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Abstract

Paleomagnetic measurements were used to estimate the buildup time of hyaloclastite
mountains such as tuyas. Tuyas are in general built up of a pillow lavahyadi@rlastite, both
formed in an underwateuption. Above the hyaloclastite is a fléfaot breccia and a cap lava
formed in a subaerial eruption. From the difference of measured paleomagnetic directions in the
lava formations it is possible the estimdte minimum buildup time of the mountain

The research was done on the tuya Hlddufell in Icelandic West Volcanic Zone, south of
Langjokull. Results showed considerable difference of paleomagnetic directions, or a 36°
cumulative change from the pillovava to the highest cap lava. Considerihgtthe likely
maximum 5° change of magnetic direction in one century, this indicates a minimum of 700 years
for the formation of Hl6dufell. However, the results are not unambiguous since most of the
difference ocars between the pillow lava at the basé¢h®lowermost cap lava and from there
to the higher cap lavas. Other explanations for the changes in measured paleomagnetic directions
are possible, such as rotation of the lava blocks. More paleomagnetic meassreould help
in narrowing the range gfossible scenarios. However, the inaccessibility of the unmeasured
lavas would make such surveys very difficult.

Prior to this research, only two lava benches had been identified. In this research a clear
lava bexch was identified on the north terracettod mountain underlain by what appears to be
a flow-foot breccia. Several other, not as clear, smaller lava benches were also identified. This
includes the south terrace where detailed analysis of the formaticeguired to decide on the
true nature othese suspected lava benches.

bt dr 8ttur

I pessari rannsokn voru bergsegulmaelingar notadar til ad varpa ljosi & hve langan tima
myndun mobergsstapa getur tekid. Mobergsstapar eru almennt byggdir upp af bélstgbergi
mobergi par ofan & sem myndast vidgadundir vatni. Ofan & moberginu er hraunfétsbreksia
og hraunskjoldur sem hefur runnid pegar eldgosid hefur nad uppur vatninu. Ut fr& mun &
maeldum segulstefnum i hraununum méa meta liklegan lagmarks myndunaatisiasj

Bergsegulmeelingar voru gerdar almegsstapanum HI6dufelli & vestara gosbeltinu, sunnan
Langjokuls. Nidurstodur syndu talsverdan ndusegulstefnuneda 36° uppsafnada breytingu
misvisunfra bolstraberginu til efsta hraunlagsiiioad vid ad segjstefna breytist um 5° a 6ld,
ma gera radyrir ad Hlodufell hafi myndast a a.m.k. 700 arum. Nidurstodur eru samt ekki
Otviraedar foi steerstur hluti breytinga a segulstefnum er fra bélstraberginu og ad nedri hluta nedri
hraunstalls fjallsins og aftur adrehraunlégum pesdrar orsakir fyrir pessumbreytingum a
bergsegulstefnuneru moégulegasvo sem ad hraunblokkir hafi feerst fill ad ganga ur skugga
um pad veeri heegt ad gera vidtaekari bergsegulmaelingar a nedri hluta nedri hraunstalls Hl6dufells
en pé er & pad bent ad pau hraunldg eru ekigesdileg til slikra meaelinga.

Adur hafdi HIodufelli verid lyst svo ad par veeru tveir hraunstallar. | athugunum sem voru
gerdar i pessari rannsokn komu fram einn mjog greinilegur hraunstallur ad auki & nordurhluta
fiallsins asamt liklegri hraunfétsbreksiuarbkomu einnig fram nokkrar minna &berandi
hraunbunir. A sudurstalli fiallsins mé einnig greina sambeerilegar hraunbranir.
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1 I ntroducti on

The main research question in this study is to find out if it is possibéstimate the
minimum build up iime of a hyaloclastite mountain from difference of measured paleomagnetic
directions in theno u n t lava forinations

Paleomagneticasearch has nsly be done in lava fielsiwhere several lavas are accessible
in stratigraphicabrderand also sedimenbck. In this research, paleomagnetic research was
done in a hyaloclastite volcano, trying to find out if it was possibigteome imication of the
duration of buildup of the mountain.

The main research area was the tuya HI6dufell in the west volaaméciz Iceland, south
of the glacier Langjokulbut study area was also in a quarry in Reykjanes peninsula volcanic
belt. The part take place in Undhlidar was mostly to get familiar with the methods of
paleomagnetic core sampling, measurements andla@@becuof the paleomagnetic directions
The results othe paleomagnetic measurements in Undirhlidar are in Appendix L.

The work in Undirhlidar tooklace in the summer 2014 aie fieldwork in Hl6dufell area
began in the autumrsame yearA couple of accidents | had in the following month were
affectingthe speed of the research work but totahbar of field trips to HI6dfell was 150n
20 days irtotal.

Remanentmagnetizationof the sample cores was measumsith equipmentin the
paleomagnetitaboratory in the University of Iceland



2 Magnectitheory

2.1.1 The magnetic field, formulas

An dectric aurrenti in a straight wirgoroducas magneticfield H in a distancew from the wire
asshownin Figure2-1, descri besdwby Amper ebd

0

0
¢l

eq.2-1
Since the currentis in Amperes andadiusry is in metersthe dimensions of th8I unit for
magnetic fieldH areA/m,

If the wire is bent in a loop as shown Figure 21 (B) it produces alipole magneticfield
asa permanent magnet. Timagnitudeof the dipolemoment is proportionalto the current,
number of loops (n) and the area of the lgmp)(

a &£Q° h eq.2-2

with SI unitfor magnetic momenn: Am? (Tauxe, 201}

(A) (B)
A
| A
M ( /
H

Figure 2-1. (A) Electric current i in a straight wirereatinga magnetic fieldH. (B) A wire with a
current i bent in a loop producing a magnetic momentriguresmodifiedfrom Tauxe 2010.

The magnetic field is a vector field since it has both magnitude and direction in each point
as show in Figure 2-2. The magretic field lines representhe magnetic flux= which is
measured in its own unit Weber (Wb, equals Volt secdmaisthe density of the lisgepresents
the strength of the magnetic field, the magnetic inducBon,

The unit of magnetic inductioB is caled Tesla (T) and can be described framekctric
conductor that is moving at a steady speed in a magnetic field leading to induced electric
potential in theconductor The unit Tesla is the strength of induced magnetic field required to
make 1 Volt eletic potential in al-meterlong conductormoving at 1 nis speedSo,the unit
Teslais equivalerto o & X Fi wi & "Y (Tauxe, 201}



Figure 2-2. The magnetic dipole, showing how the magnetic field Anesdentical to that of a
magnetic dipoldor (a) a small electric current lop, (b) small bar magneand (c) uniformly
magnetized sphergvhen all have the same magnetic dipole momeiguresmodifiedfrom

Lowrie (2007), Kearey Brooksand Hill (2002 and Sharma(19869.

ThemagnetizationM, is magnetic momentf a bodynormalzed with volumeand is given
by:

-

o eq.2-3
From that equationnit for magnetizatior{M) is [Am? / m®] = [ A/m] but that is the same unit
as was used for the magnetic fieldl, The magnetizationsiinduced in the materiaM() or
remanentNr). The letter] mayalsooccasionally be used asgmbolfor magnetization

The relation between magnetization of a matéviadnd the magnetic field is that when
a magnetic material is in an external metic field, the charges in the atoms of the material, the
protons and the electrons respond to éxternal field. This is descridewith magnetic

susceptibility c:
I 93 eq.2-4

Since the units for magnetization and magnetic field are the same, the bulk susceptibility
is nondimensionalMagnetic moment caalsobe normalized by madsut massusceptibility
is no longedimensionless

The induced magnetic field inside a mediurB iandH describes how is modifiedby the
magnetizatiorM. The relationship between them is given by the equation:

|| o A 3 eq.2-5
wheremis permeality, a physical constant of theedium.The fieldH has been referred to as
the magnetizing field (Lowrie, 2007%. For most casesn paleomagnét studies the field is
measued outside thenagnetizednaterialwhereM = 0, and he permeabilitys thatof vacuum

my. The equation then simplifies to



[ eq.2-6

The permeability of vacuutmas thevaluemy = 4px10’ H/m, where H stands for the unit Henry.
Also, to be noiced that H/m can be expressed as Wb/A

2.2  Magnetization of rock S

2.2.1 Types of magnetism

Magnetism of a materigs caused byhe movement of the electrons in the atoms. There are two
sources of magnetism at et level thatderive respectiveljrom the orbitaimovement of the
electrons and from the spin movements of electrons.

Diamagnetism

According to classical theoryll &lectrons in an atom have orbital angutaomentum and a

corresponding magnetinoment The movement of each electron gives magnetic mo(nat

but while they are randomly orientdteydo not give any net magnetic moment of the material.
On the otherhand, if the material isplaced inan external magnetic fieldhe angular

movemenbf the orbiting electrostarts tqprecessround the magnietdirectiorslike a spinning

top precesses around the direction of gravityis changes the magnetic momenthefelectron

so that itoppo®sthe applied field. This is called diamagnetism and is a property of all materials

It is negative (opposite diction to the applied external magnetic field), temperature independent

property of all materials bwery small.lt can be expressed by the atjan:

I .5h eq.2-7
where cq is diamagnetic susgibility. Some rock forming minerals have only this type of
magnetism, such as quartz and calcite. Their susceptibility is cle$6%in Sl units(Tauxe
201Q Lowrie, 20079).

Paramagnetism

The spin of eacklectrongenerateslsoa magnetic momentMost of the electrons are paire
with magietic momentgrom spinin opposite directions so the net magnetic moment will be
zerofrom each pairDepending on variousonditionselectrons can be unpaired and then have
an uncompensatethagnetic moment. Whilehe directions of the momentre randmly
distributed theywill give no net magnetic moment. But as with the orbital movertteey
respond to an external magnetic field creatimgt magnetic moment

St eq.2-8

wherecp is paramagnetic susceptibilityrhe pararagneic susceptibility varies inversely with
temperature, witle, = C/T where T is temperature in Kelvin and C is a constant for the material.
At room temperature, paramagnetic susbdpy of common minerals such as chlorite,
amphibolite, pyroxene and oliviris around 10 to 10* in Sl units, whichis 10 to 100 times
larger than the negative value of diamagne{i$auxe 201Q Lowrie, 2007).



Ferromagnetism

In some metals anchetaloxides,the lattice crystal structuggacesthe atoms so close to each
other that the magnetic moments of the atoms can interact with each other. The energy involved
is calledexchange energyhichis minimized when the spins are aligned parallel orpautallel
depending on the details of the stgl structure

In metals such as iron, nickel and cobalt the magnetic momentseakbgtly parallel and
createvery strongtotal magnetic moment, known @sie ferromagnetisnor ferromagnetism
sensu strictpseeFigure2-3a.

The 3d orbitals of atomare particularly susceptible to the exchange interactions both
because ofhe shape of the orbits and the amount of urgzspinsoccurringin someoxides
The oxygenatomscan form a brige between neighboring cations which are otherwise too far
apart for direct overlap of thed®rbitalsbut become coupled through the oxygen atdrhile
the atoms connected amet with the samechargeghe coupling will beantiparallé. Then the
magneticnomentswill pointin opposite directionandcancel each other out, sEgure2-3b.
The material does not have net magnetic momemh fthe spins of electrons and is called
antiferromagnetic llmenite (FeTiQ) is animportantexample of antiferromagnetic mineral
(Lowrie, 2007; Tauxe, 2030

In some mineralthere aréghe magnetic moments from the spins are not exactly antiparallel
but inclined at a small angle. The net magnetic moment of that kind of a material will be sidewise
and referred to aparasitic antiferromagnetisror spin-canted antiferromagnetisnseeFigure
2-3c. An important example of parasitic antiferromagnetic mineral is Hematit®{Fe

If an antiferromagnetic material has defects ie tirystals there can be unpaired spins,
creating avery weak net magnetic moment parallel to the direction of the moments of the spins,
known asdefect ferromagnetisi.owrie, 2007 Tauxe, 201)
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Magnetic
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moment
of material

(none)

True Parasitic or spin-canted Defect

. Antiferromagnetism . . Ferrimagnetism
ferromagnetism ferromagnetism ferromagnetism

Figure 2-3. Different types of ferromagnetisi schematic diagram showing the alignment of
magnetic moments of the atoms and the resulting magnetic moment of the méadetifédd from
Tauxe 010 andLowrie (2007).

In some minerals two types of cations witHeliént coordination to the surrounding anions.
This is the case with the inverse spinel structure described with the general f@m@a: /
for 2-3 spinel (or8 9 /  for 4-2 spine), where X* (or X*) and ¥* (or X?") stand for
cations and ®stands for oxygen anionBgsi, Haleniust Skogby 2009. The spinel structure
consists of both octahedral and tetrahedral coordination. In normal spinel structuré*tzoid X
Y3*ions are in octahedrahd tetrahedral coordinian. The inverse spinel structure on the other



hand has tetrahedral oxygen coordination surrounding half of thiens but no X' ions and
octahedral coordination surrounding equal amount®favid X* ions while the correspondin
number of tetrahedradites are empty. For antiferromagnetic matsrithis difference of
coordination of different metallic cations leads to different magn#tatitheopposingnagnetic
momens known asferrimagnetism seeFigure 2-3e. The very impdant magnetic mineral,
magnetitg(Fe:04) is of this kind Lowrie, 2007; Tauxe, 201@asparov, Rush, Pekarek, Patel,
& Berger 2009; Perkig, 201).

2.2.2 Remanent magnetization in rock s

The hysteresis loop

If a rock sample containing ferromagnetic mineralplaced in aslowly increasingstrong
magnetic field, H, the material becomes more and more magnetic going from pointid to 2
Figure2-4 until it reaches its maximum value, teaturationmagnetizatioMs. If the magnetic
field is reducedrom point 2 to 3 m Figure 2-4, there is some magnetization left when the
magnetic field H reaches zero. That is th&turation remanencemagnetization Ms or
isothermal remanent magnetizatidRM (Lowrie, 2007).

If the magnetic field is now increased again in different direction, going from point 3 to 4
in Figure2-4 the magnetization of the material is reduced further until it reaches zero at point 4,
where the value of the field is calledcoercive forceHc. At point 5coercivity of remanence
Hcr is reached where zero magnetic field would be observed if thewsle to be reduced to
zero, returning to point 1 again. If the applied field increases further and reaches point 6
saturation is again achieveddwrie, 2007.

The hysteresis curve defines characteristic attributes of the material sughvixg M: and
Her. Their ratios, M/Ms and H/H. are also characteristic for the material. They depend on the
grain size of theninerals as well as on anisotropy effeétswrie, 2007.

M
Mg 2]
Mrs g//
©
He H, /
‘ @ © >

Figure 2-4. Magnetic hystesis loop of an arbitrary ferromagnetic materidodifiedfrom Lowrie
(2009



Relaxation time, t

If a magnetic rock is placed in a weak external magnetic field, the maapiati of theparticles

slowly stars to align with the external field. This process takes a long time but Hifeer

relaxation time an equilibrium is reached. There is@umation describing the relaxation time of
asmall magnetic grain of a single domain graith volume v:

t -0

whereC is a frequency factaf theorder of magnitude 0s?, H is the applied field, Hs the

Y

eq.2-9

coercivity field, Msis the saturation magnetization of the material, T is the temperature and k is
S 0 me

the Boltzmannds constant.
since the saturation magnetization is a function of temperatare«¢, 201
In stable natural condi

than the coercive field, the above equationopees:

t -0

Graphs forrelaxation time versus temperature for different gsapes of elliptical
magnetite grainsare shownin Figure 2-5. Calculated from the above formulas, material
properties of magnetite and grains of elliptical shaperigth to widthratio1.3:1 (Tauxe, 201}

Curie temperature and N éel temperature

With increased temperature, ttheermal motion of the atomscreases and causthe exchange
forces to weakerkEventually the cooperative spin behavior disappeatisely,and the material
becomes paramagnetic. i$hemperature is called Curie temperatliedor true ferromagnetic
material but Néel temperatur@n) for antiferromagnetic matergl Those temperatures are

characteristic for each materidlguxe, 201

ti

on

on

108

10r
1002
100
18
106
10

100
102 b
104 }
106 b
108

Relaxiortime (second$

1 year
10153 ittt \urieieielieieieielieieieieliein Nttty

108 year

1lyear

1 b NN\ 100seconds

0 100 200

200
Temperature(°C)

300

500

eart h,

eq.2-10

rsidre &lse fureclios af eathrothdr

t

Figure 2-5. Graph showing theffects of temperature and grain size on relaxation time. Retexati

time versus temperature for magnetite elligsof different widthaViodified from Tauxe Z010).

he

af



Different types of remanent magnetization

Natural remanent magnetization, NRM

Magnéic rock in nature hasatural remanent magnetizatigNRM) which is acombination of
remanence acquired by various procesSesne of theemain processearedescribed briefly
below.

Viscous remanent magnetization, VRM

If a magnetic rock is placed in arsstantexternal magnetic field, theetmagneticnoments of
particlesstart to slowly align with the external fielas described befor@he effect on the
remanent magnetation isknown asviscous remanent magnetizatiofRM. The VRM is then
a function of both time anthe strength of the external field, the temperaturé @arious
properties of the materiélrauxe, 201

Thermal remanent magnetization, TRM

The relaxation time is also a fotion of environmental parametesschas temperature. At
normal temperature the relaxation time is camiy millions of years or more. In high
temperature, close to Curie temperature),(The relaxation time shortens rapidly. The
temperature where relaian time is just hundreds of seconds is defineol@sking temperature
(Tv). Above the blocking tempature but below Curie temperature it is not possible to define
remanent magnetization and the material becomes what is saflecbaramagnetiseeFigure

2-6.

When cooling lava is still ah temperature above the Curie tempemtiéircannot be
ferromagneticWhen it reaches the Curie temperature it becosup&rparamagatic and its
magnetic grains will take up the surrounding magnetic fiéldhe lava is not stationary it will
have unstable magnetization while changing its ¢aigon to the external fieldVhen the lava
cools down below the blocking tenmagure the relaxation time grows very fast and the external
magnetic field will be remanent in the magnetic grains of the lava.

Superparamagnetic
state

| | >
T, T Temperature

Figure 2-6. Blocking temperature and Curie temperature of magmgtins Temperature in
arbitrary units. Figure basedn Tauxe £010.

Chemical remanent magnetization, CRM

Chemical processes can slowly change the magnetization of the magnttiegaf a rak,
known aschemical remanent magnetizatjiddRM. Two main processes are takipart. First it
can be due to alteration or other chemical changes of minerals where mineratsaggretc
mineral or not) originally in the rock chango other mineral¢ferromagnetic or not). Secondly
it can be due to growth of new ferromagnetic minerals in the rock.

Since magnetite can be out of chemical equilibrium in many environments on Earth it can
transform to other ferromagnetic mineral, maghensez=Figure 2-7. When this happens the
magnetization of the maghemite becomes a complicated relationship between the original
magnetization of the rock and the ambient magnetic fidlde the tran®rmation is taking
place.




For growing mnerals in the rock, the minergtains areat first very small Taking notice
of how volumeinfluences the relaxation tinseeeq.2-10, it is clear the relaxation time is small
while the grains are small so the minegais superparamagnetic in the beginning. As they grow,
the relaxation time grows as well and it is possiblelefine a blocking volume similar as the
blocking temperaturdBased on these principlebge process of CRM due to growth of minerals
is should behavsimilar as the process of TRM described bef{orixe, 2011

Detri tal remanent magnetizat _ion, DRM

When magnetized particles are falling down in water and building up sediment layetsathey

a slight tendency to align their magnetic meoits with the direction of the ambient fielthe
sediments and the sedimentary rocks become magnetizedakithrough the process called
detrital remanent magnetizatipidRM. How this happens is an important study for magnetic
measurements in sedimentaocks but since this study is mainly about magnetic measurements
in igneous rocks it is omitted here

Isothermal remanent magnetization, IRM
Looking ateq.2-9 one can see thattifie applied field becomelsarger than the coenge field,
the relaxation time willbeshot . Thi s does not happen i n nor m:
magnetic field but happens when a lightningksts a rockoutcrop Then the lightning makes
instantly very strong magnetic field, larger than tbercive field for the rockThis introdues
a remanent magnetizationto the rockknown asisothermal remanent magnetizatjolikRM
(Tauxe, 201D
Note also this is the same process as was described for the hysteresis loop, 8ee page

Thermo -viscous remanent magnetization, TVRM

A magnetized rock thas ata high temperature for some period of time can change its remanent
magnetization in the proceksown aghermaviscous remanemhagnetizationTVRM. Taking
notice of the déct whichtemperature has on the relaxation time,e@-10 one can see that

if the temperature is higher than normehperature, the relaxation time becomes shortane,
2010. This can happen if the rock is buried deapthe uppermost crusiose to igneous
intrusions.

Kdnigsberger ratio ,Q

Defined as the ratio between remanent and induced magnetism ofreinageally when it is
in a field of ~50n.

v —. eq.2-11

2.2.3 Minerals

Fe-Ti oxides

The most importanferromagneticmineralsin geologyare the FeTli oxides which can be
described througarutile (TiO.) i hematite (FgOs) i wistite (FeO) ternary diagram, deigure



2-7. More Ti rich minerals are tdé top while Fe rich is in the lower part2Fen theleft-hand
side and F¥ on theright-handside, representing increasing oxidatiowaodsright.

Red lines are representing three isomorgisolutionseries: titanomagtiées, titane
hematites an@seudobrookitesseeFigure2-7. The first two are ferromagnetic but the last one
IS paramagnetic.

TiO,
Rutile

§ FeTjO;
IImeno-rutile

1 .
3 FeTiQ

% FeTiQ,
[Imenite

Pseudobrookite

FeO % F&0;
Woustite Magnetite Hematite
Maghemite

Figure 2-7. Rutile (TiQy) i hematite (FgOs) I wistie (FeO) ternary diagram. The blue dotted
lines represent increasing degree of oxidation while red lines represent isomorphicGeziEs.
lines and degrees in Celsius represent Curie and Néel temperature. Green steadexpeesents

the field of titanoraghemite Modifiedfrom Lanza and Melonid006, Reynolds, Rosenbaum,

Hudson and Fishmafi990 and Tauxe 2010.

Titanomagnetit es

The end memberof the solid solutionof titanomagnetitesare magnetite andlvospinel.
Although they both crysthze in the cubic system and have inverse spinel structure, the
ulvéspinel does not have #éons and the Féions areequally distributed in the tetrahedral and
octahedral constructiowhile the Ti* ions have no rtemoment. Henceylvospinel becomes
antiferromagetic with no magnetizatigrwhile magnetite is ferrimagnetic as described before
and highly magneticSaturation magnetization @Mvaries considerably from @BA/m for pure
magnetiteto 0 kKA/m for ulvéspine Curie (Néel) temperature varies also, from %75or
magnetite ta153°C forulvospinel, see alsbigure2-7 (Bosiet al, 2009 Lanza& Meloni, 2006
Tauxe,2010.
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Titanohematites

The terms of the solid solution of ditdhematites are hematite and ilmenite. The magnetic
moments of hematite are not coupled exactly antiparallel against each other but deviated of 0.2°
resultingin canted antiferromagnetic behavior. limenite is on the other hand antiparallel but with
very lowNéeltemperature so in natural condition it is paraneig (Lanza& Meloni, 2009.

Titanomaghemites

The spinelstructure of maghemite (F£s) with thesame chemical formula as hematite ferm
by low temperature oxidation of magnetite. Some not very well understood eneinted
factors can also form hematir®em oxidation of magnetitejeynolds etl., 199D).

Ferromagnetic minerals in rock in nature

Feromagnetic minerals are never abundant in rock in natural conditions but are only present as
accessory minerals, less than 5%. Still their extremely higleptibiity with a content as low

as 0.1%of magnetitecan mask out effects of other minerals ia tbck, sedigure2-8 (Lanza

& Meloni, 20089.

Because of the relatively low concentration of the ferromagnetic minerals in mosdlnat
conditions, the rock can beomsidered to be formed by a diamagnetic and/or paramagnetic
matrix, within which ferromagnetic grains are distributed far enough from each other to do not
interact with each other. But the magnetic interactions betwe@ndudl grains are effective
overdistances up to a few times their diametemza& Meloni, 2009.

As a rule of thumb, one can read fréigure2-8 that if a rock has susceptibility of 0.03 in
Sl units (or 2.5x18 in cgs) if caresponds to 1% concentration of magnetite in the rock by
volume.
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Figure 2-8. Susceptibility from some ferromagnetic and other minerals in rock versus their
concentrationModifiedfrom Lanza and Melon2(Q06)
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23 Earth 6s magnetic field

231 The el ements of the EarteWlds magnetic

The Earths characterized by strong mgnetic fieldrelative to other planet$hetotalmagnetic
field of Earth iscomposed otontributions from severdifferent sourcs, external ad internal
(Lanza& Meloni, 2006;Fl6venz, Hersir, Seemundsson, Armannsson & Fridrikszoid):

a) the maingeomagnetidield, with its origins in the outer core tie Earth;
by the crustal field, generated by magneti zed
c) the atmospheric field, produced by thunderstorms and other aspects iplaneos
d) the external fikel, produced by electric currents in the ionosphere and the maghete,
from energy directly from the sun;

The maingeomagnetidield is of most inportarce in paleanagneticstudes cannot be
produced by magnetic materials since most of theiamtef Earth is above the Curie temperature
of the materials involved. Theaingeomagnetic field instead is assumed to be mostly produced
by the geodynamaonvection of the liquid outer core of Earth, which is among other materials
composed of iron andakel (Tauxe 2010 Lanza& Meloni, 2006).

The simplest formdescribing the magnetic field of earth is one tilted magnetic dipole
(Figure 2-9) whose locationin year 2015 was 80.31°N 72.62°W and the opposite south
geomagnetic polat 80.31°S 107.38°BENOAA, 2016. Thatdipole can describe 90% of the
observed total magnetitefd of Earth Kearey Brooks,& Hill, 2002. If this dipole field is
subtracted from the observed field, the residual field can be fitted by another dipole giving better
result and so ofKeareyet al, 2002.

By spherical harmonic analysis and lesgtiars fitting by inverse modeling, models are
made for thamain magnetic field, called International geomagnetic reference field (IGRF) and
have been calculated for year 158D to presentThis reference fieldlefinesmagnitude and
direction ofthemagreticfield vector for all places on earéimd can be accesbat theNational
Centers for Environmentalflormationfrom National Oceanic and Atmospheric Administration
web pagewww.ngdc.noaa.gav

Thedipoleandthe locations of thgeomagnetic pokare not measurable directijowever,
at two places on approximately oppositdes of the Earth the total magneticdielf Earth is
vertical, at one locatiopointing downward and the opposite side pointing upwart@isose
points can bdocated from observations of tmeagneticfield and @ae known as thenagnetic
polesor dip polesof Earth, sed-igure 2-9. Basedon models, the 2015 location of the north
magnetic pole is 86.27°N 159.18°W and the south magnetic pole is 64.26°S 136/68RE,
20196.

From thedipoleit is possible to calculate tliromagnetic equatorhere is alsamagnetic
field equatorwhere the measured magnetic fieldparallel to the surface of the earth, or
horizonta) seeFigure2-9.

From the direction of the magnetic fiel@dor observedat a given location of edrit is
possible to calculate the location thie dipole magnetic poles that would give the measured
magnetic field. Those poles are knowrvatual geomagnetic poles, VGPs
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2.3.2 Calculation of the dipole

When measurintheremanenimagnetizationthe results a vector with direction and magnitude.

If the vector is measured in Cartesian coordinates where x is to the geographic north, y is to the
geographic east and z is vertically down to center of Earth, seeRigure2-10) the megnitude

of the total field F), horizontal component H, declination (D) and inclination (IYisuxe, 2010;
Lanza& Meloni, 2006:

o nWh o b, 0O md &, 0 OAl- and O OEI- eq.2-12

We also have:lanza& Meloni, 200§ with F as the total field.
H=Fcosl; Z=Fsinl; Z=Htanl; X=HcosD; Y=HsinD gq.2-13

The virtual geomagnetic pole can be calculated from geometrygee2-11) wherel s
andf s are respetively the latitude and longitude of the observation poirtte bcation of the

virtual geomagnetic pole § ; f p) is then obtained from measured declination (D) and inclination
(), based on a method described by McEIhint§7Q3.

Geomagnetic Geographic
north pole north pole

/ Rotational
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Magnetic /
(dip) pole (1=90)

Magnetic
equator(I=C) -

_
—

m Bestfitting
< dipole

Geomagnetic
equator

Magnetic

(dip) pole
(I=-90°)

Geographic Geomagnetic
southpole north pole

Figure 2-9. Schematic descriptionf geographical poles, geomagnetic poles, magnetic (dip) poles
and equator linesModified fromLanza and Melon{2006.
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Figure 2-10. The eéments of the magtic field. Modified fromOpdyke andChannell(199%).

From the dipole formuléhe arc distancom the site to the poléere defined a8, where
OAD ¢AioO v o Al O— eq.2-14

Note thathe arc distanca& can never benore than 18Q°corresponding to the most distant point
possible on the opposite place on the Eafthelaws of sinuses and cosings/e:

OE] OEJATO Al OOBAI®N wnd -  ond  eq21s
g / OETi Q0éd QOéLi BOED
N ond _ Wt J €q.2-16
providingthe latitude of the virtual geomagnetic pdlg,
We also have:
% % 1 vM: AToO OEIOE]D
o eq.2-17
and %o %o pYTI 0Me AIOO OEIOEL
where OE1 —Q ¥ OEI T eq 2-18

giving us the longitude of the virtual geomagnetic pbjesincel , is already known.
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Geographic
north pole

Figure 2-11. Symbols for angles and points to calculate virtuép-geanagnetic polgosition
from measurements of inclination and declinatat a site S pointing at a poie Figure nodified
fromMcElhinny (1973, Tauxe(2010 andLowrie (2007).

The declination and inclination for a given site locateam be calcatedfrom already
known location of geomagnetic polésomeq.2-14:

0 OATcAT80 eq.2-19

where

0 AT OcATOATEO OEJIOEJIATH

eq.2-20
and 1 f f
Declination isobtained from
0 OET ——_  when Ai80 OEIOE]
and eq.2-21
0 OEI] L ' when Ai80 OEJOE]
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2.3.3 Variation of the Earth 6 gnagnetic field

Variations of E accur dtvery diffierang frequencies arfte praduted by
different processesvariation of longer tine periods, secular variah (number 4 to 7 in
Table2-1) are producedly processemside the Earth. Shorter termariations(number 1 to 3)

are produced in the atmosphere ambsphere, pdly from the activity of the sufOpdyke &
Channell, 1996Lanza& Meloni, 2006. The secular variatioandlongerterm variationscan

be researched through paleomagnetic study but the shorter time periods are important in
geophysicakexplomtion notably irmagnetotellurigMT) soundinggFlovenz efal., 2012). The

focus in thisprojectis on longer term variationmosty secular variations.

Table2-1. Scales ofjfeomagnetiwariability (Opdyke & Channell, 199@.anza& Meloni, 200§

Geomagnetic behavior Duration
1. Pulsations or sheterm fluctuation minutes
2. Daily magnetic variations hours
3. Magnetic storms hours to days
4. Geomagnetic jerks 10°- 10 yr.
5. Secular variations 10 - 1GPyr.
6. Magnetic excuiisns 10°- 10%yr.
7. Reversal transition 10°- 10%yr.
8. Interval between reversals 10°- 108 yr.

Information about variations in the paleomagnetic directisasailable from several different
sources.

IGRF12 model from NOAA

Informationfor geomagnetic field igvailable from théGRF12 modethatare presented on the
NOAA web pagehttp://www.ngdc.noaa.gov/geomageb/. For given location declination and
inclination for each year from 1590 to the present day is providied.declination and
inclination have beencalaulated by equations described in the pras chapterfor location
Iceland(Figure2-12). The difference in magnetic directighedifferential angle (DELhas also
been calculatedver one centurysing Eq2-24 described better in chapt®.1(Figure2-13).

The maximum change in magneticetttion (DEL) over 100 years according to this is 4.9°
and the rate goes down to 2.7° over 100 ymae period. @ averagdor all 100 year time
periods from yeat59Q theaveragechange is 3.76ver 100 years.
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Figure2-12. Calculateddeclination and inclination for the Hl6dufell area between 1590 and201
corresponding to the movement of the Geomagmnetth pole according to the IGRF12 model.
Graph fromthe author.
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Figure 2-13. The differential angleEL) overthe last100 years calculated from information of
geomagnetic north pole according to l&RF12 modelfrom the data shown on the previous
figure. Graph from the author.

Model CALS7K.2,d  ata for last 7000 years

Another model fromKorte and Constable2(05, availableat https://www.gfzpotsdam.de/
en/section/earthsnagneticfield/topics/sourcef-the-earthsmagneticfield/core
field/magnetiepolesanddipoletilt-variation/andretrieved on 07 Jul 20X8r this studycovers
much longer time periodThat model is a continuous modef archaeomagnetic anthke
sediment data of thousandyears It covers the calendar years fr&®00 BC to 1950 AD.
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In the same way as for tleta in IGRF12 model, the data from the C3VK.2 model was
used to calculatéhe declination and alination for location Iceland and thdrom that,the
differential angle, DEL(Figure2-14). The change according to this model isamslower,with
minimum change 00.02° over one ceaty and maximum change of 2.0°. The average change
is 0.8°.
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Figure 2-14. Calculated declinatiomndinclination for the last 7000 years accordingttee
CALS7K.2model.Also on the last diagram, the calculat&@O years change in direction, the
differentialangle (DEL) Graph from the author.
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Here should be noted that this is not accurate measured change of the magnetic directions
in Iceland but onlydat from a model based on archaeomagnetic and lake sediment data. That
kind of paleomagnetidatais not as eliable as data from measured lavas

Magnetic informati on from Leirvogur

Magnetic results from LeirvoguiLéirvogur Magnetic Result2016 showstotal change in
declination in years 1958016. Calculated change in magnetic direction from year 1958116
with eq. 224 is then 2.9° and then 5.1° overexrentury.This is actual measured data but the
time frame we have here is very limited.

Otherre search

Champion, Hodges, Davis and Lanphé?@11) concluded thathe local geomagnetic field
vectorusuallyvaries with an average angular motion of 4 to 5 degrees per 100 years in latest
Pleistocene and Holocene basayaflows, with extreme variancedm 0 to10 degrees per 100
years Mankinen, Prévot, Grommé and Cd®85 assumedhe average cumulative change in
virtual paleomagnetic pole anglebe6 A o v e r 1 0 Dhosy reirabessa@mostly mased

on measurements in lavas.

Over view andw hat will be used here

Overview of the research described above Table2-2 and it is clear that thessumedverage

change varies a lot. The average of theragess 4.0° However, since Leirvogur with actual

data and the measurements on lavas indicate a bit higher value, the best estimate assumed here
is 5A change over 100 yearsdé time. The conf i
rough estinate. Ao note that it is very unlikely that the change rate is higher than 7 or 8 degrees

but it could easily be lower than 2 or 3 degrieesome centues

Table2-2. Overview of research and data for Bamge in magnetic directiover 100 years.

Change in direction over 100 yeas

Research or source of data Average Minimum Maximum
IGRF12 3.7° 2.7° 4.9°
CALS7K.2 0.8° 0.02° 2.0°
Leirvogur 5.1° NA NA
Champioret al, 2011 4-5° 0° 10°
Mankinen er al, 185 6° NA NA

2.4  Calculations of magnetization and data analysis

2.4.1 Measurements of remanent  magnetization of a sample core

The magnetometer used in this research 3&pter3.2) gives mV reading, corresponding to
the three dimensiored the coordinate system fixed the core, seBigure2-15. The x direction
of the coordiate sysem is the vertidadirection with positive upwardirection z is along the
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axis of the cylinder and with positive direction inside the rock. Direction y is horizontal and
orthogonal to the other ex with positivesenseo the right.

Measured dealation of theremanentmagnetizationof the samplecore in its own
coordnate system is in clockwise direction from x axis. Inclinatiotmédeviation from thexy-
planewith positive direction down.

The magnetometer gives mean measurement in mV faidghal in eacldirection x, y and
z with the amplitude as:

bana @ o a eq.2-22

With adjusted magnification of the magnetometer (normally adjusted between 0.1 and 2.0 for
different magnetization strength of the core measured), known calibratibarafignetometer
and volume of the measured core, we have the magnetization of the core:

O & NZaG O "QE QQOULELDACRGET b O QE &
L€ aOENADWE IBQWI 61 QQ

eq.2-23

For the equipment used in the research we have the calibration constant of 48 and using
volume of the core in chrithe outcome will be magnetization in A/m.

The declination and inclination in the coordinate system of the core is calculatedamtne s
way as before (seeq.2-12) that isD = tan(y/x) and| = sin’}( z(& %y*+7)).

The angular difference between two measurements of directions in thessanple core,
called DEL is calculated from their scalar product, using the well known formula:

000 Al 622 oai P09
v 0 0 500
h
where eq.2-24
000 s
oana
For small angles a simplified formula can be used:
000 YO YOwto eq.2-25

whereDl andDD is the difference in inclination and declination respectively between the two
measurements ang iis the mean of the two inclinationshose equations will be used to define
how different palemagnetic directions are between sampling sites or geologiital u
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Figure 2-15. A sample core with a sample holder and the coordinate syisiann the cordor
magnetic measurements of@re. Photos and drawing by author.

2.4.2 Magnetic field transformed to geographical coordinate system

The magnetic moment of the specimen described above is measured in the coordinate system of
the specimen itseliThe difference between tlsample core coordatesystem(x,y,z) andthe
geographsal coordinate system (hereferredtowi t h x 6, y 6, z06) i s desc
(Az) angle between the inward direction of the sample and direction to the geographical North
and the plunge (PI) angle of the saenpbre Thenthe geographical coordinates will b&{uxe,
2010:

O WOEDADED A O WA i UEAED &

© OOEDA WA OOEDG Gi QBA OB G eq.2-26

G of QFa A0iDa

In the above equation, the Azimuth is the geographical direction of the z axis of the sample

while plunge is the slope of the x axis of the sample Fegare 2-16, wherewe havePlunge
angle = Dip anglé 90°.
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plunge Horizontal
planeof X and y

z

.
Figure 2-16. Plunge and measured dip angle of a sample core

Inclination and declination in thgeographical Earth coordinate system is then (as described
before seeeq. 2-12) D = tan}(y'/xX) and | = sin( Z/ @& )*+(y)*+(Z)? ). But hereit is
importantif used for example in computer progrartsstake notice of in which quadrant the
vector i s. | f x 6 aredanlyydx),iif 8™ is begative, themeshaveDi=v e ,
180° +tan(y’/x), if X" is positivebut y is negativewe can us® =360 +tan(y’/x) to have
the declinatiorD, going from 0°to 360°.

2.4.3 Fis her statistics methods used

Usually we have more than one sample from each sé&ling directions that are scattered
around some true value. The scattan be due to various faes, such agTauxe, 2010;
Kristjansson, 2002

1 uncertainty in the measurement in the field from orienting of the sample;
uncertainty in the measurement in the lab;
naturd variations of secondary magregtionandits removal,
uncertainty caused by the process of magnetization
rotationand fraturesof blocks within the sampled sigad
uncertainty caused by local anomalies on length scales of meters to tens of kntedenera
by lateral magnetization inhomogeneitiesalhunderlying rocks as well as in the lava
itself (including effects of irregularly shaped boundaries).

=4 =4 =4 -4 4

The probability distribution of the calculated magnetic field vector can be describgéisithr,
1953; Tauxe, 201
5 { .
™ OE] 8 eq.2-27
wherea is the angle between the true direction and measured direstbk is a precision
parameter. Whek hasalargevalue,the measwed directios are moreconcentrated around the
true direction, while lowek value means more scatteringklis equal to 0 then the distribution

is uniform over the sphere.
If we have N measurements then we have N vectors, giving the total length of:

Y to tw ta eq.2-28

and mean direction components of the unit vecfiQ) with:
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to . . td ta

o 5 ho < h o af ~ eq.2-29
It has then beeshownby Fisher {953 thatk can be approximated with:
I e Q 0 ,p eq.2-30
v Y

andalso,thatthere isl - P probability thathe true mean directicof a population of N directions
lies within a circular cone whose axis is the observed mean direction and whose semi vertical
anglea.p)is given by the equatioffisher, 193; Sharmal1989:

o 0 'Y —
| Al Op ——

Y P eq.2-31

c4o

In most cases for paleomagnetic studies P is taken t0.0% so there will be 95%
probability thatthe true mean direction of the vector to be withanglealph&®5 degrees from
the mean dection calculated fronobservations, reducing the above equation to:

0 Y

| Al Op 7

C T p eq.2-32

A simplified equation for alpha95 can also be givendy estimatavhich is reliable for k

larger than 2%Tauxe, 201
. pPT T
e eg.2-33

Then the estimateaingular(or circulan standard deviation can be approximatedegrees by,

0 "YO % h eq.2-34
which is therthe radus ofa circle around the mean direction containing 63% of the data (Tauxe,
2010).

The statistid is alsoan approximation for AB (Tauxe, 201}) given by:
o Y
] Al OU— eq.2-35
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3 Equi pment and met hods

3.1 Field work

3.1.1 Core sampling

Drilling, orient ing and e quipment used

For core sampling a portable gasotp@wvered drilling machines were used with standard 2.5
cm-diameter drills, se€igure3-1. The cores werevatercooledduringdrilling. For all coresa

Brunton compaswas used witlthe oriening equipment shown iRigure3-2. Most often it was

cloudy in the area so there was not an opportuioityusing the sun to correct the local
declination. Insteadknown directios drom maps and using GPS measured locations for
sampling sites were used for correction. For improved accuracy for reading of the compass, a
magnifying glass was usually used fhat reading. For the few instanagken it was possible

to use botlthe sun and direction to nearby mountains, bathewsed andhe averageusedif

the measured local declination was not the same from both methods. Usually the difference was
not morethan 1°.

Azimuth of the sun

A Garmin mamial GPS clock with reading accuracy 80 seconds was used and the Garmin
GPS 60 when available. The clock was checked with the web p#pgéitime.is/=GMT For
calculation of the true azimuth angle of thensa NOAA ®lar Calculator was used
(http://www.esrl.noaa.gov/gmd/grad/solcalc/

Equipment used for location and maps
For GPS locations a Garmin GPS 60 CSx with WAAS/Egnos correction enabladeda¥Vhen
location was taken, an average method built into the Garmin GPS60 wa3 heseshcertainty
of theGarmin GPSs not well known but could be 80 meters or even more in vertical position.
This is not assumed to have any serious effeth®nesearchisce the position or elevation data
is not used in that way it would influence the results of the research.
Maps for locatios of nearby mountains werund out withthe Garmin Mapsource
software and Basecamp software. That software wasis¢sbfor calalations of true directions
from sample sites to the nearby mountains used. Distance to these nearby mountains was usually
in the range 5 10km.

Terminology
In this work the following terminology is used:

1 Samplds one peace of rock whiclae be measurdd the lab.

1 Sample cordas one drilledcoreand usually one sample can be made from the core.

1 Sampling sites a place in a unit with several samptees.

1 Unit or geological unitis a part of a formation stage that one or more samplingssées
used represent.

Stagerepresent one or more formations in the volcano that have formed in the same or
similar situations during the eruption that built the mountain.

=
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Figure 3-1. Drilling equipmerntcorsisting of a pressizedwatertank connected tthe gasoline
powered drilling machine. Arill bit is already installedn the drilling machinen the photo

Figure 3-2. Setup while orienting at sammge HFA in Hlodufell

3.1.2 Sampling strategy

The preproject inUndirhlidarwasused as an exercise for the main project and for that purpose
the first sample cores there wesken undeithe supervision ofLeo Kristjansson For each
samplirg site, all sampkwereusually takerfrom the same pillow, seigure3-3 (A) as an
example.No other sampling strategy was set inpthe beginning of the pject andthe first
samplesevenfrom cap lavasn Hlodufell werefirst taken in the sameay, asshownfor HF-D

in Figure 3-3 (B). In the later stages of the research the sample cores were distbbtttd
within the sampling sitas shown irFigure3-3 (C) for sampling site H©.
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Hereit should also be noted thaamplingat HI6dufell was in most caseatherdifficult
and in many caseg would not have been possible to distribute the sampdiogtionsmore
evenlyoveread sampling siteHF-R and HFS are examples gampling sites othe western
side of the mountain from stage | units, for locationSgere6-1. The outcrops werecovered
as thoroughly as possible witamplesseephotos in appendix on pag&24 and 125 of the
sampling sites HIR and HFS respectively

Figure 3-3. Examples how samples were taken in some sampling sites during this research. (A)
sampling frononepillow samplesn Undirhlidar. (B) Samples taken in lower cap lava at sampling
site HRD. All samples are taken withavery small area in the lava. (Sanples taken in
sampling site HFO, one of the later samples in lava and better distributed over the site

This ledto clustering osome sampling sited\n example of this are the sampling sites from
pillow lavas in Rani in stage(Figure3-5). The pillows in Rani should be considered as one unit
but the resulusing 95% confidence intervaidicates that the paleomagnetic directions differ
between the sampling siteA decision has then been made to use 99% confidence interval, that
is alph&®9 when comparing paleomagnetic directions of different sampling sites within a unit.
This is done tdeon the safesidewhen interpreting the results.
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Stereograph for paleo magnetic field at: All sampling sites in Rani for alfa95 Stereograph for paleo magnetic field at: All sampling sites in Rani for alfa99
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o |
[P m /l
] \‘"\—\_
O PILL-BVW alfad5=2.3" avd=338.7" avi=72.1" O PILL-BVW alfa99=2.9" avd=338.7" avi=72.1"
O HFE alfad5=1.1" avd=352.3" avi=70" O HF-B alfadg=1.5" avd=352.3" avi=70°
O O HFV alfa95=3.4" avd=342.1" avi=70.8° o O  HFV afa99=4 5" avd=342.1" avi=T0.6"
0O HF-W alfad5=2.6" avd=317.7" avi=74.4" O  HF-W afa88=34" avd=317.7° avi=74.4°
* Grid: 10° *  Grid: 10°

Figure 3-4. Comparison of 95% confidence interval and 99% confidence interval for all sampling
sites in Rani. The black circle in both images is t@idence interval calculated if using all 21
samples in the 3 gapling sites.

3.1.3 Final finish of the samples prior to magnetic measurements

After eachfield trip, the samples were marked and approximatelg@ ®ng cylindersfor
measurementsere mae using a rock saWFigure3-5). Figure2-15 provides anotheexample
of asawed core.

123456789.10

HF-B
1 2 3 4q 5 6 7 8
HF-E

Figure 3-5. Examples of samplaores frontwo of the samphg sites. For increased presion
whenfinishing the cores, in some instances a geology magnHginge was used to find out marks
on them from field work. The photos are showing sample cores prior to séwiegample of a
samples to be measuréshown on Figure 215.
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3.2  Laboratory work

Figure 3-6. The laboratory in Askja.

The magnetometer

The magnetometer used for all remanence measurements was a fluxgate instrument made by
Institut Dr. Forster, Reutloen, Germany. Alfixgate probe basidgl contains a coil wound
around a long core and fed with a purely sinusoidal afrdguency current. The core is made
of a magnetic alloy (e.g. smalled pmetal) which saturates very easily, i.e. has a narrow
hysterasis loop seeFigure2-4 (Sharma 1986. The af voltage induced in another coil wound
on the same core, will be distorted, i.e. it consists of the original frequency plus an overtone
signal. With propearrangement, the amplitudg the overtonesignal is proportional to the
component of the magnetic field parallel to the core.

The Forster magnetometer has four approximately identical fluxgate probes, the signal from
which is combined. They surround thgicdrical rock specimenotbe measured. Tavof the
probes are "endn" so that they measure the field caused by that component of the specimen’s
dipole moment which is parallel to the axis of the setup. Two probes are at the sides of the
specimen, measing field lines which gohe other wayKigure 2-2). This combination of the
four probes eliminates external field variations, such as from ionospheric currerits, traf
elevators, etc. The output of the magnetometer is - th560 millivolts dc.
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Figure 3-7. Themagnetometeused in this research.

A specimen is measured in all @dssible orientations, that is 4 times for the +x component,
4 for -x and so on. The values for each of the tlo@mponents are avaged, which largely
cancels out effects from the nepherical shape of the sammad inhomogeneities in its
magnetizatn. A simple computer program converts the readings to a spherical coordinate
system in the specimen. The magnettanés very stald, the reproducibility of a direction
measurement being better than 0.2°. It was calibrated monthly wittuaril@c coil of the same
dimensions as a specimen, fed with a few mA. Tég Z-2) gives a factor foconverting the
magnetic dipole moment m of the specimen from millivoits. -28) to Anv.

The error in the magnetization value M = m/V of a specimen is a few %, due to errorsin V.

Demagnetization

Basalt lavas tend to contain i@rs magnetizatios of different origin. The main one is the
primary thermoremanent magnetization (TRM) acquired during initial cooling. There is also
viscous magnetization (VRM) built up during recent thousands of years. dften it is small
compared tohe TRM but cammccasionally exceed it in magnitude. In a few cases, lava outcrops
are also affected byghtning, makingisothermal remanent magnetizatidRM) which can be

very intense. Haever, these two and other sedary magnetizatios are in most cases of
relatively low coercivity and can be eliminated by treatments which only affect the TRM slightly.
The main treatments used in practice are thermal and alterfigiothgAF) demagnetiations.

The former which involes heating speciems in steps and measuring them in between is time
consuming and cumbersome, and it causes undesirable chemical changes to the magnetic
minerals. It has not been used here and is rarely employed on Icelzsidic
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In AF demagnetizatiora specimen is sidcted to a sinusoidally varying magnetic field,
generally of frequency < 100 Hz. Its amplitude is increased in a few seconds to a maximum peak
and then decreases to zero in a minute or so. This treatmestfsmed in a fieldree
environment created #@ier within a set of large-d coils or in a gmetal can. In order to avoid
introducing a certain disturbing magnetization component (anhysteretic remanence, ARM). the
specimen is rotated about two axes dtameously during the treatme®ometimes alsdt, must
be demagnetized and measured twice at the same peak field, with the results being averaged to
eliminate secalled rotational remanence (RRM). Our equipment for this purgegaré 3-8)
was made by Molspihtd. of Newcastleon-Tyne, England.

The usual demagnetization steps for Icelandic lavas have peak fields of 5, 10, 15, 20, 25, 30
mT. From over 60 years of expence with these lavas it has been found that the VRM has
usually beerremovedby the10 mT step. Thismproves the withidava agreement of sample
directions, even dramatically. The treatment was stopped at 20 mT in many early studies. More
recently it has been extended to 25 or 30 mT although the reductdph#®5 values at thes
fields has turned owbd be quite marginalSzemundssorristiansson McDougall,& Watkins,

1980 Kristjansson 2002, 201} In the present work the AF treatment has been carried out to
30 mT in all samples, sometimes up to 40 or 50 Agpéndix B. TheAF pe& field which has
wiped out a half of the remanenceferred to as the median demageg field (MDF) is on
average20 mT. The value of MDF varies for the samples in HI6édufell from below 10 mT to
more than 50 mT. igher values indicate relativejnisotopic magnetite gins, for instance
needleshaped ones.

The equipment usefbr demagnetization in this project displays the strength of the peak
field in oerstedoe) or Orsteavhich has the same dimensions as Tasthin some cases in this
research thenit oe is usedor that reasonThe conversion betweeddrsted and Tesla is such
that 1 oe equivalences 0.1 mT

Figure 3-8. The guipment fordemagnetizationsed in this research.

The initial roomtemperature magnetisusceptibility of samples can yield clues about their
magnetic stability and other properties. This parameter is essentially the slope of-2uirve 1
Figure 34 near point 1. Ashown inFigure2-8, a susceptibity value of 0.03n Sl units roughly
corresponds to 1% of pure magnetite per volume. Titanomagnetites however have lower
susceptibities. Average susceptibility values of about 0.025 are common in older lavas in
Iceland which contain magnetite exsolvednh titanomagneties by oxidation Kristjansson,

2015. In pillow lavas and other rapidly cooled rocks, the titanomagnetite grainsotlihave
time to exsolve into pure magnetite and titanium minerals. Hence, they generally have low values
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of susceptibiliy. This is alsdhe case in our samples, whose average susceptibility is 0.0078 Sl
cf. section 6.1. It leads to high values of thinigsberger ratio Q, which is generally considered
to be a good qualitative indicator of magnetic stability.

The susceptility meter used ére is an M instrument from Bartington Ltd., Oxford,
England Figure3-9). It employs the fact that the séfiductance L of a coil increases when a
piece of norconducting paraor ferromagnetic material is gded inside it.flthe coil and a
capacitor C form an L&ircuit with relatively small resistance, its resonance frequency is
1/2pQLC) Hz. The frequency is here of the order of 0.5 kHz, and changes in it are easily
measured. From these changes, the susceptibility value for a 10 cc standard size sample is
displayed by the meter.

The susceptibility meter can also be used to medbar@urie temperature of a sample, in
a watercooled sensor within an electric furnace monitored by a thermocdtigierd€ 3-10).

The temperature where the ferromagnaticeptibility of the main magnetic carrier disappears
(by straightline extrapolation to zero of the steepest part of the thermomagnetic curves), reflects
the composition of the titanomagnetites of the samplé&iglire2-7. A few samples of basalts

from HI6dufell were measured, theiumber being limited because of instability which
developed in the instrument. The results which are showkppendix O indicate thathe
magnetic material consists chemically of a solid solution of abo066 ulvdspinel, 3210%
magnetite. This is a typal composition for fresh basalts.

Figure 3-9. Equipment fosusceptibility measurements
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Figure 3-10. Setup of equipment for Curie point measunge

3.3 Data processing and ¢ omputer programs

3.3.1 General

Custom made computer programs were usethélataprocessingSome programs were used
without much modifications from the computer of the magnetic measurement lab in Askja.
severalof the existingprogramswereold, had limitationsdue to old storagenediathat isno
longerusedanddid not supporeinygraphical presentation, manytbem were rewritteby the
authoror newmade for thigroject

3.3.2 Programs for calculation of paleomagnetic field and
demagnetization

A computetrin Askjawith old custom made Basic computer progrgfigure3-6 andFigure3-7)
gave result for magnetization of the specimen measuredhe coordinate system of the
specima, using the equations describadChapter2.4.1bothon printed paperral in a file The
result from that was theput in another computevith an old Fortran computer prografor
calculation of paleomagnetic directions: liieation and inclination of the rocklThe Basic
program was used this researh as it was butite Fortran program wawrittenby the author
completely iIlMATLAB . The new program gaygaphical resultgFigure3-11andFigure3-12)
that made the da analysis done in this research possible.

For calculations ofheremanenmagnetizatiorandgettingpaleomagnetidirectionsin the
geographical coordinatgstem, a custom madBIATLAB program was writtensingequaions
described irChapter2.4.2for transformation of coordinate systerifien equations described
in Chapter2.4.3for Fisher distributon are useds well Thenthe virtual paleomagnetic poie
calculatedamong ¢her things,(Chapter2.3.2 and makinga map showing the location of the
paleopoleas jpgimage MATLAB functions from AllmendingeiCardozacand Fishel(2012) for
graphical representation of paleomagneta insteregraphic equal area net projem.

These images such dsgure 3-12 (C) show how it is possible to analyze the
demagnetization process of each sample grograms made as well figures that were used to
compare dferent samplingsites and units, sdeéigure 3-4 as an example and al€hapter 7
where result is analyzexhd Appendk K.
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Paleo magnetic field in stereonet for sample place: HF-A

|
BRI

hagnetic field in stereonet for sample place: HF-A

O HF-A01/D=336.1°1=72"
B HF-A02/D=337.971=71.5
B HF-A-D3/D=336.3"1=72.3"
HF-A-04/D=3248°| =89°
B HF-A05/D=3248°1=73.1°
B HF-A06/D=333.7"1=76.5
B HF-AO7/D=332"1=722"

HF-A-08/D = 3234° | = 72.1°
Ave for NRM to 400 & demag
85=1.88° (at 400 & demag)
+  aveD=331" ave|=724°
Grid: 10°

Loiu T

|

O HF-A01/D=3361"1=72"
H HF-A-02/D=3379°1=715
B HF-A-03/D= 33631 =723
HF-A-04 /D = 324.9° | = 69°
B HF-A05/D=3248"1=73.1°
H HF-A-06/D= 33371 =765
O HF-A-07/D=332" =722
HF-A-08/D = 3234° 1 =72.1"
Ave for NRM to 400 6 demag.
95 =1.88" (at 400 & demag)
+ aveD=331" avel=724"
Grid: 10”

D |95 after different demagnetization for sample place: HF-A
| |

Demagnetization from: 0 to: 400
Dm0/D=330"1=718"095=24N=8
— @ Dm100/D=328.8 |=726" 095=17N=8
—B—Dm.150/D=329.2" |= 728" n85=19N=8
Dm.200/D=3255"1=733" n95=2N=8
——Dm250/D=329.4" 1= 726" u85=2N=8
—8—Dm.300/D=330.3 1=741° n85=22N=8§
Dm.325/D=3305"1=728° n85=21N=7
Dm.350/ D =320.6° |= 728" n95=2N=§
. DmA@iD=331"1=724"n95=18N=8

D PALEQ DECLINATION AND INCLINATION IN COORDINATE SYSTEM OF THE SAMPLE CORE:

HF-A: Mean for demag. 100 ta 300.6 - 7 875 samples

E HE Az pip PaleoDecl PaleoIncl PalecDecl PaleoIncl PalecDecl PaleeIncl PalecDecl PaleoIncl PaleoDecl
ATION (orsted): @ ] 100 158 150 200 200 258

HF-A-B1 3414 +36.8 332.9 +71.8 332.9 +72.4 335.5 +73.3 337.8 +72.6 337.9

HF-A-82 3424 4315 342.2 +78.2 336.0 +72.6 337.6 +71.0 312.9 +74.2 339.8

HF-A-83 3444 4345 343.0 +78.3 335.7 +72.7 336.3 +72.3 335.6 +73.1 334.2

HF-A-84 355.4  +30.5 322.0 +68.6 322.3 +69.9 320.4 +70.3 322.5 +70.8 321.7

HF-A-85 44,4 420.0 317.4 +73.0 323.9 +73.4 322.9 +75.0 319.1 +75.3 324.2

HF-A-86 3344 +15.0 330.0 +73.3 339.9 +74.7 328.2 +74.7 5249 +75.@ 333.0

HF-A-87 -15.6  +29.5 332.6 +73.4 330.7 +72.7 332.1 +73.0 330.2 +72.5 330.3

HF-A-88 335.4  +19.5 318.9 +71.9 317.6 +71.5 320.1 +72.0 318.0 +71.8 318.0

AVD & AVL 330.0 +71.8 328.8 +72.6 329.2 +72.8 325.5 +73.3 329.4

Alfa 98: 2.092 1.473 1.612 1.682

Alfa 95: 2.450 1.725 1.887 1.970

Alfa 99: 3.234 2.277 2.401 2.601

R (Total length of vector): 7.986 7.993 7.992 7.991

N (Number of measurements): 8 8 8 8

k (Estimate of kappa): 512.3 1832.2 862.4 791.5

CALCULATED PALEOPOLE According te location of the sample place Latitude: 64.48115 °N Longitude: -28.55046 °F

sample Laf Lon Lat Lon Lat Lon Lat Lon Lat Lon Lat

Demagnetization (orsted): Mean values @ a 100 100 158 150 200 200 258

HF-A-81 77.4  232.7 74.8 231.8 76.2 231.9 77.3 235.9 77.5 228.2 79.9

HF-A-82 67.9  205.3 76.4 209.2 76.9 231.3 75.7 220.8 69.3 259.8 77.7 4

HF-A-83 77.6  230.8 76.8 207.9 76.8 231.9 76.7 229.1 77.2 234.8 76.6 8

HF-A-84 68.3  236.5 66.9 235.1 68.4 238.2 68.6 241.3 69.4 240.7 67.4 ¥

HF-A-85 72.5 2514 69.3 253.2 72.5 249.1 73.3 257.8 71.9 261.5 72.6

HF-A-86 76.2  254.3 75.0 242.5 76.5 249.5 75.4 252.2 74.2 256.5 75.4

HF-A-87 74.9  238.8 76.2 248.3 74.8 233.8 75.6 233.5 74.4 238.4 74.5

HF-A-88 69.4  246.7 69.0 247.9 68.0 247.8 69.5 247.1 68.4 248.3 68.3

Mean values from AVI and AVD 73.6 235.5 73.8 248.5 74.2 241.1 73.1 247.2 74.1

Date of calculations: 21.87.2018 Time: 23:12

Matlab program: paleostefnur.m (function)

ERS / 21-Ju-2018 2312:35.

Figure 3-11. An exampleof outputfrom thesampling ge HF-A in HI6duell. (A): All samples in a simple
stereonet graph with alpha95s circle. All graphs are resizaf@gSimilar graph as irA but in colors for each
sample and enlgred.It also shovg thepath of demagnetization for the average values ftegédeclination ad
inclination. (C) Same as in figurB but alsoshowing paths for demagnetizatiofall sampleslt provides
opportunities to see if some samples are showingpawted behavior in demagnetizati@d) Figure showing
development of alpl®® circles fora demagnetiation path.(E) main table with values faheremanent
magnetizationinclination and declinatiormndthe virtual magnetic palegole calculated(F) Map showing
location ofthe paleopole a mean valuafter demagnetizatioflO mT to 30mT).
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About ste

reograph images

In thestereonet graphs used in this work, one can imagine being located above the middle of a

bowl, having a vector sloping down (the ineltron) and pointing into a direction (the
declination). If the inclination angle is the slope angfi¢he vector saftheinc | i nat i on
say 80° then it is pointing almost straight down to the middle of the bowl. If the declination angle
lay+#45¥ thenst is point half way to the right.
Here the stereograph are set up on a Schmidt rtetegual area aites. Thatgives the
opportunities to draw alpha95 confidence limits as circles on the diagrams as is skayumen

i s

3-11as an example.

Stereograph for paleo magnetic field at: Stereograph - Samples

Demagnetizat

Data from the fileanade by the Basic program from the measurements of remanent matipretiz
was used foanalysis of the demagnetization process. A MATLAB program made by the author
for graphical representation of the datafile, showing theadg@tization proces§igure3-13)

and alsocalculatingcharacteristics fothe samples sthicas themedian demagnetizing field

ion process
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SAMPLE L
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alfag95=5

alfags5=1e"

alfa9s-18@

alfa95=18"
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Figure3-12. A

steremetdiagram
asused in this
research. Several
samples for differen

declination,

inclination and
alpha9s confidence
limits shown as

circles.

Figure 3-13. An
examples of the

graphical

representation of the
demagnetization

data from the

programs made by
the author. Note the

difference in

demagnetiation
behavior of the
samples. Discussior
about that is in

Appendix B.
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4 Geol ogical setting

4.1 Geology of Iceland

The volcanicactivity of Iceland ismostly considered to be a product of the interaction of the
spreading plate boundary between Neitlantic plate ad Eurasian plate and a mantle pum
with its axislocated close tthe center of the islandThe meanédctonic features are showm
Figure 4-1, with the Mid-Atlantic ridge entering Iceland in the southwest dre Reykjanes
pennsulg crosses Iceland as volcanic zoaadthencontinues to the nortifhevolcanic zone

are characterized byolcanic systemwith fissure swarmghat in the rift zones trend roughly
perpendicular to the direction of rifting. Mg of the volcanic syems havea central volcano
and some ofitese host one or mocalderastructureg Thordarsor& Larsen, 200Y.

KRl

7,
L/

<& RVB

. Plate boundary - axial rifts/volcanic zones
Volcanic system

fissure swarm - Tertiary Basalt Formation ‘ ‘ Plate boundary - fracture zones
—central volcano

summit crater - Plio-Pleistocene Formation ,_/ Intraplate volcanic belts

or : :
&aldera |:| Upper Pleistocene Formation

Figure 4-1. Volcanic zones and volcanic systems in Iceland with locatistudf areas.
Abbreviations areRR, Reykjanes Ridg&VB, Reykjanes Volcanic BeBISZ, South Iceland
Seismic ZoneyWVZ, West Volcanic Zon&JlIB, Mid-Icelard Belt; EVZ, East Volcanic Zone;
NVZ, North Volcanic ZoneTFZ, TjornesFracture ZoneKR, KolbeingyRidge;OVB, Oraefi
Volcanic Belt;SVB, Sneefellsne¥olcanic Belt;U, location of Undirhlidar study area; ard,

location of HI6dufell study are@roken circleshow approximatéocation of the Icelandic mantle
plume. Figure afterThordarsonand Hoskuldssor§2008).
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The WestVolcanicZone (WVZ) is a N25° striking lineamergxtending from thédengill
triple junction, which lies at the WVZ intersemt of the Reykjane¥olcanic Belt (RVB) and
the South Iceland Seismic Zone (SISH)e spreadingate of the WVZ ha beerapproximately
1 cmlyr (Luxey, Blondel & Parson 1997 over the last few thousand yeamdjich isabout half
the total spreading rate Iceland.

The studyareas of thigesearch are at two locations. The quarry adithlidar in the
Reykjanes Volcain Belt was used as a pmoject to learn the sampling methods and the
magnetic measurement. The main research(&igare4-1) is the tuyaHl6dufell in the West
VolcanicZone Undi r hl 2 #Har i Woufellasmiarkedd as MHW® and H

4.2  Hyaloclastite mountains

The hyaloclastitemountains are a very prominent landform in the active volcanic zones of
Iceland.From heresearch of M.A. Peacock in the first decades of tiec2@tury it became
clear that the hyatdastite formatias in Iceland have their origins from lacustrine énuys,
usually subglacialXakobsso& Gudmundssor201).

When an eruption happensarwater, a normal lava cannot form because of rapid cooling
and solidification of thenagma We hae this situatiorwhen an eruption starts in an ocean or
in alake,butthis also happens when an eruption starts under a glatien the heat from the
lavastarts to melt the glacier and forms a lagoon inside the gldtierdevelopment of a tuya
forming under a glacieis shownin Figure 4-2. The main units of a tuya after the glacier has
melted away is shown iRigure 4-3 (Sigmundssoret al.,2013 Jakobsson% Gudmundsson
2012.

Theformation of thedya, Hl6dufell ha previously §killing, 2009 been described in four
different stages and those stages wellused in the description here.

Stage |, pillow lava

The base of the construction of hyaloclastite mountaiagiow lava from eruption in deg
water where theressure is high, so the magma solidifies and cools without fragmenfatien.
can happemia lake or in an ocean and this can also happeer a glacier as shownkigure
4-2 A. If the eruption ends here, tihesult will be arather lowpillow lava ridgeor pillow lava
mound Undirhlidaris an example of this

Within the pillows are commonly found sheetzobejoint basaltalso calledsmal-jointed
columnar sheet lavas or Kudiberg(Jones1968; Werne& Scmincke 1999. Those cubes are
usually at leaspartly irregular and often curvy, and they are assumed to be evidence of fast
cooling lava due to water. Thormations are usually of limited horizontal extetih
hyaloclasite mountains most of them areopably formed ding the effusive deewater phase
but may in some cases be intruded at a later stage of the eriptansson & Johnson, 2012
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Ice B Water Il rilow lava Hyaloclastite
I Eruption conduit [l Cap lava Bl Flow-foot breccia

Figure 4-2. The developmermtf a hyaloclastite mountaifiuya) forming in an eruption under a
glacier. (A) An eruption under a glacier forming a pillow lava mound. Melting of the glacier begins
forming circularcrevasss on the glaciebuthasnot reactedthe surface of it. (Bfhe melting of
the glacier haseached the surfacof it, forming a lake in the glacier. The eruption becomes
phreatomagmatic when the pillow lava mound comes closer to the surfaceakfeth¢Cl) The
eruption tas reackedthe surface of the lake, forming a crater andbaerialflows fran the crater
(D) The lava continues to flow building up cap lava aboeeoasbedded flowfoot breccia lying
on the hyaloclastitariguresafter Sigmundssoet al. (2013

QUGS =P <R\ ----Water level

]
AN = AU

Pillow lava Hyaloclastite Flow-foot breccia Cap lava Intrusion

Figure 4-3. Main unitsof a hyaloclastite moutain, tuya(Jakobsson &udmundssar2009.
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formation is in the western sidetbravine Hlidduvallagil.

Sta ge Il , hyaloclastite

As the pillow lava continue® pile up,thevolcanic ventreaches lower water pressulfeg lava
starts tofragmentand a phreatomagmatiexplosive eruptiorbegins,forming clastic, glassy
material, thehyaloclastite(Figure 4-2B). Resee&ch in the WestVolcanic Zone in Iceland
suggests tt this effusiveexplosive transition in basaltic erupticrenoccurat 156200 mwater
depth(Jakobsson1978;Jakobssor& Gudmundsson2019.

If the erupion ends in thistage, the result will be a hyaloclastite mountain usually called
hyaloclastiteidges, tindar omébergshrygig (Jakobsson &udmundssor?2012). Hyaloclastite
ridges have been definedlaear ridgeof hyaloclastite usually without ajg lava (ones, 169;
Jakobsson &udmundsson2008, 2012 Russell, 201}t  Pborolfsfell north oHI6dufell is an
example of this.

Intrusions occur in hyalocttite mountains and are most common in the hyaloclaséee
Figure4-6 as an example fro Hl6dufell These intrusions are commonly dykes, less than 1m
in diameter. They can be irregular with pilldike formations connected witthem. Field
research and chemical analysis of the intrusions indicates that they may deveiopthate
formation of the mountain.Those intrusions may play a role in the solidification of the
hyaloclastite, by raising the temperature of the edificegraposed for the mariremergent
eruption of Surtsey in 1968967 (Jakobsso& Gudmundssor2019).

The interaction bwater and maga deesnot necessarily happen at the vantithe tephra
can either be unconsolidatedform aconsolidated deposithe tem hyaloclastitels used as a
collective term for volcaniclastic deposits which formed by expwswmagmavater
fragmentation and noeexplosive granulation of glassy lava rinithe hyaloclastite becomes
consolidated it is calletlff (Fisher & Schminck, 1984; Jakobsson &udmundsson2009.

If clasts as fragments of pillows or lava is in the hyksiite, it iscommonly calledtuff-
brecciaor pillow-breccia,seeFigure4-7. If the hyaloclastite (with or withousolated piiows
and pillow fragments) forms a large relaty flat layerit can be callesnoberg shegfWalker
& Blake, 1966; bughlin, 2002 Jakobsson &udmundssaorni2008 2012.
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Stage lll, cap lava

If the volcanic edifice builds up tthelake surfaceeventually he eruption may become effusive
again as water no longer has access to the vents. As aleasuttay agairflow from thevents
The lava advances over the hyaloclastite &gpacap lavaand asthe lava flowinto the
surrounding water inhie iceconfined lakethe lava fragmentsand cascades down the slopes,
forming aflow-foot breccia This breccias crossbeddedcommonly with the layers dipping by
25-35° consisting mostly of rrgular clasts larger than 1 crithe breccia is composed of
hydoclastite, fllows and pillow fragmentsThe interface between the flow foot breccia and the
cap lava is called passage zonand indicates the watdevel from the eruptiom@An example of
a passage zone indicating the waésel from an eruption from HI6dufell ihewnin Figure
4-5. A flow-foot breccia has also been referred toaafreset brecciand a lavafed delta
(Jakobsson &udmundsso2008 2012 Skilling, 20M; Jakobsson, 1978ones, 1970

If the eruption reaches this finalage we havewhat is called auyawhile the Icelandic
word used is stapi or mobergsstapi.

Repeate d stages in hyalo clastite mountains
The stages can be repeatedhiehyaloclastite mountains. That is the case in Hl6dufell where

two cap lavas havpreviowsly been identifiedby Skilling (2009 above two separate flow foot
breccias and have bessferredto as Stage lland Stage I\(Figure4-9).

Cap-lava (stage III)
Lava benches

Cap-lava (stage Ill)

~  Passage zone

B i TR S
e

~ Hyaloclastite - Tuff
’; .:1: = Stage"\
a( Fidwfféot breccia

~ Stagelll”

-
e o

- el

F e A
P TR
o =

Figure 4-5 Some of the typical unita hyaloclastite mountains,léBufell, North west part, photo
taken from northern lower terrac&heflow-foot brecca is from the stage of an eruption when a
lava advancedhto a glacial lake and the passage zone between the cap lava and tHedtow
breccia indicates the watdevd when this was happeninijote that several cap lavas are

indicated inthe photo.
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Figure 4-6. Dykes in hyaloclastite in HI6dufe: NW part of theHI6dufell, photo takerirom
above stage I11.B: Dykes ineast part of HI6dufe|lphoto taken from the road around the
mouwntain.

Figure 4-7. Tuffbreccia @bovethe yellow hammen top ofpillow-lava in Rani at HIddufell
Area.

Paleomagnetic me asurements in hyaloclastite mountains

Paleomagnetic n@surements have not been daften in hyalokastite mountains. Since they

can best be done in lavas or crystalline intrusions the focus oé#l@anch is the paleomagnetism

of the pllow lava forming the base of the mountains and the subaerial lava forming the top part.
The only kown paleomagneti measurements in Icelandic hyaloclastite mountains are
unpublished measurements made in year 2008 d6dufell by Leo Kristjanssonand Magris

Tumi Gudmundsson, se@ppendix C. Several studies have also been made in the hill
Skalameelifelin the Reykjanepeninsula, and nearby volcandéshaet al, 201J).

4.3 Hlodufell and Hlodufell area

Hlodufell isone d the most prominent tuyas in Icelarmtated in the Wes¥olcanic zone, south

of Langjokull seemaps ornFigure4-1 andFigure4-8 showing its locationsideview photosn
Figure4-9 and a map of the mountaiin Figure4-10 showingthe stages in the building of the
mountain among other thgs HIddufell is in an area of several postglacial lavas and it is
surroundedtompletelywith two of them: Labahraun 4000 years old east of the mountain and
Skoéflungur lava aged 5300 years in west and north side of datain Sinton Gronvold &
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Seemundson 2005. Hlodufell itself has been dated 1#r (JakobssonGudmundsson &
Duncan 2003.

The regionaround Hlo6dufell hosts several other large hyaldittasmountains. These
include the tuyas: Skrida, Hognhofdi and Raudafell, and the hyaloclastyes rieidrolfsfell,
Skridutindar and Kalfstindur.

Topographical characteristic$ HI6dufell are inTable4-1.

Table4-1. Topographical characteristics of Hl6dufell

Element aspect  Data Note Reference
Altitude 1186ma.s.l.  Highest point of the mountain, reading (Mal og menning /
from a map Forlagid, 2009
Altitude of the 447m asll. Reading from a map, lowest pointina (Mal og menning /
surroundings mudflat close to HIéduvellir to find Forlagio, 2009

altitude ofarea under thiava forming
after the formation of the mountain.

Relative height of 740 m Estimate of te relative kight of the (Mél og mennind

the mountain mountain before the formation of the  Forlagid, 2009
surrounding lavadowest point taken Gudmundsson,
close tothe mountain 1186447 = 739 Hognadottir, Jakobsson,
©740 m Note howevethatthe mountain 2000
rises only 666720 m above the lavas
surrounding the mountain.

Estimated volume 3.3 km?® Estimate ovolumeof HI6dufell is done  Appendix E

of the mountain in Appendix E.

Location N64.42° Approximate center of the mountain. ~ (Mal og menning /
W20.54° Forlago, 2009

4.3.1 General description of the edifice construction

The general structure and formationHibdufell has beerescribed by Skilling4009, who
divided it into four stages Skillingbds de fAppraximateolataionafthe ad o p
stagess shownin Figure4-9 and the majpn Figure4-10.

Stage I: Sub  -Ice pillow lava complex

The initial stage of the construction of HI6dufell is the formatiosutifaqueous pillow lava. The
pillow lava formation is mostly hidden under hyaloclastite, breccias and talus on the slope of the
mountain Figure 4-9) but isvisible in several gullies and other natural outcrops around the
mountain so most likely the pillow lag form a basement under the whole mountain. The pillow
lavas are best exposed in the ravine orstheh of the montain. Here the name HIldduvallagil

is used for this ravine. In general it is not possible to define how thick the Stage | formation is,
since it is mostly covered by thick talus in the side of the mountagu(e4-9). However, in
previous research of Skillin@Q09 the Stage | formation was measured to be up to 240 m thick
in HI6duvallagil Figure4-10).
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Figure 4-8. Geobgy map showindhe area around HI6dufell in WeSblcanic Zone. Hlddufell
marked withH is located between Lambahraun and Skoflungur. borélfsfell, nokthodiufell is
marked withp. Map modified fron8intonet al.(2005.

Rani, a peninsular snout extBng outwards fron the SE corner of HI6dufell, forms a part
of the Stage | formation. Rani is mostly made of pillow lava but has a draping of hyaloclastite
tuffs (Figure4-11). It is about 70 m high relative to the flats to thesty east and stiu

Stage |

The stage Il formation is made of phreatomagnetic, Surtseyan-\aisitéephra, appearing as
hyaloclastite, tuff and tufbreccia in the lower half of the cliffs and visibile some places of the
sides of the mountairiF{gure4-9). Dykes are also commonly seen in these Stage Il tuffs. Many
of these dykes extend higher up into the Stage Ill and evdoriiwations. In the Rani area
(Figure4-11) waterlain tuff as stage Il fonation drapes thpillow lavas from stage | formation
in places showing crodsedded flow structures.

The main vent for the Stage Il part of eruptibatformed the mountain has been assumed
to be the cone in the soudlast end of the mountairSkilling, 2009, here cded Sudurgigur
(Figure4-10).
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Figure 4-10. Mapsof the area, Hbdufell and PordlfsfellCap lava edges @tages Il and IV in
Hlbdufellare shown and lavbenches described @hapter5 are shown.




Figure4-11. From Rani, a broad low ridgextending south east from Hl6ouf¢h\) In Rani area,
water-lain hyaloclastitetuff on surface, Koufell in the lackground (B) Tuff-breccia in Rani and
waterlain hyaloclastitetuff on top of the breccia.

It is difficult to measure the thickness thfe hyaloclastite in stage Il formation but the
formation could be 150 m thick and in some pladesost reach thpassage zone below the cap
lava of stage Il formation.

Stage Il

Stage Il is formed by the firgir lowestpart of subaerial lava floa It consists offlow-foot
brecciaunderlying a pahoehoe cafava. The passage zorms been desced to be sub
horizontaland not displaying any obvious stelpstween places othe mauntain, indicating
stable watetevel during that stage of the erupti@killing, 2009.

The passage zone of stage Ill formation was measur@dn&i.s.l. in the south paof
Hlodufell in HI6duvallagil. The upper part of the bench there is ab@uh&igher, that is 86
m a.s.l. Figure 5-6).

Stagel V

Stage IV has beenferred to as the upper cégva It alsohas aclearflow-foot breccia asis
does theStage Il formation The Stage IV lava does not cover the whole area of Stage 11l cap
lava so it leaves terraces or benchdsatithe south ath north pa of the mountain. Thaorth
terrace is much largéFigure4-9A). The main creger forthe Stage IV formation is the summit
of the mountainThere is also obvious secondary craterecalled Austurgiguand there islao
apossible small crater, marked Vesturgigur

The difference in altitude between the passagesai Stagelll and IV formationss
about150 m, indicating the rise dhewaterlevel before the onset of Staf)é. Former research
has not identified ansignificant time gap between Stage Ill and Mrhation, indicating
relatively rapid change in érise ofwaterlevel (Skilling, 2009. The height of the mountain is
1186 m a.s.l. so according to this0l, the stage IV formation is from approximat&l§40 m
height of the passage zone a.s.l.
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5 Stratigraphic observations

Previousresearclof Hl6dufell hasonly identified two sets of calavas (Stage Il and IV) with
separate flow foot breccias for each cap lava. However, during the paleoimagngting of
HIbdufell observations of the stratigraphy and in particular the area betweernlBéageStage

IV lava caps indicate that small additional lava caps exist between the two main ones. The
evidence for this is presented below. The maggure4-10 marks the lava layers observed in

the mountain.

5.1 Lava benches, cap lava on the n orth terrace of HIi6dufell

There aredditional benchethatcan be clearly seean boththe north and the soutérraceThe
mainlavabenchon the northterrace is so large it can be seen on a reaqufe4-10) and there
are alsoseveral smallerdnches higher up in the terradégure5-1). The main bench on the
north terrace have previoydbeen assumed to be formed from glacial erostrilihg, 2009).
However, theycould alschaveformed bya rise n the water leve] possibly accompanied by
thickening ofthe glacier during the eruptipwith or without discontinuityn eruptive activity
during this possible rise in water level

Since no clear signs gflacial erosion were observen lielation to thébenchesand since
that it looks like a flowfoot breccia is part of the benchigure5-2), it is here assumed m®
likely that the benches were formed during the erupkaure5-2 is taken from thedwer level
of the north terrace. It indicates the existence of floet breccia between the benches.
However, those formations were novéstigated in detailOn the east part of the north terrace
are also some more complex fldaot breccias Figure 5-3), alsoindicating some change in
water level during the eruption.

5.2 Lava benches, cap lava on the south terrace o f HI6dufell

On the south terrace one clear lava bench is above the main cagf Bigduvallagil Figure
5-4). There was a sampling site taken from this lava benchKH&nd it s more than G m
higher than the highest samplingesof the main cap lava of stage Il (Hf.

No flow foot breccia was noticed in connection ta th&a bench infis location. However,
west ofthe south terraca flow foot breccia igit ahigher altitde than the main cap lava of stage
lll, seeFFigure5-5. Those photos show a cap lava somewhat higher and what lookolike fl
foot breccia o at an elevation sliglgtabove 90 m. Note also the flowfoot breccia from the
superimposed cap lava from Stage IV that looks likestideen flowing down previously eroded
cliffs of the underlying cap lava.

In this research Stage Will be referredto as clearly the lowestap lava with surely just
one flowfoot breccia underneath and Stage IV will be referred to as clearly the higpdata
with clearly no flowfoot breccia above. Cap lavas with possible more than one flowrectia

undernedt and still one or morediv-f o ot breccias above, wi | | be
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. northern terrace.
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= from this ben_ch.\
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Edge of upper cap lava
Stage IV. Sampling site HF-P
‘ This is the bench for sampling site HF-O
but actual location of the sampling site
is on the right-hand side, out of this photo

Here are two more benches visible, Edgle of
but no samples were taken from them capava,
Stage Il

X
-

Figure 5-1. Photos taken on the north terrace of HI6dupetividing a view over the terrace vehi
can be splitimto two levels(A) From the slope of Stage IV over the bench on the terrace, the photo
is taken from close to the sampling site-ARNd itis showing the most prominent bench on the
terrace that HFO is taken from. (B) View over the stopf the bench dhenorthterrace, showing
three small benches.
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Figure 5-2. Lava benches in stagedn thenorthterrace, east side. Photo taken from location:
N64.43324 W20.55287 ENE directionjocation is markd with a red square on the inset map.

Location and
angle of

this photo
Cap-lava Stage III

Lava flowing
down a slope

Figure 5-3. Lava benches in stagedibn thenorth terrace, wet side.The photo igakenin WNW
direction, location and angle of pho&we marked \ith a red dot orthe inset map. All the area on
this photo is much lower than Stage IV cap lava.

48



Figure 5-4. Lava benclon the south terrace, above tbap lava in stage Ill. Here referred to as
s t a g &anipling site HFK is from this lava bench.

Flow foot breccia
covering older
lava cap

Figure 5-5. Photo taken from the south bench or terrace albegwvesterrside of the mountain.
The photo is taken from altitude least ® mhigher than the @p lava stage Ilin the south of
Hlodufell (sampling site HFY). But also note here that there is no visible lower stage IIl cap lava
on this photo.
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Figure 5-6. Schematic diagramf ¢llddufell based on obseations done inthis project and
previous research made by Skilli®D09. Note that since most of the slopes of the mouatain
covered by talus and elaion measurements are from maps and hheld GPS, all elevation and
thickness data on this diagrais uncertain akeast with +f 20 mconfidence limit.

Those observations have been taken together on a schematic digignaes(6) showing
estimated altitude and thickness of various units.

5.3 Lava on the lower slopes on the west ern part of the
m ountain

In the southwestern part of Hl6dufell (location on map kigure5-7 E) are several outcrops
which lookedfrom distance as pillows but upon closer look theysaigaerialavasthat have
advanced down thaope of the montan. It is not easy to connect them with the cap lavas from
Stage Il or Stage IVsince they lie much lower thahe flow foot breccia oftage IIl and its
lowest passage zon€ifure 5-7). These lavas were neampled or studd in detailand no
sampling site is from those lavds is possible that they are Stage Il lavas that have flowed
down the slope with theupper pats now covered by talus.

This lava could be described fiyctuations when leakage ofvalcanic glacialake can be
triggered by opening of fissures resulting from volcanic activity. After closing the fissures, the
water level canrise again ty melting (Werner, Schmincke & Sigvaldasoi996. From
fluctuatiors of that kind we could have pér subaerial lags forming during a stage that has
otherwise dominating explosive eruption in waterming hyaloclastite.
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