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Abstract

Magmatic dikes form an integral part of volcanic systems and transport magma from depth
towards the surface. Dike propagation through the Earth’s crust is affected by the mechanical
properties of the crust, which is important to better understand potential effects on volcanic
activity. This thesis investigates the influence of crustal heterogeneity on magmatic dikes, fo-
cusing specifically on the interaction between magma and pre-existing weaknesses and on the
influence of tectonic stress. Basaltic dikes exposed in moderately fractured hyaloclastite in the
extinct Dyrfjoll volcanic system, NE Iceland, showed that dikes can follow existing fractures,
change strike when intersecting them without propagating into a fracture or be arrested in
front of a fracture. Laboratory models of intrusions into pre-faulted crust demonstrate that
the host rock cohesion and the strength contrast between intact and faulted host rock strongly
control if and how faults affect intrusions. Faults additionally affect the amplitude and pattern
of intrusion-associated surface deformation. Finite Element models simulated dike opening
in a tectonic stress field. Comparison of these to surface deformation associated with the
2021 February-March Fagradalsfjall dike, SW Iceland, show that tectonic stress can be a
sufficient driving mechanism for dike opening. The relative amount of predicted opening and
shearing of the dike plane is consistent with expectations based on geological models and
the area’s obliquely-spreading tectonic setting. This thesis demonstrates the complexity of
dikes interacting with heterogeneous crust and the potential of considering multidisciplinary
research as a key to advance understanding of such interactions.






Agrip

Kvikugangar eru mikilvagir innvidir virkra eldstodva og flytja kviku djapt dr rétum eldstodva
til yfirbords. Breytileiki i1 aflfredilegum eiginleikum jardskorpunnar hefur dhrif 4 hvernig
kvikugangar myndast og prdast, og mikilvegt er ad skilja betur hvernig pessi breytileiki
getur haft dhrif 4 mogulega eldvirkni. Petta doktorsverkefni kannar sérstaklega ahrif breyti-
leika { gerd jardskorpunnar 4 kvikuinnskot. Ahersla er 16gd 4 ad kanna samspil 4 milli
innskota og misgengja og sprungna sem fyrir eru { berggrunninum og dhrif spennisvids vegna
flekahreyfinga. Basiskir kvikugangar sem hafa skotist inn { méberg og sja ma { ttkulnudu
eldstodinni { Dyrfjollum, Bogafirdi eystra, voru kortlaggdir med gerd prividdarlikana af
svadinu. Nidurstodurnar syna ad kvikugangar geta fylgt sprungunum, peir geta breytt stefnu
sinni pegar peir koma ad sprungu eda peir geta stoppad fyrir framan sprungu. Likon voru
gerd { tilraunastofu af myndun og préun kvikuganga { jardskorpu sem inniheldur sprungur
og veikleika. Pau 1ikon syna ad munur 4 styrkleika jardskorpu med og &n sprungna, sem og
samheldni (e. cohesion) jardskorpunnar hefur mikil dhrif & hvort og hvernig misgengi hafa
ahrif 4 kvikuganga. Misgengi { jardskorpunni breyta lika munstri og sterd yfirbordshreyfinga
samfara kvikuinnskotum. P4 voru gerd reiknilikon med butaadferd (e. Finite Element Method)
af myndun kvikuganga i spennusvidi vegna flekahreyfinga. Slik 1ikon voru borin saman vid
jardskorpuhreyfingar sem maldust pegar kvikugangur myndadist { febraar-mars 2021 vid
Fagradalsfjall. Nidurstadan af peim samanburdi er ad togspenna vegna flekahreyfinga getur
verid megin drifkraftur kvikuinnskota. Opnun og skifhreyfing 4 kvikugangsfletinum skv.
reiknilikonum er sambarileg vid pad sem ma detla ut fra jardfredilegum adstedum 4 Reykja-
nesskaganum og skareki flekahreyfinga (e. oblique spreading) par. Petta doktorsverkefni synir
ad samverkan kvikuganga og breytileika { aflfredilegum eiginleikum jardskorpunnar er mjog
flékin og pad ad nota mismunandi ranns6knaradferdir er lykill ad auknum skilningi & slikri
samverkan.






Sammanfattning (Swedish Summary)

Magmatiska gangar ér viktiga bestandsdelar i magmatransportsystem. De utgor det huvud-
sakliga sittet att transportera magma genom jordskorpan. Inte nog med att majoriteten av
vulkanutbrott dr kopplade till gangar, de bidrar ocksa till bildandet av ny jordskorpa och
minskar spanningar vid tektoniska plattgrinser. Eftersom gangar dr sa vanligt forekommande
ar det viktigt att forsta hur jordskorpans egenskaper paverkar dess bildning. Denna avhandling
undersoker hur magmatiska gangar paverkas av jordskorpans heterogenitet, sirskilt av befint-
liga sprickor och tektonisk spinning. Detta gors genom tre artiklar, som &r inriktade pa en av
foljande forskningsmetoder: Filtbaserad strukturgeologi, analoga modeller och numeriska
modeller av magmagangar i heterogen jordskorpa.

Basaltgangar i det fossila vulkaniska systemet Dyrfjoll pa norddstra Island fotograferades
med hjélp av en dronare. Dessa basaltgangar har tringt in létt uppsprucken hyaloklastit i
en vulkanisk kaldera. Utifran dessa foton skapade vi virtuella 3D-modeller med hjélp av
fotogrammetri och kartlade gangarnas och sprickornas orientering. Bade gangar och sprickor
forekom 1 stort sett fyra riktningar. Den vanligaste riktningen av dessa kan hérroras till den
uppskattade tektoniska spidnningsfiltet vid tidpunkten for uppkomsten av vulkanen (for ca
12,5 miljoner ar sedan). Vi observerade tre olika sitt som gangar interagerade med redan
existerande sprickor: 1) Gangar kan f6lja sprickor. 2) Gangar kan #ndra riktning nér de korsar
en spricka utan att folja den. 3) I ett fall stannade en gang framfor en befintlig spricka. Hir
bildades flera sma forgreningar néra spetsen pa den stannade gangen. De flesta av dessa
forgreningar korsade samma spricka som stoppade den ursprungliga gangen och antingen
korsade den eller f6ljde den. Samspel mellan gangar och sprickor observerades oftast nir de
var néstan parallella med den sannolika tektoniskt kontrollerade riktningen. Observationerna
vid Dyrfjoll visar att samverkan mellan gangar och sprickor dr en komplex process och
magmans flode maste inte nodvindigtvis folja befintliga sprickor.

Fragan om hur samspelet mellan magma och forkastningar paverkas av de mekaniska mate-
rialegenskaperna hos det omgivande berget och magman behandlades med hjilp av labora-
torieexperiment med analoga modeller. Analoga modeller aterskapar naturliga processer i
laboratorieskala med material som i férhallande till varandra beter sig pa ett liknande sitt som
sina motsvarigheter 1 naturen. Vi undersokte specifikt betydelsen av det omgivande bergets
sammanhallning (ocksa kallad kohesion, dvs. hur starkt eller svagt berget dr) och magmans
viskositet. Berg med varierande kohesion representerades av blandningar av mikroglaspérlor
(14g kohesion) och kiselmjol (hog kohesion). Smilt vegetabilisk olja och glukossirap fun-
gerade som analoga magmor med lag respektive hog viskositet. De injicerades underifran i
en modellbox fylld med antingen kiselmjol-glaspidrleblandningen. Genom att forskjuta en
platta 1 sidled i botten av modellboxen skapade vi en sidoforkastning, som korsade injek-
tionsinloppet. En rad kameror placerade ovanfor ladan tog upprepade bilder av modellytan
under experimentets gang. Detta gjorde det mojligt for oss att rekonstruera ytdeformatio-
nen under magmagangbildning i 3D. Den vegetabiliska oljan stelnar vid rumstemperatur,
vilket dessutom gjorde det mojligt att griva ut magmastrukturerna och dokumentera deras



geometri. Den experimentella intrusionen i stark jordskorpa med hog kohesion paverkades
mycket av redan existerande forkastningar. Nir intrusionen korsade forkastningen @ndrade
intrusionen riktning och foljde forkastningssegmenten. Ytdeformationen paverkades ocksa av
forekomsten av forkastningar, eftersom ateraktivering av forkastningen i stor utstrickning
kompenserade for intrusionsinducerad tdjning. Omvént hade forkastningar 1 svaga analoga
bergarter (med lag kohesion) liten inverkan pa intrusioner och deras tillhérande ytdeformation.
Tiden fran det att injektionen paborjades till dess att utbrottet brot igenom ytan forkortades av
forekomsten av en forkastning i vara experiment med stark kohesion, eftersom vitska flodade
langs forkastningen till ytan. I svagt berg fordrojde dock forekomsten av en forkastning
utbrottets borjan. Bland de bada testade vitskorna var vitskan med 1ag viskositet (vegetabilisk
olja) nagot kénsligare for interaktion med forkastningar @n vitskan med hogre viskositet.
Sammantaget hade dock det omringande bergets kohesion en mycket starkare inverkan pa
samspelet mellan intrusion och forkastning. Experimenten visar att det &dr viktigt att ta hdnsyn
till materialegenskaperna hos jordskorpan och magman nir man vill forsta interaktion mellan
magma och forkastningar.

Aven om det #r allmiint kiint att tektonisk spinning kan ha en betydande inverkan piA magma-
tiska gangar, beaktas detta sillan kvantitativt i modeller for ytdeformation vid aktiva vulkaner.
Den tektoniska spanningens potentiella roll som drivmekanism for gangbildning undersoktes
i numeriska modeller baserade pa Finite-Element-metoden. En magmatisk gang som bildades
under februari-mars 2021 vid Fagradalsfjall pa Reykjaneshalvon, sydvéstra Island, anvindes
som fallstudie i detta projekt. Vi jamforde forutsdgelser fran var modell med geodetiskt
observerad ytdeformation nir Fagradalsfjallgangen bildades. Reykjaneshalvon ér sérskilt vl
lampad for den hir typen av studier, eftersom plattrorelsen i omradet dr skev. Det innebir
att den lokala plattrorelsen inte dr vinkelridtt mot plattgrinsen. Istillet dr den en blandning
av spridning och skjuvning. Den vulkaniska aktiviteten i omradet &r episodisk och sker
under en tidsperiod pa nagra hundra ar, som vixlar med perioder utan vulkanisk aktivitet,
som varar i ca. 800-1000 ar. Gangintrusionen 2021 och det efterféljande 6 manader langa
vulkanutbrottet borjade efter néstan 800 ar utan vulkanisk aktivitet pa halvon. Var numeriska
modell dr uppdelad i tva steg: Forst ackumuleras tektonisk stress som en f6ljd av plattornas
rorelse under en tidsperiod pa 800 ar. I det andra modellsteget frigors spanningen lokalt av
gangen, som representeras av en spricka i modellskorpan. Den observerade ytdeformationen
kunde bist aterskapas nir gangen frigjorde 60% av den tektoniska spanningen. Att endast
en del av den tidigare ackumulerade spanningen frigjordes av 2021 ars gang stods av att tre
efterfoljande gangar bildades i samma omrade mellan december 2021 och juli 2023. Den
relativa miangden 6ppning och skjuvning lings med gangarna som forutses av var modell
stimmer vil dverens med forvintningarna fran geologiska modeller som &r baserade pa den
verkliga gangens riktning i forhallande till det styrande spanningsfiltet.

Resultaten i denna avhandling understryker hur komplext samspelet mellan magmatiska
gangar, befintliga sprickor och tektonisk spinning dr. Ytterligare studier kriavs for att bittre
forsta samspelet mellan magma och plattektonik och for att béttre integrera bada processerna
1 geofysiska modeller som kan vara anvindbara for dvervakning av aktiva vulkaniska system.
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1 Introduction

1.1 General Introduction

Volcanoes are highly complex, multi-faceted systems. Although our collective understanding
of them grows continuously, many processes happening within them remain poorly understood.
This relates largely to that it is currently impossible to directly observe the interior of active
volcanic systems. The system within volcanoes, which stores and transports magma from
depth towards the Earth’s surface is sometimes referred to as the magmatic or volcanic
plumbing system (e.g., Burchardt, 2018). It is important to understand processes occurring
within this system and how it interacts with its surroundings, since this can affect the location
and characteristics of potential eruptions. This in turn is relevant for hazard assessment e.g.,
if magma reaches the surface by flowing along pre-existing faults (Figure 1.1a).

Eruptions are often fed by magmatic dikes, which are typically subvertical, sheet-like intru-
sions (Rivalta et al., 2015; Breitkreuz and Rocchi, 2018). Not every dike feeds an eruption.
However, they also play an important role for vertical magma transport at depth and contribute
to the creation of new crust at divergent plate boundaries (Walker, 1975; van Wyk de Vries and
van Wyk de Vries, 2018). Because dikes are such common features in magmatic plumbing
systems and often the direct connection to the Earth’s surface, understanding how they interact
with the surrounding crust is important for assessing risks related to potential volcanic activity.

A series of magmatic dikes have formed since 2021 on the Reykjanes Peninsula in SW
Iceland, which is an obliquely spreading, subaerial segment of the Mid-Atlantic Ridge (e.g.,
Einarsson, 2008; Sigmundsson et al., 2020a). The emplacement of these intrusions, several of
which resulted in eruptions, has been well documented with geodetic and seismic monitoring
(Sigmundsson et al., 2022; Parks et al., 2023; Sigmundsson et al., 2024; Geirsson et al., 2024).
The resulting observations suggest that tectonic processes and volcano-tectonic interactions
have a strong influence on this ongoing series of events. Additionally, the presence of
numerous fractures and faults in areas prone to dike intrusion emphasizes the importance
of better understanding magma-fault interaction (Sigmundsson et al., 2022; Hjartardéttir
et al., 2023; Ducrocq et al., 2024; Sigmundsson et al., 2024, and Figure 1.1a). The detailed
observations of this series of intrusive events and subsequent eruptive activity provide an
excellent opportunity to study dike propagation and how it interacts with its surroundings.

Subsurface processes in active volcanic systems are typically hidden from view and can
only be observed indirectly, e.g., through ground deformation and seismicity. In contrast
to this, it is possible to directly observe the interior of volcanoes in extinct and partially
eroded systems. This can allow to study up close the results of magmatic plumbing systems
processes (Burchardt and Galland, 2016, and Figure 1.1b & c). Great care must however be
taken when interpreting observations from fossilized volcanic systems, since they present
a complete record of the entire systems’ lifespan. This record can include several different
stages and younger events can overprint or modify structures related to previous processes. It
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Figure 1.1. a) Example of a fissure eruption on the Reykjanes Peninsula on the 14" of
January 2024. Photo: Holmfriour Dagny Fridjonsdottir. Pre-existing fault traces (dashed
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numerical and analogue modelling and geodesy. Not to scale. Abbreviations: Global
Navigation Satellite System (GNSS), Interferometric Synthetic Aperture Radar (InSAR),
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may therefore be difficult to separate them (Burchardt and Galland, 2016). However, if the
different geological events that contributed to the present picture are carefully separated, they
can provide detailed insights into otherwise hidden magmatic processes. Such observations
can even be extrapolated to infer, what associated surface signals could look like (e.g., Rhodes
et al., 2024). Overall, neither active nor extinct volcanic systems by themselves provide a
complete picture of dike propagation because some information is always missing. However,
combined evaluation of observations from both can provide further insights.

One tool commonly used to study active or extinct volcanic systems are quantitative models.
The host rock response to magmatic intrusions, in the direct proximity to the intrusion and
at the Earth’s surface, is commonly modelled through either computational (i.e. analytical
or numerical) models, or through laboratory experiments, which serve as analogue models.



Analogue models are typically conducted to understand and systematically study aspects of
the basic physical processes underlying magma emplacement downscaled to a laboratory
setting (Galland et al., 2018; Kavanagh et al., 2018). Computational models are typically
implemented to either systematically study basic processes or to reproduce signals observed
from individual case studies (Annen et al., 2001; Currenti and Williams, 2014; Browning and
Gudmundsson, 2015; Townsend et al., 2015; Vachon and Hieronymus, 2016; Sigmundsson
et al., 2022). Computational ground deformation models are often applied together with
geodetic observations to infer subsurface processes at active volcanic systems (Amelung et al.,
2000; Lundgren et al., 2015; Sigmundsson et al., 2015; Aloisi et al., 2020; Sigmundsson
et al., 2022). To gain first-order understanding of a process, especially for near-real time
monitoring, models often make simplifying assumptions regarding the intrusion itself and
of the mechanical properties of the surrounding host rock, which may, however, not match
reality (e.g., Masterlark, 2007; Pascal et al., 2013; Heap et al., 2020; Poppe et al., 2024).

It is well known that the Earth’s crust is highly heterogeneous and can behave in an elastic,
viscoelastic or brittle-plastic manner (Bertelsen et al., 2018; Galland et al., 2018). The
crust can be layered, intersected by fractures and faults, and host older solidified intrusions
(Figure 1.1c). Additionally, aspects like the local temperature and the governing stress
field vary throughout the crust and can affect not only ground deformation, but also magma
propagation dynamics and where magma may stall (e.g., Del Negro et al., 2009; Heimisson
and Segall, 2020; Alshembari et al., 2022). While near-real time monitoring requires models
with short computation times, models considering more complex crustal properties may help
to estimate, if and under which conditions propagating intrusions may deviate from estimates
that can be provided by more simplified models.

1.2 Research Aims

In this thesis, I aim to improve our understanding of how magmatic sheet intrusions are
influenced by crustal heterogeneity. Guided by recent events on the Reykjanes Peninsula,
I will focus on magmatic dikes and how they and the associated surface deformation are
affected by tectonic stress and pre-existing fractures and faults. The main research questions
addressed here are the following:

1. How are propagating dikes affected by pre-existing fractures and faults in moderately
fractured host rock?

2. How do the mechanical properties of the host rock and the magma influence the
interaction between sheet intrusions and faults?

3. How does variable tectonic stress affect dike propagation and the associated surface
deformation?

These questions are addressed in three projects, each of which corresponds to a research paper
or manuscript. Any method used to study volcanic plumbing systems, active or extinct, is
inevitably subject to limitations, biases and commonly made assumptions. To work towards
a more holistic view and to balance some of the biases of individual methods, this thesis
applies a multidisciplinary approach using 1) field-based observations from an extinct and
partially eroded volcanic system, 2) laboratory experiments and 3) numerical models, which
are compared to geodetic observations of recent activity on the Reykjanes Peninsula.






2 Background

The Earth’s crust is a highly complex material. Its behaviour can be approximated through a
number of mechanical models depending on the processes and timescales in question (e.g.,
Turcotte and Schubert, 2014). Each of these models is an idealized description of how a
material reacts to stress and can be used to describe a specific aspect of the Earth’s crust.
However, reality is likely a combination of all of them. I will provide here a brief overview
over mechanical models applied throughout this thesis.

2.1 Rock Mechanics and Rheology

Rheology describes how a material, which is subjected to stress, reacts by either deforming
internally or by flowing (Jaeger et al., 2007). A solid continuous material in equilibrium
(static conditions) can be generally described by (e.g., Jaeger et al., 2007; Segall, 2010)

Vo +pF =0 (1)

Here, o is the stress tensor, which describes normal and shear stresses acting on any part of a
continuous material, p is its density and F describes volume forces, such as gravity.

The strain associated with small, relative displacement of individual points within a continuous
material is typically expressed through (e.g., Segall, 2010)

1 /0du; Odu;j
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where &; ; are the components of the strain tensor € with i, j € {1,2,3} for a three-dimensional
(3D) case, u; and u; are components of the displacement vector i, and x; and x; are spatial

dimensions. How stress and strain are related, depends on the rheology of the individual
materials.

2.1.1 Linear Elasticity

The simplest description of the rheology of the Earth’s crust is to assume that it behaves as a
linearly elastic, isotropic material, which is for example commonly done in analytical models
of ground deformation (e.g., Mogi, 1958; Okada, 1985). The stress-strain relation of a linear
elastic material is described by Hooke’s law and the stress is linearly proportional to the
strain (Figure 2.1a). In elastic materials, all strain is recoverable, i.e. once an applied force is
removed, the material reverts back to its initial state (Figure 2.1b). Adapted for continuum
mechanics, this results in the following generalized form of Hook’s law (e.g., Segall, 2010)

Cij = Cijkl: &l (3)



with ¢; ; s as the entries of the elasticity tensor ¢. The symmetry of the stress and strain tensors
(0i,j = 0} i, &1 = &) and the assumption of isotropy, i.e. that properties are independent of
direction, reduce the number of independent entries of ¢ to two, which can for example be the
Young’s modulus E and Poisson’s ratio v. They are related to the seismic velocities of p- and
s-waves, v, and v;, respectively through
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These relations can be used to implement spatially varying elastic properties of the crust based
on seismic tomography studies in more realistic ground deformation models (e.g., Hickey
et al., 2015; Gottsmann et al., 2020; Greiner and Geirsson, 2024). In the context of this thesis,
a linear elastic rheology is used in Paper I for a simple model to estimate tectonic stress and
in Paper III, where it is used both to convert seismic velocities to depth-dependent elastic
moduli and for analytical deformation models of fault motion.
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2.1.2 Viscoelasticity

Over long timescales, the Earth’s crust and mantle can behave in a viscous manner (e.g.,
Auriac et al., 2013). The Maxwell-viscoelastic model combines linearly elastic behaviour
with linearly viscous behaviour, so that the strain is a superposition of the elastic and viscous
contributions €&, and €, respectively (e.g., Turcotte and Schubert, 2014):

E = 8g + gv (6)
The strain rate de /dr relates to the stress and its change with time via

de ldo 1 7
E = EE + %G (7)
where d /dt marks time derivatives and 7 is the viscosity. In this model, the initial response to
abrupt changes is elastic. However, the resulting strain and stress do not remain constant, but
change with time (Figure 2.1b). The timescale of stress relaxation depends on the viscosity
of the system with a lower viscosity resulting in faster relaxation. In models of the Earth’s
crust, the viscosity is often assumed to be constant in time and for layers of the Earth (e.g.,
Auriac et al., 2013; Schmidt et al., 2013; Li et al., 2022; Lanzi et al., 2024) and can be
constrained for example from Glacio-isostatic adjustment (GIA). The viscosity can also vary
gradually as a function of temperature and pressure or be non-linearly related to the strain
rate, i.e. it becomes time-dependent. Temperature-dependent viscosities can be used to model
viscous relaxation around magma reservoirs (Del Negro et al., 2009; Hickey et al., 2015).
For temperature-dependent models, which include the lower part of the crust or the upper
mantle, an additional pressure dependency of the viscosity needs to be considered, so that
the viscosity increases for high pressure (i.e. at large depths) (e.g., Karato and Wu, 1993).
This can for example be achieved by relating the viscosity to the lithostatic pressure and the
temperature through an expression describing diffusion creep (Turcotte and Schubert, 2014):

RTh? E.+pV,
= ex
= 2av.0,“P\ " RT

(8)

where R is the universal gas constant, 7" is the temperature, 4 is the size of undeformed
individual crystals making up the crust, V, is the activation volume, Dy is a frequency factor,
E, is the activation energy and p is the pressure. Alternative approaches can include non-linear
viscoelastic models (e.g., Islam et al., 2016; Givens, 2025).

In the context of this thesis, viscoelastic relaxation of the crust is relevant for estimating the
distribution of tectonic stress throughout the crust prior to dike intrusions (Paper IIT). Tectonic
stress accumulates continuously through plate motion, but based on a lack of seismicity in the
lower crust, the stress distribution is not uniform with depth. In the deep parts of the crust,
where temperatures are high, stress can relaxe faster than it is supplied by plate motion.

2.1.3 Brittle Plasticity

If the stress exerted on the Earth’s crust (or any other material) becomes too large, it fails
and experiences non-recoverable deformation (Figure 2.1), which can be brittle or ductile.
There are several models and criteria describing the onset of material failure (e.g., Yu, 2002;
Labuz et al., 2018), but the focus here lies on the Mohr-Coulomb criterion (Coulomb, 1773;
Jaeger et al., 2007), which describes brittle failure and is relevant for Paper I1. This criterion



assumes that material fails in shear if the shear stress T exceeds a critical level 7.,; described
by

Terir = C +tan (@) o, )

where C is the cohesion of the material, ¢ the angle of internal friction and o, the normal
stress acting on the eventual failure plane. The critical shear stress defined by this criterion as a
function of the normal stress is referred to as the Mohr-Coulomb failure envelope (Figure 2.1c¢).
Within this envelope, the material remains intact and may behave for example elastically, but
once the shear stress exceeds its limit, failure occurs and the material deforms plastically
(Figure 2.1a,b). Plastic deformation is non-linear, since after a material yields and plastic
deformation occurs, the stress does not increase anymore even if the strain does (Figure 2.1a).
This makes it difficult to describe plastic deformation analytically, but it can be studied
through numerical or analogue models (e.g., Trasatti et al., 2005; Abdelmalak et al., 2012;
Galland, 2012; Currenti and Williams, 2014; Vachon and Hieronymus, 2016).
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2.2 Interaction of Dikes with Crustal
Heterogeneity

Magmatic dikes are typically subvertical, sheet-like intrusions with a width much smaller
than their length and height (Figure 2.2a), and they tend to cut across existing bedding planes
or host rock layers rather than propagating along them like sills do (e.g., Rivalta et al., 2015;
Breitkreuz and Rocchi, 2018). It is commonly thought that to a first order, the orientation of
dikes — and other sheet intrusions — is controlled by the governing stress field, such that they
propagate in the 67 — 0,-plane and open perpendicular to it, parallel to the least compressive
principal stress 63 (Anderson, 1951, and Figure 2.2b). Dikes are commonly found in volcanic
systems across many different geological setting (e.g., Acocella and Neri, 2009, and references
therein) and they can cover not only lateral distances of several tens of kilometers and more,
but also depth ranges from the lower, ductile parts of the crust all the way up to the Earth’s
surface (Buck et al., 2006; Wright et al., 2012; Sigmundsson et al., 2015). If a single dike
covers such large lateral or vertical distances, the properties of the surrounding host rock can
vary dramatically along its path, making it important to better understand the interaction with
different types of crustal heterogeneity.

Based on their general alignment with the governing stress field, dikes and other sheet
intrusions exposed in partially eroded and extinct volcanic systems are sometimes used as
indicators of the paleo-stress field at the time of emplacement (e.g., Nakamura, 1977; Stephens
et al., 2018; Maerten et al., 2022). However, not only can the local stress field vary across
large study areas, but pre-existing faults, fractures and joints can affect the orientations of
dikes on length scales ranging from less than a meter to up to several kilometers (Baer and
Beyth, 1990; Khodayar and Einarsson, 2002; Valentine and Krogh, 2006; Gaffney et al., 2007,
Browning and Gudmundsson, 2015; Spacapan et al., 2016; Temtime et al., 2020; Poppe et al.,
2020; Drymoni et al., 2022; Espinosa-Leal et al., 2025).

One form of dike-fault- or dike-fracture interaction is the deflection of the dike into a fault or
fracture (Figure 2.2c). For a pre-existing fault, fracture or joint to be intruded, the magmatic
overpressure needs to exceed the normal stress acting on the fault/fracture plane (e.g., Delaney
et al., 1986; Baer et al., 1994). If the fluid pressure Py is sufficiently large for magma to
intrude a fracture or fault that is oriented oblique to the principal stress axes, the plane will
open as a mixture of tensile opening and shearing. The opening angle i between the dilation
vector and the normal of the intruded fracture/fault plane is described as (Delaney et al., 1986;
Jolly and Sanderson, 1997; Stephens et al., 2018):

,u:arctan(P t ) (10)

7~ On

assuming here that the fault/fracture in question is cohesion-less and taking tensile stress
as negative. For purely tensile opening, t = 0° and it trends towards 90° as the shearing
component increases.

Deducing the state of the tectonic stress field based on the opening angle from the field can,
however, be challenging. Even if host rock markers are present to indicate fault offset, it may
be difficult to separate between offset on a fault that occurred prior to diking and offset related
to the dike intrusion (Stephens et al., 2018). When considering magma-fault interaction, it is
important to also consider that the propagating intrusion itself modifies the stress field around
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Figure 2.2. Schematic illustration of magmatic dikes in crust with different degrees and types
of heterogeneity. a) A simplified dike in uniform crust, as is often assumed in models. b) Dike
in an extensional tectonic setting. Alignment with the principal stress axes ©1-03 indicated
(refers to relative stresses). In this view, 6, comes out of the paper plain. c) Dike interacting
with a pre-existing fault and propagating along it. d) Dike interacting with layers of variable
mechanical properties. These can lead to dike arrest or deflection. The example shown here
shows deflection into a sill.

it, which may for example lead to the formation of new cracks, that in turn become available
for magma to follow (e.g., Ziv et al., 2000). While alignment of volcanic features along fault
zones can also be observed on even larger scales up to tens of kilometers and larger (e.g.,
Tibaldi et al., 2017; Tadesse et al., 2023), different mechanisms may have to be considered on
these scales, since they do not deal with a single intrusion or a discrete fault or fracture. In
addition to magma flowing along faults, there are indications of dikes being arrested in front
of them. However, examples of this are less frequently reported than magma flowing along
faults (Maccaferri et al., 2016; Stephens et al., 2018; Smittarello et al., 2022).

In addition to faults and fractures, dikes can also be affected by material contrasts in the host
rock. They can be the result of layering, older intrusions or intense fault offsets. Such abrupt
changes of the host rock properties can affect both the shape of the dike (e.g. its width) and
propagation dynamics (Figure 2.2d). The type of interaction can depend on the strength of
the interface as well as the contrast in the elastic properties on either side of it (Bonafede and
Rivalta, 1999; Kavanagh et al., 2006; Taisne and Jaupart, 2009; Geshi et al., 2010; Geshi
et al., 2012; Browning and Gudmundsson, 2015; Kavanagh et al., 2017; Drymoni et al.,
2020). Transition from a softer to a stiffer material may favor arrest (depending also on the
magmatic overpressure), while transition to a weaker material may favor onward propagation
and either type of contrast may result in deflection of the dike. The intrusion can furthermore
be deflected, even to the degree that they propagate along the interface (Kavanagh et al., 2006;
Burchardt, 2008; Maccaferri et al., 2010).

Detailed observations of dikes interacting with variable types of crustal heterogeneity are
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known from eroded field sites and are compared to laboratory experiments as well as numerical
or analytical models. However, they tend to be less frequently recorded in active volcanic
systems (e.g., Geshi et al., 2012; Hjartardéttir et al., 2023), because of limited geological
exposure of the internal structure of active systems. Many deformation models of relatively
recent diking events still approximate the crust with homogeneous elastic half-spaces (e.g.,
Montgomery-Brown et al., 2010; Neal et al., 2019; Aloisi et al., 2020; Sigmundsson et al.,
2022; Parks et al., 2023), whereas fewer studies consider variable crustal properties for
modelling dike-induced deformation (e.g., Currenti et al., 2008; Hooper et al., 2011; Currenti
et al., 2011). Tectonic stresses are occasionally considered in geophysical models (e.g. Hooper
et al., 2011; Spaans and Hooper, 2018; Heimisson and Segall, 2020). Small-scale thickness
variations along the dike, segmentation, finger formation and other features observed at depth
are generally difficult to observe in active volcanic systems, due to insufficient resolution
of currently available geophysical imaging techniques. While some computational models
connect directly to geological observations, many are in 2D and there is a lack of connection
between them and typical quantitative, geophysical methods and models applicable to active
volcanic systems (Rivalta et al., 2015).
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2.3 Geological Setting

2.3.1 Geological Setting of Iceland

Iceland is an island located in the North Atlantic where a mantle plume coincides with the
divergent plate boundary of the Mid-Atlantic Ridge (e.g. Einarsson, 2008; Sigmundsson et al.,
2020a). The plate boundary crosses Iceland approximately from the southwest to northeast
(Figure 2.3) and is characterized by volcanically active rift zones as well as transform zones
(e.g., Sigmundsson et al., 2020a, and references therein). Within the rift zones, plate motion
is accommodated through dike intrusions and faulting that occurs within parallel or en-
echelon arranged volcanic systems (blue areas in Figure 2.3). Additionally, volcanic activity
sporadically occurs in flank zones, but no plate spreading is observed across them (e.g.,
Einarsson, 2008; Drouin and Sigmundsson, 2019). Many volcanic systems host a central
volcano, often with one or more calderas and silicic eruptive products, as well as a fissure
swarm consisting of crater rows, old eruptive fissures and normal faults (Thordarson and
Larsen, 2007). These fissure swarms are narrow, stretched out regions thought to be the
surface expression of underlying dike swarms (Semundsson, 1979; Thordarson and Larsen,
2007). It is commonly assumed that they reflect the orientation of the local principal stresses
with their strike being perpendicular to the least compressive stress (e.g., Sigmundsson et al.,
2020a).

2.3.2 The Reykjanes Peninsula

The Reykjanes Peninsula is a plate boundary segment in SW Iceland and connects the subma-
rine Reykjanes Ridge to the subaerial plate boundary segments across Iceland. (Figure 2.4a)
(e.g., Einarsson, 2008; Sigmundsson et al., 2020a). It is located in close proximity to the
towns of Reykjavik, Keflavik and Grindavik as well as to important infrastructure like power
plants and the international airport. This, combined with frequent seismicity and ongoing
ground deformation, has motivated intense geodetic and seismic monitoring during the past
ca. three decades (e.g., Sigmundsson et al., 2020a; Bjornsson et al., 2020).

Plate motion in the area is highly oblique and combines spreading with left-lateral shear. The
resulting deep motion was estimated at ca. 2074 mm/yr towards N (10078)°E relative to the
fixed North American plate below a locking depth of ca. 5-8 km by Keiding et al. (2008),
consistent with farfield plate motion (e.g., Sella et al., 2002; DeMets et al., 2010; Altamimi
et al., 2023) and estimates of the depth of the brittle-ductile transition (e.g., Weir et al., 2001).
Local deviations in surface deformation occur mainly in the vicinity of high-temperature
geothermal areas and power plants in the Reykjanes, Svartsengi and Hengill systems (Vadon
and Sigmundsson, 1997; Keiding et al., 2010; Juncu et al., 2017; Parks et al., 2020).

Volcanic features on the Reykjanes Peninsula are arranged en-echelon along the plate boundary
(Figure 2.4) and characterized by fissure swarms, which strike ca. N35-45°E (Clifton and
Schlische, 2003; Clifton and Kattenhorn, 2006) and consist of normal faults, previous eruptive
vents and hyaloclastite ridges (e.g., Semundsson et al., 2016; Semundsson et al., 2020).
Hyaloclastite is commonly found on the Reykjanes Peninsula due to extensive volcanism
during past periods of glaciation (Semundsson et al., 2016; Jakobsson and Gudmundsson,
2008). The exact number of volcanic systems on the Reykjanes Peninsula varies in the
literature (e.g., Thordarson and Larsen, 2007; S@mundsson et al., 2020) depending on
what is counted as an individual system. From west to east they are Reykjanes, Svartsengi,
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Figure 2.3. Map of Iceland with the location of study areas of this thesis, marked by black
rectangles. Paper I is based in the extinct Dyrfjoll volcanic system in Borgarfjorour eystri,
NE Iceland. Paper IlI is focused on Fagradalsfjall on the Reykjanes Peninsula, SW Iceland.
Fissure swarms (Jakobsson et al., 2008) mark areas of active volcanism. The volcanically
active plate boundary segments of the Reykjanes Ridge (RR), Reykjanes Peninsula, Western
Volcanic Zone (WVZ), Eastern Volcanic Zone (EVZ) and Northern Volcanic Zone (NVZ) are
indicated. SISZ refers to the South Iceland Seismic Zone. Red arrows indicate approximate
direction of plate motion.

Fagradalsfjall, Krysuvik and Brennisteinfjoll (Figure 2.4a). Sometimes, the Hengill system,
located at the triple junction of the plate boundary between the Reykjanes Peninsula, the
Western Volcanic Zone and the South Iceland Seismic Zone (Figure 2.3) is counted as being
part of the Peninsula’s systems as well. The strike of most volcanic features is consistent with
and approximately perpendicular to estimates of the strike of the least compressive principal
stress and the largest extensional strain rate trending ca. N120°E (Clifton and Schlische, 2003;
Clifton and Kattenhorn, 2006; Keiding et al., 2009). None of the systems (except for Hengill)
hosts a central volcano (Thordarson and Larsen, 2007) and volcanic products are dominantly
basaltic in composition (e.g., Jonsson, 1978; Semundsson et al., 2016).

During at least the past 3000 years, volcanism has occurred episodically, lasting for few
hundred years and alternating with periods of volcanic quiescence, which last for ca. 800—
1000 years (e.g., Einarsson, 2008; Semundsson et al., 2020). During periods of volcanic
quiescence, activity in the area is characterized by bookshelf faulting on right-lateral N-
S-striking strike-slip faults along the plate boundary axis (Clifton and Kattenhorn, 2006;
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Figure 2.4. a) Map of the volcanic systems on the Reykjanes Peninsula. Inset: Location of the
Reykjanes Peninsula in Iceland. "RR" marks the submarine Reykjanes Ridge. "NA" and "EU"
refer to the North American and Eurasian plates, respectively. Red arrows indicate farfield
plate motion. b) Parts of the Fagradalsfjall and Svartsengi volcanic systems, which have
experienced volcanic activity since 2021. See a) for legend. Fagradalsfjall lava fields:
Pedersen et al. (2022), Gunnarson et al. (2023), and Belart et al. (2023), Svartsengi fissures
and lava fields: Parks et al. (2025). Fractures and faults: Clifton and Kattenhorn (2006) and
Ducrocq et al. (2024). Outlines of the Grindavik graben faults: Vedurstofa Islands (Accessed
02. 12. 2024). Older eruptive fissures and lava fields: Ndttirufredistofnun Islands (Accessed
29. 09. 2024). Fissure swarms: Jakobsson et al. (2008). Plate boundary axis: Michalczewska
et al. (2014). Topography: IslandsDEM (Landmeelingar Islands, Accessed 26. 07. 2024).

Einarsson et al., 2020).

Since early 2020, unrest expressed by increased seismicity, and surface uplift interpreted as
accumulation of magma or gases was observed in at least three volcanic systems (Flovenz
et al., 2022; Geirsson et al., 2024). A magmatic dike propagated in the Fagradalsfjall volcanic
system (Figure 2.4) in February—March 2021 (Sigmundsson et al., 2022), leading to a six-
month long effusive eruption (Pedersen et al., 2022). This was the first documented dike
intrusion and eruption on the Reykjanes Peninsula since the 13th century and the first in the
Fagradalsfjall system in >6000 years (Semundsson et al., 2016; Semundsson et al., 2020).

Between 2021-2024, a total of four dikes and three eruptions have occurred at Fagradalsfjall
and at least ten dikes intruded into the neighbouring Svartsengi volcanic system (Figure 2.4),
resulting in seven fissure eruptions until December 2024 (Sigmundsson et al., 2022; Parks
et al., 2023; Geirsson et al., 2024; Sigmundsson et al., 2024; Parks et al., 2025). The
first dikes to propagate at Fagradalsfjall and Svartsengi, respectively, were accompanied
by intense seismicity, major tectonic movements, such as graben formation at Svartsengi,
and widespread, low-amplitude motion on hundreds of faults and fractures (Sigmundsson
et al., 2022; Sigmundsson et al., 2024; Ducrocq et al., 2024; De Pascale et al., 2024). This
highlights the importance of understanding and quantifying volcano-tectonic interaction in
the area. Furthermore, the alignment of both recent and older eruptive fissures with faults
highlight the importance of magma-fault interaction for the Reykjanes Peninsula (Jenness
and Clifton, 2009; Semundsson et al., 2016; Hjartardéttir et al., 2023). Recent examples of
eruptive fissures aligning with faults can be found especially along the Sundhnikur crater row
(just south of the plate boundary axis in Figure 2.4b). Notably, the photo in Figure 1.1a shows
a small eruptive fissure that opened along a graben fault on the northern edge of the town of
Grindavik in January 2024 (Figure 2.4b).

2.3.3 The Dyrfjoll Volcanic System

The Dyrfjoll volcanic system is located in Northeast Iceland and is a part of the Borgarfjordur
eystri-Lodmundarfjordur (BEL) area, a cluster of extinct volcanic centers and smaller volcanic
vents from the Miocene, which were active approximately 14-12.2 Ma ago (Berg, 2016;
Burchardt et al., 2022b). The volcanoes in the BEL area host several calderas as well as
ignimbrite sheets. The upper parts of the magmatic plumbing systems have been exposed by
erosion and it is thought that the paleosurface must have been close to the highest present-day
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Figure 2.5. a) The Dyrfjoll volcanic system with the Njarovik and Dyrfjoll calderas on the
western side of Borgarfjorour eystri. Inset: Location of the BEL area and the Northern
Volcanic Zone (NVZ) in Iceland. b) Geology of the Dyrfjoll caldera and locations where
drone images were collected for Paper 1. Panels a) and b) are modified from Paper 1. Caldera
outlines and geological information from Burchardt et al. (2022b). c) The eastern side of the
Dyrfjoll caldera.

mountain peaks in the area, i.e. around 1100 m a.s.l. (Burchardt et al., 2022b).

The geological context of the BEL area is somewhat poorly understood. Largely contem-
poraneous activity of the central volcanoes in the BEL area, unusually large volumes of
silicic rocks (by Icelandic standards), a lack of well-developed dike swarms, an extensive dip
anomaly, and mildly alkaline tendencies of some lavas indicate that the area was not part of a
typical rift zone like those making up the present-day plate boundary in Iceland (Burchardt
et al., 2022b, and references therein). Instead it could have been a flank zone or indicate a
different rift zone structure from the one today.

The Dyrfjoll system is named after a homonymous mountain massive located on the western
side of Borgarfjordur eystri and hosts three calderas: the Dyrfjoll caldera and two largely

19



overlapping calderas near Njardvik, located north of Dyrfjoll (Figure 2.5a). The Dyrtjoll
caldera is a bell-shaped collapse caldera, which measures 4 km across its long, ca. NE-SW
aligned axis and is bound by steeply inward dipping ring faults. The caldera floor is covered
by at least 30 m of rhyolitic ignimbrite and the remaining caldera is filled by up to 250 m of
olivine-basaltic hyaloclastite (Burchardt et al., 2022b, and Figure 2.5b, c¢). The caldera is
overlain by lava layers from the Jonsfjall olivine basalt group, which is a regionally extensive
group of lavas not associated with an individual volcanic system and which covered most of
the BEL area (Oskarsson and Riishuus, 2013).

After an early, dominantly basaltic phase, the Dyrfjoll volcanic system was characterized by
bimodal activity (Gustafsson, 1992; Burchardt et al., 2011; Burchardt et al., 2022b), which
likely culminated in the explosive and ignimbrite-producing eruption that resulted in the
formation of the Dyrfjoll caldera approximately 12.4+0.19 Ma ago (Berg, 2016; Burchardt
et al., 2022b). Gustafsson (1992) concluded that the hyaloclastite filling up the caldera must
have formed due to interaction with water in a caldera lake, since there are no indications of
the presence of glaciers in the area during the Miocene. Faintly dipping bedding structures
within the hyaloclastite, and structures near Trollabotnar on the southern caldera edge indicate
that the hyaloclastite was not erupted from within the caldera. It is instead thought that
basaltic lava flowed into the lake from the side. It has furthermore been suggested that the
hyaloclastite belongs to the same group of basalts as the overlying lava layers (Gustafsson,
1992; Burchardt et al., 2022b). Dikes mapped in the Dyrfjoll system, some of which intersect
the hyaloclastite filling up the Dyrfjoll caldera, strike dominantly N20°E or, to a lesser degree
towards NE (Gustafsson, 1992). Some of the dikes in the hyaloclastite can be traced into the
overlying lava layers, indicating that they are associated with them rather than with activity
from the Dyrfjoll volcanic system itself. The lava layers form the present day top of the
Dyrtjoll mountains (Figure 2.5¢) and represent the youngest known magmatic event in this
area.

Due to glacial erosion, the hyaloclastite and the basaltic dikes intersecting it are exposed
in steep hillsides and cliffs around the Dyrfjoll mountains in the valleys of Dimmidalur,
Jokuldalur and Stérurd (Figure 2.5 b,c). The curved nature of the exposed cliffs provides a
three-dimensional view into the caldera, but the steep terrain makes many of the outcrops
inaccessible on foot. This may have contributed to that, apart from work by Giustafsson
(1992), little mapping of the Dyrfjoll caldera has been done in the past.
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3 Methods

The following sections introduce the main research methods applied in this thesis: 1) Structure-
from-Motion photogrammetry, 2) Analogue modelling and 3) the Finite-Element Method.
Paper III additionally heavily relies on geodetic observations of surface deformation. There-
fore, methods of data collection using Global Navigation Satellite System (GNSS) and
Interferometric Synthetic Aperture Radar (InSAR) will also be briefly summarized together
with a short introduction of analytical modelling of dike-induced surface deformation.

3.1 Structure-from-Motion
Photogrammetry

In recent years, documenting field sites, outcrops, and rock samples with the help of virtual 3D
models has become a widely used practice in Earth science (Smith et al., 2016; Dering et al.,
2019b; Eltner and Sofia, 2020). This has proven useful for mapping and measuring structural
features on a wide variety of scales (e.g., James and Robson, 2012; Smith and Vericat, 2015;
Townsend et al., 2015; Rhodes et al., 2021), extracting textures and elevation data (e.g.,
Ben-Yehoshua et al., 2023; Bufféral et al., 2023), correlating excavated subsurface structures
from laboratory experiments with surface data (e.g., Schmiedel et al., 2017) and for tracking
the temporal evolution of surfaces in the laboratory and in the field (e.g., Galland et al.,
2016; Pedersen et al., 2022). Virtual 3D models are typically created from overlapping two-
dimensional (2D) images with slightly differing perspectives using a method often referred to
as (digital) photogrammetry or Structure-from-motion (SfM)-photogrammetry (e.g., Smith
et al., 2016; Dering et al., 2019b). The terms photogrammetry and SfM are sometimes used
interchangeably in the literature, although they are technically not the same. While SfM
heavily relies on photogrammetry, it also relies on the capability of computers to display
images or objects in 3D vision (Dering et al., 2019b; Eltner and Sofia, 2020).

The technique of photogrammetry was developed since the late 19th and throughout the 20th
century, to combine several images and remove distortions to create ortho-images. However,
its capabilities were for a long time limited by the technical development of photography
(Collier, 2020). Independent of photogrammetry, the increasing availability of computers
around the 1970s—80s facilitated the development of 3D vision and digital image correlation.
These elements were crucial for the development of the first SfM algorithms towards the end
of the 20th century (Ullman, 1979; Eltner and Sofia, 2020, and references therein). One of
the earliest SfM applications to Earth sciences came from Heimsath and Farid (2002) and
by the early 2010s the method had become widely used in Earth sciences (Westoby et al.,
2012; Favalli et al., 2012; James and Robson, 2012; Bemis et al., 2014; Townsend et al., 2015;
Smith et al., 2016).

The following paragraphs summarize the main steps for creating 3D virtual outcrop models.
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Figure 3.1. Examples outlining the steps to derive 3D virtual models from 2D images using
Structure-from-motion (SfM). Point clouds and models shown here are derived in the software
Agisoft Metashape. a) Photograph of an outcrop in the field taken with an Unmanned Aerial
Vehicle (UAV). b) Sparse point cloud derived from SfM with a similar perspective as in a).
Blue planes and black lines indicate positions and line of sight of the camera for each photo.
c) Dense point cloud created with Multi-View Stereo (MVS). d) Final virtual 3D model. Note
the more detailed texture compared to c). e) Example photograph of a solidified oil intrusion
created in a laboratory setting. f) Virtual 3D model of the intrusion shown in e).

While the process is described for field photos collected with a Unmanned Aerial Vehicle
(UAV), the underlying principles and steps remain largely unchanged if processing other types
of data with SfM, e.g. if they were collected from aerial images rather than with a UAV or in
a laboratory setting.

During data collection it is important to ensure large overlap between individual images
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(>60 %) to ensure that a sufficiently high number of features, called key points, are common
to multiple images (Bemis et al., 2014). Furthermore, angular changes between adjacent
images should stay small, i.e. on the order of 10-20° (Bemis et al., 2014). Large and abrupt
jumps in scale, i.e. the distance to the object of interest, should be avoided (Smith et al.,
2016). It can furthermore be difficult to resolve harsh shadows and strong or varying lighting
contrasts during post-processing (James and Robson, 2012; Favalli et al., 2012). Therefore, in
the field high clouds with even and soft lighting are preferred conditions for data collection.
Many modern processing tools can create a 3D model by reconstructing the relative camera
positions based on common key points between images. However, to reduce distortion,
increase accuracy of the resulting virtual model and allow for accurate scaling, it is preferable
to provide georeferencing information along with the raw images. This can come from several
Ground Control Points (GCPs) that are placed around the outcrop at locations determined
e.g., via Global Satellite System (GPS) or by using the GPS system internal to most modern
UAVs. The precision of the photo locations can be further improved if the UAV in questions
can record its position in an real time kinematic mode relative to a base station.

Since SfM algorithms started to be more widely applied, a range of commercial and open-
source softwares have become available (e.g., Bemis et al., 2014). While there may be
variations in the exact procedure and algorithms used, the basic steps are similar and can be
briefly summarized as follows: At first, features, which correspond to patterns of pixels with
varying colour- and intensity values are identified by an algorithm in individual images. They
can then be identified across several images through cross-correlation and other algorithms.
Filters can be applied for quality improvement. Identified keypoint matches are subsequently
used in a SfM algorithm to reconstruct the 3D geometry, which is represented in a sparse
point cloud (see e.g., Figure 3.1b). The sparse point cloud can then be appropriately scaled
and georeferenced based on GCPs or other available information. This forms the basis of a
more detailed point cloud, referred to as a dense point cloud, with the help of Multi-View
Stereo (MVS) algorithms (e.g., Figure 3.1c). In the example in Figure 3.1c, gaps between
individual points are visible especially at the edges of the point cloud and in the lower left
corner, where the point density is somewhat lower than in the right and top parts of the model.
From the point cloud, a range of different products can be derived such as textured 3D models
(e.g., Figure 3.1d), Digital Elevation Models (DEMs) and orthomosaics (Dering et al., 2019b).
The resolution and uncertainties of virtual models depend to a large part on the raw data,
such as the quality and number of images, the overlap between individual image pairs, the
distance from the object of interest, and how stable the lighting conditions were at the time of
recording. Furthermore, adjusting parameters and filtering during the processing stage can
positively or negatively impact the result.

For capturing scenes in a laboratory setting, the processing steps from individual photos
to virtual 3D models (e.g., Figure 3.1e,f) essentially follow those described for processing
field-based data. However, instead of recording data with a UAV, photos can be taken on
either a fixed array of multiple cameras or with a hand-held camera (e.g., James and Robson,
2012; Galland et al., 2016). The first option is suitable if the evolution of an object through
time is to be recorded in 3D, for example surface deformation during analogue experiments
(e.g., Galland et al., 2016). Here, it is important that the cameras remain stationary and ideally,
record images synchronously. If both the cameras and the object were to move, it may be
difficult to isolate motion of the object. Data for stationary/static objects, such as excavated
intrusions or rock samples, can be collected using consumer-grade hand-held cameras (James
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and Robson, 2012; Schmiedel et al., 2019). Here, the principles outlined above regarding
sufficient image overlap, changes in the looking angle and scales, and requirements for even
lighting apply in the same way as they do for UAV-assisted surveys in the field.

Once a virtual model e.g., of an outcrop in the field, is created, it can be used for mapping
purposes. It is possible to determine the orientation and dimensions of sheet intrusions, rock
layers and fractures, or to map contacts, which can later be used to reconstruct larger intrusive
bodies (e.g., Dering et al., 2019a; Thiele et al., 2020; Rhodes et al., 2024; Witcher et al.,
2024). The orientation of planar features can be determined by fitting them with a plane, the
orientation of which is calculated. Depending on the software used for mapping, such a plane
can be fitted to three points or to any number of points placed along the feature of interest.
The quality of the measurement generally increases, if the points used to fit the plane do not
fall on a single line. If they are close to co-linear, the orientation of the fitting plane becomes
non-unique (Dering et al., 2019b, and references therein).

Using SIM-MVS workflows can under ideal conditions produce virtual outcrop models with
a resolution comparable to other methods such as Light Detection and Ranging (LiDAR).
At the same time photogrammetry is significantly cheaper to conduct (Smith et al., 2016;
Dering et al., 2019b), since digital cameras or small UAVs are widely available now and
easy to bring along in the field. UAV-based virtual outcrop models can cover a variety of
scales. Additionally, they allow for data collection in steep terrain, where it is dangerous
or impossible to inspect outcrops on foot (Thiele et al., 2020; Rhodes et al., 2024; Witcher
et al., 2024). In locations where field-based measurements can be collected, they can be
integrated into the virtual outcrop model during post-processing (e.g., Rhodes et al., 2024).
Having a virtual version of an outcrop available furthermore allows to revisit the outcrop and
repeat or add measurements as needed, which is more difficult if all measurements are to be
taken on site. Lastly, virtual outcrop models have in recent years proven useful for improving
accessibility and as teaching tools (Dolphin et al., 2019; Guillaume et al., 2023; Watson et al.,
2024).

3.2 Analogue Modeling

Geological processes are often highly complex. To better understand them, natural phenomena
can be modeled on a smaller scale in a laboratory setting. There, they can be studied in a
systematic manner and in a controlled environment. Such models are often referred to as
analogue or laboratory models/experiments. Rather than exactly reproducing a geological
event, their principal aim is to better understand the underlying physical process or how
several processes and material properties interact (Galland et al., 2018; Kavanagh et al., 2018).
For this purpose, analogue models rely on the principle of similarity. If all materials and
parameters are chosen appropriately, the laboratory model is a scaled-down representation of
a natural process (Merle, 2015; Galland et al., 2018; Kavanagh et al., 2018).

One of the first documented applications of analogue models in Earth Sciences was by Hall
(1815) to qualitatively explain folding structures in Scotland. One of the first applications
of analogue modelling to volcanic processes was by Daubrée (1891). A shift towards more
quantitative analyses in analogue modelling began in the 1950s (Hubbert and Willis, 1957;
Kavanagh et al., 2018). Dimensional analysis based on the Buckingham-Pi theorem (Buck-
ingham, 1914) was first used as a tool to scale laboratory experiments by Tibaldi (1995) and
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Figure 3.2. Examples of analogue models of magmatic intrusions. a) Experiment with
injection of dyed water into gelatine at the Magmalab Liverpool. b) Experimental setup using
granular materials as the analogue host rock. Photograph is taken at the analogue
laboratory of the NJORD center, University of Oslo. c.1-c.4) Close-up of a solidified oil
intrusion into a granular material and gradual excavation of the intrusion. The brown
powder sprinkled on the model surface (coffee powder and olivine sand) adds texture. This is
required for feature detection to extract surface deformation using SfM photogrammetry.

Merle and Borgia (1996). Today, a wide variety of geologic and volcanic processes is studied
with analogue models using different materials and methods (Kavanagh et al., 2018; Galland
et al., 2018).

The formation of sheet intrusions in laboratory experiments can be largely split into two
groups, which differ in terms of the simulated intrusion mechanisms as well as the materials
used: The first uses pig-skin gelatine as the model crust (Figure 3.2a) to represent a dominantly
elastic material (e.g., Kavanagh et al., 2013; van Otterloo and Cruden, 2016). The second
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one models brittle-plastic behaviour by using granular materials such as mixtures of silica
flour and glass beads (e.g., Figure 3.2b; Galland et al., 2006; Merle, 2015; Poppe et al.,
2019). One advantage of gelatine models is that the gelatine is transparent and allows to
easily observe the propagation of sheet intrusions within the model crust. Materials serving
as analogue magmas in combination with gelatine can be for example water or air (Kavanagh
et al., 2006; Le Corvec et al., 2013). Furthermore, it is possible to replicate some degree of
crustal heterogeneity by creating layers of varying stiffness, interfaces of variable toughness
and pre-existing weaknesses, which have been used in the past to study dike-sill transitions,
capture of magma into faults and similar processes (Kavanagh et al., 2006; Le Corvec et
al., 2013; Kavanagh et al., 2017). However, gelatine typically fails in tension only, not in
shear. Therefore, it is typically considered to only represent strong, dominantly elastic crust
(Kavanagh et al., 2013).

Brittle-plastic behaviour is more frequently simulated by using granular materials as the
analogue host rock (e.g., Galland et al., 2006; Galland, 2012; Abdelmalak et al., 2012;
Guldstrand et al., 2017). In such models, oil or syrup often serve as analogue magmas. It
should be noted that although the materials serving as model crust are granular, some can have
substantial cohesion, especially if they were compacted (Galland et al., 2006). Mixing high-
and low-cohesion materials can provide a range of different cohesions (Abdelmalak et al.,
2016). With these materials, intrusive processes into host rock with a wide range of cohesions
can be studied, but granular materials are generally considered to be more representative of
host rock with intermediate to low strength, e.g., in sedimentary basins (e.g., Schmiedel et al.,
2017; Schmiedel et al., 2019; Galland et al., 2018). One disadvantage of granular materials
is that they are opaque and it is therefore difficult to observe the dynamic propagation of
intrusions. While methods like Computed Tomography scanning have been applied (e.g.,
Poppe et al., 2019), it is often more convenient to use model magmas such as vegetable oil,
which solidify after the experiment and can subsequently be excavated (e.g., Figure 3.2c;
Schmiedel et al., 2019) or to simulate the intrusion process in quasi-2D by using a Hele-Shaw
cell, i.e. a model box that has a very low thickness compared to its width and height (e.g.,
Abdelmalak et al., 2012).

The key for creating experiments, that are meaningful and representative of geological
processes in nature, lies in scaling them correctly. Therefore, great care needs to be taken
when selecting materials and experimental parameters for analogue models (Merle, 2015;
Galland et al., 2018; Kavanagh et al., 2018). If an experiment is poorly or incorrectly scaled
this can severely limit how much can be learned from it about natural processes. The overall
aim is to select parameters so that the laboratory model is geometrically, kinematically and
dynamically similar to the studied geological process (e.g., Hubbert, 1937; Ramberg, 1981).
While some studies use scaling factors, i.e. they directly compare the ratio of characteristic
parameters in nature and their models (see e.g., Merle, 2015, and references therein), the
focus here will be placed on dimensional analysis, which is the scaling method used in Paper
II of this thesis.

Dimensional analysis (e.g., Gibbings, 2011) is based on the Buckingham-Pi theorem (Buck-
ingham, 1914). Its aim is to characterize a process through a number of dimensionless ratios.
These ratios are determined by first identifying the governing parameters of the experiment.
These could for example be the density, cohesion and angle of internal friction of a brittle
material as well as the depth, at which the intrusion forms and the width of the feeder. Each
of these parameters can be described in terms of its dimensions. The dimension refers in
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this context not necessarily to a spatial dimension. For models largely based on mechanics,
they are typically combinations of length (L), time (T) and mass (M), but can also include
temperature. As an example, the density of a material has the basic unit of kg/m>, which
means that it has the dimension of [M/L]. According to the Buckingham-Pi theorem, a
problem, which is governed by i parameters involving j dimensions, can be fully characterized
by k =i — j dimensionless, independent parameters. By combining the individual governing
parameters through multiplication and division, their dimension can be canceled out until
the final ratios are dimensionless. During this process care must be taken that the resulting
ratios remain independent, i.e., that they cannot be recreated through linearly combining
other ratios (see e.g., Gibbings, 2011, for a more detailed description of the procedure). One
example of a ratio, which is frequently featured in dimensionless analysis but also well known
from fluid mechanics is the Reynolds number Re. It characterizes the flow regime, i.e. if
a fluid is expected to behave in a turbulent or laminar manner (e.g., Turcotte and Schubert,
2014). Once a set of dimensionless ratios has been derived for a process, one needs to find
laboratory materials, which result in similar values for the dimensionless ratios as the natural
phenomenon of interest.

Finding appropriate materials for analogue models can be challenging for a number of reasons:
1) It can be difficult to identify the governing parameters for dimensional analysis, especially
if the studied process is highly complex or unclear. 2) Natural materials such as the Earth’s
crust or magma behave in a highly complex manner and a single analogue material may
not capture all relevant aspects. For example, magma is a multi-phase non-Newtonian fluid
which exhibits a wide range of viscosities (Gonnermann, 2015; Lesher and Spera, 2015;
Witcher, 2024). Instead of using a single material to represent this, a number of different
fluids are typically used to model magma with different viscosities (Kavanagh et al., 2018). 3)
Lastly, even if suitable materials can be found, it may be difficult to constrain the governing
parameters in nature.

One advantage of analogue models is that they allow to study processes systematically as
opposed to field observations, where it is often challenging to find a sufficiently high number
of comparable field sites with good constraints on all parameters and processes of interest.
While systematic variation of parameters is easily possible in computational models, they
typically only consider physics that are intentionally implemented. Other physical aspects
are ignored. A common example of this is gravity or, in case of deformation models, rock
failure under high stress. Therefore, such models carry the risk of becoming physically
unreasonable even if they are correct from a mathematical standpoint. In contrast to this,
analogue experiments are intrinsically physically consistent, since it is not possible to simply
"turn off gravity" or to prevent failure of a material if its strength is exceeded. However, their
ability to provide insights into natural processes relies entirely on the choice of materials and
experimental parameters.

3.3 The Finite Element Method (FEM)

The Finite-Element Method (FEM) is a numerical technique that can solve a wide variety
of boundary value problems even if analytical solutions are difficult or impossible to derive.
This is achieved by representing the model through a mesh (an unstructured grid), which
divides the domain into a finite number of discrete elements with simple geometry (e.g.,
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Greiner and Geirsson (2024).

Figure 3.3a). The governing physical processes are defined piece-wise with equations for
individual elements and then recombined to obtain a solution for the entire model.

The FEM was initially developed in the mid-20th century for structural engineering (Logan,
2017). Early works using similar techniques (e.g., Hrennikoff, 1941; Courant, 1943) had little
impact, because solving large systems of equations was not feasible without digital computers
(Clough, 1990; Logan, 2017). The work, which is widely considered to be the first application
of the FEM and described a 2D problem is that by Turner et al. (1956). The method got
termed the "Finite-Element Method" in 1960 (Clough, 1960; Clough, 1990). It developed
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rapidly during the 1960s, when it was expanded into three dimensions, implemented more
complex rheologies and was applied to non-structural problems involving e.g., heat transfer
and fluid flow (Logan, 2017). The potential of the FEM for applications in Earth Sciences
was recognized relatively early on, e.g., by Voight and Samuelson (1969) and Stephansson
and Berner (1971). Many early applications modeled processes related to tectonics and
earthquakes (Stephansson and Berner, 1971; Jungels and Frazier, 1973; Shimazaki, 1974;
Miyashita and Matsu’ura, 1978), while applications to volcanic processes came slightly later
when the method was already more established (Dieterich and Decker, 1975). This could
possibly relate to that robust analytical models of finite dislocations (e.g., Okada, 1985) were
developed later than those for e.g., point sources (Mogi, 1958). The FEM is today applied
both as forward models and in inversions in many aspects of Earth Sciences, including ground
deformation related to tectonics, volcanism and glacio-isostatic adjustment (van Wijk and
Blackman, 2005; Currenti et al., 2011; Schmidt et al., 2013; Hickey et al., 2015; Lanzi et al.,
2024; Greiner and Geirsson, 2024) as well as cooling of magmatic intrusions (e.g., Rhodes
et al., 2021; Burchardt et al., 2022a), hydrology (e.g. Lei et al., 2021) and large-scale tectonics
(e.g., Huismans and Beaumont, 2011; Lu and Huismans, 2021).

To solve a model with the FEM, the governing equations of a physical process (e.g., Equations
1-3 for linear elasticity) are expressed as piece-wise continuous functions. They relate e.g.,
the forces and displacements acting on the mesh nodes of each individual element according
to the governing equations. Modern FEM models can contain several hundreds of thousand
individual elements. As an example, the mesh in the models in Paper III consists of 71 348
nodes that divide the model domain into 394 344 tetrahedral elements. For the entire model, a
total of 9 608 604 equations need to be solved. While considering all boundary conditions,
they are then re-combined into a single system of equations for the entire model domain,
which is solved to obtain the solution for the model (e.g., Logan, 2017). As an example,
pressure applied to a surface can be related to displacement in the surrounding material
(Figure 3.3). The inherently piece-wise definition of the model makes the FEM well suited
to implement variations in material properties, and the discretization into small elements
facilitates the simulation of models with complex, irregular geometries.

Since the FEM divides the model domain into a finite number of elements, it cannot simulate
truly infinite domains such as a half- or full-space. They are instead approximated by creating
a model domain, that is sufficiently large so that there are no edge effects, i.e. further changing
the domain size does not influence the model results (Currenti et al., 2008; Hickey and
Gottsmann, 2014). The accuracy of a solution furthermore depends to some degree on the
number and resolution of the individual elements, which the model is divided into. The
element size is typically variable within a single model with a finer mesh, i.e. smaller
elements, in areas with high gradients in either material properties or solved-for variables
such as displacement or temperature. While the precision of a model increases as the mesh
gets finer, the computational requirements, i.e. computation power, cost and time, associated
with solving the model increases as well and it is important to balance these requirements.

It is considered good practice to benchmark a model, to ensure that boundary conditions
and the underlying physical processes are implemented correctly and that there are no edge-
or mesh-effects (Currenti et al., 2008; Hickey and Gottsmann, 2014). For this purpose, the
model results are compared quantitatively to a known solution e.g., an analytical model. If
the numerical model includes complexities such as variable material properties, a simplified
version with homogeneous properties should be benchmarked before complexities are added
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(e.g., Masterlark, 2007; Hickey and Gottsmann, 2014).

Individual computers as well as parallel computing on high-performance computers/clusters
have become increasingly accessible in recent years and have allowed for the implementation
of increasingly large and complex models. However, individual forward models using the
FEM typically require significantly more computational resources and time than analytical or
semi-analytical methods (Currenti et al., 2010; Hickey et al., 2015). This becomes an issue for
inversions, which require a large number of forward models to be run. Consequently, FEM
models are not commonly used in near-real-time monitoring. Nonetheless, in the field of
modelling ground deformation in general and volcano deformation in particular, advantages
of the FEM are that it can produce models based on more realistic assumptions compared
to simplified analytical models (e.g., Masterlark, 2007). Such models can include realistic
topography (Figure 3.3a) based on DEMs (Trasatti et al., 2003; Johnson et al., 2019), crustal
heterogeneity (Hautmann et al., 2010; Greiner and Geirsson, 2024), non-linear rheologies
(Trasatti et al., 2005; Islam et al., 2016), actively interacting deformation sources or pre-
existing stress fields (Pascal et al., 2013), and thermomechanical or poroelastic coupling
(Hickey et al., 2015; Alshembiari et al., 2022).

3.4 Geodetic Observations and Analytical Models of
Surface Deformation

The measurement of surface deformation is an important geophysical method to obtain
information about magma movements in active volcanic systems (e.g., Sigmundsson et al.,
2015; Aloisi et al., 2020; Parks et al., 2023). Oftentimes surface deformation is much too
small to detect it with the bare eye, especially if magma is relatively deep in the ground or if
the amount of magma in motion is small. However, by using geodetic techniques, it is possible
to detect motion of the ground down to the centimeter- or even mm scale (Dzurisin, 2007b;
Aoki and Kreemer, 2024). While a whole range of geodetic measuring techniques exist (see
e.g., Dzurisin, 2007b), the focus here lies on the space geodetic techniques of InSAR and
GNSS, which produced the surface deformation data sets used in Paper III. Details about
how the data are processed are however omitted here, since geodetic data processing was not
part of this thesis. The geodetic data sets used in Paper III were published by Sigmundsson
et al. (2022).

3.4.1 InSAR

The acronym InSAR stands for Interferometric Synthetic Aperture Radar and was established
for applications in Earth sciences in the 1990s (Massonnet et al., 1994; Dzurisin and Lu,
2007). The first application to volcano deformation were by Massonnet et al. (1995) for Etna

(Italy).

Satellites orbiting the Earth send electromagnetic signals in the microwave spectrum towards
the ground and record both the amplitude and phase of reflected signals for each pixel. Later
(after typically days, months or years) the satellite flies along the same orbit again and records
a second image. If the Earth’s surface deformed in the meantime, the recorded phase of
the reflected signal will be slightly shifted relative to the initial image, since the distance
between the satellite and the ground surface changed (Dzurisin and Lu, 2007). An example
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of such an image is shown in Figure 3.4a. The satellite recording this particular image has
a wavelength of 56 mm and one full color fringe corresponds to half the wavelength, i.e.
28 mm. This type of image is known as a wrapped interferogram. To extract the cumulative
Line-of-sight (LOS) displacement, i.e. the change of distance between the satellite and the
ground along the viewing direction of the satellite, the integral over the phase derivative is
determined between a chosen reference point and the individual pixel (e.g., Osmanoglu et al.,
2016). A number of corrections need to be applied to account for e.g., surface topography,
atmospheric disturbances, noise and slight variations in the position of the satellite. For details
see e.g. in Dzurisin and Lu (2007).

InSAR works well if the changes recorded between neighbouring pixels correspond to a
fraction of the recording wavelength. If changes get larger due to steep deformation gradients
(e.g., large motion along fault scarps), the phases recorded on neighbouring pixel differ too
much and coherence between them is lost. Similar issues arise if the reflecting surface is very
rough or generally unstable, such as for snow, water, vegetated areas or areas with drifting
sand. This makes it difficult to obtain information in e.g., snow-covered areas during the
winter.

One of the most important advantages of InSAR is its a high spatial resolution of up to
~1 m, thanks to which it can reveal spatially complex deformation patterns (e.g., Figure 3.4a).
Furthermore, InSAR does not require the deployment of instruments in the study area. This
is especially useful for areas that are very remote or dangerous to enter. Unfortunately,
only the deformation along the LOS vector is recorded rather than the 3D deformation field.
By combining images with two different viewing angles, the components of Near-East (i.e.
approximate east) and Near-Vertical (i.e. approximate vertical) deformation can be resolved
(e.g., Drouin and Sigmundsson, 2019). However, it remains difficult to resolve deformation
occurring close to or parallel to the nearly north-south oriented flight direction of the satellite
(e.g., Lietal., 2021). The temporal resolution of InSAR is limited by the flight schedule of
the orbiting satellites. It is common that days or weeks pass between image acquisitions of a
single area by the same satellite, so a number of different InNSAR satellites can be beneficial.
Due to the temporal resolution and difficulties in acquiring a coherent signal in varying
snow conditions, it can be challenging to rely purely on InSAR when monitoring ground
deformation of a volcanic system experiencing unrest.

3.4.2 GNSS

GNSS stands for Global Navigation Satellite System and includes a number of positioning
systems such as GPS, GLONASS, Galileo and Beidou (e.g., Aoki and Kreemer, 2024). GNSS
deformation measurements require ground based stations deployed in the field, as opposed to
InSAR, which is purely satellite-based. The first GNSS satellite was launched in 1978 and
the first network, GPS, became fully operational in 1993 (Dzurisin, 2007a). Early studies in
Iceland were done around a similar time (Foulger et al., 1993; Sturkell et al., 1994).

Each satellite continuously sends electromagnetic signals that contain information on e.g., the
satellite itself, its orbit, satellite clocks and clock errors. These signals are received by the
ground stations, which consist of an antenna and a receiver (Figure 3.4b). For high-accuracy
positioning, i.e. locating the absolute position of the GNSS station in a global reference
frame with up to mm-level accuracy, the distance between the station and a minimum of four
satellites needs to be accurately determined. To achieve this, the phase of the incoming carrier
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Figure 3.4. Methods of measuring surface deformation relevant for this thesis. a) Wrapped
interferogram of the Reykjanes Peninsula obtained with InSAR by Sigmundsson et al. (2022).
Image spans the first week of the February—March 2021 dike at Fagradalsfjall. Arrows
indicate satellite heading and looking direction. Phase change over one colour fringe
corresponds to 28 mm. b) Example of a GNSS station in the field (Photo). This is a
battery-powered campaign station (the battery is hidden behind the pile of rocks to the left of
the receiver box). c) Eastward, d) northward and e) vertical component of motion for the
continuous GNSS station KRIV on the Reykjanes Peninsula relative to the stable North
American plate. Green and red lines mark dike intrusions. Locations of KRIV (black triangle),
Fagradalsfjall (green star) and Svartsengi (red star) are marked in the inset in d). Plate
boundary outline by Michalczewska et al. (2014). GNSS data from KRIV processed using
GIPSY Oasis Il by H. Geirsson. See Sigmundsson et al. (2022) for details.
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waves is recorded in addition to the content of the signal sent by the individual satellites.
To account for the dispersive propagation delay through the ionosphere, two or more signal
frequencies are used. For further details on this see e.g., Dzurisin (2007a). The accuracy
of the ground station’s position increases, the longer the time span of data collection is. If
data is collected over a 24h interval, the position can be determined with an accuracy of up
to 3—5 mm in the horizontal and 10 mm in the vertical direction (Dzurisin, 2007a; Aoki and
Kreemer, 2024).

A single position of a single GNSS station by itself does not record any ground deformation.
However, repeated measurements of the position can be compiled into a time series (e.g.
Figure 3.4c-e), from which both deformation events (e.g., dike intrusions or large earthquakes)
and the velocity of observed motion, e.g. due to plate motion, can be extracted. There are two
types of GNSS stations used for high-accuracy positioning: 1) spatially fixed, continuously
measuring and 2) campaign stations. The latter are set up above fixed benchmarks in the
ground, record data for hours to days and are subsequently moved elsewhere. For campaign
stations it is therefore important to note that the station records the position of the antenna and
it is crucial to determine the position of the antenna relative to the benchmark on the ground.
Typically, the station is set up so that the antenna is located directly above the benchmark
(Figure 3.4b) and the height of the antenna above the benchmark needs to be measured. GNSS
1s advantageous compared to InSAR with respect to the three-dimensional nature of the
recorded deformation and due to flexible and generally higher temporal resolution. However,
the spatial resolution of a GNSS network is highly dependent on the number of stations in
the area of interest and inevitably lower than that of a coherent interferogram. Additionally,
GNSS stations require regular access to the field.

3.4.3 Analytical Modelling of Volcano Deformation

Analytical deformation models are often used in the context of monitoring volcano defor-
mation since they can produce solutions with very short computation time compared to e.g.,
FEM models. If a volcanic system experiences unrest e.g., due to a magmatic intrusion,
GNSS and InSAR data are often interpreted together. They can serve as input for inversions
to constrain the potential location and nature of the unrest source (e.g., Mogi, 1958; Hooper
et al., 2011; Bagnardi and Hooper, 2018; Sigmundsson et al., 2022; Sigmundsson et al., 2024).
The probably most widely applied analytical solution for inversions of surface deformation
associated with a magmatic dike is the Okada model (Okada, 1985; Rivalta et al., 2015). This
model predicts the surface deformation caused by uniform tensile opening and/or shearing of
a rectangular dislocation of a given length, width, height, strike and dip buried at a certain
depth in a homogeneous, isotropic elastic halfspace (e.g., Dzurisin, 2007b; Battaglia et al.,
2013). Using this model, a dike (or sill) can be represented by either a single dislocation or
by many small patches with varying deformation, in which case the individual solutions are
superimposed (e.g., Amelung et al., 2000; Montgomery-Brown et al., 2010; Sigmundsson
et al., 2022; Parks et al., 2023).
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4 Paper Summaries

This chapter summarizes the three research papers forming the base of this thesis. Each paper
focussed one of the main research questions outlined in Section 1.2 and on one of the main
research methods of field geology, laboratory experiments and numerical models .

4.1 Present Work

Paper I investigates how dikes that propagated through hyaloclastite are affected by pre-
existing fractures in the shallow crust. This question is addressed from a field-based per-
spective by studying a set of basaltic dikes exposed in a partially eroded caldera-filling
hyaloclastite in the extinct Dyrfj6ll volcanic system, NE Iceland (Figure 2.3 for location). We
collected UAV-assisted photogrammetry data and created virtual 3D outcrops through SfM.
We mapped the orientation of dikes and fractures in the virtual outcrop models, characterized
and quantified observed changes in the orientation of individual dikes and analyzed them in
the context of the local tectonic setting.

Faults and fractures are generally considered to be weaker than their surrounding crust.
However, not every weakness is intruded by magma. Paper II investigates the role of the host
rock cohesion and magma viscosity on magma-fault interaction. We conducted laboratory
experiments, during which we injected two liquids with differing viscosities into dry, granular
materials with varying cohesion and a pre-existing strike-slip fault. Surface deformation
was recorded using SfM. For experiments with the lower viscosity model magma, we could
additionally document the intrusion geometry, since the injected fluid solidified after the
experiments and could be excavated.

Paper III investigates the role of tectonic stress as a driving mechanism for dike opening
and dike-induced deformation. For this purpose, a FEM model of the dike, which formed at
Fagradalsfjall on the Reykjanes Peninsula in early 2021 is implemented. The model assumes
a temperature- and pressure dependent Maxwell-viscoelastic 3D-variable rheology and depth-
dependent elastic properties of the crust, and consists of two model steps. During the first step,
tectonic stress accumulates over 800 years due to plate motion (i.e. since the end of the last
volcanic eruption on the peninsula). Part of this stress is locally released during the second
model step through dike emplacement. The predicted dike-induced surface deformation is
compared to geodetic observations from GNSS and InSAR data from Sigmundsson et al.
(2022).
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4.2 Paper |

4.2.1 Summary

This project studied magma-fault interaction in the shallow crust from a field-based perspec-
tive. The main objectives were to 1) characterize the observed interaction and to 2) put it in
relation to the estimated tectonic conditions at the time of emplacement. For this purpose, we
mapped basaltic dikes and fractures in a moderately fractured, caldera-filling hyaloclastite in
the extinct and partially eroded volcanic system of Dyrfj6ll in NE Iceland. Above outcrop
scale, the hyaloclastite is relatively homogeneous with existing fractures as the dominant type
of heterogeneity, making it well suited for this type of study.

We created virtual 3D models of three outcrops within the caldera (Figure 2.5b) through SfM
photogrammetry using photos collected with a UAV. Across the three virtual outcrops, we
mapped 317 fractures and 45 dikes consisting of 104 segments. Based on their strike, we could
identify four groups of orientations, referred to here as sets, which were identified in both the
fractures and dike segments (Figure 4.1 a and b, respectively). The most frequently observed
strike was NNE-SSW, while the others were ENE-WSW, ESE-WNW and SSE-NNW.

For dike segments, we furthermore determined whether they occupied a pre-existing frac-
ture or likely propagated through intact rock. Out of the 104 identified dike segments, 39
propagated along pre-existing fractures, 61 through intact rock and four were inconclusive.
Out of the 61 segments in intact rock, 28 belonged to a single dike, which split into many
small segments. Most dike segments, which propagated along fractures, followed the most
prominent, NNE-SSW-striking fracture set (Figure 4.1c). Perpendicular to this orientation, no
fracture-occupying dikes were observed. The other observed sets were dominated by dike
segments in intact rock even though fractures with similar orientations were found across the
study sites (Figure 4.1a, c).

We did not quantify the fracture density and lengths due to strongly variable outcrop ge-
ometries and fracture spacing within individual outcrops. However, a qualitative assessment
did not reveal noticeable changes in the fracture density (or orientation) as a function of
distance from individual dikes on UAV photos or in the virtual outcrop models. Such changes
could have indicated the presence of damage zones around intrusions and whether fractures
pre-dated the intrusions or possibly formed during or after their emplacement (e.g., Townsend
et al., 2015).

The influence of tectonic stress was evaluated through a simple stress model. We assumed
that the NVZ, a present-day plate boundary segment located west of Borgarfjordur eystri (see
Figure 2.3 for location), can serve as an analogue rift zone and estimated the amplitude and
orientation of the crustal stresses there at 500 m depth below the surface, which is thought to
resembles the paleo-depth of the dikes at Dyrfjoll (Burchardt et al., 2022a). We furthermore
assumed a moderate magmatic overpressure of 1.3 MPa during dike emplacement. These
parameters were used in the Matlab code FracTend (Stephens et al., 2018; Healy, 2018)
to estimate the susceptibility of fractures of arbitrary orientation to be intruded by magma.
Additionally, the expected opening angle was determined, i.e. the angle between the normal to
the fracture plane and the dilation vector (Equation 10). Comparison between this simple stress
model and the orientation of the identified dike segments at Dyrfjoll shows that most dike
segments fall close to the 6 — 0> plane (poles to planes close to 63). They furthermore have
low expected opening angles, i.e. open dominantly tensile (Figure 4.1d). Most segments with a
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represent poles to the planes of dike segments in fractured/intact host rock. e)-f) Field photos
and g)-j) conceptual illustrations of the three types of dike-fracture interaction observed at

Dyrfjoll.

40



high predicted shearing component dominantly occupied pre-existing fractures (solid symbols
in Figure 4.1d). It was unfortunately not possible to compare the opening angles predicted by
FracTend to field observations due to a lack of host rock markers in the hyaloclastite.

For each identified change in strike between neighboring dike segments, we measured the
angle and tried to constrain from the outcrop models and UAV photos, whether nearby
fractures could have influenced dike propagation. We observed three different types of
interaction. 1) Most commonly, magma flowed along pre-existing fractures and could switch
between fractures with differing orientations (Figure 4.1e,h). 2) Some dikes showed a change
in strike at or near an intersection with a fracture (Figure 4.1f, 1). At least at the resolution
of the UAV images, we did not observe magma propagating into fractures in these instances.
Sometimes, the intersecting feature was another dike rather than a fracture. 3) In one instance,
a dike was arrested in front of a cross-cutting fracture (Figure 4.1g,j). A number of small
branches or offshoots formed near the arrested dike tip. Several of these offshoots intersected
the same fracture, although at different angles, and either propagated along or across it. We
also observed combinations of the first two types of interaction, i.e. where a dike occupying
a fracture switched into a different fracture set where it intersected a third fracture (or a
different dike). All observed changes in strike were smaller than 50° and those in intact rock
had a generally lower amplitude than changes, where at least one dike segment occupied a
pre-existing fracture.

4.2.2 Main findings

* Mapped dikes and fractures at Dyrfjoll dominantly follow four different orientations.
The most prominent direction strikes NNE-SSW (Figure 4.1a,b), which is consistent
with estimates of the tectonic stress field at the time of emplacement (Figure 4.1d).

* Magma propagation along fractures is more frequently observed if the dike segment
strikes close to NNE-SSW, i.e., to the likely tectonically controlled direction (Fig-
ure 4.1c). Propagation along fractures becomes less common the farther the strike
deviates from this direction. No propagation along fractures is observed perpendicular
to the tectonically controlled direction.

* All observed changes in strike are smaller than 50°. We observed three types of
interaction between basaltic dikes and pre-existing fractures in the hyaloclastite at
Dyrfjoll, which may to some degree be controlled by the angle between the dike and
fracture in question:

1. Dikes can follow pre-existing fractures. This is especially common if the dike/fracture
has a strike similar to the estimated paleo-tectonic stress field

2. Dikes can change strike when intersecting a pre-existing fracture without being
channeled into said fracture. We observe that this occurred mainly if the angle
between the dike and the fracture was large.

3. Dikes can be arrested in front of a pre-existing fracture. This was observed when
the dike strikes almost perpendicular to the fracture. In at least one instance, small
offshoots formed near the tip of the arrested dike, which intersected the same
fracture at different angles and could propagate beyond or along it.

41






4.3 Paper I

4.3.1 Summary

Observations from active and extinct volcanic systems show that magmatic intrusions fre-
quently propagate along pre-existing faults, if they are suitably oriented relative to the local
stress field at the time (Delaney et al., 1986; Mathieu et al., 2008; Jenness and Clifton, 2009;
Stephens et al., 2018; Hjartardéttir et al., 2023). However, not every fault near an intrusion is
exploited by propagating magma, especially in the context of magma reservoirs (Paterson and
Schmidt, 1999). Instead, many plutons are to some degree fault-bounded (Rosenberg, 2004;
Burchardt et al., 2010; Mattsson et al., 2018; Rhodes et al., 2024). This study investigates the
influence of the host rock cohesion and magma viscosity on magma-fault interaction using
laboratory experiments as analogue models.

We conducted a series of experiments, during which we injected fluids serving as analogue
magmas into the base of a box filled with granular materials, that served as analogue host
rock. The experimental setup is shown in Figure 3.2b. We tested five dry, granular, compacted
mixtures with varying proportions of Silica flour (SF) and micro-Glass Beads (GB) as the
analogue host rock. The relative proportions of GB/SF control the host rock cohesion, which
has been quantified in previous studies (Galland et al., 2006; Abdelmalak et al., 2016). The
tested proportions ranged from equal amounts of both materials (50/50) to pure glass beads
(100/0), which served as end member analogues of high-cohesion (strong) and low-cohesion
(weak) host rock, respectively. Two different liquids served as analogue magmas with varying
viscosity: molten vegetable oil (O) as a low-viscosity analogue and glucose syrup (S) as a
high-viscosity analogue. Percolation into the granular analogue host rock can be considered
negligible for both fluids (Galland et al., 2006; Galland et al., 2018). For each of the 10
possible material combinations, one experiment was conducted with intact, unfractured host
rock (I) and one where a strike-slip fault was created in the host rock prior to the injection of
fluid (F). This created a discontinuity at depth and formed a strike-slip fault in the analogue
host rock. Each experiment was given a name based on the fluid used (O/S), the initial host
rock status (I/F) and the proportions of the different granular materials (GB/SF).

The analogue magma was injected from below into the center of the model box through a
0.5 cm-wide inlet at constant flow rate. An externally controlled array of four cameras posi-
tioned above the box (Figure 3.2b) synchronously recorded images of the model surface from
different angles in regular intervals (At; = 2min and Az, = 1 s for syrup and oil, respectively).
The experiment ended when the fluid reached the model surface. The images of the model
were processed with SfM photogrammetry to extract 3D surface deformation. The vegetable
oil solidified after the experiment, which allowed us to additionally excavate the intrusion and
create 3D models of them using SfM photogrammetry. This was not possible for experiments
with syrup intrusions, since these did not solidify.

We observed three distinct types of intrusions in strong, intermediate and weak analogue host
rock. Sheet intrusions formed in high-cohesion analogue host rock. In intact host rock, this
resulted in partial cone sheets (Figure 4.2). In the presence of a fault, the intrusions exhibited
abrupt changes into planar sheets where they intersected and propagated along a fault segment
(Figure 4.2b). Surface deformation was generally characterized by low-amplitude (<1 cm),
flat-topped doming (Figure 4.2a,b). The horizontal divergence, which shows deformation
gradients, indicated extension along discrete lines above the center of the intrusion (shown
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Figure 4.2. Key experimental results of Paper I1. Virtual 3D models and surface uplift of a)
experiment OI190/10 and b) experiment OF50/50. c) and d) associated divergence of
horizontal surface deformation. For the divergence, red corresponds to extension and blue
indicates contraction. Virtual 3D models and surface uplift of e) experiment OF100/0 and f)
experiment OF95/05. g) and h) associated divergence of horizontal surface deformation.

in red in Figure 4.2c). This was surrounded by a ring of contraction (shown in blue). In the
presence of a fault, deformation gradients in the horizontal and vertical direction were strongly
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localized along fault segments rather than forming circular structures (Figure 4.2b, d). This
indicates, that the existing faults accommodated a large part of the intrusion-induced strain.
In pre-faulted experiments, intrusions consistently breached the surface along fault-segments.
All described characteristics were observed for both oil and syrup experiments (excluding the
intrusion geometry, which was not observed for syrup).

In low-cohesion (weak) materials, massive intrusions with a low aspect ratio, i.e. a thick-
ness comparable to their width and length, formed and caused high-amplitude (> 1.5 cm)
uplift. Here, the area of uplift strongly correlated with the shape of the underlying intrusion
(Figure 4.2¢). Oil intrusions had an elliptic base area, steeply inward-dipping sides and a
subcircular conduit connecting to the surface (Figure 4.2e). The horizontal divergence was
noticeably more diffuse and lacked discrete extension lines as they were observed in higher-
cohesion experiments (Figure 4.2g). The presence of a pre-existing fault did not have visible
effects on surface deformation and the divergence was undisturbed across fault segments. As
for high-cohesion experiments, the observations were consistent for both tested viscosities.

At intermediate cohesion, oil intrusions in pre-faulted analogue host rock showed a hybrid
geometry exhibiting elements of both previously described regimes. Two experiments showed
these hybrid geometries. OF95/05 had an elongated, inflated body at depth, the long axis of
which aligned with the strike of the fault. It was connected to the model surface through a
thick, rounded conduit with an irregular, lobate structure (Figure 4.2f). Experiment OF90/10
did not form an inflated part at depth and the conduit was slightly more planar, but still lobate
and twisted resulting in a C-like shape (not shown here). In both cases, the conduits formed
in the plane of existing fault segments. For experiment OF95/05, surface deformation showed
low amplitude uplift above the elongated, inflated body at depth and extremely localized,
moderate uplift above the conduit (Figure 4.2f). The divergence shows extension along the
fault above the inflated body and an incomplete contraction ring farther out (Figure 4.2h).
Barely any horizontal deformation was observed around the conduit. There are no indications
that hybrid intrusions formed in the pre-faulted syrup experiments nor in experiments with
intact analogue crust. Instead, surface deformation was consistent with sheet intrusions for
GB/SF 90/10 and with massive, low-aspect ratio intrusions for GB/SF 95/05.

Intrusive volumes were mostly lower for pre-faulted, high-cohesion experiments compared
to their intact counterparts, while the reverse was observed for low-cohesion experiments
(Figure 4.3a). For constant injection rates, this implies that propagation along faults reduced
the time until eruption in high-cohesion analogue crust, while they delayed eruption in weak
crust.

The ratio of uplifted to injected volume changed systematically between pre-faulted and intact
experiments in high- to intermediate cohesion host rock (Figure 4.3b). While intact analogue
host rock resulted in ratios >1, indicating slight decompaction, the ratio was close to, or <1
for pre-faulted analogue host-rock, indicating compaction. This could partially relate to small
amounts of dilation occurring during shearing on strike-slip faults. The thereby created space
could subsequently be filled by the intrusions without creating much uplift. In contrast to this,
fractures only began forming in intact analogue host rock during the intrusion process. This
would have resulted in a localized apparent volume increase or decompaction of the crust.
Experiments in low-cohesion analogue host rock show this trend to a lesser degree, possibly
due to less dilation during deformation processes, independent of if they relate to faulting or
intrusions.
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The presence of faults affects the intrusion and the associated deformation in different ways
depending on the intrusion regime, which is in turn controlled by the cohesion of the analogue
host rock. In intact host rock, the contrast between intact and faulted analogue crust is
very high, which makes it energy efficient for the intrusion to follow the fault segment.
Additionally, it is easy to sustain comparatively large dilation of fractures without having
their walls collapse (Abdelmalak et al., 2016), which may explain why even higher-viscosity
fluids can form sheet intrusions. In low cohesion analogue host-rock, the contrast between
the faulted and unfaulted materials is low. Furthermore, the cohesion is not sufficient to
sustain and dilate a fracture, independent of whether it already existed or was newly created.
Consequently, low-aspect ratio intrusions form irrespective of the presence of the fault. The
slightly increased intrusive volume in pre-faulted experiments may indicate that the fault was
still slightly more efficient in accommodating strain compared to intact material. This could
possibly relate to differing mechanical and frictional properties between intact and faulted
low-cohesion analogue crust.

We attribute the formation of hybrid intrusions to the cohesion being very close to the limit of
the ability to dilate a fracture. The locally reduced cohesion of the fault may have been unable
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to sustain dilation, but the strength contrast was likely high enough to focus deformation to the
fault segments. The lobate structure of the conduit may indicate that the intrusion propagated
as a viscous indenter, where the intrusion pushes its way through the host rock instead of by
dilating a fracture (e.g., Abdelmalak et al., 2012; Guldstrand et al., 2017). This is furthermore
supported by the extremely localized surface deformation.

That no hybrid intrusions were observed for syrup experiments is the only observed indication
that high-viscosity intrusions may be slightly less sensitive to interaction with faults than
those with lower viscosity. Otherwise, the viscosity appeared to have a much weaker control
compared to the cohesion and the strength contrast.

The experiments demonstrate the strong control of the cohesion and of the strength contrast
between intact and faulted materials on the nature of magma-fault interaction. Different
intrusion regimes, mechanisms and types of interactions with faults were observed across a
range of host rocks with gradually varying cohesion. Future studies could investigate how the
different regimes are affected by the presence of tectonic stress, which was not considered
in our experiments. Our findings furthermore emphasize the importance of a more accurate
characterization of the mechanical properties of faulted materials both in the context of
laboratory experiments and in nature.

4.3.2 Main findings

* Magma-fault interaction is strongly controlled by the strength contrast between intact
and faulted host rock, which in turn is a function of the host rock cohesion. In strong
host rock, an existing fracture represents a significant weakness, whereas in weak host
rock, the strength contrast is much lower between intact and fractured host rock. This
affects both the intrusion geometry and the associated surface deformation patterns. We
observe three different intrusion regimes with distinct surface deformation:

1. In strong host rock, magma propagates along fault segments upon intersection,
resulting in sheet-like intrusion geometries. Surface deformation is largely accom-
modated by fault reactivation.

2. At intermediate host rock cohesion, hybrid intrusions may form through the
viscous-indenter mechanism. Surface deformation is strongly localized on the
intruded fault.

3. In weak host rock, low-aspect ratio intrusions form irrespective of the presence
of pre-existing faults. No fluid propagation along fault segments is observed.
Intrusions push the overburden upwards, causing high-amplitude uplift. Gradients
of surface deformation are diffuse and undisturbed by pre-existing faults.

* In high-cohesion host rock, the presence of faults reduces the time until an intrusion
breaches the surface. They furthermore reduce the ratio of uplifted volume relative to
the volume intruded at depth.

* Compared to the host rock cohesion, the viscosity has a secondary influence on magma-
fault interaction. However, low-viscosity intrusions tend to be slightly more susceptible
to interaction with faults than the high-viscosity intrusions. We only observed hybrid
intrusions in experiments with low-viscosity fluids, which may confirm the slightly
higher sensitivity of low-viscosity fluids.
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4.4 Paper Il

4.4.1 Summary

The presence of tectonic stress affects propagating intrusions and the likelihood of magma
reaching the surface (Buck et al., 2006; Wright et al., 2012; Sigmundsson et al., 2024). Al-
though this is well known, the governing stress field is often neglected in deformation models.
In February—March 2021, a dike propagated at Fagradalsfjall on the Reykjanes Peninsula,
SW Iceland, ending almost 800 years of volcanic quiescene in the area (Semundsson et al.,
2020; Sigmundsson et al., 2022). Detailed observations of ground motion prior to and during
the dike emplacement make this event an excellent case study to explore the role of tectonic
stress for dike emplacement.

To investigate the contribution of tectonic stress as a driving mechanism for dike opening,
we implemented a multi-step FEM model of the 2021 Fagradalsfjall dike and compare it
to surface deformation observed with GNSS and InSAR (Sigmundsson et al., 2022). We
first obtained an estimate of the tectonic stress on the Reykjanes Peninsula and subsequently
locally released it through dike emplacement. Apart from that the dike was present only in the
second step, both model steps used identical mechanical properties and boundary conditions.

The estimate of the tectonic stress was derived from a Maxwell-viscoelastic 3D plate spreading
model. To allow for viscoelastic relaxation at depth, we let the viscosity vary with both
temperature and pressure (Turcotte and Schubert, 2014). The temperature was derived from a
heat-transfer model, which assumed a depth-dependent temperature profile along the plate
boundary axis (outline of plate boundary by Michalczewska et al., 2014 in Figure 4.4a) and
simulated heat transport away from it through conduction and advection (due to plate motion).
We defined the surface corresponding to a viscosity of 10?! Pas as the base of the effectively
elastic crust, above which little stress is relaxed on the timescale of our models. It should be
noted that this surface was located at variable depths in our model depending on the distance
to the plate boundary axis (Figure 4.4b). At this surface, plate spreading was applied for a
time span of 800 years, i.e. approximately since the end of the last eruptive period on the
Reykjanes Peninsula (e.g., Semundsson et al., 2020). The elastic properties of the crust were
derived from depth-dependent models of 1) the density (Sigmundsson et al., 2020b) and 2)
seismic velocities (Weir et al., 2001). Surface velocities predicted by the tectonic model were
compared to GNSS measurements by Keiding et al. (2008).

The predicted tectonic stress field shows a concentration of the least compressive principal
stress 03 around the plate boundary axis. The highest stress was located at the base of the
elastic crust around the plate boundary axis (Figure 4.4a,b). A slight asymmetry in the
viscosity structure and, consequently, in the depth of the base of the elastic crust (Figure 4.4b)
can be attributed to the curved plate boundary axis, which affected the temperature distribution.

The dike model used the stress field of the tectonic model as initial conditions. The dike
consisted of two rectangular, vertical, 4.5 km-long segments, with location, strike and dimen-
sions based on Sigmundsson et al. (2022) and as shown in Figure 4.2c) and d). The dike was
represented in the model by a crack reaching from 1 km below the surface down to 6 km depth
for the southern segment and 7 km for the northern segment (Figure 4.4e,f). We compared
the modelled dike-induced surface deformation driven purely by tectonic stress to observed
surface deformation from InSAR and GNSS by Sigmundsson et al. (2022). If the entire
tectonic stress acting on the dike plane would be released, predicted surface deformation
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Figure 4.5. Comparison of Paper III model results with observed surface deformation. a)
LOS displacement measured from an ascending Sentinel-1 satellite on track T16 spanning the
2021 February—March Fagradalsfjall dike intrusion (time span indicated in the lower left
corner). Large and small black arrows indicate flying and looking direction of the satellite,
respectively. Dike position as inferred by Sigmundsson et al. (2022). Plate boundary outline
(dashed gray line) for reference by Michalczewska et al. (2014). b) Projection of modelled
dike-induced deformation onto the LOS vector. ¢) LOS residual (difference between a) and
b)). d)-f) East, North, and vertical surface deformation by the tectonic-stress driven
dike-model. g)-i) East, North, and vertical surface deformation predicted by a
uniform-magma-overpressure-driven dike-model. j)-1) difference of the stress- and
pressure-driven models. m) Opening and n) shearing of the dike plane for the pressure-driven
model. Right-lateral shear shown as positive.

would greatly exceeded observed deformation. To avoid this, we applied a negative pressure
condition to the dike plane, which was scaled to the component of the tectonic stress normal to
the planes of each dike segment. We varied the fraction of released stress in increments of 10%
to minimize the residual to observed surface deformation using the Root-Mean-Square (RMS)
as a criterion.

Observed deformation was best reproduced when ca. 60% of the accumulated tectonic stress
were released by the dike (Figure 4.5a-c). One aspect, that can for example affect the fraction
of stress released is the availability of magma. We anticipate however, that this does not
affect the component of the stress field, which is oriented parallel to the dike. Once magma
began to spread in the dike plane, it is unlikely that the dike plane could have held significant
shear stress. In agreement with this, the application of underpressure only affected the dike-
normal component of the stress field. Partial release of tectonic stress during the 2021 dike is
consistent with the emplacement of subsequent dikes between late 2021-2023 (Parks et al.,
2023). Furthermore, the need in our model to apply underpressure to the dike rather than
magmatic overpressure is consistent with very low eruptive flow rates during the early stage
of the subsequent eruption (Pedersen et al., 2022).

The dike model reproduces first-order features of the observed surface deformation. However,
it underestimates subsidence above the dike close to the eventual location of the eruptive
fissures and lacks a shearing signal symmetric around the plate boundary axis, which is
especially pronounced west of Fagradalsfjall (Figure 4.5¢). Parts of this deviation may relate
to distributed motion across numerous shallow faults and opening of the initial eruptive fissure
(Hjartardottir et al., 2023; Ducrocq et al., 2024).

Opening of the dike effectively releases stress in its immediate surroundings, between Mt.
Stoéra-Skogfell to the west and Mt. Hraunssels-Vatnsfell to the east (Figure 4.4¢). Due to the
curved geometry of the dike, slightly more stress is released towards the west. Furthermore,
the stress change due to dike opening is larger at depth compared to the shallow parts of the
crust. This reflects the larger initial stress deeper in the crust (Figure 4.4d). Despite this, the
largest opening of the dike is observed at intermediate depth of ca. 2—4 km with the maximum
located close to the center of the dike, but on the northern dike segment (Figure 4.4¢). Shearing
is predicted on both dike segments, but with opposing shearing sense. The southern segment
is predicted to have experienced significantly more shear (Figure 4.4¢). The relative amounts
of shear and opening on each segment are consistent with the orientation of the tectonic stress.

52



The o stress axis has a strike that is larger than that of the southern segment and slightly less
than that of the northern dike segment (e.g., Delaney et al., 1986; Jolly and Sanderson, 1997).
Since the northern segment is oriented less oblique to o7, it experiences less shear.

If the surface deformation of the stress-driven model is compared to a model driven purely by
uniform magmatic overpressure, it becomes apparent that they are overall similar (Figure 4.5d-
). However, the pressure-driven model predicts more elongated areas of uplift on both sides
of the dike (Figure 4.5f, 1) and less shear directly above it. This is best visible in the difference
of the north-component between both models (Figure 4.5k). The slightly more elongated
uplift bulges compared to the stress-driven model reflect the more elongated and shallower
area of maximum opening of the dike plane (Figure 4.5m). The lack of shearing at the surface
is matched by less shear in the dike plane and although the sense of motion is the same
as in the stress-driven model, pressure-driven shearing has a lower maximum amplitude, is
symmetric and occurs mainly close to the connection of the dike segments.

The model presented in this study provides an opportunity to study the interaction of the tec-
tonic stress field and magmatic intrusions. Modelling subsequent intrusions both at Fagradals-
fjall and the neighboring Svartsengi system furthermore has the potential to investigate the
temporal evolution of the crustal stress throughout this ongoing rifting episode.

4.4.2 Main findings

* Deformation associated with the February—March 2021 Fagradalsfjall dike, which
formed on the Reykjanes Peninsula, SW Iceland, can be reasonably well reproduced
with a Finite-Element deformation model by releasing ca. 60 % of the previously
accumulated tectonic stress. No additional magmatic overpressure is required by the
model to produce this deformation.

* In an obliquely spreading tectonic setting, nearfield shearing above the dike may
help to distinguish between tectonic stress and magmatic overpressure as the driving
mechanism. However, this shearing signal may be small and difficult to distinguish
from near-surface fault motion occurring simultaneous to the dike emplacement.

* Despite similar surface deformation, the opening patterns of the dike plane may differ
significantly between dikes opening due to magmatic overpressure and tectonic stress in
heterogeneous host rock. For the model driven by tectonic stress, the amount of opening
and shearing in the dike plane varies between the northern and southern dike segments.
The relative amounts are consistent with the segments’ respective orientations relative
to those of the principal stress axes.
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5 Conclusions and Outlook

This thesis investigated the interaction of magmatic dikes with different types of crustal
heterogeneity. The main focus is the interaction with pre-existing fractures/faults (Paper
I, Paper II) as well as a variable governing stress field (Paper III). Regarding the initially
posed research questions, the work conducted here has lead to the following conclusions:

How are propagating dikes affected by pre-existing fractures in moderately
fractured host rock?

Dike-fracture interaction is a complex process and pre-existing fractures or faults can affect
propagating dikes with regards to their path and dynamics. The interaction in each case
depends on several factors, which include the orientations of the dike and the fault/fracture in
question relative to the governing stress field, the angle of both to each other as well as the
magmatic overpressure and amplitude of the governing stress field.

At the extinct Dyrfj6ll volcanic system we observed three different ways in which fractures
affected dike propagation (Paper I):

1. Dikes propagating along a pre-existing fracture. This can mean that a dike, which
previously propagated through intact host rock, was diverted into a fracture upon
intersection. Alternatively, a dike, which already propagated along a fracture, switched
to a fracture with a different orientation even though the initial fracture continues.

2. Dikes being deflected, i.e. changing strike, upon intersecting a pre-existing fracture.
However, at least from what is visible in the available data, magma did not propagate
along the fracture in question.

3. Dikes being arrested close to an intersecting fracture.

While dikes propagating along existing fractures or faults are observed in the field relatively
frequently (Delaney et al., 1986; Valentine and Krogh, 2006; Browning and Gudmundsson,
2015; Stephens et al., 2018), the second type of interaction observed at Dyrfjoll tends to find
less mentioning in the scientific literature. It is unclear if this is the case because it simply
occurs less frequently or if there may be an observational or reporting bias. Recent examples
of this type of interaction are the later fissures opening during the 2021 Fagradalsfjall eruption
(Hjartardéttir et al., 2023). Deflection of a dike across a fracture or fault without propagation
along it is to some degree reminiscent of dikes being deflected when propagating across
mechanical interfaces (e.g., Maccaferri et al., 2010; Geshi et al., 2012). However, it differs
from these in two ways: 1) the fractures at Dyrfjoll were subvertically dipping, while most
material interfaces considered for dike deflection are subhorizontal and 2) there was no
apparent contrast in material properties, as there was the presumably same hyaloclastite on
either side. However, material properties could have varied within the fractures on a scale that
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is below the resolution of our data (Mitchell and Faulkner, 2009; Browning and Gudmundsson,
2015; Hofer-Apostolidis et al., 2024).

The question, under which exact circumstances which type of interaction occurs could and
should be addressed in future studies. Our findings from Dyrfjoll indicate that the angle
between the dike and the fracture could have some influence on this. However, the potential
role of additional controlling factors needs to be investigated further, involving for example
more detailed mechanical analysis of the stresses involved. Furthermore, the spacing and
density of fractures could be analyzed quantitatively, which would allow to better characterize
how dike-fracture interaction changes in variably fractured host rocks.

Paper II provided insights into how fractures can affect the dynamics of magmatic sheet
propagation. In strong host rock, magma being channeled through pre-existing faults can
accelerate the ascent towards the surface. This effect became more pronounced, the stronger
the host rock was. As a consequence, the ratio of intruded vs. erupted material would tip
towards a higher fraction being erupted.

The February—March 2021 Fagradalsfjall dike was oriented slightly oblique to the tectonic
stress field of the Reykjanes Peninsula. However, it is not entirely clear what caused this
obliqueness. Paper I demonstrated that interaction with pre-existing fractures could be a
potential cause. While there are indications of magma-fault interaction in the shallowest few
hundred meters of the crust (Hjartardéttir et al., 2023; Einarsson et al., 2023), evidence is
less clear for larger depths. Sigmundsson et al. (2022) and Ducrocq et al. (2024) reported
localized creep along faults and increased strain accumulation in the years prior to 2021,
which suggests the presence of a weakness. However, based on the findings from Paper II,
the relatively long propagation period of the dike (ca. three weeks until the eruption onset)
is not an indication for propagation along a well defined weak plane, although other factors
may have also contributed to the slow propagation. These could have for example been a
small cross-sectional area of the dike-feeding magma channel and an overall low amount of
total driving pressure available for dike formation if compared to e.g., the dike that formed in
November 2023 at Svartsengi (Sigmundsson et al., 2024).

If the obliqueness of the dike was not related to propagation along a weak plane, one or
both of the following processes could have contributed to it: 1) The creep observed in this
area could have locally altered and rotated the stress field. The strain anomalies described
by Sigmundsson et al. (2022) and Ducrocq et al. (2024) mainly coincide with the southern
dike segment of the 2021 Fagradalsfjall dike, which was modelled as the more oblique of
the two segments. Local rotation of the stress field caused by the mentioned creep prior to
magma emplacement could therefore explain the obliqueness of the southern dike segment
and the difference in strike compared to the northern segment. In this case, the dike would
not necessarily have to propagate along the plane of weakness to be affected by it. Local
rotation of the stress field could also relate to potential segmentation of the plate boundary
axis and a step-over structure identified from seismicity close to the eventual eruption sites by
Fischer et al. (2022). 2) Alternatively, it is possible that the dike propagated along pre-existing
fractures and fault segments of slightly varying strike, length and strength. The area around
Fagradalsfjall has experienced frequent seismicity well before 2021 (e.g., Bjornsson et al.,
2020; Fischer et al., 2022) and there are almost certainly several faults and fractures at depth.
Dikes propagating along fractures of variable strike were observed at Dyrfjoll (Paper I), but
it is not clear, how the propagation dynamics are affected by flow along several connected
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fractures of different strength contrasts and varying orientations relative to the governing
stress field. It is challenging to resolve small-scale (less than hundreds of meters) features of
intrusions at depth with geophysical methods, which makes it difficult to further constrain the
detailed structure of the 2021 Fagradalsfjall dike at depth. It is possible that the two major
segments of the 2021 dike modelled by Sigmundsson et al. (2022) and Paper III represent
the average strike of several shorter segments.

Overall, the work presented here shows that dike-fracture interaction is a complex process
controlled by many different parameters. The field observations show that magma-fault inter-
action involves more than magma diversion into a fault. Future work including both additional
quantitative field-based studies and modelling of dynamic dike propagation may help to
advance our understanding of the other types of interaction. Furthermore, the implications of
the different resolutions achieved by field-based studies of exposed intrusions and geophysical
monitoring techniques of active volcanic systems could be explored further.

How do the mechanical properties of the host rock and the magma influence
the interaction between sheet intrusions and faults?

The laboratory experiments from Paper II indicate that the host rock cohesion exerts a
primary control on magma-fault interaction. It influences the ability of the host rock to sustain
the dilation of fractures and the formation of sheet intrusions (compared to the formation of
other intrusion shapes). Additionally, it affects the strength contrast between faulted and intact
crust as well as the degree, to which intrusion-induced strain is accommodated by existing
faults.

In high-cohesion host rock, the strength contrast between intact and faulted material tends
to be high. Consequently, pre-existing fractures represent a considerable weakness, which
can be exploited by propagating intrusions upon intersection. The weaker the host rock, the
lower is the strength contrast to the surrounding intact host rock and the less influencial are
pre-existing fault segments.

How much of a weakness a fault represents is, however, not only controlled by the host rock
cohesion. In nature, the complexity of a fault, its maturity and the question of how active it is
can also affect the strength contrast. A fracture or fault may be located in very strong host
rock, but still have a low strength contrast to intact rock. This could for example be the case
if it is only a single, relatively short fault plane or if it has been locked for a long time and
some degree of healing has occurred. Characterizing the mechanical properties of faulted
materials is generally challenging for both natural faults and laboratory materials. While
the characterization of fault zones and their associated mechanical properties is an active
field of research and important information can be retrieved e.g., from partially exhumed
faults and laboratory measurements (e.g., Mitchell and Faulkner, 2009; Faulkner et al., 2010),
it can often be challenging to characterize the structure and properties of active faults at
depth without drilling through the fault in question (e.g., Carpenter et al., 2012; Ikari et al.,
2015). More detailed analysis of the role of the strength contrast would require a better
understanding of the mechanical properties, especially the cohesion of faulted (analogue and
natural) materials and how they evolve with depth and with time.

On the Reykjanes Peninsula, intrusions such as the 2021 Fagradalsfjall dike have caused
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extensive seismicity and movement on fractures and faults (Sigmundsson et al., 2022; Ducrocq
et al., 2024). This widespread reactivation could imply that a high number of faults currently
represent relative weaknesses that could be exploited by future intrusions. Identifying, which
of the many reactivated fractures and faults connect to deeper-reaching faults rather than just
near-surface fractures, could help to constrain and identify faults especially susceptible to
magma intrusion. In other settings, active fault zones related to tectonic stresses, gravitational
loading or landslides could form potential pathways for propagating intrusions.

The presence of faults in the experiments of Paper II affected the ratio of the uplift volume
to the intruded volume. This effect was most pronounced in high-cohesion experiments. If
one only observed the surface deformation, as is the case in active systems, this effect could
lead to an underestimation of the actual intrusive volume at depth. The reduced ratio of
uplifted to intruded volumes is likely related to that strongly faulted materials are slightly
more dilated than their intact counterparts. They can accommodate some degree of strain
through compaction. Laboratory experiments provide an excellent opportunity to study this
effect, since it is possible to collect quantitative information about the intrusive volumes as
well as the associated surface deformation.

The range of intermediate cohesion, where a pre-existing fault can be the deciding factor
between (analogue) magma pooling at depth or quick ascent towards the surface, was compar-
atively narrow in the laboratory experiments. It is very likely, that this requires somewhat
specific conditions to occur in nature.

The analogue magma viscosities tested in Paper II appeared to be a secondary control on
intrusion-fault interaction compared to the properties of the host rock. However, magma
in nature can span an immense range of viscosities (Gonnermann, 2015; Lesher and Spera,
2015) and our experiments did not capture the full spectrum of natural viscosities.

The dikes mapped at Dyrfjoll for Paper I propagated through hyaloclastite that is homo-
geneous on outcrop scale apart from the presence of fractures. Although hyaloclastite is a
relatively soft material (e.g., Eggertsson et al., 2020), it clearly has sufficiently high cohesion
to support the formation of sheet intrusions. Some of the dikes at Dyrfjoll furthermore
propagated into the lava layers overlying the hyaloclastite. Spatial variations in the host rock
material affect not only the cohesion of the crust, but also the fracture density and elastic
properties. Variations in the fracture density become evident e.g., by visually comparing the
hyaloclastite and overlying lava layers at Dyrfjoll (e.g., photo on Page xxvi at the beginning
of Section 1). Hyalcolastite and subaerially erupted lavas are also common on the Reykjanes
Peninsula. While Paper III did not consider dynamic dike propagation and only considered
very simple depth-dependent variations of the elastic properties of the crust, it could be
interesting to investigate if propagating dikes are more likely to interact with fractures in one
or the other material. This could be done through models of dynamic dike propagation as
well as by additional mapping and quantification of fracture populations at locations such as
Dyrf}6ll to compare interaction of dikes with fractures in both hyaloclastite and in lava layers.
Material-dependent variations of the elastic properties may also affect the accumulation of
stress in response to e.g., plate motion. Localized stress anomalies could possibly affect the
susceptibility of fractures and faults towards reactivation as well as the opening/thickness of
intruding dikes, as observed in previous studies (e.g., Geshi et al., 2012).

The experiments of Paper II did not consider effects of tectonic stress. This was primarily
done to reduce the number of variable parameters in the experiments and to systematically
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study the influence of the mechanical material properties. However, considering observations
from e.g., the Reykjanes Peninsula and Dyrfjoll, investigating how different tectonic stress
fields affect intrusions and intrusion-fault interaction in host rocks of variable cohesion would
be a logical topic for future studies. Another parameter worth exploring in the context of
magma-fault interaction is the effect of the strain rate and fluid pressure, which both relate to
the flow rate of the intruding fluid. The experiments in Paper II used a single fluid flow rate
for each of the two analogue magmas, but investigating how intrusion geometry and dynamics
change with varying flow rates could provide further interesting insights.

How does variable tectonic stress affect dike propagation and the associated
surface deformation?

The effect of tectonic stress on surface deformation models was evaluated in Paper III. Using
the 2021 Fagradalsfjall dike on the Reykjanes Peninsula as a case study demonstrated that
tectonic stress can be a sufficient driving mechanism for dike opening. This implies that,
given enough magma is available at depth to fill the created space, diking could occur largely
passively without requiring significant magmatic overpressure in excess of lithostatic condi-
tions. That tectonic stress played a major role in the emplacement of the 2021 Fagradalsfjall
dike is supported by the intense, distributed seismicity and widespread fracture movements
that accompanied its emplacement (Sigmundsson et al., 2022; Ducrocq et al., 2024). Addi-
tionally, the initial flow rates into the dike as well as initial eruption rates were relatively low
(Sigmundsson et al., 2022; Pedersen et al., 2022), indicating that tectonic stresses dominated
over magma pressure.

Observed surface deformation could to a large extent be reproduced by a model driven by
tectonic stress. Many of the residual signals can likely be related to shallow fault movement.
This links well with the observations from Paper II that existing fault networks can accom-
modate intrusion-induced strain and modify surface deformation patterns. Since the dike
segments were modelled as striking slightly oblique to the principal stress axes, some amount
of shearing was predicted directly above the dike. However, if a hypothetical dike would be
perfectly aligned with the governing stress field, it would likely be difficult to differentiate
between tectonic stress and magmatic overpressure as the driving mechanism based on surface
deformation alone. That tectonic stress can serve as the principal driving mechanism for dike
emplacement, as demonstrated by Paper I1I, emphasizes how closely volcanism and tectonics
are linked during a magmatic rifting episode. It furthermore emphasizes the importance of
considering both together rather than as separate processes.

Although the tectonic stress in our models increased with depth, the opening pattern of the
dike plane did not follow this trend. Instead, the area of maximum opening remained close to
the center of the modelled dike. When considering depth-dependent variations of the tectonic
stress, in general, it may additionally be important to also consider vertical and ideally lateral
variations in the elastic properties of the crust for an appropriate estimate of stress associated
with the strain caused by plate motion at depth.

The area of maximum dike opening in the stress-driven model was not only located at a
different depth than the initial maximum tectonic stress. It additionally was laterally offset
from the plate boundary axis, where the driving stress was highest. Instead, the model
predicted maximum dike opening to occur on the northern dike segment. This demonstrates
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that dike opening in such models is highly sensitive to the orientation of the dike in addition
to the amplitude of the stress field. The relative amount of shearing to opening predicted for
the two modelled dike segments was furthermore consistent with expectations based on field
studies of eroded intrusions (Delaney et al., 1986; Stephens et al., 2018), demonstrating how
modelling and field studies can help to inform and validate each other.

In the same manner as the tectonic stress field was used to simulate the emplacement of the
2021 Fagradalsfjall dike, subsequent dike intrusions (at Fagradalsfjall in December 2021,
July/August 2022 and July 2023) could be simulated in additional model steps. This could
help to track the evolution of the local stress field through time, which may be useful for
estimating future rifting and magma emplacement in the area.

Variations of the orientation of dikes mapped at Dyrfjoll in Paper I that correlate with their
position in the caldera emphasize the importance of considering locally prominent structures
when modelling the local stress field. At Dyrfjoll, it is unclear if these local variations in
the governing stress field relate to the caldera-bounding faults, material contrasts due to the
caldera-filling hyaloclastite or potential topographic effects. If models similar to the one
presented in Paper III would be implemented for other volcanic systems on the Reykjanes
Peninsula, it could be important to consider how the local stress field is affected by e.g.,
high-temperature geothermal areas and power plants.

An additional aspect to consider in future models are distributed fracture networks. Using
the Finite-Element Method, it should be possible to implement them as passive deformation
sources in the sense that they are free to move and affect the deformation of the model domain,
but without the need to prescribe motion on them. A separate path to advance numerical
models is to couple dynamic dike propagation to surface deformation models. This would
reduce the number of assumptions enforced on simulated intrusions in term s of their shape
and orientation.

About the Multidisciplinary Aspect of This Thesis

The work presented in his thesis demonstrates that the interaction of sheet intrusions with
the surrounding host rock is a complex process and that no single method can capture it
in all its complexity. I attempted to combine insights from field-based studies of eroded
volcanic systems, laboratory experiments and numerical models (Figure 1.1c¢). Although the
individual research projects/papers each focused on a single main method, working with all
of them allowed me to view and interpret findings from different standpoints and to reflect on
assumptions commonly made (and sometimes forgotten) in the context of individual methods.
While this can be challenging, I believe it is generally beneficial and could help to improve
communication between researchers of different backgrounds.

Scope for Future Work

While the work in this thesis has provided some new insights about how sheet intrusions
interact with crustal heterogeneities, there are many ways in which this work could be
continued.

Building on the field-based observations related to research questions 1) and 2), more detailed
field studies of different types of dike-fracture interaction would be beneficial. This could
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include mapping of new field areas as well as re-examining of already mapped areas. For
this purpose, the increasing number of published virtual outcrop models could be very useful.
Differentiation between different types of dike-fracture interaction could furthermore be
supported by models.

To better understand how weak a fault/fracture needs to be relative to the surrounding crust
to be exploited by intruding magma, a more detailed characterization of the mechanical
properties of faulted materials and how they change with depth is needed. This applies to
faults in nature as well as to materials used in laboratory experiments.

Being able to simulate dike propagation in three dimensions, ideally even with considering
variable material properties and pre-existing faults, would be a major advancement, especially
related to research question 3). The Finite-Element Method has great potential for being
able to advance the current state of research on this topic due the ability to consider complex
geometries and variable material properties. If a potential mechanism is found that can
simulate dynamic dike propagation in a heterogeneous, pre-fractured 3D model, it would need
extensive testing to validate it against commonly used approaches and models. Additionally,
any simulation of 3D-propagating dikes would require high mesh resolution and consequently,
high computation times and cost. Much work is therefore needed before any such model
could be of use in near-real time monitoring. They could, however, proof useful both for
simulating different scenarios in long-term hazard assessment as well as to better understand
fundamental processes in magmatic plumbing systems. They could thereby help bridge
the gap between field-based geological studies of magmatic plumbing systems and largely
surface-based geophysical models of active volcanic systems.

The continued rapid development of new technology keeps opening up possibilities to address
both new and older research questions. Given that there seems to be no shortage of open
questions to explore, now promises to be an exciting time for studying magmatic systems and
processes.
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Plain Language Summary

Magmatic dikes are crucial parts of magmatic plumbing systems and represent the primary
pathway of magma through the Earth “s crust. Not only is the majority of volcanic eruptions
fed by dikes, but they also contribute to the formation of new crust and release tensional stress
at tectonic plate boundaries. Because they are such common features, it is important to better
understand how dikes are affected by the crust they intrude. This thesis investigates how
magmatic dikes are influenced by crustal heterogeneity, specifically by pre-existing fractures
and tectonic stress. This is done through three research projects, which are focused on one
of the following research methods: Field-based structural geology, analogue models and
numerical models.

Basaltic dikes that intruded a caldera-filling, mildly fractured hyaloclastite in the extinct
volcanic system of Dyrfjoll in NE Iceland were photographed with the help of a drone. From
these photos, we created virtual 3D models using Structure-from-motion photogrammetry
and mapped the orientation of dikes and fractures in the hyaloclastite. Both features followed
largely four directions. The most prominent of these likely aligned with the estimated tectonic
stress field at the time of emplacement (ca. 12.5 Mio years ago). We observed three different
ways, in which dikes interacted with pre-existing fractures: 1) Dikes can change direction
to follow fractures and propagate along them. 2) Dikes can change strike upon intersection
without following the fracture. 3) In one instance a dike got arrested in front of a pre-existing
fracture. Here, several small branches formed near the arrested dike tip. Most of these
intersected the same fracture that arrested the initial dike tip and either crosscut it or followed
it. Dike-fracture interaction was observed most frequently if the strike was close to the
likely tectonically controlled direction. The observations at Dyrfjoll show that dike-fracture
interaction is a complex process that goes beyond magma simply flowing along existing
fractures.

The question of how magma-fault interaction is affected by the mechanical material properties
of the host rock and of the magma is addressed with the help of laboratory experiments that
served as analogue models. Analogue models reproduce natural processes on a laboratory
scale with materials that relative to each other behave in a similar manner as their counterparts
in nature. We specifically investigated the role of the host rock cohesion (i.e. how strong
or weak the host rock is) and of the magma viscosity. Host rock of variable cohesion was
represented by mixtures of micro-glass beads (low cohesion) and silica flour (high cohesion).
Molten vegetable oil and glucose syrup served as analogue magmas with low and high
viscosity, respectively. They were injected from below into a model box filled with the
granular host rock. By laterally displacing a plate at the base of the model box we created a
strike-slip fault, which ran past the injection inlet. An array of cameras positioned above the
box repeatedly recorded images of the model surface. This allowed us to reconstruct surface
deformation in 3D. The vegetable oil solidifies at room temperature, which additionally
made it possible to excavate the intrusion and record its geometry. Intrusions into strong,
high-cohesion crust were strongly affected by pre-existing faults. Upon intersection they
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were deflected and followed fault segments. Surface deformation was also affected by the
presence of faults, since fault reactivation largely accommodated intrusion-induced strain.
Conversely, faults in low-cohesion, weak analogue host rock had little influence on intrusions
and their associated surface deformation. The duration between the start of injection until
the eruption breached the surface was reduced by the presence of a fault in strong-cohesion
analogue host rock, because fluid flowed along the fault to the surface. However, in weak
host rock, the presence of a fault delayed the onset of eruption. Among both tested fluids,
the low-viscosity fluid (vegetable oil) was slightly more sensitive to interaction with faults
than the higher viscosity fluid. However, overall, the host rock cohesion was a much stronger
control on intrusion-fault interaction. The experiments show that it is important to take
material properties of the Earth’s crust and magma into account when considering magma-
fault interaction.

Although it is commonly known that tectonic stress can significantly affect magmatic dikes,
this is rarely considered quantitatively in surface deformation models of active volcanoes. The
potential role of tectonic stress as a driving mechanism for dike emplacement is investigated
with numerical models based on the Finite-Element Method. A magmatic dike, which formed
during February—March 2021 at Fagradalsfjall on the Reykjanes Peninsula, SW Iceland,
is taken as a case study here; and we compare predictions from our model to geodetically
observed surface deformation. The Reykjanes Peninsula is especially well suited for this type
of study, because plate motion in the area is oblique. This means that the local plate motion
is not oriented perpendicular to the plate boundary and instead is a mixture of spreading
and shearing. Volcanic activity in the area is episodic and occurs over a time period of a
few hundred years, which alternate with episodes of volcanic quiescence, that last for ca.
800-1000 years. The dike intrusion in 2021 and the subsequent 6-month-long eruption ended
almost 800 years of volcanic quiescence on the peninsula. Our numerical model is divided
into two steps: First, tectonic stress accumulates as a consequence of plate motion over a
time span of 800 years. In the second model step, the stress is locally released by the dike,
which is represented by a crack in the model crust. Observed surface deformation could be
best reproduced when the dike released ca. 60% of the tectonic stress. That only a part of the
previously accumulated stress was released by the 2021 dike is supported by the emplacement
of three subsequent dikes in the same area between December 2021 and July 2023. The
relative amount of opening and shearing in the dike plane predicted by our model fits well
with expectations from geological models that are based on the strike of the dike relative to
the governing stress field.

The findings of this thesis emphasize how complex the interaction of dikes with pre-existing
fractures and tectonic stress is. Further studies are required to better understand them and to
better integrate both processes into geophysical models that could be useful for monitoring of
active volcanic systems.
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Zusammenfassung

Magmatische Génge sind platten- oder klingenférmige magmagefiillte Briiche, durch die
fliissiges Magma durch die Erdkruste transportiert wird. Sie speisen nicht nur den Grofteil
aller Vulkanausbriiche, sondern tragen auch zur Losung von Spannung an tektonischen
Plattengrenzen und zur Bildung neuer Erdkruste bei. All das macht es wichtig zu verstehen,
wie die Bildung magmatischer Ginge, ihre Form und ihr Wachstum von dem sie umgebenden
Gestein und seinem Spannungszustand beeinflusst werden.

Diese Dissertation untersucht, wie magmatische Giange von Diskontinuitidten in der Erdkruste
beeinflusst werden, insbesondere mit Hinsicht auf die Wechselwirkung zwischen Gédngen und
schon vorher bestehenden Briichen, sowie auf den Einfluss tektonischer Spannung. Die hier
vorgestellte Arbeit unterteilt sich in drei Unterprojekte, die jeweils auf eine der folgenden
Forschungsmethoden fokussiert sind: Strukturgeologie, laborbasierte Analogmodelle und
numerische Simulationen, die mit geodetischen Daten verglichen werden.

Eine Gruppe basaltischer Génge, die in leicht gekliifteten Hyaloklastit in den Dyrfjoll-Bergen
in Borgarfjordur Eystri, Nordost-Island, intrudiert sind, wurden mit Hilfe einer Drohne
photographiert. Durch Photogrammetrie wurden virtuelle 3D-Modelle von drei Aufschliissen
auf der Ostseite der Dyrfjoll-Berge erstellt und die Orientierung von Gingen und Briichen im
Hyaloklastit kartiert. Die untersuchten Génge folgen tiberwiegend vier Streichrichtungen. Die
am héufigsten vertretene Richtung folgt der mutmaBlichen Richtung der Plattengrenze zur Zeit
der Gangintrusionen (vor ca. 12,5 Millionen Jahren). Wir beobachten drei unterschiedliche
Arten, auf die Ginge mit schon vorher existierenden Briichen interagieren: 1) Génge konnen
Briichen folgen, sodass Magma entlang der Briiche flieft. 2) Ginge konnen ihre Richtung
dndern, wenn sie einen Bruch kreuzen, ohne ihm zu folgen. 3) In einem Fall wurde ein Gang
vor einem Bruch gestoppt. Nahe der Gangspitze spaltete sich der Gang in mehrere kleine
Génge auf, die denselben Bruch in einem anderen Winkel trafen. Viele von diesen kleinen
Giéingen kreuzten entweder den Bruch oder folgtem ithm zumindest fiir eine gewisse Strecke.
Interaktion mit Briichen wurde besonders hédufig beobachtet, wenn die Génge der mutmaBlich
tektonisch kontrollierten Richtung folgten und wurde seltener, je weiter sich die Gang-
bzw. Bruchrichtungen von der hauptséichlichen tektonischen Richtung unterschieden. Die
Beobachtungen von Dyrfjoll zeigen, dass die Wechselwirkung zwischen Magma und Briichen
ein komplexer Vorgang ist, der dariiber hinausgehen kann, dass Magma notwendigerweise
entlang von Briichen flief3t.

Wie magmatische Ginge von bestehenden Stérungen, den Materialeigenschaften des Umge-
bungsgesteins und der Magmaviskositidt beeinflusst werden, wurde mit Hilfe von labor-
basierten Analogmodellen untersucht. Analogmodelle stellen natiirliche Prozesse nach, wobei
der gesamte Prozess auf Laborgroe ,,herunterskaliert” wird. In unseren Modellen wurde die
Erdkruste durch Mischungen aus winzigen Glasskugeln (sehr feinem Sand) und Silikatpulver
dargestellt. Das Modellmagma wurde entweder von geschmolzenem Kokosfett (niedrigviskos)
oder Zuckersirup (hohere Viskositit) reprasentiert und von unten in die Modellbox injiziert.
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Das jeweilige Verhiltnis, in dem Sand und Silikatpulver gemischt wurden, beeinflusst die
Kohision des Materials, wobei ein hoher Sandanteil niedrigere Kohésion impliziert, also ins-
gesamt schwicheres Material. Die Mitte der Modellkuste wurde durch eine Blattverschiebung
gestort, die durch 4 cm horizontalen Versatz entlang des Bodens der Box erzeugt wurde. Vier
Kameras, die oberhalb des Modellaufbaus positioniert wurden, nahmen in regelmifigen
Abstédnden Bilder der Modelloberfliche auf. Basierend auf diesen Bildern konnte die dreidi-
mensionale Oberflichendeformation durch Photogrammetrie rekonstruiert werden. Kokosfett
wird bei Raumtemperatur fest und konnte nach dem Experiment ausgegraben werden, sodass
die Form der gebildeten Intrusionen offenbart wurde. Intrusionen in starke, kohédsive Modell-
kruste werden stark von schon bestehenden Storungen beeinflusst. Wenn Gangintrusionen
auf Storungen treffen, werden sie umgelenkt und folgen der Storung. Zusitzlich beeinflussen
die Storungen, wie Deformation des umgebenden Materials ausgeglichen werden. Dies
geschieht, indem die Storungen reaktiviert werden und ein GroBteil der von der Intrusion
erzeugten Spannung entlang dieser existierenden Schwachstellen gelost wird. Im Gegenteil
dazu haben Storungen kaum Einfluss auf Intrusionen in schwachem Gestein, wo weder die
Form der Intrusion noch Oberflichendeformation sichtbare Effekte aufweisen. Stérungen in
starkem umgebendem Gestein reduzieren die Zeit, die benotigt wird, bis das Modellmagma
die Oberfliche erreicht, wihrend der Effekt umgekehrt ist, wenn das umgebende Gestein
schwach ist. Unter den beiden getesteten Modellmagmen war das niedrigviskosere Kokosfett
etwas empfindlicher in Bezug auf Stérungen als der Sirup. Allerdings war der Einfluss der
Viskositit deutlich weniger stark ausgeprégt als der der Kohision des umgebenden Gesteins.
Diese Experimente zeigen, dass es wichtig ist, die Materialeigenschaften der Erdkruste und
des Magmas zu beriicksichtigen, wenn die Wechselwirkung zwischen Gidngen und Storungen
untersucht wird.

Obwohl allgemein bekannt und ist, dass magmatische Ginge mal3geblich von tektonischer
Spannung beeinflusst werden konnen, wird dies selten quantitativ in Modellen, die Ober-
flachendeformation simulieren, beriicksichtigt. Das Potential tektonischer Spannung als
primérer Antrieb fiir Gangintrusion wurde mit numerischen Modellen, die auf der Finite-
Element Methode beruhen, getestet. Als Fallstudie dient der Gang, der sich im Februar—-Mirz
2021 bei Fagradalsfjall auf der Reykjanes Halbinsel in Stidwestisland gebildet hat. Die
Reykjaneshalbinsel ist besonders gut fiir diese Studie geeignet, da die lokale Plattenbewegung
eine Mischung aus divergierender und scherender Bewegung ist. Das bedeutend, dass die
Bewegungsrichtung der tektonischen Platten nicht senkrecht auf die Plattengrenze steht,
sondern in einem Winkel dazu verlduft, was eine Rotation der Hauptspannungsrichtungen
erzeugt. Episoden vulkanischer Aktivitdt konzentrieren sich auf Reykjanes iiblicherweise auf
Zeitrdume in der Groenordnung von 200-300 Jahren, wonach Ruhephasen folgen, die etwa
800—1000 Jahre andauern. Die Gangintrusion 2021 und die darauffolgende sechs Monate
andauernde Eruption haben eine beinahe 800 Jahre dauernde Pause vulkanischer Aktivitit
auf der Halbinsel beendet. Das numerische Modell der Gangintrusion ist in zwei Schritte
unterteilt: Im ersten Schritt baut sich tektonische Spannung iiber einen Zeitraum von 800
Jahren auf. Im zweiten Schritt wird die angesammelte Spannung lokal geldst, indem der Gang
als Riss in der Modellkruste gebildet wird. Die Offnung des Gangs wurde ausschlieBlich von
tektonischer Spannung getrieben. Das Modell zeigt, dass geodetisch beobachtete Oberflidchen-
deformation am besten reproduziert werden kann, wenn etwa 60% der lokal angesammelten
Spannung durch den Gang gelost werden. Dass nur ein Bruchteil der Spannung gelost wurde,
ist konsistent mit drei nachfolgenden Géngen, die sich zwischen Dezember 2021 und Juli 2023
in derselben Gegend gebildet haben. Die relative Scherung und Offnung entlang des Ganges,
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die von dem numerischen Modell vorhergesagt werden, zeigen gute Ubereinstimmung mit
Werten, die geologische Modelle basierend auf der Streichrichtung des Ganges im Vergleich
zum Spannungsfeld erwarten.

Die Ergebnisse der hier vorgestellten Arbeit zeigen, dass die Interaktion zwischen magmatis-
chen Géngen und Briichen/Storungen sowie mit dem tektonischen Spannungsfeld hochkom-
plexe Vorgidnge sind. Weitere Forschung ist notwendig, um sie besser zu verstehen und um
ihre Wechselwirkung in geophysikalische Modelle zu integrieren, die fiir die Uberwachung
aktiver Vulkane hilfreich sein konnen.
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Information about Photos on Divider Pages

This list provides information on all photos on divider pages. All photos were taken by myself
and most during or shortly before the beginning of this PhD project.

Page iv:

Eruptive fissure of the 2022 Fagradalsfjall eruption. Photo was taken within the first
hours of the eruption on 03.08.2022.

Page vi:

Field site DF1 at Dyrfjoll as seen from Dimmidalur looking westward. Toward the
left, the pink ignimbrite underlying the caldera-filling hyaloclastite is visible (just
below the lower snow patches). Photo taken August 2021.

Page x:
The second day of the 2022 Fagradalsfjall eruption (04.08.2022).
Page xiv:

Crater of the 2022 Fagradalsfjall eruption on 14.08.2022. Behind the crater are
several hyaloclastite mountains, emphasizing how common this type of rock is in
the area.

Page xx:

The Krysuvik fissure swarm and Burfellsgja with Reykjavik and Esja in the back-
ground. Photo taken with a UAV from flying above the top of Helgafell in August
2024.

Page xxii:

A partially eroded dike in hyaloclastite north of Kleifarvatn (Reykjanes Peninsula).
Photo from July 2023.

Page xxvi:

Some local inhabitants of the Dyrfj6ll mountains. In the upper third the transition
between the hyaloclastite and the overlying lava layers is visible. Photo from August
2021.

Page 4:

Sheet intrusions at Hovedgya (Oslo fjord, Norway). For more information on this
outcrop see Poppe et al. (2020). Photo from May 2023.
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Page 10:

Magma-fracture interaction of a sheet intrusions at Hovedgya (Oslo fjord, Norway).
For more information on this outcrop see Poppe et al. (2020). Photo from May 2023.

Page 15:

The 2021 Fagradalsfjall eruption during the phase, where multiple fissures were
active simultaneously. Photo taken (23.04.2021).

Page 23:

The Reykjanes Peninsula as seen from Helgafell looking westwards. Photo taken
with a UAV in August 2024.

Page 38:

Channel of lava flowing downbhill from the crater of the 2021 Fagradalsfjall eruption
(21.03.2021).

Page 40:

View from the Dyrfjoll caldera towards east across Borgarfjordur eystri. In the
foreground is the tree-dike at DF3, described in Paper I. Additionally, the transition
between the hyaloclastite and the lava layers above is visible. Photo taken in August
2021.

Page 44:

Solidified and excavated oil intrusion of analogue experiment OF50/50. See Paper
II for more information. The segment parallel to the fault is hollow because the oil
drained downwards into the fault after the volumetric pump was shut down.

Page 50:
The 2021 Fagradalfjall eruption on the third day of the eruption (21.3.2021).
Page 56:

View over the Reykjanes Peninsula with the gas plume of the 2021 Fagradalsfjall
eruption as seen from Agisida, Reykjavik. Taken 02.05.2021. Fun fact: I went to the
coast to think about if I should take the PhD position, which resulted in this exact
thesis.

Page 64:

Multiple dike cutting through the lava pile near the Sandfell laccolith in Faskrids-
fjordur (East Iceland). Photo taken in August 2021.

Page 90:

Fractured crust between disconnected sheet intrusion tips at Hovedgya (Oslo fjord,
Norway). Pen for scale. For more information on this outcrop see Poppe et al. (2020).
Photo from May 2024.

Page 94:
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Northward view over the January-2024 fissure/craters at Svartsengi. Note the bend
in the fissure. Photo taken in February from near the point where the fissure cut
through the protective barriers.

Page 98:

View of the Dyrfjoll mountains in Borgarfjordur eystri from Jokuldalur (looking
westward). The fieldsite DF2 of Paper I can be seen in the middle on the right edge
of the photo. A small part of site DF1 is at the same level on the left edge, but most
of it 1s outside of the frame.

Page 102:
Westward view into the Dyrfjoll caldera and onto field site DF2.
Page 136:

Solidified and excavated oil intrusion of analogue experiment OF50/50. See Paper
II for more information.

Page 220:
The 2021 Fagradalsfjall eruption seen from Fagradalsfjall (21.04.2021).
Page 282:

View over the December 2023/February 20024 lava fields at Svartsengi. Stéra-
Skégfell in the background. Photo taken in February 2024.
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ARTICLE INFO ABSTRACT

Keywords:

Dike propagation
Dike-fracture interaction
Volcano-tectonic interaction

Magma in the Earth’s crust is commonly transported through dikes. Fractures and faults, which are common in
the shallow crust, form structural weaknesses that can act as energy-efficient propagation pathways. Although
examples of this are known from active and extinct volcanoes in varying host rocks, the conditions and mech-
anisms of how and when dikes are influenced by these structures are not yet fully understood. This study in-

Hyaloclastits
Plilztz;rzsrr;:etry vestigates how basaltic dikes propagating through hyaloclastite in the shallow crust interact with pre-existing
Iceland fractures. Using virtual 3D-models from drone-based photogrammetry, we mapped basaltic dikes exposed in a

caldera-filling hyaloclastite in the extinct Dyrfjoll volcano, NE-Iceland, to measure the orientations of fractures
and dikes, and quantify their interactions. We observe 39 changes in strike among 45 dikes and found a strong
control of the governing stress field on orientations and interactions. Three types of dike-fracture interaction
were identified: (1) Dikes propagating along pre-existing fractures. This is most frequently observed for dikes
following the tectonic stress field. (2) Dikes with an abrupt change in strike occurring near or at a crosscutting
fracture, but without magma flow into the fracture. (3) Dikes arrested at a crosscutting fracture. Such dikes may
develop offshoots near the dike tip, which may approach the fracture at different angles and be able to cut across.
Understanding how dikes interact with pre-existing fractures in moderately fractured host rock such as hyalo-
clastite is relevant for hazard assessment and monitoring of volcanically active areas.

1. Introduction

Dikes represent an important mode of magma transport through the
Earth’s crust. In the upper parts of the crust, they can form due to failure
of a pressurized magma reservoir and to relax tensile stresses which
accumulate due to plate spreading (e.g., Rivalta et al., 2015, and ref-
erences therein). Dikes are vertical to subvertical sheet intrusions and
can transport magma vertically and laterally across tens of kilometers
away from the main volcanic center (Sigmundsson et al., 2015;
Wauthier et al., 2012). The characteristics of propagating dikes (e.g.,
geometry, mode of failure, associated surface deformation) vary in
different types of host rocks (Bertelsen et al., 2021).

The shape and propagation path of dikes is often assumed to be
determined by the prevailing stress conditions with the dike opening as a
tensile, planar fracture parallel to the direction of the least compressive
stress (Anderson, 1951). Deformation models, which are frequently used
to constrain magmatic processes at depth, tend to represent dikes as
dislocations opening in a homogeneous, often fully elastic volume
(Okada, 1985, 1992; Wright et al., 2006; Wauthier et al., 2012; Sig-
mundsson et al., 2015). However, numerous studies based on field ob-
servations of exposed dikes and analogue models, suggest that
propagation can be more complex, e.g., because of a shearing compo-
nent during the opening of the dike (Stephens et al., 2018; Dering et al.,
2019), interaction with pre-existing fractures (Spacapan et al., 2016;
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Poppe et al., 2020), varying material properties of the host rock such as
layers of different rock types (Kjoll et al., 2019; Bertelsen et al., 2021;
Drymoni et al., 2021), and the composition of the intruding magma
(Schmiedel et al., 2021). Another important aspect is that the stress field
is affected by various geological processes, such as plate tectonics, the
inflation/deflation of magma reservoirs, glacio-isostatic adjustment and
the diking process itself causing spatio-temporal complexities in the field
(Heimisson et al., 2015; Drymoni et al., 2020). Furthermore, on smaller
scales effects can be caused by host rock heterogeneities like material
interfaces and layering (Kavanagh et al., 2006; Burchardt, 2008;
Mathieu et al., 2015). All of these aspects influence and can change the
propagation direction of dikes. Different types of host rock may also
show varying intensity and types of fracturing, e.g., cooling joints in
magmatic rocks and tectonic fractures. Some studies of dikes exposed in
eroded volcanic systems indicate that propagation paths in the upper-
most crust can be influenced by pre-existing weaknesses, such as frac-
tures and fault zones (e.g., Delaney et al., 1986; Baer and Beyth, 1990;
Baer et al., 1994; Jolly and Sanderson, 1997; Martinez-Poza et al., 2014;
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Browning and Gudmundsson, 2015; Spacapan et al., 2016; Stephens
et al., 2018; Poppe et al., 2020; Drymoni et al., 2021), while other
studies propose dike propagation is unaffected by such weaknesses, e.g.,
Lister and Kerr (1991), Rubin (1993), Rubin (1995). Despite decades of
research into the details of when and how dikes use pre-existing weak-
nesses (e.g., Delaney et al., 1986; Ziv et al., 2000; Valentine and Krogh,
2006; Le Corvec et al., 2013), the mechanisms are still not fully un-
derstood. An improved understanding of dike-fracture interaction may
help to better constrain possible propagation paths, and thus potential
eruption locations, during volcanic unrest periods and therefore be of
value for hazard assessment.

Here, we apply structural analysis of well-exposed basaltic dikes in
hyaloclastite at the extinct Dyrfjoll caldera in NE-Iceland. Glacial
erosion of a caldera-infill hyaloclastite has exposed numerous regional
dikes emplaced after volcanic activity associated with the Dyrfjoll
caldera ceased. We study the arrangement of dikes and fractures to
understand to what degree dike propagation was influenced by pre-
existing fractures. Our results help to understand scenarios of eruptive
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Fig. 1. Overview maps of (a) the north-western part of the Borgarfjordur-eystri-Lodmundarfjordur (BEL) area and (b) the Dyrfjoll caldera. Caldera outlines and
surface geology in panels (a) and (b) from Burchardt et al. (2022). Droning sites DF1-DF3 in (b) are marked in blue. Small inset: Iceland with the plate boundary
outlined by the shaded area. The blue box in the North-East of Iceland marks the location of the Borgarfjordur area. Grey arrows indicate far-field plate motion. The
Northern Volcanic Zone (NVZ) and Reykjanes Peninsula (RP) are two of the volcanically active segments of the plate boundary (e.g., Sigmundsson et al., 2020). (c)
Volumetric extent for the caldera-filling hyaloclastite based on extrapolating the exposed top and bottom contacts to the caldera boundary. (d) Thickness of the

extrapolated hyaloclastite layer.
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fissures following existing fractures in areas with significant amounts of
moderately fractured hyaloclastite, but may further be applied to other,
structurally similar host rocks (e.g., tuff or sandstone) with a comparable
degree of fracturing.

2. Geological setting

Iceland is located at the intersection between the Mid-Atlantic Ridge,
which crosses the island approximately from Southwest to Northeast
(Fig. 1), and a mantle plume. Active volcanism occurs along rift zones,
which accommodate plate spreading and are connected by transform
zones, as well as in flank zones, where no plate spreading is observed (e.
g., Einarsson, 2008; Arnadéttir et al., 2009; Sigmundsson et al., 2020).
Far-field plate motion occurs at 18-19 mm/yr towards N(100-105 °) E
relative to the stable North-American plate (see e.g., Sigmundsson et al.,
2020, and references therein), and is locally accommodated by faulting
and dike emplacement.

Due to periods of extensive glaciations in the past, volcanic products
characteristic for magma-ice interaction are commonly found in Iceland.
One such product is hyaloclastite (Schopka et al., 2006; Jakobsson and
Gudmundsson, 2008; Jarosch et al., 2008). The term hyaloclastite is
somewhat loosely defined (e.g., Watton et al., 2013, and references
therein), but refers here to basaltic magma which was fragmented and
solidified to varying degrees due to contact with water or ice during
eruption and consolidated due to subsequent hydrothermal alteration
(e.g., Jarosch et al., 2008), producing a heterogeneous material with
brecciated pillows in a matrix of fine, glassy fragments. The amount and
size of pillow fragments can vary significantly within individual rock
units (Fig. 2a, b), but this does not affect the large-scale structure of the
formations (Fig. 2c). This large scale homogeneity is what makes hya-
loclastite well suited to study dike-fracture interaction.

Many presently active volcanic systems in Iceland consist of a central
volcano, often with a caldera and silicic eruptive products, and an
elongated fissure swarm, which is the surface-expression of an under-
lying dike swarm (Szemundsson, 1979; Thordarson and Larsen, 2007).
Fissure swarms are generally thought to reflect the orientation of the
principal stresses with the least compressive stress perpendicular to their
strike (e.g., Sigmundsson et al., 2020). Due to motion of the mantle
plume relative to the plate boundary and potential variations in the size
of the plume with time (Oskarsson and Riishuus, 2014), episodic rift-
jumps have occurred in Iceland, when the active plate boundary shifts
by several tens to a hundred kilometers to stay above the mantle plume
(Helgason, 1984). These jumps, together with plate motion, limit the
lifetime of volcanic systems and produce extinct volcanic zones, where

b)

fracture following
bedding .
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varying degrees of burial and subsequent erosion have resulted in the
exposure of the shallow volcanic plumbing system (Walker, 1974; Hel-
gason, 1984).

The Borgarfjordur eystri-Lodmundarfjordur area (BEL; Fig. 1) in NE-
Iceland hosts a cluster of several volcanic centers (Burchardt et al.,
2022). The area was active during the Miocene, dated to 14-12.2 Ma
ago, and the different centers appear to have been active roughly
simultaneously (Burchardt et al., 2011; Berg, 2016; Burchardt et al.,
2022). The area contains three collapse calderas and ignimbrite sheets,
among them the Dyrfjoll caldera which is located west of Borgarfjordur
eystri (Fig. 1a). It is bound by steeply dipping ring-faults and has a
maximum diameter of ca. 4 km. The caldera floor is covered by rhyolitic
ignimbrite (Fig. 1b), which is at least 30 m thick. Above the ignimbrite,
an up to 250 m thick layer of hyaloclastite is exposed, which fills up the
entire caldera and compositionally corresponds to an olivine-basalt
(Burchardt et al., 2022). There is no evidence of glaciers in the area
during the Miocene, when Dyrfjoll was active (Gustafsson, 1992), sug-
gesting that in contrast to many other hyaloclastite formations in Ice-
land, magma likely interacted with water rather than ice. Gustafsson
(1992) suggested the presence of a caldera lake and compared the
setting in the caldera with the Oskjuvatn caldera, the youngest caldera
of the Askja volcanic system in North Iceland. Structures observed at the
caldera edge near Trollabotnar and the dipping of faint bedding layers
within the hyaloclastite towards the center of the caldera (Fig. 2b) may
indicate that the lava, which formed the hyaloclastite, flowed into the
lake from the sides rather than originating from within the caldera
(Gustafsson, 1992; Burchardt et al., 2022). The lava flows which overlie
the hyaloclastite (e.g., Fig. 2c) belong to the Jénsfjall olivine basalt
group (Oskarsson and Riishuus, 2013), and the hyaloclastite likely be-
longs to the same group (Burchardt et al., 2022). These regionally
extensive basalts were erupted from fissures not associated with any
central volcano and buried the caldera cluster in the BEL area
(Oskarsson and Riishuus, 2013). Secondary minerals as well as unal-
tered olivine crystals within the lava flows indicate that they have not
been significantly buried (Burchardt et al., 2022). They represent the
youngest magmatic event in the area (Walker, 1960).

The hyaloclastite and the underlying ignimbrite are exposed around
the Dyrfjoll massive in steep glacial valleys, e.g., at Storurd and
Trollabotnar, as well as in Dimmidalur and Jokuldalur. The exposures
often have the form of steep cliffs (see e.g., Fig. 2c), which makes them
difficult to access and study in close detail. Basaltic dikes cut through the
hyaloclastite all over the caldera, and some dikes can be traced into the
overlying lava layers. Hence, the dikes in the hyaloclastite may repre-
sent the feeders to the lavas. Gustafsson (1992) described 76 dikes for

Fig. 2. Hyaloclastite on three different scales. (a) Hyaloclastite boulder in Dimmidalur (see Fig. 1b, coordinates: N65.500180 °, W13.917145 °) shows varying
degrees of fragmentation from pillow breccia to a matrix of glassy fragments. The hiking pole for scale has a height of approximately 1.15 m. (b) Part of the base of
site DF2 showing two small dikes and faint bedding in the hyaloclastite. Photo taken from ca. N65.51495 °, W13.92707 °. (c) Outcrop scale UAV-photo of the DF3 site
(taken from just northeast of the site at ca. N65.52148 °©, W13.92560 °) showing large-scale homogeneity of hyaloclastite and the contrast with the overlying lava
layers (above the red line). In the left half of the image the host rock is cut by vertical fractures, while the right side consists of largely intact rock. Color variations in
the host rock are attributed to varying degrees of weathering. Scale varies with perspective.
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the Dyrfjoll and Njardvik areas (Fig. 1a), with an average strike of N20
°E and a minor set striking NE. Dike thicknesses were found ranging
from 0.3 to 5 m with an average of just below 2 m. The dominant NNE-
strike agrees well with the strike of dikes found all over the BEL area
(Burchardt et al., 2011; Burchardt et al., 2022) and the regional plate
motion.

The tectonic setting of the BEL area is somewhat poorly understood.
The lack of clearly visible dike swarms, the closely spaced cluster of
calderas and the slightly transitional alkaline composition of some lavas
were taken as indications that the area may not have been a typical rift
zone but rather resembled a flank zone (Gustafsson, 1992; Oskarsson
and Riishuus, 2013; Burchardt et al., 2022). Additionally, the overall rift
zone configuration in Iceland may have been different from the present
one. It has for example been suggested that the plume head was some-
what larger and located further north than at present (Walker, 1974,
1975; Oskarsson and Riishuus, 2014), which would have likely influ-
enced the stress field in the BEL to some degree.

3. Methods
3.1. Photogrammetry

Most dikes in the Dyrfjoll caldera are exposed in steep hillsides and
cliffs, which are difficult or impossible to access on foot. In the past
decade, numerous studies have successfully mapped such inaccessible or
large areas by collecting images with Unmanned Aerial Vehicles (UAVs)
and creating virtual outcrops through Structure from motion (SfM) al-
gorithms (Niethammer et al., 2012; James and Robson, 2012; Bemis
et al., 2014; Eltner et al., 2016; Dering et al., 2019; Thiele et al., 2021;
Rhodes et al., 2021).

We collected photogrammetry data using a DJI Phantom 4 Pro UAV
with an FC6310 camera and an 8.8 mm lens at three sites on the eastern
side of the Dyrfjoll mountains, which are referred to from here on as
DF1-DF3 (Fig. 1b). They have base elevations of ca. 520 m a.s.l. (DF1),
560 m a.s.l. (DF2) and 580 m a.s.l. (DF3) and were selected based on the
size of the outcrops and accessibility. Both the flight path of the drone
and the recording of images were controlled manually. While both the
yaw and the pitch of the camera were varied manually, the roll remained
unchanged at 0 °. Photographs were taken with a minimum of 50%
overlap and with varying viewing angles to ensure the alignment of the
individual images and adequate representation of three-dimensional
(3D) features during processing. Individual photographs have a resolu-
tion of 5472 x 3648 pixels. The geographical location, at which each
image was taken was recorded using the UAV-internal GPS. The hori-
zontal and vertical uncertainty of camera locations is listed in the Sup-
plementary Materials, Table S1. A total of 130, 146 and 120 images were
taken at DF1-DF3, respectively.

Additionally, 236 aerial images of the entire Dyrfjoll mountains were
taken with a handheld NIKON D850 camera (35 mm focal length, 8256 x
5504 pixels resolution) from a small airplane, which flew around the
mountains at an elevation slightly above the mountain tops (ca. 1300 m
a.s.l.).

Virtual 3D outcrop models were created from the UAV and aerial
images in Agisoft Metashape Professional version 1.6.3 (https://www.
agisoft.com/). Pictures with insufficient overlap or quality were
excluded from the process by using software-internal tools to estimate
the alignment and image quality. The software uses the camera locations
connected to each image to georeference the outcrop model automati-
cally using the WSG84 reference system. Although the use of ground
control points would have improved the accuracy of the model, this was
not feasible due to the inaccessibility of the outcrops. The final models of
DF1-DF3 had resolutions of 28 cm/pixel, 24.9 cm/pixel and 31.2 cm/
pixel, respectively and additional details as well as images of the cam-
eras relative to the final models can be found in Section S2 in the Sup-
plementary Materials.

Five 3D models based on the aerial images were combined into a
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single model of the entire Dyrfjoll mountains. They were georeferenced
and fitted on the IslandsDEM, a digital elevation model available on the
webpage of the National Land Survey of Iceland, in the software MOVE
by Petroleum Experts. The model was used to trace the top and bottom
of the hyaloclastite as lines and subsequently create the top and bottom
surfaces from these lines. Extending these surfaces to the caldera fault,
the position of which is given by Burchardt et al. (2022), provides an
estimate of the volume of the hyaloclastite.

3.2. Dike and fracture mapping

Individual dikes and fractures were identified using the virtual out-
crops and the UAV photographs. Orientations of dikes and fractures
(strike and dip) were then measured in the virtual outcrop models in
LIME v 2.2.2 (Buckley et al., 2019) using the "Measure from 3 points”
tool, which fits a plane to three selected points on the dike or fracture.
LIME does not provide a quality or uncertainty estimate for the orien-
tations, thus we self-derived a method for measuring the orientation
quality (Supplementary Materials, Section S1). In the following, we
present orientation data according to the ‘American right-hand rule’, i.
e. that the dip direction is read clockwise from the strike. While only the
orientation was measured for fractures, dikes were analyzed with
regards to their orientation, evidence for the potential use of pre-existing
fractures and possible changes in strike along individual dikes (Sup-
plementary Materials, Table S3 along with Figs. S8-S10, where all dike
segments are marked). In many instances, dikes consist of more than one
segment. Here, we define a new segment either after a change in strike
(Fig. 3a) or if the dike is broken up into disconnected segments, which
may or may not have the same strike (Fig. 3b). A dike was defined as
occupying a fracture if the fracture visibly continued beyond the

continuing

/ / fractures
péralle“
fractures

dike with sharp
change in direction; = ¢
counted as 2 segments -

ca 30m .
e Pt s

Fig. 3. Examples of dikes in hyaloclastite, how they interact with pre-existing
fractures, and in which cases a new segment is or is not defined. All dike seg-
ments are marked in blue, and fractures, with which dike segments interact, are
marked in gray. (a) Example of a sharp change in strike observed at DF1. Scale
varies with perspective. (b) Examples from branches of a dike at DF3 (see Fig. 7
for entire dike).
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exposed part of the dike or if there were somewhat regularly spaced
fractures found parallel to and on either or both sides of an exposed dike
(Fig. 3a). The orientations of dikes and fractures were plotted in Ster-
eonet 10 (Allmendinger et al., 2011; Cardozo and Allmendinger, 2013).
Further analysis of the properties of dikes and fractures was performed
using Matlab.

3.3. Stress field analysis

The Matlab-code FracTend (Stephens et al., 2018; Healy, 2022)
models the expected tendency of pre-existing fractures of any orienta-
tion to slip or dilate when they are intruded by a sheet intrusion. It
additionally estimates the minimum magmatic pressure required for this
and the expected opening angle (angle between dilatation vector and the
vector expected for purely tensile opening) in a uniform stress field and
for a specified uniform magmatic pressure. This is done under the
assumption that a fracture dilates when the magmatic overpressure
exceeds the stress component normal to the fracture plane. The code
allows to compare measured orientations to the values expected in the
specified stress field by providing estimates for the fracture suscepti-
bility, that shows at which magma pressure individual fractures are
expected to be susceptible to intrusion. Here, we use FracTend to
compare orientations of different groups of dikes to a uniform tectonic
stress field. It is important to note that the opening angle of the dikes at
Dyrfjoll cannot be constrained from the data collected in this study.
However, dikes are often assumed to mostly open in a tensile manner
and deviations from this in the data set may provide insights into the
stress field at the time of emplacement.

We use the present-day stress field of the Northern Volcanic Zone
(NVZ, inset in Fig. 1) of Iceland as an analogue for the tectonic stress
field at Dyrfjoll at the time of dike emplacement. While the specific
configuration of rift zones is unclear for the times of volcanic activity in
the BEL area, the orientation of dikes and faults is consistent with the
NVZ configuration (cf. Burchardt et al., 2022). We estimate values for
the principal stresses 01,02 and o3 in a strongly simplified model of the
tectonic stresses. It is important to note that only the ratio of the prin-
cipal stresses to each other and their directions influence the results in
FracTend, not their amplitudes (Stephens et al., 2018). The amplitudes
mainly influence the corresponding magmatic pressure required to
reactivate fractures and scale with the assumed spreading rate and the
elastic moduli chosen for the modeled crust. The values chosen here may
serve as examples and provide an order of magnitude. Plate spreading in
the NVZ occurs currently at a rate of s = 17.4 mm/yr in direction 292 °
relative to the stable Eurasian plate (Drouin et al., 2017). It is assumed
here that stresses accumulate over a period of t = 200 years, after which
rifting episodes occur and release the accumulated stress. It is further-
more assumed that the plate spreading is purely tensile. Deformation is
assumed to be limited to a w = 50 km wide strip of crust and the locking
depth, below which the plates can move freely, is set to h = 7 km depth,
which is representative for the NVZ (Heimisson et al., 2015). The
Young’s modulus and Poisson ratio are assumed as E = 45 GPaand v =
0.27, respectively (e.g., Grapenthin et al., 2006; Heap et al., 2020). A
coordinate system is placed in the crust with the x- and y-axes parallel to
the plate boundary and spreading direction, respectively, and the z-axis
vertical. Extension and tensile stresses are taken as < 0. No deformation
parallel to the plate boundary is assumed, and then the condition of
plane strain applies with e, = 0. Assuming the conservation of area in
the cross-section through the deformation zone, the other two strain
components can be calculated (Turcotte and Schubert, 2014):

_w (w+dw):ﬂ o)

ey
w w

e, = —— 2)

where dw =st = 3.48 m equals the plate spreading throughout 200

106

Journal of Volcanology and Geothermal Research 442 (2023) 107891

years and dh can be calculated using the conservation of the cross-
sectional area dA = A —A'=wh—(w+ dw)(d + dh) = 0 as
wh hst

dh = —h=— 3
w4 dw w+st ®

The resulting principal strains are e; = e, = 7.0-107°,e; = e, = 0 and
e3 =e, = —7-107°.

With the assumed values for the elastic moduli, these strains corre-
spond to stresses ox = o2 = 0 MPa, oy = 03 =—2.5MPa and o, =0, =
2.5 MPa (Turcotte and Schubert, 2014).

The stretching-parallel stress agrees well with stress-accumulation
rate estimated by Sigmundsson (2006). It is important to note here
that plane stress does not always follow from plane strain. It does here
due to the combined assumptions of plane strain and conservation of
cross-sectional area. Assuming that the peaks of the Dyrfjoll mountains
represent the paleo-surface, the dikes were located at approximately d =
0.5 km depth and assuming an average density of p = 2700 kg/m?, this
results in a lithostatic pressure of o, =p gd = 13.2 MPa. The estimates
for the principal stresses used for FracTend are the sum of the lithostatic
pressure and the principal components of the deviatoric stress, which
leads to the least compressive stress of o3 s = 10.7 MPa towards 292 °
(horizontal; perpendicular to rift direction), the maximum compressive
stress of 61 gps = 15.7 MPa (vertical) and 65 s = 13.2 MPa perpendicular
to these two striking 22 ° (horizontal; along the rift direction). Lastly, the
magmatic pressure was assumed to be 14.5MPa, which equals an
overpressure of 1.3 MPa. This value was chosen somewhat arbitrarily so
that all dikes in fractures were predicted to indeed be intruded by
magma in the modeled stress field. It falls well into the range commonly
inferred for large-scale tensile rock-strengths at shallow depth (Jonsson,
2012; Haimson and Rummel, 1982).

4. Results
4.1. The Dyrfjoll caldera-filling hyaloclastite

3D reconstruction of the hyaloclastite filling the Dyrfjoll caldera
(Fig. 1c and d) shows that the bottom of the hyaloclastite forms a wide
bowl and that the layer is thickest near the center of the caldera and
thins towards the edges. The thickness in the eastern part of the caldera
is poorly constrained and likely an artifact of the extrapolation, due to
poor or no exposure of the contacts in this area (see Fig. 1b). Similarly,
the negative thickness at the southern tip of the caldera, where the top
surface was extrapolated to be below the base, is an artifact. At the sites
DF1-DF3, the thickness of the hyaloclastite is better constrained and
estimated to be approximately 200-250 m (Fig. 1d).

Based on the extrapolation towards the caldera edge, the pre-
erosional volume is estimated to have been around 1.8 km?®.

4.2. Fractures

The majority of fractures at all three sites are steeply dipping
(> 60 °). Shallow-dipping fractures (< 30 °) were mainly observed at
DF2. Most of the shallowly dipping fractures at DF2 strike 350 & 10 and
follow faintly visible bedding in the hyaloclastite (see e.g., Fig. 2b).
There was no visible interaction between magmatic intrusions and these
fractures and they were therefore excluded from further analysis since
they do not directly relate to the tectonic stress field (Supplementary
Materials, Fig. S11). For steeply dipping fractures, observations can be
divided into sets, which are understood as a strike direction which oc-
curs with a higher frequency compared to other directions. We distin-
guish between two main and two minor fracture sets. The major sets,
named FI and FII respectively, strike centered around 025 and 065, and
the minor ones around 135 and 170 (Fig. 4, Table 1). There is some
variation between sites with respect to the representation of individual
sets and the exact strike of the identified sets (Fig. 4c, e & g; for
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Fig. 4. Rose diagrams and poles for orientations of (a) fractures and (b) dikes at all sites and (c-h) fractures and dike segments at each site individually. For each
individual site, rose plots were normalized for the maximum number of measurements per bin for all three sites (max. #/bin; 16 for fractures at DF1, 5 for dikes at
DF3. N denotes the total number of measurements per plots. Fractures following bedding planes were excluded from e). Bin size for rose plots equals 5 °. (i) His-
togram of the strike of all fractures in 5 ° bins. (j) Histogram of the strike of all dike segments in 5 ° bins. See Table 2 for details on fracture and dike sets marked in (i)

and (j).

Table 1

Characteristics of individual sets of fractures and dike segments in the caldera
shown in Fig. 4. Sets are numbered clockwise from north and given Roman
numerals to avoid confusion with the names of droning sites. The color refers to
dike segments marked according to their strike in Fig. 5-Fig. 6.

Set FI FII FIII FIV DI DII DIII DIV

Centre strike [°] 025 060 135 170 030 065 125 170

Lower limit 010 050 120 155 020 055 110 160
strike [°]

Upper limit 040 070 145 180 040 075 140 005
strike [°]

Color - - - - Red Green Blue Yellow

histograms of individual sites see Fig. S12 a—c in the Supplementary
Materials).

Most fractures observed at DF1 belong to FI and are semi-regularly
spaced. Although they are oriented almost parallel to the strike of the
outcrop, they are well visible due to the lower cutting angle of the
outcrop compared to the cliff-like exposure of the other two sites. At
DF2, fractures strike along almost all directions with a more balanced
distribution (Fig. 4e) compared to DF1. The major sets, FI and FII, are
notably perpendicular to the two minor sets, FIII and FIV and all four
sets are similarly pronounced. The outcrop appears blockier than DF1
and is more affected by weathering. The last site, DF3, can be divided
into two distinct parts. The south-eastern part consists of largely intact
rock with few fractures. Towards the north-western part of the outcrop
the number of large, dominantly NNE-striking fractures increases
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significantly (Fig. 2¢). Fracture orientations are similar to DF1, but the
distribution is more balanced, and the dominant direction shows a wider
scatter. Changes in the fracture density with distance from individual
dikes or in the vertical direction along outcrops were not observed
anywhere.

4.3. Dikes

Across the three studied sites, a total of 45 dikes consisting of 104
segments were identified. At all three sites, but especially at DF1 and
DF2, the majority of dikes strike NNE and belong to set DI (parallel to the
main fracture set FI, see Table 1). Some strike sets identified for the
fractures are missing, e.g., DIII at DF1 is barely represented and DII is
missing entirely at DF2 (Fig. 4d and f). At DF3, DII is more pronounced
than DI and almost any strike is found (Fig. 4h).

In the following we will describe three dikes in more detail to illus-
trate intermittent use of pre-existing fractures, frequent changes in strike
and propagation through intact rock, respectively.
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The clearest example of a dike using pre-existing fractures is located
at DF1 (Fig. 5). The dike stretches diagonally across the entire outcrop
and is exposed along a distance of approximately 360 m. The exposed
section of the dike is composed of five segments and shows two signif-
icant changes in strike at either end of a centrally located, SSE-NNW-
striking segment (yellow line in Fig. 5a; colors identify sets as listed in
Table 1). Both changes have similar magnitudes, but in opposite di-
rections. The corner connecting the solid red and the yellow segments
coincides with a clearly visible fracture, which is occupied by another
dike. Clearly visible fractures also continue beyond both corners
marking either end of the yellow segment (Fig. 5a and b). It is unclear if
the dashed red segment, which connects to the main dike at the lower
corner, does indeed connect to the rest of the dike since the exposure is
significantly worse than the previously described segments. The same
applies to the dashed-dotted segment connecting to the southwestern
end of the solid red segment.

At DF2, five changes in strike were observed along a single dike,
which consists of seven segments and is exposed over a length of
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Fig. 5. (a) Example of a dike being channeled into a pre-existing fracture (yellow segment). White stars mark changes in strike. Grey lines mark intersecting dikes,
but no clear cross-cutting relations can be established. Scale varies with perspective. (b) Close-up of the upper change in strike to illustrate the continuing fractures
(white dashed lines). (c) Close-up of an eroded dike-tip, with a fracture continuing beyond the tip. (d) Orientations of the segments of the main dike in (a)-(c). Colors

correspond to dike sets as listed in Table 1.
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approximately 100 m (Fig. 6). The northern end (red dotted line in
Fig. 6) may have extended further towards the northeast, but the
southernmost segment (solid yellow in Fig. 6) narrows significantly to-
wards the end (Fig. 6b). Four out of the five observed changes in strike
occur where the dike intersects one of the more prominent fractures in
the outcrop (Fig. 6e). The only exception is the connection between the
dashed red and the solid white segments (Fig. 6a, b & e). In this instance,
the change occurs distinctly next to a fracture (Fig. 6b and e).

A dike which is unique compared to all other studied dikes is located
at DF3 (Fig. 7) and will hereafter be referred to as the ‘Tree-dike’. Both
tips are exposed and the main part of the dike is ca. 150 m long. Both
tips are surrounded by vein- or branch-like magmatic structures, which
connect to the main dike (Fig. 7b—e). At the lower tip, the veins are very
thin (maximum thickness around a few tens of centimeters) and form an
asymmetric, triangular pattern with low angles to the main dike (area
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with veins surrounded by white dotted lines in Fig. 7b). At the upper tip,
thicker veins (up to several tens of centimeters) branch off at larger
angles (up to almost 90 °) on either side of the main dike. The upper tip is
located in front of a fracture, which, at least partially, is occupied by
another dike and strikes almost perpendicular to the main part of the
dike. Branches to the right of the main dike show clear evidence of
intermittent use of the crosscutting discontinuity. Most of these seg-
ments appear to merge after crossing the discontinuity. Despite being
rather thin, the merged branch can be traced along the outcrop for close
to 160 m. A number of very thin veins accompany the dike, but they
were considered too narrow to confidently determine their orientation
or thickness and it is unclear how they relate to the dike.

The large number of interactions of dike branches with the cross-
cutting discontinuity suggest that it pre-dates the dike. The change in
strike between the segments marked in solid red and dotted green in
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Fig. 6. Example of a dike at DF2 with numerous changes in strike (white stars in (a)). Fractures are marked by dashed gray lines. (b) and (c) show the dike from
different perspectives. (d) Orientations of all dike segments coded by color and pattern as shown in the photographs, except black line in (d) corresponds to the white
line in the photographs. Colors correspond to dike set as listed in Table 1. Dike segments outside of any sets are marked in black. (e) Map-view of the dike from the

virtual outcrop model. Scale in (a)-(c) varies with perspective.
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Fig. 7. Tree-dike. (a) Overview over the entire Tree-dike indicating the locations of panels b-d. (b) Lower dike tip surrounded by numerous veins. Thin veins were
omitted from mapping due to insufficient resolution. (¢) Individual dike segments around the upper tip. White stars mark changes in strike. Color and line style of
dike segments allow to identify each segment in the stereonet in (f). (d) Dike segments extending beyond the upper edge of the photograph in (c). (e) Close up of the
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represented in black. Colors correspond to major set in Table 1.
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Fig. 7c may be related to a bedding plane. Apart from short distances
where the crosscutting discontinuity was occupied, all branching seg-
ments appear to have propagated through previously intact rock. This is
not only supported by the lack of nearby fractures, but also from the
narrow width of many segments, frequent changes in direction and
strong segmentation of individual branches.

4.4. Use of fractures

Of the 104 identified dike segments, 39 segments occupy fractures,
while 61 segments were identified in intact rock and 4 were inconclusive
(Fig. 8a, Table 2). It should be noted however, that of the 61 segments in
intact rock, 28 belong to the Tree-dike. Most dike segments which
occupy fractures belong to sets DI and DII, while dikes which propagated
through intact rock show the entire range of strikes (Fig. 8a). There is a
notable gap in the use of fractures between ca. 110-140 °, which mostly
overlaps with DIII/FIII and is perpendicular to the strike of the most
commonly occupied fractures (FI/DI). Slightly more than half of all
dikes identified in the three study areas used fractures either partially or
entirely.

4.5. Changes in strike

A total of 39 changes in strike were identified across 14 dikes
(Table 2) and most of them were sharp. Gradual changes were observed
only in two instances (one example is marked in Fig. 5a). In most cases,
the segments on either side of a change in strike were connected at the
corner (e.g., Fig. 5b or Fig. 6e) rather than separated by a clearly visible
part of the host rock (e.g., some segments in Fig. 7e). Most changes in
strike had a magnitude of 10-40 ° and no changes were larger than 50 °
(Fig. 8b). It should be noted here that angles between the main part of
the Tree-dike and the branches near the upper tip were not counted as
changes in strike, since they represent splitting up rather than simple
changes in the strike. These angles are for the most part much larger
than most other changes in strike (Fig. 8b), and no other dikes were
observed to split up more than once (and not into more than two seg-
ments). This may suggest different conditions or mechanisms involved
in the formation of these branches compared to most other dikes.

Intermittent use of pre-existing fractures and changes in strike at or
close to fractures were observed for several dikes in the study areas. Out
of the 39 identified changes in strike, eleven occurred at intersections
with fractures and seven occurred close to an intersection with a fracture
(Table 3). This was mostly observed for dikes which already occupied
fractures and where multiple fractures intersected at the point of strike
change. Five dikes were channeled into a fracture (or left it) without a
nearby third intersecting fracture. In nine cases, the change in strike was
not directly related to a fracture in its immediate surroundings. Of those
nine changes, seven belong to the Tree-dike at DF3. These numbers
indicate that in at least 23 out of 39 cases, fractures may have influenced
or caused a change in the strike of propagating dikes.

The distribution of change in strike and dike use of fractures are
shown in Fig. 8c. The change is counted as in intact rock only if both
segments adjacent to the change in strike are in intact rock. If at least one
of the two segments occupied a fracture, they were counted as involving
a fracture (2 instances). It is important to note that here, fracture use
explicitly implies the occupation of a pre-existing fracture, not the
intersection of one, as was the case in Table 3. Most of the larger changes
in strike involve fractures, while the number of changes in intact rock
decreases the larger the change in strike. No sharp changes in dip were
observed, unless related to a change in strike.

4.6. Tectonic constraints on dike orientation
To test if the observed orientations of dike segments at Dyrfjoll can

provide constraints on the stress field at the time of emplacement, they
are compared to a stress field modeled after the Northern Volcanic Zone,
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Fig. 8. (a) Strike of dike segments in intact rock and fractures at all three sites.
Four segments, where the use of fractures could not be determined, are omitted.
Brown color represents overlap of both data sets (blue and orange). (b) Dis-
tribution of strike changes and the angle of branches near the upper tip of the
Tree-dike to its main part. (c) Changes in strike divided between those in intact
rock and those involving a fracture. Changes observed at the Tree-dike were
omitted here due to their high number and the possibly unique formation
conditions compared to other dikes in the study area (for the complete set of
changes, see Supplementary Materials, Fig. S13).
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Table 2
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Summary of dike segmentation at DF1-DF3. Since individual dikes can consist of several segments, the use of fractures vs propagation in intact rock and recorded
changes in direction are listed both per dike and per segment (numbers of segments listed in parentheses). Conditions at the Tree-dike at DF3 were possibly different

than for the other dikes at this site and therefore, it is listed separately.

Site Identified dike segments Dikes with changes in direction Use of fractures (segments)
Yes (number of identified changes) = No  Inconclusive  Yes/partially  Inintactrock  Inconclusive segments

DF1 8(17) 4(7) 2 2 6 (10) 2(6) 1

DF2 9(24) 4 (10) 4 1 7 (15) 27 2

DF3 (all) 28 (63) 6 (22) 22 12 (14) 15 (48) 1

DF3 (other than Tree-dike) 27 (33) 5 (6) 22 11 (12) 15 (20) 1

DF3 (Tree-dike) 1 (30) 1(16) - - 1@ (23)

Total 45 (104) 14 (39) 28 3 25 (39) 19 (61) 4

set are discussed briefly.
Table 3

List of potential ways of dike-fracture interaction. The term “channeled” refers to
changes in strike where one or both of the segments adjacent to the change in
strike propagated along a pre-existing fracture. The second and third row refer to
corners, where the dike was intersected by a fracture close to or at the change in
strike, but where the dike was deflected without propagating along the inter-
secting fracture.

Changes in strike DF1 DF2 DF3 All sites
Channeled 1 4 5

At a fracture 1 5 5 11

Near a fracture 2 2 3

Unrelated 1 1 7 9
Unclear 2 2 3 7

All changes 7 10 22 39

which serves as a present day analogue to the rift zones in Iceland at the
time of dike emplacement. The poles of most dike segments fall close to
the direction of 63, and thus are expected to have opened dominantly
tensile and would have required comparatively low magmatic over-
pressures to intrude (Fig. 9 a, b). Dike segments which occupied pre-
existing fractures (filled circles in Fig. 9a & b) are clustered more
closely around o3 than those in intact rock (hollow circles). According to
this model, most segments in intact rock would have opened dominantly
tensile, whereas the segments which required a larger shearing
component occupied fractures (Fig. 9b). The poles of dikes corre-
sponding mostly to the set DIII fall close to 6,. Although FracTend
predicts almost purely tensile opening for these dikes (Fig. 9b), high
fluid pressure is required for fractures of this strike to be susceptible to
reactivation (Fig. 9a), which is consistent with that most of these seg-
ments propagated through intact rock.

There is some variation in the orientations of fracture-occupying dike
segments between the three study sites (Fig. 9c & d). Most segments
from DF2 strike close to the plane spanned by o7 and o, and show little
variation in strike. Segments from DF1 mostly have a more northerly
strike than those at DF2 and show a wider scatter of both strike and dip.
Segments from DF3 have little variation in dip, but show a broad vari-
ation of strikes, which are nearly all rotated further towards East
compared to the other two sites (i.e., their poles are rotated more to-
wards North). The rotations of dikes from DF1 and DF3 relative to DF2
appear to mirror the positions of the sites relative to the caldera center
with DF1 located south of the caldera center, DF2 close to it and DF3
furthest away from the caldera center towards Northeast (Fig. 1b).

5. Discussion

This section discusses insights into potential local and regional
components of the stress field at the time of dike emplacements provided
by the mapped and described structures. Furthermore, the different
types of dike-fracture interaction are compared to observations in other
volcanic systems and settings. Finally, implications for future work and
active volcanic systems are discussed. Before interpreting our results and
comparing them to previous work, the limitations of the presented data
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5.1. Limitations

The selected droning sites (DF1-3) in the Dyrfjoll caldera are
considered to give a representative view of the caldera, although de-
viations in the dike orientations in less well-preserved parts of the
caldera cannot be excluded. The outcrop geometry and the degree of
weathering is variable at the droning sites. At DF2, the hyaloclastite
appears to be more affected by weathering than at the other two sites. At
DF1, the rock was cut at an oblique, shallower angle than the cliff-like
outcrops at DF2 and DF3, resulting in less bare rock and more loose
rocks. Because of this, the lateral exposure of dikes varied greatly,
ranging from a few tens of meters or even less (particularly at DF2 and
DF3) to several hundreds of meters. This may have affected the proba-
bility of observing changes in strike along individual dikes.

DF1 is located at a slightly lower elevation than the other two sites
and the lowest part of the outcrop is close to the contact to the under-
lying ignimbrite (lower left corner in Fig. 5a). Similarly, the upper part
of DF3 is located close to the top contact of the hyaloclastite (see e.g.
Fig. 2¢ & Fig. 7a) and it cannot be excluded that the proximity to the
interface with the overlying lava layers influenced the propagation and
shape of some of the dikes. However, no significant changes or trends in
the behaviour of dikes or fractures were observed close to the bottom or
top contact of the hyaloclastite and since additionally, the sites are
closer to the center of the caldera than to its boundary, we conclude that
the three sites were largely unaffected by material interfaces.

The use of a UAV made previously unstudied parts of the caldera
accessible, but the resolution of the data is limited and provides less
detailed information compared to outcrops which can be reached on
foot. Therefore, details that could indicate propagation or flow di-
rections of magma (e.g., Galland et al., 2019), small fractures potentially
caused by a propagating dike, or markers in the host rock indicating
offset due to a shear component during emplacement (e.g., Stephens
et al., 2018) are not resolved in our data. The difficulty of identifying
markers for shearing is further increased due to the hyaloclastite
providing few markers in itself. Moreover, the exposed intrusions are
likely the result of numerous rifting events resulting in frequent cross-
cutting of dikes. Nevertheless, the degree of weathering combined
with the resolution of our data rarely allowed to establish crosscutting
relationships between individual dikes. The number of dikes identified
in the study areas are likely underestimated. A few individual very short
dike segments were identified, but omitted from measurements because
it was not possible to confidently measure their orientation. Other dikes
may have gone entirely unnoticed due to the data resolution.

Uncertainty estimates for the measured dike orientations (Supple-
mentary Materials, Section S1) indicate that it is difficult to differentiate
between dike sets if their orientations differ by less than 15-25 °. The
identified dike sets are each scattered across 20-30 ° (Table 1) and may
be difficult to clearly separate at individual sites (e.g., DI and DII at DF3,
see Fig. 4g). In these cases, the uncertainty makes it difficult to confi-
dently attribute individual dikes to one or another set. However, since
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Fig. 9. Comparison of dike orientations from Dyrfjoll, represented as poles, and the NVZ-stress field, modelled in FracTend and represented by the color map. (a) &
(b) Fluid pressure APy, at which fractures become susceptible to intrusion and expected opening angle for all dike segments in fractures/intact rock. Four inconclusive
segments were omitted. The fracture susceptibility indicates the minimum magmatic pressure AP; required to make fractures of a given orientation susceptible to
dike intrusion. The opening angle refers to the angle between the normal to the dike plane and direction of motion during opening. An opening angle of 0 corresponds
to purely tensile opening and higher angles represent an increasing shear component. (c) & (d) Fluid pressure APy, at which fractures become susceptible to intrusion
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the calculated uncertainties are an upper estimate for the uncertainty
and the presumed centers of the sets are separated by at least 30 ° in all
cases, we conclude that the four identified sets of orientations for dikes
and fractures respectively are indeed individual sets.

The tectonic stress field modeled after the NVZ and assumed to be
homogeneous is strongly simplified. Additionally, it is important to be
aware that FracTend models the tendency of pre-existing fractures to be
intruded by propagating intrusions and may therefore not be entirely
representative for dikes propagating through intact rock.

5.2. Regional and local stress field

The most prominent sets for both fractures and dikes found within
the caldera (DI, FI) have similar directions (Fig. 4, Table 1). DI strikes
also similar to the average strike of 76 dikes (N20 °E) found by Gtis-
tafsson (1992) across the entire Dyrfjoll system including the intrusive
complex at Njardvik. Gtstafsson (1992) mentioned basaltic dikes along
the caldera rim, but dikes within the caldera are not specifically
mentioned and most of the dikes measured for this study are inaccessible
on foot, so there is probably little overlap between both studies. NNE or
similarly trending dikes (equivalent to DI in this study) are found all
across the BEL-area (Dearnley, 1954; Burchardt et al., 2022), as well as
in active and extinct fissure swarms in other parts of Iceland (Hjar-
tardottir et al., 2012; Hjartardottir et al., 2016; Rhodes, 2022). If DI
aligns with the regional principal stresses, the orientation of 63 may
have been similar to the current spreading direction of 292 ° obtained
for the NVZ by Drouin et al. (2017). If the spreading direction remained
overall similar since the Miocene as indicated e.g., by Merkouriev and
DeMets (2008) and if the BEL area was indeed located in or near a rift
zone, this would indicate that spreading had a rather small, if any,
oblique component, comparable to the NVZ at present.

In addition to the tectonically controlled dike and fracture sets, we
observed at least three other sets of orientations. All of them are less
prominent, and there are clear variations between the sites, especially
for the dikes, where some sets are specific to individual sites (Fig. 4,
Fig. 9). There are several factors which may have resulted in varying
degrees of representation of individual sets at the three study sites: (1)
There could be a bias due to the shape of the outcrop, where certain
fractures or dikes are sub-parallel to the outcrop and thus, more difficult
to identify. This is unlikely to be the case due to either a low angle of the
mountain side to the horizontal (at DF1) or due to vertical, but laterally
curved cliffs (at DF2 and DF3). (2) Temporal variations in the stress field
during different rifting episodes could have resulted in different orien-
tations of the dikes. However, since Iceland has always been located at a
divergent plate boundary, it can be assumed that the far field principal
stress axes did not change significantly until today. Therefore, temporal
variations in the stress field would have to have been local. (3) Although
the stress field was likely to a large extent controlled by plate spreading,
it may have been superimposed with a more local component. It is un-
clear, how long after the caldera-forming eruption the hyaloclastite and
lavas formed and the dikes were emplaced, but a lack of sediments from
the proposed caldera lake may indicate that little time passed between
them (Gdstafsson, 1992). In this case, a remnant of the central-volcano
stress field could have still been present. An approximately radial
component centered near the middle of the caldera could explain why
some orientations are more or less frequently found at different sites in
the caldera and why the propagation of dikes in pre-existing fractures
appears to correlate with the position in the caldera (Fig. 9¢ & d).
Alternatively, even if little or no influence of the central volcano-stress
field remained, hyaloclastite has very different elastic properties than
regular basalt (e.g., Eggertsson et al., 2020). This in combination with
the irregularly shaped caldera may have resulted in inhomogeneous
stress distributions within the caldera. Dikes striking different from NNE
are also found elsewhere in the BEL area (e.g., Burchardt et al., 2022;
Kennedy et al., 2022) but further and more systematic studies are
needed to better constrain potential local influences.
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5.3. Interaction with fractures

We observe that basaltic dikes in hyaloclastite may propagate
through intact rock or use pre-existing fractures either entirely or
intermittently. The observation that dikes more frequently occupied
fractures if they strike closer to DI/FI may to some degree be explained
by the larger amount of fractures present. However, fractures perpen-
dicular to this direction were also present (Fig. 4a, i) but were appar-
ently not suitable for dikes to propagate into (Fig. 8a, Fig. 9a), which
may be related to the stress field (e.g., Stephens et al., 2018).

We also observed that changes in strike of dikes tend to be larger if
fractures are involved (Fig. 8c) and more frequent in stronger fractured
host rock, especially if more than one fracture direction is represented in
a similar strength (compare e.g., fracture distributions at DF1 and DF2).
Large and frequent changes in strike following fracture networks are
also known from other locations (Delaney et al., 1986; Baer and Beyth,
1990; Martinez-Poza et al., 2014; Poppe et al., 2020), but the results of
this study show that even in moderately fractured host rock, fractures
notably influence propagating dikes. We can classify interactions of
dikes and fractures observed in this study into three groups: (1) Dikes
that are channeled into a pre-existing fracture. (2) Dikes that change
direction near or at a crosscutting fracture. (3) Dikes that are arrested in
front of a crosscutting discontinuity. All three types are schematically
depicted in Fig. 10.

The first type of interaction (Fig. 10a) has been observed in the field
and analogue models before. This may occur when a dike which previ-
ously propagated through intact host rock (Le Corvec et al.,, 2013;
Drymoni et al., 2021), changes direction to move into a fracture of a
different orientation. Alternatively, a dike may have followed an entire
fracture network, in which cases changes can occur frequently between
individual fracture sets (Baer and Beyth, 1990; Martinez-Poza et al.,
2014; Stephens et al., 2018). A clear example of this type of behavior is
the upper change in strike of the dike described at DF1 (Fig. 5b), where
two different fracture sets are involved and independent of the direction
of propagation, one set was changed for another one despite both
continuing beyond the dike segments. The individual segments, how-
ever, are much longer than those described by Baer and Beyth (1990),
Martinez-Poza et al. (2014), Stephens et al. (2018) and the angle be-
tween the dike and fractures, along which it propagated, tend to be
relatively small. Similar behavior was described by Bureau et al. (2013)
for sandstone-intrusions, which were channeled into faults.

The second type of dike-fracture interaction (Fig. 10b) describes
changes in strike occurring where the propagating dike intersects a
fracture or another dike. The propagating dike does not propagate into
the fracture but rather changes direction. Such crosscutting fractures or
dikes were found either directly at the change or close to it. Due to
limited resolution it is not possible to confidently state that the cross-
cutting element always pre-dates the dike in question. However, the
repeated observations at least suggest a systematic reason. An alterna-
tive explanation could be that the crosscutting fracture formed after the
dike and that it was guided by the stress field to pass the dike exactly at
or near its change in strike, where the local stress field may be irregular.
However, we did not observe any systematic curving of the crosscutting
fractures and it is deemed therefore unlikely that, by coincidence, often
prominent crosscutting fractures would pass through the corner of dikes
(which in some cases were rather small). The best-exposed example of a
dike being redirected can be observed at the lower change in strike of the
dike at DF1 (Fig. 5a, marked by the lower white star). It is important to
note that the two types of interactions described so far can occur
simultaneously if more than two fractures intersect, as is the case in the
just mentioned example. Furthermore, it may be possible that this type
of interaction occurs if the angle between the propagating dike and the
intersecting element is large enough that propagation into the fracture is
not energy efficient.

Examples of dikes propagating along older intrusions are known
from both field studies and recent volcanic eruptions (Browning and
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Fig. 10. Schematic representation of the three types of dike-fracture interaction observed in the Dyrfjoll caldera. (a) Type I interaction: Dikes are channeled into pre-
existing fractures. The parts of the fractures which were intruded by a dike are indicated by red dashed lines. (b) Type II interaction: Dikes are deflected at or near an
intersecting, preexisting fracture without magma propagating into the fracture. (c¢) Type III interaction: Dikes arrest in front of a pre-existing fracture and may form

smaller branches. All panels are in map view.

Gudmundsson, 2015; Ruch et al., 2016; Drymoni et al., 2021; Thiele
et al.,, 2021). In the present cases, the crosscutting dike/fracture may
have rotated the stresses very locally. For the dike shown in Fig. 5a, the
propagation into the direction of the yellow segment was more energy
efficient. This dike is one of the few that could potentially be reached on
foot and therefore be studied in more detail. An analysis to constrain the
flow direction of the dike may provide additional information and help
to understand the processes related to the formation of this specific dike.
The question, if dikes are more likely to interact with fractures if the
angle between them is smaller or larger is still a matter of discussion.
Some studies indicate that the chances of interaction are higher if they
are closer to perpendicular (Ziv et al., 2000; Le Corvec et al., 2013;
Drymoni et al., 2021), while others indicate that it gets more difficult to
open fractures or follow other intrusions under higher angles to the
initial propagation direction (Stephens et al., 2018; Thiele et al., 2021).
Our observations are more compatible with the second option. Most
changes in strike were between 10-40° and no larger than 50 ° (not
counting the offshoots from the Tree-dike), while angles to crosscutting
fractures were often slightly higher. The changes in strike associated
with type-II interaction may have occurred if the angle to the inter-
secting element was too large and the magmatic overpressure was not
sufficient to overcome the normal stress acting on the fracture and
propagate into it. If the change in strike resulted in capture into yet
another pre-existing fracture (as proposed for the yellow segment in
Fig. 5), the dike may continue along this orientation for some distance
before eventually reverting back to a strike closer to its initial propa-
gation direction. This type of dike-fracture interaction is not commonly
observed or mentioned, which could be due to several reasons: (1) The
fractures may be entirely unrelated and even postdate the dikes. (2) The
crosscutting fractures may be more common but could have been
overlooked in other locations. (3) There could be a lack of suitable
outcrops, where fracture networks do not dominate the dike propaga-
tion entirely, but where enough dikes and fractures are present to show
some degree of interaction. This would mean that this type of interaction
would require somewhat specific conditions. Further work is needed
here to clarify this.
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The third and last type of interaction (Fig. 10c) is the arrest of a dike
in front of a crosscutting feature, and this refers in our study mainly to
the Tree-dike at DF3 (Fig. 7). In this case, the main body of the dike
stopped propagating in front of a fracture which is at least partially
occupied by another dike. The magmatic overpressure of the Tree-dike
may have been insufficient to directly propagate through the crosscut-
ting discontinuity, resulting instead in small self-propagating cracks,
that possibly exploited minor weaknesses in the host rock in the absence
of a well-developed pre-existing fracture-network. Several of these
branches eventually found a way across the dike, but all meet it at a
shallower angle than the initial dike. The Tree-dike eventually demon-
strates two things: Firstly, this dike may be an example of what happens
if, in the absence of fractures, the magmatic overpressure was not suf-
ficient to cross-cut the pre-existing dike in the first attempt. The main
part of the dike shows internal contacts near the upper tip as well as
crosscutting and suggests that only branches which formed sometime
after the initial emplacement found a way (Fig. 7e) e), and they are
much smaller than the main body of the dike. Secondly, the deflection of
dikes at crosscutting elements without channeling (in this case the
branches of the Tree-dike) can occur even in the absence of additional
fractures. The segments soon return to orientations which are seen
elsewhere in the caldera, but this is not necessarily the orientation of the
main part of the dike. The formation of small cracks which start out
almost perpendicular to the main dike and later align with the remote
stress field are reminiscent of the wing-cracks predicted by Ziv et al.
(2000), although in that case the main dike occupied a pre-existing
fracture, while we did not find evidence for such a pre-existing frac-
ture at the Tree-dike. Further studies would be needed to resolve the role
of the dike, which partially occupied the crosscutting fracture here.
Another example of a dike being arrested may be the example shown in
Fig. 5, where both the dashed and the dotted segments terminate at a
dike/fracture which is oriented nearly perpendicular to the segments.
However, the exposure at both segments is insufficient to confirm this
with certainty and neither segment showed branching similar to what is
observed at the Tree-dike. Models by Drymoni et al. (2021) suggest that
the mechanical properties (the stiffness) of faults influence how a
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propagating dike interacts with it. At Dyrfjoll, we did not find well-
developed fault zones with a fault-core surrounded by a damage zone.
Instead, there are individual fractures, but a dike occupying a fracture
may have somewhat similar effects to the inactive faults with a stiff core
described and modeled by Drymoni et al. (2021).

5.4. Implications

The different types of dike-fracture interaction observed at Dyrfjoll
show that these are complex processes. Even in a case with little vari-
ation in material properties, discontinuities have an influence on prop-
agation paths and can offset dikes laterally by potentially tens to
hundreds of meters.

Hyaloclastite is not commonly found in volcanic products from the
Miocene in Iceland due to the absence of glaciers, but the volume at
Dyrfjoll is large enough to suggest that our findings may be applicable to
the present day rift zones in Iceland, where hyaloclastite is more
abundant. Furthermore, even though this study focused on hyaloclastite,
similar effects may apply to other, mechanically similar host rocks like
tuffs or sandstones, if they show a similar degree of fracturing.

Considering the shallow depth in the crust, our findings could have
implications for volcanic hazards and risks in areas prone to dike in-
trusions, especially if these areas are accessible and attract public in-
terest. One such area is the Reykjanes Peninsula in southwest Iceland,
where two basaltic eruptions occurred at Fagradalsfjall in 2021 and
2022 (Barsotti et al., 2023). Hyaloclastite is commonly exposed at the
surface in the area. An improved understanding of which areas have an
increased risk of additional eruptive fissures opening, especially in the
early phases of such eruptions, would be helpful for limiting the risk for
visitors and infrastructure around the eruption site. The suggested in-
fluence of strike-slip faults on the location of the eruptive fissures of the
2021 Fagradalsfjall eruption (Einarsson et al., 2023) together with this
study show the relevance of this topic for the Reykjanes Peninsula.
Eruptions may be expected in other volcanic systems in the area in the
coming years and decades (Szemundsson et al., 2020), and this study
emphasizes the importance of mapping fractures and faults for hazard
assessment. It remains to be tested if the three types of dike-fracture
interaction observed in the present study can also be applied to dikes
on larger scales, e.g., changes in strike that occur on the scale of several
kilometers and may be influenced by large fault zones or if it is mainly
valid on scales of at most a few hundred meters for small dikes and dike
segments intruding into moderately fractured rocks.

Our findings indicate that the Dyrfjoll caldera provides an excellent
view into the upper crust. A more systematic and complete study of the
caldera is expected to show additional dikes and could shed further light
onto the stress field in the area at the time of emplacement and possibly
the tectonic setting of the BEL area.

6. Conclusion

Digital outcrop models from UAV-based photogrammetry were used
to map the orientations of basaltic dikes and fractures in hyaloclastite at
the extinct Dyrfjoll volcano, and to quantify their interactions. Our main
findings are: Dikes and fractures in the Dyrfjoll caldera mostly followed
one of four orientations, the most prominent of which strikes NNE-SSW
and is controlled by the regional divergent tectonic stress field. The
orientations of dikes and fractures are similar, suggesting that they
formed in similar stress conditions. Dikes tend to use fractures along
their entire length or intermittently. Interaction is more common in
more fractured host rock but all observed changes in strike were smaller
than 50°. Three different types of dike-fracture interaction were
identified:

i) Dikes being channeled into pre-existing fractures. This may have
happened for dikes which already occupied a fracture of a different
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orientation or dikes, which previously propagated through intact
rock.

ii) Dikes were found to change strike at or near a crosscutting frac-
ture, without magma flow into the fracture. Further work is needed
to fully understand the exact mechanics resulting in this type of
interaction.

iii) Upon hitting a barrier such as an intersecting fracture or dike,
which could not be overcome and in the absence of suitable fracture
networks to follow, a dike can be arrested and may split up into
several thinner branches, potentially with different propagation
directions.
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Supplementary Materials

Interaction between propagating basaltic dikes and pre-existing fractures: A case study
in hyaloclastite from Dyrfjoll, Iceland (Greiner et al.)

S1 Uncertainty estimates for fracture/dike mapping

When using the software LIME (Buckley et al., 2019), the strike and dip of planar
features is determined by picking three points, which fall onto the plane in question.
The software itself does not provide an uncertainty estimate or any other measurement
of quality for such measurements. However, some measure of quality would be useful
to estimate, which results can be treated as significant and which not. It is important
to note that the method, which is used here, only considers the error connected to
picking the planes, but they do not provide any information regarding e.g., differences
between the virtual outcrop model and the real outcrops, which undoubtedly have some
influence on the measured strikes and dips as well. If the orientation of a single plane
would be measured many times, the three points picked for each plane would be slightly
different every time, resulting in small variations of the strike and dip. Gaussian error
propagation can be used to derive an estimate of this type of uncertainty (Willink,
2013). The method allows the calculation of the standard deviation of a parameter,
which is connected to measured parameters through analytical functions. It is well
known in physics, where it is commonly taught in undergraduate studies, as well as
other sciences, where quantitative data is commonly used in connection with analytical
equations (e.g., Ku, 1966; Lo, 2005), and can be applied if the measured parameters
have at least approximately Gaussian distributed uncertainties. It is important to note
that the uncertainty estimate calculated with this method does not include potential
inaccuracies in the applied model (here: the analytical equation) but only those related
to the measurement itself.

The uncertainty A f of a variable f (), which is a function of uncorrelated parameters
x; is calculated based on the standard deviations of the individual parameters, Ax; as

af= Z((Sj)Aw) )

K3

Here the parameters x; correspond to coordinates and a coordinate system is placed
in such a way that the positive x, y and z axes correspond to East, North and Up,
respectively. Since all three coordinates correspond to different directions, they are
clearly independent of each other. It is assumed, that the coordinates of all measured
points are realizations of random variables and that they all have the same standard
deviation called sd. In the following, all calculated uncertainties (i.e. standard deviations
according to error propagation) are denoted by a A in front of the variable in question.

In LIME, three points are picked, which lie on the planar feature of interest. These
three points define a plane, which should be parallel to the feature of interest and thus
allow the determination of the planar feature’s orientation. These three points will in
the following be referred to by their position vectors @, b and ¢. The normal vector of the

plane spanned by d, b and ¢ is defined as the cross-product of the two vectors (EL’ — E)
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and (@ — ¢):
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na :(a—a)x(a—z) (2)

n3
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From the normal vector of the plane, the dip direction can be calculated as the angle

between the projection of 7 onto the xy plane n,, = (Zl> and North, which corresponds
2

to the vector €y = <(1)> Rearranging

Ty - €
cos (o) = —4 N (3)
[Pyl - |En]
to isolate « gives
n2
a = arccos | —————= 4
(V ni? +ny 2) @)
The dip can be calculated as the angle between 77 and the normal vector of the
0
xy-plane, which corresponds to a vertical vector | 0 |. This is calculated as
1

§ = arccos ( ns ) (5)

Vn12+ng? 4 ng?

Now, the uncertainties of n, @ and § need to be calculated using error propagation.
With z; = a1, a2, as, b1, b2, bs, c1, c2, c3, the uncertainty of each component of 7 can be
calculated as

This results in

ATLl = \/(703 + b3)2 + (71)2 + 62)2 + (70,3 + 63)2 + (a2 — 02)2 + (ag — b3)2 + (7CL2 + b2)28d
(7)

Ang = \/(*bs +3)” + (—e1 +b1)° + (a3 — 3)” + (—a1 +c1)” + (—ag + bg)* + (a1 — by)*sd
(8)

Ang = \/(—02 + b2)2 + (—bl + 01)2 + (—a2 + 02)2 + (a1 — 61)2 + (a2 — b2)2 + (—al + b1)25d
(9)

The uncertainty for « and ¢ is calculated based on Anj, Any and Ang:

sa= 3 (22) ane (10)

=1

2
2
- |An 2 n1n2 + Any? (7“2> (11)

ny 2 2 2\3/2 n1 2 4 ng
\ Vit (2 +ne?)




as well as

3 2
00
Ab = E ( o, > An;?

i=1
ﬁ_ ning
O (e ? g )
95 nang
ainz_ nq 24ns 2 3/2

M1 7Tne® 2 2 2
n12+n22+n32(n1 +ngc+n3 )

0 _ T

8n3 n12+n22+n32

(15)

We applied these equations to points for the 104 dike segments from Dyrfjoll, assum-
ing as a start a standard deviation of 0.3 m for the x-y and z coordinates for each point
Figure S1, Figure S2. Since currently each point as to be manually read out of LIME,
we omitted measuring fracture orientation uncertainty, assuming that the results will

be similar to those of the dikes.
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Figure S1: Standard deviation of the strike of dike segments from Dyrfj6ll. Bin size is

5°.
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Figure S2: Standard deviation of the dip of dike segments from Dyrfj6ll. Bin size is 5°.

There are outliers with very large uncertainties, but the bulk of the measurements
has uncertainties of less than 25° (81% and 80% for strike and dip, respectively). For
strike and dip respectively, 67% and 69% of the measurements show uncertainties of
less than 15°. The segments with very large uncertainties correspond to elements where
the points fall close to being on a single line. In these cases even very small deviations
from this line result in drastically different orientations. For comparison the length of

each segment and the surface area of each triangle abc are also plotted in histograms
Figure S3, Figure S4.
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Figure S3: Distribution of the exposed length of the dike segments.
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Figure S4: Distribution of the surface area of the triangles spanned by the three points
which defined each dike segment’s orientation.

LIME offers the possibility to manually adjust the orientation of the fit plane, which
is especially useful for dike segments, where the exposure was close to being along a
straight line. This was done by adjusting the point of view in LIME to look along the
plane (which sticks out of the virtual outcrop model) after it was placed into the model
based on the three specified points. The fit could then be improved by rotating the
plane until it was aligned with the segment of interest, which should lie directly behind
the plane when looking along it. The influence of this procedure onto the fit cannot
be quantified easily, but it likely improved the fits to some dike segments significantly.
Therefore, the numbers plotted in Figure S1, Figure S2 can be taken as an upper estimate
of the uncertainty related to measuring orientations.
These uncertainty estimates show that inaccuracies during picking of the points may,
to some degree, contribute to scatter observed at all sets of orientations measured at
Dyrfjoll.
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S2 Photogrammetry

Quantitative information related to the UAV-based survey and outcrop models:

Table S1: Quantitative information related to the collected photogrammetry data for
the three studied sites. The effective ground resolution corresponds to the average
resolution across all images and the horizontal and vertical errors correspond to the
average uncertainty of the camera locations at the time at which individual images were
recorded.

Effective ground  Horizontal ~ Vertical
Site  # images resolution [cm/pix]  error [m]  error [m]

DF1 130 3.50 0.68 1.04
DF2 146 3.12 0.70 1.07
DF3 120 3.90 1.48 2.45

Table S2: Quantitative information related to the virtual outcrop models for the three
studied sites. Surface area, numbers of tie points (points in the sparse cloud), dense
cloud points, vertices and triangular faces, which approximate the surface of the virtual
outcrop models. Resolution and point density correspond to the final virtual models.

# Dense Point
Surface # Tie cloud Resolution density
Site area [m?| points  points  # vertices # faces  [em/piz]  [pts./m?]
DF1 241616 3566 3085600 104220 205694 28.0 12.7
DF2 116 449 6350 1918865 64 956 127924 24.9 16.1
DF3 306 023 4544 3268862 110121 217921 31.2 10.3
6
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Figure S5: Location and viewing direction of the camera (indicated by black lines)
relative to the outcrop at DF1. View towards a) the left of the outcrop (looking ca.
NNW), b) the front of the outcrop (looking ca. WSW), c¢) the right side of the outcrop
(looking ca. SSW) and d) looking downwards (direction WSW up).
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Figure S6: Location and viewing direction of the camera (indicated by black lines)
relative to the outcrop at DF2. View towards a) the left of the outcrop (looking ca. N),
b) the front of the outcrop (looking ca. W), ¢) the right side of the outcrop (looking ca.
SW) and d) looking downwards (direction N up).



a)

<)

P

T&

Figure S7: Location and viewing direction of the camera (indicated by black lines)
relative to the outcrop at DF3. View towards a) the left of the outcrop (looking ca.
SE), b) the front of the outcrop (looking ca. NE), c¢) the right side of the outcrop
(looking ca. NW) and d) looking downwards (direction NE up).

S3 Mapping of dikes

Table S3: List of all mapped dike segments, if they have a change
in strike at the end and if they occupied a pre-existing fracture.
For changes in strike and use of pre-existing fractures: 0 = no, 1
= yes, 2 = inconclusive. All segments are marked on Figure S8
(DF1), Figure S9 (DF2) or Figure S10 (DF3).

Propagating

Change in along Segment
Strike [°]  Dip [°] strike fracture Site  Dike number
20.4 73.7 1 1 DF1 1 1
354.1 66.7 1 1 DF1 I 2
35.1 71.1 2 1 DF1 1 3
32.2 60.6 2 1 DF1 1 4
209.5 117.8 0 2 DF1 1 5
96.0 100.0 1 0 DF1 1II 1
83.5 94.6 1 0 DF1 II 2
68.0 52.0 1 0 DF1 1II 3
287.3 102.4 0 0 DF1 1II 4
123.6 89.9 1 0 DF1 1III 1
349.2 99.2 2 0 DF1 1III 2
258.9 62.8 1 1 DF1 IV 1
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Propagating
Change in along Segment

Strike [°]  Dip [°] strike fracture Site  Dike number
100.1 107.1 0 1 DF1 1V 2
108.7 128.0 0 1 DF1 V 1
242.3 114.5 2 1 DF1 VI 1
205.0 113.6 0 1 DF1 VII 1
13.0 77.6 0 1 DF1 VIII 1
144.7 121.1 1 1 DF2 1 1
277.9 92.1 1 1 DF2 1 2
94.0 88.8 0 1 DF2 1 3
209.1 99.1 0 1 DF2 1I 1
282.4 72.9 0 1 DF2 1III 1
26.0 72.9 0 1 DF2 1V 1
2174 103.7 0 0 DF2 V 1
215.0 106.9 1 1 DF2 VI 1
26.1 78.2 0 1 DF2 VI 2
37.1 78.0 0 0 DF2 VI 3
171.9 122.0 2 2 DF2 VII 1
19.6 65.9 2 2 DF2 VII 2
213.9 109.6 0 1 DF2 VII 3
197.1 131.1 0 1 DF2 VII 4
136.4 98.2 1 0 DF2 VIII 1
325.0 65.9 1 0 DF2 VIII 2
331.7 89.7 0 0 DF2 VIII 3
348.9 94.2 1 0 DF2 1IX 1
201.3 85.4 1 1 DF2 IX 2
222.6 90.2 1 1 DF2 IX 3
12.5 93.4 1 1 DF2 1IX 4
343.8 72.5 1 1 DF2 IX 5
205.1 115.0 0 1 DF2 IX 6
112.8 89.1 0 0 DF2 1IX 7
34.1 87.5 1 0 DF3 1 1
69.9 85.6 0 0 DF3 1 2
182.0 92.8 1 0 DF3 1 3
349.7 84.7 0 0 DF3 1 4
358.3 83.6 2 0 DF3 1 5
166.9 97.7 1 0 DF3 1 6
17.7 83.3 1 0 DF3 1 7
64.8 76.2 1 0 DF3 1 8
45.2 82.1 2 0 DF3 1 9
9.0 91.1 1 0 DF3 1 10
46.3 80.5 0 0 DF3 1 11
35.9 89.7 1 0 DF3 1 12
228.8 85.9 2 0 DF3 1 13
69.5 96.5 2 0 DF3 1 14
134.5 91.0 1 0 DF3 1 15
355.6 74.9 1 1 DF3 1 16
331.9 72.1 1 0 DF3 1 17
120.8 95.4 1 0 DF3 1 18
271.2 79.0 2 0 DF3 1 19
126.3 118.1 0 0 DF3 1 20

10



Propagating
Change in along Segment

Strike [°]  Dip [°] strike fracture Site  Dike number
154.7 87.1 2 1 DF3 1 21
120.8 95.4 2 0 DF3 1 22
288.4 70.8 1 0 DF3 1 23
301.7 79.0 2 0 DF3 1 24
315.3 1100 O 0 DF3 1 25
349.7 84.7 1 0 DF3 1 26
126.3 118.1 1 0 DF3 1 27
46.3 80.5 1 0 DF3 1 28
69.9 85.6 2 0 DF3 1 29
315.3 110.0 2 0 DF3 1 30
250.9 104.2 2 1 DF3 1I 1
228.5 86.1 0 0 DF3 1III 2
249.5 119.4 0 0 DF3 IV 3
291.7 92.4 0 0 DF3 V 4
57.8 97.8 0 0 DF3 VI 5
276.9 71.7 0 0 DF3 VII 1
89.1 90.4 0 1 DF3 VIII 1
90.5 81.6 0 1 DF3 IX 2
225 61.3 1 0 DF3 X 1
38.8 65.9 0 0 DF3 X 2
335.2 90.0 0 0 DF3 XI 1
54.6 94.0 0 0 DF3 XII 2
208.7 75.7 0 0 DF3 XIII 3
85.0 74.1 0 0 DF3 XIV 1
247.1 90.1 0 0 DF3 XV 3
253.5 83.5 0 1 DF3 XVI 4
238.9 95.8 1 0 DF3 XVII 1
242.3 84.3 0 0 DF3 XVII 2
30.1 83.7 0 1 DF3 XVIII 1
71.9 101.0 O 0 DF3 XIX 1
205.5 92.1 0 1 DF3 XX 1
57.3 77.6 0 1 DF3 XXI 1
34.9 79.8 0 2 DF3 XXII 1
217.3 91.3 0 1 DF3 XXIII 1
331.3 104.9 1 1 DF3 XXIV 1
125.8 78.7 1 0 DF3 XXIV 2
118.0 93.6 2 0 DF3 XXIV 3
230.7 99.2 1 1 DF3 XXV 1
75.4 82.3 0 1 DF3 XXV 2
2.8 79.7 0 0 DF3 XXVI 1
25.0 95.1 0 1 DF3 XXVII 2
260.4 83.6 1 0 DF3 XXVII 1
291.0 119.0 2 0 DF3 XXVIII 2
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Figure S8: Dike segments at DF1 with labels according to tab. S3. Roman numerals
correspond to dikes, Arabic to dike segments. Legend shown in a) also applies to b).
Scale varies with perspective.
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Figure S9: Dike segments at D2 with labels according to tab. S3. Roman numerals
correspond to dikes, Arabic to dike segments. Legend shown in a) also applies to b).
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Figure S10: Dike segments at DF3 with labels according to tab. S3. Roman numerals
correspond to dikes, Arabic to dike segments. Legend shown in a) also applies to b) and

c).
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S4 Additional plots for the results

Figure S11: Orientation of fractures following the bedding in the hyaloclastite at DF2.

N=9
a) DF1 Fractures (n=110) |D)7 DF2 Fractures (n=94) 6)12 DF3 Fractures (n=113)
Fl Fl Fll Fl
6
15 10
£ 2 Flll FIV | £
[9] @ 5 (7]
£ £ e 8
g 24 3
510 2 =7
@ T3 ® 6
Q FIV | 2 5}
£ E ) E 4
5 5 o ksl
Fll Flll +*
* 1 * o,
0 0 50 100 150 0
50 100 150 e 0 50 100 150
Strike [°] Strike [] Strike [°]
d) DF1: Dike segments (n=17) e)  DF2: Dike segments (n=24)  f) 6 DF3: Dike segments (n=63)
DI 4 DI DI
02 » )
5 5 5
£ g3 g4
o (S (< DIl DIV
? DIl (DI DIV | 3 33
© © 2 ©
e g (DI g
5 1S issing DIl DIvV| £ 2
** # 1 entirely ** 1
0 0 0
50 100 150 50 100 150 0 50 100 150
Strike [] Strike [°] Strike []

Figure S12: Strike distributions of fractures and dike segments by site. a)-c) Strike of
fractures at DF1, DF2 and DF3, respectively. d)-f) Strike of dike segments at DF1, DF2
and DF3, respectively. Orientation sets FI-FIV and DI-DIV as defined in Table 1 are
marked. Grey indicates that the set is only weakly visible or missing entirely.
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Figure S13: Changes in strike by amplitude divided into those in fractures/intact rock.
In contrast to fig. 6¢, the changes associated with the Tree-dike were included here.
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Key Points:

» Laboratory experiments indicate that the host rock cohesion strongly affects the
nature of intrusion-fault interaction

» Pre-existing faults in strong host rock are exploited by intruding fluid, while this
is not observed in weak host rock

» The tested viscosity range has a secondary effect on intrusion-fault interaction,

but low-viscosity fluids are more sensitive to faults
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Abstract

Magma transport through the Earth’s shallow crust can be affected by pre-existing
weaknesses like faults. Consequently, fault-channeled magma may reach the surface in
unexpected locations. Hence, better understanding of magma-fault interaction is needed
to improve hazard assesment. We investigate the effect of host rock cohesion and magma
viscosity on intrusion-fault interaction using laboratory experiments. Vegetable oil and
glucose syrup, serving as low- and high-viscosity analogue magmas, were injected into
intact and faulted granular materials with variable cohesion (mixtures of silica flour and
micro-glass beads), serving as a brittle plastic model crust. High-cohesion models pro-
duced sheet intrusions, that propagated along fault segments upon intersection. Low-
cohesion models produced low-aspect ratio intrusions low width/thickness ratio. With-
out tectonic stresses, the cohesion strongly controls intrusion-fault interaction, while tested
model magma viscosities exerted a weaker control. Our findings show that intrusion-fault

interaction is a highly complex process and important to consider at active volcanoes.

Plain Language Summary

Magma moving through the Earth’s crust sometimes flows through pre-existing cracks.
Thereby, cracks can influence where eruptions occur. Although this is well known, much
about this process is unclear. We studied how different magmas behave when they meet
cracks in different types of rocks. For this, we used laboratory experiments with mate-
rials that behave in a similar way to magma moving through the Earth’s crust. Our model
magmas were molten vegetable oil, representing runny magma, and sugar syrup, which
represented magma of a thicker consistency. The Earth’s crust was modelled with mix-
tures of silica powder and very small glass beads. In strong crust, the fluid can save en-
ergy by moving into existing cracks rather than by creating a new crack. The magma
body’s shape showed a sudden change where the fluid had met the crack and flowed into
it, resulting in a plate-like shape. If the surrounding rock was weak, the fluid did not flow
into cracks, which resulted in a “tea pot-shaped” intrusion. We found that the strength
of the surrounding rock has more influence on magma interacting with cracks than the
fluid properties of the magma. This is important to know for people who monitor ac-

tive volcanoes.

1 Introduction

Magma transport through the Earth’s crust can feed volcanic eruptions or lead to

magma storage at depth (e.g., Breitkreuz & Rocchi, 2018; Burchardt, 2018). This often
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53 occurs in areas, where the Earth’s crust is heavily faulted. It is commonly assumed that
54 pre-existing faults can affect magma pathways and emplacement as documented by field
55 and seismic studies (Delaney et al., 1986; Valentine & Krogh, 2006; Jenness & Clifton,

56 2009; Magee et al., 2013; Spacapan et al., 2016; Maccaferri et al., 2016; Tibaldi et al.,

57 2017; Stephens et al., 2018; Drymoni et al., 2021). Magma-fault interaction generally de-
58 pends on the orientation of the intrusion and fault to the governing stress field (Jolly &

50 Sanderson, 1997; Mathieu et al., 2015; Stephens et al., 2018; Greiner et al., 2023). How-

60 ever, magma-fault interaction can be so prominent that arrays of pre-existing faults in-
61 fluence the orientation of entire dike swarms (Spacapan et al., 2016). Few examples are
62 reported of silicic magma propagating along faults compared to their mafic counterparts

63 (de Silva et al., 1994; Corti et al., 2013; Burchardt et al., 2019; Temtime et al., 2020; Schmiedel
64 et al., 2021; Rhodes et al., 2024). Furthermore, the importance of faults for the emplace-

65 ment of magma reservoirs remains debated. Several studies suggest some influence (Kalakay

66 et al., 2001; Rosenberg, 2004; Grocott et al., 2009; Burchardt et al., 2010, 2012; Cruden

67 & Weinberg, 2018), while others argue that faults only weakly affect pluton emplacement

68 (Paterson & Schmidt, 1999).

69 Observations at active volcanoes further document the relevance of understand-
70 ing magma-fault interaction beyond the potential to influence magma-pathways. The
n reactivation of pre-existing faults as a response to magma emplacement can affect sur-

7 face deformation (Temtime et al., 2020; Hjartardottir et al., 2023; Ducrocq et al., 2024;
73 Sigmundsson et al., 2024). However, this is rarely considered in inversions of geodetic

7 data (Wright et al., 2006; Calais et al., 2008; Ruch et al., 2016; Sigmundsson et al., 2022).

7 Better understanding the potential impact of faults on shallow subsurface magma move-
7 ment is thus important for hazard assessment (e.g., Barsotti et al., 2023).

7 In field studies, magma-fault interaction is often solely ascribed to the influence of
78 deviatoric stress, which may relate to e.g., tectonic movements or gravitational loading

70 (Delaney et al., 1986; Acocella & Neri, 2009; Stephens et al., 2018). However, not ev-
80 ery dike shows evidence of propagation along faults and not every fault in a volcanically

81 active area is intruded by magma (e.g., Gudmundsson, 1983; Pedicini et al., 2023). The

8 influence of and interplay between the underlying mechanical properties of the magma
8 and faulted host rock are often neglected in this context. While active faults are typi-
8 cally considered to be weaker than the surrounding host rock, faults can be complex struc-
& tures, and processes such as fault healing can influence how weak a fault is relative to

86 largely unfractured material (e.g., Caine et al., 1996; Carpenter et al., 2012; Ikari et al.,

87 2015). Because of the difficulty to separate the material property-based control on magma-
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fault interaction from effects of tectonic processes in the field, other approaches are re-

quired that allow for systematic separation of the two.

Laboratory modelling is frequently employed to study magma emplacement under
controlled conditions (Galland et al., 2018; Kavanagh et al., 2018). Magma-fault inter-
action has previously been investigated through two main types of models. Firstly, mod-
els with cohesion-less sand and high-viscosity silicone putty studied pluton emplacement
in actively deforming faults (Romdn-Berdiel et al., 1997; Corti et al., 2005; Montanari
et al., 2010; Mathieu & van Wyk de Vries, 2011). These studies found that although the
resulting intrusions were elongated parallel to the main fault structures, the model magma
never intruded into the faults. Notably, magma emplacement was simulated at the same
time scale as tectonic processes (>100,000 years) although the time scale of dike emplace-
ment (Sigmundsson et al., 2015, 2024), laccoliths and cryptodomes (Minakami et al., 1951;
Donnadieu & Merle, 2001; Castro et al., 2016), and small plutons (de Saint Blanquat
et al., 2011; Caricchi et al., 2014; Rhodes et al., 2021), is typically orders of magnitude
shorter (days to thousands of years). It is therefore unclear, if the elongated intrusion
shapes in these sand/silicone models were controlled by the active fault motion or by the

mechanical weakness represented by the fault.

Secondly, elastic gelatin-models with low-viscosity intrusions (air, water) simulated
dike and sill emplacement in the presence of pre-existing weak planes (Le Corvec et al.,
2013; Kavanagh et al., 2017). In contrast to the sand-silicone models, intrusions in gelatin
models were more systematically channeled into weaknesses upon intersection. The co-
hesion of gelatin is unknown and it exhibits a high tensile strength with respect to gran-
ular materials (Kavanagh et al., 2015). Although the strength contrast between intact
gelatin and pre-existing cuts in the models of Le Corvec et al. (2013) has not been quan-
tified, it is likely to be large if compared to the strength contrasts in the sand/silicone
models. In summary, the analgoue host rock in sand/silicone models may have too low
cohesion to simulate fault-controlled magma emplacement, while gelatin is so strong that

pre-existing faults systematically control propagating intrusions.

The gradual transition between different intrusion regimes has been successfully
investigated in laboratory models by injecting oil or syrup into granular materials of vari-
able cohesion (e.g., Schmiedel et al., 2019; Poppe et al., 2019). In these experiments, the
crust was represented by homogenized mixtures of glass beads and either silica flour or
gypsum powder. The cohesion varied depending on the ratio of mixed materials. Intru-
sions into high-cohesion granular materials, i.e. strong analogue host rock produced sheet
intrusions like dikes and cone sheets. They have a high-aspect ratio, i.e. their height and

length are large compared to their thickness. Conversely, intrusions into low-cohesion,
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weak granular materials resulted in massive intrusions with a low aspect ratio, i.e. their
thickness is comparable to their length and height. They resembled to some degree lac-
coliths or crypto-domes and erupted through subcircular or elongated conduits. Such mas-
sive intrusions will hereafter be referred to as low-aspect ratio intrusions. These stud-

ies indicate the potential to investigate the gradual transition from strong to weak host

rock using granular materials with physically consistent properties.

Here, we use analogue modelling to systematically study the role of mechanical ma-
terial properties on magma-fault interaction, focusing on the host rock cohesion and magma
viscosity. This is done by injecting two different liquids — with high and low viscosity,
respectively — into granular host rocks of varying cohesion with a pre-existing fault. These
experiments help to better understand the potential role of faults during intrusions into
the shallow crust, and their effect on associated surface deformation. Testing different
viscosities may provide insights into magma-fault interaction even for more viscous types
of magma. In nature, magma-fault interaction is strongly affected by tectonic stress. How-
ever, deviatoric stress fields are not considered in the present study to isolate and inves-
tigate specifically the influence of the mechanical host rock and fluid properties on magma-

fault interaction.

2 Materials and Methods

All experiments were conducted using molten vegetable oil or glucose syrup as model
magma. They were injected into five mixtures of dry granular materials, simulating host
rocks of varying strength. For each material combination, one experiment was conducted,
for which the host rock was subjected to strike-slip faulting prior to the intrusion em-
placement, and one with non-faulted, intact host rock, resulting in 20 experiments (Ta-

ble 1).

2.1 Materials

The model crust in this study consisted of mixtures of microglass beads (GB; di-
ameter of ~ 30 um) and silica flour (SF; average grain size 10—20 pm) (Galland et al.,
2006). Both behave as brittle plastic Coulomb materials, but while silica flour is cohe-
sive, glass beads have almost negligible cohesion (Galland et al., 2006; Abdelmalak et
al., 2016). This allows to use them as end-member analogues of strong, competent and
weak, incompetent natural rocks. Mixtures of both materials have cohesions between those
of the end-member materials (Galland et al., 2006; Abdelmalak et al., 2016) and have
been used in analogue experiments for several years (Galland et al., 2006; Galland, 2012;

Abdelmalak et al., 2012; Galland et al., 2018; Schmiedel et al., 2017, 2019; Bertelsen et
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Material properties of granular materials and liquids used in this study. Composition

correspond to the weight fraction of glass beads (GB) and Silica flour (SF), respectively. Cohe-

sion and angle of internal friction refer to non-faulted material. The density was measured after

compaction.
Initial Angle of Density
Model Analogue host host rock  Cohesion® internal (compacted)
name Liquid rock composition status C; [Pa]  friction® ® [°]  p,. [kg/m?]
0150/50  Oil 50% GB, 50% SF intact 375 44 1342
0180/20  Oil 80% GB, 20% SF  intact 313 28 1614
0190/10  Oil 90% GB, 10% SF intact 240 27 1632
0195/5 Oil 95% GB, 5% SF intact 191 27 1587
0OI1100/0  Oil 100% GB, 0% SF intact 142 26 1569
OF50/50 Oil 50% GB, 50% SF  faulted 375 44 1347
OF80/20 Oil 80% GB, 20% SF  faulted 313 28 1620
OF90/10 Oil 90% GB, 10% SF  faulted 240 27 1643
OF95/5 Oil 95% GB, 5% SF faulted 191 27 1629
OF100/0 Oil 100% GB, 0% SF  faulted 142 26 1565
S150/50  Syrup  50% GB, 50% SF intact 375 44 1329
S180/20  Syrup  80% GB, 20% SF  intact 313 28 1628
S190/10  Syrup  90% GB, 10% SF  intact 240 27 1657
S195/5 Syrup  95% GB, 5% SF  intact 191 27 1602
S1100/0  Syrup  100% GB, 0% SF  intact 142 26 1560
SF50/50 Syrup 50% GB, 50% SF  faulted 375 44 1324
SF80/20 Syrup 80% GB, 20% SF  faulted 313 28 1589
SF90/10  Syrup 90% GB, 10% SF faulted 240 27 1667
SF95/5 Syrup 95% GB, 5% SF  faulted 191 27 1598
SF100/0  Syrup 100% GB, 0% SF  faulted 142 26 1570

® From Abdelmalak et al. (2016). Values for 95%GB, 5% SF mix calculated as average of
90%GB, 10% SF mix and 100 % GB.

al., 2021). In the series of experiments presented here, we used five mixtures ranging from

50% SF and 50% GB to pure glass beads (Table 1).

The two liquids used here as model magmas represent low- and high-viscosity magma,

respectively. The low-viscosity model magma was molten vegetable oil, called Vegetaline

by Unilever (France) and it has been used in several previous studies (Galland et al., 2006;
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163 Galland, 2012; Galland et al., 2014; Schmiedel et al., 2017, 2019; Bertelsen et al., 2021).
164 The oil is solid at room temperature, but melts above ca. 31°C. At the injection tem-
165 perature (50 °C), it has a viscosity of 7, = 0.02Pas and a density of p, = 890 kg/m?
166 (Galland et al., 2006).

167 We used Eldorado Syrup Lys, a glucose syrup produced in Sweden, as an exam-

168 ple of a high-viscosity liquid. It was injected at room temperature (ca. 22°C), where it

169 has a viscosity of 7, =70 Pas and a density of p; = 1400 kg/m? (Supporting Informa-

170 tion S2). It resembles Golden Syrup, which has been used in analogue models before (Mathieu

171 et al., 2008; Abdelmalak et al., 2012; Poppe et al., 2019)

172 Hereafter, experiments will be referred to by the liquid used (”O” for oil or ”S” for
173 syrup), the initial host rock status (”I” for intact and "F” for faulted) and relative GB/SF

174 proportions (Table 1).

175 2.2 Experimental Setup and Procedure

176 The model box has a base area of 38 cm x 39 ¢cm with a circular inlet (5 mm di-
177 ameter) at its center, through which liquid is injected. A half-open, second box, Wg =
178 18.5cm wide, was placed into the initial box (right side in Figure 1la). Moving this sec-
179 ond box creates a discontinuity at depth (Figure 1b), which nucleates a strike-slip fault

180 in the model crust (Le Guerroué & Cobbold, 2006; Visage et al., 2023). The sliding plate
181 introduces a 5 mm-high step along the length of the box and directly past the injection
182 inlet (Figure 1a).

183 The analogue host rock was poured into the box and compacted by pressing a metal
184 plate onto the surface while using a compressed air shaker (Houston Vibrator, model GT-
185 25). The amount of material was chosen so that the thickness after compaction was 6 cm
186 (max. deviation < 3mm). During compaction, the inlet was closed with a plug to pre-

187 vent clogging and loss of material. The cohesion of the 95/5 and 100/0 mixtures was so
188 low that material would fall through the inlet after the plug was removed. Therefore,

189 all experiments using either of these materials had a 1 cm-thick layer of the 80/20 mix

19 at their base (thickness refers to the non-sliding side of the box). For all pre-faulted ex-

191 periments, the sliding box was pulled, creating 4 cm of right-lateral slip (Figure 1b). For

192 consistency, the sliding-box was also part of the setup in intact experiments, although

193 remaining undisplaced. All external fault motion occurred before liquid was injected. The

104 structure of the fault zone created by movement of the sliding plate varied to some de-

105 gree as a function of the cohesion fo the analogue host rock. However, comparison of fault

19 patterns suggest that the position of the largest fault segments is comparable between
7
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Figure 1. a) Illustration of the experimental set up. b) Schematic mapview of the starting
geometry of the model box. ¢) Schematic camera positions. Coloured polygons mark planes
spanned by the camera positions and looking directions. For photos of the experimental setup see
Supporting Figure S1. d) Schematic cross-section through the model box showing the physical
parameters controlling the intrusion process. e) Schematic comparison of failure conditions for

intact and faulted materials based on the Mohr-Coulomb failure criterion.
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107 experiments (Supporting Figure S10), and we argue here that the fault pattern is broadly

108 reproducible between experiments.

100 To facilitate observation of surface motion, the model needed to have a sufficient

200 amount of surface texture. For this purpose, we sprinkled grains of ground coffee and

201 olivine sand onto the surface of the otherwise white analogue host rock, which however

202 did not affect the mechanical properties of the underlying material. This was done prior

203 to any faulting. An array of four cameras (Nikon 3200 with 35 mm fixed-focal length lenses)
204 was set up approximately 1.5m above the model to record surface deformation (Figure

205 1c). One camera faced straight downwards; the others had oblique looking angles to al-

206 low reconstruction of surface deformation in three dimensions (3D). All cameras were

207 remote-controlled to record images synchronously at rates of At, = 1s (2s-intervals

208 for OI100/0 and OF100/0) for oil, and At, = 2min for syrup experiments. The cam-
200 era resolution was set to 6016 x 4000 pixels for oil and 4512 x 3000 pixels for syrup ex-

210 periments, respectively.

on A syringe pump was used to inject syrup at a rate of Qs = 0.2ml/min. The oil

212 was heated to 50° C' in a pot to ensure that it did not cool before injection and fluid flow
213 was regulated through a volumetric pump to a flow rate of @, = 20 ml/min. Both types
214 of pumps controlled the flow rate of injected fluid. The different pumps were required

215 due to the different viscosities and the requirement to keep the oil heated prior to injec-
216 tion. A pressure sensor between the pump and the injection inlet recorded the fluid pres-
217 sure at frequencies of f, = 10Hz and fs = 2 Hz for oil and syrup, respectively. Based

218 on this measurement we derived the fluid pressure at the injection inlet at the base of

210 the model box (Supporting Information S7).

220 The oil solidifies at room temperature, so the final intrusion shape could be observed
21 after removing the surrounding material. To create virtual models of the solidified in-
2 trusion geometry through photogrammetry, we took images of the intrusion from many

23 different perspectives using a handheld camera (Canon EOS 6D with a 24 mm fixed-focal

24 length lens). Since the syrup does not solidify at room temperature, we did not retrieve

25 the final intrusion geometry for syrup experiments.

26 During some experiments, one of the recorded data sets was compromised. Such

27 experiments were excluded from further analysis and repeated. However, if only the pres-

28 sure sensor was affected, the experiments contained information about the surface de-

229 formation and, where applicable, the intrusion geometry and can be compared to suc-

230 cessful experiments (Supporting Information S6). We note that very similar results were
797
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231 produced in repeated experiments, strongly suggesting that our experimental results are
2 overall reproducible.

233 2.3 Data Processing

23 2.3.1 Surface Deformation

235 Surface data was processed using a structure-from-motion approach through the

236 photogrammetry software MicMac v.1.1.1 (Pierrot-Deseilligny et al., 2016; Galland et
237 al., 2016; Rupnik et al., 2017; Galland et al., 2024). The georeferencing of the model was
238 imposed through six ground control points on the edges of the model box. The output

23 from MicMac included time-resolved Digital Elevation Models (DEM) and horizontal sur-

240 face displacement maps. A geo-referenced point cloud of the initial surface was used to
201 map the surface traces of the strike-slip fault (if present) using the software CloudCom-
242 pare.
23 The experimental deformation data and DEMs were further analyzed using Mat-
24 lab following the same workflows as used by Galland et al. (2024). One parameter of in-
25 terest is the topography change. For each pixel, the cumulative topography change Apgar,i
26 at any time step i is the difference between the DEM in question and the initial surface:
247 ADEM,i = DEMZ — DEMO (1)
28 Note that in faulted experiments, DFE My refers to the surface after faulting.
249 The divergence of the horizontal displacement field },, highlights its gradients.
250 It is calculated as

. . ou ou
251 div (uhor) = Vuhor = 6; Tyy (2)
252 where the suffix x and y refer to directions as indicated in Figure 1. Positive values cor-
253 respond to lengthening /extension while negative values indicate shortening/compression.
254 2.3.2 Intrusion Geometry and Volume
255 3D virtual models of oil intrusions were created with the software Agisoft Metashape
256 1.6.4, using photogrammetry and structure-from-motion. To place the model in the same
257 reference system as the overlying surface, we used Ground Control Points at the base
258 and the edge of the model box. Models of the final intrusion geometry were combined
250 with the overlying surface in the software ParaView.
260 The intrusion volume can be determined by multiplying the duration of an exper-
261 iment with the constant injection rate. In the earliest phase of each experiment, the fluid

~10—
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262 flowed along the pipe before reaching the contact to the granular material, which was

263 taken as the beginning of the actual intrusion process and marked by an abrupt increase
264 in the recorded pressure. The eruption onset, which defined the end of the experiment,
265 was identified from images of the model surface.

266 2.4 Model Parameters and Dimensional Analysis

267 Scaling and similarity of the experiments to natural systems are important because
268 they ensure that the processes observed in the laboratory are at least at first order sim-

260 ilar to nature (Hubbert, 1937; Ramberg, 1970, 1981). The relevant material properties
270 and experimental parameters are shown in Figure 1d and listed in Table 2. All except
) for the strength parameter AS are straightforward to constrain for laboratory materi-
2m2 als and have been used in previous studies (Galland et al., 2006; Galland, 2012; Abdel-
273 malak et al., 2012; Guldstrand et al., 2017; Schmiedel et al., 2017; Bertelsen et al., 2021).

274 The host rock cohesion of the granular materials has been quantified through shear tests,
275 tensile and extensional tests by Abdelmalak et al. (2016) and for a more detailed dis-
276 cussion of this topic the reader is referred to that study. It should be noted that we cal-

277 culated the fluid flow velocity at the injection inlet (Table 2). While the tip-velocity of

278 a propagating intrusion may be more meaningful for intrusions, it was not possible to
279 observe this due to the opaque analogue host rock. However, at least in unfractured ma-
280 terials, the tip velocity can be assumed to be to a first order proportional to the inflow

281 velocity (Chalk & Kavanagh, 2024).

282 We apply here dimensional analysis based on the Buckingham-IT theorem to scale
283 our experiments (Buckingham, 1914; Gibbings, 2011) and derived six dimensionless ra-
284 tios II; —IIs from the governing parameters (Table 2). All except for II; have been used

285 in previous studies (e.g., Abdelmalak et al., 2012; Galland et al., 2014; Schmiedel et al.,

286 2017). For details on the derivation of the parameters, see these studies and Support-

287 ing Information S3. In the context of magmatic intrusions, the fluid viscosity is a pa-

288 rameter of special interest (e.g., Stinton et al., 2024). Based on the range of II5 for our
289 laboratory models and the estimated range for the inlet diameter, flow velocity and host
200 rock cohesion in nature, we estimate that our experiments are representative of magma

201 viscosities ranging from ca. 7 = 20 — 600 Pa s and n = 9 x 10° — 3 x 107 Pa s for the

202 low- and high-viscosity experiments, respectively (Tables 2 and S2). It should however

203 be noted that these values depend on the estimated range of the other parameters af-

208 fecting IT5 and that additionally, our experiments may not be representative of the mag-

205 mas on the very high end of the sprectrum of natural viscosities (Gonnermann, 2015; Lesher

296 & Spera, 2015).

—11—
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207 Faulted host rock is generally weaker than intact rock, which affects its cohesion

208 and angle of internal friction (Thompson et al., 2008; Ikari et al., 2015; Carpenter et al.,

Table 2.

Governing parameters and dimensionless ratios with values for our experiments and

nature. See Supporting Information S3 for details and derivation of dimensionless ratios.

Parameter/Ratio

Laboratory range

Natural range

Rock density p,
Intact cohesion Cj
Depth H
Strength contrast AS
Liquid density p.,
Viscosity n

Inflow velocity v

13241667 kg/m? (@)
142 -375Pa ®
6cm (@

22630 Pa (@):(¢)
890kg/m? (9 / 1400 kg/m? (©)
0.02Pa?/ 70 Pal®)
7x1073m/s / 9 x 1075 m/s ()

1600 3000 kg/m3(/)
106 — 108 Pal9)
1000-5000m (*)

Uncertain
22602750 kg/m? ()
100100 Pas(®-()
0.1-12m/s™*)

Inlet diameter D 0.5cm (@) 1-10m @
Gravit. accelerat. g 9.81m/s? 9.81m/s?
L -0.06-0.47 -0.71-0.24
I, = 25 0.16—1.68 Uncertain
C;
I = 55 0.15-0.5 0.01-6.37
My = Re = £=vB (m) 1.5 /9x1076 2 x 1078 — 3300
s = & = g& 7x107°-9x 1073 1078 — 1.2 x 10°
g =2 0.09 1.7 x 10~* - 0.01

(@) From experimental set up

(®) Abdelmalak et al. (2016)

(©) Poppe et al. (2021b)
(@) Galland et al. (2006)

(¢) Supplementarty Section S2
(/) Turcotte and Schubert (2014)
(9) Schultz (1995); Schellart (2000) and references therein; Heap and Violay (2021)
(1) Galland et al. (2014); Schmiedel et al. (2017)
(9) Lesher and Spera (2015)

() Gonnermann (2015)

(k) Spera (1980); Peltier et al. (2005); Sigmundsson et al. (2022)

() Spence and Turcotte (1985); Clemens and Mawer (1992)

(m) Refers to the flow at the injection inlet. Velocity derived from volumetric flow rate.

—12—
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200 2012; Poppe et al., 2021b). Assuming a Mohr-Coulomb failure criterion (e.g., Abdelmalak
300 et al., 2016), the failure envelopes differ between intact and faulted rock (Figure le). The
301 strength contrast is defined here as the difference in critical shear stresses of intact and
302 faulted rock at a given normal stress, which we chose to be the lithostatic stress at the

303 base of the box (Figure 1e):

304 AS = C; + prgHtan (;) — [Cy + prgHtan (¢y)] (3)
305 The indices 7 and f correspond to faulted and intact material, respectively, and C and

306 o are the cohesion and the angle of internal friction. In our study, the strength contrast
307 affects the dimensionless parameter I, which relates it to the cohesion of intact host

308 rock C; (Table 2). This parameter is a measure for how much of a weakness a fault rep-
300 resents. If the strength contrast is significant compared to the cohesion of the intact ma-
310 terial, the fault represents a strong weakness, while it represents a less pronounced weak-
311 ness if the contrast is small compared to the cohesion of the intact material.

312 The strength contrast is difficult to constrain since the properties of fractured rocks

313 are difficult to constrain in nature (e.g., Schultz, 1995; Thompson et al., 2008; Heap &

314 Violay, 2021). No information is available for the properties of the faulted material mix-
315 tures used in this study. However, ring shear tests with gypsum powder/quartz sand mix-
316 tures indicate that Cy remains approximately constant across varying proportions al-

317 though C; changes (Poppe et al., 2021a, 2021b). We assume similar behaviour here and
318 set C'y = 120 Pa, which is slightly lower than the cohesion of pure glass beads. The an-

310 gle of internal friction of faulted materials is assumed as equal to that of pure glass beads
320 for all materials.

21 Throughout the current study we refer to fluids interacting with faults or fault seg-
22 ments. Our findings may be partially transferrable to other structural weaknesses such

23 as fractures and joints, although the applicability of our findings may be limited due to
324 the scaling if they are very small.

5 2.5 Model Limitations

326 The Earth’s crust can behave as a visco-elasto-plastic material. This is difficult to
37 accurately reproduce in analogue models (Bertelsen et al., 2018; Galland et al., 2018; Arachchige
328 et al., 2021). Our model crust behaves in a dominantly brittle-plastic manner and there-
320 fore mainly represents brittle deformation in the upper crust, although the elastic prop-
330 erties of dry granular materials are poorly understood (Bodet et al., 2010; Abdelmalak

331 et al., 2016).

~13—
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Faults are complex structures, and it is challenging to accurately characterize their
bulk material properties (Heap & Violay, 2021). The mechanical properties of the faulted
material in our models are unknown. The strength contrast between faulted and intact
materials is particularly challenging to assess, limiting direct quantitative relationships,
which we can extract from our models at this time. More quantitative information about
the mechanical properties of faulted materials (in nature and for laboratory materials)

are required before any quantitative relationships can be derived.

For low-cohesion experiments, a 1 cm-thick layer of more cohesive material (80/20-
mix) covered the base of the box to prevent material from falling through the injection
inlet. We tested whether this affected the final geometry, by repeating experiment OI90/10
with a 1 cm thick layer of the 80/20-mix at the model base and found that it did not sig-

nificantly affect the intrusive process (Supporting Information S5).

The final oil intrusion geometries might differ slightly from their shape at the erup-
tion onset. This can relate to minor percolation of the oil into the host rock (Galland
et al., 2006), continued propagation along faults after the eruption onset and, in case of
low-aspect ratio intrusions, because the roof partially subsided once the eruption started.

We hypothesize however, that these processes do not affect the main findings of this study.

Our models neglect many processes and aspects relevant to magma emplacement.
This not only includes tectonics, but also heterogeneous crustal material properties, to-
pography, thermal effects, repeated intrusions, non-Newtonian magma rheology and changes
in magmatic properties with time e.g., due to degassing (Jolly & Sanderson, 1997; Fi-
alko & Rubin, 1999; Pinel & Jaupart, 2000; Glazner et al., 2004; Kervyn et al., 2009; Bur-
chardt et al., 2010; Leuthold et al., 2012; Burchardt et al., 2019; Galland et al., 2019;
Kjoll et al., 2019; Witcher et al., 2024). Furthermore, the fault zone in our model had
one dominant orientation and sense of motion, and we did not investigate effects of fault
maturity. Further studies could incorporate some of these processes and evaluate their

influence on intrusion-fault interaction.

3 Results
3.1 High-viscosity Experiments (Syrup)

Syrup intrusions into intact model crust of high and intermediate cohesion (SI50/50-
S190/10; Figure 2a, ¢ and e) produced gentle subcircular doming approximately centered
around the injection inlet. Eruptions occurred at the edge of the uplifting area. Low-
cohesion model crust (SI95/5-SI100/0; Figure 2g and i) produced low-amplitude subcir-

cular uplift superimposed by asymmetric uplift with higher amplitudes compared to more
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Figure 2. Vertical surface displacement of high-viscosity models (syrup) with varying cohesion
and intact or pre-faulted model crust. Yellow circle marks injection point for each experiment. In

the right column, white lines outline pre-intrusion fault traces.

366 cohesive model crust. In experiment SI50/50, syrup breached the surface along a fissure,
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whereas in all other intact models the eruptions were subcircular in map view, i.e. point-

sources.

Uplift was strictly confined between pre-existing fault segments in experiment SF50/50

(Figure 2b). In models SF80/20 and SF90/10, the confinement of deformation to fault-
bounded areas was less pronounced but still visible (Figure 2d and f). Instead, the up-
lifted area became increasingly elliptical with the long axis sub-parallel to the direction
of the fault. Although less pronounced than in Figure 2b, deformation gradients were
still localized along fault traces. Deformation in low-cohesion materials (Figure 2h and

j) resembled patterns observed in intact host rock, i.e. the uplift pattern was undisturbed
by the presence of existing fault segments. In all faulted models, eruptions occurred along
a fault segment. In high to intermediate cohesion experiments (SF50/50, SF80/20 and
SF90/10), fissures formed, whereas in low-cohesion experiments the eruptions were point-

sources.

The divergence maps for intrusions into intact high- and intermediate-cohesion host
rock showed a network of lines with positive divergence (extension) across the uplifted
area, surrounded by a narrow sub-circular band of negative divergence, indicating short-
ening (Figure 3a, ¢ and e). The convergence largely coincided with the edge of the up-
lifted area, outlined by white dotted lines in Figure 3. Some extension lines appeared
visually as tensile cracks in the uplift pattern (e.g., Figure 2¢). The eventual eruption
sites were located along the convergence bands. However, immediately before the fluid
breached the surface, the shortening turned into extension. The divergence patterns in
low-cohesion experiments showed fewer discrete lines, which could be identified as frac-
tures (Figure 3g and i). Instead, internal deformation occurred more broadly distributed
across the uplifted area. The faint band of convergence, however, was still visible, although

the eruptions did not coincide with them.

Strong localization of deformation gradients along pre-existing faults was observed
in experiment SF50/50 (Figure 3b), indicating that the block between the fault segments
moved with little internal deformation and no new surface structures formed. In SF80,/20
and SF90/10, the divergence was partially localized along fractures. Additionally, sub-
tle shortening bands that do not align with pre-existing faults occurred (left of the faults,
Figure 3d and f), which may indicate newly formed structures. In low-cohesion exper-
iments, convergence bands formed subcircular structures that intersect fault segments
without visible disturbance (Figure 3h and j), strongly resembling their intact host rock
counterparts. However, extensional zones seemed to concentrate at the ridge of the up-

lifted zones aligned with fault segments.
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Figure 3. Horizontal divergence of high-viscosity models (syrup) with varying cohesion and
intact or pre-faulted model crust. Yellow circle marks injection point for each experiment. In

the right column, white lines outline pre-intrusion fault traces.
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402 3.2 Low-viscosity Experiments (Oil)

403 3.2.1 Surface Deformation

404 Oil intrusions in intact high- to intermediate-cohesion models (OI50/50, OI80/20,

405 0190/10) caused smooth, sub-circular doming (Figure 4a, ¢, e). Uplift was symmetric

406 around the injection point in the early stages of the experiments. The domes gradually

a07 became more asymmetrical with time (e.g., Figure 4c). Deformation in low-cohesion mod-

408 els became asymmetric early on (0I95/5 and OI100/0; Figure 4g and i). A low-amplitude

409 outer zone and a higher-amplitude, inner zone developed on one side of the injection in-
410 let. This high-uplift zone grew along clear faults in a trapdoor-like manner (Figure 4g,i).
an In high- and intermediate-cohesion models oil breached the model surface along one or

a2 two short fissures, whereas a localized point source formed in low-cohesion models (Fig-
a3 ure 4).

a14 The high-cohesion pre-faulted model OF50/50 showed gentle uplift to the left of

a1 the injection inlet (Figure 4b). Away from the faults, it resembled intact high-cohesion

416 models. The dome was sharply bounded where it intersected a fault segment and little

a7 uplift was observed in faulted model crust. Similar, but less pronounced features occurred

a18 in experiment OF80/20 (Figure 4d). In model OF90/10, uplift was strongly localized around

a9 the eventual eruption site. A similar pattern was observed in OF95/5 (Figure 4h), al-
420 though in this case, the eruption and associated localized uplift occurred farther away
o1 from the inlet. Additionally, a low-amplitude elongated uplifted zone was observed, the

e long axis of which was sub-parallel to the fault and did not seem to be bounded by the
23 fault segments (Figure 4h). Experiment OF100/0 exhibited an elongated uplifted zone,
a4 the edges of which were not affected by pre-existing faults (Figure 4j). Additionally, the

425 uplift amplitude in this experiment was much larger compared to the other pre-faulted

426 oil experiments. Eruptions occurred along fissures in experiments OF50/50 and OF80/20
w1 and at point sources for the other experiments (Figure 4). In all faulted experiments,

a8 the eruption occurred along or in prolongation of mapped pre-existing fault segments.

29 Divergence maps of high- and intermediate-cohesion experiments (OI50/50, O180/20,

430 0190/10), highlighted a network of localized opening fractures across the uplifted areas,
3 surrounded by subcircular shortening zones, along which eruptions occurred as fissures

e and that coincided with the edge of the uplifted areas (Figure 5a, c, e). In low-cohesion
433 models (0195/5, O1100/0), the divergence fields appeared less localized and the erup-

a3 tions occurred between the growing extensional features and the surrounding convergence

435 bands (Figure 5g, 1).
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Figure 4. Vertical surface displacement of low-viscosity models (oil) with varying cohesion

and intact or pre-faulted model crust. Yellow circle marks injection point for each experiment. In

the right column, white lines outline pre-intrusion fault traces.
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Figure 5. Horizontal divergence of low-viscosity models (oil) with varying cohesion and intact
or pre-faulted model crust. Yellow circle marks injection point for each experiment. In the right

column, white lines outline pre-intrusion fault traces.
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436 In pre-faulted high-cohesion models (OF50/50 and OF80/20; Figure 5b and d), the
a37 divergence fields highlighted both extensional and compressional features that coincided
438 with pre-existing fault segments. Although some newly formed features were observed

439 outside of the fault zone in Figure 5b, the highest gradients followed pre-existing fault
440 segments. In experiment OF90/10, a single short fracture accommodated the intrusion
a1 (Figure 5f). It is unclear whether this fracture is controlled by pre-existing faults. In the

442 low-cohesion experiments (OF95/5, OF100/0) divergence patterns were diffuse (Figure

43 5h, j). Nevertheless, extensional features at the apex of the uplifted zones appeared par-
aaa allel to the pre-existing faults, whereas the concentric compressional structures appeared
a5 along the edges of the uplift area, independent of pre-existing faults. Localized areas of
a6 compression closer to the uplift center in OF100/0 related to small ”landslides”, which
a7 occurred along the slopes of the uplifted dome.

aag 3.2.2 Intrusion Geometries

449 Oil intrusions excavated from intact high and intermediate-cohesion experiments

450 produced a saucer-shaped sill (OI50/50; Figure 6a) and partial cone sheets (OI80/20 and
451 0190/10; Figure 6¢, €). Approximately ellipsoidal, low-aspect ratio intrusions i.e., with
452 a thickness comparable to their length and height, formed in intact low-cohesion exper-
453 iments. They connected to the surface through a thin conduit at their edge (OI95/5 and
454 0OI100/0; Figure 6g, i). The rounded structure only formed in the low-cohesion-part of
a5 the granular material, i.e. above the thin layer of more cohesive material at the base of

456 the box.

457 Intrusion into pre-faulted, high-cohesion host rock (OF50/50) formed a saucer-shaped
458 sill (Figure 6) underneath the left side of the uplift pattern in Figure 6b. Connected through
450 a sharp, perpendicular transition to this, an additional, vertical sheet formed aligned with

460 a fault segment, through which the oil reached the surface. The intrusion of OF80/20

a61 (Figure 6d) propagated dominantly subvertically, although a small part propagated along

162 the bottom of the box. Circa 2cm above the inlet, the intrusion sharply transitioned into

463 variably dipping, planar segments. Several of those segments reached the surface, result-

464 ing in a bent eruptive fissure (Figure 4d). The intrusion of OF90/10 (Figure 6f) formed

a5 a slightly thickened sheet with small lobes. Although it propagated approximately in a

466 sub-vertical plane, it changed direction within this plane, resulting in a C-shaped geom-

a67 etry, which differed from other observed geometries. The intrusion of OF100/0 (Figure

468 6j) was a low-aspect ratio intrusion. It strongly resembled intrusions into intact low-cohesion
460 experiments (Figure 6g, i), but was slightly elongated along the fault. Although the OF95/5

470 intrusion consisted of an inflated body at depth and a conduit connecting to the surface
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(Figure 6h), the proportions differed from other low-cohesion experiments. The more mas-
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sive part was small in volume, elongated along the fault and confined to the deepest parts

of the model crust. The conduit was more pronounced with lobe-like structures similar

to the OF90/10 intrusion.
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The intrusion geometry of syrup experiments was not retrieved systematically. How-
ever, the observed surface deformation and locations of eruptive fissures/point sources
closely resembled those observed in oil experiments. X-ray Computed Tomography (CT)
scans of experiments with similar materials and experimental parameters to our syrup
experiments were done by Poppe et al. (2019). They showed intrusion shapes and as-
sociated surface deformation similar to the sheet intrusions and low-aspect ratio intru-
sions observed in the oil-intrusions and to the surface deformation of syrup experiments
in unfractured high- and low-cohesion analogue host rock, respectively. We furthermore
found remains consistent with a low-aspect ratio intrusion from experiment SF100/0 (Sup-
porting Figure S14). Based on these indications, we infer that the syrup intrusions in
high- to intermediate-cohesion host rock (50/50-90/10) resulted in sheets, and the syrup

injection into low-cohesion materials produced low-aspect ratio intrusions.

3.3 Data Correlation and Scaling

The maximum uplift and total uplifted volumes are greater in low-aspect ratio intrusion-
producing, low-cohesion experiments than in high-cohesion experiments for both model
magmas (Figure 7a, b). Among sheet intrusions, the uplifted volume decreases with de-
creasing cohesion and is greater in intact than in pre-faulted models (Figure 7b). The
deformation in experiments OF90/10 and OF95/5, which produced intrusions fitting nei-
ther the sheet- nor low-aspect ratio geometry, fell closer to models that produced sheet

intrusions.

Low-aspect ratio intrusions have a larger intrusive volume than sheet intrusions ex-
cept for the intrusions in OI50/50 and SI50/50 (Figure 7c). While sheet intrusions in
intact analogue host rock have a larger volume compared to faulted rock, the trend is
notably reversed for low-aspect ratio intrusions. Differences between faulted and intact
experiments are most pronounced for very high cohesion and to a lower degree for low
cohesion. In between, the differences in terms of volume become very small with the ex-
ception of OI95/5 and OF95/5. OF90/10 and OF95/5 are closer to the volumes of sheet

intrusions than to those of low-aspect ratio intrusions.

Systematically lower ratios of the uplifted to injected volume V,,/V;, as a func-
tion of the cohesion scaled to gravitational stresses (II3 = C;/(p,gH)) are observed in
pre-faulted experiments compared to intact experiments, except for OI150/50 and OI100/0
(Figure 7d). The difference is more pronounced for sheet intrusions than for low-aspect
ratio intrusions. OF90/10 has an exceptionally low ratio, which may be attributed to
unusually low and localized surface deformation (Figure 7b). For both intact and pre-

faulted experiments, the V,,,/V, ratio gets closer to one with decreasing cohesion.
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A physical phase diagram helps to constrain the conditions of formation of sheet
versus low-aspect ratio intrusions depending on the viscous stress to cohesion ratio (IIs =
nv/(DC;)) and the strength contrast to cohesion ratio (Ily = AS/C;) (Figure 7e). Only
pre-faulted experiments are shown here, since the strength contrast is not applicable for
intact models. Low-aspect ratio intrusions formed in models with low Il values, while
sheet-intrusions formed in models with higher values of II,. Hybrid intrusions plot be-
tween the two other regimes, defining a transition between them. The transition between
the low-aspect ratio intrusion and the sheet intrusion regimes appears to occur at sim-
ilar values of Il for varying values of II5 (Figure Te), suggesting a weak effect of II5 on

the transition between the two emplacement regimes.

4 Interpretation
4.1 Intrusions in Intact Host Rock

Intrusions into intact model crust resulted in two intrusion regimes. They differ from
each other in terms of intrusion geometry, injected volume and amplitude and pattern

of the corresponding surface deformation (Figures 2-6).

In high- to intermediate-cohesion host rock (50-90% GB), sheet intrusions formed,
transitioning from saucer-shaped sills to partial cone sheets as the cohesion decreases (Fig-
ure 6). Narrow bands of convergence along the edges of the uplifted area may indicate
shear damage zones. Eruptions occurring along them are consistent with emplacement
dominated by tensile opening and propagation into these shear zones (Figure 8a, Schmiedel

et al., 2019; Poppe et al., 2019).

Intrusions in low-cohesion models (95-100% GB) exhibit low-aspect ratio shapes
(Figure 6). Localized surface deformation and diffuse divergence patterns suggest that
the host rock fails across a wider area compared to higher cohesion experiments. The
analogue host rock cannot sustain dilation and instead, fluid pushes the entire overbur-

den upwards (Figure 8d, Schmiedel et al. (2019); Poppe et al. (2019)).

4.2 Effects of Faulting

The experimental data highlight complex, variable interactions between the model
magma and faults, depending on the cohesion of the model crust. In the presence of a
pre-existing fault, we observed two major emplacement regimes with distinct intrusion
morphologies and surface deformation. Localized deformation gradients and abrupt changes
in intrusion geometry indicate that intrusion emplacement is accommodated by fault re-

activation in high-cohesion models (Figures 3b,d,f, 5b,d, 6b,d, 8b). Conversely, intrusion
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trusions in nature may deviate from the geometry depicted here. The depicted intrusion regimes

are assumed to be valid for both low- and high-viscosity intrusions. However, no hybrid intru-

sions were observed

for high-viscosity fluids.

geometries appear largely unaffected by faults in low-cohesion models (Figures 3i,j, 5],

8e). Here, newly formed structures accommodate the emplacement of low-aspect ratio

intrusions and the associated uplift of the overburden without indications of fluid prop-

agation along existing faults (Figures 3 and 5). The effects of the faults are slightly less
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pronounced for high-viscosity intrusions compared to those of low analogue magma vis-

cosity.

Lowered intrusive volumes of pre-faulted experiments in high-cohesion material com-
pared to intact experiments indicate that faults facilitate faster fluid ascent towards the
surface (Figure 7¢). Conversely, greater intrusion volumes in low-cohesion experiments
indicate that faults delay eruption onset in this case. This may relate to more efficient
strain accommodation along faults compared to intact host rock, possibly due to differ-

ing frictional properties.

The presence of a fault led to hybrid intrusions at intermediate cohesion for low-
viscosity fluids (OF90/10 and OF95/05). They formed dominantly in the plane of the
fault, but exhibited elements of both sheet and low-aspect ratio intrusions. We interpret
their lobate structure as indications that they propagated by pushing through the dam-
aged host rock rather than dilating the fault plane, similar to the viscous-indenter mech-
anism (Abdelmalak et al., 2012; Guldstrand et al., 2017; Bertelsen et al., 2021, and Fig-
ure 8¢c). In the phase diagram in Figure 7e, OF90/10 and OF95/5 plot between the sheet-
and low-aspect ratio intrusion fields. We infer that this mechanism mainly occurs when
the host rock is close to the limit of being able to sustain sheet intrusions. This implies

that somewhat specific conditions are required for such intrusions to form.

The values of the cohesion to gravitational stress ratio I3 = C;/(pgH) in the low-
cohesion models are lower than 0.2 (Figure 7d), suggesting that cohesive forces are al-
most negligible at the scale of the models. This implies that cohesive forces are too low
to sustain dilational structures such as tensile cracks, which is supported by the absence
of tensile fractures at the surface. This suggests that the model crust needs to hold suf-
ficient cohesion for the analogue magma to form sheets. Therefore, faults can control the
formation of sheet intrusions only if cohesive forces allow dilational opening of the fault
planes. When cohesive forces are too low, magma is emplaced as a low-aspect ratio in-

trusion instead.

Figure 7e shows that intrusion emplacement channeled through faults occurs only
when Il > 0.5, We therefore infer that fault-controlled emplacement occurs when the
strength contrast between the fault and the surrounding model crust is significant, i.e.
the strength of the fault is significantly lower than the strength of the surrounding model
crust. In our models, I, increases with increasing cohesion (Figure 7e), and thus fault-
controlled intrusion emplacement is observed in high-cohesion models. In low cohesion

models, even the intact material does not support dilation and we infer that the strength
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contrast between faulted and intact materials is too low to localize the emplacement-related

stresses.

Deforming granular materials experience dilation and decompaction prior to fail-
ure (e.g., Lohrmann et al., 2003; Panien et al., 2006). The ratio of V,,,/V;, > 1 for in-
tact experiments (Figure 7d) indicates that this decompaction occurs during the intru-
sion process. In pre-faulted experiments, decompaction may instead be associated with
the formation of the strike-slip fault prior to the actual experiment and is likely local-
ized to the fault zone (e.g., Holland et al., 2011; Ellingsen, 2020). We hypothesize that
the subsequently intruding fluid can exploit and fill these areas, while possibly re-compacting
neighbouring fault segments, resulting in the observed lowered V,,,/Viy-ratio. The weak-
ening of this effect at lower cohesion possibly relates to the materials’ decreasing abil-
ity to sustain dilation, especially along planes (Panien et al., 2006; Abdelmalak et al.,
2016; Ellingsen, 2020).

5 Discussion
5.1 Fluid Viscosity

There are no indications of hybrid intrusions having formed in any syrup exper-
iments. High-viscosity intrusions often have a greater thickness than low-viscosity intru-
sions to accommodate the dissipation of mechanical work due to viscous flow (Wada, 1994;
Schmiedel et al., 2019). High-viscosity magmas would therefore require relatively larger
dilation. The smaller dilation required by low-viscosity intrusions may still be sustain-
able at a cohesion that cannot sustain higher-viscosity sheets anymore, which could ex-
plain why the transition to proper low-aspect ratio intrusions occurs at lower cohesion
for the oil. Apart from this, surface deformation showed similar characteristics, indicat-
ing that the fluid viscosity and viscous stresses only weakly influences intrusion-fault in-
teraction. The viscosity-estimate of ca. 2.2x10%Pa s for the presumably fault-guided
2015 Fentale dike, Ethiopia (Temtime et al., 2020) is of a similar order of magnitude as
the lower limit of viscosities represented by the syrup experiments of the present study
(n = 9 x 10° Pa s). While our experiments suggested that higher viscosity liquids can
be captured by fault segments in high-cohesion host rock in a similar manner to low-viscosity
fluids, it should be noted that our findings do not apply to viscosities significantly higher
than 107 Pas.
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612 5.2 Comparison to Experimental and Computational Studies
613 The surface deformation data and where applicable, geometry, of intrusions into
614 intact, unfaulted experiments are consistent with results by Schmiedel et al. (2019) and

615 Poppe et al. (2019). The systematic intrusion along fault segments in pre-faulted, high-
616 cohesion models agrees well with the observations of previous models of intrusions into

617 high-cohesion analogue host rock (Le Corvec et al., 2013; Galland et al., 2006, 2014). Con-

618 versely, the lack of observed propagation along fault segments in low-cohesion experi-

619 ments is consistent with sand/silicone models by e.g., Corti et al. (2005). Overall, our
620 findings agree well with previous laboratory experiments and can fill the gap between

621 faulted high- and low-cohesion host rocks in a series of materials with physically con-

622 sistent properties.

623 It is generally challenging to model the dynamic, three-dimensional propagation

624 of sheet intrusions (e.g., Rivalta et al., 2015). However, analytical and numerical mod-
625 els of pre-faulted crust suggest that vertically propagating magma is more likely to be

626 captured by steeper dipping faults (Ziv et al., 2000; Gaffney et al., 2007). Intrusion ge-
627 ometries in the present study that indicate capture by faults generally agree with this.
628 The clearest example is likely experiment OF80/20 (Figure 6d), where the uppermost
629 right segment of the intrusion dips steeper than the underlying segment. Comparison
630 to mapped fault traces suggests that the intrusion may have followed one of the bound-
631 ing fault segments at depth (segment to the right of the lower part of the eruptive fis-
632 sure in Figure 4d) and was subsequently captured by a smaller segment within the fault

633 zone with a presumably steeper dip. Gaffney et al. (2007) furthermore suggest that faults

634 in weaker host rocks are expected to only capture intrusions in the very shallowest parts
635 of the crust, if at all, which agrees with the observed lack of intrusion-fault interaction
636 in low-cohesion experiments.

637 Rubin and Gillard (1998) investigated fault reactivation around propagating dikes.
638 Their findings suggest that significant motion (corresponding in their case to seismic-

639 ity between M1-M2) is unlikely to occur at large distances from the dike. While we did

640 not record signals corresponding to seismicity, we observe spatially distributed fault re-

641 activation, which is not limited to the direct vicinity of the propagating intrusions. It

642 is unclear if this discrepancy relates to differences e.g., due to granular vs. dominantly

643 elastic materials, to the more complex fault zone architecture in the experiments or to

644 some sort of cascading effect of fault reactivation. This question may be relevant for ex-

645 tensively faulted areas prone to intrusions and could be a subject for future studies.
—929_

164



Paper Il

646 5.3 Geological and Geophysical Implications

647 Based on the presented experiments, intrusions into strong host rock are expected
648 to propagate into existing fault segments upon intersection. However, based on field ob-
649 servations, only a fraction of dikes propagate along existing fractures (e.g., Gudmunds-

650 son, 1983; Pedicini et al., 2023; Greiner et al., 2023). In nature this may relate to the

651 orientation of faults relative to the governing stress field (Stephens et al., 2018) or to a

652 reduced strength contrast due to faults being inactive, healing or similar processes. Our
653 findings may therefore be most meaningful in the context of active faults. They further-
654 more highlight the need to consider mechanical material properties in the context of magma-
655 fault interaction in addition to tectonics.

656 In active volcanic settings, deviatoric stresses often fluctuate with time. At diver-

657 gent plate boundaries, tectonic stress is relieved during rifting episodes (e.g., Buck et

658 al., 2006; Wright et al., 2012). Our results can provide insights for intrusions occurring
659 especially in the later phase of such events, when the majority of tectonic stress has been
660 released as well as in areas with weak deviatoric stress fields. Our findings furthermore

661 suggest that magma could generally reach the surface in significantly shorter time by fol-
662 lowing weaknesses compared to propagation through intact rock.

663 Surface deformation in our models was strongly affected by pre-existing faults re-

664 sembling small-scale movements across an extensive fracture network during the 2019-

665 2021 volcano-tectonic episode on the Reykjanes Peninsula, Iceland (Ducrocq et al., 2024).
666 Such movements are rarely considered during geodetic inversions, where - if at all - only
667 the main rift faults are considered or those which caused significant earthquakes (Wright

668 et al., 2006; Calais et al., 2008; Ruch et al., 2016; Sigmundsson et al., 2022). Our mod-

669 els suggest that widespread fault reactivation may systematically reduce surface defor-
670 mation, which could result in underestimation of deformation-derived estimates of in-
671 trusive volumes.
672 6 Conclusions
673 The effect of host rock cohesion and magma viscosity on intrusion-fault interac-
674 tion in brittle plastic materials was studied with analogue models. We find that the host
675 rock cohesion and, if present, the strength contrast between intact and faulted rock strongly
676 control the emplacement mechanism, intrusion shape and surface deformation. In the
677 presence of a pre-existing fault and absence of tectonic stresses, we observed three dis-
678 tinct types of intrusions:
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1. Sheet intrusions form in strong host rock through dilation of existing weaknesses.
Deformation is primarily accommodated by fault reactivation. Intruded volumes
are low and fluid is efficiently transported through the crust.

2. Low-aspect ratio intrusions form in weak host rock through doming of the over-
burden, resulting in high amplitude surface deformation. This is accommodated
by distributed shear failure of the roof, since the weak host rock cannot sustain
dilation of existing weaknesses. The intrusion geometry is barely influenced by pre-
existing faults, which, however, still affect strain accommodation.

3. Hybrid intrusions may form in intermediately-cohesive host rock, where emplace-
ment takes place through the viscous indenter mechanism and is focused to the
fault zone due to the strength contrast to intact host rock. Surface deformation

is strongly localized.

In the range explored in this study, the analogue magma viscosity exerts a weak influ-
ence on intrusion-fault interaction compared to the cohesion. We find that low-viscosity
fluids interact slightly more with pre-existing faults and can form sheet or hybrid intru-

sions in weaker host rock than high-viscosity fluids.

Our findings highlight the importance of constraining the crustal properties in vol-
canic areas, since they affect the emplacement mechanism of magmatic intrusions and
help to assess the relevance of existing structures for volcanic activity. It is furthermore

important to further investigate how our findings change in the context of tectonic stresses.
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S1 Experimental Data Set

The full data set produced for the experiments will be made publically available
once the article has been accepted for publication.

S2 Material Properties of Glucose Syrup

In this study, high-viscosity intrusions are represented by a glucose syrup, pro-
duced in Sweden under the name FEldorado syrup Lys. The density of the syrup
has been determined as 1416 kg/m?3 (Figure Sla). The syrup is a Newtonian
fluid and its viscosity has been measured at various temperatures ranging between
around 15°C and 65 °C (Figure S1b) using a VEB MLW falling ball viscosimeter.
The inferred viscosities vary between 59.39 Pas and 86.21 Pas at room tempera-
ture (20.3-23.1°C) and for this study, we take the viscosity as 70 Pas. Since the
laboratory, in which the experiments were conducted is located in a basement,
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Figure S1: Material properties of Eldorado syrup Lys (glucose syrup). a) Density
derived from measurements of the mass and volume. b) Temperature-dependent
evolution of the viscosity.
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29 temperature variations are largely unaffected by daily weather variations and the
so room temperature is assumed to be near-constant across all experiments in this
51 study.

= 53 Dimensional Analysis

53 In this section we discuss how our laboratory results are relevant for geological
sa  processes with the help of dimensional analysis of the modelled system and its
5 similarity to their natural counterparts (Gibbings, 2011; Merle, 2015; Galland
so et al.,, 2018). This is not straightforward since we need to consider (1) the host
s7 rock response to the intrusion, (2) effect of faults in the host rock, (3) the flow
ss  of a viscous fluid, and (4) the coupling between the fluid and the deforming and
so partially faulted host. This system is highly complex in terms of the physics
60 involved and no analytical model exists at this time, from which we could ex-
61 tract scaling parameters (see e.g., Bunger and Cruden, 2011; Michaut, 2011).
s2 Instead, we apply the procedure described by e.g., Gibbings (2011) to derive
63 parameters for dimensional analysis. Furthermore, the similarity of our models
s« to their geological equivalent is challenging to assess due to (1) a broad range
s of possible magma viscosities, (2) variable deformation mechanisms in the host
s (Galland et al., 2018), and (3) the poorly constrained properties of fault rocks.
67 The derivation of parameters described below is based on the procedures outlined
¢ by Merle and Borgia (1996), Galland et al. (2009), Galland (2012), and Galland
o0 et al. (2014).

70

71 We chose a model-to-nature scale ratio between 10~ and 107°, i.e. lcm
72 represents 100m to 1km in nature (Galland et al., 2006; Galland et al., 2014).
73 The physical parameters governing the intrusion process in our experiments are
74 (see Table 2 in the main text): (1) (analogue) magma velocity at the injection
75 inlet v, (2) viscosity 7, and (3) density p,, as well as (4) the inlet diameter D.
76 The physical parameters controlling the intact brittle analogue host rock are (see
77 Table 2 in the main text): (1) the thickness of the overburden H, (2) rock density
78 pr, (3) intact cohesion Cj, and (4) the angle of friction ¢;. In our experiments,
79 the overburden thickness H corresponds to the injection depth, i.e., 6 cm.

80 A novelty of our models is to account for the mechanical effects of a fault,
st which may represent a pre-existing weakness. Faulted rock is generally weaker
g2 than intact rock, with lower cohesion and angle of internal friction (Thompson et
83 al., 2008; Ikari et al., 2015; Carpenter et al., 2012). Assuming a Mohr-Coulomb
sa failure criterion for dry granular materials (e.g., Abdelmalak et al., 2016), we
g5 expect the failure envelopes to differ between intact and faulted granular media
s (Figure le in the main text). We quantify the weakness due to a fault by defining
s7 the strength ratio at the base of the model:

88 AS = C; + prgHtan (p;) — [Cr + prgHtan (¢y)] (S1)
89 where C; and ¢y are the cohesion and angle of friction, respectively, of the
o0 faults.
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The experiment is furthermore subjected to gravity, i.e. the gravitational
acceleration g. For simplicity, we will not consider ¢; as a separate parameter
in the dimensional analysis, as it is already dimensionless, and the geological
relevance of the values of ¢; has previously been discussed by Abdelmalak et al.
(2016).

According the Buckingham II-theorem (Buckingham, 1914; Gibbings, 2011),
nine variables with three independent dimensions require six independent dimen-
sionless ratios (Table 2 in the main text). We applied the open-source software
BuckinghamPy (Karam and Saad, 2021), with the following list of input param-
eters (pr, Ci, AS, H, g, pm, n, v, D, in this order), to compute the different
combinations of the physical parameters into six dimensionless ratios. Bucking-
hamPy returned 55 sets of dimensionless I’ ratios; we selected Set 4 (Table S1).

In order to make the dimensionless parameters physically relevant for our
model system, we recombined some of the II' numbers to derive six new II num-
bers (Table S1), listed in Table 2 of the main text; such a procedure is possible
as long as we ensure that none of the original II' numbers cancel out in the re-
combination (Gibbings, 2011).

The six dimensionless numbers characterize the physical processes relevant to
our models; the experiments can be considered similar to their geological counter-
parts if the dimensionless ratios in both experiments and nature are comparable.
Here, we discuss the individual dimensionless parameters that account for (1)
fluid flow, (2) the host rock behavior, (3) the weakness due to the faults, and (4)
the physical coupling between the host and the magma. The range of each gov-
erning parameter and of each dimensionless II-number for both our experiments
and (approximately) in nature is listed in Table 2 of the main text.

The first dimensionless parameter II; = (p, — pm) /pr concerns the (ana-
logue) magma buoyancy and is formed by the ratio of hydrostatic to lithostatic
stresses. In our models, II; ranges from 0.34 to 0.47 in the oil experiments and
-0.06 and 0.17 in the syrup experiments. In nature, rock densities vary between
1600 kg/m? and 3000 kg/m?> have an average density of about 2500 kg/m? (Tur-
cotte and Schubert, 2014). Magma densities range from 2260 kg/m? for felsic
magma to 2750 kg/m3 for mafic magma (Lesher and Spera, 2015). If II; < 0, the

Table S1: List of II’ numbers derived from BuckinghamPy software (Set 4)
(Karam and Saad, 2021). Bottom two rows: recombination of II' numbers to
II numbers with physical meaning.
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125 magma is denser than the surrounding host rock, and locally negatively buoyant.
126  However, if II; > 0, the magma is less dense than the host rock, resulting in
17 locally buoyant magma. In nature, II; ranges between -0.71 and 0.24, so that
128 magma can be gently positively buoyant to negatively buoyant (Table 2). There-
19 fore, the oil experiments only account for positively buoyant magmas, whereas
130 the syrup experiments account for both negatively and positively buoyant mag-
131 mas, which is however considered negligible at this scale (Galland et al., 2009).
132 Note here that neither our experiments nor the dimensional analysis consider
133 effects of gas on buoyancy, even though they might affect ascending magma in
13« nature. In geological systems, Hogan et al. (1998) describes didactically that
135 the driving pressure of a magma at a given depth is the result of the integrated
136 buoyancy along the entire magmatic system, i.e. from deep in the source. They
137 assume that magma will propagate as long as the driving pressure, i.e. the inte-
138 grated buoyancy, is positive. In our experiments, the volumetric pump imposes
139 injection, assuming that the driving pressure of the magma, i.e. the integrated
1o buoyancy, is sufficient for magma injection. Galland et al. (2009) discussed that
11 the local buoyancy contribution at the scale of the modelled processes (i.e. the
12 shallowest few kilometres of the crust) is negligible. This assumption is con-
13 firmed a-posteriori by our experimental results by comparing models OI50/50
us and SI50/50. Even though II; is positive in OI50/50 and negative in SI50/50,
us the oil in OI50/50 spread laterally at the bottom of the model more than the
us syrup in SI50/50, suggesting that positive buoyancy of the oil in OI50/50 was
u7  not sufficient to favor upward propagation of the oil.

148

149 The second dimensionless ratio characterizes the pre-faulted host rock through
150 the ratio between the strength contrast at the base of the model box and the co-
151 hesion of the intact rock IIs = AS/C;. There are limited constraints on the
12 properties of faulted granular materials used for analogue models. Ring shear
153 tests with gypsum powder/quartz sand mixtures indicate that Cy remains ap-
154 proximately constant across varying proportions although C; varies (Poppe et
15 al., 2021a; Poppe et al., 2021b). We assume similar behavior for our granular
16 materials and set C'y = 120 Pa for all mixtures, which is slightly lower than the
157 cohesion of pure glass beads. This implies that the strength ratio between be-
158 tween intact and faulted granular material increases with increasing content of
1o SF. In natural systems, estimating AS is challenging as there are large uncer-
10 tainties on the values of both C'y and ¢y.

161

162 The third dimensionless parameter also describes the brittle host rock and
163 scales the cohesion with the lithostatic stress at the injection depth, i.e. the base
164 of the model box: II3 = C;/p,gH. In our experiments, injection occurs at 6 cm
s depth, and the model rock cohesion varies from ca. 100 to ca. 300Pa (Abdel-
166 malak et al., 2016). The experimental values of I3 thus range between 0.15 and
167 0.5 in our models, meaning that cohesive forces are negligible in models made of
s 100% GB (II3 = 0.1), whereas cohesive forces are not negligible in other mod-
160 els. In nature, the cohesion of rocks ranges approximately between 10° — 108 Pa
10 (Schultz, 1995; Schellart, 2000 and references therein). In sedimentary basins,
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intrusion depths are typically between 1 and 5km (Schmiedel et al., 2017). The
values of II3 in nature thus range between 1.3 x 1072 and 6.37 (Table 2). The
model values of II3 are in the middle of the natural I3 values, therefore the brittle
deformation regime in our models is representative of those of the corresponding
geological systems.

The fourth dimensionless parameter characterizes the (analogue) magma flow
regime and is the Reynolds number II; = Re = p,,, Dv/n, i.e. the ratio between
inertial and viscous forces within the (analogue) magma. In our models, the
values of Re are 1.5 for oil experiments and 9 x 107 for syrup experiments.
This suggests that the fluid flow in our experiments is laminar at the injection
inlet. In nature, the magma velocity v in feeder dikes can vary between 0.01 and
ca. 12m/s (Spera, 1980; Peltier et al., 2005; Sigmundsson et al., 2022). The
thickness of feeder dykes D typically varies between 1 and 10 m (Spence and
Turcotte, 1985; Clemens and Mawer, 1992). The magma viscosity n can range
between 100 up to > 10'° Pa s for mafic and felsic magmas, respectively (Gonner-
mann, 2015; Lesher and Spera, 2015). Therefore, in nature the values calculated
for Re may range between 2 x 1072 and ~3300, based on purely mathematical
combinations. However, although exceptions may exist, when magma flow is ex-
ceptionally high and may become turbulent, fast-flowing magma of low viscosity
often flows through feeders on the orders of maximum a few rather than tens of
meters (e.g., Sigmundsson et al., 2022). It is furthermore difficult to constrain
the dimensions of feeders and subsurface flow velcoities due to a lack of direct ob-
servations and high uncertainties associated with indirect methods of observation
such as seismicity and ground deformation. Nonetheless, the derived values for
I14 indicate that the magma flow within intrusions is mostly laminar, indicating
that the flow regimes in our model intrusions is representative for magma flow
in most intrusions in nature.

The fifth dimensionless parameter, II5 = vn/C;D, accounts for the coupling
between the flowing magma and the deforming host rock and scales the viscous
stresses within the flowing magma to the cohesion of the host rock. In our exper-
iments, the values of IT5 range between 9 x 10~%and 2.8 x 10~ in the oil models,
and between 3.4 x 1073 and 9 x 1072 in the syrup experiments. The broad
range of magma viscosities in nature due to e.g., magma composition results in
a wide theoretical range of values of II5 between 1 x 107 and 6 x 10* (Table
2). Consequently, our experimental values of Il fall within the range of natural
systems. It should however be noted, that our models do not account for cases
where the viscous stresses dominate over to the cohesive stresses (IIs > 1). Note
furthermore that we do not consider changes of the magma viscosity and other
parameters associated with cooling, which can occur over intrusive time scales in
nature (Thorey and Michaut, 2016).

Paragraph added in partial response to major comment 4.The viscosity of
magma is a parameter of special interest, since it can have important effects on
e.g., eruption dynamics (e.g., Stinton et al., 2024). While our experimental values
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Table S2: Derivation of estimates of natural viscosities represented by the exper-
iments in this study. Values are derived from Eq. S2 and values listed in Table
2 of the main text.

Viscosity ~ Cohesion Inlet dia- Inflow Resulting
end member  C; [Pa] 15 cqp meter [m] velocity [m/s| viscosity [Pas]
low 100 2x107% 1 12 17

108 7x107° 1 12 583
high 106 9% 1073 10 0.1 9 x 10°
108 3x1073 10 0.1 3 x 107

217 for Il lie within the range of natural values, we attempt here to constrain further
218 which types of magma are represented by our experiments. For this purpose, the
219 dimensionless parameter IT5 (Table S1) is rearranged to isolate the viscosity 7:

. H5,empDCi
N v

220 77 (82)
221 While low- and high-viscosity intrusions can form in both high- or low-cohesion
222 host rock, we will assume here that high-viscosity intrusions are associated with
223 lower flow velocities (assuming v = 0.1 m/s) and larger feeder diameters (assum-
24 ing D = 10m) and vice versa for low-viscosity intrusions (assuming v = 12m/s
225 and D = 1m). Table S2 shows that depending on the host rock cohesion, the low-
26 viscosity experiments can represent viscosities of ca. 20—600 Pa s, while the high-
27 viscosity experiments would represent viscosities between 9 x 10° — 3 x 107 Pas.
28 These values roughly correspond to basaltic-andesitic and dacitic- to mildly rhy-
229 olitic magmatic compositions, respectively (e.g., Gonnermann, 2015; Lesher and
230 Spera, 2015). It is however crucial to note that these values strongly depend on
231 and scale with the assumed inlet diameter and inflow velocities. The experiments
232 should not be directly translated to natural viscosity ranges without this context.

234 The sixth and last dimensionless ratio defined here is the geometric ration
235 IIg = D/H, which expresses the relative size of the feeder of the intrusion with
236 respect to its depth. In our experiments, Ilg = 0.08, whereas in nature Ilg ranges
237 between 1.7 x 1074 and 1.7 x 1072, Even though the value IIg in our model is
238 larger than its upper bound in nature, it is significantly lower than 1, meaning
239 that in both our models and nature the size of the magma source is very small
220 with respect to its depth.
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242

243

244

S4 Additional Information on the Experimental Setup

Photos of the experimental setup (Figure S2) show the general setup, the injection
set up for both syrup and oil as well as the box with intact and faulted analogue
host rock.

P=——
g Flud &=
 injection __ze==
Y inlet

pump sensor
Syrup)
Pressure

ensor

Figure S2: Photos of the experimental set up. a) The entire experimental setup
with the injection set up for syrup experiments. b) Close-up of the syrup injection
setup with the syringe pump. ¢). Close-up of the oil injection set up. The water
reservoir is used to clean the pump of oil after the experiment, but it is not
used during the experiment. d) Intact model without pre-existing displacement.
e) Pre-faulted model with pre-existing displacement enforced by moving the left
half of the box.
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»s 95 Addition of a cohesive layer at the base of low-
216 cohesion experiments

27 The two analogue host rock materials with the lowest cohesion (95%GB/5% SF
28 and 100%GB) were sufficiently weak, that material fell through the injection inlet
29 once the plug was removed after compaction. To prevent this from occurring, we
250 added a 1 cm-thick layer of the 80% GB/20% SF mixture at the base of the model
251 (thickness refers to the non-sliding side of the model box). To evaluate whether
252 this cohesive base layer affected the resulting intrusion, we repeated experiment
253 NF9010 with the cohesive layer. The 90/10 mixture was the material with the
254 lowest cohesion, which did not require a base layer. The two experiments can be
255 compared in Figure S3.

256 Both experiments are sheet intrusions and produced partial cone sheets. Com-
257 pared to the experiment without the base layer (Figure S3a), the experiment with
258 the cohesive base (Figure S3b) has a more pronounced base, which however still
259 has a low thickness. This becomes clear by the step of the base plate, which is
20 visible through the center of the intrusion (Figure S3d). At depth, the angular
261 fraction of a full circle that is covered by the cone-sheet is larger than for the
262 intrusion without a base layer. This can potentially be related to the absence of
263 the step of the sliding plate, which does not perturb the interface between the
264 two layers.

265 Vertical surface deformation immediately before the oil breaches the surface
266 is of similar amplitude for both experiments (max. 2.5-3 mm; Figure S3e and f).
267 In both cases, the uplifted area is subcircular with slight concentrations in the
268 lower left corner, which is where the oil approached the surface. The asymmetry
269 is more pronounced in the case without the base layer (Figure S3e), which is
270 consistent with the less well developed base.
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No base With cohesive base

Figure S3: Comparison of the OI90/10 without and with a 1 cm-thick cohesive
layer of the 80%GB/20%SF mixture at the base. a) and b) Virtual model of
the intrusions from the experiments without and with the cohesive base layer,
respectively. Scale bar is in m. ¢) and d) Virtual models of the intrusion colored
by depth without and with the cohesive base layer, respectively. Orange colored
parts are at or above the model surface. e) and f) Vertical surface deformation
immediately before oil breached the surface.
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Figure S4: Side view of the intrusion from experiment WF1000. The massive,
low-aspect ratio part of the intrusion noticably forms above the cohesive layer,
i.e. above the dashed black line, which marks the top of the cohesive base layer.

- S6  Repeated Experiments

222 Experiments were repeated if one of the recorded data sets (surface deformation
2713 and recorded pressure) were compromised or if the model box was not functioning
ara properly, e.g. if a small amount of material fell through the injection inlet creating
a5 a cavity at the base of the model box. Even though such experiments were
276 excluded from further analysis, they provide insights into the reproducibility of
277 our experiments. Below we will compare a few "failed" experiments with their
2rs - successful counterparts. In total we conducted 28 experiments (out of which 20
279 were considered for analysis) and one reference experiment for the cohesive base
280 layer (see section S5).

2 S6.1 SF90/10

282 Experiment SF9010 was conducted a total of four times. The first two failed
253 due to drift in the camera array, which resulted in unusable surface deformation
23 data. During the third iteration, a failure of the pressure sensor occurred, which
255 made it difficult to accurately determine the beginning of the intrusion process
286 and therefore, the intruded volume. However the experiment produced usable
257 surface deformation data. The fourth iteration of this experiment is the one
288 presented in the main text.

289 Comparison of the uplift of the third and fourth iteration (Figure Sba, b)
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290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

shows several common key features, which include an elliptical deformation pat-
tern which is elongated along the fault, the amplitude of displacement and diver-
gence as well as noticeably higher deformation along the fault. The horizontal
divergence shows in both iterations compression along a semicircular band away
from the fault segments but extension within the faulted host rock, which aligns
in parts with existing fault segments.

Iteration 3 Iteration 4

a)

Figure S5: Vertical deformation of a) the third and b) the fourth iteration of
experiment SF90/10. ¢) and d) show the corresponding horizontal divergence.

S6.2 SF100/0

Two iterations of experiment SF100/0 were conducted. The first one was ex-
cluded due to a failure of the pressure sensor, but surface deformation data was
not compromised. The second iteration is presented in the main text. Com-
parison of the two iterations shows, that the amplitude and pattern of surface
deformation are remarkably similar (Figure S6). In both iterations material was
pushed upwards, resulting in a dome, which is asymmetric and elongated in the
direction of the fault. The horizontal divergence shows distributed tensile failure
in an area roughly aligned with the fault, but it is much wider than for more
cohesive experiments (e.g., Figure S5c, d). The surrounding band of convergence
is not perturbed significantly where it crosses pre-existing fault segments. In
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196

307 both cases, the syrup breached the surface on a fault segment.

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

Iteration 1 b) Iteration 2

a)

Boew
B 1050

2
e

Figure S6: Vertical deformation of a) the first and b) the second iteration of
experiment SF100/0. ¢) and d) show the corresponding horizontal divergence.

S6.3 OF50/50

Two iterations of experiment OF50/50 were conducted. The first one was ex-
cluded from analysis, because of a failure of the pressure sensor. Additionally,
slight changes were made to the setup of the camera array, which was used to
record surface deformation. To have all experiments with the same camera setup,
we conducted a second iteration.

The vertical deformation is similar in pattern and amplitude between both
iterations (Figure S7), with uplift being concentrated to the left of the faulted
model crust. However, in iteration 2 small amounts of deformation are also
observed within the faulted part of the model.

The horizontal divergence of the first iteration is strongly dominated by the
tensile opening of the fault segment, through which the oil reached the surface.
However, on the fault segments on the other side of the injection inlet (lower half
of Figure S7c¢), very faint lines along the fault segments indicate weak fault reac-
tivation. A much more pronounced pattern is observed for the second iteration
(Figure S7d), where the fault segment to the right gets compressed, the one to
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3¢ the experiences tension and there is a fine network of tensional lines to the left
35 of the faulted crust.

Iteration 1 Iteration 2

Figure S7: Vertical deformation of a) the first and b) the second iteration of
experiment OF50/50. c¢) and d) show the corresponding horizontal divergence
and e) and f) show the final intrusion geometries. The left side of the photos in
e) and f) corresponds to the upper edge of the other panels.

326 The intrusion geometries of both iterations (Figure S7e, f) share that oil ini-
37 tially propagated along the base of the model box before transitioning into a

328 partial saucer-shaped sill. Eventually, the oil intersected a fault segment and
329 propagated along it in both directions and to the surface. However, in iter-
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330  ation 2, the saucer shaped sill is more developed and although segmented, is
s almost complete (Figure S7e), while only about a third is developed in iteration
32 1 (Figure S7e). The better developed saucer-shaped sill of iteration 2 underlies
333 the observed more pronounced horizontal divergence. The sharp transition to
s fault-occupying segments and bi-directional propagation are observed in both it-
335 erations, although this only occurs in the shallower half of the crust in iteration
336 1, but across most of the depth range in iteration 2.

2w S6.4 OF95/05

138 Experiment OF95/5 was conducted twice. During the first iteration, a small
330 amount of material fell through the injection inlet when the plug was removed,
a0 which is placed there to prevent material falling through the inlet during com-
sa1 paction. It is unclear if the material was loose because the plug was sitting too
sa2 high or too low, if material was insufficiently compacted or if the cohesive base
a3 layer was not continuous. The second iteration is presented in the main text.

344 For this experiment, surface deformation patterns vary significantly in terms
as  of shape. While iteration 1 resulted in a subcircular to elliptical low-amplitude
a6 uplift pattern, which is superimposed by a somewhat higher-amplitude, crescent-
s7  shaped pattern around the lower left edge (Figure S8a). Iteration 2 (Figure S8b)
ass resulted in the pattern described in the main text, where a strongly elongated
a0 (along the fault) pattern of low amplitude uplift is superimposed by a very lo-
350 calized uplifted area, close to where the oil eventually breached the surface.

351 Both divergence patterns (Figure S8c, d) show convergence surrounding ten-
352 sional lines. However, in iteration 1 they form a ring-like structure, while they
353 are elongated along and disconnected on either site of the fault zone in iteration
31 2.

355 The intrusive geometries mirror this difference. While both intrusions have a
356 poorly developed inlfated part at depth and a feeder to the surface, their shapes
357 mirror the respective rounded or elongated pattern observed at the surface. It-
358 eration 1 formed a conduit underneath the low-aspect ratio part, which possibly
359 formed when oil filled the cavity, that formed when material fell through the
s60 injection inlet. Such a feature was not observed in any other experiment. The
361 connection to the model surface had the form of a rounded sheet, which followed
362 the edge of the inflatedpart in a similar manner to other low-aspect ratio intru-
363 sions. However, the feeder is larger relative to the inflated part if compared to
364 other low-cohesion experiments. It furthermore has a more pronounced sheet-like
365 shape and it is hard to tell if it has a lobate structure or not. It is also noticeable
s6  that it terminates against the fault zone (left side of the feeder in Figure S8d)
367 instead of propagating in plane with the fault zone. The inflated part formed on
s6s both sides of the fault zone and does not show any perturbations in its geometry
360 or surface deformation where it crosses the fault. This differs from iteration 2,
sro - where the inflated part is deeper and initiated directly above the cohesive base
s layer, is elongated along the fault and the lobate structure of the conduit, which
sz connects to the surface is in the fault plane as well.
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375

376

Iteration 1 Iteration 2

i Unesr
Rt 34 4 Rt 1350

c)

e)

Figure S8: Vertical deformation of a) the first and b) the second iteration of
experiment OF95/5. ¢) and d) show the corresponding horizontal divergence
and e) and f) show the final intrusion geometries. The left side of the photos in
e) corresponds to the right edge of the map view in a) and c¢). The left side of
the photo in f) corresponds to the top edge of the map view in b) and d).

S6.5 OF100/0

Experiment OF100/0 was conducted twice due to a failure of the pressure sensor
in the first iteration and because Iteration 1 was the first experiment, which had
the cohesive base layer. We therefore repeated the experiment to ensure that

17
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377 the results were reproducible. Both iterations produced asymmetric domes of
srs - pushed-up material, which were slightly elongated along the fault (Figure S9a, b).
s79 The amplitude of uplift is very comparable between both experiments. During
ss0 the first iteration, oil breached the surface along one of the main fault segments,
ss1 while it did so along one of the outer, less clearly visible segments in iteration 2.
382 For both iterations, the horizontal divergence shows a band of convergence
383 surrounding an area of distributed extension, which is elongated along the fault,
ssa but does not localized well along individual segments. (Figure S9c,d) There is
385 little disturbance where the convergence band crosses the fault.

386 Intrusion geometries of both iterations look alike with a pronounced low-
387 aspect ratio body at depth connecting to the surface through a slightly inclined,
ss round conduit (Figure S9e, f). Both intrusions only formed above the cohesive
380 base layer, which can be seen by a small gap between the base of the model
30 box and the base of the intrusion. This is especially well visible for iteration 2
s (Figure S9f).
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394

395

Iteration 1 Iteration 2

Unir
Fusstioo: 30

c)

e)

Figure S9: Vertical deformation of a) the first and b) the second iteration of
experiment OF100/0. ¢) and d) show the corresponding horizontal divergence
and e) and f) show the final intrusion geometries. The left side of the photos in
e) corresponds to the bottom edge of the map view in a) and c¢). The left side of
the photo in f) corresponds to the top edge of the map view in b) and d).

S6.6 Fault Structure

To assess variations of the structure of the strike-slip fault in pre-faulted exper-
iments we compare here mapped fault patterns of individual experiments with
GB/SF corresponding to 50/50, 90/10 and 100/0 (Figure S10). To increase the
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202

396 number of models considered for comparison, we consider not only experiments
307 included in the main text, but also repeat experiments. Fault segments were
3¢ mapped on the (pre-intrusion) ortho-images shown in Figure S10.

[a]  OF50/50 it.1 [b]  OF50/50it.2* SF50/50 it.1 [d]  SF50/50it.2*

e]

No other iterations of OF90/10 SF90/10 it.3 @ SF90/10 it.4*

i
i o

All panels H

measure l Direction of
20cm x v motion

20cm

OF100/0 it.2* SF100/0 it.1 k| sF100/0 it.2*

i

£

* lteration shown in the main text

Figure S10: Comparison of fault structures with variable cohesion indicated by
white lines in ortho-images (cropped mapview of the model box). Outlines corre-
spond to 20 cm x 20 cm and is equal to the plots in Figures 2-5 in the main text.
a)-d) show experiments with GB/SF equal to 50/50, e)-g) show 90/10-mixtures
and h)-k) show pure glass beads (100/0). Iterations marked with an asterisk (*)
are included in the analysis in the main text.

399 In experiments using GB/SF 50/50 the fault zone is bound by long fault
a0  segments sub-parallel to the direction of the fault (Figure S10a-d). Additionally,
a1 several shorter fault segments form between them with a more oblique orientation
a2 to the general trend of the fault zone. The fault structure is wider at the base of
a3 the images than at the top. Several of the longest and some of the shorter fault
a4 segments are visually dilated. The edges of individual segments are frequently
a5 jagged rather than forming smooth lines.

406 Experiments using a 90/10-mixture show long fault segments bounding the
a7 fault zone similar to those in the 50/50 mixture (Figure S10e-g). However, the
a8 number of shorter segments is noticeably reduced. Furthermore, dilation is much
a9 less pronounced. As before, the fault zone is somewhat wider at the base of the
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images compared to the top.

Experiments with pure glass beads (Figure S10h-k) are mainly characterized
by long fault segments. The number of shorter segments in between is again
reduced compared to more cohesive experiments. Furthermore, the segments are
more straight, appear less jagged and show no sign of dilation.

While there are variations between individual experiments with the same ma-
terials as model host rock show, they appear similar enough that we assume the
fracture patterns to be generally reproducible. Furthermore, while the smooth-
ness of individual fault segments, the degree of dilation and the number of small
segments vary between the different materials, the presence of longer fault seg-
ments bounding the fault zone remains consistent. The width of the fault zone
towards the base of the photos is slightly narrower for low-cohesion experiments.
However, we assume here that variations of the structure of the fault zone are
small enough to allow for comparison of the individual experiments within the
framework of this study.

S7 Pressure

S7.1 Methods

For the experiments, the pressure value of interest is the pressure at the injection
inlet at the base of the model box. However, the pressure recorded at the sensor,
Prec, includes not only the fluid overpressure which builds up at the inlet, but also
a hydrostatic contribution p., due to the height difference between the injection
inlet and the pressure sensor. We therefore applied corrections to the measured
pressure to account for these effects and derive the pressure at the inlet. In
case of the syrup, the fluid column above the sensor was filled by syrup only,
whereas in case of the oil part of it was covered by water as well. The water was
required for oil experiments to prevent the pressure sensor from being clogged and
potentially damaged by oil solidifying within it. However, the density difference
between water and oil prevented water from rising up and being injected into the
model box. The water was considered assuming a density of p,, = 1000 kg/m?>
and measuring the height of the water column h,, above the pressure sensor.
Therefore, the pressure contribution due to the height difference can be calculate
for syrup and oil, respectively as:

DPh,s = psgAh (83)
Ph,o = Pod (Ah - hw) + pwghw (84)

Additionally, a pressure drop py;sc occured due to viscous flow through the pipe
walls. Assuming that the fluid flow at the injection inlet is laminar, the contribu-
tion of the viscous drop depends on the inner diameter D; of the pipe connecting
the sensor and the injection inlet, its length L as well as the flow velocity and its
viscosity through

32nvL

DPvisc = 7 (85)
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Figure S11: Example of a pressure curve without any corrections applied.

The fluid overpressure p can therefore be calculated as
P = Prec — Pob — Pwisc (86)

In the initial phase of the experiment, before the analogue magma comes into
contact with the host rock, it travels along the pipe. This phase is characterized
by a steady increase of the recorded pressure. Once the fluid comes into contact
with the analogue host rock, which is defined as the beginning of the intrusion
process itself, the pressure rapidly increases until the host rock fails and the
intrusion begins to propagate. An example of a pressure curve without any
corrections applied is shown in Figure S11.

S7.2 Results

S7.2.1 Syrup

For syrup experiments, the evolution of the fluid overpressure with time shows
a steep increase in pressure which is followed by a rapid decrease (Figure S12).
This decrease gradually tapers out before the pressure stabilizes, although for
pre-faulted high-cohesion materials the experiment ended (i.e. eruption occurred)
before the pressure level could stabilize properly (solid black and blue lines). The
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Figure S12: Fluid overpressure at the injection point at the base of the modelling
box for high-viscosity (syrup) experiments. Dotted lines correspond to experi-
ments with initially intact host rock, solid lines to experiments with a pre-existing
strike-slip fault.

oscillations visible for all experiments once the pressure has stabilized likely relate
to slight variations in the flow rate due to the syringe pump. Experiments in in-
tact host rock recorded systematically higher peak-pressures than experiments in
pre-faulted host rock. Additionally, intermediate and low-cohesion experiments
tend to require higher over-pressures. For both intact and pre-faulted host rock,
high-cohesion materials tend to require lower peak-pressures than those with
lower cohesion. The peak pressure in low cohesion materials (orange and green
lines) is potentially affected by the presence of the more cohesive layer at the
base of these models.

S7.2.2 Oil

The evolution of the fluid overpressure as a function of time shows that for all
oil experiments pressure builds up at the beginning of the experiment and then
rapidly decreases before stabilizing (Figure S13). When comparing the exper-
iments with and without pre-existing faults for each material, the higher over-
pressure is always observed for the intact host rock. Additionally, the maximum
overpressure increases as the cohesion decreases for high and intermediate co-
hesion materials. This is not the case for the low cohesion materials (95-100%
GB), however, these sets of experiments had the 1 cm thick layer of more cohesive
material at the base, which may have influenced the initiation of the propagating
intrusion. The duration of experiments was generally longest for low-cohesion
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Figure S13: Fluid overpressure at the injection point at the base of the modelling
box for low viscosity (vegetable oil) experiments. Dotted lines correspond to
experiments with initially intact host rock, solid lines to experiments with a pre-
existing strike-slip fault. Inlet shows a more detailed view of the first 20 s of the
experiment.

experiments, with the exception of experiment OF95/5. The low-cohesion exper-
iments, both with intact and previously faulted host rock, show a clear pressure
drop a few seconds prior to the onset of eruption, which is not observed for high-
cohesion materials. At intermediate cohesion, a slightly accelerated decrease may
be visible for OF90/10, but not for the intact host rock experiment (0190/10).
The decrease in pressure for experiment OF50/50 (solid black line) between ca.
60-70s relates to a temporary decrease in flow rate due to the pump and is not
a signal caused by the propagating intrusion.
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S8 Syrup Intrusion Geometries

Syrup does not solidify at room temperature. Due to this, the intrusions in syrup
experiments were not retrieved or recorded in a systematic manner. However,
after the experiment finished, the pipe connecting the syringe to the injection
inlet was disconnected so that syrup, which did not stick to the analogue host
rock could drain back through the injection inlet.

The intrusion of experiment SF1000 was partially retrieved (i.e. the part
which came into contact with the host rock and did not drain back through the
injection inlet) and is shown in Figure S14. The outline of the intrusion notably
resembles those of the low-aspect ratio oil intrusions with steep, inclined walls at
the base and a narrow feeder at the edge connecting to the surface.

Figure S14: Parts of the SF1000 syrup intrusion after syrup drained back through
the injection inlet.

S9 Oil Intrusion Geometries

Below is a collection of the figures of all oil intrusions at a larger resolution than
shown in the main text.
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Figure S16: Intrusion of OF50/50.
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Figure S18: Intrusion of OF80/20.
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Figure S19: Intrusion of OI90/10.
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Figure S20: Intrusion of OF90/10.
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Figure S22: Intrusion of OF95/05.
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Figure S24: Intrusion of OF100/0.
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Key Points:

* We model the interaction between diking and tectonic stress in the oblique rift set-
ting of the Reykjanes Peninsula, Iceland

» Tectonic stress release can explain the 2021 Fagradalsfjall-dike emplacement and
associated surface deformation

¢ Our model of tectonic-driven diking predicts shearing along the dike, and simi-

lar surface deformation as magma overpressure-driven models
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Abstract

Repeated dike-intrusions often occur in zones where extensional stress has accu-
mulated. Still, geodetic modelling of observed dike-induced ground deformation often
ignores the contribution of tectonic stress. On the obliquely-spreading Reykjanes Penin-
sula, Iceland, tectonic strain build-up had been geodetically documented for three decades
when a magmatic dike formed at Fagradalsfjall in 2021. We explore the contribution of
tectonic stress on dike emplacement in a viscoelastic three-dimensional Finite-Element
deformation model. Tectonic stress accumulation is initially simulated through plate mo-
tion, and later partially released by opening of a segmented rectangular dike. We find
that surface deformation can be largely reproduced by releasing ~60% of the accumu-
lated tectonic stress. Partial stress release and low magma overpressure are consistent
with successive dike intrusions and low-intensity eruptions in the area. Our model pro-
vides an approach to consistently model stress-release constrained by surface deforma-

tion.

Plain Language Summary

In areas where two tectonic plates move apart, tension builds up in the Earth’s crust,
which can be relaxed by the repeated formation of magma-filled cracks. Although it is
well known that stress influences the way in which magma moves through the Earth’s
crust, this is rarely taken into account in models. In 2021 a magma-filled crack formed
at Fagradalsfjall on the Reykjanes Peninsula, SW-Iceland. We simulate the tension that
built up in the past 800 years and investigate the opening of this crack and how it af-
fected movement of the ground. Our model has two steps: first, tension builds up be-
cause of the plates drifting apart, then a part of this tension is released by the opening
of a crack resembling the one in Fagradalsfjall. We find that our model predicts ground
motion similar to what was measured in 2021 if the crack releases ca. 60% of the built-
up tension. Models like this help to understand the complex interplay between plate move-

ments and magma moving through the crust.

1 Introduction

Magmatic dikes are a key mode of magma transport through the Earth’s crust (Rivalta
et al., 2015; Breitkreuz & Rocchi, 2018; Burchardt, 2018). They are strongly influenced
by the governing stress field, mechanical properties of the crust, and pre-existing host
rock structures (Anderson, 1951; P. T. Delaney et al., 1986; Krumbholz et al., 2014; Ber-

telsen et al., 2021; Greiner et al., 2023). Tectonic stress and pre-existing structures such
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51 as faults can affect the orientation and shape of magmatic dikes as well as propagation
52 dynamics, all of which are important when it comes to hazard assessment (Buck et al.,
53 2006; Sigmundsson et al., 2024). Gradual stress/strain accumulation at plate boundaries,

54 punctuated by rapid release, has long been acknowledged (e.g., Reid, 1910). Diking dur-

55 ing rifting episodes plays a similar role in the deformation cycle as large earthquakes,

56 i.e. as modes of stress release (e.g., J. R. Delaney et al., 1998).

57 The Reykjanes Peninsula, SW Iceland (Figure 1a) connects the divergent plate bound-
58 ary across Iceland to the submarine Reykjanes Ridge (e.g., Einarsson, 2008; Sigmunds-

50 son et al., 2020a). Oblique plate spreading locally rotates the principal stresses and strain

60 accumulation has been geodetically documented during past decades (Hreinsdéttir et al.,

61 2001; Clifton & Schlische, 2003; Keiding et al., 2008). Eruptions in en-echelon arranged
62 systems on the peninsula (Figure 1a) occur in phases lasting a few hundred years, fol-
63 lowed by non-eruptive periods of 800-1000 years (Sezemundsson et al., 2020). After 800
64 years since the last eruption on the peninsula, a dike formed at Fagradalsfjall (Figure
o5 1b) in February—March 2021, preceeding an eruption (Sigmundsson et al., 2022). Since
66 then, repeated eruptions occurred and more than ten dikes have formed in two volcanic

o7 systems (Parks et al., 2023; Sigmundsson et al., 2024; Geirsson et al., 2024). As intrud-

68 ing dikes successively release tectonic stress, the importance of magmatic overpressure

69 may increases, which affects the likelihood of magma reaching the surface (Buck et al.,

70 2006).

n Ground deformation provides insights into subsurface magmatic processes. Most

7 dike-induced surface deformation models fall into two categories: 1) kinematically driven

) models with uniform or distributed opening/shearing (Okada, 1985; Amelung et al., 2000;
74 Montgomery-Brown et al., 2010; Sigmundsson et al., 2022) and 2) traction-based mod-

7 els, where the intrusion opens due to pre-stress on the dike plane (Fukushima et al., 2005;
76 Yun et al., 2006; Hooper et al., 2011; Currenti et al., 2011; Heimisson & Segall, 2020).

7 While low computation times make the first group especially valuable during volcanic

78 unrest, they require simplifications regarding the intrusion and surrounding crust (Masterlark,
79 2007; Pascal et al., 2013). In contrast, traction-driven models using the Boundary El-

80 ement Method or the Finite-Element Method (FEM) can consider uniform or variable

81 material properties and stress along the dike due to e.g., magmatic overpressure, magma
82 buoyancy or tectonics (Heimisson & Segall, 2020; Hooper et al., 2011; Currenti et al.,

8 2011).

8 We simulate dike opening driven by tectonic stress in a FEM model, which is ap-
8 plied to the magmatic dike that propagated in early 2021 at Fagradalsfjall on the Reyk-

86 janes Peninsula. We explore the effect of tectonic stress on dike opening and surface de-

222



87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Paper II1

formation, and quantify the stress-release. Centuries of stress buildup since the last erup-
tion and the geodetically well documented pre- and co-diking surface deformation pro-
vide an excellent case study and help to evaluate the contribution of tectonic stress rel-

ative to magmatic pressure as driving mechanisms in the onset of a rifting episode.

2 Methods
2.1 Tectonic Model

Plate spreading has been well documented on the Reykjanes Peninsula through
ground deformation and seismicity for three decades prior to 2021 (Vadon & Sigmunds-
son, 1997; Hreinsd6ttir et al., 2001; Keiding et al., 2008, 2009). This allows to compare
modelled pre-diking surface velocities to Global Navigation Satellite System (GNSS) ob-

servations.

Our Finite-Element models were implemented using COMSOL Multiphysics ver-
sion 6.1 (see Supporting Information S2 for modelling approach). Further analysis was
done in Matlab. To create a realistic tectonic stress distribution, which considers par-

tial stress relaxation at depth, we implemented a three-dimensional variable Maxwell-

viscoelastic rheology. Elastic moduli were calculated from a 1D density model by Sigmundsson

et al. (2020b) (Figure 1c) and p-wave velocities by Weir et al. (2001). Weir et al. (2001)
estimated a seismic velocity ratio of v,/vs = 1.78, corresponding to a Poisson’s ratio

of v = 0.27. The resulting Young’s modulus (Figure 1d) is depth-dependent. The vis-
cosity depends on the temperature and confining pressure, which we set equal to the litho-
static stress. We derived a 3D temperature model from a steady-state heat-transfer model,
where we applied a depth-dependent temperature profile (Figure le) along the plate bound-
ary axis (constrained by geodetic observations by Michalczewska et al., 2014). Heat was
transported through advection and conduction (Supporting Information S3). The de-

rived temperatures were related to the viscosity 1 based on diffusion creep (Turcotte &

Schubert, 2014):

(1)

: RTh? (E + pVa>

v, Dy P\ RT

We assumed dry conditions for the crust and mantle with the following parameters: ac-
tivation energy E, = 300 kJ/mol, activation volume V, = 6 cm®/mol, grain size h =
3mm, frequency factor Dy = 10~*m?/s (Turcotte & Schubert, 2014; Karato & W,
1993; Turner et al., 2017). The lowest values of the viscosity (~ 10'8Pa s) match esti-
mates derived from glacioisostatic adjustment around Iceland (e.g., Auriac et al., 2013).
We define the 102! Pas isosurface as the base of the elastically deforming crust (Figure

1f). There and at the lateral model edges, horizontal spreading rates based on Savage
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Figure 1. a) The Reykjanes Peninsula in SW-Iceland. Inlet: Volcanic systems across Ice-
land and the Reykjanes Ridge (RR). b) The surroundings of the Fagradalsfjall volcanic system.
Fissure swarms by Jéhannesson and Ssemundsson (2009). Location of the dike and faults of the

largest earthquakes by Sigmundsson et al. (2022). Caption continued on the following page.
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Figure 1. 2021-lava field and fissure locations by G. B. M. Pedersen et al. (2022) and
Hjartardéttir et al. (2023). Seismicity: Icelandic Meteorological Office Earthquake Catalogue
(2024); faults/fractures: Clifton and Kattenhorn (2006). Plate boundary axis: Michalczewska
et al. (2014). Depth dependent models of ¢) the density (Sigmundsson et al., 2020b), d)
Young’s modulus and e) temperature applied to the plate boundary axis (Islam et al., 2016).

f) Temperature- and pressure dependent viscosity model along an NW-SE-crosssection (see inlet
for location). Color-scale saturated. g) Modelled least compressive stress o3 at 4km depthafter
t=800yrs. Plate boundary axis and eventual dike location in dashed/solid lines. h) Least com-

pressive stress (same cross section as for f) predicted prior to dike emplacement.

and Burford (1973) were applied:
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d
w =2 ran (2)

0 s

where ufu = 2cm/yr is the full farfield spreading rate, d the distance from the plate
boundary and s = 7km the plate boundary locking depth (Savage & Burford, 1973;
Keiding et al., 2008). No vertical motion was allowed along the 102! Pa s-isoviscous sur-
face. This approach was found to be the only one of several approaches tested that cre-
ated sufficient focusing of plate boundary deformation to match geodetic observations
of plate movements (Supporting Information S6), while allowing for the later implemen-
tation of a dike-opening model (see also first paragraph in the Discussion). Plate mo-
tion was simulated for 800 years. Although the lithostatic stress affects the viscosity, we
did not consider gravity and all stresses are deviatoric. We furthermore neglected other
processes, which may affect the local stress field e.g., seismicity, glacio-isostatic adjust-

ment or geothermal processes.

2.2 Dike Model

Dike opening in the stress/strain field created by the tectonic model after 800 years
of spreading was simulated by introducing a crack boundary condition on a vertical dike,
with two 4.5 km long segments: A northern segment from 1-7 km depth, striking N45°E,
and a southern segment from 1-6 km depth, striking N23.5°E. This is a slightly modi-
fied version of the dike plane inferred by Sigmundsson et al. (2022) from geodetic obser-
vations (Figure 1b). Their model found mostly minor opening in the top kilometer of
the crust. We fixed the upper edge of the dike at 1km depth to ensure our model pre-
dicted observed subsidence above it. When compared to their model, the lower edge of

our northern segment is 0.5 km shallower so it is not too close to the 10?! Pas isosurface
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to prevent unrealistic results. At ¢ = 800years, the crack boundary condition on the
dike plane was activated, releasing stress and decoupling displacements on either side
of the dike. The dike displacement field was extracted after a time step of 0.1 years, so
it is essentially elastic as only insignificant viscous relaxation occurs in the model over

that time interval.

Dike opening was driven by tectonic loading, i.e. we did not consider effects of mag-
matic overpressure (in excess of lithostatic pressure) or buoyancy. The emplacement of
additional dikes after 2021 indicates that only a part of the accumulated tectonic stress
was released by the first intrusion. We therefore applied a negative pressure condition
onto the dike segments to control the released fraction f of the tectonic stress, so that
only a part of the tectonic stress was released by the dike. We varied f in 10%-increments
to find which value fits the observed data best (Supporting Information S10.1). The neg-
ative pressure only affected the component of the stress field oriented normal to the dike
planes. We did not consider dynamic propagation of the dike and instead simulated in-

stantaneous opening.

Surface deformation predicted by the dike model was compared to two geodetic data
sets by Sigmundsson et al. (2022): GNSS data and a Sentinel-1 interferogram (track T16),
after removing the deformation of the two largest earthquakes (Figure 1b and Support-
ing Information S4). We also compared the dike model to a model driven by uniform mag-
matic overpressure, which we chose based on minimizing the difference to the stress-driven

model.

3 Results
3.1 Tectonic Model

The viscosity model is asymmetric around the plate boundary with higher viscos-
ity deeper to the north compared to south (Figure 1f), caused by the temperature model
and curved plate boundary. Thermal energy collects on the southern, concave side of the
plate boundary axis due to conductive heat transport, but is dispersed in the northern,

convex side (Supporting Figure S2).

Along the peninsula, the least compressive principal stress is largest at the plate
boundary axis (Figure 1g, h). It is higher in the western portion of the peninsula and
offshore along the Reykjanes Ridge where plate spreading is less oblique (Figure 1g). The
modelled least compressive principal stress o3 is directed towards ~N130°E. The part
of the model below the 102! Pa s-isosurface relaxes stress faster than it is accumulated

by plate motion (Figure 1h).
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Figure 2. a) Modelled dike-induced surface deformation. Colormap shows vertical motion, ar-
rows indicate horizontal motion. b) Modelled deformation projected onto the Line-of-sight (LOS)
of an ascending Sentinel-1 satellite on T16. Black arrows indicate heading and looking direction.
¢) Observed LOS displacement. d) Residual between observed and modelled LOS displacement.
e) and f) Comparison of observed and modelled e) horizontal and f) vertical surface deformation

at GNSS benchmarks. Observational data from Sigmundsson et al. (2022).
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The observed surface deformation was best reproduced (Figure 2) when f ~ 60%
of the dike-normal component of the tectonic stress were released. The best-fitting value
ranges between 40—60% depending on which observational data our model is compared
to (Supporting Information S10.1). Modelled deformation shows outward horizontal mo-
tion away from the dike, combined with subsidence above the intrusion flanked by up-
lift (Figure 2a). This pattern is frequently associated with dikes (e.g., Okada, 1985; Sig-
mundsson et al., 2015). Projection onto the Line-of-sight (LOS) vector of the Sentinel-
1 interferogram shows motion towards the satellite northwest of the dike, while the crust
above the dike moves away from it (Figure 2b). Southeast of the dike, motion is partially
towards and partially away from the satellite. This matches InSAR, observations span-
ning the unrest period and two days into the eruption (Figure 2¢). The LOS residual (Fig-
ure 2d) shows a subsidence signal above the southern segment. There is also a residual
signal symmetric around the plate boundary axis, especially southwest of the dike. This
signal locally coincides with observed fault movements during dike emplacement (Sup-
porting Figure S13). Observed horizontal GNSS displacements close to the dike are well
reproduced (Figure 2e), but differ in direction and amplitude further west. Vertical de-

formation is overestimated for nearfield GNSS stations (Figure 2f).

The largest dike opening is predicted at intermediate depths on the northern seg-
ment (Figure 3a). This is notably not the location of highest normal stress on the dike
(Supporting Figure S10). Shearing occurs along both segments, but has opposing direc-
tions and higher amplitude on the southern segment (Figure 3b). The sharp transition
between both segments relates to their differing strikes, but motion is continuous across
the connection (Figure 3c). Relative displacement is asymmetric across the dike with more
shearing occurring on its western side (Figure 3c). At the segment connection, deforma-
tion points towards ~N130°E, which agrees well with the direction of the least compres-

sive principal stress o3 predicted by the tectonic model.

Dike opening reduced stress in the vicinity of the intrusion (Figure 3d-e). More stress

is released at depth compared to the shallow parts of the dike, which reflects the vari-

able stress of the tectonic model (Figure 1h). In the nearfield, the stress-release is lim-

ited to the depth range covered by dike opening. Above and below the dike, stress re-
mains unchanged or increased (shown here as negative release). Due to the angled dike
geometry, the stress release around the dike is also asymmetric (Figure 3d-e). Stress is
released across a larger area towards the west and around the northern segment, while

it is narrower around the southern one (Figure 3d,e). Towards the west, stress is reduced

by several MPa until Mt. Stéra-Skdgfell, but remains largely unaffected further west. To-



Paper II1

Total Opening [m]

Depth [km]

[a] Northef®
n seg,-ne T T T T T T
Depth: 4km b.s.l.
sed 6r ]
f: 5 L 4
05 4r \ ]
3t N .

B
<
6 8 10 19 = Northing [km] = \
Easting [km] .g 2+ \ i
E Northsr" 0.8 < \
South sedTeg 1 1
0.6 3
E ol 8
2 0.4 :“,’ ‘
= @
= 02 ® 1F im——
< -4 °
o =
Q
a 0
5 2 L . . | . L
. 6 7 8 9 10 11 12
2 . Easting [km
6 Northing [km] 9kl
Eastlng [km]
[d]o -
E ?
E.10
E=
Q.
8-15
-20 o
e Fagradalsfjall
_p5(Colormap saturated [ Stora-Skagfell
-20 -10 0 10 20 »

Distance from plate boundary axis [km]

¥ £ N Rl
BT & . , ___ Vainsfel

-20 -10 0 10 20

Released stress A o, [MPa] Grindavik
o, [Depth: 4km b.s.. —
E +Colormap saturated 0 10 20 |
T T T T
© -22.75° -22.50° -22.25° -22.00°

Figure 3. a) Opening and b) shearing along the dike segments. Right-lateral shear shown as
positive. c) Directions of motion along the dike at 4km depth. d) Tensional stress released by
dike opening along a ca. N130°E striking cross-section through the center of the dike. e) State of

the least compressive stress at 4km depth after dike opening.

214 wards the east, stress along the plate boundary axis is reduced significantly until approx-

215 imately Mt. Hraunssels-Vatnsfell.

~10—

229



Paper IIT

Stress-griven modell

B

-02-0.1-00 0.1 0.2
NS displacement [m]

| T A
_ _oifile od
© EWdispl

Pressunl'e-driven mocliel

d]

T e &
=02 - 0.0 0.2 _I -0.2-0.1-0.0 0.1 0.2
~ EW displacement NS displacement [m] L[

64]00"
E)

Difference
o] === [r]
s __ ol odN02
3_ EW difference [m] |
3|

E _
1 g: %
2 g2 g
3 &3 5
= o & ol
?}‘4 05 g ?}'4 e
a 6 o
-6 24 -6 24 02
0 0 0
' 8 10 12 2 Nortning fkm] 6 8 10 12 2 Northing [km]
Easting [km] Easting [km]

Figure 4. a) East-West, b) North-South and c) vertical surface displacement of the dike
model, in which opening is driven by tectonic stresses. d)- f) Same as a)-c), but for a dike driven
by uniform overpressure of 12 MPa without tectonic stresses. g)-i) Associated differences. j)

Opening and k) shear on the dike plane for the pressure-driven dike.

—11-—

230



216

217

218

219

220

221

222

223

224

225

226

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

Paper II1

3.3 Pressure-driven Dike Opening

The pattern and amplitude of surface deformation are similar between models driven
by tectonic stress and uniform overpressure of 12 MPa (Figure 4a-f). The main differ-
ence is shear in the N-S component (Figure 4h, Supporting Figure S14). Uplift west of
the dike is more elongated in the pressure-driven model compared to the stress-driven

model (Figure 4c, f).

The largest opening in the pressure-driven model occurs near the top of the dike
and is centered around the segment connection (Figure 4j). This differs from the stress-
driven model (Figure 3a). The pressure-driven model shows shear close to the segment
connectopn (Figure 4k). However, although it has the same sense of motion as the stress-
driven model (Figure 3b), the affected area is much smaller for the pressure-driven model,

and motion is less than for the stress-driven model and equal for both segments.

4 Discussion

Modelling strain localization in a physically consistent manner rather than forc-
ing it through boundary conditions is generally challenging (e.g., Mulyukova & Bercovici,
2019) and studies on similar spatial dimensions as the present study have used various
approaches (van Wijk & Blackman, 2005; R. Pedersen et al., 2009; Turner et al., 2017;
Lanzi et al., 2024). We applied a prescribed velocity profile at the base of the elastic crust
to localize the plate boundary strain into a narrow region centered on the plate bound-
ary axis. We find that this artificial boundary condition locally affected dike-induced sur-
face deformation by up to 15 mm (Supporting Information S5), which is small compared
to observed deformation. Plate spreading and dike emplacement produce very different
strain rates and therefore the transition between brittle and ductile deformation likely
occurs at larger depths for dikes compared to plate spreading (White et al., 2011; Mol-
nar, 2020, and references therein). Our tectonic model does not account for long-term
coseismic stress release (e.g., Arnadéttir et al., 2004; Bjornsson et al., 2020), which leads
to overestimation of crustal stress by our model. However, this may be partially balanced
by our assumption that all tectonic stress had been released during the last rifting episode.
Although the 2021 Fagradalsfjall dike formed over three weeks and possibly partially so-
lidified early on while other parts continued to widen, we did not consider thermal ef-
fects. Furthermore, we did not consider the density difference between magma and the
surrounding crust that may be depth-dependent and can influence dike-pressure condi-

tions.
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231



Paper IIT

249
250
251
252
253
254
255
256
257
258
259

260

262
263
264
265
266
267
268
269
270

271

272
273
274
275
276
277
278
279
280
281
282
283

284

232

In our model, the dike released a fraction of the normal component of the tectonic
stress, but the entire tangential component. This is consistent with emplacement of three
additional dikes at Fagradalsfjall and that geodetic models of these events do not include
shear on their planes (Parks et al., 2023; Geirsson et al., 2024). Releasing the entire tan-
gential component also agrees with the idea that once magma spreads in the dike plane,
that plane cannot hold shear stress. In contrast, the fraction of released tectonic stress
and amount of dike opening are influenced by magma availability. The repeated emplace-
ment of dikes during rifting episodes supports the idea that some dikes release only a frac-
tion of the accumulated tectonic stress (Buck et al., 2006; Hamling et al., 2009; Wright
et al., 2012; Parks et al., 2023), while, if enough magma is available, it may be released
in a single event (Ruch et al., 2016). It should be noted that the best-fitting fraction of
released tectonic stress (~60% for the present study) depends to some degree on the dike

dimensions and the absolute stress before diking (Supporting Information S10).

The stress-driven dike model reproduces first-order features of the observed defor-
mation field. Two remaining signals include left-lateral shear along the plate boundary
axis and subsidence around the eventual eruptive fissures (Figure 2d). The residual shear
is especially pronounced west of the dike in the area between Svartsengi and Fagradals-
fjall. Tt largely coincides with individual faults that moved during the dike intrusion (Ducrocq
et al., 2024)(Supporting Figure S13) and was modelled as slip along the plate bound-
ary segment by Sigmundsson et al. (2022). The subsidence was modelled as a contract-
ing Mogi-source by Sigmundsson et al. (2022), while Hjartardéttir et al. (2023) suggested
a combination of opening of the first eruptive fissure and shallow fault motion. Surface

deformation near Svartsengi was likely also affected by shallow fault motion.

While our model predicts the largest opening on the northern segment, the geode-
tic inversion by Sigmundsson et al. (2022) finds maximum opening on the southern seg-
ment. However, both models predict similar surface deformation. Their model could have
locally overestimated opening due to the contracting point-source, which is located di-
rectly above their predicted area of maximum opening. That the eruptive fissures opened
above the southern segment could relate to the presence of pre-existing fractures and faults
above the southern segment (Einarsson et al., 2023; Hjartardéttir et al., 2023). Sigmundsson
et al. (2022) modelled the 2021 dike as a combination of opening and right-lateral shear,
while left-lateral shear was only attributed to the plate boundary, resulting in possible
tradeoff in shear between the plate boundary and the dike segments. In contrast, in the
present study, the dike segments have opposing shear, the direction and amplitudes of
which are consistent with expected motion based on the resepective segment strike rel-

ative to the principal stress axes (P. T. Delaney et al., 1986; Jolly & Sanderson, 1997).

~13—
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The maximum compressive principal stress o1~N40°E strikes close to the average of the
strike of both segments (N34°E), but closer to the northern one, which strikes N45°E

compared to N23.5°E for the southern segment (Supporting Figure S10b).

Overall, observations of the 2021 Fagradalsfjall dike were largely reproduced by our
model driven by tectonic stress without requiring magmatic overpressure. A strong con-
tribution of tectonic stress relative to magmatic overpressure is supported for the 2021
eruption by low initial eruptive flow rates (G. B. M. Pedersen et al., 2022). A purely pressure-
driven dike can produce a similar deformation field apart from a shearing signal directly
above the dike. Such signals may however be difficult to resolve if the dike is accompa-
nied by intense seismicity and near-surface fault motion. Despite similar surface defor-
mation patterns, the modelled opening of the dike plane varies significantly; a reminder

of the non-uniqueness of deformation models.

Stress change in a diking event may influence the location of future events. Mag-
matic activity jumped westwards to Svartsengi in fall 2023 (Sigmundsson et al., 2024),
where a major dike injection occurred in a region of slightly increased tensile stress due
to the 2021 Fagradalsfjall dike (Figure 3e Supporting Figure S12), as also noted by Birgisdéttir
(2023). The stress shadow of the Fagradalsfjall dike east of Stéra-Skégfell may have lim-
ited the NE-ward propagation of this dike. In models like the one presented here, stress
changes can be directly considered in successive deformation models. As the role of tec-
tonic stress relative to magmatic overpressure changes, the risk of magma reaching the

surface in high-discharge eruptions increases (e.g., Buck et al., 2006; Wright et al., 2012).

5 Conclusions

We explored the importance of tectonic stress as a driver for the 2021 Fagradals-
fjall dike, using FEM deformation models. Reasonable fits to observations were produced
without applying magmatic overpressure, highlighting the importance of tectonic stress
for dike propagation. The model suggests that about 60% of the accumulated tectonic
stress was released by the dike. Partial release of tectonic stress is supported by the em-
placement of three additional dikes between 2021 and 2023. Pressure-driven models can
produce similar surface deformation as stress-driven models, differing mainly in shear-
ing signals above the dike, even though deformation in the dike plane can vary signif-
icantly. For the stress-driven model, the amount and sense of shear relative to opening
in the dike plane are consistent with the local tectonic setting. Our study emphasizes
the potential of process-driven deformation models, that allow to directly consider knowl-

edge of the local geology during dike emplacement.
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320 Open Research Section

321 The surface deformation data (InSAR and GNSS) and source parameters of the

322 2021 Fagradalsfjall dike and of the two largest earthquakes are from Sigmundsson et al.

3 (2022) and can be accessed in the supporting information of their study. The p-wave ve-

324 locity model used in the present study was puplished by Weir et al. (2001), the 1D-density-
325 model was published by Sigmundsson et al. (2020b) and the values of the temperature

326 at the plate-boundary axis are found in Islam et al. (2016). Plate spreading velocities

327 from GNSS-measurements are listed in Keiding et al. (2008). The model files created for

8 this study are accessible from Greiner et al. (2025).
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S1 Model Coordinate System

Although the model results in this study are presented in the WSG84 format,
the Finite Element model was in a metrical reference frame. We defined a local
cartesian, east-west/north-south oriented coordinate system, which has an origin
corresponding to 63.882240°N and 22.433715°W. This point corresponds to the
location of GNSS station SENG near the Svartsengi geothermal power plant,
which is located west of Fagradalsfjall and North of the town of Grindavik. We
then used the Matlab-functions "local2latlon()" and "latlon2local()" to convert
between the coordinate systems.
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S2 Model Setup, Parameters and Mesh

S2.1 Model Setup and Parameters

The model domain had a width, height and length corresponding each to 200 km.
Two blocks are added to allow for mesh-refinement later on. One corresponds
approximately to the size of the Reykjanes Peninsula (orange in Figure S1 ) and
measures 60 km in East-West direction and 40 km in North-Sotuh direction and
reaches from the surface down to 15km. The smaller block (blue in Figure S1
) measures 10km x 10km x 13km and encases the entire dike. All three blocks
are laterally centered around the center of the dike and vertically positioned that
their top surfaces are at z=0m.

The outline of the plate boundary axis (based on Michalczewska et al., 2014)
was vertically extended to cut through the entire model domain. The 10%! Pa s-
isoviscous surface as well as the two dike segments were implemented as para-

-0.5

%10° m

s | /
4

Figure S1 : Model geometry and domain. Colours mark blocks outlining approx-
imately the size of the Reykjanes Peninsula (orange) and the location of the dike
(blue). Furthermore visible are the outlines of the plate boundary axis (hori-
zontally curved, vertical surface) and the approximately bellshaped base of the
elastic crust defined by the 102! Pa s-isoviscous surface.
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Table Table S1 lists all parameters related to the geometry and rheology of
the Finite-Element models presented in the main text. The model domain length,
height and width were chosen large enough to avoid edge effects.

Both model steps were time-dependent studies. The tectonic model simulated
plate spreading over the course of 800 years. The dike model ran for 1 year and
results shown in the main text correspond to t=0.1yr. The dike model was
set up as time-dependent to allow for consistent boundary conditions for both
model steps. However, on the time-scales of the dike model, the contribution
of viscoelastic relaxation is negligible, so that this step of the model behaves
effectively elastic.

S2.2 Mesh

The mesh for the presented study consisted of 71348 vertices which spanned
394 344 tetrahedral elements. The mesh resolution was finest at and above the
dike, where the maximum mesh size was set to be no larger than 200 m. This was
applied to the dike plane and to the 10 km x 10 km square corresponding to the
top surface of the innermost block shown in blue in Figure S1 . The growth rate
for these elements was set to equal 1.1, i.e. the size of neighbouring elements was
not allowed to differ by more than 10%. THis was done to prevent rapid changes
in mesh resolution. Elements along the intersection of the plate-boundary axis
and the 10%! Pa s-isoviscous surface were not allowed to be larger than 500 m with
a maximum growth rate of 1.3. The top surface of the orange block in Figure S1
and the parts of the plate boundary axis located above the 10?! Pa s-isoviscous
surface were not allowed to exceed a length of more than 1000 m.
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Table S1: List pf parameters and properties used in the numerical models. Ref-

erences for values listed below.

Parameter Variable name Value
Model length L 200 km
Model width W 200 km
Model height hp 200 km
Thermal conductivity k 2.6 W/(mK)@
Heat capacity c 1050J/ (kg K)@
Plate spreading direction N100°E®
Full spreading rate U full 20";—;”(17)
Density rho depth—dependent(c)
Poisson’s ratio v 0.27(4)
Young’s modulus E depth-dependent (¢4
Scaling factor S 7km ®
Universal gas constant R 8.3145 J /(K mol)
Dimension of undeformed crystals h 3mm(®)
Activation energy E, 300 kJ /mol()
Activation volume Va 6 cm®/mol(f)
Frequency factor Dy 0.0001 m?/s(®
Strike of southern dike segment s 23.5°09)
Strike of northern dike segment On 45°(9)
Length of indiviual dike segments Lg 4.5km(
Maximum depth of southern dike segment ds maz 6 km(9)
Maximum depth of northern dike segment dnmaz 7km®
Top of both dike segments dmin 1km®
Released fraction of tectonic stress f 60%

(@ Turcotte and Schubert (2014)
() Keiding et al. (2008)

(©) Sigmundsson et al. (2020b)
(@) Weir et al. (2001)

(©) Turner et al. (2017)

(/) Karato and Wu (1993)

(9) Directly from Sigmundsson et al. (2022)

(M) Modified from Sigmundsson et al. (2022); changed from the original to increase
distance to constrained base of the brittle crust/surface

S3 Heat-Transfer Model

The 3D viscosity-model used in the deformation models (Figure 1f in the main
text) is based on a simple, stationary heat transfer model. We assume that
the temperature profile at the plate boundary axis is constant on the modeled
time scales and that heat is transported away from the plate boundary axis by
advection due to plate motion and conduction. The temperature profile applied
to the plate boundary axis is based on the one used by Islam et al. (2016) for the
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nearby Western Volcanic Zone (Figure la in the main text), but we placed the
depth corresponding to 700°C at 5km depth based on estimates of the brittle-
ductile transition in the western part of the peninsula (Keiding et al., 2009).
The model surface is kept at 5°C and the base at 1200°C. The sides allow for
outflow only. The Eurasian and North American plates each move away from the
plate boundary axis at a rate of 1cm/yr in the direction of N100°E and N280°E,
respectively (Keiding et al., 2008).

Due to the curved plate boundary, the resulting temperature structure is
asymmetric with higher temperatures on the Eurasian (southeastern) side of
the plate boundary compared to the those at the same distance and depth on
the North-American (northwestern) side (Figure S2 ). This likely relates to
the conductive component of the heat flux (Figure S2 ¢), where thermal energy
collects in the concave-shaped southern side of the plate boundary axis. The
total heat flux appears largely dominated by advective heat transport, but shows
rotation close to the plate boundary axis, which indicates the effects of conductive
transport(Figure S2 d).

The asymmetry in the temperature model directly translates into the viscosity
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Figure S2 : a) Temperature in a cross-section along the direction of the least
compressive stress from the tectonic model. Base of the elastic crust indicated in
blue. b) Isosurface corresponding to the viscosity of 102! Pa s, taken here as the
base of the elastic crust. The curved shape of the surface comes from the curved
plate boundary. ¢) Conductive, d) advective and e) total heat flux at 4km depth
below the model surface.
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model. Additionally, the estimated viscosities are high in the upper crust (up
to the order of 10°?Pas). However, this implies that relaxation times are very
long and it can be assumed that above viscosities of 102! Pas, the model behaves
effectively elastic on the timescales of our model.

It should be noted that applying the same temperature profile along the en-
tire plate boundary axis is a simplification. There are indications that the depth
of the brittle-ductile transition and magma storage depths vary along the penin-
sula and are shifted to larger depth further east (Weir et al., 2001; Caracciolo
et al., 2023). Furthermore, we ignore here local anomalies associated with high-
temperature geothermal areas, that are found in most volcanic systems other
than Fagradalsfjall (Figure la in the main text). Lastly, there are likely tem-
perature variations due to cooling intrusions, so a steady-state model is a strong
simplification. While future studies could benefit from more detailed temperature
models, the present study should be sufficient to capture first-order structures.
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S4 Preparation of Surface Deformation Data

The modelling results in this study are compared to surface deformation data,
which was published by Keiding et al. (2008) and Sigmundsson et al. (2022).

S4.1 GNSS-velocities for the Tectonic Model

The total amount of spreading that accumulated since the end of the last eruptive
period on the Reykjanes Peninsula is somewhat poorly constrained. We there-
fore compare the results of the tectonic model to geodetically observed velocities.
Keiding et al. (2008) presented and analyzed surface deformation from campaign
GNSS measurements spanning the period of 2000-2006. All velocities were cal-
culated relative to the continuous GNSS station REYK, which is considered to
be outside of the main deformation field of the plate boundary zone.

We evaluated the surface velocity at locations corresponding to the GNSS-
stations from Keiding et al. (2008). A number of these points were affected by
coseismic displacement related to an earthquake in Krysuvik in August 2003,
in which case we used the corrected velocities, which where also presented by
Keiding et al. (2008).

S4.2 Dike-related Deformation

The surface deformation during formation of the 2021 Fagradalsfjall dike was
geodetically well documented by both GNSS and InSAR. We compare our mod-
elling results to 18 GNSS stations and an ascending InSAR track (Sentinel 1 satel-
lite on Track 16) published by Sigmundsson et al. (2022). The dike intrusion was
accompanied by intense seismic activity and the model presented by Sigmunds-
son et al. (2022) comprised distributed opening/shearing on two dike segments
as well as coseismic deformation of the two largest earthquakes, slip along the
plate boundary axis and a subsidence signal attributed to a shallow, contracting
Mogi-source. These two earthquakes occurred on the 24th of Feburary and on the
14th of March and had magnitudes of My = 5.64 and My, = 5.33, respectively.
The earlier earthquake was located east of Fagradalsfjall, the later one west of it
(see Figure 1b in the main text).

To compare our model to observations, we removed the coseismic displace-
ment of the two earthquakes from the data provided by Sigmundsson et al. (2022)
using their best-fitting source parameters for the two faults(Figure S3 & S4 ).
Coseismic displacement was calculated using the Okada-solution from the dMOD-
ELS package (Battaglia et al., 2013). We decided to not remove other signals,
since it is less clear how they relate to the dike-induced deformation.



"

L "

L

o

E| N m N T L
0.1 00 0.1 -0.2-0.1 0.0 0.1 0.2 -0.05 0.00 0.05
64.00° 4 Coseismic EW [m] I 64.00° 4 Coseismic NS [m] - 64.00° 4 Coseismic vert. [m)] 3
- H 1 .a‘;)r ' | - ‘ ¥ -
o R
4 g i e 2 *"I ¥ i '.‘ |
b L
————
0 10 0 10
—22.50¢ —22.25° —22.00° -22.50° -22.25% -22.00° —22 .50 -22.25% =22.00
L L 1 L L 1
@ N E ! =50 o 50 100
4 '-J:F LOS (coseismiz) [m]
"
64.00° |
64.00° 4 -
&
r
—y 1
X i
' T
A ’}/ 4% “ . i
4 P,
4 km "
Horizontal coseismic (10 cm) .—:-m—za
83.75° Vertical coseismic (10 ¢cm) 0 10 20 b [ (] n 20
T Ll T L) T T T T
=-22.75° =22.50° -22.25° -22.00° -21.75° -21.50° -21.25° “EETE R eeEs 2z

Paper II1

Figure S3 : Modelled coseismic deformation of the two largest earthquakes that
occurred during the dike intrusion. Fault parameters are from Sigmundsson et al.
(2022). a) East-west, b) north-south and c) vertical component of motion. d)
shows the horizontal and vertical motion at recording GNSS stations. e) Line of
Sight (LOS) displacement of an ascending Sentinel-1 satellite on Track 16. Faults
are marked by black lines (darkgrey in d).
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Figure S4 : Observed deformation by Sigmundsson et al. (2022) before and after
removal of the coseismic signal. a) Horizontal and b) vertical displacement of
GNSS stations. c¢) Original LOS-displacement of the ascending Sentinel-1 satellite
on Track 16. d) LOS displacement after the coseismic signal (Figure S3 e) has
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S5 Benchmarking

There is no direct equivalent which we could benchmark tectonic and the dike
model against. We constrained the tectonic model with observed surface veloci-
ties by Keiding et al. (2008). For the dike model, we simplify the crustal structure
and boundary conditions to evaluate 1) if there are mesh-effects in the model and
2) to what degree the final solution is affected by constraining the base of the
elastic crust.

For the dike-model, we decided to benchmark a simplified version of the
model against the Okada-dislocation model using the implementation from the
dMODELSs package (Okada, 1985; Battaglia et al., 2013). It is important to note
that while in the Okada-model the dislocation experiences uniform dislocation,
a uniformly pressurized crack results in even loading, but variable opening (e.g.,
Currenti et al., 2011). Therefore, the misfit between the FEM- and the analytical
model contains some differences due to variable opening. We compared the Root-
Mean-Square (RMS) between the analytical and numerical models

N

RMS — Z (unum,z Nuana,z) (Sl)

i

and evaluated the analytical model at points corresponding to surface mesh-nodes
of the numerical model.

To simplify the numerical model, we only considered linearly elastic host-rock
with a constant Young’s modulus and Poisson-ratio (E = 50 GPa, v = 0.27). To
avoid effects of superposition, we only considered the southern dike segment
during benchmarking rather than both segments. However, although no loading
is applied to the northern segment, the same mesh resolution was applied to both
segments. An overpressure of P = 13 M Pa was applied to the southern segment.

We compare the analytical model to two simplified versions of the numerical
model. One where the only applied conditions are the following: Uniform over-
pressure at the crack, roller conditions at the sides of the model domain and fixed
base of the model domain. A roller-condition implies that boundary-parallel mo-
tion is free, but no deformation normal to the boundary can occur. The second
model has the surface, which in the main text corresponds to the base of the
elastic crust, constrained by applying horizontal spreading and preventing verti-
cal motion. We test this to estimate how strongly constraining the base of the
elastic crust affects surface deformation.

The amount of opening applied to the analytical model was varied and we
chose the value, that had the lowest RMS to the unconstrained numerical model.
We find that this value corresponds to 1.01 m of uniform opening, which is very
close to the mean opening of 0.93 m of the unconstrained numerical model. The
volume of the dike is very similar for both of these models with 22.725 mio. m3 for
the analytical model and 22.718 mio. m? for the unconstrained numerical model.

Despite differing opening patterns, surface deformation patterns are very sim-
ilar between the unconstrained numerical and the Okada model with a maximum
RMS of less than 0.5 cm for individual components (Table S2 and Figure S5 ).
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Table S2: Root-mean square of the difference for each deformation component
between the Okada model and the two tested numerical models as well as a

comparison between the numerical models.
Compared models RMSgw RMSys RM Syert

Okada & 4.5mm 2.5mm 4.2mm
Unconstrained

Okada & 4.4mm 2.6 mm 4.0 mm
Constrained

Unconstrained & 6.4mm 1.8 mm 8.7mm
Constrained

Residual patterns are overall strongly concentrated to the proximity of the dike
and are smooth, i.e. they do not show traces of individual mesh elements. This
indicates that the resolution of mesh-elements close to the dike is not a signif-
icant issue. Furthermore, strong concentration of the residual above the dike
suggests that this could mainly relate to the variable opening of the two models
in the shallowest parts of the dike. In the numerical model, the maximum mesh
resolution above the dike and in the dike plane is limited to 200 m.

The comparison between the Okada model and the numerical model, where
the base of the crust in constrained shows overall also similar deformation (Fig-
ure S6 ). However, especially in the EW-component, a low-amplitude signal that
stretches farther away from the dike along the plate boundary axis (Figure S6
g) indicates that constraining the base of the crust indeed has minor effects on
surface deformation, even if the RMS of the residual slightly decreased.

The effect of restricting motion at the base of the elastic crust on surface de-
formation also becomes evident when comparing both numerical models. When
subtracting the deformation of the constrained model from that of the uncon-
strained model, it becomes evident that there are up to 1.5 cm difference between
both models(Figure S7 j-1). Of all three components, the vertical direction is af-
fected the strongest and the NS-component the least (Table S2).
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Figure S5 : Linear-elastic version of the dike model with the base of the crust
being unconstrained. a)-c¢) East-West, North-South and vertical displacements
d)-f) East-West, North-South and vertical
displacements predicted by the analytical Okada model (Okada, 1985; Battaglia
et al.,
subtracted from the numerical one. j)-1) Same as g)-i), but with the adjusted to
match the range of the difference for each component.

predicted by the numerical model.

2013).
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Figure S6 : Linear-elastic version of the dike model with the base of the crust
being constrained. a)-c) East-West, North-South and vertical displacements pre-
dicted by the numerical model. d)-f) East-West, North-South and vertical dis-
placements predicted by the analytical Okada model (Okada, 1985; Battaglia
et al., 2013). g)-i) Difference between the models if the analytical model is sub-
tracted from the numerical one. j)-1) Same as g)-i), but with the adjusted to
match the range of the difference for each component.
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Figure S7 : Comparison between the models with an unconstrained and con-
strained base of the crust. a)-c) East-west, north-south and vertical displace-
ments predicted by the unconstrained model. d)-f) East-west, north-south and
vertical displacements predicted by the constrained model. g) i) Difference be-
tween the models if the constrained model is subtracted from the unconstrained
one. j)-1) as g)-i) but with the color scale adjusted to match the range of the
difference for each component.
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S6 Tectonic Model - Relative Plate Motion

Plate spreading at the Reykjanes Peninsula and elsewhere in Iceland has been
modeled primarily with elastic srew-dislocation models (Arnadottir et al., 2006;
Keiding et al., 2008; Arnadottir et al., 2009) or as elastic slabs (Heimisson and
Segall, 2020; Spaans and Hooper, 2018). Both of these types of models solve
for a locking depth, above which the plates are locked and being stretched, and
below which the plates are unlocked and move freely. In the model presented
here spreading is applied at depths, which change as a function of distance from
the plate boundary (Equation 2 and Figure 1g in the main text) based on Sav-
age and Burford (1973). In this equation, the locking depth corresponds to the
depth, above which the plates are locked, while they can freely move away from
or past each other. Eq. (2) describes well the velocity field across plate bound-
aries (Heimisson et al., 2015; Islam et al., 2016). However, the obliqueness of
the plate motion on Reykjanes brings up the question if the distance from the
plate boundary axis in the arctan-function should be the actual (perpendicular)
distance from the axis or along the direction of plate motion and we found that
the first option fits well (Figure S8 ).
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Figure S8 : Modelled and geodetically observed horizontal surface velocities at
the end of the tectonic model (after 800 years of spreading). Observed velocities
from Keiding et al. (2008). All velocities are given relative to station REYK,
which is located in Reykjavik.

Comparison of modelled and observed surface velocities relative to the GNSS-
station REYK shows that the spreading directions are to a large extent similar
(Figure S8 ). Deviations are found close to the geothermal powerplants at Svart-
sengi and Hengill, where residuals show inward motion, since we did not consider
deformation or changes in material properties related to geothermal processes
in our models. The model underpredicts deformation at the stations positioned
along the northern and southern coast of the Reykjanes Peninsula. It is possible
that the velocities applied to the base of the crust do not increase fast enough (i.e.,
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Figure S9 : Modelled and geodetically observed vertical surface velocities at the
end of the tectonic model (after 800 years of spreading). Observed velocities from
Keiding et al. (2008). All velocities are given relative to station REYK, which is
located in Reykjavik.

the applied arctan-function is not steep enough) or it could relate to the crustal
structure, i.e. that the spreading is applied to deeply, which would imply that
the temperature in the model decreases too fast away from the plate boundary.
Other possibilities are changes in the crustal properties, which are not considered
in the model or that an overall different mechanism is needed to focus the plate
boundary deformation. The vertical spreading rates show a much poorer fit to
observations than the horizontal (Figure S9 ), although it should be noted that
the vertical component of observed velocities is also less well constrained. The
poor fit could relate to constraints introduced by preventing vertical motion at
the base of the elastic crust. This however was required to focus the horizontal
deformation. Alternatively, the observed subsidence could relate to geological
processes, which are not considered in our model To some extent this could re-
late to geothermal exploration (Keiding et al., 2010; Parks et al., 2020), aspects
of the crustal structure, which are not represented here (Lanzi et al., 2024) or
glacio-isostatic adjustment (e.g., Drouin and Sigmundsson, 2019).

The aim of this study is however to reproduce the first-order features of the
tectonic stress field and we decided that based on the horizontal component, the
predicted plate spreading is similar enough to observed plate motion to justify its
use in the dike model. It should be pointed out that because the strain is largely
constrained by the forced motion at depth, the deformation field itself does not
much depend on the chosen elastic properties of the crust. There is for example
little variation between a model with a constant Young’s modulus or a variable
one. The choice of Young’s modulus mainly affects the associated stresses, which
in turn affect the opening of the dike in the second model step.
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S7 Stress and Stress Changes

S7.1 Stress in the Dike Plane

The opening angles based on deformation predicted by the dike model were cal-
culated as

Hdef = atan (g) (S2)

with s as the shear and o as the opening across the crack plane. Positive opening
angles are associated with right-lateral shear, negative with left-lateral shear and
w = 0° corresponds to purely tensile opening. Delaney et al. (1986) and Jolly and
Sanderson (1997) derived the expected opening angle from loading conditions as

.
Hioad = atan (Pf—Un) (S3)

where 7, Py and o0, are the shear stress, the fluid pressure and the normal
stress acting on the dike plane, respectively. For the Fagradalsfjall dike, we set
P; = 0 M Pa and multiplied the total normal stress by 0.6 to account for the
partial release of tectonic stress. When handeling stresses in Comsol, it should
be noted that tensional stress is positive, not negative as is conventional in Earth
Sciences. Therefore, the fluid pressure and normal stress in Eq. S3 need to be
added rather than subtracted when calculating the opening angles Figure S11 .
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Figure S10 : Loading conditions in the dike plane due to tectonic motion (af-
ter 800 years of plate spreading). a) Sideview and b) Top view of the least
compressive stress. Arrows indicate directions of principal stresses (red: least
compressive, blue: most compressive stress). The top view shows that the prin-
cipal stresses are almost parallel to the northern segment, but oblique to the
southern dike segment. c) Side view and d) top view of the stress acting normal
to the dike plane. Black arrows indicate directions. e) Side view and f) Top view
of the tangential (shearing) component of the stress field. Black arrows indicate
directions. g) Side view of 60% of the normal loading. The stresses acting on the
dike plane during the dike model correspond to a superposition of ) and g).

20

263



Paper IIT

a b

40 40
0 = 30 5
2 =)
5 0§ 2 §
o &
T 0 £ 7 10 g
= g = §
g -4 o s £4 o 3
o 2 2 8
a -10 § 5 -10 2
-6 = / E
-20 | . , < 5 20 ©

6 8 -5 ;
6 8 10 12 -5 Nordhi Easting [km) 02 Northifig tlm}
Easting [km] ing [km]

Figure S11 : Opening angle based on a) opening and shear predicted by the dike
model and b) normal and tangential loading due to tectonic stress.
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S7.2 Stress change Aoz caused by the dike
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Figure S12 : a) Stress change of the least compressive stress o3 in response to the
dike at 4km depth. Dike and plate boundary are marked by solid and dashed
lines. Negative change corresponds to stress decrease, poisitve change to stress
increase. b)-d) use different color scale limits to highlight b) area of reduced
stress, ¢) area of increased stress and d) area of low-amplitude stress increase,
specifically the area around Svartsengi, where magmatic and volcanic activity
moved in fall 2023.
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x S8 Comparison of LOS-Residual to Mapped Fault Traces
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Dike and faults (Sigmundsson
et al,, 2022)

_Plate boundary axis

(Michalczewska et al., 2014)

- Eruptive fissures (Pedersen et
al., 2022)
Fault traces mapped from
interferograms (Ducrocq et al.,
2023)

63.88° 1

Figure S13 : Residual between observed and modelled surface deformation related
to dike opening around the southwest corner of the dike. a) Part of Figure 2d of
the main text. b) Same as a), but with adjusted colormap. ¢) Same as b), but

with fault traces mapped by Ducrocq et al. (2024). Data from Ducrocq et al.
(2023).

282 Large parts of the residual signal southwest of the dike can be directly con-
283 nected to fault traces, which were mapped by Ducrocq et al. (2024). While most
284 fractures in this area strike approximately NS, one fault located just south of
285 the plate boundary strikes closer to NE and shows prominent offset of several
26 centimeters. Additionally, the left of the two faults, whose coseismic deformation
257 was removed from the image in Section S4.2 appears to continue further south
288 than initially estimated, since a sharp step in the residual appears to continue
29 beyond the mapped signal until almost all the way to the coast (Figure S13 b).
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S9 Difference between Tectonic Stress- and Pressure-
driven Models

| 1 1 | 1 _ 1
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Figure S14 : Difference between the models driven by tectonic stress and uniform
overpressure, respectively. The panels correspond to Figure 4 g-i in the main text,
but have the colorscales adjusted to the largest differences of each component.
a) East-west deformation component, b) north-south component and ¢) vertical
component.
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S10 Loading Conditions on the Dike

S10.1 Fraction of Released Tectonic Stress

When evaluating the fit between the observed and modelled surface deformation
associated with the dike, we compared the RMS of the LOS-displacement as well
as of each of the GNSS components for fractions of released tectonic stress that
were varied in 10%-increments (Figure S15 ). While the horizontal components
of the GNSS-displacement are best reproduced if 60% of the normal component
of the tectonic stress field are released, the LOS- and vertical GNSS-deformation
are best reproduced if 40% of the tectonic stress are released.

However, the vertical component of GNSS displacements typically has larger
uncertainties than the horizontal components and variations in the LOS-displacement
were relatively minor, which is likely related to relatively more far-field data com-
pared to GNSS. We therefore decided that the model which released 60% of the
tectonic stress was preferable.
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Figure S15 : RMS of dike models for which varying fractions of the accumulated
tectonic stress are released. Observed data from Sigmundsson et al. (2022).
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S10.2 Distributed Opening Model by Sigmundsson et al. (2022)
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Figure S16 : Comparison between the surface deformation of the dike-model
form the main text (a-c) and the distributed opening model by Sigmundsson
et al. (2022) (d-f) as well as the associated differences (g-i). For the difference,
the deformation predicted from the model by Sigmundsson et al. (2022) was
subtracted from the model from this study.

The difference between the dike model from this study and the distributed open-
ing model by Sigmundsson et al. (2022) reaches a significant fraction of the
predicted signals (Figure S16 ). Especially in the horizontal components, the
distributed opening model by Sigmundsson et al. (2022) predicts more deforma-
tion directly above the dike. This relates to that in their model, the dike reached
to the surface and there is both opening and shearing close to or at the surface
especially close to the center of the dike (Figure S16 d,e).

The RMS between models and observations for the model from this study and
the multi-source model by Sigmundsson et al. (2022) are surprisingly similar, even
though our study only considers the dike itself and the two major earthquakes,
while the model by Sigmundsson et al. (2022) also considers shear along a plate
boundary segment and a contracting point source (Table S3). The worse fit in
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Table S3: Comparison of RMS-values for the interferogram and GNSS-signals
between the stress driven model from this study and the model by Sigmundsson
et al. (2022). Their model considers distributed opening/shear on the dike, shear
on the plate boundary segment, the two M>5 earthquakes, which were removed
from the geodetic signals in this study, as well as a contracting Mogi-source.

Model LOS [m] GNSS, EW [m] GNSS, NS [m]) GNSS, vertical [m]
Stress-model 0.037 0.035 0.027 0.025
Sigmundsson 0.034 0.011 0.020 0.024

et al. (2022)

the horizontal components of the GNSS-data for the model form this study likely
relates to that near-surface coseismic deformation around Svartsengi/Grindavik
is not considered specifically in our study, but covered by the plate-boundary
shear by Sigmundsson et al. (2022). The small difference between our model and
their model in the RMS for the LOS may be related to that there are many data
points in the far field with overall little deformation. This may to some degree
reduce the sensitivity to changes in the near field.
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S10.3 Entire Tectonic Stress Released
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Figure S17 : Surface deformation predicted by the dike model if the entire tectonic
stress were released. a) Observed LOS-displacement (Sigmundsson et al., 2022)
with two major earthquakes removed. b) Projection of predicted deformation
onto the LOS vector. c) Residual between a and b. d) Horizontal and e) vertical
deformation at GNSS-benchmarks. f) East-west, g) north-south and h) vertical
component of the predicted surface displacement.
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27 S10.4  40% of Tectonic Stress Released
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Figure S18 : Surface deformation predicted by the dike model if the 40% of
the normal component of the tectonic stress were released. a) Observed LOS-
displacement (Sigmundsson et al., 2022) with two major earthquakes removed. b)
Projection of predicted deformation onto the LOS vector. c¢) Residual between
a and b. d) Horizontal and e) vertical deformation at GNSS-benchmarks. f)
East-west, g) north-south and h) vertical component of the predicted surface

displacement.
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S10.5 Influence of dike geometry

The fraction of tectonic stress that best reproduces the surface deformation is
to some degree dependent on the dimensions of the dike. A detailed study of
how the geometry and dimensions of the dike affect surface deformation and
the best-fitting fraction of released tectonic stress was beyond the scope of this
study. However, we performed some preliminary tests of how this released frac-
tion changes if the top edge of the dike was moved to shallower or larger depths,
respectively. The top of the dike was moved to 500m and 1.5km below the
surface compared to the 1km depth for the model in the main text (Figure S19
). The lower depth and the segment length remain unchanged compared to the
model in the main text.

The RMS between between observed and modeled surface deformation for
the three GNSS-displacement components as well as for thr LOS-vector of the
InSAR image are shows a shift of the minima towards higher released fractions
with increasing top-depth of the dike (Figure S19 a-c). The RMS of all four dis-
placement components is on a similar order of magnitude both between the com-
ponents and across the different top depths. However, the GNSS-displacement
shows a higher sensitivity to changes of the top depth of the dike compared to
the LOS-displacement. This may in part relate to the large number of pixels of
the InSAR image and that far-field points do not experience significant changes
of the top depth is varied. Determining the best-fitting fraction of released stress
may be somewhat subjective since it depends on the weight put on individual
displacement components. The horizontal GNSS components show good agree-
ment across all three tested top depths, while the vertical GNSS component
agrees better with the LOS-displacement. Both favour slightly lower fractions of
released stress compared to the horizontal GNSS-displacement, i.e. the vertical
displacement overestimates observed deformation if the horizontal deformation
amplitudes match well. Moving the top of the dike to shallower depth has very
limited effects, but the best-fitting fraction of tectonic stress may be closer to
50% than the 60% indicated for the model presented in the main text. Opening
of the shallow crust would be expected to create higher and more concentrated
surface deformation. Similarly, if opening is restricted to deeper parts of the
crust, a higher fraction of stress needs to be released to create deformation of the
same amplitude. Because of the larger depth, these effects are distributed over
a larger area, which results in overall stronger effects on the RMS-curves, which
differ more between Figure S19 b) and ¢) compared to a) and b), i.e. the change
to the shallower depth.
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Figure S19 : Surface deformation predicted by models with varying depth of
the upper edge of the dike d;. a)-c) Root-mean-square of different deformation
components (legend in panel a). d)-f) Horizontal displacement of GNSS-stations.
Fraction of released tectonic stress f listed above the panels. g)-i) Vertical GNSS-
displacement. j)-1) Residual between observed and modeled ground deformation
along the Line-of-Sight vector of the InSAR-satellite used in the main text. The
middle column (d; = —1km) corresponds to the model shown in the main text.

S11 Additional Limitations

There are a number of limitations and things to consider that are common for
numerical models and/or dislocation models.

Small parts of the model domain close to sharp corners show stress-singularities.
This is a common issue when modelling dislocations or cracks and in the present
model this occurs e.g., at the intersection between the base of the crust and the
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sn plate boundary axis and at the edges of the dike. This affects only individual
sz elements and we adjusted the colormaps in stress-plots to exclude the affected
a3 elements. In nature, brittle or plastic deformation would prevent the buildup of
s7a  such high stresses, but this was considered beyond the scope of this study.

375 The model in this study is based on simplified models of the temperature
sze  and elastic properties of the Reykjanes Peninsula. While future models may
377 be able to provide more realistic models based on more sophisticated crustal
s7s  properties, the first-order effects of tectonic stress for dike-emplacement can still
379 be investigated with the simplified structures used in the present study. 3D-
380 seismic velocity models form seismic tomography may be valuable for future,
ss1  more detailed models.

382 Lastly, the current model does not directly consider brittle-plastic deforma-
383 tion and assumes that the crust behaves as a continuous medium apart from the
s8¢ crack-boundary condition representing the dike. While widespread fault motion
s during the dike emplacement has been shown by Ducrocq et al. (2024), this is
ss6 challenging to implement in deformation models at this time. Nonetheless, ef-
387 forts to represent distributed fault motion would be of great value for areas such
a8 as the Reykjanes Peninsula.
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