=1.26210"

3.2.4 Free air correction

The irregularities of the Earth’s surface induce changes in the distance to the centre of the
Earth’s mass that lead to minute gravity variations. This elevation effect is reduced by
adjusting the gravity values to a same reference datum (Equation 3.5) (Fowler, 1990; Sleep
and Fujita, 1997; Kearey et al., 2002), the geoid, being the mean sea level and its
continuation on land. For each survey point, the reduction is applied by adding the free-air
correction, FAC, to the observed gravity value gqs, as the elevation of the survey point
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above sea level lowers the gravity anomaly due to increase in the distance to the centre of
the Earth.

FAC = GMe  _GMe  __ ac — 03086 Equation 3.5

re2 (re + h)z
FAC: Free-air correction (mGal)
G: Gravitational constant (G = 6.673 10" m> kg™ s?)
Me: Mass of the Earth (kg)
re: Mean radius of the Earth (m)
h: Height of the survey point (m a.s.l.)

3.2.5 Correction for topography: a combined Bouguer and
terrain correction

Two different approaches are commonly used to remove the effects of the topography from
the observed gravity values. (1) The Bouguer plate method removes the gravitational effect
of the rock between the survey point and sea-level from the observed gravity anomaly gops,
considering an infinite horizontal plate of thickness that is equal to the elevation of the
survey point above sea level (Equation 3.6). When using this approach, terrain corrections
need to be applied, removing effects that arise because the topography deviates
considerably from a flat surface (e.g. Kearey et al., 2002) (2) The total terrain correction
takes into account both the Bouguer and the terrain corrections as the gravitational effect of
the mass above sea level is calculated by integrating a digital elevation model (DEM) that
represents the topography around each survey point (Equation 3.7). In the present study,
the total terrain correction method was chosen, using a set of DEMs, which cover large
enough area that extends at least out to 50 km from each survey point.

= 2nGph
BCp nGe Equation 3.6

BC,:: Bouguer correction (Bouguer plate method) (m s = 10° mGal)
G: Gravitational constant (G = 6.673 10" m* kg™ s?)

p: Bulk density of the Bouguer plate (kg m™)

h: Height of the survey point (m a.s.l.)

BCtc = Gp zdxdydz
r Equation 3.7

BCi.: Total terrain correction (m s?=10° mGal)

G: Gravitational constant (G = 6.673 107" m* kg™ s?)

p: Reduction density, i.e. bulk density of the Bouguer plate (kg m'3)
z: Elevation (m a.s.l.)

dx=dy: side length of each prism (m)

dz: height of each prism (m)

r=(x* +y? + z%)"% Distance to the survey point (m)

The Hammer graticule splits the area around each survey point into segments of a cylinder
with an inner and outer radius. An analytical method for terrain corrections exists to
calculate the gravitational effect of each cylinder segment, where the height of the segment
is the difference in survey point height and height of the topography within the segment.
This method is usually carried out by using tables for the corrections values for segment
and several elevation differences (Fowler, 1990; Kearey ef al., 2002). The three Hammer
zones closest to the survey point, known as A, B and C, span the radial areas from 0 to 2
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m, 2 to 16.6 m and 16.6 to 53.3 m, respectively (Milsom, 2003). The location of each
survey point is selected in such a way that zone A is flat and no corrections are therefore
applied for that zone. The elevation differences within the segments of zones B and C are
usually estimated by eye during the fieldwork (Milsom, 2003).

3.3 Free-air and Bouguer anomalies

Two main types of gravity anomalies can be calculated from the reductions, depending
mostly on the topographic conditions.

The free-air anomaly (gra) is obtained by correcting for both the latitude and elevation
effects from the observed gravity values (g.s) (Equation 3.8) (Sleep and Fujita, 1997;
Kearey et al., 2002). This gravity anomaly does not take the reduction for the mass of
topography into account (see section 3.2.5). At sea, the absence of topography variations
enables the use of this type of gravity anomaly.

gFA = Qobs — gn + 0.3086 h Equati()n 3.8

gra: Free-air anomaly (mGal)

Jobs: Observed gravity value obtained after the tidal and drift corrections (mGal) (see sections 3.2.1 and 3.2.2)
gn: Normal gravity at the latitude A (mGal) (see section 3.2.3)

h: Height of the survey point (m a.s.l.)

The Complete Bouguer anomaly (gga) takes all the reductions into account (Sleep and
Fujita, 1997; Kearey et al., 2002) and therefore, gives the gravity values at the survey
points as if they had been measured on a homogeneous horizontal infinite slab of crust, at
the same latitude (Sleep and Fujita, 1997; Kearey et al., 2002). Equation 3.9 refers to the
formula using the total terrain correction method for correcting for the topography (see
section 3.2.5). The Complete Bouguer gravity anomaly is preferably used on land.

_ _ zdxdydz
98A - gFA Gp J” 3 Equation 3.9

gea: Complete Bouguer anomaly (mGal)

gra: Free-air anomaly (mGal)

G: Gravitational constant (G = 6.673 10" m* kg™ s?)

p: Bulk density of mass of the topography = Reduction density (kg m™)
TC: Terrain corrections

Refer to section 3.2.5 and Equation 3.7 for the term with the integral

After the corrections and the choice of the density value that best represents the mean
density of the topography, the Bouguer anomaly should highlight the effect of subsurface
lateral relative density variations, highs over high density bodies and lows over low density
bodies (Figure 3.1). Note that uncertainties in all the measured values contribute to
uncertainties in the the final Bouguer anomalies (see further, section 4.3.5).

For local studies, Bouguer maps and gravity profiles are the two most common ways of
representing the residual gravity anomaly variations over an area (e.g. Gudmundsson and
Hognadottir, 2007). The term “residual” means that the regional gravity effects have been
removed graphically from the signal of the Complete Bouguer anomaly obtained (e.g.
Kearey et al., 2002). For the present study, profiling was chosen as a first approach to
highlight the bulk structure of six phreatomagmatic edifices.
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4 Gravity survey, data and methods

In the present study, gravity was surveyed across the Vatnadldur and the Veidivotn crater
rows, belonging to the Veidivotn fissure swarm (see section 1). In total, 65 of the survey
points measured were considered. Four profiles cross the Vatnadldur fissure (Va-1, Va-2,
Va-3 and Va-4 from SW to NE) and two across the Veidivotn fissure (Ve-1 and Ve-2 from
SW to NE) (Figure 4.1).

Va-1 and Va-2 on one hand and Va-3 and Va-4 on the other hand crosses adjacent craters
belonging to Vatnadldur Fremri and Vatnadldur Innri, respectively (Figures 4.1 and 1.3).
The Ve-1 profile crosses a crater from Veidivatnagigar whereas the Ve-2 profile crosses a
crater belonging to Fossvatnagigar.

Both gravity data acquisition and gravity data processing were performed following the
same methods already carried out in previous studies in Iceland (e.g. Gudmundsson and
Milsom, 1997; Gudmundsson and Hognadottir, 2001; Gudmundsson et al., 2002;
Vilhjalmsson, 2006; Gudmundsson and Hognadottir, 2007, Agﬁstsd(')ttir, 2009).

This chapter summarizes the methods used in the study. Data acquisition is explained
before giving details about digital elevation models and data processing; the choices of
densities are then discussed; and finally, the accuracy of the Bouguer anomalies is
calculated.
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Figure 4.1 Area of study in the Veidivétn area, South Central Iceland. The location of the
area (top right corner) is given in Figure 1.2.

4.1 Data acquisition

The survey was conducted by Jeanne M. Giniaux and Thorbjorg Agustsdéttir, during six
days, in July 2012. Most of the survey points were reached on foot, but several could be
reached by car. The LaCoste&Romberg (G445) gravimeter was used for gravity
measurements (LaCoste & Romberg, Inc., 1979) and a kinematic Trimble GPS 5700
enabled the measurement of the elevations (Figure 4.2).

The gravimeter is highly sensitive to any force acting on it (e.g wind, passing car,
instability on ash ground). In order to reduce the error of the readings, wind forces were
decreased by sheltering the gravimeter and a wooden plank was used in addition to the
conventional disc, to have the instrument more stable on the loose tephra material (Figure
4.2).
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Figure 4.2 Picture taken during the fieldtrip, showing all the equipment required for
precise gravity and elevation measurements: (1) the LaCoste&Romberg (G445)
gravimeter, (2) a disk to level precisely the gravimeter, (3) a wooden plank to help
stabilising the disk; (4) a solid box for carrying the gravimeter, containing its battery; and
a kinematic GPS Trimble 5700 composed of the receiver (in the back pack) (5), the
command of control (6) and the GPS antenna (7).

Three GPS measurements were usually carried out at each survey point. The duration of
the records was 3 minutes on average except on the Va-2 profile, where the records lasted
only for 1.5 minutes at each survey point. However, the accuracy of the survey points was
still reasonable. The measurements were either performed having the GPS back pack on
the ground (antenna height of 1.13 m) for the survey points that could only be reached by
walking; where the survey points could be reached by car, the antenna was fixed on the top
of the car (antenna height of 2.14 m). Variations from these heights of a few centimetres
were taken into account, for the survey points that were a little lower or higher with respect
to the ground surface (Appendix A). The survey points on the Ve-1 profile were difficult to
measure along a straight line because of fishing huts.

4.2 Digital Elevation Models

Digital elevation models (DEMs) were generated from a dense set of digitized contour
lines of maps, using the method of kringing. The Golden Software program Surfer 10 was
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used for the map generation (see section 3.2.5). Three DEMs were generated using both
different data sources and different grid spacing.

The most precise DEM spans the entire area of study, with a grid spacing of 25 m (Figure
4.1). The X-Y-Z data obtained from an accurate map have a resolution of 5-10 m close to
the gravity profiles and 10-20 m further away. The close surroundings of the profiles have
been digitized in ArcGis 10, using 5-m-contour topographic maps (1:20,000) (OS,
1959a,b,c; OS, 1960; OS, 1961a,b) whereas data digitized by Roésa Olafsdottir at the
University of Iceland were used for the furthest zones (LMI, 2011). The water-level of the
rivers and lakes has been estimated from the final digitized topography.

A second DEM, calculated with a grid spacing of 200 m, extends over a region of ~10x10
km out of the survey area and is centred on it. The X-Y-Z data were obtained from a digital
database of the National Land Survey of Iceland (LMI, 2010).

The third and larger DEM spans a region of ~100x100 km further away from the second
DEM, centred on the survey area, with a grid spacing of 1000 m. The DEM is a part of a
DEM that had already been created by Gudmundsson and Hognadottir (2001) using
1:50,000 maps of the Iceland Geodetic Survey. Outside of the larger DEM, the topography
was assumed to be flat in order to minimize the topography effect (see section 3.2.5)
(Gudmundsson and Hognadoéttir, 2001). This assumption is valid because of the relatively
low relief of Iceland.

4.3 Data processing

In order to obtain the Complete Bouguer gravity anomalies (see section 3.3) for each
profile, data processing was performed in three steps (Gudmundsson and Hognadottir,
2001):

e Acquisition of precise X-Y-Z coordinates for each survey point from GPS
measurements;

e Reduction of the tidal gravity effect at each survey point and computation of the
free-air anomalies;

e Computation of the Complete Bouguer anomalies for each survey point.

4.3.1 Survey point coordinates

Finnur Palsson (University of Iceland) processed the GPS data, using three base stations:
HOFN (Sopac, 2013), JOKU (e.g. Jonsson et al., 1997) and ISAK (IMO, 2005). The GPS
solutions having the smallest vertical errors, Az, were selected for each survey point.
When the smallest Azg,s was repeated for several measurements at a same survey point, the
average of the corresponding X-Y-Z coordinates was calculated.

About 89 % of the Azg,s values do not exceed 0.1 m (Figure 4.3) but the other 11% have a
relatively sparse distribution between 0.1 m and 0.6 m that influences the mean Azg,s of
0.07 m. For better confidence, 95% of the values were considered for estimating the
vertical error in GPS measurements. Therefore, the maximum uncertainty, AZg,, in GPS
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vertical coordinates equals 0.3 m. This error induces an uncertainty of 0.06 mGal
(Equations 3.5 and 3.6).

One point on the Ve-2 profile (the 6" from the NW end) was not taken into account in the
total vertical error calculation because it does not have accurate GPS measurements.
However, because of its location within the crater and as the topography does not look
abnormal at this location, the survey point was not removed for the computation processes.

30 Mean: 0.07 m

Standard deviation: 0.12 m

25

20

15

Ranges of AZgps (m)

@

Figure 4.3 Chart of the distribution of the vertical errors (Azgy) from the GPS
measurements

4.3.2 Reading corrections and free-air anomalies

A Fortran routine (flod.exe) from the National Energy Authority (Orkustofnun), based on
the Longman algorithm (Longman, 1959) was used to calculate the tidal corrections (see
section 3.2.1) for every hour and day of the survey period. Another Fortran routine
(freeair.exe) computed the free-air anomalies by reducing the drift, latitude and free-air
effects (see sections 3.2.2, 3.2.3 and 3.3) and including the tidal corrections, previously
calculated (Gudmundsson and Hognadoéttir, 2001).

To determine the drift corrections, the closest base station used was at Jokulhleimar (JH)
(Table 4.1): it is not an official base station but its absolute value has been calculated by
repeated ties with the HALD base station (Gudmundsson and Hognadottir, 2001). As it
was at ~30 km away from the area of study (~1:00-1:30 of driving), some survey points
were measured several times during the day to ensure that a jump in the drift would not go
undetected. No such jumps were observed.
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Table 4.1 Information about the gravity base station JH (at Jokulhleimar) used for the
data processing.

Latitude (°N) Longitude (°W) h (m a.s.l.) Zabsolute (MGal)

64.3099 18.2383 672.7 982093.64+0.14

4.3.3 Complete Bouguer anomalies

In order to compute the complete Bouguer anomalies, a Fortran routine (ttc25.exe) was
developed by David Harrisson (University College of London) in 1989, and improved by
Magnius Tumi Gudmundsson (University of Iceland) in 1997 (Gudmundsson and
Hognadottir, 2001; Vilhjalmsson, 2006). The correction for topography was integrated
over a square of 100 km-side length centred on the survey points, using the three DEMs in
the Fortran routine (see section 4.2) (Figure 4.4) (Gudmundsson and Hognadéttir, 2001).

50 km . 50 km

1000 x 1000 m grid

6.0 km ! 6.0 km
200 x 200 m grid
1.0 km) 1.0 km
1
25 x 25 m grid|
T T _TJagyr-'- I T T
Forrnu|la

Figure 4.4 The mass effect of the topography is integrated over a square of 100 km-side-
length, centred on each survey point, using three DEMs of different node spacing values:
25 m, 200 m and 1000 m, from the smallest to the biggest square, respectively)
(Gudmundsson and Hognadottir, 2001).

On a 2 by 2 km square centre around each survey point, the Fortran program uses the Nagy
formula (Nagy, 1966), which is an analytical solution for Equation 3.7 for a vertical single
prism. The whole bedrock topography is integrated over the 2 by 2 km square by summing
the effect of all the prisms within the square (Figure 4.5 and Equation 4.1) (Gudmundsson
and Hognadottir, 2001; Vilhjalmsson, 2006; Agﬁstsd(')ttir, 2009). The DEM used as input
for the Nagy calculation is the precise DEM of 25 m grid spacing that spans the area of
study (see section 4.2).
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Figure 4.5 Graphical representation of the integration of the effect of the bedrock
topography over the 25 m grid spacing DEM, using the Nagy formula: the volume of the
Bouguer plate is divided into right rectangular prisms (Vilhjalmsson, 2006).
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8q: Correction for topography of a prism with height z,-z4, and side lengths of x2-x; and yz-y1 (m s = 10°
mGal)

G: Gravitational constant (G = 6.673 10" m* kg™ s?)

p: Reduction density (kg m™)

z: Elevation (m a.s.l.)

dx=dy: Side length of each prism (m)

dz: Thickness of element (m)

r=(x* +y? + z%)" Distance to the survey point (m)

Z2

8g = Gp || [xInly+r1) + yIn(x+r) - zarcsin Equation 4.1

Outside of the smallest (2 by 2 km) square a more simple formula (Equation 4.2) is used to
facilitate the integration of topography over both the 200 m grid spacing and the 1000 grid
spacing DEMs (see section 4.2) (Gudmundsson and Hognadéttir, 2001; Vilhjalmsson,
2006). The terrain corrections were evaluated by eye during the fieldtrip for the Hammer
zones A, B and C (see section 3.2.5).

—Go (L - L i
8g = Gp ( i, ) dx dy Equation 4.2

Og: Approximate correction for topography using a line mass approximation for prisms (m s?=10° mGal)
G: Gravitational constant (G = 6.673 10" m? kg'1 s'z)

p: Reduction density (kg m's)

dx = dy: Grid spacing, respectively in x and y directions (m)

ri: Distance from the survey point to the top of the prism (m)

ro: Distance from the survey point to the bottom of the prism (m)

4.3.4 Densities

4.3.4.1 Bedrock density

A single density value, called bedrock density or reduction density (e.g. Gudmundsson and
Hognadottir, 2007), is used in the calculation of the Bouguer anomalies, considering the
bedrock as homogeneous. In forward modelling, the densities of the anomalous bodies are
obtained from the density contrasts with respect to this reduction density. To facilitate the
comprehension of the results, it is best to choose a same reduction density for all the
profiles.
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The geological cross-section through both the Vatnadldur and Veidivotn fissures (Figure
4.6) indicates that the uppermost ~100 m of the crust consist of young volcanic rocks.
Beneath ~100 m from the surface, some areas are either known to be composed of
Pleistocene hyaloclastite formations (e.g. Vatnadldumoberg beneath Vatnadldur) or the
geological formations could not been identified with certainty (e.g. beneath Veidivotn)
(Vilmundardottir et al., 1988). On a larger scale, the bedrock is known to be mainly
composed of some Upper-Pleistocene subglacial formations (see section 1.1), sometimes
lying under fresh Holocene lava flows (Figure 4.7) (e.g. Vilmundardéttir et al., 1988;
Jakobsson ef al., 2008; Thordarson and Hoskuldsson, 2008). Those observations show that
the bedrock in the area of study seems to be characteristic for an active rift zone (see
section 1.1). Therefore, it should have properties similar to the seismic layer 0 defined as
the uppermost crust within the volcanic zones (Palmason, 1971; Flovenz, 1980; Flovenz
an(31 Gunnarson, 1991), and having an estimated bulk density ranging from 2100 to 2500 kg
m”.

The main third geological unit of the area, in addition to lava flows and hyaloclastites, is
the tephra unit, making up the crater rims. As the aim of the study is to highlight dense lava
bodies and tephra bodies of relatively low densities, a medium density, close to the density
of hyaloclastites (Table 4.2), would be the most appropriate for defining the bedrock.

Choosing a reduction density of 2300 kg m™ seems to be a good compromise at it is the
mean value of the seismic layer 0 and remains coherent with a water-saturated bedrock
mainly composed of hyaloclastite formations. Gudmundsson and Hognadottir (2007) chose
the same value for a gravity survey slightly further to the Northwest, in an area including
the middle part of the Bardarbunga-Veidivotn system.

Table 4.2 Density of Quaternary and Holocene rocks in Iceland (Gudmundsson and
Milsom, 1997 and references therein).

Rock samples Dry density (kg m™) Wet density (kg m™)
Hyaloclastites 1600 2100
Basaltic pillow lavas 2250 2450
Basaltic lava flows 2650 2780
Tillite 2100 2400
Rhyolites 2120 2230

Table 4.2, continued from previous page

Nettleton’s method Density range (kg m> ) Mean density (kg m> )
Hyaloclastites ridges 1600-2450 2000
Piles of lava 2500-2800 2600
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Figure 4.6 Cross-section over the Vatnadldur and Veidivétn fissures (see Figure 4.7 for
the precise location) (Vilmundardottir et al., 1988).
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Figure 4.7 Bedrock geology at the Vantaéldur and Veidivotn fissures, and immediate
surroundings (Taken from Vilmundardottir et al., 1988).

37



4.3.4.2 Tephra density measurements

Three tephra samples were taken at the northwestern side of Va-3 by Porsteinn Jonsson
(Figure 4.1 and Appendix B). A measuring glass of 0.0005 m® (500 mL) and a weight were
used in the lab for determining both wet tephra and dry tephra densities. For calculating the
wet densities, the tephra-filled measuring glass was weighted once per sample. The mass
of the glass was subtracted from the obtained value in order to get the mass (kg) of 0.0005
m’ of wet tephra. The wet density in kg m™ was calculated by dividing the tephra mass by
the filling volume of 0.0005 m’. The samples were then dried in an oven at 40°, for 92
hours. The dry densities were obtained following the same procedure, but a mean mass of
tephra was determined out of 10 measurements for each sample.

One of the samples mostly contains lapilli-size tephra, whereas the two others are mainly
composed of fine-grained ash. The coarser tephra S1 has a bulk wet density of ~1000 kg
m™ and a bulk dry density of 800 kg m™ (Table 4.3). Both finer-grained tephra have a bulk
wet densities of ~1900 kg m™; whereas the bulk dry tephra density is ~1400 kg.m™ for
sample S2 and ~1550 kg.m™ for sample S3, which is slightly finer-grained than S2. The
density differences between the samples are mainly due to porosity: the larger the
pyroclasts, the more vesicles, the higher the porosity, the less dense the tephra. Note that
the three samples come from the same area but do not have the same grain-sizes, neither
the same densities. A relatively wide range of densities has therefore to be considered.

In the present area of study, the groundwater level is relatively high, causing the full
saturation of the tephra deposits that are mostly ash-sized (Larsen, 1984). At the
groundwater level, the bulk water-saturated density of the basaltic tephra should therefore
be close to 1900 kg.m'3; whereas at the crater rims, the tephra is mostly expected to have a
bulk density closer to dry densities. Since there are only three samples, one must be careful
in drawing conclusions from the density values. However, given that they lie within the
values commonly found for basaltic tephra (e.g. Oddsson, 2007, 2012), it is reasonable to
assume that the bulk densities used for modelling of the gravity at the rims should lie
within the range of the sample dry densities. Density is expected to increase somewhat
with depth due to compaction, and given the abundance of submillimeter tephra in both
Vatnadldur and Veidivotn (Larsen, 1984), mean dry density values closer to the higher end
are considered to be the most appropriate.

Table 4.3 Bulk basaltic tephra densities determined from density measurements.

Sample S1 Sample S2 Sample S3
Bulk grain size Lapilli Ash (dominant) and Lapilli  Ash
Wet density (kg m™)  980+65 188540 190040
Dry density (kg m™) 805+65 1420+40 1545+40

4.3.4.3 Topography densities of the anomalous bodies (Nettleton’s
method)

The Nettleton’s method (Nettleton, 1976) is used to determine the densities of the
topographic formations crossed by a gravity profile, in local survey investigations. It
consists of calculating the Bouguer anomalies (BA) along the profile for a specific range of
density values and comparing the resulting curves: the gravity anomaly curve that shows
the least correlation with the topography is assumed to refer to the density of the
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topographic formations (Kearey et al., 2002). The Nettleton’s method can therefore be
applied to determine the density of anomalous bodies lying close to the surface and that are
not buried beneath other geological formations of different densities, but they can overlie
some materials of constant density (Agustsdottir, 2009).

The Nettleton’s method was used in the present study to gain a first idea of the density of
the crater rims. The selection of the densities that produced the anomaly curves with the
least topographic correlation was usually relatively difficult as there was still some
correlation observed with respect to the topographies (Figures 4.8 and 4.9). The
topographic formations are probably underlain by other formations of different densities
and along Veidivotn, the additional effect of the dense lava within the craters may
influence the density determinations of the ring formations. Table 4.3 summarizes the
density values of the topographic materials, along each profile, inferred from the
Nettleton’s method.

Table 4.4 Density values of the topographic formations inferred from the Nettleton's
method (a density value showing the least correlation with topography can be in many
cases determined with an uncertainty of £50 kg m™).

Profile Nettleton density (kg m™)
Va-1 1700

Va-2 ~1400-1500

Va-3 ~1200-1300

Va-4 ~1300-1400

Ve-1 ~1500-1600

Ve-2 ~1500-1600

Note that all the Nettleton densities are relatively close to the measured dry densities of the
samples (see section 4.3.4.2), except at Va-1, where the denstity seems too high for
basaltic tephra.
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Figure 4.8 Density determinations of the topographic formations along the Vatnaoldur
profiles using the Nettleton s method. The vertical green lines delimit some extra
formations that need to be ignored as they do not belong to the volcanic edifices
considered. “BA” refers to “Bouguer Anomaly”, “h a.s.l.” to the elevation above sea level

and p to density values in kg m™.
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Figure 4.9 Density determinations of the topographic formations along the Veidivotn
profiles using the Nettleton's method. The vertical green lines delimit the outcropping lava
that may disturb the determination of the tephra topographic formations. “BA” refers to
“Bougguer Anomaly”, “h a.s.l.” to the elevation above sea level and p to density values in
kg m™.

4.3.5 Accuracy of the Bouguer anomalies

In general, the Bouguer anomaly values obtained at the end of the data processing are
influenced by two main types of errors: systematic errors and random errors (Vilhjalmsson,
2006).

The uncertainty of the reduction density (2300 kg m™) is a systematic error that cannot be
estimated, but its effect can be neglected for the present study (see section 4.3.4.1).

The random errors are either due to uncertainties in the measurements or due to particular
environmental conditions (Vilhjalmsson, 2006). They must be estimated because they can
greatly influence the Bouguer anomalies.

In order to reduce the errors when measuring with the LaCoste&Romberg (G445)
gravimeter, the same surveyor measured all the survey points of the same profile. The
reading accuracy of the LaCoste&Romberg (G445) gravimeter equals +0.01 mGal
(LaCoste & Romberg, Inc., 1979). Regarding the elevation measurements, an uncertainty
of 0.06 mGal in the Bouguer anomalies was estimated (see section 4.3.1). Therefore, the
error due to the equipment, Acquipement, 1S €qual to 0.07 mGal.

A small difference between the gravity station height and the DEM at the station is
removed by setting the pixel containing the survey point at the height of the gravity station.
This is done automatically by the ttc25.exe (see section 4.3.3) Fortran program. The
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surrounding pixels are not adjusted. The random error, Atc, expresses the slight potential
height differences between the DEM topography and the GPS data out of each survey point
pixel. For the present survey, Arc, was estimated to be equal to or better than 0.1 mGal.
Therefore, the maximum (worse case) error in the gravity anomaly was estimated to be
equal to 0.17 mGal (Equation 4.3).

Agtotal = Agequipment + Ag.- = 0.17 mGal Equation 4.3

Agiotai: Total uncertainty of the gravity anomalies (mGal)

Agequipment: Uncertainty of the gravity anomalies due to measurement errors (0.07 mGal)
Agrc: Uncertainty of the gravity anomalies in the data processing (0.1 mGal)
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5 Forward modelling

The observed gravity signal of a profile represents the Complete Bouguer anomalies, BA
(see section 3.3), against distance, for a specific background density. The term “observed”
is used for the survey results, in contrast with the “calculated anomaly”, computed by the
software used for modelling (see further); and should not get confused with the “observed
gravity” value obtained after the tidal and drift corrections (see section 3.2.2).

The observed gravity signal is influenced by both local and regional density anomalies.
The fluctuations highlighted on the observed gravity signal reflect local density variations
within the subsurface just along the profile; whereas the overall tilt of the observed gravity
curve expresses regional density variations (e.g. Kearey et al., 2002). For the present study,
the overall trend of each gravity signal was removed graphically in order to eliminate the
regional effects and to focus on the residual observed gravity anomaly (e.g. Kearey et al.,
2002).

The Gravmag software (Pedley et al., 1993) was used for 2.5-D forward modelling, which
consists of drawing polygons of specific densities along a profile (i.e. in the X-Z plane),
and assigning them half-strike length values in the third dimension (Figure 5.1). The
program divides each polygon into several compartments of regular shapes and calculates
their gravity anomaly effects at each survey point, on the basis of Equation 3.6 (where h
represents the distance from the survey point to the slab of finite strike length, in the X-Z
plane) (e.g. Kearey et al, 2002). A calculated gravity anomaly is generated from the
summing of all the polygons making the model. By modifying both the shapes and
densities of the polygons, the calculated gravity signal can be adjusted to the residual
observed gravity anomaly. Infinite combinations of density values and polygon shapes can
produce the same calculated gravity signals (Figure 5.2). The number of plausible models
for a given profile can however be strongly reduced by considering the geology of the area.
In the following paragraphs, the residual observed Bouguer gravity anomaly is simply
referred to as observed gravity.
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Figure 5.1 Schematic cross-section of a 2.5-D gravity forward model defining the
terminology used for modelling descriptions. The gravity profile lies in the X-Z plane and
the polygons have a finite strike length defined in the Y-direction.

Ag (mGal)

Figure 5.2 Bodies of same densities having different shapes and lying at different depths
can produce the same gravity anomaly (Lutz, 2009).

For each observed gravity profile of the present survey, the horizontal line of 0.00 mGal
represents the gravity signal that would be produced by a homogeneous subsurface (see
further, Figure 5.4). An anomalously low density body would generate a negative gravity
anomaly (below the reference line); whereas an anomalously dense body would produce a
positive gravity anomaly (above the reference line). The locations of the bodies can
therefore be assumed relatively precisely through the observed gravity fluctuations. In the
present study, based on the geology of the area (see sections 1.3 and 1.4), a relatively dense
body would refer to lava; whereas a relatively light body would refer to tephra.
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2.5-D forward modelling was performed in three steps for each gravity profile:

e Nettleton densities (see section 4.3.2.3) were attributed to polygons representing
the topographic formations, i.e. the rim formations;

e Densities and polygon shapes were adjusted in order to reproduce the observed
gravity anomaly, i.e. to fit as best as possible the calculated gravity signal to the
observed gravity signal;

e Alternative models were suggested in coherence with the geological context of the
area.

Note that the half-strike lengths of the polygons were determined from the approximate
crater diameters (Table 5.1).

Table 5.1 Half-strike lengths of the polygons determined from the approximate crater
diameters.

Profile Half-strike length of the polygons (m)
Va-1 670
Va-2 540
Va-3 190
Va-4 190
Ve-1 390
Ve-2 260

The aim of the present study was to study shapes and densities of the volcanic conduits as
a first approach, similar to Mrlina et al. (2007) (see section 2.3.1). The polygons were
constructed with the simplest geometry that provided good fit of calculated to observed
gravity values.

The profiles at Vatnadldur have been grouped by region for modelling descriptions, i.e.

Vatnadldur Innri and Vatnadldur Fremri (Figure 5.3); finally both profiles from Veidivitn
are detailed.
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Tungnaa,
river

Figure 5.3 Topographic map of the area of study (DEM of 25 m grid spacing - see section
4.2.). The names in blue refer to the main lakes and river beds (see Figure 4.1 for more
details). The location of the area (top right corner) comes from Figure 1.2.

5.1 Forward modelling at Vatnaoldur Innri

The Nettleton densities of the topographic formations at both Va-3 and Va-4 were inferred
to be ~1200-1300 kg m™ and 1300-1400 kg m™, respectively (see section 4.3.4.3). Instead
of choosing the mean density values, the common value of 1300 kg m™ was attributed to
the rims at both Va-3 and Va-4 as starting values for forward modelling, as it allowed a
better fit in gravity signals than 1400 kg m™.

5.1.1 Profile Va-3

The Bouguer anomaly in profile Va-3 is dominated by gravity lows (Figure 5.4), implying
the presence of relatively low density bodies (< 2300 kg m™): the main gravity low
anomaly reaches -3.86 mGal at the NW-rim; whereas the SE-rim produces a low of -0.50
mGal. The two survey points, seen on the SE edge of the profile (Figure 5.4), are not
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considered in the modelling procedure because they belong to a geologic formation not
related to the crater row under consideration (Figure 4.7).

The main negative peak of gravity anomaly, reaching -3.86 mGal, aligns with the crest of
the NW crater rim that rises at ~690 m a.s.l. The SE crater rim, rising at ~590 m a.s.l.,
produces a lower gravity anomaly of -0.50 mGal (Figure 5.4). Those relative lows indicate
the approximate locations of low density bodies.

0.8+ -
0.74 -
0.6-’—/’/\,—\—4—/-
0.5+ -
0.4 F
0.3+ -
0.2 ; ' .
0 1 2

Distance (km)

Elev. (km)

Figure 5.4 Observed gravity anomaly (top) along the Va-3 profile (Vatnaoldur Innri): the
variations of the Bouguer anomaly (BA) are compared with the topography (bottom). The
green dashed line refers to the gravity signal produced by a homogeneous subsurface of
2300 kg m™. Note that “Elev.” refers to “Elevation” (Scale 1:1).

A simple model, only taking into account densities of the crater rims using the best-fitting
Nettleton density of 1300 kg m>, is shown (Figure 5.5.a) and two observations can be
made. (1) The fit at the crater is not good, since a small gravity high appears where none is
observed. An additional anomalous body having a density below 2300 kg m™ has to be
inserted under the crater’s centre to obtain a decent fit. (2) The Nettleton density is
apparently somewhat too high to provide a proper fit over the northwestern (higher) crater
rim.
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Figure 5.5 2.5-D gravity forward modelling highligting the volcanic structure of the
edifice crossed by the Va-3 gravity profile (Vatnadldur Innri). a. Forward model based on
the Nettleton density; b. Forward model showing the adjustments inferred from a.; c.
Alternative plausible forward model. Note that “BA” refers to “Bouguer Anomaly” and
“Elev.” refers to “Elevation” (Vertical exaggeration 4:1).
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A second forward model is presented in Figure 5.5.b. The density of the crater rims has
been lowered to 1150 kg m™, providing a good fit to the observations. The shapes of the
polygons were aslo slightly modified to improve the fit. The steps that appear at the bottom
of the rim polygons seem to be coherent with the location of the graben faults shown on
the geological map (Figure 4.7). At the crater location, a cone-shaped body of ~300 m
length and ~65 m maximum width at its top, having a bulk density of 2000 kg m™ has been
inserted. Its density value of 2000 kg m™ was decided as the most plausible one, being
consistent with unconsolidated and water-saturated tephra, lying as it does below the
groundwater table. The average density of basaltic glass is close to 2700 kg m™ (e.g.
Franzson et al., 2001). A porosity of 40% is a reasonable value for phreatomagmatic tephra
(e.g. Franzson et al., 2001). Using these value, the bulk density of the unconsolidated
water-saturated tephra is ~2000 kg (Equation 5.1).

p = (1-9)pg + ¢ ppor = 2020 kg m3 = 2000 kg m3 Equation 5.1

p: Bulk density of unconsolidated water-saturated basaltic tephra (kg m™)
®: Assumed porosity of the unconsolidated tephra (40%)

pg: Basaltic glass mean density (2700 kg m?)

Ppor: Density of the water-saturated pores (1000 kg m?)

A third alternative model demonstrates the approximate nature of the density values
attributed to the tephra rims. In Figure 5.5.c, tephra rims of 1200 kg m™ produce a good fit,
obtained by slightly altering the basal geometry of the polygons.

5.1.2 Profile Va-4

The observed gravity anomaly at Va-4 is very similar to that of Va-3 but the gravity low
associated with the rims are not as deep, reaching -2.69 mGal and - 0.38 mGal at the NW-
and SE-rims, respectively. Models for Va-4 (Figure 5.6.a, b and c) based on the same
principles as for Va-3 yield essentially the same results. The main difference is that the
assumed low density water-saturated tephra lying under the centre of the crater is
shallower (~85 m) and slightly wider (~85 m).

The graben faults noticed at the bottom of the tephra polygons at Va-3 (see section 5.1.1)
are aslo apparent in Va-4. The throw of the NW-margin of the graben is 20-25 m towards
southeast. This is similar to the elevation difference of the land on the northwestern and
southeastern sides of the crater row.

Comparing the tephra density errors inferred from both Va-3 and Va-4, it can be
considered that the average error for density values of the tephra polygons is £100 kg m>.
This observation confirms that the choice of 1300 kg m™ for the Nettleton density at Va-3

and Va-4 remains consistent.
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Figure 5.6 2.5-D gravity forward modelling highligting the volcanic structure of the
edifice crossed by the Va-4 gravity profile (Vatnadldur Innri). a. Forward model based on
the Nettleton density; b. Forward model showing the adjustments inferred from a.; c.
Alternative plausible forward model. Note that “BA” refers to “Bouguer Anomaly” and
“Elev.” refers to “Elevation” (Vertical exaggeration 4:1).
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5.2 Forward modelling at Vatnaoldur Fremri

The Nettleton densities of Va-1 and Va-2 are 1700 kg m~ and ~1400-1500 kg m>,
respectively (see section 4.3.4.3). Instead of choosing a common mean value for both
adjacent profiles, the forward modelling procedure was started using the Nettleton density
of 1700 kg m™ at Va-1. At Va-2, the value of 1400 kg m™ was selected as as a starting
density.

5.2.1 Profile Va-1

The observed Bouguer anomaly Va-1 is dominated by lows as in Va-3 and Va-4. The main
signal is a low registering a relative value of -5.20 mGal, observed at the crest of the NW
crater rim that rises at ~810 m a.s.l. (Figure 5.7). No crater rim appears on the SE part of
the profile and no significant gravity anomaly is apparent. Between the distances of ~2.5
and ~3.0 km from the NW end of the profile, a relatively wide low anomaly is observed,
from -1.14 to -1.23 mGal.

Using the Nettleton density of 1700 kg m™, the calculated gravity anomaly fits relatively
well with the observed gravity anomaly (Figure 5.7.a), but the low observed between ~2.5
and ~3.0 km is not reproduced: an additional low density body would be required to
simulate the calculated anomaly.

As mentioned in section 4.3.4.3, a density of 1700 kg m™ for basaltic tephra seems too
high and a density value closer to the one suggested at Va-3 and Va-4 (see sections 5.1.1
and 5.1.2) would be more suitable. A first assumption explaining this relatively high
Nettleton density would be that greater compaction in a thicker pile of tephra would lead to
higher bulk density in Va-1 compared to Va-3 and Va-4 (Figure 5.3). However, this
hypothesis needs to be quantified in order to be certified. A second assumption is
supported by the geology: the presence of a hyaloclastite ridge would reach ~700 m a.s.l.
beneath the NW-rim (Figure 4.7). A second forward model is based on this assumption
(Figure 5.7.b): the density of the hyaloclastite ridge was assumed to be in the range of 1800
kg m™ to 2000 kg m™ (Schopka er al., 2006; Table 4.2). The resulting hyaloclastite body
has a maximum height of ~150 m, a minimum width of ~600 m at its top and a maximum
width of ~2.2 km at its bottom. The inclusion of the hyaloclastite ridge in the model results
in a best fit density for the tephra of 1300 kg m™, in agreement with the tephra densities
used for Va-3 and Va-4. A parallelepiped body of unconsolidated water-saturated tephra of
2000 kg m~ (Equation 5.1), measuring ~55 m height and ~280 m width improves the fit,
between ~2.5 and ~3.0 km. However, the origin of this body cannot be explained in
association with the formation of the craters, as it lies outside the crater area (Figure 4.7).

A model with a shorter hyaloclastite body that does not overlap the conduit is shown in
Figure 5.7.c. In order to adjust both gravity anomalies, a high density body has to be
inserted where the upmost part of the conduit is located. This body is cone-shaped,
reaching a depth of ~100 m, a maximum width of ~380 m and having a density of 2600 kg
m™. The choice of 2600 kg m™ is based on previous gravity studies performed in Iceland
indicating that this density is common for surface lava bodies (e.g. Gudmundsson and
Hognadoéttir, 2007).
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5.2.2 Profile Va-2

The observed gravity anomaly of Va-2 is similar to the Va-1 gravity signal: the NW-rim
produces a gravity low of -4.30 mGal and a low of -1.03 mGal appears between ~2.2 and
~2.6 km, i.e. outside the crater area. A series of models using the same methodology as for
the other Vatnadldur profiles is shown for Va-2 in Figure 5.8. The simple, single density
contrast model (Figure 5.8.a) fails to explain the observed anomalies as in the previous
models. It is not possible to distinguish between models b and c in Figure 5.8 since both
satisfy the constraints from the surface geology and both provide good fits to the
anomalies: gravity data do not allow the evidence of a clear volcanic conduit. This
highlights a limitation of the present gravity survey: the presence or absence of relatively
small bodies of light material is hard to verify or discard.
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Figure 5.7 2.5-D gravity forward modelling highligting the volcanic structure of the
edifice crossed by the Va-1 gravity profile (Vatnadldur Fremri). a. Forward model based
on the Nettleton density; b. Forward model showing the adjustments inferred from a.
(absurd solution); c. Forward model adjusted from b., in coherence with the geological
history. Note that “BA” refers to “Bouguer Anomaly” and “Elev.” refers to “Elevation”
(Vertical exaggeration 4:1).
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Figure 5.8 2.5-D gravity forward modelling highligting the volcanic structure of the
edifice crossed by the Va-2 gravity profile (Vatnadldur Fremri). a. Forward model based
on the Nettleton density; b. Forward model showing the adjustments inferred from a.; c.
Alternative plausible forward model. Note that “BA” refers to “Bouguer Anomaly” and
“Elev.” refers to “Elevation” (Vertical exaggeration 4:1).
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5.3 Forward modelling of the Veidivotn profiles
Ve-1 and Ve-2

The Nettleton density at both Ve-1 and Ve-2 is ~1500-1600 kg m™ (see section 4.3.4.3).
The common value of 1500 kg m™ was chosen to start the forward modelling procedure, as

it led to the closest fit between the calculated and observed gravity signals, compared with
1600 kg m™.

5.3.1 Profile Ve-2

The observed gravity anomaly at Ve-2 is similar to the Vatnadldur profiles, with two
gravity lows (-2.17 mGal and -0.33 mGal), produced respectively by the SE and NW crater
rims. The SE-rim rises at ~645 m a.s.l.; whereas the NW rim reaches ~595 m a.s.l. The
gravity anomaly is positive within the crater, where a relative high of +0.33 mGal,
indicates the presence of a body with a density higher than the reduction density of 2300
kg m™. This effect must rise from the lava body that outcrops in the bottom of the crater
(Figure 4.7).

The first forward model at Ve-2, based on the Nettleton density illustrates two main
observations (Figure 5.9.a): (1) changing the shape of the SE tephra rim body to adjust
both gravity anomalies would lead to an absurd shape; the tephra density should rather be
decreased; (2) an anomalously dense body would be required beneath the NW half of the
crater to raise the calculated anomaly to fit to the observed anomaly.

To fulfil those adjustments, the density of the tephra was lowered to 1100 kg m™ and the
lava body at the bottom of the crater was assigned a density of 2800 kg m™ (Figure 5.9.b).
The step at the bottom of the SE tephra rim body cannot be explained with features on the
geological map (Figure 4.7). The value of 2800 kg m™ for the lava body was preferred to
2600 kg m™ (see section 5.2.1) because the lava was assumed to have degassed as a lava
pond, since it stagnated within the crater. The lava body presents an irregular shape close
to a non-symmetrical cone of maximum ~275 m width at the surface, i.e. filling almost the
entire crater, and having a maximum thickness of ~35 m, on the NW side of the crater.

The addition of an unconsolidated water-saturated tephra body of 2000 kg m™ (Equation
5.1) beneath the SE crater rim, measuring ~35 m in thickness, ~515 m of maximum width
at its top, and ~260 m of minimum width at its bottom, allows an increase in the tephra rim
density to 1300 kg m” (Figure 5.9.c), which is more coherent with the density
measurements (see section 4.3.4.2). The assumed step at the base of the SE crater rim
appears softened.

The idea that the 2800 kg m™ body of lava could overlic a cone-shaped body of
unconsolidated water-saturated tephra of 2000 kg m™ (Equation 5.1) was explored in an
alternative forward model (Figure 5.9.d). This possible model remains hypothetical, as it
cannot be tested with the gravity data alone. Here tephra and lava bodies compensate each
other since tephra produces a gravity low, whereas the overlying lava produces a gravity
high. Infinite possible combinations of this type can be fited to the observed Bouguer
anomaly.
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Figure 5.9 2.5-D gravity forward modelling highligting the volcanic structure of the
edifice crossed by the Ve-2 gravity profile (Veidivotn). a. Forward model based on the
Nettleton density; b. Forward model showing the adjustments inferred from a.; c. A refined
forward model; d. Alternative plausible forward model. Note that “BA” refers to “Bouguer
Anomaly” and “Elev.” refers to “Elevation” (Vertical exaggeration 4:1).
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5.3.2 Profile Ve-1

The Ve-1 profile shares the same characteristics as Ve-2, but the gravity high associated
with the crater bottom is much larger. The SE crater rim of ~620 m height a.s.1. produces a
low anomaly of -2.36 mGal; whereas the ~600 m high a.s.l. NW crater rim does not
produce a low anomaly: a neutral gravity signal corresponds to the outer slope of the rim
and the inner slope aligns with the start of a high positive anomaly of which the peak of
+1.64 mGal is observed at the crater location.

The Ve-1 forward model using the Nettleton density of 1500 kg m™ (Figure 5.10.a) shows
that (1) the value of 1500 kg m™ seems to be too high for characterizing the density of the
SE crater rim; (2) a dense anomalous body is required at the crater location to explain the
gravity high; (3) the NW-rim, made of tephra, seems to overlie a high density body. Note
that the high associated with the crater bottom extends over the southeastern part of the
rim.

In order to explain as well as possible the observed anomaly, the density of the tephra rim
bodies was lowered to 1200 kg m™ and a 30 m thick body of possible unconsolidated
water-saturated tephra (2000 kg m™ - Equation 5.1) was required for a better fit (Figure
5.9.b). Without this body, the tephra density had to be lowered to 1100 kg m™, which
seems implausibly low compared to the other models and the measured bulk density of
tephra (Table 4.3).

The lava body of 2800 kg m™ is here interpreted as two distinct bodies: one within the
crater, and the other below the NW crater rim. The latter could be explained as remnants
from a possible older fissure. The prism shape of the lava body within the crater is ~85 m
thick, ~350 m wide at the surface and ~235 m wide at its bottom. This exact prism is of
course very approximate, and an alternative interpretation is given as a cone-shaped body
of ~135 m maximum thickness and a maximum width of ~350 m (Figure 5.10.c).
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Figure 5.10 2.5-D gravity forward modelling highligting the volcanic structure of the
edifice crossed by the Ve-1 gravity profile (Veidivotn). a. Forward model based on the
Nettleton density; b. Forward model adjusted with respect to the geological context; c.
Alternative plausible forward model. Note that “BA” refers to “Bouguer Anomaly” and
“Elev.” refers to “Elevation” (Vertical exaggeration 4:1).
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6 Discussion

The gravity results provide important new insight regarding both the Vatnadldur and
Veidivotn fissures. In this chapter, the implications of the results are discussed.

6.1 Conduit structures at Vatnaoldur

At Vatnadldur Innri (Va-3 and Va-4), the most plausible forward gravity models to retain
are Figure 5.5.b and Figure 5.6.c. They suggest tephra densities of 1150 kg m™ and 1200
kg m™ at Va-3 and Va-4, respectively (with a probable error of £100 kg m™); and the
volcanic conduits appear to be filled with unconsolidated water-saturated tephra of ~2000
kg m™ (see sections 5.1.1 and 5.1.2). At Vatnadldur Fremri (Va-1 and Va-2), the most
probable forward models are Figure 5.7.c and Figure 5.8.c. Both suggest a tephra density
of 1300 kg m™ underlain by an old hyaloclastite ridge of 2000 kg m™ at the NW-rim (see
section 5.2.1). A lava-filled volcanic conduit of 2600 kg m™ is suggested at Va-1; whereas
no clear evidence of a volcanic conduit can be brought out from gravity data at Va-2 (see
section 5.2.2).

All models, except Va-2, suggest a shallow cone-shaped volcanic conduit significantly
wider than any dike would be and resemble shallow diatreme structures (see section 2.2.3).
The geometry of the volcanic edifices (scale 1:1) is more similar to tuff rings (Figures 2.4
and 2.6) (e.g. Lorenz and Sheridan, 1983; Lorenz, 1986) rather than maar volcanoes
(Figure 2.3) (e.g. Lorenz, 2003): the gravity modelling suggests volcanic conduits
shallower and thinner than common maar diatremes with respect to the rim sizes, and the
bottoms of the craters remain above groundwater level (e.g. Lorenz et al., 1970; Lorenz,
1986; White and Ross, 2011).

The absence of an anomalous cone-shaped body beneath the crater at Va-2 is not an
argument to ensure that there is not a diatreme-like structure: a cone-shaped volcanic
conduit may be filled by explosive material having a total bulk density that equals the
reduction density of 2300 kg m™ (see section 4.3.4.1). This hypothesis is likely as the
process of formation of the Va-2 edifice must have been similar to the three other volcanic
edifices studied, since they are composed of the same tephra (Larsen, 1984) and look
similar apart from differences in size.

At Vatnadldur Innri (Va-3 and Va-4), where the edifices are much smaller than at
Vatnaoldur Fremri (Va-1 and Va-2), the preferred models indicate relatively thin conduits
(~65 and ~85 m); whereas at Va-1, the conduit is much wider (~385 m) (Table 6.1). The
depth to which the diatremes reach is not strongly constrained but seems to lie in the range
100-300 m.

The diatremes at both Va-3 and Va-4 were apparently filled with low density pyroclastic
material (~2000 kg m™), characterizing the eruption at those vents as purely explosive
(Figure 6.1). The Va-1 conduit seems to be filled with higher density material, consistent
with a lava fill (~2600 kg m™). The assumed diatreme at Va-2 would also suggest filling-
materials denser than pyroclasts.
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The difference in diatreme filling materials between Vatnadldur Innri and Vatnadldur
Fremri may indicate that the explosive phase of the AD 871+2 eruption first ended at
Vatnadldur Innri but lasted longer at Vatnadldur Fremri. The isopach map of the
Vatnadldur tephra layer (Larsen, 1984) could support this assumption as the largest
amounts of tephra seem to have been produced from the edifices of Vatnadldur Fremri: the
tephra layer around Va-1 and Va-2 is about 4 times thicker than around Va-3 and Va-4.
This ratio can also be noticed from the difference in cross-sectional areas of tephra on the
preferred models (Table 6.1). At Vatnadldur Fremri, an effusive stage may have started at
the very end of the eruption.

Table 6.1 Approximate dimensions of the volcanic edifices at Vatnaoldur (Va-) and
Veidivotn (Ve-), from the most probable forward models (Figures 5.5.b, 5.6.c, 5.7.c, 5.8.c,
5.9.c and 5.10.c). Refer to Figure 2.2 for terminology.

Va-1 Va-2 Va-3 Va-4 Ve-1° Ve-2
Bottom of the crater ? ? Above Above Below Below
above/below
groundwater level'
Maximum thickness of ~100 ~90 ~115 ~90 ~75 ~65

tephra at the rims (m)

Cross-sectional area of  ~140,000 ~130,000 ~40,000  ~20,000 ~70,000  ~45,000
the tephra rim in model
section (m®)

Ring (or crater) ~385 ? ~65 ~85 ~350 ~275
diameter (m)

Diatreme thickness (m) ~100 ? ~300 ~85 ~135 ?
Cross-sectional area of  ~20,000 ? ~10,000  ~4,000 ~25,000 ?

diatreme in model
section (m?)
' Conditions after the end of the eruption.
* The cone-shaped model has been chosen for better comparison
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Figure 6.1 Schematic cross-section showing the phreatomagmatic structure of the purely
explosive Va-4 edifice, highlighted by the forward gravity model of Figure 5.6.c (Vertical
exaggeration 2:1).

6.2 Conduit structures at Veidivotn

At Ve-2, Figure 5.9.c refers to the most probable forward model that would best explain
the observed gravity anomaly, in accordance with constraints provided by the geology. At
Ve-1, the forward models that seem most plausible are 5.10.b and 5.10.c as the shape of
the volcanic conduit cannot be determined from the present gravity data. At both locations,
the models suggest similar tephra density values for the crater rims (1300 and 1200 kg m~
at Ve-2 and Ve-1, respectively); and require some water-saturated tephra of 2000 kg m>
beneath the SE tephra rims. The crater bottoms are covered with subaerial lava. Gravity
modelling suggests that the volcanic conduits at both eruption sites are filled up with
degassed lava having a density similar to 2800 kg m™. The amount of lava is significantly
larger at Ve-1.

The preferred model 5.10.b at Ve-1 shows a cone-shaped volcanic conduit that resembles
diatreme structure (see section 2.2), reaching a depth of ~135 m and having a width of
~350 m (Table 6.1). The “cut-cone-shaped” body suggested in the model 5.10.c may
represent a diatreme structure that formed in a layered environment, where a soft-rock
geological layer (Larsen, 1988) overlies a hard-rock layer (Figure 6.2). The Ve-1 crater can
be considered as a maar volcano since its bottom lies under the groundwater table (e.g.
Lorenz et al., 1970; Lorenz, 1986; White and Ross, 2011).

The volcanic conduit suggested at Ve-2 does not match an explosive volcanic structure but
it has a similar crater width as Ve-1 (~275 m). Moreover, as Ve-1 and Ve-2 both have
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landforms resembling tuff rings (Figure 2.4) (Lorenz and Sheridan, 1983) and result from
the same eruption, it can be assumed that the volcanic conduit at Ve-2 is also cone-shaped
but the gravity survey does not show it: (1) the possible compensation of gravity signal
from the dense lava body on the surface by an underlying low density tephra may make the
entire conduit hard to highlight (Figure 5.9.d); (2) the cone-shaped diatreme may simply be
filled with some material having a bulk density similar to that of the surrounding bedrock
density. Neither of the two hypotheses can be selected as being the more probable from the
present gravity survey.

Gravity modelling at Ve-1 suggests that the last effusive stage of the AD ~1477 Veidivotn
eruption (Larsen, 1984) produced a significance amount of lava. The presence of older lava
underlying the NW-rim can be plausible since a large number of lava flows have originated
in this area before the Norse Settlement of Iceland (e.g. Vilmundardottir, 1977).
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Figure 6.2 Schematic cross-section showing the phreatomagmatic structure of the
explosive Ve-1 edifice, highlighted by the gravity forward model of Figure 5.10.c (Vertical
exaggeration 2:1).

The craters studied form a spectrum from the Vatnadldur purely explosive edifices (Va-3
and Va-4) to the Ve-1 crater, where effusive activity largely filled the explosive conduit.
The Va-1 model shows a volcanic conduit of comparable size to that of the Veidivotn
crater Ve-1, filled with lava (Table 6.1). However, the presence of lava remains
hypothetical as no outcrops or drillholes exist at present to confirm it. Therefore, this
edifice cannot be considered as an end-member with Ve-1 from the present gravity data.

The shallow conduit dimensions appear significantly greater at Ve-1 than at both Va-3 and
Va-4: from the gravity modelling, Ve-1 has a diatreme ~3.5 times larger and a crater
diameter ~4.5 times larger than both Va-3 and Va-4. Moreover, the amount of tephra
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making the rims is ~2.5 times larger at Ve-1 (Table 6.1). The explosive activity must have
been much greater at Veidivotn than at Vatnadldur Innri, leading to more excavation and
larger tephra productions, which are supported by Larsen (1984). Note that the assumption
of a soft-rock layer at Veidivotn, inferred from the model 5.10.c could have contributed to
the greater excavations of the conduits along this fissure (e.g. Lorenz, 2003).

The differences in dimensions between those two end-members can be supported by two
studies based on volcanoclastic deposits: the mafic purely explosive Maegok tuff ring
volcano (SE Korea) has a cone-shaped diatreme of ~185 m in thickness and being ~160 m
wide (Kwon and Sohn, 2008); whereas, the andesitic Suoana maar volcano (Japan), where
the activity changed from effusive to explosive, has a larger cone-shaped diatreme, being
~265 m wide, the diatreme is ~260 m thick (Geshi ef al., 2011).
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7 Conclusions

The present gravity survey is a first step in the study of the subsurface volcanic structures
at Vatnadldur and Veidivotn, where the surface geolgy has been studied in detail (e.g.
Vilmundardottir, 1977; Larsen, 1984). It reveals the overall structure and geometry of the
diatremes, linked with either lava or water-saturated tephra-filling materials.

The two main questions addressed in the Introduction could be successfully answered:

o What is the structure of the conduits at the selected volcanic edifices that formed
during the AD 8712 Vatnaoldur and AD ~1477 Veidivétn phreatomagmatic
eruptions and are there differences between both crater rows?

The gravity survey gives indications of diatreme structures at both Vatnadldur and
Veidivotn. The purely explosive and smaller edifices at Vatnadldur Innri have apparently
much narrower diatremes than at the Veidivotn edifices, where a last effusive stage filled
the conduits with lava.

. What can those crater/conduit structures tell about the mechanism of the two
eruptions and how do they compare with the results of other studies of similar
volcanic structures?

The difference in volcanic structure dimensions between the purely explosive edifices at
Vatnadldur Innri and the Veidivotn edifices filled with lava indicate a greater volcanic
activity at Veidivotn that excavated more the diatremes and expelled a larger amount of
pyroclasts. The contrast in dimensions and subsurface structure suggested by the results of
the present gravity study broadly agree with what was expected from previous work based
on geological studies of the products of the two eruptions (Larsen, 1984) and look similar
to structure dimensions found at craters in Korea and Japan (Kwon and Sohn, 2008; Geshi
etal.,2011).

More complete results could be obtained by additional work:

e Borehole investigations within the Ve-2 crater would help defining the geometry of
the lava body;

e Borehole investigations at the NW-rim of the Ve-1 volcano could confirm the
assumptions made about the shape of the tephra body underlain by a relatively old

lava body;

e Borehole investigations at the Va-1 crater would confirm the presence of lava
filling the diatreme;

e Additional seismic refraction may be a relevant geophysical tool to delineate the
assumed cone-shaped volcanic conduit at Va-2 (e.g. Schulz et al., 2005).
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Appendix A
Gravity data

This appendix lists all the survey points that have been used for gravity modelling in the
present study. A LaCoste&Romberg (G445) gravimeter and a a kinematic Trimble GPS
5700 were used for gravity and elevation measurements, respectively (see section 4.1)

Explanations:

®  Sobs Observed gravity values (see section 3.2.2). For all the survey
points, the same base station JH (Jokulhleimar) was used (Table
1.4).

e Surveyors: JMG Jeanne M. Giniaux
PA  Porbjorg Aglstsdottir

o AZgy Uncertainty in survey point elevation (see section 4.3.1)

® gpa Complete Bouguer anomalies for p = 2300 kg m™ (Equation 3.9)

® gpa Free-air anomalies (Equation 3.8)

o TCgc Terrain corrections of the Hammer zones B and C (see section

3.2.5).
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Table A.1 Data of the survey points (from NW to SE) at the Va-1 profile.

Survey Lat. Long. Elev. Zobs Date Sur- AZg,s  gBa gra TCpg.c
point (°N) (°W) (masl) (mGal) yymmdd veyor (m) (mGal) (mGal) (mGal)

V401 64.12680 18.93899  608.5  982104.44 120713 JMG 03 2291 64.66 0.00
V402 64.12510 18.93463 6184  982101.85 120713 JMG 0.3 2328 6525 0.00
V403 64.12230 1892817  649.5  982093.92 120713 IMG 03 2434 67.11  0.00
V404 64.11816 1891590  810.3  982053.89 120714 IMG 03 2932 77.01  0.00
V405 64.11447 18.90013  616.6  982101.70 120714 JMG 0.3 2298 6529 0.00
V406 64.11375 18.89877  607.4  982103.87 120714 IMG 03 22.64 64.69 0.00
V407 64.11269 18.89676  593.8  982106.90 120714 JMG 0.3 2220 63.58 0.00
V408 64.11126 18.89381  579.5  982110.14 120714 JMG 0.3 21.68 62.54  0.00
V409 64.10909 18.89053  565.8  982113.30 120714 JMG 03 2125 61.59 0.00
V410 64.10342 18.87798  574.5  982113.05 120714 JMG 0.3 21.63 64.46  0.00

Table A.2 Data of the survey points (from NW to SE) at the Va-2 profile.

Survey Lat. Long. Elev. Sobs Date Sur- AZg,s  gBa gra TCpg.c
point (°N) °W) (@masl) (mGal) yymmdd veyor (m) (mGal) (mGal) (mGal)

V501 64.13494 18.91466  620.9  982103.55 120712 PA 03 2337 67.04 0.00
V502 64.13263 18.91205  637.7  982098.66 120712 PA 03 2398 67.51  0.00
V503 64.12976 18.90818  678.3  982088.63 120712 PA 03 2542 7021  0.02
V504 64.12566 18.89989  734.6  982073.23 120714 PA 03 27.12 7249  0.03
V510 64.12174 18.89527  607.7  982104.57 120714 PA 03 2264 6492 0.11
V509 64.11965 18.89166 6042 98210579 120714 PA 03 2270 65.18  0.00
V508 64.11820 18.88861  592.5  982108.15 120714 PA 03 2223 64.05 0.00
V507 64.11669 18.88555 591.9  982107.46 120714 PA 03 2220 63.31 0.01
V506 64.11578 18.88345  570.2  982112.94 120714 PA 03 2144 62.15 0.00
V505 64.11450 18.88085  564.9  982114.33 120714 PA 03 2127 6197 0.00
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Table A.3 Data of the survey points (from NW to SE) at the Va-3 profile.

Survey Lat. Long. Elev. Sobs Date Sur- AZg,s  gBa gFA TCpg.c
point (°N) (°W) (mas.l.) (mGal) yymmdd veyor (m) (mGal) (mGal) (mGal)
V204 64.17550 18.80703  601.4  982115.64 120712 JMG 03 22.74 70.23  0.00
V205 64.17433 18.80272  607.6  982113.53 120712 JMG 0.3 2292 70.10 0.00
V206 64.17309 18.79821 6157 982111.78 120712 JMG 0.3 2323 7091 0.00
V207 64.17186 18.79433 6339  982106.36 120712 JMG 03 23.83 71.23 0.06
V208 64.17065 18.79073  689.2  982089.96 120712 JMG 0.3 2489 7196 044
V209 64.16949 18.78727  584.6  982117.78 120712 JMG 0.3 21.76 67.62 0.14
V210 64.16925 18.78640  577.1  982119.45 120712 JMG 0.3 21.60 66.98 0.01
V211 64.16894 18.78516 5782  982119.42 120712 JMG 0.3 21.71 67.29 0.03
V212 64.16881 18.78381  591.0 982116.64 120712 JMG 03 2221 6846 0.10
V201 64.16714 18.77925 574.1  982120.85 120711 JMG 0.3 21.63 67.58 0.00
V202 64.16490 18.77464  576.5 98211943 120711 JMG 0.3 21.71 67.09 0.00
V203 64.16367 18.76959  613.6  982112.12 120711 JMG 0.3 23.07 71.29 0.02

Table A.4 Data of the survey points (from NW to SE) at the Va-4 profile.

Survey Lat. Long. Elev. Zobs Date Sur- AZg,s  gBa SFA TCpg.c
point (°N) °W) (mas.l) (mGal) yymmdd veyor (m) (mGal) (mGal) (mGal)
V311 64.17944 18.79623  602.7 982115.86 120712 JMG 0.3 2271 70.54 0.00
V310 64.17762 18.78950  611.1  982112.88 120712 JMG 0.3 23.06 70.28 0.00
V309 64.17581 18.78586  620.5 982111.08 120712 JMG 0.3 2338 71.50 0.02
V308 64.17462 18.78308  667.0  982097.01 120712 JMG 03 2444 7191 0.16
V307 64.17348 18.78066 5854  982118.04 120712 JMG 03 21.86 67.82 0.09
V306 64.17303 18.77992  582.6  982118.56 120712 JMG 0.3 21.85 67.54 0.00
V305 64.17274 18.77946  584.5  982118.32 120712 JMG 03 2193 67.88 0.06
V304 64.17242 18.77841  604.8 982113.64 120712 JMG 03 2270 6946 0.19
V303 64.17190 18.77684  580.2  982119.92 120712 JMG 0.3 21.82 6822 0.13
V302 64.17060 18.77300 589.5  982117.83 120711 JMG 0.3 2223 69.06 0.00
V301 64.16921 18.76876 5914  982116.89 120711 JMG 0.3 2233 68.83 0.00

79



Table A.5 Data of the survey points (from NW to SE) at the Ve-1 profile.

Survey Lat. Long. Elev. Zobs Date Sur- AZg,s  gBa gra TCpc
point (°N) (°W) (masl) (mGal) yymmdd veyor (m) (mGal) (mGal) (mGal)
V712 64.14079 18.80787  579.2 98211541 120713 JMG 0.3 21.84 6559 0.00
V711 64.13897 18.80225  584.4  982114.46 120713 JMG 0.3 22.06 6636 0.00
V709 64.13757 18.79901 5983  982111.53 120713 JMG 0.3 2258 67.85 0.00
V710 64.13617 18.79493  588.1  982114.53 120713 JMG 0.3 22.16 67.83 0.0l
V704 64.13403 18.79326  568.9  982119.44 120713 JMG 0.3 2146 6694 0.02
V703 64.13423 18.79110  568.8  982119.58 120713 JMG 0.3 2145 67.05 0.00
V702 64.13315 18.78723  568.7  982119.20 120713 JMG 0.3 21.42 66.70 0.00
V705 64.13277 18.78597  569.0  982118.42 120713 JMG 0.3 21.41 66.01 0.02
V701 64.12997 18.77526  617.1  982105.63 120711 JMG 0.3 2324 68.32 0.00
V706 64.13002 18.77082  605.4  982108.65 120713 JMG 0.3 2283 67.73 0.01
V707 64.12880 18.76499  591.4  982112.89 120713 JMG 0.3 2235 67.71 0.00
V708 64.12721 18.75599  586.1  982115.13 120713 JMG 0.3 22.10 68.43 0.00

Table A.6 Data of the survey points (from NW to SE) at the Ve-2 profile.

Survey Lat. Long. Elev. Zobs Date Sur- AZg,s  gBa gra TCpc
point (°N) (°W) (masl) (mGal) yymmdd veyor (m) (mGal) (mGal) (mGal)
V109 64.15754 18.75612  582.1  982118.22 120710 JMG 0.3 2193 68.10 0.00
V112 64.15548 18.74957  596.5  982114.37 120711 JIMG 0.3 2249 68.88  0.00
V113 64.15484 18.74764  579.6  982118.51 120711 JMG 0.3 21.85 67.81 0.00
V114 64.15452 18.74631  580.3  982118.15 120711 JIMG 0.3 21.86 67.73  0.00
V115 64.15361 18.74348  580.0  982117.88 120711 JMG 0.3 2190 67.43 0.00
V116 64.15313 18.74214 5783  982117.90 120711 JMG 0.3 21.74 6693 0.0l
V117 64.15193 18.73762  645.8  982100.44 120711 JMG 0.3 24.07 7042 0.00
V120 64.15104 18.73289  612.5 982108.45 120711 JMG 0.3 23.07 6822 0.0l
V118 64.14932 18.72518  589.8  982114.37 120711 JIMG 0.3 2227 67.26 0.00
V119 64.14541 18.71707  631.1  982104.69 120711 JMG 0.3 23.67 70.57 0.0l
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Appendix B

Density measurements

This appendix lists the density values measured for three samples collected on the
northwestern side of the Va-3 profile. For all three samples, the surveyor was Porsteinn
Jonsson and the technician was Jeanne M. Giniaux.

Both wet and dry densities were calculated by dividing each mass by its volume. A
constant volume of 0.0005 m® was weighted for all the measurements (see section 4.3.4.2).

Table B.1 Density measurements of the samples in wet conditions.

Lat. Long. Mass  Density .
Sample - Sample description
P (°N) (W) (@  (kgm®) P P
S1 64.17182 18.79388  490.91 981.82 lapilli size
S2 64.17065 18.79900 942.18 1884.36 ash size
S3 64.17042 18.79726  949.45 1898.9 ash size

Table B.2 Density measurements of the dried lapilli-sized tephra S1 (64.17182°N;
18.79388°W).

Sample Mass (g) g(egnls;t%
Sla 438.44 876.88
S1b 394.36 788.72
Slc 394.02 788.04
S1d 408.13 876.26
Sle 413.99 827.98
S1f 397.15 794.30
Slg 396.91 793.82
S1h 372.16 744.32
STi 41691 833.82
S1j 390.75 781.50

Mean values 402.28 804.56
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Table B.3 Density measurements of the dried ash-sized tephra S2 (64.17065°N;
18.79900°W).

Sample Mass (g) g(egnls;t%
S2a 716.40 1432.80
S2b 726.72 1453.44
S2¢ 711.17 1422.34
S2d 720.96 1441.92
S2e 709.66 1419.32
S2f 706.68 1413.36
S2g 708.17 1416.34
S2h 729.55 1459.10
S2i 698.59 1397.18
S2j 689.14 1378.28

Mean values 711.70 1423.41

Table B.4 Density measurements of the dried ash-sized tephra S3 (64.17042°N;
18.79726°W).

Sample Mass (g) g(egn;:t%
S3a 789.83 1579.66
S3b 756.24 1512.48
S3c 749.14 1498.28
S3d 779.32 1558.64
S3e 771.81 1543.62
S3f 765.01 1530.02
S3g 783.40 1566.80
S3h 771.84 1543.68
S3i1 791.12 1582.24
S3j 777.01 1554.02

Mean values 773.47 1546.94
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