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Abstract

Understanding small crustal deformation signals is important for improving volcano
monitoring and hazard mitigation. Spatial and temporal ground displacement patterns were
mapped with Global Navigation Satellite System (GNSS) geodesy and Interferometric analysis
of Synthetic Aperture Radar (InSAR) images, allowing detection of millimeter- to centimeter-
scale deformation. Geodetic modelling, through inversion or forward modelling, was used to
infer deformation source parameters and increase understanding of volcanic, geothermal and
tectonic processes. In summer 2018, a change in the pattern of ground deformation at the Krafla
caldera coincided with increased pressure in a monitoring well. This occurred at a similar time
as re-injection of water, in relation to geothermal utilization, was modified. The difference
between GNSS and InSAR velocity fields from 2015-2018 and 2018-2020 reveals an inflation
pattern with horizontal motion up to 810 mm/yr. Geodetic inversion shows that the difference
velocity field can be fit with a 2.1-2.5 km deep point-source, near the magma-hydrothermal
interface. The observations are broadly explained by local variations in intra-caldera crustal
elasticity and pressure increase at ~2.2 km depth, consistent with the well data. The study also
examined how local elastic and viscoelastic crustal and mantle properties at volcanoes located
at divergent plate boundaries influence deformation by regional processes like plate spreading,
using a Finite Element Method model to simulate local rheological anomalies beneath calderas
and rifts. This approach helps explaining the observed decades-long subsidence at Krafla
(1989-2018) and Askja (1985-2021). The results show that extensional forces and rheological
anomalies can drive volcanic subsidence. At Krafla, this account for much of observed 2015-
2018 subsidence, but only 20-30% at Askja. Finally, the ~40-60 mm subsidence during the
2021 Fagradalsfjall eruption was analyzed and evaluated how changes in deformation relate to
changes in eruption rate, geochemistry of eruptive products, and eruptive style. Surface lava
loading within 1-2 km significantly contributed to the subsidence. After removing this effect,
geodetic inversion locates a 12—14 km deep sill source with volume contraction of 21-27 Mm?.
This research highlights the need to consider complex geological settings when interpreting
small ground deformation signals, as multiple interacting processes may produce observed
deformation.



Utdrattur

Aukinn skilningur 4 minnihattar jardskorpuhreyfingum er mikilveegur til ad baeta voktun
eldfjalla og draga ar ahrifum af nattruva af peirra voldum. Munstur jardskorpuhreyfinga i tima
og rumi var melt med GNSS-landmalingum (e. Global Navigation Satellite System geodesy)
og bylgjuvixmelingum ur ratsjargervitunglum (e. InNSAR, Interferometric analysis of Synthetic
Aperture Radar), sem gerir kleift ad mala smaar hreyfingar jardskorpunnar (af steerdargradunni
millimetrar og sentimetrar). Likangerd var notud til ad finna uppsprettur
jardskorpuhreyfinganna og eiginleika peirra med pvi ad beita andhverfum voérpunum, eda med
beinum samanburdi maldra jardskorpuhreyfinga vid nidurstodur reiknilikana, med pad ad
markmidi ad auka skilning 4 ferlum sem eiga sér stad a eldfjollum og jardhitasvedum sem og
tektoniskum ferlum.

Sumarid 2018 maldist breyting 4 munstri jardskorpuhreyfinga i Krofluoskjunni, 4 sama
tima og prystingsbreytingar maeldust i borholu sem notud er til ad vakta jardhitakerfid i Kroflu.
betta gerdist 4 svipudum tima og breytingar voru gerdar 4 nidurdelingu vatns i jarOhitakerfid i
tengslum vid jarohitanytingu. Mismunur 4 GNSS og InSAR hradasvioum & Kroflusvaedinu fyrir
timabilin 2015-2018 og 2018-2020 synir penslu med laréttar ferslur jardskorpunnar allt ad 8—
10 mm/ari. Skyra ma jardskorpuhreyfingarnar sem afleidingu af prystiaukningu i litlu kululaga
rammali (e. point-source) 4 2.1-2.5 km dypi undir Krofluoskjunni, nalegt morkum
jardhitakerfis og kviku. Ef tekid er tillit til fjadureiginleika jardskorpunnar innan dskjunnar og
hvernig peir eru breytilegir fra pvi sem gerist i nadgrenni 6skjunnar pa getur prystiaukning af
svipadri ~ sterdargradbu  og meldist 1  voktunarborholunni  utskyrt ad mestu
jardskorpuhreyfingarnar.

Einnig var rannsakad hvernig fjadrandi og seigfjadrandi eiginleikar jardskorpu og
mottuls 1 eldstodvakerfum & flekaskilum hafa ahrif & jardskorpuhreyfingar vegna svadisbunda
ferla i jardskorpunni eins og flekareks. Unnid var reiknilikan med butaadferd (e. FEM; Finite
Element Method) og seigfjadrandi efnishegdun til ad likja eftir efnishegdun undir 6skjum og
glidnunarbeltum. Likanid synir ad samspil 4 milli stadbundinna efniseiginleika i rétum
eldstodva og krafta vegna flekahreyfinga getur leitt til landsigs & eldvirkum svedum. Slikt
samspil getur skyrt storan hluta landsigs sem maldist 1 eldstodvakerfi Kroflu 2015-2018, en
adeins 20-30% af landsigi sem meldist i Oskju 4 sama timabili.

Loks var ranns6kud préun landsigs (~40-60 mm) 1 2021 eldgosinu i Fagradalsfjalli og
metid hvernig breytingar 4 jardskorpuhreyfingum tengjast breytingum a kvikustreymi,
efnasamsetningu gosefna og gosvirkni. Metin voru ahrif fergingar vegna hraunsins sem
myndadist og nidurstodur syna ad fergingin hefur dhrif 4 landsig innan vid 1-2 km fra hrauninu.
Likangerd0 med andhverfri vOrpun par sem tekid var tillit til fergingarinnar synir ad
jardskorpuhreyfingarnar ma skyra med sillulaga likani i fjadrandi halframi 4 12-14 dypi sem
dregst saman um 21-27 milljéon rimmetra.



Rannsoknarvinnan synir ad porf er 4 ad taka tillit til flokinna jardfredilegrar adsteedna
a eldfjollum pegar minnihattar jarOskorpuhreyfingar eru tilkadar og ad samspil margra
mismunandi ferla getur skyrt malt munstur jardskorpuhreyfinga.
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1 Introduction

Volcano geodesy, the study of ground deformation on volcanoes, can help to evaluate
processes that take place in volcano roots, e.g. by comparing observed deformation with
predicted displacement patterns that depend on size, shape and volume change of subsurface
sources (e.g., Dzurisin, 2006). Many regional and local processes contribute to ground
deformation, including mass movement, magma intrusion, magma flux variability at depth,
tectonics and faulting, and geothermal processes. These processes can produce detectable
surface deformation at the meter (m), centimeter (cm) or millimeter (mm) scale. In order to
build up a long-term understanding of a volcanic area and to assess the relation between
magmatic activity and observed crustal deformation measured with geodetic techniques e.g.,
Global Navigation Satellite System (GNSS) geodesy and Interferometric analysis of Synthetic
Aperture Radar (InSAR) satellite images, it is important to discern between the contributions
from different magmatic and amagmatic on-going processes. In addition to improving scientific
understanding, such information is useful for civil protection and in decision-making processes
by relevant institutions managing or utilizing volcanic/geothermal areas, for mitigating the
impact of volcanic hazards on society.

Ground deformation changes occurring at variable depth are transmitted to the surface
through the mechanical properties of the crust (e.g., Biggs et al., 2014). Deeper sources of
deformation (>20 km deep) in the fully ductile part of the crust may not cause any detectable
surface deformation (e.g., in interferograms or GNSS time series), unless large volume mass
transport is involved. For such a case, if an eruption occurs, information on the origin of the
deep source may be retrieved from petrological and geochemical investigations of eruptive
products, including studies of evolution of crystal and xenoliths in erupted lava, or if deep
earthquake seismic swarms are observed (Dayton et al., 2023). Magma movements may also
be detected by repeated geodetic measurements revealing surface deformation, such as due to
magma accumulation (leading to inflation) or magma withdrawal from a crustal volume where
magma resides (leading to deflation). In the former case, magma may reach the surface or
intrude in the surrounding rocks. Inflation has been documented prior to many eruptions: e.g.,
the 2011 Grimsvotn eruption (Hreinsdottir et al., 2014) or the Sundhnukur eruptions in 2023-
2024 in Iceland (Sigmundsson et al., 2024a; Parks et al., 2025), the 2011 Hudson volcano
eruption in Southern Andes, Chile (Delgado et al., 2014), and the 2015 Mt. Hakone eruption in
Japan (Kobayashi et al., 2018). However, volcanic eruptions may begin without detectable pre-
inflation of the ground, like at Dalafilla and Borale in Africa (Pagli et al., 2012). Years-to-
decades-long uplift can also be observed without any eruption taking place, with the amount of
uplift without eruptive activity influenced by tectonic setting and length of previous repose
interval at a volcano, that is different for each volcano. This has e.g., been observed at Colli
Albani in Italy (Salvi et al., 2004), near the Three Sisters volcanic center, Oregon (Riddick and
Schmidt, 2011), and at Campi Flegrei (Amoroso and Crescentini, 2022). Eruptions may though
occur in these areas in the future. Movement of magma in the subsurface is not the only process
causing ground deformation. Hydrothermal activity may play a role (Battaglia et., 2006;



Fournier and Chardot, 2012), sometimes in relation to migration of fluids of magmatic origin
(e.g., Currenti et al., 2017) or interplay between the regional tectonics and the volcanic system
crustal structure (e.g., Ellis et al., 2007).

Geodetic modelling of ground deformation data helps to discriminate between processes
occurring in volcanic areas. Advanced numerical modelling techniques (e.g., based on the Finite
Element Method, FEM, or the Boundary Element Method) are becoming important to
understand volcano behaviour, in addition to analytical models. The analytical models are based
on first-order approximations, and are widely used to interpret observed volcano deformation
(Taylor et al., 2021). Advanced numerical approaches can provide models with increased
complexities. More realistic Earth’s crust models have been developed to include topography
and heterogeneous and elastic medium (Trasatti et al., 2003; Currenti et al., 2008), variable
rheology (e.g., elastic and viscoelastic material, Hickey et al., 2014; Currenti, 2017) or to
investigate the thermal properties of the crust (Henk, 2006; Gottsmann et al., 2014; Head et al.,
2021). Consideration of thermal effects on ground deformation is relevant in volcanic settings
where the presence of hot liquid magma or magma mush (Sparks and Cashman, 2017; Liao et
al., 2018) alters significantly the physical properties of the crust. In a relatively high-
temperature environment, inelastic effects may be dominant, and time-dependency behavior of
the crustal material becomes an important component of the deformation (e.g., Ranalli, 1995).
Pressurization/depressurization of sources in an elastic medium lead to instantaneous volume
changes (either expansion or contraction). In a viscoelastic regime, the imposed condition of a
deformation source affects stress and strain patterns differently in both space and time (Head et
al., 2019).

Modelling of the same processes may lead to different results and interpretation according
to imposed boundary conditions. For example, the kinematics of a divergent plate boundary or
in general any local extensional regime has been widely reproduced by considering a uniform
spreading velocity (Peltier et al., 2009; Cabaniss et al., 2018) or, alternatively, a constant rate
of external stress (Costa et al., 2011; Karaoglu et al., 2020) applied on the sides of a numerical
model domain. In Iceland, several plate spreading models have attempted to reproduce
deformation across different plate boundary segments (Arnadéttir et al., 2009), including the
use of horizontal crustal layers in the Western Volcanic Zone (WVZ) and Eastern Volcanic
Zone (EVZ) (e.g., Jonsson et al., 1997; LaFemina et al., 2005) or FEM models linking the
observed inter-rifting deformation field to rheological variations within the en-echelon
arrangement of the fissure swarms in the Northern Volcanic Zone (NVZ) of Iceland (Pedersen
et al., 2009; Islam et al., 2015) by applying uniform velocity.

In this thesis, emphasis is first put on investigating how ground deformation patterns at
Krafla and Askja volcanic systems in North Iceland are affected by the interplay between crustal
heterogeneity and deformation fields due to localized sources of deformation or plate spreading.
FEM numerical models, implemented in the COMSOL Multiphysics® software (Pryor, 2011),
are used to investigate short-term ground deformation and pressure changes at the Krafla
caldera in 2018-2020. FEM models are then used to evaluate the expected deformation patterns
at Krafla and Askja volcanic systems, located at the plate spreading boundary, during inter-
rifting periods, considering rheological anomalies in volcano roots. The aim is to contribute to
better understanding long-term rift evolution. In the last part of the thesis, observed transient
deformation during and after the 2021 Fagradalsfjall eruption on the Reykjanes Peninsula in
south-west Iceland is investigated in terms of its relationship to the evolution of conditions in



magmatic plumbing system and the effects of the loading of newly emplaced lava on the surface
of the Earth.

1.1 Deformation processes in Iceland and
geological context

Iceland is a portion of the Mid-Atlantic oceanic ridge above the sea level at the divergent
boundary between the Eurasian and North American plates. According to plate motion models,
the two plates separate at ~18—19 mm/yr in direction N104.5°E in Iceland (DeMets et al., 2010),
in agreement with GNSS measurements (e.g., Geirsson et al., 2006; Arnadéttir et al., 2009). As
a result, it is possible to observe continuous deformation due to several regional and local
processes in Iceland (e.g., Sigmundsson, 2006).

Regional ground deformation in Iceland is mostly driven by both plate spreading
processes and ongoing glacial isostatic adjustment. The plate boundary is divided into zones
(Figure 1): the Reykjanes Peninsula oblique rift (RP), the Western Volcanic Zone (WVZ), the
Eastern Volcanic Zone (EVZ), the Northern Volcanic Zone (NVZ), and two transform zones,
one left-lateral transform zone in south Iceland, the South Iceland Seismic Zone (SISZ), and a
right-lateral transform zone, the Tjornes Fracture Zone (TFZ) in North Iceland (Einarsson,
1991). The rift zones can be divided into volcanic systems, based on their structural and
petrological characteristics (Semundsson, 1978; Jakobsson, 1979). They usually include a
central volcano and a transecting fissure swarm. The fissure swarms are narrow (5-20 km
wide), elongated (up to more than 100 km long) structures that are normally aligned sub-parallel
to the rift axis (e.g., volcanic systems in the NVZ; Semundsson, 1978; Hjartardottir et al., 2013)
or oblique to the rift axis (e.g., the RP volcanic systems; Einarsson, 1991; Einarsson, 2008).
They often have the structure of a graben bounded by normal faults (Einarsson, 2008). Episodic
high rates of deformation in volcanic systems may relate to rifting events (e.g., Wright et al.,
2012). Rifting episodes are characterized by dike intrusion/s within the brittle part of the crust,
which potentially may, but not necessarily, reach the surface. Geodetically monitored rifting
episodes in Iceland include the 1975-1984 Krafla Fires, the 2014-2015 Bardarbunga-
Holuhraun eruption (Sigmundsson et al., 2015) and the on-going period of activity on the RP
that started in December 2019 (Sigmundsson et al., 2022; Parks et al., 2023; Sigmundsson et
al., 2024a).

In addition to plate movements, another source of broad-scale regional deformation in
Iceland relates to variation in glacier mass. About 10% of the surface of Iceland is at present
covered by glaciers (Sigurdsson, 2006; Bjornsson and Palsson, 2008), with Vatnajokull (Figure
1) being the largest ice cap. Due to thinning and retreat of ice since about 1890, ongoing Glacial
Isostatic Adjustment (GIA) produces uplift and horizontal motion away from the ice caps (e.g.,
Arnadottir et al., 2009; Auriac et. al., 2014; Drouin and Sigmundsson, 2019). InSAR analysis
shows a maximum GIA uplift rate of 314 mm/yr at the northern edge of Vatnajokull, during
2004-2009 (Auriac et al., 2014). The rate decays with distance from the ice cap (e.g., 2015-
2018 InSAR observations; Drouin and Sigmundsson, 2019), and there have been periods when
the rates accelerate with time (1995-2014 GNSS observations, Compton et al., 2015). Extension
of the InSAR analysis until 2021 appear to show continuation of this acceleration in central
Iceland (Cao et al., 2023). However, the deformation pattern observed by GNSS measurements
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near Vatnajokull are not characterized by steady acceleration between 2010 and 2023; rather
the rate varies considerably in relation to irregular variations in ice loss of the nearby
Vatnajokull ice cap (Geirsson et al., 2020; Sigmundsson et al., 2024b).
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Figure 1. Grey-to-white shaded topography map showing fissure swarms, glaciers and central
volcanoes of Iceland (Johannesson and Scemundsson, 2009). Names of the seismic and volcanic
zones in Iceland (from west to east/north-east): RP = Reykjanes Peninsula oblique rift, WVZ =
Western Volcanic Zone; SISZ = South Iceland Seismic Zone; EVZ= Eastern Volcanic Zone;
NVZ = Northern Volcanic Zone; TFZ= Tjornes Fracture Zone. Selected names of volcanic
systems: S = Svartsengi, F= Fagradalsfjall, H = Hekla, E= Eyjafjallajokull; K = Katla, G=
Grimsvotn, B= Badroarbunga; A = Askja, Kr= Krafla. Rectangles mark the areas studied in
this thesis, the RP in blue and the NVZ in green. Thick black hatched lines show a simplified
version of the central axis of plate boundary across Iceland (Drouin et al., 2017; Sigmundsson
et al., 2022). Ocean, rivers and lakes shown in light blue.

Unloading and loading events due to large ice mass variations may alter stress conditions
around magmatic systems. Such perturbations may induce a variation in the stress state of the
crust and reduce or increase the pressure threshold for dike propagation and trigger the onset of
an eruption (Albino et al., 2010; Sigmundsson et al., 2010). Currently, about half of the 33
active volcanic systems in Iceland (https://icelandicvolcanos.is/) lie beneath ice caps (e.g.,
Katla, Eyjafjallajokull, Grimsvotn, Bardarbunga; Figure 1). The presence of thick ice cover
plays a critical role in modulating both the mechanical loading on the crust and the interaction
between magma and meltwater during eruptions. Thus, explosive eruptions are common due to
water-magma interaction at such ice-covered volcanoes, which amplify the explosivity,
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generating fine-grained tephra like the 2010 Eyjafjallajokull eruption (Dellino et al., 2011) and
the 2011 Grimsvétn  eruption (Petersen et al., 2012; Hreinsdoéttir et al., 2014), both
accompanied by extensive ash fallout.

In addition to GIA, other surface loading on the crust may induce detectable surface
displacement. There are different kinds of loads locally acting on the surface like emplacement
of new lava (Odbert et al., 2015) or ocean tidal effects (You et al., 2021), especially in coastal
areas. Lava emplaced on the surface of the Earth during eruptions can cause progressive
subsidence of the surrounding substrate (Briole et al., 1997; Lu et al., 2005; Dietterich et al.,
2012; Chaussard, 2016). In Iceland, this has been observed, e.g. at Hekla volcano (Grapenthin
et al.,, 2010; Wittmann et al., 2017). Additionally, GNSS observations in Iceland reveal a
seasonal (sinusoid-like) signal well explained as the Earth response to loads considering a
combination of the annual mass balance of glaciers, snow load on non-glaciated areas, response
to on-land seasonal variation in pressure and oceanic loading (Drouin et al., 2016a).

Local deformation can occur in geothermal areas due to geothermal processes. The
geothermal activity in Iceland is linked with the country’s volcanism. According to their
temperature, geothermal areas can be divided into high-temperature geothermal reservoirs (in
active rift zones), where the temperature at 1000 m reaches over 230°C; or low-temperature
geothermal reservoir (on the flanks of the active zones and in seismic zones), where the
temperature does not exceed 150°C at 1000 m depth (Arnérsson, 1995). Some of the geothermal
fields are exploited for energy production (e. g., Hengill, Krafla, and the Reykjanes geothermal
fields). This can cause local deformation due to the extraction of geothermal fluids as well as
due to re-injection of fluids into the geothermal fields to counteract the effects of extraction
(e.g., Drouin et al., 2017; Juncu et al., 2020; Parks et al., 2020; Ducrocq et al., 2021).

Earthquakes produce deformation fields due to fault slip but can also cause further
transient local deformation on two spatiotemporal scales. For examples, a My, 6.5 earthquake
in 2000 in the South Iceland Seismic Zone (SISZ) caused post-seismic deformation lasting
around 2 months after the event and extending about 5 km away from the two main shock
ruptures, related to poroelastic rebound due to post-earthquake pore pressure changes
(Arnadottir et al., 2005). Additionally, a year-long deformation viscoelastic relaxation of the
lower crust and upper mantle in response to the co-seismic stress changes was observed
(Arnad(’)ttir et al., 2005; Decriem and Arnadottir, 2012).

Eruptions are frequent in Iceland and about 90% of the Icelandic rock is of direct volcanic
origin, with about 10% of consolidated sediments, mainly in the form of interbedded tuffaceous
layers and moraines (Jakobsson, 1979). Volcanism in Iceland is diverse, spanning a range of
common terrestrial magma types and eruption styles (Thordarson and Larsen, 2007). Eruptions
can be purely explosive or effusive or a mixture of them (Thordarson and Hoskuldsson, 2008).
The volcanic rocks are made up of 85-90% basalt, with about 4% being basaltic andesite, 1%
andesite and 3-5% are dacite-rhyolites (Jakobsson et al., 2008). In hydrothermal areas, usually
located at central volcanoes or calderas, the geothermal heat often causes high alteration of
rocks. Partial melt of hydrothermally altered rocks has been suggested to be the origin of the
rhyolites at Krafla (Jonasson, 1994). Because of the alteration, geothermal areas may display
local variability and lower elastic properties of the crust (Pereira et al., 2024).
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1.2 Areas of study

1.2.1The Northern Volcanic Zone and the Krafla and Askja volcanic
systems

The NVZ of Iceland (Figure 2) hosts several volcanic systems. From north to south, they
are: Theistareykir, Krafla, Fremrindmar, Askja, and Kverkfjoll. In this thesis, the focus is on
the Krafla and Askja volcanic systems.

The Krafla volcanic system consists of a central volcano with a 9x7 km caldera formed
~100,000 years ago (Semundsson, 1991), and ~5-8 km-wide transecting fissure swarm,
extending 40 km to the south and 50 km to the north from the caldera (e.g., Hjartardottir et al.,
2012). The volcanic system hosts two geothermal areas, the Krafla geothermal field in the
caldera and the Bjarnarflag geothermal area, ~10 km south of the caldera, both exploited for
energy production. A rifting episode occurred there from 1975 to 1984 (Einarsson, 1991;
Einarsson and Brandsdottir, 1980; Buck et al., 2006; Wright et al., 2012) with a total cumulative
horizontal extension up to a maximum of about 9 m (Tryggvason, 1985). The total volume of
the erupted material is about 0.25-0.3 km?, covering an area of 36 km? (Einarsson, 1991). An
inflating/deflating shallow magma reservoir was inferred from geodetic measurements at a
depth of about 2.5 km in the caldera during the rifting episode and continued to inflate five
years after the last eruption, until 1989 (Tryggvason, 1985). Between 1989-1992, deflation was
measured in the caldera with a subsidence rate of ~5 cm/yr (Tryggvason, 1994), exponentially
decaying to ~3-5 mm/yr in 1995-2015 (Sturkell et al., 2008; Drouin et al., 2017). The
deformation pattern changed in summer 2018. Difference velocity fields (between 2015-2018
and 2018-2020) reveal minor inflation inside the caldera with an inferred point-source of
pressure at 2.1-2.5 km depth (Lanzi et al., 2023). Zones of seismic attenuation identified by
seismic tomography — specifically, the analysis of S-wave shadow — suggest the presence of a
shallow magma storage at 3—7 km depth inside the caldera, as first proposed by Einarsson
(1978). More recent seismic tomography results show low Vp/Vs zones (<1.65) underneath the
geothermal system at 2—3 km depth below sea level (bsl) (Schuler et al., 2015), close to a
borehole (IDDP-1) that intersected rhyolitic magma at 2.1 km depth in 2009 (Elders et al.,
2011). The low V,/V; zone has been suggested to be associated with a superheated steam layer,
at the boundary between host rock and felsic melt. Vertical seismic profiling mapped a reflector
at the same depth as the bottom of IDDP-1 drillhole, as well as at depths ranging from 4 to 6
km, interpreted as evidence for a distributed system of magmatic sills (Kim et al., 2020). The
volcanic activity at Krafla has a bimodal behavior with basalts being dominant during rifting
episodes, but also rhyolites can be found as testified by studies of eruptive products in the region
(Seemundsson, 1991; Nicholson et al., 1991; Jonasson, 1994). In 2009, a rhyolitic body at 2.1
km depth was encountered during drilling of the IDDP-1 well of the Iceland Deep Drilling
Project (Elders et al., 2011).
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Figure 2. Map of the NVZ of Iceland. Volcanic systems from north to south: Th = Theistereykir,
K= Krafla, F= Fremrinamar, A =Askja, and Kv= Kverkfjoll. Central volcanoes shown with
blue dashed lines, calderas shown with red hatched lines and outline of fissure swarms with
black lines (Johannesson and Scemundsson, 2009). Inset map on the left shows the fissure
swarms in Iceland (vellow), and the location of the NVZ in Iceland together with the spreading
direction of the North American and Eurasian plates. Inset map on the right shows the Krafla
Fires (1975-1984) lavas.

The Askja volcanic system (Figure 2) hosts a central volcano with several calderas where
geothermal activity occurs, and a transecting 20 km-wide and 190 km-long fissure swarm
(Hjartardéttir et al., 2009). The main Askja caldera has a diameter of ~8 km, and the most recent



eruption occurred in 1961 when a fissure opened at its north-eastern boundary, producing a lava
field of ~0.1 km® (Thorarinsson and Sigvaldason, 1962). Previously, a major rifting episode
occurred in 1874-1875 with basaltic and rhyolitic erupted material (Sigurdsson and Sparks,
1978a, b). In an early stage of this rifting episode, a fissure eruption occurred 50-70 km north
of Askja, with a series of pulses of activity lasting for several months, most likely following a
lateral dike intrusion into the rift zone fed from a reservoir located beneath Askja (Sigurdsson
and Spark, 1978a). It is inferred that lateral magma withdrawal and later readjustment of the
crust largely contributed to the formation of the Oskjuvatn caldera, which now hosts a lake,
with dimensions of 3x4 km and a depth of 267 m, within the main Askja caldera (Sigurdsson
and Spark, 1978a and b). Most of the volcanic products within the Askja volcanic system are
basaltic, but silicic deposits are also evident (Sigurdsson and Sparks, 1981; Sigvaldason, 2002;
Jonasson, 2007). Levelling (since 1966), GNSS (since 1993), and InSAR (since the early 1990s)
showed deflation in the caldera in the 1983-2021 period. Maximum deflation occurred in the
middle of the caldera at an initial rate of ~5 cm/yr (Sturkell et al., 2006), exponentially decaying
to 2.5-3 cm/yr in 2000-2009 (de Zeeuw-van Dalfsen et al., 2012). In summer 2021, deformation
changes and inflation centered in the caldera complex began. In the following two years, the
uplift amounted to ~70 cm due to inferred pressure increase at ~2.8 km depth (Parks et al.,
2024). The inferred source of inflation compares well to a ~3 km depth of the deflation source
inferred by Sturkell et al. (2006) for the 1983-2003 period, from GNSS and levelling
observations. Low seismic velocity zone imaged at 611 km bsl beneath Askja caldera has been
interpreted as a magma storage region containing high-temperature solid rock with two main
magma storage regions at ~5 and ~9 km bsl (Mitchell et al., 2013; Greenfield et al., 2016). In
the lower crust, the seismic ray coverage is not as good as in the upper crust, but low V and
high V,/V;s areas can be identified, suggesting areas of melt storage as well as regions where
melt is transported from a deeper source (Soosalu et al., 2010; Greenfield et al., 2016).

1.2.2The Reykjanes Peninsula oblique spreading plate boundary
and volcanic systems

Volcanism occurs at several volcanic systems on the Reykjanes Peninsula (Figure 3).
From west to east, they are: Reykjanes, Svartsengi, Fagradalsfjall Krysuvik, Brennisteinsfjoll
and Hengill (Seemundsson et al., 2020). They are spaced about 5 km apart, with an average
strike of N40°E (Clifton et al., 2006; Hjartardottir et al., 2023), characterized by eruptive
fissures with crater rows and extensive normal faulting (Einarsson, 2008). Strike-slip faults
(trending N-S, left-stepping) cut through the plate boundary, typically spaced between 0.4 -1
km (Einarsson, 2008). Most of the strike-slip faults are associated with mainshock-aftershock
earthquakes sequences mainly in the Krysuvik and Hengill areas (Tryggvason, 1973; Arnadéttir
et al., 2005; Keiding et al., 2008; Hreinsdottir et al., 2009). Earthquake swarms are more typical
in the western part, e.g., at Fagradalsfjall. Pronounced swarm activity occurred there, at 2-6 km
depth, in 1997-2006 (Keiding et al., 2008) and 2017 (Hrubcova and Vavrycuk, 2023). The
Reykjanes, Svartsengi, Krysuvik and Hengill volcanic systems host geothermal areas, all of
them exploited except Krysuvik. Ground deformation related to geothermal utilization has been
observed e.g., by Parks et al. (2020) and Juncu et al. (2020). Non-eruptive periods, up to 800-
1000 years, interrupted by eruptive activity lasting a few hundred years, characterize the latest



stages of the Holocene where the geological records allow the derivation of the eruptive history
(Seemundsson et al., 2020). In each activity episode, activity may occur in several volcanic
systems (S@mundsson et al., 2020) with effusive fissure eruptions affecting one volcanic
system at time, with a minor ash component being produced (Gudmundsson et al., 2008). The
peninsula is at present undergoing major volcano-tectonic unrest and volcanic activity,
involving highly increased earthquake activity, inflation-deflation episodes, diking and
eruptions (Cubuk-Sabuncu et al., 2021; Flovenz et al., 2022; Sigmundsson et al., 2022; Parks
et al., 2023; Sigmundsson et al., 2024a).

Initial precise distance measurements in 1968—1972 showed that a combination of left-
lateral and extensional movement occurred on the Reykjanes Peninsula in SW-Iceland
(Brander et al., 1976). The nature of the oblique spreading in the area has been well established
by both GNSS and InSAR observations (Sturkell et al., 1994; Hreinsdottir et al., 2001; Keiding
et al., 2008; Sigmundsson et al., 2020).
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Figure 3. Map of the Reykjanes Peninsula showing volcanic systems with their fissure swarms
(in yellow, Johannesson and Scemundsson, 2009), the 2021 Fagradalsfjall lava field in orange
(Pedersen et al., 2022), the continuous GNSS (cGNSS) network and the approximate location
of the central axis of the plate boundary (Sigmundsson et al., 2022). Name (REYK) of the first
continuous GNSS station in Iceland indicated. SISZ = South Iceland Seismic Zone, RR=
Reykjanes Ridge and WVZ = Western Volcanic Zone. Inset: Iceland with fissure swarms,
glaciers, and the plate boundary axis (magenta, Arnadéttir et al., 009; Drouin et al., 2017;
Sigmundsson et al., 2022). The arrows indicate the spreading direction. The Reykjanes
Peninsula is marked by a black rectangle.
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In December 2019, seismicity rose above background level in the Fagradalsjall area. In
2020, three inflation-deflation cycles occurred at the Svartsengi volcanic system where each
inflation was followed by continuous deflation and diminishing seismicity (Cubuk-Sabuncu et
al., 2021; Flovenz et al., 2022). The inflation events were likely related to the intrusion of
magma into sill-type bodies at 3.2-4.3 km depth (Cubuk-Sabuncu et al., 2021; Geirsson et al.,
2021) or magma accumulation in a magma domain, consisting of liquid magma, partial melt,
magma mush, and hot solid rock (Sigmundsson et al., 2024a). Two more periods of inflation
were observed there between April to May 2022 and 27 October - 10 November, 2023. Around
8 July 2020, inflation began at the Krysuvik volcanic system (15-20 km east of the Svartsengi
area), continuing until about 10 January 2021. A My 5.6 earthquake occurred there on 20
October 2020. On 24 February 2021, a My 5.64 earthquake occurred at the Fagradalsfjall
volcanic system following an intense seismic swarm that began several hours earlier in the area.
Intense seismicity was ongoing in the following weeks as well as high rate of deformation
observed by continuous GNSS and InSAR Sentinel-1 data, in accordance with gradual intrusion
a 9-km long dike intrusion in the crust, divided into a northern and a southern segment differing
somewhat in strike and depth range (Sigmundsson et al., 2022). The volume intruded was
estimated around 26-34 Mm?® between the surface and 7.5 km depth (the northern segment) and
6 km depth (the southern segment) (Sigmundsson et al., 2022). Rates of seismicity and
deformation gradually decreased to minor levels before the eruption onset, on 19 March 2021.
The eruption lasted six months until 18 September 2021, with an initial time-averaged effusion
rate up to 4.9 m*/s, which increased to 11 m*/s in May (Pedersen et al., 2022). At this stage, the
eruptive style changed from continuous effusion of lava to episodic activity (Eibl et al., 2023;
Eibl et al., 2024). At the end of the eruption the total bulk lava volume was estimated around
150 + 3 Mm? (Pedersen et al., 2022).

A period of inflation began at the end of the eruption and continued until 21 December
2021 when a new diking event occurred beneath Fagradalsfjall, lasting for about one week.
Bayesian geodetic modelling for this event estimated a dike median volume equal to 19 Mm?
and median top of the dike at ~2 km (Parks et al., 2023). Two more dike-eruption sequences
occurred in the area in July-August 2022 (dike intruded volume in the range of 8—14 Mm?,
Parks et al., 2023; bulk volume of the material erupted = 11 + 0.4 Mm?>, Pedersen et al., 2024)
and July-August 2023 (bulk volume of the material erupted = ~15 Mm?*). The 2022 eruption
lasted around 18 days, while the 2023 eruption lasted 26 days. Following this, deformation as
well as seismic and volcanic activity concentrated mostly at the Svartsengi volcanic system.

On 25 October 2023, seismicity increased drastically beneath Svartsengi and inflation
was detected starting on 27 October. On the morning of 10 November 2023, around 7:00 UTC,
low-magnitude seismicity began at 4 to 6 km depth near the center of the Svartsengi volcanic
system, which gradually migrated 3.5 km in the NNE-SSW direction in the next 8.5 hours
(Sigmundsson et al., 2024a). After a Mw4.1 event at 15:23, seismicity, with larger events,
started to propagate southwards towards the town of Grindavik (Sigmundsson et al., 2024a).
By 18:30 the events had reached the town of Grindavik and by 19:30, earthquakes were detected
south of the town. No surface deformation signal was detected until around 16:40, when GNSS
began to show high displacement rates both in the vertical and horizontal components, up to a
total displacement of ~1 m by 20:00. Afterwards, the deformation rates and seismicity
decreased. Associated with the seismic swarms and deformation, the formation of two grabens
separated by a horst (~4.5 km width in total) was documented in the town of Grindavik (Figure
3 for location) (De Pascale et al., 2024). The modelling of GNSS and InSAR displacements (10

10



to 12 November) indicated a ~15-km long dike formed with a volume of 130-139 Mm?>.
Between December 2023 and November 2024, seven eruptions occurred at the Svartsengi
volcanic system (Parks et al., 2025). These eruptions were preceded by an inflation period for
several weeks or longer, and short-lived (usually several hours) diking events associated with
intense seismicity (Parks et al., 2025).

1.3 Geodetic monitoring techniques

At present, two space geodetic techniques are widely used for precise measurement of
crustal deformation: GNSS (Global Navigation Satellite System), that measures three-
dimensional displacements at single points; and InSAR (Interferometric Synthetic Aperture
Radar), which measures the displacement in so-called Line-Of-Sight (LOS) direction, oblique
from ground to satellite. Other non space-based techniques include levelling, which measures
the difference in elevation between benchmarks, and Electronic Distance Measurements
(EDM), which use laser phase changes to measure the length between two points (Dzurisin,
2006). The following paragraphs give an introduction of GNSS and InSAR, which were
extensively used in this project.

1.3.1 Global Navigation Satellite System (GNSS) geodesy

GNSS is a general term that refers to any constellation of satellites orbiting over the
Earth’s surface that can provide continuous three-dimensional high precision positioning
(longitude, latitude and elevation), navigation and time services (Hofmann- Wellenhof et al.,
2008). GNSS 1s widely used for many applications in addition to precise ground surveying,
including telecommunication, aviation, urban environment, mining, emergency response, plate
boundary and volcano deformation, and seismology (Freymueller, 2017; Jin et al., 2013). There
are currently several operational GNSS satellite constellations: 1) the Global Positioning System
(GPS) developed by the US Department of Defense. i1) the GLObal NAvigation Satellite
System (GLONASS), operated by Russia. This was the second navigation system to achieve
global coverage after the GPS. ii1) The GALILEO system (www.galileognss.eu), owned by the
European Commission and operated by the European Union Agency for the Space Programme
(EUSPA), and specifically designed for civilian use worldwide. iv) The Beidou system
(www.beidou.gov.cn), owned and operated by the China National Space Administration.
Additional, regional satellite systems have also been developed for geodesy, e.g., the Indian
Regional Navigation Satellite System (IRNSS,
https://www.isro.gov.in/IRNSS Programme.html), owned by the Indian government, and the
Japanese Quasi-Zenith Satellite System (QZSS, www.qzss.go.jp), which provide precise and
stable positioning services in the Asia-Oceania region.

The GNSS architecture and broadcast signals may differ between the different satellite
systems but generally each system has space, ground control and user segments. The space
segment includes a constellation of satellites orbiting above the Earth and usually arranged in
several or more orbital planes. For example, the space segment of the GPS counts 32 satellites
orbiting in six orbital planes (referred also to as satellite paths) inclined at 55° with respect to
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the equator, equally spaced, at an altitude of approximately 20,000 km (www.gps.gov).
Receiver location (X, Y, Z) and time are obtained using a configuration of at least four
transmitting satellites (Hofmann-Wellenhof et al., 2008). The ground control segment of each
GNSS consists of master and control stations on Earth, with primary responsibility being the
maintenance of the whole system by tracking satellite paths for the prediction and correction of
on-board and orbital parameters. Revised orbits, clocks and earth orientation parameters are
provided by online services like the International GNSS Service for Geodynamics (IGS, by the
Jet Propulsion Laboratory, JPL, http://igscb.jpl.nasa.gov). The user segment consists of
antennas and receivers that can detect the signals transmitted by the satellite or services of the
GNSS.

In simple terms, GNSS positioning is based on using known locations of satellites (or
estimating them), and measurements of the time that it takes for a signal broadcasted by a
satellite to reach a user antenna on the Earth to infer the distance to the satellites. With multiple
such observations, the antenna location can be determined (Figure 4). Ideally, if the receiver
station and satellite clocks are perfectly synchronized, the measurements of distances to three
satellites would be sufficient to derive a receiver location on Earth. Three spheres with origin
at each of the satellites, and radius equal to the distance to a receiver, intersect at one point on
Earth. However, a fourth satellite is needed to provide information on precise timing and
estimate receiver clock/timing bias (Bock and Melgar, 2016). The satellite-to-receiver distance,
referred to as range, is obtained by the signal propagation time multiplied by the speed of light.
The time is controlled by high-precision on-board satellite atomic clocks, commonly reaching
fractional frequency performance at the 10"° - 10715 level (Giorgi et al., 2019) and by the
presence of crystal quartz clocks in the receiver, sufficient for synchronization with the satellite
clocks.
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Figure 4. a) Graphical illustration of localization by measuring distances to three satellites of
known locations; the three ‘spheres’ intersect on one point on the surface of the Earth, at the
receiver location. b) In reality, distance measurements to a minimum of four satellites are
needed, corresponding to the four unknows of the system: longitude (X), latitude (Y), altitude
(Z) and the receiver clock error (time). The range from satellite to receiver is shown with
dashed red lines, while sinusoidal curve present schematically the phase. The location on Earth
of the receiver is shown with a yellow circle. The panel c) shows an example of binary
modulation of a carrier signal by a PRN code. Whenever the state of the PRN code is -1,
corresponding to the binary value 1, the phase of the carrier signals shifts by 180 degrees.
When the code state is +1 (binary value 0), the signal is unchanged. Reproduced after Dzurisin
(2006).

The encoded signal is transmitted by each satellite with two or more frequencies
characterized by three components: carrier, a ranging code, and navigation message (containing
e.g., orbit parameters) (Bock and Melgar, 2016). The carrier is a sinusoidal signal, onto which
the ranging code and navigation message are encoded (Figure 4c). Carrier wave measurements
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can obtain the mm-level accuracy whereas the ranging code approach only results in meter to
cm-level accuracy. However, they provide valuable constraint on the so-called ambiguity
resolution (Bock and Melgar, 2016). The ambiguity resolution relates to the knowledge of the
integer number of cycles (i.e., the number of waves) of the signal between satellite and receiver,
which is not directly measurable. The satellite carrier signals are modulated by binary pulse
code, the PseudoRandom Noise (PRN), a periodic code with a sequence of zeros, corresponding
to +1 value or normal state and a sequence of ones, corresponding to -1 value, or mirror state
(Figure 4). The code sequence, unique to each satellite, is sent by the satellite and recorded by
the receiver which will generate its own replica of the PRN code and determine the transmission
delay between the satellite and the receiver (Bock and Melgar, 2016). When the transmitted
carrier signal is in normal state, its phase remains the same; on the contrary, when the carrier
signal is in mirror state, the phase of the carrier signal is shifted by 180° (Figure 4) (Dzurisin,
2006). Carrier phase measurements are more complicated in terms of recording methods, but
the measurement uncertainty is much lower (the pulses are much closer together and therefore
more accurate) than the code-based measurement (Teunissen, 1998; Hofmann- Wellenhof et
al., 2008). The integer ambiguity resolution, needed when using carried phase measurements,
can be performed with the help of algorithms or statistical methods that compare the resulting
inferred ranges to multiple satellites.

When propagating from satellite to receiver, the signal is delayed due to the interaction
with the different layers of the atmosphere, causing ionospheric and tropospheric delays, and
errors in positioning if not corrected for (Gent, 2024). The use of multifrequency signal
approach is routinely used in GNSS analyses to reduce the part of signal propagation-related
error due to the dispersive Earth’s ionosphere (Geng, 2024). Most of the global GNSS broadcast
L-bands of dual-frequency in L1 and L2 configuration with wavelength of ~19 and 24 cm,
respectively (Jin et al., 2014a). However, continuous advancements have enabled the
introduction of the L5 frequency (wavelength ~25 cm), which, when combined with the L1
frequency, offers improved error correction compared to the L1 and L2 frequency combination.
On the contrary, the troposphere is not dispersive (Kaplan and Hegarty, 2006). The tropospheric
delay can be removed to some degree by modelling, but it never fully as it relates to local
conditions (temperature, pressure and relative humidity) which varies by season, day and night
and geographical area (Davis et al., 1985; Kacmatik et al., 2019; Li et al., 2023). Multipath is
another phenomenon that can degrade the GNSS signal in both code and phase measurements
before reaching the receiver. Multipath occurs when an antenna records not only the signal
along the direct satellite-receiver path, but rather by multiple paths, due to electromagnetic
effects such as signal reflation from structures near GNSS antennas (Jin et al., 2014b). It can be
minimized by using high-quality antenna and placing the equipment in an environment without
or limiting instrument installation in areas with high-reflective surface e.g., rocks or buildings.
Alternatively, a multipath ray-tracing method considering the reflection process, the antenna
characteristic and the way the signal is reflected, can be applied (Lau and Cross, 2007), although
the phenomenon cannot be fully corrected for. Additional measurement uncertainties may come
from satellite-related errors such as orbital errors, satellite clock offsets and relativistic effects
or receiver-related errors which include receiver clock errors, uncertain radiation pattern of an
antenna and its interaction with the surrounding structures and receiver noise (Grewal et al.,
2020). Orbital errors can be mostly reduced by using precise orbits published by several
analysis centers that provide high-precision orbits.
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Systematic errors in GNSS observations can be minimized by a process called
differencing. There are several types of differencing: the single difference, double difference,
and triple difference (Bock and Melgar, 2016). The single difference configuration is either
with two receivers and one satellite or two satellites and one receiver. The main idea is that if
two receivers are located relatively near each other and both are receiving signal broadcasted
from a single satellite at the same epoch, then by subtracting each receiver’s observation the
satellite clock error can be removed. Furthermore, atmospheric errors may be nearly identical
at both receivers if they are located close to each other, and thus atmospheric errors are reduced.
If the transmitted signals (either carrier phase or pseudorange) from two satellites are received
by two receivers a double differencing can be performed. Triple difference is formed by
considering two double differences over two different times.

There are two main approaches to post-processing GNSS analysis for crustal deformation
studies: one involves a network positioning method (differential relative positioning) where the
receiver position is determined with respect to one or more fixed reference stations, in a local
or regional network (Blewitt, 1989). An alternative to this method is the Precise Point
Positioning (PPP, Zumberge et al., 1997). The PPP uses only one GNSS receiver to estimate
station positions directly with respect to a global reference network (Zumberge et al., 1997,
Kouba and Heroux, 2001). The PPP can provide accurate positioning solutions with observation
times typically about 20-40 minutes. The convergence time is primarily influenced by carrier-
phase ambiguities, which can be reduced by combining signals from multiple GNSS
constellations (Guo et al., 2017; Li et al., 2015).

Ground GNSS equipment (receiver and antenna) can be installed at fixed stations for
continuous recording (continuous cGNSS) or for shorter periods, days or weeks (campaign
measurements). Longer acquisition time leads to more accurate results. There are several GNSS
equipment and types. One of the most used campaign measurement approaches in Iceland is to
place GNSS antennas on tripods above benchmarks, as shown in Figure 5. In Iceland, the first
GNSS survey was carried out in 1986 (Foulger et al., 1987) and the first permanent station was
installed in Reykjavik in 1995 (see Figure 3 for location and Figure 5 for the time series). Since
then, the GNSS network has steadily increased with permanent stations installed all over the
country (Geirsson et al., 2010), supported by campaign sites which are measured on an annual
basis at the most active volcanic areas.

15



North {mm)
o

T T T T T T T
1985 1998 2001 2004 2007 2010 2013 2016 2019 2022
I I L 1 L 1 |

East (mm)

T T T T T T T T
1995 1998 2001 2004 2007 2010 2013 2016 2019 2022
I I L L L L L I

Up (mm)

T T T T T T T T
1995 1998 2001 2004 2007 2010 2013 2016 2019 2022

Figure 5. (a) Campaign GNSS sites with antenna placed on a tripod installed for several days,
aligned with the benchmark (circular metal) on the ground. The antenna is connected through
the yellow cable to a receiver (inside the grey box), which is connected to a battery. Photo
source: https://strokkur.raunvis.hi.is/gpsweb/pictures/THER/sdc1443 1 .jpg.

(b) GNSS time series (ITRFI14 reference frame) at station REYK processed with
GAMIT/GLOBK by Sigrun Hreinsdottir. Displacement in the north (mm), east (mm) and up
(mm) components. Linear trends as well as annual and semi-annual terms have been estimated
and removed. The time series have abrupt jumps most to two large earthquakes in June 2000
(Ms = 6.6 occurred in the central part of the SISZ, Arnadéttir et al., 2005) and in May 2008
(Ms= 6.3, Decriem et al., 2010). A significant change is visible in the east component of the
time series starting between 2019-2020, in response to events on the Reykjanes Peninsula. The
change is more subdued in the north component, while it is quite clear in the east component
since 2020 and in vertical components since 2023.

Most common GNSS processing software include GAMIT/GLOBK (Herring and
McClusky 2010); GIPSY-OASIS II (current version GipsyX/RTGx) (Zumberge et al., 1997);
Bernese (Dach et al., 2015); EPOS P8 (Uhlemann et al., 2015), NAPEOS (Springer et al., 2011)
and PRIDE (Geng et al., 2019). In this PhD project, GNSS data were processed with the
GAMIT/GLOBK (Herring et al., 2010) and GipsyX/RTGx (Bertiger et al., 2020) softwares.
The GAMIT/GLOBK ("GNSS at MIT" and "Global Kalman filter") software operates through
a series of distinct programs and modules, that can be run separately but are tied together
through data flow to estimate relative coordinates of GNSS stations. The software has been
developed by MIT, Scripps Institution of Oceanography and Harvard University. GAMIT
includes a weighted least squared algorithm to estimate relative positions of a set of stations,
orbital Earth-rotation parameters and phase ambiguities by using double differenced phase
observations. The workflow includes: a coordinate file with a a priori coordinate values
(solution provided in the raw data can be used) which will be later updated with a higher
precision coordinates estimation; a a priori orbits estimates (IGS orbits can be used as input).
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a file containing all the information related to the measurements, like antenna and receiver
types, site names and time of recording. Additionally, tides correction can be made (Lyard et
al., 2004); The daily position solutions estimated can be used to generate velocities or time
series in GLOBK. The GipsyX/RTGx is the Jet Propulsion Laboratory’s (JPL) software after
GIPSY-OASIS and Real Time GIPSY. The software combines estimates of
geodetic/geophysical parameters using a Kalman filter approach on real or simulated data in
both post-processing and in real-time (Bertiger et al., 2020). Similarly to GAMIT/GLOBK, also
GipsyX/RTGx implements several categories accounting for orbit integrations force models
and Earth models.

Once daily solutions have been obtained, they can be combined to form time series and
thus, displacement time series can be visualized. For each site, three files are usually created:
one for the east, one for the north and one for the vertical components, containing time of the
observation, the estimated difference in north, east and height (NEU) coordinate components
relative to a reference position and the last column is the standard deviation. There are several
approaches to GNSS time series analysis. Once a trend is observed, it may prove useful to
model it with a mathematical function that best represents it, and remove a best-fitting function
from the time series. Such an approach is called “detrending”. The detrending can be applied
to the whole times series or alternatively, by selecting a specific time between two periods,
where a change in the times series occurs, e.g., due to earthquakes, diking events. GNSS time
series at volcanoes may show a variety of different patterns: exponential, linear or seasonal, for
relatively short or long periods, indicating e.g., inflation/deflation episodes at volcanic or
geothermal areas, steady processes occurring on regional scale, or repetitive events. Time series
may also show sudden events like earthquakes, diking episodes or change of the equipment in
use at a particular site.

The Earth ‘crust deforms and moves due to various geological processes. Thus, it is
important to ensure clear convention (i.e., a reference frame) that allows the interpretation of
the GNSS results without any confusion. A reference frame includes the definition of an origin
with a coordinate system that describes the position and motion of any points on Earth.
Depending on the use, there are different reference frames, but one of the widely used for GNSS
is the International Terrestrial Reference Frame (ITRF, Altamimi et al., 2023). The ITRF has
origin at the center of mass of the Earth including the atmosphere and the oceans. The system
is updated every few years, using the most recent mathematical and surveying techniques to
ensure optimal precision. The latest version was released in 2020.

1.3.2InSAR - Interferometric analysis of Synthetic Aperture Radar
satellite images

The InSAR technique provides images of the Earth's surface using Synthetic Aperture
Radar, SAR (Massonnett et al., 1993; Biirgmann et al., 2000; Dzurisin, 2006; Osmanoglu et al.,
2016). The innovation of the radar sensors lies in their capacity to provide images during both
daytime and night, and irrespective of cloud coverage. For crustal deformation studies, the use
of InSAR greatly improved the possibility to investigate cm- to mm-scale ground deformation
changes in large regions not easily detectable with previous monitoring tools. In the past few
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decades, InNSAR became a commonly used tool by volcano monitoring agencies/observatories
to detect surface deformation. The increasing number of InSAR observations provide timely
monitoring of ground deformation creating a long-term history at volcanoes with the
establishment of databases helping monitoring and volcanic hazards assessment (Phillipson et
al., 2013; Wauthier et al., 2013; Biggs et al., 2014; Dzurisin et al., 2019; Biggs and Wright,
2020). As with the GNSS technique, InSAR can also be used for several applications other than
volcano geodesy e.g., co-seismic (Xu et al., 2020) and post-seismic deformation (Zhao et al.,
2024), aquifer depletion (Castellazzi et al., 2018); landslides (Ye et al., 2004); underground
storage of CO> (Vasco et al., 2010; Fibbi et al., 2022); cryospheric processes (Tarricone et al.,
2022; Bjornsson et al., 2010) and deformation due to anthropogenic sources (Parsons et al.,
2023).

SAR is a type of radar that transmits side-looking microwave signals, from an antenna
mounted on a moving vessel (travelling along an orbital path), towards the Earth’s surface
(Curlander and McDonough, 2001). The electromagnetic signal, after reaching the ground
surface, is reflected (creating an echo signal) to the moving satellite along what is called the
Line-of-Sight direction (LOS). Thus, the InSAR LOS displacement is not a vertical but rather
in an inclined direction, and it does not distinguish purely horizontal and vertical displacement
components. In such a side-looking configuration, the electromagnetic signal defines an angle,
called incidence angle, 0, with the vertical direction at the point on the ground (Figure 6). The
satellite moves in the azimuth (or along-track) direction, and the ground range is defined as the
direction perpendicular to the radar’s flight path (Figure 6). The ground range extent reached
by the signal is called swath width. The satellite path or orbit is termed ascending when the
satellite moves south-to-north direction or descending, when the satellite moves north-to-south
direction. When both ascending and descending orbits are available (thus, known are the
satellite viewing, orbiting geometry, the incidence angle and the heading of the satellite, the
angle of the moving satellite with relative to the north) it is possible to decompose the LOS
displacements from ascending and descending orbits together into approximate estimates of
vertical (Near-Up) and east (Near-East) displacement components (e.g., Drouin and
Sigmundsson, 2019). The LOS displacement has poor sensitivity in the North-South movement
because of the satellite near-polar orbit geometry.
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Figure 6. SAR satellite geometry. The satellite pulses (in yellow) cover a swath on the ground
(in pink compared to the surrounding ground). 0 = incidence angle. Ascending (satellite
heading towards the north) and descending (satellite heading towards the south) configuration.

The dimensions of the antenna mounted on the satellite determine the spread of the radar
beam or signal and consequently, the size of its footprint (area) on the ground (Bamler and
Hartl, 1998). Most SAR systems designed for Earth orbit use an antenna 1-4 m wide and 10—
15 m long, with a look angle in the range 10-60° (Lu and Dzurisin, 2014). In general, the
backscattered signal decreases with the incidence angle (Bamler and Hartl, 1998). The synthetic
aperture technique consists of collecting an array of successive radar signals transmitted, and
reflected from a single location on the surface of the Earth, and received back by a physical
antenna as it moves along the orbital path (Bamler and Hartl, 1998; Massonnet and Feigl, 1998).
The synthetic aperture term refers to the moving antenna used to simulate a larger (synthetic)
aperture than the physical size of the antenna, while collecting reflected signal energy to form
an image. This is the key to achieving high azimuth resolution.

There are several SAR acquisition modes defined either by geometric configuration of
the SAR antenna or by their temporal properties, which play a key role in defining the
resolution. The most common modes used are: stripmap, scanSAR, spotlight, and
interferometric wide (IW) swath. In the Stripmap mode, there is one fixed scanning strip (or
swath) of terrain parallel to the flight direction. The spatial resolution varies from 3 to 10 meters,
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dependenting on the swath width (30 to 70 km) and to the used signal wavelength, e.g., X-band,
L-band or X-band (see Table 1) (Cumming and Wong, 2005a). Wider swath can be obtained in
the ScanSAR mode, where the antenna beam is successively directed to different look angles
(Guarnieri and Prati, 1996; Cumming and Wong, 2005b; Table 1). In the spotlight mode the
angle of the radar signal varies constantly along the azimuth direction, focusing continuously
on a specific area, allowing for an improved spatial resolution of SAR image. The varying angle
and thus extension of the synthetic aperture allows ~2 m of resolution (Table 1). In the IW mode
the antenna switches sequentially backward and forward to create progressive scans of the
ground. The IW mode is used by Sentinel-1, which provides a coverage around ~250 km ground
swath (with three ~80 km-long sub-swath).

Table 1. Different SAR acquisition modes with examples of spatial resolution and swath.

SAR acquisition Spatial Resolution Swath width Examples of
satellite
Mode
Stripmap ~3 m 30 km X- band
~5m 80 km C-band
3-10 m 50-70 km L-band
ScanSAR 60-100 m 300-500 km
Spotlight ~1-2m 10 x 5 km (range x Terra-SAR-X
azimuth)
Iw Smx20m 250 km ground Sentinel-1
swath (80 km sub-
swaths)

The SAR electromagnetic wave contains two different types of information: amplitude
and phase that can be resolved for each pixel on the ground (Hanssen, 2001). The amplitude is
the strength of the back-scattered electromagnetic wave and is related to the targets shape
(roughness), orientation, and electrical reflectivity (Massonnet and Feigl, 1998). The phase is
mainly controlled by two factors: the radar signal’s round-trip travel distance between the SAR
satellite and the ground, and interactions between the signal and surface materials (Lu and
Dzurisin, 2014). The phase cannot be interpreted directly from a SAR acquisition. However,
by comparing the phase of two SAR images acquired over the same area at different times —
commonly referred to as the primary and the secondary images — it is possible to compute the
difference in phase between them. This process, called interferometry, forms the basis of
InSAR, which relies on the coherent combination of two SAR signals to generate an
interferogram showing the differential phase. If the surface remains unchanged between
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acquisitions, the radar waves reflected from the same point will maintain similar phase
relationships, resulting in minimal phase difference. Conversely, changes in surface elevation,
deformation, or atmospheric conditions can cause a measurable phase shift, which appears as a
pattern of fringes (alternating bands of color) in the interferogram. These interferograms are
typically referred to as “wrapped”, meaning the phase differences are expressed within a range
of —rt to +r radians (Figure 7a).

Each full cycle of 2 change (each fringe) corresponds to a specific amount of LOS
displacement of A/2, with A being the radar wavelength. Since phase measurements are
inherently ambiguous modulo 27, the full LOS displacement must be recovered through phase
“unwrapping”. This process resolves the integer (2m) ambiguity and converts the wrapped phase
into continuous values representing actual ground movement, producing the unwrapped
interferogram (Figure 7b). A variety of approaches and algorithms address this problem; for
example the SNAPHU algorithm (Chen and Zebker, 2002), that considers phase unwrapping
as a maximum a posteriori probability estimation problem computing the most likely
unwrapped solution given the observable input data.
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Figure 7. InSAR interferogram produced from Sentinel-1 SAR images (acquired between 13
April to 12 June 2022, 2022, T155 orbit) showing the deformation of one inflation episode at
Svartsengi volcanic system. LOS displacements shown in a) wrapped interferogram and b)
unwrapped interferogram. In b), the LOS displacements are shown with topography in the
background. Incoherent areas are grey. Light blue area is the ocean. The 2021 Fagradalsfjall
lava field is in white. The black arrows indicate the heading and side-looking of the satellite.

The final phase shown in an interferogram represents the change in topography and
scattering properties of the ground, and is affected by several artifacts deriving from satellite’s
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orbital position and geometric configuration (Zebker and Villasenor, 1992), atmospheric delay
(Massonnet and Feigl, 1998; Hassen, 1998).A key quality indicator of the interferometric phase
is the coherence (i.e. the correlation between two images), ranging from 0 (no correlation) to 1
(perfect correlation). Coherence can be estimated by cross-correlation of two SAR images over
a small ground area in range and azimuth (Lu and Freymueller, 1998), requiring that the ground
scattering surface is relatively undisturbed at the scale of the radar wavelength between the two-
time measurements (Li and Goldstein, 1990; Zebker and Villasenor, 1992).

While a single interferogram captures relative displacement between two SAR images
over a specific time interval, time-series InSAR techniques such as Permanent Scatterer
Interferometry (PSInSAR) and Small Baseline Subset (SBAS) analyze multiple interferograms
to estimate mean deformation velocities and identify long-term trends. These methods help
reduce errors due to temporal atmospheric fluctuations, and decorrelation by combining data
from many acquisitions. The PSInSAR approach proposed by Ferretti et al. (2000) was the first
complete solution to mitigate temporal and geometrical decorrelation by identifying stable
reflectors — typically man-made structures — that return consistent radar signals over time.
However, this method relies on high-coherence reflectors, which are commonly found in urban
areas. To address this, Hooper et al. (2004) developed an alternative approach that identifies
natural targets with stable phase behavior over time, even when their reflectivity is relatively
low. Over the years, the PSInSAR has grown significantly, with several algorithms proposed
to improve detection and reliability (Crosetto et al., 2016). Another widely used technique is
the Small Baseline Subset (SBAS) method, which helps minimize spatial and temporal
decorrelation effects and enhance the reliability of the deformation data (Berardino et al., 2002).
In this context, the perpendicular baseline refers to the orthogonal distance between the
satellite’s orbital paths during two different acquisitions. Smaller perpendicular baseline
generally leads to reduced geometric decorrelation, making the method more efficient when
detecting ground deformation. The SBAS estimates the mean deformation rate by using a
network of interferograms with small temporal and spatial baselines by applying temporal high-
pass and spatial low-pass filtering to isolate deformation signals while suppressing noise.
However, the classic SBAS method has several limitations e.g., due to sparse stable points
within a certain area. Several studies have focused on improving the SBAS technique to
increase the number of high-coherence points and enhance the accuracy of deformation
monitoring. A review of these advancements is provided by Li et al. (2022).

The first spaceborne scientific SAR mission dedicated to Earth observation were the
Shuttle Imaging Radar (SIR) missions carried aboard NASA’s Space Shuttle in the 1980s,
including SIR-A (1981), SIR-B (1984), and SIR-C/X-SAR (1994). These missions
demonstrated the potential of SAR for geological and environmental studies. However, the first
dedicated scientific SAR mission with long-term Earth observation capabilities was the
European Remote-Sensing satellite (ERS), launched in 1991 and operational until 2000
(Attema et al., 1998). Additional missions have been or are currently running on different
frequency bands and wavelengths by several public and/or private companies. The wavelength
and the frequency bands are important characteristics of the SAR satellites in consideration of
the phenomena and area of investigation. The most used frequency bands are the X-band (~3.1
cm of wavelength), C-band (wavelength ~5.6 cm) and L-band (wavelength ~23.5 cm) (Figure
8). For example, L-band can penetrate vegetation as well as upper soil to some extent in dry
conditions, making it more suitable for use in forested areas. Interferograms produced from L-
band sensor may even maintain coherence during winter months with snow cover on the
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ground. However, due to the wavelength, small ground movements will only show up as a small
fraction of one fringe. An X-band sensor can well detect small deformation signal, though is
not suitable for use in vegetated or snow-covered areas. Thus, integration of satellite data with
different but complementary characteristics may increase our ability to detect land motion. This
study uses data from both ascending and descending orbits from the Sentinel-1 satellite. The
Sentinel-1 satellite operates on C-band frequency (wavelength = 5.6 cm) with a right-side
looking configuration and IW mode. The Sentinel-1 satellite orbits used in the project are shown
in Figure 9.
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Figure 8. Timeline of the main SAR missions operated by different companies or institutions:
X-band (green),; L-band (blue) and C-band (red). Courtesy of Vincent Drouin, modified from
Drouin (2016b).
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Figure 9. Outlines of the Sentine-1 images used in this study. (dashed: ascending, continuous:
descending) used in this project. The outline of the main glaciers (white), fissure swarms (dark
grey) and central volcanoes (black dashed lines) are shown.

1.4 Modelling approaches

The variety of processes causing deformation at volcanic areas can be investigated with
theoretical mathematical models of crustal deformation to distinguish among the possible
sources of deformation (Segall, 2010; Crozier et al., 2023). There are two main groups in terms
of how the models are applied: forward modelling and inverse methods. A forward model is
used to calculate an expected deformation pattern given fixed source parameters. On the
contrary, the inversion method uses a known deformation pattern to infer best-fit parameters of
a deformation source, often through an iterative optimization process. Generally, it is possible
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to distinguish between analytical and numerical modelling approaches. An overview of both
modelling approaches is provided in the following paragraphs.

1.4.1 Analytical models

Analytical models are mathematical approaches describing a problem in the form of
closed mathematical expressions based on specific assumptions. Due to their relatively simple
formulation, they are widely used in volcano deformation studies to characterize deformation-
driven processes and to constrain source location, size and orientations (Gottsmann and
Battaglia, 2008; Amoruso and Crescentini, 2013). The main assumptions of commonly used
analytical solutions to interpret geodetic data at volcanoes are the assumptions of a deformation
source embedded within a uniform, elastic and homogeneous half-space, flat topography and
regular source geometry. The limitation of such models lies in their inability to account for the
complexity of an actively deforming volcano: crustal heterogeneity, topography, visco- or
poroelastic response, and irregular source geometry, all of which affects the deformation at
surface (Trasatti et al., 2003; Manconi et al., 2007; Hickey et al., 2014). Nonetheless, the
analytical solutions are quite useful as they provide a good approximation of source parameters
in a relatively short time. Such models are typically used to derive first-order constraints on
magmatic processes that take place inside volcanoes, and they can provide critical information
for an operative real-time monitoring situation for decision-making responses in case of
imminent eruption or diking near populated zones.

There are several analytical models used when interpreting volcano deformation,
considering different types of sources within an elastic halfspace: point-source, approximating
a small spherical source, also known as a Mogi source (Mogi, 1958); a rectangular dislocation
with opening and slip (Okada, 1985); a horizontal penny-shaped sill, where pressure is
uniformly applied to the boundary of the sill (Fialko et al., 2001); or a change in pressure within
a prolate spheroid source representing a pressure change within a finite ellipsoidal body (Yang
et al., 1988) , which is a special case of an ellipsoid where the horizontal axes are equal and
larger than the vertical axis (a = b > c¢); and a general triaxial ellipsoid (Davis, 1986), where all
three semi-axes (a, b, c¢) differ (a # b # c), offering the greatest flexibility for modeling complex,
asymmetric magmatic sources. Many analytical models of ground deformation used in volcano
geodesy, although useful, do not account directly for physical properties or composition of
magma. However, several studies show how the compressibility of magma remaining within a
deflating magma chamber, affected by exsolving volatiles, and stiffness of the host rock,
influences the difference in volume of deflation and amount of magma extracted from a
deflating magma chamber, that can be considerably different (e.g., Rivalta and Segall, 2008).
In this work, we mostly focus on the use of Mogi and Okada sources. The Mogi model is a
widely used approach for representing inflation or deflation from a spherical pressure source at
depth and provides a useful baseline for interpreting volume changes. The Okada model was
selected to explore more complex, planar source geometries, such as sills. While it is known
that the Okada model can introduce edge effects, its analytical formulation and flexibility in
geometry make it a practical tool for inversion and comparative analysis. Despite these
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limitations, both models provide valuable insights into the source characteristics, and serve as
a starting point for more complex or physically realistic models in future work.

The Mogi model (Mogi, 1958) estimates the displacement field due to a
contracting/expanding point-source, approximating a spherical source with a small radius
compared to its depth, embedded in elastic, homogeneous and isotropic half-space (Figure 10).
The model parameters can be represented as: location of the source (X, Y and depth) and a
parameter quantifying the strength of the source (equations 1-4). The displacements at the
surface are axisymmetric with the maximum vertical displacement above the center of the
source (Figure 10), while the horizontal displacement obtains its maximum value at a distance
of 0.7d (Lisowski, 2006), where d is the depth to the center of the source. Horizontal and vertical
surface displacements are given by equations 1 and 2:

d

U.=C (r2+a2)3'2 (M
r

Ur=C (2+d2)3'2 2)

where r is the horizontal distance along the surface from the source center, d is the source
depth, and C is the source strength parameter. The source strength parameter is a term that
connects either the pressure change, AP, or a volume change, AV, to the elastic properties of
the crust (shear, u, and Young’s modulus, E) with the following relationships (e.g.,
Sigmundsson, 2006):
1-v

c==24v 3)

T

- _ 1,2
C=1Tva3AP or =223 p (4)

where v is the Poisson’s ratio of the elastic half-space.

An approximation that Mogi solution is based on is that the point-source is located at a
depth more than five times its radius and thus, is not valid when the source approaches the
surface (Lisowski, 2007). A numerical model using the Finite Element Method is used to
evaluate this effect and to study as well the influence of heterogeneities in the elastic moduli of
the crust in Chapter 2. The Mogi model does not allow the separate determination of the radius
of the source (which ideally one would like to know to infer size of the deforming source), as
it is coupled with the pressure change. McTigue (1987) provides a more complete solution to
approximate the deformation for a pressurized spherical cavity in an elastic half-space,
considering its finite dimensions:

_ a3 AP (1-v) x a\3 1+v 15d2(—2+v)

U: = GR 1+ (E) (2(—7+517) T 4R2(=7+5v) )) ®)
_ a3 AP (1-v) d a\3 14+v 15d2(-24v)

Ur= GR 1+ (E) (2(—7+5v) + 4R2(=7+5v) )) (6)

where R = (x* + d*)°3, x is the coordinate of the point at surface, where the displacement
is estimated, and all the symbols are the same as for the point-pressure source.

Okada (1985) and (1992) present analytical expressions for the surface deformation and
internal deformation, respectively, due to inclined finite rectangular sources in a half-space with
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uniform opening and slip. These analytical formulations provide an approach to model tectonic
faults (earthquakes) or magma sheet intrusions (dipping sill-like magma bodies or dikes)
(Figure 10c and 10d). The surface displacement pattern for a horizontal rectangular dislocation
with uniform opening may appear quite similar to the Mogi source surface deformation, but
with different maximum vertical and horizontal displacement given the same depth. The model
requires eight parameters: length, width, depth, strike, dip, the location (x and y) and opening
of the sill.
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Figure 10. (a) Geometric representation of the point pressure source in an X, Y, Z coordinate
system to derive (b) the displacement field (vertical and horizontal) at the surface along a
profile crossing the source. (c) Geometric presentation of a dipping Okada solution in an X, Y,
Z coordinate system (Beauducel, 2024) to derive (d) the vertical displacement at surface.

Several software packages have been developed to investigate different sources of
deformation e.g., dModels (Battaglia et al., 2013); GBIS (Geodetic Bayesian Inversion
Software; Bagnardi and Hooper, 2018); GAME (Cannavo, 2019), and VSM (Volcanic and
Seismic source Modeling; Trasatti, 2022). These tools usually include several forward models
and different inversion methods to infer source parameters (Crozier et al., 2023). In this thesis,
the GBIS software has been used to invert GNSS and InSAR geodetic data to infer the source
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parameters which best describe the observed deformation. The software is based on a Bayesian
approach for the inversion of multiple geodetic data sets that allows characterization of
posterior probability density functions (PDFs) of source model parameters. Initially, a given set
of a-priori conditions are given. In our case, such conditions are the lower and upper bounds
for the values of the source parameters. The inversion algorithm samples posterior PDFs
utilizing a Markov chain Monte Carlo method (MCMC), incorporating the Metropolis-Hastings
algorithm (e.g., Hastings, 1970), with automatic step size selection, considering the fit of
observations to model predictions. The MCMC method relies on the construction of a repeated
random sampling to converge to solutions with optimal values for the model parameters. The
process further infers a probability density distribution for each of the model parameters.

In the inversion both the GNSS and InSAR LOS datasets are used. The GNSS data file
contains: location of the sites (longitude and latitude in decimal degrees), the three components
of displacement (north, east and up) and their uncertainties (normally expressed as one standard
deviation). The standard version of GBIS, used in the early stages of this project, originally
resamples the InSAR LOS data by using a gradient-based quadtree sampling method (Jonsson
et al., 2002; Decriem et al., 2010). Such an algorithm divides the data in polygons (squares for
regularly spaced data) until the phase variance of the points within each polygon is below a
given quadtree threshold variance. If the previously defined variance threshold is exceeded,
polygons are further divided into four quadrants. This process goes on until the points within
the polygons have variance lower than the selected threshold. As a result, areas with high
deformation will be densely sampled. However, if the noise level is relatively high e.g., in far-
field areas compared to the actual deformation signal of the LOS dataset, the algorithm may
“read” them as high variance zones and iteratively subdivide the regions into smaller ones. To
avoid such an effect, in the later stages of the project another sampling method was used. In the
modified approach a dense sampling within a circular area is used, with a predefined radius
given a reference point (e.g., centered around the deforming area). At distance outside the radius
length, the sampling density is reduced to avoid the inversion result to be influenced from noisy
data within the far-field.

1.4.2The Finite Element Method - FEM

The FEM technique seeks an approximate solution to differential equations under
examination in a one-, two- or three-dimensional domain, calculating a discrete function rather
than continuous, of which values are given only at certain points (Dieterich and Decker, 1975).
These points are called the nodes of the calculation grid. The discrete solution of the differential
equation is calculated in elementary volumes defined by groups of adjacent nodes, which
constitute the finite elements (Figure 11). A contemporary solution in all the elementary
volumes in which the domain is subdivided, found by imposing appropriate conditions on the
adjacent elements, constitutes the result of the numerical model.
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Figure 11. An example of meshing in a two-dimensional finite element model setup in COMSOL
Multiphysics: high-density of nodes (red dots) near a hypothesized circular deformation source
which results in smaller finite elements area (in blue). The finite elements become larger away
from the source of deformation.

Numerical modelling with a finite element analysis approach is comprised of: (1) pre-
processing; (2) solution and (3) post-processing phases. (1) In the pre-processing stage, the
geometry and conditions of the physical problem are defined. The utilization of an appropriate
graphical user interface (GUI) facilitates the creation of a geometric domain that reflects the
reality of the study domain as closely as possible by assembling simple geometries like a one-
dimensional line element (spring, beam, pipe etc.), a two-dimensional (plane) element
(membrane, plate, shell) or a three-dimensional (solid) element. Once the geometry is created,
boundary conditions and material properties in agreement with the physical problem can be
defined. Some examples of boundary conditions are the stress-free condition, which may be
appropriate for the land surface; loads, like external force or pressure applied to a boundary; or
a fixed or moving constraint, where it is possible to give motion to some specific part of the
geometry. Material properties can be defined in terms of the state of the material: liquid, gas or
solid. At this point, the most important step is the discretization (or meshing) of the domain into
a system of smaller units - the finite elements - interconnected at points between two or more
elements (nodes) (Figure 11). It is important to note that the elements are small volumes, not
separate entities and there are no cracks, spaces or surfaces between them. It is possible to
choose between three-dimensional (tetrahedra, pyramids, prisms or hexahedra) or two-
dimensional (triangular and quadrilateral) meshes. The arrangement of a suitable mesh that
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defines the degree of discretization of the domain of interest is a fundamental challenge for
designing robust FEM simulations. A common approach to getting a solution as close as
possible to what is required, considering appropriate resolution and computing time, is to
increase the density of the nodes of the grid in the near-field deformation, where the
deformation is expected to be higher or where some boundary condition is acting and decrease
it in the far-field. This trade-off approach reduces computational costs but guarantees a
sufficiently accurate solution in many cases.

The innovative characteristic of the FEM approach lies in its ability to handle variable
density of nodes (such as near irregular areas of the geometry) compared to other techniques
like the Finite Difference Methods, FDM (Nishimura and Choet, 2003). The FEM provides the
possibility to apply unstructured numerical meshes, while the FDM requires rectangular
meshes. The FEM can offer the same numerical accuracy as the FDM, but with less nodes
(Frehner et al., 2008). (2) During the solution stage, if the interpolation functions of the physical
problem satisfy certain mathematical requirements, a finite element solution for a particular
problem converges to an analytical differential solution. A FEM numerical model assembles
the governing algebraic equations into matrix form and computes the unknown values of the
primary field variables. The basis for the assembly procedure stems from the fact that the
elements connected by the same node share the value of the field variable. Field variable (or
unknowns) changes according to the physics of the problem, e.g. in a structural problem the
field variable are the displacement components; in an electrostatic problem the field variable is
the electric potential. Convergence to a solution does not ensure the correct solution. Therefore,
it is beneficial to compare FEM models to known analytical or other solutions when available.
This process is referred to as benchmarking and is an important step to determine whether a
FEM model is working properly (Currenti et al., 2008; Hickey et al., 2014; Pascal, 2013;
Greiner, 2024). Benchmarking can typically be done when working with relatively simple
initial FEM models, that are then modified to more complex situations. (3) Numerical result
visualization and interpretation can be made in the post-processing phase. Most of the FEM
solvers provide a log file, which should be searched for warnings or errors.

FEM analyses allow realistic features such as topography, crustal heterogeneities, and
thermal variation with depth to be incorporated in volcano deformation models (Lungarini et
al., 2005; Ronchin, 2015). However, FEM modeling requires large computational resources and
time. Inverse for source model parameters using a FEM approach is typically not suitable for
real-time monitoring purposes at present, as it can take hours or days of computation to invert
data to estimate the source parameters (Charco et al., 2014; Hickey et al., 2016; O’Hara, 2023).
Several software are FEM-based. Some commonly used in Earth Sciences are: Abaqus (Smith,
2009), Pyrit (Bundschuh et al., 2022) and COMSOL Multiphysics (www.comsol.com).
COMSOL Multiphysics is the software used in this PhD thesis. This software can solve coupled
physics equations simultaneously and can provide a unified workflow for several applications.
It 1s possible to build models by defining the relevant physical quantities, such as material
properties, loads, constraints, sources, and fluxes, rather than by defining the underlying
equations. These variables, expressions, or numbers can be directly applied to solid domains,
boundaries, edges, and points independently of the computational mesh.

Numerical modelling with the FEM approach helps to overcome the limitations forced
using the analytical approach. In this thesis I explore how the displacement field due to a near-
surface pressurized spherical source is influenced by local elastic properties of the crust within
a volcanic area (for more details see Chapter 2). The method was also used to investigate
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deformation within a volcanic system located at a divergent plate boundary, contributing to
improved understanding of long-term rift evolution (Chapter 3). The model includes an upper
elastic part of the (highly fractured and altered) crust above a layer with inelastic properties
(viscoelastic theology). The viscoelastic layer reaches shallower depths beneath the volcanic
system, reproducing the magmatic plumbing system. In the last part of the thesis, FEM
investigations were carried out to reveal how near-field deformation may be affected by
instantaneous emplacing of new lava. Such an effect has been reproduced by simulating a
perpendicular loading (utilizing the lava thickness DEM) in the form of -pgz, where p is the
density of lava, set to 2900 kg/m?, g is the gravitational acceleration, 9.81 m?/s, and z is the
thickness of the lava field (for more details see Chapter 4).

1.5 Present study

Crustal deformation at several volcanic systems in Iceland is studied within this thesis, to
characterize deformation-driving processes occurring in the subsurface. In Iceland, a dense
network of continuous and campaign GNSS, established through the past decades all over the
country, and different InNSAR missions (Sentinel-1, COSMO-SkyMED and TerraSAR-X),
allow good temporal and spatial observations of crustal deformation at active volcanoes. In this
thesis I use data from the campaign and continuous GNSS network and the Sentinel-1 satellite
to analyse ground deformation observed at three volcanic systems in Iceland: Krafla and Askja
volcanic systems in north Iceland, (Figures 1 and 2) and the Fagradalsfjall volcanic system in
south-west Iceland (Figures 1 and 3). The observed ground deformation was either inverted to
infer parameters of sources of ground deformation or compared to predictions of FEM forward
models. In particular, the use of FEM helps gain new insights and constraints on the
contribution from different processes and variable rheology to the observed deformation.

The overall objective of the thesis work is to improve understanding of observed small
crustal deformation signals, in relation to both short- and long-term processes taking place at
several volcanic system in Iceland. In particular, the work undertaken addresses the following
research questions:

1. Does crustal heterogeneity in a caldera in combination with changes in a geothermal
system influence the observed 2018 ground deformation change and pressure increase in the
Krafla caldera?

2. How does the interplay between the regional tectonics and a developed magmatic
system beneath calderas influence the decades-long observed deformation at the Krafla and
Askja volcanic systems?

3. How did evolution of the magmatic system during and after the 2021 Fagradalsfjall
eruption influence the co- and post-eruptive deformation?

4. Given the variety of observed deformation patterns occurring at volcanic systems, can
modelling approaches help in discriminating the active processes at work?

Paper one (Chapter 2) focuses on the cause of the recent changes in deformation patterns
that occurred during 2018 at the Krafla caldera, in north Iceland, in relation to changes in the
geothermal system and geothermal exploitation. GNSS and LOS datasets were inverted to
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derive source parameters. A FEM model, taking into consideration realistic crustal
characteristics, provides constraints on the elastic moduli of the crust inside the caldera.

In paper two (Chapter 3) a FEM model with both elastic (upper crust) and viscoelastic
material (lower crust and in the magmatic plumbing system) is used to study the relationship
between local crustal heterogeneity and the plate spreading processes. The plate spreading is
reproduced with a uniform velocity applied at the lateral edges of a model domain. Such models
are used to investigate decades-long subsidence at Krafla caldera (1989-2018) and at Askja
caldera (1983-2021).

In paper three (Chapter 4) the focus is on understanding the evolution of the magmatic
plumbing system during the 2021 Fagradalsfjall eruption. In particular, the relationship between
ground deformation pattern changes, detected by the continuous GNSS network, and variations
in the effusion rate observed at the surface as well as variation in geochemistry of lava samples
collected during different time periods is evaluated. The emplacement of new lava was found
to locally affect the ground deformation.
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2 Paper I: Pressure increase at the
magma-hydrothermal interface at
Krafla caldera, North-Iceland, 2018-
2020: Magmatic processes or
hydrothermal changes?

2.1 Summary

A change in the ground deformation was detected at the continuous GNSS KRAC site at
the Krafla caldera (North-Iceland) in summer 2018. Time series analysis reveals an initial
southern motion up to 10-12 mm/yr, which slowed down to 6-8 mm/yr, about one year after the
onset of the change when the vertical component began to show upward motion (Figure 12).
GNSS (from annual surveys carried out in the caldera) and LOS difference velocity fields
between 20182020 and 2015-2018, from summer Sentinel-1 InSAR images, reveal an
inflation pattern in the center of the caldera.

The Krafla caldera hosts a geothermal system which has been exploited to produce
electricity since 1997. The Leirbotnar geothermal field, in the middle of the Krafla caldera, is
the most relevant for geothermal exploitation and is characterized by an upper liquid-dominated
(190-220°C) geothermal reservoir, extending down to 1.0-1.4km depth. A relatively
impermeable zone (Gudmundsson and Mortensen, 2015) separates the upper reservoir from a
lower reservoir of high-temperature (280-340°C) fluid and steam down to at least ~2.2 km
(Stefansson, 1981; Armannsson et al., 1987; Mortensen et al., 2014). A monitoring well (not
used for extraction and re-injection operations) located in the caldera, shows an increase of the
water table level in August 2018 and a pressure measurement in September 2018 also shows an
increase. Pressure increase was also observed 2018-2019, but no additional increase was
observed in 2020. The total rise of the water table was up ~25 m, and the pressure increase was
~0.2 MPa for the 2018-2020 period. In 2018, the net production (mass extraction minus re-
injection) of the Krafla Power Plant was generally higher compared to previous and following
years. From 2017 to summer 2018, two re-injection wells were used, but in summer 2018, an
additional well, located in the middle of the caldera, became operative, and remained in use
until September 2019.
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Figure 12. KRAC continuous GNSS station. 2015-2020 time series with a linear, annual and
semi-annual modulations removed, for GAMIT-GLOBK solution (blue dots) and GIPSY-OASIS
1l (black dots). The shaded area indicates the inferred time range of the onset of the
deformation, sometime from mid-July 2018 to mid-November 2018. The vertical yellow line
shows the timing when a pressure measurement was taken; the vertical red line shows the
beginning of the water level increase; the vertical green solid line and the vertical green dotted
line show the start and the stop of the re-injection operations at one of the wells in the caldera.

A joint inversion of the GNSS and LOS difference velocity fields locates a Mogi source
in the middle of the caldera at 2.1-2.5 km depth (Figure 13). We investigated the influence on
deformation pattern of the size of a spherical pressurized source, located at ~2.2 km depth, in
relation to the presence of a local geothermally altered crust and intra-caldera deposits (Figure
14), referred to as a low-rigidity volume. A FEM models was built to study the process. The
crust surrounding the low-rigidity volume displays elastic Young’s modulus according to the
crust average estimation based on studies of regional rigidity in Iceland, i.e. 30 GPa (Grapenthin
et al., 2006; Auriac et al., 2013; Drouin et al., 2017). Our investigation found that such FEM
model where the low-rigidity volume (with Young’s modulus = 7 GPa) envelops a pressurized
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spherical source of deformation, reproduces broadly the deformation pattern (Figure 13), if the
pressure changes in 2017-2019 are representative for the whole geothermal reservoir.
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Figure 13. Comparison between observed and predicted displacement from Mogi best-fit GBIS
solution. (a) GNSS observed horizonal displacements (blue arrows) and predictions (red
arrows) of a best fitting model. The black star indicates the inferred best-fit position for the
source centre. (b) LOS data, (c) best fit model predictions and (d) residuals for InSAR track T9.
The black polygons mark the area used to evaluate the root mean square of residual value
which for this model is = 2.6 mm/yr for the LOS data and 1.1 mm/yr and 9.4 mm/yr for the

horizontal and vertical displacements, respectively.
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Figure 14. Predicted displacement from the best fit GBIS model (red circles) and numerical

solutions from COMSOL for different source radius. The inset shows the elastic moduli,

Young’s modulus (blue) and shear modulus (red), as a function of the radius.

2.2 Main results

- Continuous GNSS monitoring detected a change in the deformation pattern at the Krafla
caldera between mid-July to mid-November 2018. Time series analysis reveals a southern
motion (10-12 mm/yr), which slowed down (6-8 mm/yr) approximately one year after the onset
of the change, when the vertical component began to show upward motion.

- Yearly pressure measurements in the geothermal system show an increase in September 2018
and in summer 2019, compared to previous years, for a total of ~0.2 MPa. In 2020, no additional
increase was observed.

- A joint inversion of geodetic data locates a point-pressure source at 2.1-2.5 km depth, near
the magma-hydrothermal interface at the Krafla caldera.

- A FEM model with a pressurized spherical source centered at ~2.2 km depth and radius of
~1.4 km reproduces broadly the observed near-field deformation, using constraints on the intra-
caldera Young's modulus value (about 7 GPa), if the pressure change observed in 2018 and
2019 in a monitoring well is representative of the whole geothermal reservoir.
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3 Paper II: Strain Localization at
Volcanoes Undergoing Extension:
Investigation of Long-term
Deformation at Krafla and Askja
Volcanic Systems in North Iceland

3.1 Summary

Geodetic monitoring by several techniques, e.g., GNSS, InSAR and levelling, reveals
deflation at the Krafla caldera from 1989 to 2018 (Tryggvason, 1994; Sturkell et al., 2008;
Drouin et al., 2017), and at the Askja caldera from 1983 to 2021 (Sturkell et al., 2006; de Zeeuw-
van Dalfsen et al., 2012). Both volcanoes lie at a divergent boundary where extensional
processes may play an important role in the observed ground deformation. The high
temperatures due to the presence of liquid magma and magma mush (Sparks and Cashman,
2017; Liao et al., 2018) can heat significant volumes of rock, influencing their physical
properties, eventually forming a significant local rheological anomaly in the volcano
subsurface. Thus, while a fully elastic and homogeneous medium may not suffice to represent
the behavior of such deformed rocks, viscoelastic rheology may be a more appropriate way to
describe the deformed rocks in a volcanic system. The Krafla and Askja volcanic systems are
the most active in the Northern Volcanic Zone of Iceland, and both have historical eruptions
attesting the state of activity of the systems. At Krafla, a strong seismic reflector has been
mapped at ~2 km depth (Kim et al., 2020), where rhyolitic magma has been encountered in the
caldera during the IDDP-1 drilling operations in 2009 (Elders et al., 2011). Similar reflectors
were observed at depths ranging from ~4 to ~6 km (Kim et al., 2020). At Askja, tomography
shows heavily intruded regions with inferred melt sitting in lenses of low melt fraction or within
a mush beneath the caldera at ~5 km and ~9 km depth (Greenfield et al., 2016).

A two-layer three-dimensional FEM model is used to explore the relationship between
plate spreading in relation to the presence of viscoelastic material at shallower depth beneath a
caldera than regionally (Figure 15). A uniform spreading rate is considered to reproduce the
extensional tectonic forces. The model accounts for the presence of a 2 km-thick caldera layer
with lowered elastic properties (Young’s modulus = 7 GPa as in previous paper), to simulate a
geothermally altered area. A series of models has an elastic layer next to the low-rigidity volume
reaching a depth of 7, 10 and 15 km, respectively, at 25 km away from the center of the caldera
(geometries A1, A2 and A3). This layer has a Young’s modulus of 30 GPa, in agreement with
average estimation for the Icelandic crust (Grapenthin et al., 2006; Auriac et al., 2013; Drouin
et al., 2017). Underlying the low-rigidity volume from 2 km depth to the bottom of the
surrounding elastic layer geometry, the model has a viscoelastic material (referred to as up-
doming material) to simulate a rheological anomaly beneath the volcano (Figure 15). Within
this crustal volume, viscosities in the 10'>-10' Pa s range are investigated. We refer to this as
the caldera (C-) model. Additionally, two segments (for Krafla) and one segment (for Askja) of
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a shallower elastic material and a deeper viscoelastic material were introduced to reproduce the
fissure swarms (Figure 15). Their geometry is such that the elastic-viscoelastic interface is
located at 2 km depth at the caldera contact and ramps down to 7, 10 or 15 km depth at 50 km
distance north of the caldera and 40 km south distance of the caldera in the case of the Krafla
volcanic system. For the Askja volcanic system, the model has only one fissure swarm to the
north of the caldera. The viscoelastic material in the fissure swarm has a viscosity in the range
of 5x10'7- 5x10'? Pa s, and Young’s modulus set to 30 GPa. We refer to this as the Caldera and
Fissure Swarm (CFS-) model.
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Figure 15. 3D models setup. a) C-model and caldera cross-section showing material
properties; b) CFS-model for Krafla (left) and Askja (right) volcanic systems.

The model predictions for ground displacements are compared to inferred vertical
displacements 2015-2018, based on InSAR LOS observations from one ascending and one
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descending satellite tracks (Drouin and Sigmundsson, 2019). This comparison suggests plate
divergence may account for 4-5 mm/yr of observed subsidence at Krafla, which is the bulk of
the observed deformation signal there (Figure 16a-c). On the other hand, the model applied to
the Askja volcanic system reproduces only 25-20% of the observed deformation (Figure 16d-
f), implying the existence of additional causes of deformation (e.g., geothermal activity, magma
transport etc.). The modelling results suggest that any magmatic systems undergoing stretching
will feature subsidence in relation to the presence of an extensive, rheologically, weak crustal
volume beneath volcanic systems.
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Figure 16. Inferred average vertical velocities from 2015-2018 Sentinel-1 InSAR data (Drouin
and Sigmundsson, 2019), model prediction, and residuals in a map view for the Krafla (a- c),
and the Askja volcanic systems (d-f). The black circle and black star in panels (a-c) indicate
the Krafla and Bjarnarflag power plants, respectively, the blue line shows the Krafla Fires
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respectively.
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Comparison of Caldera and Fissure Swarm Models with LOS data
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Figure 17. Vertical displacement of the C-model and CFS-model given the same viscosity value
in the up-doming material and same elastic layer thickness. The profile is along the red line in
X-dimension in Figure 15. nF' = viscosity fissure swarm; nC = viscosity beneath the caldera.

3.2 Main results

- A plate spreading model, with extensional stretching over a heterogeneous plumbing system
symbolizing a caldera (C-model) and a caldera and a fissure swarm geometry (CFS-model),
causes subsidence localized in the center of a volcanic system.

- The subsidence rate within a caldera decreases as the viscosity in the heterogeneous magmatic
system increases from 5x10'°Pa s, to 5x10'7 Pa s to 5x10'¥ Pa s.

- The comparison of the C-model and CFS-model shows that presence of fissure swarm induces
additional subsidence in the caldera compared to the C-model results (Figure 17).

- The CFS-model suggests that plate divergence processes may account for the majority of the
observed deformation at Krafla volcanic system during the 2015-2018 period. For the same
period, the models reproduce only 25-30% of the observed deformation at Askja volcanic
system, suggesting involvement of additional deformation processes (geothermal activity,
magma transport).
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4 Paper III: Transient ground
deformation observed by cGNSS and
InSAR during and following the 2021
Fagradalsfjall eruption, Iceland

4.1 Summary

Ground deformation during a volcanic eruption can display particular spatial and
temporal patterns that help to interpret physical processes related to the evolution of a magmatic
plumbing system. In this paper, the co-eruptive deformation during the 2021 Fagradalsfjall
(South-West Iceland, Figure 3) eruption is analyzed. The eruption started after several weeks
of intense seismic activity in the area and several inflation-deflation episodes occurring at
neighboring volcanoes in Svartsengi and Krysuvik (e.g, Cubuk-Sabuncu et al., 2021; Geirsson
et al., 2021; Flovenz et al., 2022).

The analysis of spatial and temporal GNSS and InSAR (Sentinel-1) observations of
ground deformation identify three geodetic phases in the deformation pattern during the six-
month eruptive period (Figure 18): T1, 19 March — 10 May, relatively small deformation
occurred; T2, 11 May — 31 July, the highest deformation (up to 30—40 mm in GNSS horizontal
components) of the whole eruptive period, followed by a relatively calm phase, T3, 1 August —
18 September, with little or almost null deformation. We jointly inverted GNSS and InSAR
data using the GBIS software (Bagnardi and Hooper, 2018) to place constraints on the location
and geometry of the source of deformation.

Initial geodetic modelling of the GNSS and LOS data reveal local residuals around the
lava deposits. Thus, we integrate the geodetic analysis with a lava loading FEM model by using
a digital elevation model of the lava available for the full six-month eruption period (Pedersen
et al., 2022). The lava loading model, considering a crustal volume with a Young’s modulus set
to 30 GPa, reproduces a maximum subsidence of 7-8 cm beneath the lava deposits (Figure 19).
The deformation decays rapidly with distance, within 1-2 km away from the lava outline.
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Figure 18. Displacements on the Reykjanes Peninsula from 19 March to 20 December 2021.
The upper panel shows GNSS stations (with green triangles) with both vertical and horizontal
displacements and the Fagradalsfjall lava field at the end of the eruption (in orange). The lower
panels display detrended GNSS time series for stations SKSH (on the left panel) and MOHA
(on the right panel) located west and east to the eruption site, respectively. The three co-
eruptive deformation periods are marked: T1: 19 March — 10 May (blue dots), T2: 11 May - 31
July (red dots), T3: 1 August — 18 September (black dots), and post-eruptive deformation, 19
September — 20 December (green dots). The vertical red lines indicate the beginning and end
of the eruption. The blue, red, black and green lines show the least-square fit for the different
geodetic phases. Ocean and lakes are in light blue.
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Figure 19. Vertical displacement according to a lava load FEM model (background color) in
cm, when the crust has a Young’s modulus E = 30 GPa. Grey area is the sea, while the black
line marks the lava outline. The white circle indicates the active vent from end of April to 18
September 2021, while the black circles are the vents that opened in the first 5 weeks of the
eruption.

After correcting the six-month LOS data for the lava loading signal, the model residuals
are reduced, and the fit improves in proximity of the lava field (Figure 20). The preferred model
to explain the observed deformation, in addition to the lava loading effects, represents a sill at
12.3-13.5 km depth (sill top), with a deflation volume of 21-27 Mm?. The best-fit sill location
inferred in the T2 geodetic phase is at a slightly shallower 11.1-12.4 depth with a deflating
volume of 6-7 Mm”.
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Figure 20. Data and modelling results for the loading corrected six-months LOS change of the
T16 InSAR track, for E = 30 GPa. (a) and (b) data — both panels the same, (c) and (d) model
prediction, (e) and (f) residuals for a Mogi and a sill geometry, respectively (left and right
columns). The white circle in (b) indicates the best-fit solution of the Mogi source at 9 km (95%
confidence interval: 8.6-9.5) km depth. Black square in panel d) shows the projection at surface
of the modelled deflating sill (thicker line for the top) at a depth of ~12.8 km (95% confidence
interval 12.3—-13.5 km). Black arrows show the heading and look direction of the satellite. In
light grey, the Fagradalsfjall lava field at the end of the eruption and in light blue the lake
Kleifarvatn to the east. White indicates the ocean.
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Additionally, we evaluate the link between the temporal changes in the displacement
pattern with other observables at surface like variations in the effusion rate (Pedersen et al.,
2022) and in geochemistry of the time-series of collected lava samples (Halldorsson et al.,
2022). These studies, combined with gas analysis, infer input of new magma from a near-Moho
depth (approximately ~15 km depth) around the end-April to beginning of May 2021,
corresponding to an increase in the extrusion rate at the surface and the beginning of the T2
geodetic phase (Figure 21).

Post-eruptive inflation was detected at the end of the eruption at most of the GNSS
stations on the Reykjanes Peninsula. The signal is sourced at a comparable depth to the co-
eruptive source, but best-fit location is few kilometers further south.

15 15
10+
= 10 @
o
E 5 E
7S o
i 2
0 5
L}
I
L}
5 1
H
| I 1 | Ll I &
Mar Apr May Jun July Aug Sept Oct

Figure 21. KRIV GNSS east displacement in relation to changes in the effusion rate and
eruptive style. Tl geodetic phase, 19 March — 10 May 2021 (blue dots), T2 geodetic phase, 11
May — 31 July 2021 (red dots), T3 geodetic phase, 1 August— 18 September 2021 (black dots).
The brown line shows the evolution of the time average discharge rate, TADR, during the
eruption (Pedersen et al., 2022). The vertical dashed black line indicates the beginning of lava
fountain episodes according to seismic tremor observations on 2 May (Eibl et al., 2023), while
the cyan shadow marks the acoustic energy increase period observed between 2-8 May 2021
(Lamb et al., 2022).

4.2 Main findings

- Geodetic observations during the six-month 2021 Fagradalsfjall eruption reveal changes in
the deformation pattern and allow definition of geodetic phases: T1, 19 March — 10 May; T2,
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11 May — 31 July, and T3, 1 August — 18 September. Most of the deformation occurred during
the T2 geodetic phase, amounting to up to 30-40 mm in the GNSS horizontal components.

- The modelling strategy includes a joint inversion of InNSAR and GNSS data corrected for the
lava loading contribution to the deformation. The inferred loading according to our model is up
to several centimeters of subsidence near the lava boundary.

- The inversion result infers a best-fit sill source at 12—13 km depth with deflating volume
change in the range of (21-27) Mm? for the six-month eruptive period.

- The inferred geodetic volume change is about 5-6 times smaller than the estimated bulk
volume of the erupted material at the end of the eruption. However, geochemical investigations
suggested new magma, possibly from multiple bodies at near-Moho depths (~15 km) reaches
the surface with short-lived permanency in the crust, between end-April and beginning of May
(Halldorsson et al., 2022; Marshall et al., 2024), resulting in the eventual increase of the effusion
rate observed at surface.
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5 Conclusions and Outlook

Volcanic areas are home to a significant part of the global population. In 2015, at least
800 million people were estimated to live within a range (~100 km) of potential direct impact
of volcanic eruption (Brown et al., 2015), with ~60 million people living within potential
evacuation range (~10 km) (Freire et al., 2019). Potential danger may derive from ash dispersion
(Jenkins et al., 2015), volcanic gas (Williams-Jone and Rymer, 2015) or pyroclastics and/or
lava flow flows (Felpeto et al, 2001; Damiani et al., 2006). Thus, early detection of “anomalous”
volcanic behavior is crucial to mitigate the volcanic hazards and issue prompt warnings for
communities living near active volcanic zones.

The investigation of ground deformation trends at volcanoes has been widely carried out
by using GNSS and InSAR geodetic monitoring techniques in the past decades. These
technologies provide continuous point measurements (GNSS) and wide spatial coverage
(reaching also remote areas) with periodic measurements (InSAR) of ground deformation. The
continuous improvements and the increasing successful algorithms and approaches developed
to minimize errors or artifacts in both datasets allow detecting relatively small deformation
signals, of mm-scale, previously challenging to investigate, or often masked by possible
instrumentation errors or travel path signal delays errors.

A variety of mathematical approaches and models can be used to understand observed
geodetic deformation signals, which signatures may relate to very localized deformation
source/s, active regional tectonics, or interaction of both. In this project, integration of joint
inversion of GNSS and InSAR geodetic data using simple sources of deformation within an
elastic halfspace and more complex numerical modelling settings based on the finite element
method is carried out to improve understanding of small deformation signals. The results
derived in this thesis demonstrate that this is an effective approach, which can be recommended
for application in other volcanic areas.

At Krafla caldera, it is found that the inferred deformation source and observed surface
displacement may be coupled to effects of intra-caldera crustal heterogeneity and increase of
pressure at depth that occurred in the Krafla geothermal reservoir in 2018-2020. From 1989 and
until 2018, the Krafla caldera showed subsidence exponentially decreasing from several cm/yr
to several mm/yr in 2015-2018 LOS velocities. In the same period, an alike subsidence pattern
was observed at the Askja caldera, along the same plate spreading boundary as Krafla, but at a
higher rate, 10-15 mm/yr. Modelling results of an elastic and viscoelastic Earth structure
beneath both volcanoes, undergoing an uniform extension, suggest that the observed subsidence
may relate to the regional tectonics and how extensive the magmatic systems are underneath
both volcanic systems. Beyond their immediate implication for improved understanding of the
ground deformation processes studied, the methodologies and findings presented here have
potential importance for active volcano monitoring in general and for forecasting changes in
volcanic behavior, given a known background deformation pattern at a particular volcano.

This project highlights the risk of misinterpreting the true source location and geometry
of deformation without a complementary study investigating the impact of various processes
on ground displacement. Correcting ground deformation data for external, non-magmatic
influences, including small-scale localized effects, is crucial before solving for magmatic
source parameters. This became particularly evident in the investigation of the 2021
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Fagradalsfjall co-eruptive deformation, where the newly emplaced lava was found to influence
the observed deformation.

Additionally, this study demonstrates the importance of interpreting geodetic data in
conjunction with other parameters, such as seismicity, pressure variation in the geothermal
system (e.g., at Krafla), or changes in effusion rates and geochemical evolution of lavas erupted
(e.g., at Fagradalsfjall), providing a broader context for the comprehensive reconstruction of
the evolution of conditions in magmatic plumbing systems. Extending the same approach to
other areas may offer new opportunities for advancing understanding of crustal deformation
taking place at volcanoes around the world. In the event of subsurface changes at depth, ground
deformation may serve as a key indicator of these transformations, either used as for early
warning or to assess the characteristics of a developing volcanic event. Thus, intensive
continuous geodetic monitoring, combined with detailed modelling, is essential for identifying
and improving understanding of spatial patterns and temporal variations in surface
displacements.

This PhD project has addressed key challenges in understanding volcano-tectonic
processes and their subtle, correlated deformation signals, advancing knowledge across
multiple volcanic systems in Iceland. It bridges gaps in linking long-term millimeter-scale
ground deformation trends to local heterogeneities and regional tectonic influence, while
enhancing understanding of transient co-eruptive ground deformation in an evolving magmatic
plumbing system. These findings provide a strong foundation for future research, which could
further benefit from continued advancements in GNSS, InSAR, and modeling strategies to
refine and extend upon this work.
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Following volcano deflation since 1989, the deformation pattern in Krafla caldera, North Iceland, changed in
2018. Geodetic measurements reveal a difference in surface velocity fields for 2015-2018 and 2018-2020 pe-
riods, reflecting a change in the deformation pattern. The difference velocity field broadly fits deformation
caused by a spherical pressure source within a uniform elastic half-space, with a volume change of 2.6-3.8 x 10°
m3/yr and centre depth of 2.1-2.5 km, which is close to the brittle-ductile boundary in the area, at a depth of 1.8
to 2.2 km. Potential processes causing the deformation change are evaluated: magmatic processes such as magma
inflow or accumulation of volcanic gas, changes in the geothermal area because of change in geothermal pro-
duction, or a combination of these. In particular, we evaluate if the change in deformation may relate to about
0.1 MPa/yr pressure increase in the geothermal system as measurements in monitoring well KG-10 indicate,
eventually due to changes in the geothermal exploitation strategy at the Krafla power plant. Modelling shows
that inferred volume change may be due to a spherical source with 1.4 km radius with 0.1 MPa/yr pressure
change if the surrounding crust has a Young’s modulus E of about 7 GPa. However, the average regional Young’s
modulus for the upper crust in Iceland has been estimated to be 30 GPa. We use the Finite Element Method (FEM)
to assess the influence on the displacement due to the presence of a local crustal volume 5 x 5 x 4 km (horizontal
dimensions x depth), which envelops the source (within the Krafla caldera), with E = 7 GPa in the central area
and 30 GPa in the far field, in a three-dimensional model. Such a model can reproduce significant features of the
observed deformation. There are no changes in seismicity in 2018. In late 2019, the earthquake rate increases
following a slight decrease over few months. The seismic moment release is relatively steady until the end of
2019, when the rate increases and is relatively constant in 2020. Gravity measurements in late 2019, when
compared to limited measurements in 2018, are inconclusive regarding the nature of the deformation, but useful
for further monitoring. No noticeable changes have been observed in the chemical composition of fumarole
discharge in the Krafla field that relate to new intrusions.

1. Introduction

1.1. Tectonic setting and geology

consists of a central volcano with a 9 x 7 km wide caldera (Fig. 1), and a
transecting fissure swarm, about 5-8 km wide and extending 40 km to
the south and 50 km to the north from the caldera (e.g., Hjartardottir
et al., 2012). The caldera, formed about 100,000 years ago (Szzmunds-

The Krafla volcanic system in North Iceland is located at the diver- son, 1991), is filled with eruptive products.
gent Eurasian North-American plate boundary. The volcanic system The volcanic activity at Krafla has a bimodal behaviour
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(Seemundsson, 1991; Nicholson et al., 1991; Jonasson, 1994). The vol-
canic products are dominantly basalts erupted during rifting episodes.
Rhyolitic eruptions also occur and in 2009 such magma was encoun-
tered during drilling of the IDDP-1 well of the Iceland Deep Drilling
Project (see Fig. 1 for location). The IDDP-1 well was intended to reach
the margin of a basaltic magma storage at 4-5 km depth to explore su-
percritical hydrothermal fluids conditions but was drilled into a hot
(900 °Q), high-silica (76.5% SiO3) rhyolite melt at 2.1 km depth (Elders
et al., 2011; Pope et al., 2013; Zierenberg et al., 2013; Fridleifsson et al.,
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2014a, 2014b). In 2008, well KJ-39, located some 2 km south-east of
IDDP-1 well, encountered magma as well. During drilling of that well,
fresh silicic glass (indicative of quenched liquid magma) was recovered
at ~2.5 km depth (Mortensen et al., 2010). Petrology studies inferred
that the Krafla rhyolites formed by partial melting of hydrothermally
altered crustal rocks (Jonasson, 1994). Zierenberg et al. (2013) came to
the same conclusion from studies of major and minor element compo-
sition of the IDDP-1 melt samples, whereas Rooyakkers et al. (2021)
suggests that stalling and crystallization of evolved basalts at shallow
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Fig. 1. Study area. Outline of the Krafla caldera (hatched lines) and topography. Location of selected wells are shown with red circles (IDDP-1, KG-10, KJ-35, KG-26
and KJ-39), and blue triangles show locations of continuous GNSS stations at Krafla. The black staris the best-fit location for a point source of pressure consistent with
the deformation data. Insert map on upper left shows the location of the Krafla area in North Iceland and the plate boundary (fissure swarms with yellow shading).
Insert map on the upper right shows the location of the Bjarnarflag and Krafla power plants, and the Leirhjikur and Leirbtonar geothermal fields. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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depths forms crystal mush from which evolved melts (e.g., rhyolites) are
extracted. The drilling of IDDP-1 showed the existence of a near-liquidus
magma body capped by a magma-hydrothermal interface. With an
inferred heat flux of >16 W/mz, Eichelberger (2020) predicts a crys-
tallization rate of 0.6 m/yr, but nevertheless no evidence was found for
crystallization nor the development of a mush zone at the base of the
magma-hydrothermal boundary. On the contrary, it was inferred that
the lower part of the magma-hydrothermal boundary is undergoing
partial melting. Based on that, it has been suggested that Krafla’s
rhyolite body is convective and delivering both heat and H,O but not
crystals to its ceiling (Eichelberger, 2020).

The presence of magma in the crust beneath the Krafla caldera was
initially inferred from seismic shear wave shadows observed by
Einarsson (1978) at 4-7 km depth. Furthermore, the lower crust, 11-14
km depth, beneath the volcano is characterized by a 40 km-wide high
velocity dome narrowing upward where an inferred magma chamber
lies at ~3 km depth (Brandsdottir et al., 1997). Earthquakes originating
in the Tjornes Fracture Zone, observed on the local Krafla seismic
network, have a steep ray path showing a shear wave shadow but have
not been investigated in detail (/\gflstsson etal., 2012). Kim et al. (2020)
revealed the presence of a strong reflector at depths corresponding to the
magma encountered by the IDDP-1 drillhole at a depth of 2.1 km.
Similar reflectors are present in the caldera at depths ranging from 4 to
6 km, interpreted as a distributed system of magmatic sills rather than a
single large body of magma. A vertical seismic profile (VSP) experiment
in wells K-18 and K-26 in Krafla indicates a seismic reflector at 2.3 km
depth which may relate to the brittle-ductile transition or the top of a
possible magma body, with a zone of low reflectivity below. The bottom
of the low reflectivity zone is inferred at 3.3 km depth, which may
indicate the bottom of the proposed magma body (Schuler et al., 2015;
Kastner et al., 2018; Reiser et al., 2020).

The Krafla volcanic system has two high temperature geothermal
systems: the Krafla geothermal area located in the caldera, and the
Némafjall geothermal area located about 9 km kilometres SSW of the
Krafla geothermal area (Szzmundsson et al., 1971; Armannsson et al.,
1987). The presence of magmatic heat, fluids and permeability led to
hydrothermal systems, enabling geothermal utilization. Currently, two
power plants are operated in the area by Landsvirkjun, the National
Power Company of Iceland. Electricity generation at Namafjall started in
1969 with a capacity of 3 MW. The primary one, the Krafla power plant
began operation in 1977 with an initial production of 7 MW, but in 1985
the unit 1 was fulfilled with 30 MW electricity production. In 1996, a
second turbine was installed to reach the current capacity of 60 MW
(Nielsen et al., 2000). Based on ground resistivity measurements (DC,
TEM and MT measurements), the area of the Krafla geothermal field has
been estimated to be around 40 km? (Arnason and Magntisson, 2001;
Mortensen et al., 2014; Arnason, 2020), divided into different sub-fields.
The largest one is the Leirbotnar field, in the middle of the Krafla
caldera. It has an upper liquid-dominated (190-220 °C) reservoir,
extending down to 1.0-1.4 km depth, separated by a relatively imper-
meable zone (Gudmundsson and Mortensen, 2015) from a lower reser-
voir of high-temperature (280-340 °C) fluid and steam down to at least
2.2 km (Stefansson, 1981; Bodvarsson et al., 1984; Armannsson et al.,
1987; Mortensen et al., 2014). Fluid temperature is controlled in the
lower reservoir at depth at the boiling temperature, but superheated
steam has been encountered in some wells (Gudmundsson et al., 2008;
Einarsson et al., 2010; Gudmundsson and Mortensen, 2015).

1.2. Crustal deformation in the Northern Volcanic Zone

Crustal deformation in the Krafla area is influenced by the regional
plate spreading processes across the Northern Volcanic Zone (NVZ) of
Iceland (e.g., Sigmundsson et al., 2020). Global plate motion models
show divergence of the Eurasian plate and the North American plate in
the Krafla area at a rate of 18 & 0.4 mm/yr in the direction N104.5°E
(DeMets et al., 2010). Global Navigation and Satellite System (GNSS)
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geodetic observations in North Iceland in the 1997-2014 period, give a
comparable spreading rate and reveal how strain and displacements are
distributed across the plate boundary deformation zone (Drouin et al.,
2017; Drouin and Sigmundsson, 2019).

During the last 300 years, several major rifting episodes have
occurred in the area. The most recent one is known as the Krafla Fires in
1975-1984 (e.g., Bjornsson et al., 1977). In summer 1975, an increase in
seismicity indicated magma movement below the Krafla caldera
(Einarsson, 1991). Between December 1975 and September 1984, about
twenty inflation/deflation cycles occurred, nine of which were associ-
ated with an eruption (Bjornsson et al, 1985; Einarsson and
Brandsdottir, 1980). Each cycle was characterized by gradual inflation,
followed by sudden subsidence in the caldera (up to 1-2 m) when dikes
propagated laterally, with associated widening of the Krafla fissure
swarm in relation to release of tectonic stresses (Buck et al., 2006). The
gradual inflation between deflation events of the caldera was up 7-10
mm/day, interpreted to be caused by about 5 m>/s inflow of magma into
a magma chamber with a centre depth of approximately 3 km (e. g.,
Bjornsson et al., 1979).

GNSS measurements in 1987 and 1990 showed a horizontal
spreading rate about three times higher than the average spreading rate
in North Iceland, attributed to post-rifting stress relaxation following the
Krafla Fires (Foulger et al., 1992; Heki et al., 1993; J6nasson, 1994;
Pollitz and Sacks, 1996). Additional measurements in 1993 and 1995
found, however, that the rate of spreading was then back to the long-
term average of global plate models (Volksen, 2000; Arnadéttir et al.,
2009). A deflating signal, in the 1992-1995 period, with modelled
source at a depth of 2.4 km in the middle of the caldera, was suggested to
be caused by cooling contraction or magma drainage (Sigmundsson
etal., 1997; Rymer et al., 1998). An inflating point-pressure source was
located about 9 km north of the caldera, at a depth of 21 km, based on
interferometric analysis of synthetic aperture radar satellite images
(InSAR) from 1993 to 1999 (De Zeeuw-van Dalfsen et al., 2004). It was
interpreted as accumulation of magma in a deep source. Alternate
interpretation of the same data by Ali et al. (2014) suggests viscoelastic
relaxation following the Krafla Fires. Rifting and post-rifting deforma-
tion in similar geodynamic setting has been observed at the Dabbahu rift
in the Afar region, Ethiopia (Nooner et al., 2009; Wright et al., 2012;
Hamling et al., 2014).

The vertical pattern of deformation within the Krafla caldera in the
post-eruptive period after the Krafla Fires was consistent with inflation
until 1989, followed by deflation for almost three decades (Drouin et al.,
2017) until 2018. An exponentially decaying subsidence rate was
inferred with a rate of ~5 cm/yr in 1989-1992 (Tryggvason, 1994),
declining to about 3 mm/yr in 2005. Sturkell et al. (2008) interpreted
the subsidence in terms of the volume contraction of a magma body at
~2.5 km depth below the Leirhjikur area, caused by cooling and
draining of a shallow magma body, and another point-pressure source,
at ~1.5 km depth in the Leirbotnar field, due to geothermal exploitation.
Drouin et al. (2017) estimated a volume contraction of 6.6 x 10° m3/yr
for a point-source at a similar location as the one found by Sturkell et al.
(2008), related to geothermal exploitation in the 1993-2015 period. The
deformation pattern at Krafla changed in 2018 (Fig. 2). Hersir et al.
(2020) studied seismic, gravity, GNSS and InSAR data in relation to this
change, and compared with changes in geothermal utilization.
Geothermal processes could either relate to natural processes or be due
to changes in the geothermal utilization since the amount of fluid
extraction and the amount and locations of fluid re-injection in wells
have changed in recent years. Hersir et al. (2020) concluded that the
deformation change could be either due to magmatic or geothermal
processes or a combination of both.

Here we evaluate the local deformation in the Krafla area during the
2015-2020 period and the processes involved, following the work car-
ried out by Hersir et al. (2020). The observed deformation field is,
initially, modelled analytically, considering a point-pressure source
within an elastic and homogeneous half-space (Mogi, 1958). Several
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Fig. 2. KRAC GNSS station time series. Linear trends as well as annual and semi-annual terms have been estimated and removed. The station is located directly
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shadow indicates when the Bardarbunga-Holuhraun diking and eruption occurred in 2014-2015. (For interpretation of the references to colour in this figure legend,
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studies have investigated how rheological variations in rock properties
can strongly influence the interpretation of ground deformation (Tra-
satti et al., 2003; Masterlark et al., 2010; Del Negro et al., 2009; Hickey
and Gottsmann, 2014; Yamasaki et al., 2019). We therefore employ the
Finite Element method (FEM) to calculate surface deformation pattern
for a pressurized spherical source, at fixed depth, enveloped by a volume
to account for eventual low rigidity crustal materials within the Krafla
caldera and higher rigidity in the far-field. To model appropriate crustal
material properties, we consider earlier studies of regional rigidity in
Iceland that found rigidity of ~30 GPa in the 0-15 km depth range based
on geodetic and seismological observations (Supplementary Text S1).
The aim is to provide new insight in how elastic parameters influence
deformation, to improve understanding of magmatic and hydrothermal
processes, and their interaction in relation to natural and/or anthropo-
genic processes.

2. Observed ground deformation, seismic, gravimetric and
hydrological changes

2.1. GNSS

A dense local GNSS network was measured at Krafla every few years
beginning in 1986 (when the first GNSS survey was carried out in North
Iceland) until 2008, and on a yearly basis since 2012 (Drouin et al., 2017
and references therein). The network consists of >25 campaign GNSS
stations within or nearby the Krafla caldera. The continuous GNSS KRAC
station (see Fig. 1 for location) was installed in 2011 near the Krafla
power plant. Two additional continuous GNSS stations were installed in
November 2019 within the caldera: LHNC, east of Leirhnjtikur and SPBC
north of the Viti crater (Hersir et al., 2020). We analyse the continuous
and campaign GNSS data available with the GAMIT/GLOBK software
(Herring et al., 2010) and the GIPSY/OASIS II software (Zumberge et al.,
1997). Each campaign GNSS station is measured for ~36-48 h, sampling
data every 15 s. Site positions are evaluated in the IGb14 reference
frame using over 100 worldwide reference stations. The data are cor-
rected for ocean tidal loading using the FES2004 model (Lyard et al.,
2006). Velocities were initially estimated in the IGb14 reference frame
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and then converted into velocities relative to the Eurasian plate using
the plate motion model of Altamimi et al. (2017).

After the time series of KRAC is detrended, and annual and semi-
annual variations estimated and removed, a clear change in the north

Journal of Volcanology and Geothermal Research 440 (2023) 107849

component of displacement in 2018 is evident (Fig. 2). The detrended
time series shows southward movement beginning around middle of
2018 with an initial rate of —9 mm/yr until ~2019.7. Thereafter, the
rate slows down to about —4.9 mm/yr from ~2019.7 to end-2020. The
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time series also shows a signal in mid-2014 to the beginning of 2015,
which may relate to the Bardarbunga-Holuhraun dike injection and
eruption taking place in 2014-2015 (Sigmundsson et al., 2015). The
time series for the LHNC and SPBC continuous stations (Supplementary
Fig. S1) are broadly consistent with approximately stable velocities since
their installation in November 2019.

To make best use of the available data and investigate the change in
the deformation pattern, we isolate the signal related to the change in
deformation in 2018 by forming the difference of the velocity fields for
2015-2018 and 2018-2020. This we refer to in the following as a dif-
ference velocity field. We evaluate it for the 12 GNSS stations with the
most complete dataset from 2015 to 2020. This approach is a convenient
way to study the change in deformation processes, in relation to changes
in deformation trends (Ducrocq et al., 2021). This can reflect either
variations in the rate of processes taking place before the change or
signify a new process. Deformation due to any processes that remain the
same before and after the change in deformation pattern, such as steady
crustal cooling, will be cancel out.

The difference velocity field (Fig. 3a) reveals an inflation pattern
within the Krafla caldera, witnessed as general horizontal movement
away from an area located in the middle of the caldera. The amount of
the horizontal displacement is highest for 6 GNSS stations in the central
area of the caldera. There the rate is ~6 + 2 mm/yr, while it is smaller
(~3 £ 2 mm/yr) for the six stations near or outside the southern caldera
boundaries. These rates and uncertainties are the mean and standard
deviation of stations in the respective areas. The vertical difference ve-
locity field pattern (Fig. 3b) shows uplift for all the stations inside the
caldera, except for L685 station in the south-east part. The uplift in the
middle of the caldera occurs at a rate of about 15 + 6 mm/yr. L599 and
L697 GNSS stations, outside the caldera boundaries, show subsidence at
arate of about 7-8 £ 5 mm/yr. The largest vertical velocity observed at
station VITI, 32 mm/yr, is considered an erroneous outlier as it deviates
from the pattern observed at nearby stations and InSAR observations
show no anomaly at the location of this site. The reason may be site
instability; the site is located within an area of loose surface sediments
and geothermal alteration and its benchmark may be located on a large
boulder rather than solid bedrock.
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2.2. InSAR

InSAR interferograms were generated using the InSAR Scientific
Computing Environment (ISCE) software version 2.2.0 (Rosen et al.,
2012), using SAR images from the Sentinel-1A and Sentinel-1B satellites
of the European Space Agency (https://sentinel.esa.int), in the
2015-2020 period. Interferograms are geocoded to a digital elevation
model grid with a pixel size of about 90 x 90 m?. We use only snow-free
images from one ascending (satellite heading northwards) orbit, T147,
and two descending (satellite heading southward) orbits, T9 and T111.
Line-of-Sight (LOS) velocity fields were derived from time series analysis
of interferograms in the same manner as by Drouin and Sigmundsson
(2019), with each interferograms measuring displacement in the direc-
tion of the line of sight from ground to satellite. For each satellite track,
the average difference LOS velocity field was then found by subtracting
the LOS 2015-2018 average velocity field from the LOS average velocity
field for 2018-2020, in a similar approach as for the GNSS data.

The difference velocity fields for tracks T9, T111 and T147 (Fig. 4)
show a clear LOS signal inside the caldera up to maximum values of
8-10 mm/y consistent with a LOS shortening. Ascending track T147
shows similar deformation pattern, but the pattern is wider in the west
part of the Krafla caldera. Grey areas shown in Fig. 4 are where data is
too noisy, or interferograms were incoherent (no clear signal), resulting
in no estimate difference average LOS velocity.

2.3. Seismicity

Alocal seismic network operating by Landsvirkjun and {SOR (Iceland
GeoSurvey) since 2006, presently consisting of 21 stations (15 surface
instruments and 6 down hole instruments), supplemented with 6 sta-
tions from the regional seismic network of the Icelandic Meteorological
Office (IMO) in the Krafla, Peistareykir (few km north-west of Krafla)
and Namafjall geothermal areas (Gudnason et al., 2021). Within the
Krafla caldera most of the seismic events are located shallower than
about 2.4 km, locating the brittle ductile boundary at Krafla caldera at
about 1.8-2.4 km depth (Agtistsson and Blanck, 2019). Reanalysis of
seismicity in the 2017-2021 interval, using the same procedure for the
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Fig. 4. Difference of average LOS velocities in 2018-2020 and 2015-2018 for Sentinel-1 descending tracks T9 (a) and T111 (b), and the ascending T147 track (c).
Black arrows show the heading and look direction of the satellite. The black star is the estimated source centre. The black polygon marks the area we use to evaluate
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location and magnitude estimate for the whole period, shows that the
seismicity rate was relatively constant until mid-2019, witnessed as
steady linear gradient (~3500 earthquakes/yr) of the curve showing the
cumulative number of earthquakes (blue curve in Fig. 5). The rate is
slightly lower in August-September 2019 (~3300 earthquakes/yr). The
seismicity increases in late 2019-early 2020. The seismic moment
release is found by using the formula by Hanks and Kanamori (1979).
Cumulative moment (red curve in Fig. 5) is relatively constant until the
fall 2019 when a significant change occurs. The moment release in-
creases and is relatively constant thereafter.

No changes in seismicity occurred at the onset of the change in the
deformation pattern observed at the north component of KRAC station
in mid-2018. The decrease-increase pattern of cumulative numbers of
earthquakes and the increase of the seismic moment release correlate,
however, relatively well with the later change in rate of the north
component at KRAC station and the beginning of the upward motion at
this GNSS site in fall 2019 (Fig. 2).

2.4. Gravity

Gravity was measured in Krafla by {SOR in November 2019, with a
Scintrex CG5 gravimeter, at 21 sites in response to the change in
deformation pattern. Earlier measurements at most of these sites were
carried out in 2017 and 2018 by Portier et al. (2018). Measurement
procedure and the processing of the data was done in the same manner
as described by Magntsson (2016). The gravity values (Hersir et al.,
2020) from the 2019 campaign are relative to a base station located 1-2
km east form the Bjarnarflag Power Plant. A free-air gravity correction
was applied using elevation changes inferred from InSAR. The VITI site
(same as the VITI GNSS site) and site 5672 (a few kilometres north-east
of VITI site) show a negative gravity change (—11 pGal and — 14 pGal,
respectively) between 2018 and 2019 while most of the other sites,
located south of the Krafla power plant, show a positive gravity change
from 10 pGal to 30 pGal. As described in Chapter 2, paragraph 2.1, the
VITI benchmark eventually has local instability. However, the free-air
correction does not take this into account, and the height correction
inferred by InSAR may be inaccurate.
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2.5. Hydrothermal changes

Pressure and water level measurements have been carried out yearly
by ISOR in monitoring well KG-10 (see Fig. 1 for location), in the centre
of the caldera (Egilson, 2020). The well, which is not used for produc-
tion, is cased down to about 850 m depth and pressure is measured at a
depth of 800 m. The water table showed overall stability from 2015 to
mid-2018, with a range of variability of 5-10 m until August 2018
(Fig. 6a). Thereafter, the water table increased until beginning of 2019,
for a total of 25 m rise. Pressure measurements from 2015 until 2017
showed a slightly declining pattern (Fig. 6a). In 2018 the pressure began
to increase and continued in 2019. The increase in the two years period
is about 0.2 MPa. This change coincides with the increase of the water
level. It remains uncertain how widespread these changes are in the
geothermal system. After 2019 the changes have been minor; pressure in
well KG-10 increased by 0.01 MPa from 2019 to 2020.

The yearly extraction of mass via utilized boreholes for the Krafla
power plant has varied in the study period (Fig. 6b). The decrease after
2017 is due to closure of water-rich wells (Hauksson, 2019; Hersir et al.,
2020). Fluid has been re-injected into three wells at Krafla: KG-26, KJ-
39, and KJ-35 (Fig. 6¢). During the study period, re-injection into well
KG-26 was rather stable, while changes occur in the re-injection into the
other two wells. Re-injection begins in well KJ-35 in July 2018,
continuing episodically until September 2019. Re-injection rate at well
KJ-39 decreases in August 2018 by half of the rate in 2017. It decreases
further in 2019 and 2020. The total re-injection rate is rather constant
until mid-2019 but decreases in the second half of 2019. The net pro-
duction (the difference between extraction and re-injection) shows an
increase each year from 2015 to 2018, reaching a maximum of 5900
ktons/year. After that, the net production decreases. The overall net
extraction of fluid for the second half of 2020 was the lowest for the past
40 years, while one of the turbines of the Krafla power plant was stopped
in mid-2020 due to maintenance.

20000 20000 Fig. 5. Cumulative number of earth-
quakes and cumulative seismic moment
release for the 2017-2020 period. The
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the cumulative number of earthquakes

16000 F 418000 —  evaluated from 2017 to end-2019 and

'Z: end-2019 to end-2020 time periods and
o ) linear trends for the moment release
% 14000 14000 ‘= evaluate from 2017 to mid-2019 and mid-
2 S 2019 to end-2020 time periods. The
% 12000 |- 12000 é shaded area shows t.he time frame of the
o« @ change in deformation pattern observed
E = at the KRAC GNSS station.
£ 10000 - 10000 £
5 g
£ s000| 8000 £
= Z
5 6000 - 6000 %
4000 4000 3
2000 2000
G 1 1 1 0
2017 20175 2018 20185 2019 20195 2020 2020.5 2021
Year

76



C. Lanzi et al.

Journal of Volcanology and Geothermal Research 440 (2023) 107849

Well KJ-10
VLN o B L 6 L o e e g o == e N - 10000 T T Ny T T
a) ‘,"' b) __ |[[IMass extraction
420 - ‘,"' I Re-injection
oz ,.‘.‘/ ‘1505 8000 H I Net-production
415} P
A
T 45l ,/.'/ @
=410 59 & — 6000 | -
g s I
= ) @
2 405 3 Seplember —f 5 5
@ / ¢ =
S 400k ” /t « 1August 1685 © = 4000 H
= \ Al o
.
5 = y f "
e N N 58 2000
390 o<t
e b L b =
2015 2016 2017 2018 2019 2020 2021 2015 2016 2017 2018 2019 2020
Year Year
150 T T 1 — T T T 1 . s S I
c) Total Re-injection
—ememer KG-26
KJ-39
— K-35
100
)
=) .
=, e I o reem—
o e E WL 1
50 =
el | | I L ) ey [ [ f——— o — s

O 1
2017 2017.5 2018 2018.5

2019 2019.5 2020 2020.5

Year

Fig. 6. a) Water level and pressure measurements at 800 m depth in monitoring well KG-10. See Fig. 1 for location. Data from Egilson (2020). b) Total mass
extraction, re-injection and net-production (ktons/yr), at the Krafla power plant between 2015 and 2020. c) Monthly average rate of re-injection into wells KG-26,
KJ-35 and KJ-39, and the total re-injection rate from 2017 to 2020. Data in panel b) and c) provided by Landsvirkjun.

3. Modelling of geodetic data
3.1. Model Parameters and analytical solution

The GBIS open-source Geodetic Bayesian Inversion Software (Bag-
nardi and Hooper, 2018) was used to evaluate how well a joint inversion
of the GNSS and InSAR difference velocity fields (presented in Chapter
2) fit to predicted surface displacements due to a localized source with
volume change within an elastic half-space. The InSAR difference ve-
locity field were down sampled as described in Supplementary Text S2.
The inversion algorithm samples posterior probability density function
through a Markov chain Monte Carlo method, incorporating the
Metropolis-Hastings algorithm. Different source geometries were
considered: a point source of pressure (Mogi, 1958), a horizontal rect-
angular sill with uniform opening (Okada, 1985), and an increase in
pressure in a prolate spheroid source (Yang et al., 1988).

3.2. Finite Element Method (FEM)

We carry out FEM modelling using the Structural Mechanics module
of COMSOL Multiphysics v5.5 (www.comsol.com). The initial model
(Supplementary Fig. S2a) is a “small sphere model”, with a spherical
pressure source with a radius of 450 m, embedded in a three-

dimensional 100 x 100 km domain, with a free (no constraints and
no loads acting on the boundary) flat surface. The source radius has been
set to 450 m, sufficiently small to avoid effects on surface displacement,
and large enough to reduce the need for too high pressure being applied
at the source boundary. Other boundary conditions are applied similarly
as in Hickey et al. (2014) for a spherical cavity in a homogeneous elastic
half-space. The average pressure change per year in 2017-2019 in well
KG-10, AP = 0.1 MPa, is applied uniformly to the boundaries of the
spherical source. Considering the size of the source and this pressure
change, we find the elastic moduli that give the same best-fit source
strength and the same best-fit displacement field as obtained from the
GBIS inversion. The aim is to test if the pressure change recorded at KG-
10 may be representative for pressure change in the whole geothermal
reservoir. We validated the FEM model by comparing the ground
deformation in the small sphere model to predictions of the Mogi source
analytical model.

We also considered FEM models in a uniform elastic half-space
model with a larger spherical source. We explore the relationship be-
tween source radius, and rigidity/Young’s modulus values to evaluate
the source parameter combination that gives similar surface displace-
ment fields for a fixed value of the source strength parameter (Supple-
mentary Text S3). We explore the most suitable result (according to
expected elastic properties of the Icelandic crust) and highlight
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limitations of the assumptions of the point source of pressure model.

We finally consider a “two-domain model” to account for deviation
of the homogeneous medium, different values of elastic parameters
within and outside the caldera. This model geometry (Supplementary
Fig. S2b) is divided into two domains: domain 1 (regional) and domain 2
(local). The local domain roughly corresponds to the caldera area, in a
simplified manner. It is a 9 x 10 km wide and 4 km deep rectangular
volume (360 km®). The idea to introduce a local domain with different
elastic features is to study eventual effects of different rigidity material
within the Krafla caldera, where elastic parameters may have a different
value than regionally.

4. Results
4.1. GBIS models

Results of the inversion with the difference velocity fields with the
GBIS software for the point source of pressure are shown in Table 1,
Fig. 7, and Supplementary Fig. S3. Results for the sill-like geometry and
spheroid source results are presented in Supplementary Figs. S4 and S5.
Probability density functions (Supplementary Figs. S6, S7, and S8) are
estimated for each model parameter, thereby providing estimates of
model parameter uncertainties, considering the data and their un-
certainties, assuming the model assumptions are correct. The inferred
centre of the point-source is at 2.1-2.3 km depth beneath surface near
the middle of the caldera, and the volume change is 2.6-3.8 x 10° m®/yr
(95% confidence intervals). The observed and modelled GNSS difference
in velocity fields are similar (Fig. 7a). However, the point source model
over-predicts LOS displacements at large distances from the source, and
therefore we explored if other source geometries could provide a better
fit. A horizontal rectangular sill with uniform opening and pressurized
prolate spheroid source provided a worse fit. The Root Mean Square
(RMS) of LOS residual evaluated for the point source model is 2.58 mm/
yr, for the spheroid it is 2.89 mm/yr and for the sill it is 4.01 mm/yr
(Supplementary Table S1). The sill and prolate spheroid models are not
considered further in the following.

4.2. Relationship between source size and elastic moduli

The GBIS point source modelling results optimal depth and source
location have been used to build a numerical model, with a pressure
increase of 0.1 MPa applied to a spherical source. The FEM solution
shows the same displacement field as the analytical solution for a point
source that best fits the observed ground deformation. The comparison
(Supplementary Fig. S9) shows a good match between the analytical and
the FEM solution for a spherical source with a 450 m radius. However,
the values of the elastic parameters that model (E = 0.238 GPa; y =
0.093 GPa) are much lower than the regional values inferred for the
Icelandic crust. We therefore consider models with a larger radius (800,
1000, 1200 and 1400 m; Fig. 8a). We explore the value of elastic pa-
rameters that can produce the same displacement field for the same
source strength (7.6 x 10% m®, according to eq. 4 in Supplementary Text
S3) if the pressure change is 0.1 MPa. For equal pressure change, the

Table 1

Results from GBIS inversion for a point source model based on 2015-2018 and
2018-2020 difference velocity fields from GNSS and InSAR. Columns show
model parameters, the optimal fit, and the 2.5 and 97.5 percentiles of posterior
probability density functions. The range spanned by the 2.5 and 97.5 percentiles
is the 95% confidence interval.

Model parameter Optimal 2.5% 97.5%
Longitude -16.77° -16.77° -16.77°
Latitude 65.71° 65.71° 65.71°
Depth (m) 2254 2077 2492

AV (m®/yr) 3.2 x 10° 2.6 x 10° 3.8 x 10°
Source Strength (m®) 7.6 x 10* 6.4 x 10* 9.1 x 10*
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increase of the radius of the source must be matched by an increase in
values for the rigidity/Young’s modulus (Fig. 8b and c), to result in the
same source strength and equal fit of the data. A constant scaling factor
between rigidity and Young’s modulus follows from eq. 5 in Supple-
mentary Text S3. The results show, however, that the vertical and the
horizontal displacements at the free surface due to a pressurized
spherical source are somewhat different as the source radius becomes
larger, despite modification of the elastic parameters. These results show
the limitations of one of the assumptions in the point source model,
which is valid when (a/d)® < < 1, where a is smaller in relation to its
depth d (McTigue, 1987). As source radius increases, the source top is
closer to the surface, causing larger ground displacements above the
source. The horizontal displacement is less sensitive to the proximity to
the surface than the vertical displacement.

4.3. Effect of low-rigidity area

Modelling in section 4.2 shows that a spherical source within elastic
half-space, with 1.4 km radius and 0.1 MPa/yr pressure change, can only
reproduce the observed deformation if E = 6.95 GPa. This value is
significantly lower than what is expected for Iceland as a whole (E = 30
GPa). It is not realistic to consider larger values for the radius as the
source top for r = 1400 m is close to the surface, and for smaller radii the
values of the elastic parameters are too low for the average values of the
Icelandic crust. Relaxing the assumptions of the homogeneity in the
elastic half-space may allow a better match between observations, data,
and available constraints. For that purpose, we evaluate how the pres-
ence of a localized crustal volume, with different elastic moduli around
the source affects the deformation field.

Fig. 9 shows the derived displacement field assuming E = 6.95 GPa in
Domain 2 and E = 20, 30 and 40 GPa in the far field and the deeper crust.
A spherical source is within Domain 2, with centre at 2.2 km depth and
radius 1.4 km. The modelled surface displacements broadly fit the ver-
tical and horizontal components of displacement, showing a similar
pattern of deformation as for the homogenous elastic medium solution.
The near-field solutions for both components show though larger dis-
placements compared to the analytical due to the violation of the point
source assumption discussed in paragraph 4.2. Also, near 5 km radial
distance, the horizontal displacement shows an abrupt change compared
to the analytical solution, due to the boundary of low-rigidity domain
and the far field domain. At distances larger than 5 km from the source
centre, the difference between the two-domain solution and the other
solutions diminishes.

4.4. Root mean square (RMS)

To quantify the goodness of fit of the models, the RMS residual for all
FEM models, as well as the RMS for GNSS,s (o5s = observation) and
LOS,ps only are presented in Table 2. The GNSS RMS residual values, for
both the vertical and horizontal components, are significantly smaller
than the RMS GNSS,;; value. For GNSS, the RMS residual results are
comparable for the FEM models. The LOS RMS residual values for the
FEM models show also an improvement compared to the RMS evaluated
for LOS,ps only. The use of RMS is a simple way to quantify the goodness
of fit when comparing displacement from FEM models to observations.
However, a comparison of RMS of different models does not consider the
varying degree of complexity of models, for example if the model
domain is divided into sub-domains with varying properties (like in our
case for the two-domain model compared to the others). Nevertheless,
all our models have the same number of varied parameters: radius and
Young’s modulus. Furthermore, we compare our models to each type of
observation separately.

The small sphere model provides mathematically the best fit, given
the GNSS and LOS RMS evaluation. However, if the model is used to
explain the deformation with the hypothesis that the pressure change in
monitoring well KG-10 is representative for the whole geothermal
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reservoir, then the model requires unrealistically low elastic moduli shows that the time difference velocity fields can be explained by a
compared to earlier findings for Iceland. Therefore, the two-domain spherical pressure source at 2.1-2.5 km depth, located <1 km south to
model, with a low-rigidity crustal volume confined to the near-field in the location of the IDPP-1 well (Fig. 1). Compared to the previously
the caldera, may provide a better explanation. found deformation sources, our source depth is about 0.6-1 km deeper

and roughly ~ 0.5 km to the north-west of a deflating Mogi source under
5. Discussion Leirbotnar and roughly ~1-1.5 km to the east of a second deflating

Mogi source under Leirhnjikur but of comparable depth (Sturkell et al.,
Inversion of geodetic data during 2018-2020 from the Krafla caldera 2008, for 1989-2005, and Drouin et al., 2017, for 1993-2015,

10
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Supplementary Fig. S10 and Table S2). The centre of the deformation
source we found is close to the location where the IDDP-1 drillhole
intersected magma. Its depth is also at the brittle-ductile boundary and
where the lower geothermal reservoir is located. Therefore, there is need
to consider both magmatic and hydrothermal processes as a potential
cause of deformation. Seismic tomography at Krafla (Schuler et al.,
2015) has revealed a distinct east-west trending low V;, zone at 1.5-2.5
km depth b.s.l. beneath the IDDP-1 borehole, extending 4 km east and
west of the well. The low V,, zone, with Vj, values as low as 4.4 km/s,
extends between 3.0 and 3.5 depth b.s.l. between Leirhnjikur and Viti
crater and matches the locations of two attenuating bodies found by
Einarsson (1978). Underneath the Leirbotnar geothermal field, very
low-Vp,/V; values (<1.65) are found at 2-3 km depth b.s.1. beneath Viti,
close to the IDDP-1 borehole which was drilled into rhyolitic magma.
Schuler et al. (2015) suggested that the low V,,/V; zone observed might
be linked to a superheated steam zone overlying the rhyolitic melt.
The deformation source may therefore originate from pressure
changes, either in the geothermal system or in a magma body. Variations
in the geothermal system may relate to the variations in geothermal
utilization. Change in the ground deformation at KRAC sites begins at a
similar time as the re-injection in well KJ-35 began in July 2018

(Fig. 10). The inversion result indicates that the best fitting location of a
point-source is located in-between the KJ-35 re-injection well (~1.2 km
west of it), and the monitoring well, KG-10 (~0.2 km east of it). In
addition to changes in fluid re-injection strategy, there was also a change
in mass extraction in the system for the geothermal production. The total
amount of mass extraction was lower in 2018 than the previous years
(Fig. 6). There is uncertainty about the exact beginning of the defor-
mation at the KRAC site considering uncertainties of the GNSS obser-
vations. The suggested onset time of the deformation change is shown
with the grey shading in Fig. 10. This time interval overlaps with
beginning of the pressure increase in the geothermal reservoir, the
beginning of re-injection at well KJ-35 and the reduced amount of re-
injection at well KJ-39. Furthermore, a change in the rate of the defor-
mation occurs when the re-injection at well KJ-35 stopped in fall 2019.
Deformation prior to and after 2018 may relate to change in one com-
mon process. Since 2004, geodetic observations indicate relatively
steady rate of subsidence, ~5 mm/yr, in the caldera, eventually related
to geothermal exploitation (Drouin et al., 2017). If processes before and
after 2018 both relate mainly to the geothermal system, then the change
after 2018 can be described as rebound of ground deformation and
pressure following changes in the geothermal utilization, relating to
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Table 2
Statistical evaluation of the different FEM models. The RMS corresponds to the
root mean square (Supplementary Text S4).

RMS GNSS LOS Small Large Two-
stations (mm/ sphere sphere domain
(mm/yr) yr) model model model
(mm/ (mm/ (mm/yr)
yr) yr)
Horizontal 3.41 1.08 1.05 1.13
displacement
Vertical 11.83 8.98 9.39 9.43
displacement
LOS (all tracks) 2.74 2.18 2.59 2.56

changes in rates of extraction and re-injection, as well as changes in
where re-injection takes place and what wells are used to extract
geothermal fluids.

Inflow of new magma, gas accumulation or crystallization in shallow
magma bodies are often suggested to explain ground motion around
volcanoes (Bellucci et al., 2006; Dzurisin et al., 2009; Chang et al., 2010;
Parks et al., 2012). In map view, our inferred source is located ~0.5 km
south-west of the IDDP-1 well and ~0.5 km north-west of the KJ-39
well, at a similar depth as the magma has been intersected at the two
wells. Kim et al. (2020) mapped an unusually strong reflector at the
same depth where the magma has been encountered by the IDDP-1
drillhole and near-offset source VSP experiments indicate a reflector at
2.3 km depth (Kastner et al., 2018; Millett et al., 2018; Reiser et al.,
2020). If the 2018-2020 deformation source is of magmatic origin, the
most likely candidate process is pressure increase in the IDDP-1 rhyolite
magma body. There is a need to consider the value of the volumetric
flow rate inferred from the inversion result: ~3.1 x 10° m®/yr or 0.01
m®/s. Such very low flow rate for liquid magma may not be realistic, as if
liquid magma flows in channel at this rate it may solidify because of
cooling due to heat transfer into the host rock. Also, unrest periods at
volcanoes in similar geodynamic setting are typically associated with
magma transfer at a much higher rate.

A potential magmatic origin of the increased pressure may relate to
volcanic gas. For example, ongoing deformation could be a delayed
response to magma degassing events that commenced earlier than the
deformation changes. At Campi Flegrei, Italy, Chiodini et al. (2016)
hypothesize that periods of intense magma degassing may drive injec-
tion of volatiles into an overlying hydrothermal system and lead to
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extensive heating and expansion, causing ground deformation. Since
1985 a decrease in No/He and N»/CO3 ratios has been observed at Campi
Flegrei caldera, paralleled by an increase in He/CO, at least up to 2016
(Calino et al., 2014). It has also been proposed that the uplift in early
2020 in Svartsengi on the Reykjanes Peninsula, SW-Iceland, the
harbinger of the Fagradalsfjall eruption in March 2021, was driven by
magmatic fluid ingress (Flovenz et al., 2022). Eventually, the inferred
pressure increase at Krafla may relate to gas accumulation in the IDDP-1
magma body or in the superheated steam zone overlying melt. However,
the concentration of carbon dioxide (C30), hydrogen sulfide (HsS), and
hydrogen, Hy, in vapor from fumaroles in Leirhnjikur has decreased in
recent years, even quite sharply since 2017 (Oskarsson and Oladéttir,
2020). Measurements of methane (CHy), nitrogen (N3) and argon (Ar)
soil at Leirhnjtkur in the autumn of 2020 do not indicate changes in gas
flux through the surface (Oskarsson and Oladéttir, 2020).

Unusual seismicity around volcanic area is often linked to magma
movement in the subsurface and, together with ground deformation and
gas variation, represents one of the commonly geophysical precursors
used to signal an impeding eruption (e.g., Druitt and Kokelaar, 2002;
Cervelli et al., 2006; De la Cruz-Reyna et al., 2008; Fischer et al., 2022;
Sigmundsson et al., 2022). Changes in seismicity activity may also be
caused by anthropogenic geothermal activity (Flovenz et al., 2015;
Juncu et al., 2018). In both hypotheses, magmatic or geothermal, it is
natural to assume that the local stress field would be perturbed when
ground deformation occurs (Feuillet et al., 2006). At Krafla, no changes
in seismicity were observed at the onset of the ground deformation
pattern change in 2018. Changes occurred later in mid-2019, displaying
a decrease followed both by an increase pattern in the number of
earthquakes and an increase of moment release at the end of 2019.

Gravity measurements may eventually discriminate between magma
intrusion and inflow of liquid or gas at shallow depths as the density of
magma differs from the density of superheated vapor, gas or liquid
(Rymer, 1994; Gottsmann and Rymer, 2002; De Zeeuw-van Dalfsen
et al., 2006; Flovenz et al., 2022). The result of the gravity campaign
carried out in 2019 (Hersir et al., 2020) compared to previous mea-
surements in 2017 and 2018 (Portier et al., 2018) show positive gravity
changes, between 10 and 38 pGal, in an area south of the Krafla power
plant, but do not cover the main area of deformation. These changes
may, e.g., be related to an increase in groundwater level by 3 to 4 m with
20% porosity, or 6 to 8 m with 10% porosity (Hersir et al., 2020). The
series of gravity measurements in 2019 at permanent sites are valuable
as baselines in the future, for a further understanding of the subsurface
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processes in the Krafla area.

The inferred source depth (2.1-2.5 km) suggests pressure increase at
or near the magma-hydrothermal boundary at Krafla. Because of the
relatively small volume estimate (and small rate), a sole magmatic
origin for the 2018 change does not correspond well with the estimated
range of magma flow rates in comparable geodynamic setting. Alter-
natively, processes in the hydrothermal reservoir beneath the Krafla
caldera may play an important role in the deformation change
commencing in 2018. Hydrothermal processes can have a significant
effect on rock strength and rigidity of the uppermost crust due to pres-
ence of fluids, high temperatures, and alteration of minerals (Hill et al.,
2006; Frolova et al., 2014). One could also consider the possibility that
changes in the hydrothermal system in 2017-2019 may be a direct
response to changes within the magmatic system. The pressure changes
in well KG-10 are related to one part of the geothermal reservoir and,
thus, it is not clear if the observed changes relate to conditions in the
whole reservoir.
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6. Conclusions

Difference of average ground velocities in 2018-2020 and
2015-2018 observed by GNSS and InSAR reveal a change in ground
deformation pattern at Krafla caldera in 2018, after decades of subsi-
dence. A point source of increase pressure model fits the time difference
velocity field, with source centre depth at 2.1-2.5 km. This is close to the
brittle-ductile boundary, where magma has been intersected during
previous drilling operations in 2009 at the IDDP-1 well and in 2008 at
the KJ-39 well. The inferred rate of volume increase, 2.7-3.8 x 10° m°/
yr, is minor compared to many magma intrusion events. Gravity changes
are small, but no measurements exist within the main deformation area.
They do not reveal evidence for large-scale magma, gas or fluid transfer.
The deformation change may be a result of changes in the geothermal
system. Both the amount of fluid extraction and the amount of fluid re-
injection into wells changed in 2018. The onset of the change in
deformation in the caldera begins at similar time as pressure increases in
well KG-10 (0.2 MPa in 2017-2019) and re-injection strategy changes,
suggesting a possible link between the geothermal exploitation, ground
deformation and pressure changes. Numerical FEM modelling with low-
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rigidity crust in the Krafla subsurface demonstrates that the observed
ground deformation may be caused by pressure increase at similar level
as observed in well KG-10, assuming the increase as representative for
the whole geothermal reservoir. A pressurized source centre at 2.2 km
depth and radius of 1.4 km reproduces the observed near-field defor-
mation, if a local Young’s modulus value is about 7 GPa, while its value
is larger in the far-field domain (20-40 GPa).
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Text S1. Studies on regional rigidity in Iceland

Different quantitative estimates of the elastic parameters for the Icelandic crust are available from
geodetic observations. Grapenthin et al. (2006) found a correlation between annual variation of land
elevation in continuous GNSS time series and the predicted ground response to annual snow load.
They derive an Earth model to explain their observations with Young’s modulus £ = 40 £ 15 GPa,
assuming the Earth behaves as a uniform elastic half-space with a Poisson’s ratio, v = 0.25. Auriac et
al. (2014) studied ground deformation induced by a glacier surge (sudden surface load changes
associated with ice transfer). They solve for the best-fitting values of £ and v by comparing observed
deformation from InSAR data and deformation field calculated from a finite element model. Their
favoured model has two elastic layers, an upper 1 km-thick layer with v =0.17 and v = 0.25 for the
lower layer. They found best-fitting values of £ = 12.9-15.3 GPa in the upper layer and £ = 67.3-81.9
GPa in the lower layer (95% confidence intervals). Drouin et al. (2016) used a similar approach as
Grapenthin et al. (2006) but with a larger network of GNSS sites all over Iceland and evaluated the
annual and semi-annual components of the cycle in the horizontal and vertical components. They
used elastic parameters inferred from the preliminary reference Earth model (PREM, Dziewonski and
Anderson, 1981) derived from seismological observations. They found there was a need to apply a
scaling factor of 2.3 £ 0.6 to the PREM elastic parameters, to produce a fit between observed and
predicted annual change in land elevation in Iceland. The PREM model provides values of elastic
parameters for the whole Earth, but our modelling depends only on their values close to the surface.
The scaled PREM Young’s modulus values found by Drouin et al. (2016) for the topmost 15 km of

the crust is 29.7 GPa.

Text S2. InSAR down sampling
Prior to the inversion with GBIS, the InNSAR data were subsampled using a gradient-based quadtree

sampling method (Jonsson et al., 2002; Decriem et., 2010). The algorithm divides the data in sets of
3
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Table S1. Root mean square evaluation (RMS) for the best fit GBIS point-pressure, sill and spheroid

source.

LOS RMS (mm/yr)  Point-pressure Spheroid Sill-like
with
predicted 2.74 2.74 2.74

displacements=0

Residual 2.56 2.89 4.01

15

100



Table S2. Location of the Mogi best fit result (GBIS) in the Krafla area from this and previous studies.

Model parameter Lon (°) Lat (°) Depth (km)
This study -16.77 65.71 2.1-2.5
Sturkell et al. (2008) -16.79 65.71 ~ 2.5

Leirhnjikur area

Drouin et al. (2017) -16.79 65.72 ~25
Leirhnjikur area

Sturkell et al. (2008) -16.76 65.72 ~ 1.5
Leirbotnar area

Drouin et al. (2017) -16.76 65.70 ~ 1.5
Leirbotnar area
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Investigation of L ong-Term Deformation at Krafla and
Askja Volcanic Systems in North Iceland
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Vincent Drouin’

, Freysteinn Sigmundsson'

"Nordic Volcanological Center, Institute of Earth Sciences, University of Iceland, Reykjavik, Iceland, *Icelandic
Metereological Office, Reykjavik, Iceland

Abstract volcanoes in extensional environments may show gradual subsidence over decades during
quiescent periods, due to various processes such as magma withdrawal, cooling, contraction, plate spreading
and viscoelastic response. If significant rheological anomalies reside in volcano roots, due to the presence of
magma and hot rock, they can influence the style of deformation. We use Finite Element Method (FE M) models
to explore how strain localization due to extension can lead to volcano deflation. We apply rheological models
comprising an elastic layer overlying a viscoelastic domain and include local up-doming regions of low
viscosity material beneath volcanic centers. The models reveal a localized subsidence above the rheological
anomaly, influenced by the tectonic extension, and by the up-doming volume and its viscosity. The models
suggest that plate divergence may account for 4-5 mm/yr of observed subsidence at K rafla and Askja volcanic
systems (KV'S and AVSS, respectively) in North Iceland.

Plain L anguage Summary Extensional stretching may have an important effect on the ground
deformation observed at volcanic systems located along a divergent boundary. The physical properties of the
crust are altered by the presence of hot material and/or geothermal activity at central volcanoes, compared to the
surrounding rocks. We use a two-layer model consisting of an elastic crustal volume overlying a viscoelastic
layer, which locally reaches shallower depth (referred to up-doming material), to investigate such crustal
properties beneath volcanic systems. We explore a wide range of viscosity values in the up-doming material and
elastic layer thickness. The models, applied to investigate observed ground deformation at the K rafla and Askja
volcanic systems, suggests that regional stretching with realistic material properties in the crust beneath the
volcanic system, fits quite well the observed deformation satellite data at K rafla volcanic system in the 2015—
2018 observations, but only a minor contributor to the Askja deformation pattern in the same period. Our
modeling approach suggests that any extensive magmatic system undergoing stretching should feature
subsidence in relation to the presence of hot material /magma mush beneath volcanic systems.

1. Introduction

Extensional zones occur in different tectonic settings: continental rifts, back-arc basins, and divergent plate
boundaries on mid-oceanic ridges. Although rifting events have been instrumentally monitored on the ocean floor
(e.g., Chadwick et al., 2016; Tolstoy et al., 2006), it is difficult to monitor the deformation associated with the
whole process of spreading. Studies at subaerial extensionalzones are therefore important, such asinIceland (e.g.,
Arnadéttir et al., 2009; Drouin & Sigmundsson, 2019) and in Afar, East Africa (e.g., Biggs et al., 2009; Cattin
et al., 2006).

Magmatic activity in these areas is focused at volcanic systems, often composed of narrow zones of extensive
faulting in fissure swarms and central volcanoes with calderas and geothermal activity (e.g., Ayele et al., 2007;
Einarsson & Brandsdéttir, 2021). High-temperature rheological anomalies in the subsurface, due to the presence
of liquid magma and magma mush (Liao et al., 2018; Sparks & Cashman, 2017) heat significant volumes of rock,
influencing physical properties. Thus, viscoelastic rheology may be appropriate to describe the crustal behavior at
depth in volcanic systems, rather than an elastic approach. Different modeling approaches have been used to
incorporate viscoelastic response of the crust, including focusing on the effects of a viscoelastic shell, surrounding
amagmatic source (Del Negroetal., 2009); a horizontally layered medium with for example, an elastic plate over
a uniform viscoelastic half-space (e.g., Y amasaki et al., 2018); and a temperature-dependent viscosity structure
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(Hickey et al., 2016). Predicted ground deformation of such models compared to geodetic measurements have
been used to evaluate best-fit solutions at different volcanoes. Viscosities in the range of 10'°~10' Pa s are
usually employed in the viscoelastic shell approach (Currenti & Williams, 2014; Newman et al., 2001, 2006).
Two-layer models have found viscosity in the range of ~10'"-10'" Pa s for the lower viscoelastic layer
(Grapenthin et al., 2010; Hamling et al., 2014; Pearse & Fialko, 2010); while, thermo-mechanical models derive a
lower viscosity, in the range of ~10'*~10'® Pa s, around the magmatic source and at deeper levels in such models
(>25-30 km), where temperatures are estimated in the range of 800°C-1,300°C (Gottsmann & Odbert, 2014).
Newman et al. (2001), from laboratory experiments on partially crystallized silicate melt (Lejeune &
Richet, 1995) and partially melted granites (van der Molen and Paterson, 1979) inferred that viscosity for
crystallized rhyolite at or near the solidus temperature (~670°) is in the range of ~10'°~10'7 Pa s and viscosities
for quartz-bearing crystalline rock around a liquid magma body, heated to ~500°C—600°C, in the range of 10'"—
10" Pas.

We investigate here the ground deformation at volcanic systems undergoing extensional stretching with three-
dimensional (3D) FEM models, considering material properties of volcanic plumbing systems. We evaluate
how rheological anomalies undergoing extension may lead to surface deflation. We fit model predictions to
observed long-term deformation at the KVS and AVS in Iceland, inferred from Interferometric Synthetic
Aperture Radar (InSAR) time series covering the 2015-2018 period (Drouin & Sigmundsson, 2019).

2. Geological Setting and Ground Deformation

The Northern Volcanic Zone (NVZ) of Iceland (Figure 1) is a part of the Eurasian—North American divergent
plate boundary, with a spreading rate of ~17.4 mm/yr in direction N104.5°E, according to plate motion models
(DeMets et al., 2010). Global Navigation Satellite System (GNSS) geodetic observations in the 1993-2004 and
the 2008-2014 periods give a comparable spreading rate (Arnadéttir et al., 2009; Drouin, Sigmundsson,
()feigsson, et al., 2017). The plate divergence is accommodated by ~50 km-wide zone (Drouin, Sigmundsson,
()feigsson, et al., 2017). The volcanic systems are (north to south): Theistareykir, Krafla, Fremrindmar, Askja,
and Kverkfjoll (Figure 1). Several plate spreading models in Iceland attempt to explain deformation using hor-
izontal crustal layers (e.g., Jonsson et al., 1997; LaFemina et al., 2005). On the other hand, Pedersen et al. (2009),
with FEM models, link the observed inter-rifting deformation field to rheological variations within the en-echelon
arrangement of the fissure swarms in the NVZ. In Iceland, glacial isostatic adjustment (GIA) produces also
regional deformation (Arnadéttir et al., 2009). InSAR-based analysis shows a maximum GIA uplift rate of
31 £ 4 mm/yr at the edge of Vatnajokull, during 2004-2009 (Auriac et al., 2013). The rate decays with distance
from the ice cap (Drouin & Sigmundsson, 2019).

The KVS (Figure 1) consists of a central volcano with a 9 X 7 km caldera, formed ~100,000 years ago
(Seemundsson, 1991), later filled with eruptive products, and ~5—8 km-wide transecting fissure swarm, extending
~40 km to the south and ~50 km to the north from the caldera (e.g., Hjartardéttir et al., 2012). The KVS hosts the
Krafla geothermal field in the caldera and the Bjarnarflag geothermal area, ~10 km south of the caldera, both
exploited for energy production. After a rifting episode in 1975-1984 (Einarsson, 1991; Wright et al., 2012),
inflation occurred until 1989 in the caldera, followed by deflation until 2018. Difference velocity fields (between
2015—2018 and 2018-2020) reveal minor inflation inside the caldera with an inferred 2.1-2.5 km-deep point-
source (Lanzi et al., 2023). During 1989-1992, a subsidence rate of ~5 cm/yr was recorded (Tryggva-
son, 1994), exponentially decaying to ~3—-5 mm/yr in 1995-2015 (Drouin, Sigmundsson, Verhagen, et al., 2017;
Sturkell et al., 2008). Zones of seismic attenuation at 3—7 km depth have been identified inside the caldera and
interpreted as shallow magma storage (Einarsson, 1978). A 40 km-wide high velocity dome extends from the
lower crust (11-14 km depth) beneath the volcano narrowing upward where a magma body has been inferred at
~3 km depth (Brandsdottir et al., 1997). Low V,/V, zones (<1.65), located underneath the geothermal system at
2-3 km depth bsl (Schuler et al., 2015), close to a borehole (IDDP-1) that was drilled into rhyolitic magma at
2.1 km depth in 2009 (Elders et al., 2011), may be associated with a superheated steam layer, at the boundary
between host rock and felsic melt. Vertical seismic profiling mapped a reflector at the same depth as the bottom of
IDDP-1 drillhole, and at depths ranging from 4 to 6 km, interpreted as a distributed system of magmatic sills (Kim
et al., 2020).

The AVS (Figure 1) has a central volcano with several calderas where geothermal activity occurs, and a trans-
ecting 20 km-wide and 150 km-long fissure swarm (Hjartardéttir et al., 2009). The main Askja caldera has a
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Figure 1. Volcanic systems in the NVZ of Iceland. Inset maps show the location of the NVZ and fissure swarms in Iceland (on
the left) and the Krafla Fires lavas outline (on the right). Black rectangles mark the areas shown in Figure 4.

diameter of ~8 km, and the most recent eruption occurred in 1961 when a fissure opened at its north-eastern
boundary (Thorarinsson & Sigvaldason, 1962). Leveling (since 1983), GNSS (since 1993), and InSAR (since
the early 1990s) show maximum deflation in the middle of the caldera at an initial rate of ~5 cm/yr (Sturkell
et al., 2006), exponentially decaying to 2.5-3 cm/yr in 2000-2009 (de van Zeeuw-Dalfsen et al., 2012). Inflation
began centered in the caldera in summer 2021. In 2 years, the uplift amounted to ~70 cm due to inferred pressure
increase at ~2.8 km depth (Parks et al., 2024). Tomography studies identified low seismic velocity at ~6—11 km
bsl beneath Askja caldera (Mitchell et al., 2013) with two major regions of high V,/V; ratio, involving a volume of
~100 km?®, at ~5 and ~9 km bs (Greenfield et al., 2016). These were interpreted as heavily intruded regions with
melt sitting in lenses of low melt fraction (~10%) or within a mush (Greenfield et al., 2016). In the lower crust, the
seismic ray coverage is not as good as above, but low V;and high V,/V, areas can be identified, suggesting areas of
melt storage and melt transported from a deeper source (Greenfield et al., 2016; Soosalu et al., 2010).
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Figure 2. 3D models setup. (a) C-model and caldera cross-section showing material properties; (b) CFS-model for KVS (left) and AVS (right).

3. Numerical Modeling Set-Up

We use 3D numerical FEM models with COMSOL Multiphysics (v5.6) software to investigate the effects of
vertical and lateral variations in multi-layered geometry, and the effect of variable elastic properties and a
viscoelastic rheology on strain localization, in extensional settings. The models are 50 km-wide (X-dimension,
approximately East-West), 147 km-long (Y-dimension, approximately North-South), and 100 km-deep (Z-
dimension). They consist of two 70 km-long volumes, representing fissure swarm, north and south of a 7 km-wide
caldera block (Figure 2). Extension is reproduced by imposing an uniform velocity, 8.7 mm/yr on the right side
and —8.7 mm/yr on the left side of the domain, respectively, in the X-direction over 200 years. At the model edges
in the Y-dimension, horizontal movement is fixed to zero, but vertical movement is allowed. The bottom of the
model was initially fixed resulting in an overall subsidence of the whole domain due to the stretching. To balance
that, we apply an upward velocity at the bottom, equal to the total thinning of the crust (estimated by an initial
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model) divided by the runtime of the simulation. Thus, the model results are such that the far-field has about zero
vertical displacement.

First, we consider a fully elastic model and investigate the influence of a local low-moduli elastic material near the
surface in a central volcano, that corresponds for example, to a caldera in-fill. Such an approach to evaluate the
effect of volcanoclastic fill has been used at Taupo volcano (e.g., Ellis et al., 2007; Peltier et al., 2009). We
develop a one-layer elastic model (Figure S1 in Supporting Information S1) where the model domain has Young's
modulus E = 30 GPa (inferred value for the average Icelandic crust, e.g., Grapenthin et al., 2006; Drouin
et al., 2016), except for a 2 km-thick layer with E = 7 GPa which reproduces the caldera-infill volume properties
(Lanzi et al., 2023), that is 9 X 7 km-wide at surface and 6 km at the bottom, in the X-direction.

We next consider effects of thermal anomalies due to the presence of magma storage zones and hot rock where a
ductile response of the crust may occur. Selection of rheological behavior of crustal material and implementation
of tectonic forcing will have a fundamental influence on model predictions (Head et al., 2019; Text S1 in Sup-
porting Information S1). We here model a mixture of liquid, magma mush, and hot rock to behave effectively with
Maxwell rheology, with lowered crustal viscosity, 7, compared to the surroundings. We introduce a two-layer
model (Figure 2a), the caldera (C) model (Table S1 in Supporting Information S1), where a regional visco-
elastic layer (E = 60 GPa and viscosity, 7 = 5 X 10'® Pa s) underlies an elastic layer. The viscoelastic layer is not
uniform: it reaches shallower levels under the low-moduli volume previously introduced. We refer to the locally
shallow volume as up-doming material, simulating a viscoelastic zone beneath a caldera. There we test viscosity
ranging from 5 x 10" to 5 x 10" Pa s. Most of the seismicity in the Krafla caldera is shallower than 2.4 km, and
the brittle-ductile boundary has been located there at ~1.8-2.4 km depth (Agﬁstsson & Blanck, 2019). In
accordance with this study, we fixed the top of the up-doming material at 2 km depth. Different regional elastic
layer thicknesses are considered: 7, 10 and 15 km, referred to as Al, A2 and A3 geometries, respectively. The
base of the elastic layer and the up-doming volume coincide (Figure 2). As the elastic layer thickness increases,
the volume of the up-doming viscoelastic material is larger.

Additionally, we introduce a 9 km-wide (X-dimension) fissure swarm geometry (Figure 2b) where the 2 km-deep
elastic-viscoelastic interface at the caldera ramps down to 7, 10 or 15 km depth at 50 and 40 km distance north and
south, respectively, of the Krafla caldera The ramping is consistent with the overall earthquake depth distribution
that shows deepening (toward 6-7 km depth) within the northern fissure swarm of the KVS (Gudnason
etal., 2023). The AVS model has only one fissure swarm to the north of the caldera. The elastic layer (E = 10 GPa,
Gudmundsson, 2011; Pedersen et al., 2009), of the fissure swarm linearly thickens away from the caldera and the
viscoelastic layer thins from the caldera to the end of the fissure swarm. The viscoelastic material in the fissure
swarm has a viscosity in the range of 5 x 10'7=5 x 10'° Pa s, and E = 30 GPa. We refer to this model as the caldera
and fissure swarm (CFS) model.

We applied the CFS-model to the NVZ. To reproduce the strike of the Krafla and Askja fissure swarm, the model
was rotated N10°E and N20°E, respectively (Figure 2b). Caldera and fissure swarm geometry are constrained by
structural data (Hjartardoéttir et al., 2009, 2012). GIA studies reveal a regional viscosity in the range 2—
10 x 10'® Pa s and elastic layer thickness, ranging from 7 to 10 km (Amadéttir et al., 2009; Fleming et al., 2007,
Pagli et al., 2007) to 15-40 km (Auriac et al., 2013) for the NVZ.

4. Model Results
4.1. Caldera (C) and Caldera and Fissure Swarm (CFS) Models

The one-layer model displacements with localized shallow low elastic-moduli volume has no significant surface
subsidence after 200 years of stretching (Figure S2 in Supporting Information S1). When we incorporate the
viscoelastic layer and the up-doming volume (the C-model) the ground subsidence is tightly focused above the
caldera decreasing to zero in the far-field (Figure 3; Figure S3 in Supporting Information S1). The model outputs
for 7 = 5 x 10" Pa s in the up-doming material show the smallest subsidence rate, ~0.1, 0.25, and 0.4 mm/yr for
Al, A2 (Figure S3 in Supporting Information S1) and A3 geometries, respectively. The localized subsidence rate
is ~3.5-4.7 mm/yr (Al and A3 geometries), 3.2—4.4, 1.8-2.3 mm/yr, for viscosity in the range of 10]6, 10]7,
10'8 Pa's (Table S2 in Supporting Information S1). The lowest viscosity leads to the largest subsidence rate. When
a viscosity lower than 10'® Pa s is applied, there is no further increase in the subsidence rate (Figure S3 in
Supporting Information S1). Another feature revealed by the models is that an increase of the elastic layer
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Figure 3. (a) Vertical and (b) horizontal displacements in C-model result for A1 and A3 geometries and one-layer model shown along the red line in the posii've X-
dimension in Figure 2b (approximately east-west profile). (c) Vertical and (d) horizontal displacements of the one-layer model, the C-model,and the CFS-model given
the same viscosity and elastic layer thickness. #F = viscosity fissure swarm; #C = viscosity beneath the caldera.

thickness, and thus the larger viscoelastic volume involved beneath the caldera (Figure 2a), leads to higher
subsidence rate, given the same viscosity in the up-doming volume (Figure 3a). The horizontal component
(Figure 3b) shows less variability as the viscosity changes. The solutions for model A1 and A3 when the viscosity
is 10'® Pa s and 10"7 Pa s overlap and display only a slight difference when the viscosity is 10'® Pas.

The CFS-model predicts localized deformation both above the caldera and along the fissure swarm (Figures 3¢
and 3d; Figure S4 in Supporting Information S1). The caldera area has larger subsidence rates, ~7 mm/yr, given
the same geometry and viscosity of the C-model, where the subsidence rate is ~3 mm/yr (Figures 3¢ and 3d; Table
S1 in Supporting Information S1). In the fissure swarm, the subsidence rates are lower (~3 mm/yr) than in the
caldera (Figure S4 in Supporting Information S1).

The model results are presented as surface velocities after 200 years (longer time evolution is provided in Figure
S5 in Supporting Information S1), corresponding to about half of the average time between rifting events at KVS,
that has experienced six eruptive episodes in the last 2800 years (Semundsson, 1991).

4.2. Application to KVS and AVS

The 2015-2018 inferred vertical displacement estimates from InSAR data (Drouin & Sigmundsson, 2019), are
used in the evaluation of the best-fit CFS-model for the KVS and AVS based on Root Mean Square (RMS)
analysis (Text S2 in Supporting Information S1). Maximum observed subsidence rates are ~4 mm/yr in the Krafla
caldera, ~1-2 mm/yr along the northern fissure swarm, and ~5 mm/yr in the southern fissure swarm (Figures 4a—
4e). The Askja caldera displays a higher subsidence rate, ~15-20 mm/yr, and ~6-7 mm/yr along the Askja
northern fissure swarm (Figures 4f—41). The RMS of residuals (inferred velocities minus model predictions) is
lower than the RMS evaluated for the inferred velocity, ~2.7 mm/yr (Text S2 in Supporting Information S1). The
lowest RMS value for the KVS, 1.3 mm/yr, is obtained for the A2 geometry with #F (viscosity fissure
swarm) = 5C (viscosity beneath the caldera) = 5 X 10'® Pa s (Figures 4a—4e) and for the Al geometry with
#F=5x 10" Pasand #C =5 x 10'7 Pa s beneath the caldera (Figures S6—S12 in Supporting Information S1).
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Figure 4. Inferred average vertical velocities 2015-2018 (see text), model prediction, and residuals in a map view and profiles along caldera (A-A’) and fissure segment
(B-B’) for the KVS (a)—(e), and the AVS (f-1). The black circle and black star indicate the Krafla and Bjarnarflag power plants, respectively.

Both the A2 and A1 geometries, applied to the KVS, reproduces the subsidence in the caldera reasonably well,
with the largest misfit around ~1.8 mm/yr, after a correction for ongoing GIA in Iceland is applied The correction
is the average of expected uplift magnitude over the KVS (3.5 mm/yr) and AVS (7.5 mm/yr) (Drouin & Sig-
mundsson, 2019, Text S3 in Supporting Information S1). Actually, the GIA uplift pattern is more complex,
contributing to residual when comparing models and observations.

Predicted subsidence in the fissure swarms is wider than observed, and a narrow elongated residual zone is present
around 10 km north from the caldera. In the southern fissure swarm, the model underpredicts the observed
deformation over a wide area, between the Krafla caldera and the lake (blue area in Figure 4). Similar RMS
evaluation for the AVS finds A1 geometry with yF = nC = 5 x 10'” Pa's to be the best-fit model with RMS equal
to 3.4 mm/yr, against the 8.3 mm/yr for the estimated velocity (Figures 4f—41; Figures S13—S19 in Supporting
Information S1). However, the residuals are quite large (>8-10 mm/yr) and the model reproduces only 25%-30%
of the deformation signal.
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5. Discussion

FEM models considering local up-doming of viscoelastic material (57 in the 10'°~10"® Pa s range) and a variable
depth of the elastic-viscoelastic interface of a fissure swarm, extending from a caldera, can reproduce a significant
part of the observed 2015-2018 vertical velocity pattern at KVS (Figures 4a—4e), but only a minor component of
subsidence at the AVS (Figures 4f-41).

Several studies attribute most of the recent subsidence at the Krafla caldera to a combined effect of geothermal
exploitation, and cooling of and/or melt withdrawal from a shallow reservoir (1995-2006 period, Sturkell
et al., 2008; 1995-2015 period, Drouin, Sigmundsson, Verhagen, et al., 2017). We demonstrate that rates
observed in the 2015-2018 period may be strongly influenced by strain localization effects in relation to plate
movements, although residuals are still evident (Figure 4c). The simple shape of the viscoelastic volume assumed
in our model (to demonstrate the effects of strain localization) is likely to deviate from the true shape of such
crustal volumes. Improved fit could be achieved by varying for example, width, depth or length of viscoelastic
crustal volume, as exact shape of such volumes has an influence on model predictions (Figure S20 in Supporting
Information S1). Other unmodelled processes may also contribute. A wide region of residual occurs around the
Bjarnarflag geothermal power plant, where previous studies inferred several mm/yr of surface subsidence due toa
~1.5 km-deep source of pressure decrease (Drouin, Sigmundsson, Verhagen, et al., 2017). The Krafla Fires lavas
may still be undergoing some thermal contraction where it is thickest, as inferred first from 1992 to 1995 InSAR
observations (Sigmundsson et al., 1997). Our model shows a narrow area of ~3 mm/yr residuals over the northern
part of the lava field. Wittmann et al. (2017) show that subsidence of ~2 mm/yr may occur ~23 after the
emplacement of a lava deposit with thickness comparable to the last Krafla Fires event (Rossi, 1997). Other
processes contributing to the residuals may include continued post-rifting relaxation (Ali et al., 2014), cooling of
the dike complex formed in 1975-1984 causing rift subsidence (Sigmundsson et al., 1997), or effects of loading
from the Krafla Fires lavas (e.g., Odbert et al., 2015).

The best-fit rheological model, Al geometry, applied to AVS (Figures 4f—41) suggests strain localization due to
regional stretching is not the only origin (or indeed the most significant) of the observed deformation. Cooling and
contraction of a shallow magma body (possibly combined with magma outflow) has been proposed to cause the
ground deformation. Sturkell et al. (2006) modeled the deformation in the caldera using two deflating Mogi
sources (at ~3 km and at ~16 km depth). A small low-velocity anomaly resides at 13—19 km depth (Mitchell
et al., 2013), close to clusters of deep earthquakes that have been associated with movement of magma within the
lower crust (Soosalu et al., 2010) supporting the deeper source modeled by Sturkell et al. (2006). The KVS and
AVS are located along the same divergent margin and deep lateral pressure-connection through a partial zone at
mantle level has been suggested to connect the two plumbing systems at depth, based on correlation of magmatic
activities, and coupled ground deformation events observed in the NVZ (de van Zeeuw-Dalfsen, 2013; Sturkell
etal., 2006; Tryggvason, 1989; Yang et al., 2023). Coupling activity between adjacent volcanic systems has been
observed at Campi Flegrei and Vesuvius volcanoes (Walter et al., 2014) and Kilauea and Mauna Loa (Gon-
nermann et al., 2012), though on a shorter distance (<30 km). Reduction of elastic layer thickness under rifts and
associated subsidence is in agreement with the study of Islam (2016) of the Western Volcanic Zone in South
Iceland, based on thermal modeling.

Our model suggests that any extensive magmatic system undergoing stretching should display subsidence, like
the KVS and AVS, related to the presence of magma and hot material/magma mush beneath calderas. By inte-
grating our models with additional sources of deformation (e.g., activity in the geothermal system, magma
transfer, etc.), a more complete understanding of deformation patterns at volcanoes can be achieved. We note that
the Fremrindmar volcanic system in the NVZ is also subsiding (~2 mm/yr in 2015-2018, Figure S21 in Sup-
porting Information S1), but at a lower rate than Krafla and Askja. This may be indicative of a weak rheological
anomaly there, consistent with no eruption in the area in the last 3,000 years (Semundsson, 2019).

6. Conclusions

We present FEM numerical models to investigate the relationship between subsidence and crustal structure at
volcanic systems undergoing extension, during quiescent periods. Long-term model subsidence rates are up to 5—
6 mm/yr for rheological models of magmatic systems in Iceland. For the 2015-2018 period, they can account for
most of the observed subsidence at the KVS and 25%-30% of the observed subsidence at the AVS. The patterns
and magnitude of local heterogeneity in extensional volcanic settings contribute to the strain localization,
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providing a bottom-up control on the behavior of the deformation pattern. A better understanding of processes
contributing to long-term subsidence of volcanoes provides improved insights of magma plumbing systems, long-
term trends of volcanoes and forecasting changes in volcanic behavior given a known background deformation
pattern.
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Introduction

This supporting information provides text on the different approachesin formulating plate
spreading and viscoelastic rheology (Text S1), our implementation of the Root Mean
Square analysis (Text S2) and the consideration of Glacial isostatic Adjustment (GIA) in our
models (Text S3). Figure S1 displays the one-layer model configuration, and Figure S2
shows the one-layer model result. Figures S3 and $4 display the result for the Caldera (C)
model, with elastic thickness = 10 km. Figure $4 shows the result for the Caldera and
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Fissure Swarm (CFS) model. Figure S5 shows the total vertical displacement over 1000 yr.
Figures S6 - S12 display the model prediction and residual of the Caldera and Fissure
Swarm model compared to the observation data for Krafla volcanic system. Figures S13 -
S19 display model predictions and residuals for the Caldera and Fissure Swarm model
compared to the observation data for Askja volcanic system. Figure S20 shows the
comparison of the caldera model (CM) and the vertical column model (VCM). Figure S21
shows the inferred rate of vertical displacement in 2015-2018 for the Northern Volcanic
Zone of Iceland. Table S1 provides model characteristics and Table S2 gives the numerical
values of the subsidence rate for the Caldera model and Caldera and Fissure Swarm model.

Text S1. Viscoelastic rheology and crustal extension modelling approaches

Assessment of strain partitioning at volcanoes or calderas in various regional or
local extensional tectonic regime has been addressed with numerical simulations with
different methodology and model geometries. Many of the studies simulate tectonic
extension with either a uniform velocity (Pedersen et al., 2009; Peltier et al., 2009; Cabaniss
et al,, 2018) or, alternatively, a constant rate of external stress (Costa et al.,, 2011; Karaoglu
et al,, 2020) applied on the sides of a numerical model domain. Furthermore, different
approaches have been developed to account for the ductile rheology of the crust in
modelling simulations (e.g., Trasatti et al., 2003;|Del Negro et al., 2009}{Hickey et al., 2016
Currenti, 2018).

In elastic rheology, the modes of  deformation, including
pressurization/depressurization (stress-based models, e.g., Currenti, 2014) and volume
changes, either expansion or contraction, (strain-based models, Head et al, 2019) are
overall considered equivalent. However, the choice of the boundary condition in a
viscoelastic regime (e. g., Maxwell or Standard Linear Solid rheology) affects differently the
stress and strain patterns in space and time (Head et al., 2019). The ground deformation
involving viscoelastic rheology is also influenced by the imposed thermal constraints
(Henk, 2006; Head et al., 2021).

In a comprehensive overview on the influence of Maxwell and Standard Linear Solid
rheology, where both stress-based and strain-based methodology and thermal constrain
has been included, Head et al. (2019 and 2021) demonstrate that the Maxwell rheology,
though widely used, may not in all cases provide a good approximation for volcanic
systems investigations due to its fluid response and its relation to the duration of the
perturbation applied, favoring the SLS solution. However, the strain response of the SLS
rheology may be limited (Head et al,, 2019).
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Text S2. Root mean square (RMS)

To quantify the prediction capability of the models, we use the RMS value of
residuals between observations and the different model predications:

Z (dO S_d re)—-mean - 2
RMS = \/ ( b. pre) - (dobs dpre)) (1)
where doss, are observation data, dyre, are predicted displacements from a model and N is

the number of observations. We decided to subtract the mean of the residual to the
difference between the observation and model prediction. Mean subtraction may help in
centering the data around zero, while the data distribution itself remains unchanged. The
RMS values can be compared to the RMS of the observations themselves (equation 1 with
predicted displacements = 0). We evaluate separately the RMS for the Near-up data (doss).
The RMS for doss has been evaluated by using Near-up observations, which fall inside or
nearby the area presented in Figure 4. The number of observations in the Near-Up
observations depends on the quality of the InSAR data over the study area, if incoherent
zones are present or not, 275560 for Krafla volcanic system and 275560 for Askja volcanic
system.

Text S3. Effects of Glacial Isostatic Adjustment (GIA)

Correction for ongoing GIA in Iceland has been applied considering the modelling
results by Drouin and Sigmundsson (2019). The correction applied was 3.5 mm/yr uplift
for Krafla volcanic system and 7.5 mm/yr uplift for Askja volcanic system. The values were
taken as average value of the GIA effect in both the volcanic systems and simply added to
the FEM model predictions and compared against the observations. However, such one-
value correction did not consider the complexity of the GIA pattern in the Northern
Volcanic Zone of Iceland where the GIA signal increases with distance from the Vatnajokull
ice cap. In particular, a significant increase of the GIA signal occurs south of the Askja
caldera causing the inflation observed in Figure 4f.
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Figure S1. One-layer model configuration. a) 3D view with the main boundary conditions and
west-east profile (in blue) through the central caldera. The upward velocity, applied at the
bottom of the model, range from 28 to 31 mm/yr according to the different elastic layer
geometries tested. b) Shallower domain cross-section of the profile defined in S1a. Material
properties of the crust are defined.
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Figure S2. a) Vertical and b) horizontal one layer surface deformation. Profile as shown in
blue in Supplementary Figure S1a.
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Figure S6. Caldera and Fissure Swarm model results for Krafla volcanic system. Profile AA’
defined as in Figure 4a along caldera. All model combinations (in blue), in terms of viscosity
values in the caldera, #C =5 x (1016 -1018) Pa s, and in the viscoelastic fissure segment, # F =
5x(1017 -1019) Pa s, are compared against the observation (in red) and display the residual
(in green), when the elastic layer is 7 km thick.
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Figure S7. Caldera and Fissure Swarm model results for Krafla volcanic system. Profile BB’
defined as in Figure 4a along the fissure segment. All model combinations (in blue), in terms
of viscosity values in the caldera, #C = 5x(101¢ -1018) Pa s, and in the viscoelastic fissure
segment, #F = 5x(1017 -1019) Pa s, are compared against the observation (in red) and display
the residual (in green), when the elastic layer is 7 km thick.
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Figure S8. Caldera and Fissure Swarm model results for Krafla volcanic system. Profile AA’
defined as in Figure 4a. All model combinations, in terms of viscosity values in the caldera, #C
= 5x(1016 -1018) Pa s, and in the viscoelastic fissure segment, #F = 5x(1017 -1019) Pa s, are
compared against the observation (in red) and display the residual (in green), when the
elastic layer is 10 km thick.
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Figure S9. Caldera and Fissure Swarm model results for Krafla volcanic system. Profile BB’
defined as in Figure 4a along the fissure segment. All model combinations (in blue), in terms
of viscosity values in the caldera, #C = 5x(101¢ -1018) Pa s, and in the viscoelastic fissure
segment, #F = 5x(1017 -1019) Pa s, are compared against the observation and display the
residual, when the elastic layer is 10 km thick.
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Figure $10. Caldera and Fissure Swarm model results for Krafla volcanic system as the
profile AA’ defined in Figure 4a along caldera. All model combinations (in blue), in terms of
viscosity values in the caldera, #C = 5x(1016 -1018) Pa s, and in the viscoelastic fissure
segment, #F = 5x(1017 -1019) Pa s, are compared against the observation and display the
residual, when the elastic layer is 15 km thick.
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Figure S11. Caldera and Fissure Swarm model results for Krafla volcanic system as the
profile BB’ defined in Figure 4a along the fissure segment. All model combinations (in blue),
in terms of viscosity values in the caldera, #C = 5x(1016 -1018) Pa s, and in the viscoelastic
fissure segment, #F = 5x(1017 -1019) Pa s, are compared against the observation and display
the residual, when the elastic layer is 15 km thick.
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Figure S12. Inferred rate of horizontal displacements 2015-2018, model prediction,
residuals in a map view for the Krafla volcanic system. The black circle and black star indicate
the Krafla and Bjarnarflag power plants, respectively.
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Figure S13. Caldera and Fissure Swarm model results for Askja volcanic system as the profile

AA’ defined in Figure 4f along caldera. All model combinations (in blue), in terms of viscosity

values in the caldera, #C = 5x(101¢ -1018) Pa s, and in the viscoelastic fissure segment, #F =
5x(1017-1019) Pa s, are compared against the observation and display the residual, when the
elastic layer is 7 km thick.
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Figure S14. Caldera and Fissure Swarm model results for Askja volcanic system as the profile
BB’ defined in Figure 4f along caldera. All model combinations (in blue), in terms of viscosity
values in the caldera, #C = 5x(1016 -1018) Pa s, and in the viscoelastic fissure segment, #F =
5x(1017 -1019) Pa s, are compared against the observation (in red) and display the residual
(in green), when the elastic layer is 7 km thick.
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Figure S15. Caldera and Fissure Swarm model results for Askja volcanic system as the profile
AA’ defined in Figure 4f along caldera. All model combinations (in blue), in terms of viscosity
values in the caldera, #C = 5x(101¢ -1018) Pa s, and in the viscoelastic fissure segment, #F =
5x(1017 -1019) Pa s, are compared against the observation (in red) and display the residual
(in green), when the elastic layer is 10 km thick.
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Figure S$16. Caldera and Fissure Swarm model results for Askja volcanic system as the profile
BB’ defined in Figure 4f along caldera. All model combinations (in blue), in terms of viscosity
values in the caldera, #C = 5x(101¢ -1018) Pa s, and in the viscoelastic fissure segment, #F =
5x(1017 -1019) Pa s, are compared against the observation (in red) and display the residual
(in green), when the elastic layer is 10 km thick.
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Figure S17. Caldera and Fissure swarm model results for Askja volcanic system as the profile
AA’ defined in Figure 4f along caldera. All model combinations (in blue), in terms of viscosity
values in the caldera, #C = 5x(1016 -1018) Pa s, and in the viscoelastic fissure segment, #F =
5%(1017 -1019) Pa s, are compared against the observation (in red) and display the residual
(in green), when the elastic layer is 15 km thick.
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Figure $18. Caldera and Fissure swarm model results for Askja volcanic system as the profile
BB’ defined in Figure 4f along caldera. All model combinations (in blue), in terms of viscosity
values in the caldera, #C = 5x(101¢ -1018) Pa s, and in the viscoelastic fissure segment, #F =
5x(1017 -1019) Pa s, are compared against the observation (in red) and display the residual
(in green), when the elastic layer is 15 km thick.
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Figure S19. Inferred rate of horizontal displacements 2015-2018, model prediction,
residuals in a map view for the Askja volcanic system.
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Figure S20. Comparison of the caldera model (CM) and the vertical column model (VCM),
with elastic layer thickness = 7 km (A1) in a) vertical and b) horizontal displacements, with
elastic layer thickness = 10 km (A2) in c) vertical and d) horizontal displacements and with
elastic layer thickness = 15 km (A3) in e) vertical and f) horizontal displacements, along
profile as defined in red in Figure 2a for viscosities values, # = 5x(1016-1017-1018) Pa s. The
CM and the VCM differs about a maximum subsidence of 1 mm/yr in the A1l and A3
geometries when the lowest viscosity, # = 5x101¢ Pa s is used. The A2 geometry and the
horizontal deformation in all geometry tested do not show a significant difference between
the CM and VCM models. A second feature between the two sets of models is a small uplift
signal at the caldera and surrounding elastic layer boundary at surface in the VCM. The signal
is more pronounced in the A1 and A2 geometries and subdued in A3.
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Figure S21. a) Inferred rate of vertical displacements 2015-2018, for the NVZ. b) Vertical
displacements as defined in the AA’ west-east profile in panel a) at the Fremrindmur volcanic
system. Calderas, central volcanoes, and fissure swarm are by Jéhannesson et al. (2009).
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Table S1. Model characteristics.

Model Name Elastic layer thickness Caldera Model Caldera and Fissure
Swarm model
Al 7 km Viscoelastic rheology Viscoelastic
A2 10 km present beneath the rheology present
A3 15 km caldera beneath the caldera

and the fissure
segments

Table S2. Subsidence rate for the Caldera (C) model and Caldera and Fissure Swarm (CFS)

model.
C model CFS model
Viscosity in Al A2 A3 Al* A2* A3*
the caldera mm/yr mm/yr mm/yr mm/yr mm/yr mm/yr
5x1016Pas 3.5 3.9 4.7 6.5 10 13
5x1017Pa's 3.2 3.7 43 5.9 9.0 11
5x1018Pas 1.8 2.0 -2.1 3.0 5.0 6.0

*viscosity in the fissure segment = 5x1017Pa s
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Abstract

Geodetic observations, coupled with modelling of the detected signals, can help
discriminate between different processes contributing to measured surface deformation
during a volcanic eruption, providing insight into its evolution, the associated magma
transport, and processes occurring in the subsurface. We use Global Navigation Satellite
System (GNSS) geodesy and Interferometric analysis of Synthetic Aperture Radar
(InSAR) satellite images to map overall gradual deflation during the six-month-long 2021
eruption in Geldingadalir at Mt. Fagradalsfjall, in SW-Iceland. The co-eruptive deflation
shows three temporal phases: T1, 19 March — 10 May; T2, 11 May — 31 July; T3, 1 August
— 18 September, correlating with changes in the effusion rate, eruptive style, and
geochemistry of the erupted basalt. Effects of lava loading are evident in the geodetic
observations. We remove this signal with a Finite Element Method (FEM) model and
infer geodetic sources responsible for the observed ground deformation. Our observations
are best explained by a deflating sill-shaped source at ~12—-14 km depth with volume
contraction of 21-27 Mm?, around 4-5 times lower than the estimated bulk volume of the
erupted material. Inflation was detected after the eruption and can be modelled at a similar

depth as the co-eruptive source. Understanding co- and post-eruptive ground deformation
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patterns and their correlation with other observables at volcanoes e.g., effusion rate and
geochemistry is essential to unveil the architecture of the underlying magmatic plumbing
system and hazard assessment, considering also the possibility of reactivation of
neighboring volcanic systems, known from earlier volcanic activity periods on the

Reykjanes Peninsula (RP).

1 Introduction

Volcanic eruptions are commonly associated with pre-, co- and/or post-eruptive
ground deformation, but the style, magnitude and occurrence of surface displacements in
the different phases of a volcanic cycle varies significantly (e.g., Lanari et. al, 1998;
Dzurisin, 2006; Lu et al. 2007). GNSS and InSAR techniques are commonly applied to
investigate volcano deformation patterns providing maps of high spatial and temporal
resolution of ground movements (e.g., Mann et al. 2002; Di Traglia et al. 2014; Poland
and Zebker, 2022; Hamling, 2021). Regional processes that require consideration include
plate motion and Glacial Isostatic Adjustment (GIA) (e.g., Arnadoéttir et al. 2009; Drouin
and Sigmundsson, 2019). Local processes other than magmatic include pre- co- and post-
seismic deformation (Pagli et al. 2003; Arnadottir et al. 2004; Arnadottir et al. 2005),
geothermal deformation (Juncu et al. 2017), landslide deformation (Makabayi et al.

2021), and loading effects (Briole et al. 1997; Lucas et al. 2022).

Here we provide an analysis of ground deformation patterns observed during the
six-month (19 March - 18 September 2021) Fagradalsfjall eruption, the first eruption of
the current period of high volcanic activity on the Reykjanes Peninsula in Southwest
Iceland (Fig. 1). Using detrended GNSS time series and InSAR observations, and
analytical models, we constrain location, geometry and volume change of the deforming
source causing the observed deflation for the whole co-eruptive period, as well as
parameters for different stages of the eruption. Additionally, we find that accounting for
lava loading is important when modeling the deformation signal. We study the correlation

between temporal changes in ground displacements and variations in effusion rates and
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time-series of geochemical analysis of lava samples. Furthermore, we investigate the

evolution of the post-eruptive deformation, from end-September to mid-December 2021.

1.1 Tectonic background

The RP is a zone of oblique spreading at the Eurasian and North-American plates
(Fig. 1). The central axis of the plate boundary deformation is aligned to ~N77°E, whereas
the direction of plate spreading is ~N105°E, at a rate of ~18-19 mm/yr, according to
global plate motion models (e.g., DeMets et al. 2010) and GNSS and InSAR observations
(Arnadottir et al. 2009; Drouin and Sigmundsson, 2019). The RP is the on-land
continuation of the Mid-Atlantic Reykjanes Ridge to the west, and to the east it connects
to the South Iceland Seismic Zone (SISZ) and the Western Volcanic Zone (WVZ) of
Iceland at the Hengill triple junction (approximately 64°N, 21.4°W; Fig. 1). From west
to east, the Reykjanes, Svartsengi, Fagradalsfjall Krysuvik, Brennisteinsfjoll and Hengill
volcanic systems can be identified (Fig. 1; Seemundsson et al. 2020). They are spaced ~5
km apart, with fissure swarms striking N40°E in average (Clifton and Kattenhorn 2006;
Hjartardottir et al. 2023) and characterized by eruptive fissures with crater rows and
extensive normal faulting. N-S trending arrays of strike-slip faults, mostly displaying
right-lateral movement, also cut across the plate boundary (Einarsson, 2008). All the
volcanic systems, except Fagradalsfjall, have geothermal areas, and the Reykjanes,
Svartsengi, and Hengill high-temperature geothermal fields are exploited for energy
production (Parks et al. 2020; Juncu et al. 2020).

The geological history for the latter half of the Holocene shows episodic eruptive
periods, each lasting a few hundred years, separated by relatively long intervals (800-
1000 years) of quiescence (Semundsson et al. 2020). Effusive eruptions have typically
occurred on several kilometers-long fissures, with minor ash produced (Gudmundsson et
al. 2008). During each eruptive period, volcanism jumps from one system to another
(Seemundsson et al. 2020). A previous period of volcanic activity on the RP occurred 800-
1240 AD, and included eruptions at the Reykjanes, Svartsengi, Krysuvik and
Brennisteinsfjoll volcanic systems, while at Fagradalsfjall the last eruption occurred

~7000 yr ago (Seemundsson et al. 2016).
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(Pedersen et al. 2022), the continuous GNSS network and the central axis of the plate boundary deformation
(Sigmundsson et al. 2022). Fissure swarms from Johannesson et al. (2009) are shown in yellow.
Seemundsson et al. (2020) identified also the Fagradalsfjall system between Svartsengi and Krysuvik. SISZ
= South Iceland Seismic Zone, RR= Reykjanes Ridge and WVZ = Western Volcanic Zone. In blue
uppercase letters, S = SENG and K = KRIV: two GNSS sites, shown in Figure 2. Ocean and lakes in light
blue. Inset shows Iceland with fissure swarms, glaciers, and the plate boundary axis (Arnardottir et al.
2009). The arrows indicate relative plate motion. Reykjanes Peninsula is marked by a black rectangle. The
black square in (a) indicates the region of panel (b), which shows a thickness map (isopachs spaced at 20
m) of the lava field at Fagradalsfjall on 30 September 2021 (Pedersen et al. 2022).The white and black
circles are locations of the vents that opened between March-April 2021, with the white circle indicating

the only active vent from 27 April to the end of the eruption (Barsotti et al. 2022).
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Seismic monitoring on the RP prior the current phase showed episodic activity
with periods of elevated seismicity lasting about a decade (1929-1935, mid-1950s, 1967-
1977 and 1997-2006) every 20-25 years (Klein et al. 1977; Einarsson et al. 1991;
Arnadottir et al. 2004; Bjornsson et al, 2020). Mainshock-aftershock sequences occur
predominantly in the eastern RP (east of 22.4° longitude, Keiding et al. 2008), associated
with strike-slip faulting on N-S striking faults, mainly in the Krysuvik and Hengill areas
(Tryggvason, 1973; Arnadottir et al. 2004; Keiding et al. 2008; Hreinsdottir et al. 2009).
Earthquake swarms are more typical in the western part (Tryggvason, 1973; Einarsson,
1991). Pronounced swarm activity, at 2-6 km depth, was observed at Fagradalsfjall and
Krysuvik volcanic systems in 1997-2006 (Keiding et al. 2008; 2009). Seismicity was
observed again in 2017 along the plate boundary at Fagradalsfjall in a 9 km-long cluster
directed WSW-ENE with strike ~N67°E (Hrubcova and Vavrycuk, 2023). In the central
part of this cluster, an aseismic gap was observed at depths of 3—6 km and interpreted by
Hrubcova and Vavrycuk (2023) as a zone of crustal weakening with stress changes
because of plate spreading and upcoming fluid flow during a preparatory phase which led
to the 2021 Fagradalsfjall volcanic eruption. Seismic tomography, based on 2014-2015
data, locates a horizontal low-velocity anomaly at 5-8 km depth extending along the
whole Peninsula, except beneath the Svartsengi and Krysuvik geothermal fields, where
the anomaly reaches 4-6 km depth, suggesting that all the volcanic systems on the RP are
connected to some degree (Rahimi-Dalkhani et al. 2023).

The plate boundary deformation field was mapped by GNSS measurements in
1986-1992, showing left-lateral strain accumulation across the RP (Sturkell et al. 1994).
This was later confirmed by 1992-1995 InSAR data, with an inferred plate boundary
locking depth of ~5 km (Vadon and Sigmundsson, 1997) and by 1993-1998 GNSS
measurements (Hreinsdottir et al. 2001). Keiding et al. (2008) re-modeled the
observations of Hreinsdoéttir et al. (2001), along with newer data, and found that
deformation during non-magmatic periods on the RP agrees well with shear and extension
according to global plate motion models. Stress inversions of seismicity are further in
agreement with plate motion models (Keiding et al. 2009). Continuous GNSS monitoring
on the RP shows overall constant deformation rates prior to 2021, except due to

mainshock-aftershock activity, e.g., in 2000 (Arnadéttir et al. 2004), 2003 (Keiding et al.
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2008) and 2008 (Sigbjornsson et al. 2009), or inflation/deflation cycles due to geothermal
activity at Svartsengi, Krysuvik and Hengill geothermal areas (Vadon and Sigmundsson,
1997; Eysteinsson, 2000; Keiding et al. 2009; Gudjonsdottir et al. 2020; Ducrocq et al.
2021), until end-2019 (Sigmundsson et al. 2024).

1.2 The 2019 -2021 volcano-tectonic unrest and the 2021 Fagradalsfjall
eruption

In December 2019, seismicity increased above the previous background level in
the Fagradalsfjall area. Three inflation episodes were detected in the Svartsengi area, ~10
km to the west of Fagradalsfjall, by geodetic monitoring in January, March-to-April and
May-to-July 2020, with uplift rates of 3—4 mm/d (Geirsson et al. 2021), coinciding with
the onset of an earthquake swarm (Flévenz et al. 2022). Each inflation was followed by
deflation and decreasing seismicity (Cubuk-Sabuncu et al. 2021; Flovenz et al. 2022; Fig.
2). The cumulative uplift (~10 cm) has been attributed to intrusion of sills at 3.2—4.3 km
depth with a total volume of 9—11 Mm? (million cubic meters) (Cubuk-Sabuncu et al.
2021; Geirsson et al. 2021), either driven by injection of magma-derived gas into the
shallow crust (Flovenz et al. 2022), or injection of magma into a previously existing
magma domain (Sigmundsson et al. 2024).

In mid-July 2020, inflation started in the Krysuvik volcanic system (Fig. 2), ~10
km to the east of Fagradalsfjall, and a My 5.6 earthquake occurred there on 20 October
(Geirsson et al. 2021; Flovenz et al. 2022). An overall seismicity migration to the east
was observed across the peninsula in 2020 (Ducrocq et al. 2024). From December 2019
and until the Fagradalsfjall dike started forming on 24 February 2021, TerraSAR-X
interferometry shows surface fault movements, on hundreds of unknown fractures in the
western and central part of the RP, mostly coinciding with the earthquake at Krysuvik
and the Svartsengi inflations (Ducrocq et al. 2024). Furthermore, movement was observed
between 11 July and 22 October 2020 on a ~2 km-long N45°E striking fracture at
Fagradalsfjall, with location coinciding with the longest lasting volcanic vent of the
subsequent 2021 eruption (Ducrocq et al. 2024) and partially coinciding with the 2017
seismicity observed by Hrubcova and Vavrycuk (2023). Although no inflation-deflation

episodes are known at Fagradalsfjall prior to the 2021 eruption, a localized strain anomaly
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was observed there in 2015-2018 (Sigmundsson et al. 2022), a seismic swarm in 2017
(Hrubcové and Vavrycuk, 2023), as well as deep seismicity (~10-12 km depth) since June
2020 (Greenfield et al. 2022).
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Figure 2. Continuous GNSS detrended time series from 2017 to end of 2021 at stations SENG (a) and
KRIV (b). Linear trend as well as annual and semi-annual terms have been estimated (for 2015-2020) and
removed. Inflation periods in 2020 at Svartsengi are shown with grey background shadow are: 21 January
— early February, 6 March — 17 April and 15 May — 22 July (Cubuk-Sabuncu et al. 2021). The Krysuvik
inflation, started on 15 July is marked in light green until the My, 5.6 earthquake on 20 October. According
to the north component on KRIV station, the inflation slowed down before earthquake occurred at Krysuvik
on 20 October 2020, causing the observed discontinuity in the north and east component. Afterwards, very
small signal, possibly related to post-seismic deformation, is observed. On 24 February 2021, a dike
intrusion started beneath Fagradalsfjall marking the rapid following change observed in the time series. The
2021 Fagradalsfjall co-eruptive deformation is from 19 March to 18 September 2021; initial post-eruptive

inflation period occurred from 19 September to 20 December 2021.
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On 24 February 2021, a My 5.64 earthquake occurred at the Fagradalsfjall
volcanic system, preceded by a three-hour-long intense but small magnitude seismic
swarm. High seismicity and high deformation rates (from continuous GNSS and InSAR
observations) followed during the formation of an evolving dike intrusion until 19 March
2021, when an effusive lava eruption began. Seismicity was located on and around both
the Fagradalsfjall growing dike intrusion and the many approximately north—south
oriented strike-slip faults triggered by the intrusion (Sigmundsson et al. 2022). The high
rates of deformation and seismicity observed during the initial phase of the dike intrusion
declined to almost null at the eruption onset (Sigmundsson et al. 2022), while continued
movements on the previously detected fractures were observed by InSAR at least until
end-April (Ducrocq et al. 2024). The February-March 2021 Fagradalsfjall dike consisted
of a southern segment (strike N24°E) and a northern segment (strike N45°E), with a total
length of ~9 km and volume intruded around 26-34 Mm? between the surface and ~8 km
depth (Sigmundsson et al. 2022).

The behavior of the 2021 Fagradalsfjall eruption varied with time, for example
with respect to the time-average discharge rate (TADR). The initial TADR was up to 4.9
m?>/s until 5 April, when lava production concentrated on two vents spaced ~500 m apart
(Pedersen et al. 2022). Afterwards, several short-lived additional fissures opened between
the two vents (Barsotti et al. 2022), but then the activity stabilized at one vent on 27 April
(Fig. 1b). At the beginning of May, the eruption displayed episodic intense lava
emplacement followed by inactive periods, with TADR around 13-11 m?/s until early
September. Each period of lava fountaining, compared to repose time, was characterized
by higher acoustic amplitudes and an inferred increase in gas bubble radii between early
and late-May, suggesting a widening of the upper conduit (Lamb et al. 2022). Eibl et al.
(2023) proposed that the dimension of the eruptive vent and the widening of the crater
controlled the observed larger seismic amplitudes at the beginning of May. The duration
and intermittency of the lava fountaining events are suggested to relate to pressure cycles
within a shallow magma-filled cavity (~100 m), where CO> degassing during the magma
ascent in the upper crust, is followed by further gas-liquid separation (Scott et al. 2023).
After a 9-day long pause in early-September, the eruption resumed on 11 until it ended

on 18 September (Pedersen et al. 2022). Post-eruptive inflation followed until 21
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December 2021 when a new diking event occurred beneath Fagradalsfjall (Parks et al.
2023).

Geochemical analysis of eruptive products (from the beginning of the eruption to
end of April) reveal compositional diversity of the erupted lava, consistent with extraction
of magma from aggregation of melts from separate magma bodies initially located within
the shallowest part of the mantle, which become gradually increasingly dominated by
magmas generated at greater depths (Halldorsson et al. 2022; Marshall et al. 2024).
Thermobarometry analysis on tephra glass collected 28 April-6 May confirmed such
evolution (Bali et al. 2021), indicating that prior to erupting the magma last equilibrated
at a depth of more than 15 km, near the Moho discontinuity (Weir et al. 2001).
Furthermore, the longest time scales inferred by diffusion chronometry shows that a phase
of deep magma accumulation (without geodetic detection) and mush disaggregation was
ongoing on the RP at least one to two years before the eruption occurred (Kahl et al.

2022).

2 Geodetic data acquisition and time series analysis

2.1 GNSS

At the time of the 2021 eruption, a local network of continuous GNSS (¢cGNSS)
stations was present throughout the RP (Fig. 1). Some of the stations had been installed
during the decade prior to the unrest to investigate inflation-deflation episodes occurring
at different volcanic systems and geothermal utilization-related deformation in the area.
In 2020, additional cGNSS sites were installed near Svartsengi to monitor the ongoing

unrest, and at the beginning of the 2021 Fagradalsfjall diking event more stations were

added (Fig. 3).
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Figure 3. Displacements from 19 March to 20 December 2021. The upper panel shows GNSS stations (in
green triangles) with inferred vertical and horizontal displacements (arrows) and associated one standard
deviation (1o) uncertainties (ellipses). Also shown is the Fagradalsfjall lava field at the end of the eruption
in orange, and ocean and lakes in light blue. The lower panels display detrended GNSS time series for
stations SKSH (on the left panel) and MOHA (on the right panel) located west and east to the eruption site,
respectively. The three co-eruptive deformation periods are marked: T1: 19 March — 10 May (blue dots),
T2: 11 May - 31 July (red dots), T3: 1 August — 18 September (black dots), and post-eruptive deformation,
19 September — 20 December (green dots). The vertical red lines indicate the beginning and end of the

eruption. The blue, red, black and green lines show the least-square fit for the different geodetic phases.
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We processed the cGNSS data available for precise daily positioning with both
the GAMIT/GLOBK software (version 10.7, Herring et al. 2018) and the GIPSY/OASIS
IT software (Zumberge et al. 1997). The GAMIT/GLOBK site positions are evaluated in
the ITRF14 reference frame using over 100 worldwide reference stations (Altamimi et al.
2017). The data are corrected for ocean tidal loading using the FES2004 model (Lyard et
al. 2006). The GIPSY/OASIS 1I analysis uses the same ocean tidal loading model and
ITRF14 reference frame. The time series resulting from the GAMIT/GLOBK and
GIPSY/OASIS II processing are comparable; here we present only the results from the
GIPSY/OASIS II processing.

For cGNSS time series longer than 5 years prior to the unrest period that began in
December 2019, we estimated and removed linear, annual, and semiannual variation in
the years from 2015 to end-2019 (Supplementary Table S1). We use this specific period
as time series were not significantly affected by volcanic and seismic deformation. We fit

the following equation to the geodetic times series:
y(t) = a + bt + c cos (%) + dsin (%) + ecos (%) + fsin (%) (1)

The parameters a-f are constant and indicate: g, linear component intercept with
y-axis at =0, b 1s the linear component rate, ¢, d are the amplitude of annual (12 months)
periodic perturbations and e and f are the corresponding semiannual (6 months)
amplitudes. 7 is equal to the period of 1 year. We estimated the a-f parameters for each
of the east, north and up components using the Tsview software (Herring, 2003). Then,
we subtracted the resulting fitted equation from each time series over its entire time span.
We refer to these as detrended long time series. For time series, from stations installed in
2020 and 2021, shortly prior to the eruption, we could not apply equation 1. Instead, we
first applied an ITRF-EU rotation (to a fixed Eurasian plate) to the time series, and then
we subtracted the expected plate boundary deformation motion using a plate boundary
model by Drouin and Sigmundsson (2019). We refer to these as detrended short time
series. For both the short and long detrended time series, we estimate the co-eruptive
deformation and uncertainties by calculating the co-eruptive deformation rate using the

least squares method and then multiply the rate by the total time length of the eruption
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(19 March — 18 September). Uncertainties are presented as ellipses with 1o sigma
standard deviation (Fig. 3). Several GNSS times series have repeated gaps (often one
week-long) in the co-eruptive period. Data from such time-series were not shown in Fig.
3 and not included in the modelling for the six-month eruptive period. However, they
were used if they had a continuous recording during a specific period of modelling interest

(Section 3).

The full co-eruptive period (CP) deformation shows horizontal displacements
aligned inward towards the eruption site, and general subsidence (Fig. 3; Supplementary
Figs. S1-S5). The average inward horizontal displacement is ~15-20 mm and maximum
value around ~40 mm at station STAN. The maximum observed subsidence is about ~30—
40 mm at STAN and FAFC stations (Fig. 3). The time-series reveal several velocity
changes during the CP (Fig. 3b; Supplementary Figs. S1-S5). Visual inspection of the
time series and the definition of linear trends where the variance of the data shows a sense
of consistency e.g., the highest and lowest data points remain approximately constant over
time, spotted upward or downward trends common in all the deformation components,
establishing three geodetic phases: T1, 19 March — 10 May, with relatively small
displacements, up to ~6 mm in horizontal and ~8 mm, and subsidence; T2, 11 May — 31
July, with the fastest displacement rate of the CP, with maximum horizontal displacement
of ~25 mm at STAN site (south of the eruptive site). Maximum subsidence was ~23 mm
at FAFC and STAN stations (Supplementary Fig. S4) and average value around ~10 mm;
T3, 1 August — 18 September (end of the eruption), with small displacements again. The
displacements in the geodetic phases are estimated in a similar manner as the CP
displacement: by multiplying the estimated displacement rates for T1, T2 and T3 periods
by the time length of each geodetic phase. In the 5 weeks following the onset of the
eruption, ~10 vents opened at different times, with most of them ceasing activity within
10-30 days of their opening. With each new vent opening, 1-day interferograms observed
local ground deformation within ~1 km distance from the vent opening (Drouin et al.
2021). The GNSS sites are relatively far from the vent opening area; however, some of
the variability in the ground deformation observed in the GNSS time-series in T1 (e.g.,
FEFC, Supplementary Fig. S2) may relate to the opening of more vents. The changes

from T1 to T2 and T2 to T3 are clearly defined in the east and north components while
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the vertical change is more subdued (Fig. 3b; Supplementary Figs. S1-S5). During the T2
phase, there is clear horizontal motion towards the eruptive site at cGNSS stations across
the RP. For the vertical displacement, the pattern is more variable. Both near-field (<10—
12 km from the eruption site) and the far-field (>12 km from the eruption site) stations
on the east side of Fagradalsfjall show subsidence, while the westernmost stations show
no significant movement (e.g., NYLA, RVIT in the Reykjanes volcanic system,

Supplementary Fig. S1).

After 18 September, many times-series show inflation until 20 December 2021
(Fig. 3), although lack of data at some GNSS stations in November, due to loss of electric
power, makes the continuous analysis difficult. We refer to 18 September to 20 December
as the post-eruptive period. The sites on the westernmost part of the peninsula have
different patterns though, showing almost null deformation (Supplementary Figs. S3 and
S5). The stations on the east side of the peninsula show quite well an inflation pattern,
more pronounced at the near-field stations (Fig. 3; Supplementary Figs. S2 and S4).
Although the cGNSS data is limited, a general constant inflation rate is suggested (e.g.,
FEFC and ODDF stations, Supplementary Fig. S2; ELDC and STAN Supplementary
Figs. S3-S4).

2.2 InSAR

InSAR interferograms were generated using the InSAR Scientific Computing
Environment (ISCE) software version 2.2.0 (Rosen et al. 2012), using SAR images from
the Sentinel-1 satellites of the European Space Agency (https://sentinel.esa.int). We use
images between 20 March to 22 September 2020 from one ascending (satellite heading
northwards) orbit, T16, and one descending (satellite heading southward) orbit, T155, for
the CP and between 22 September and 17 December 2021 for the post-eruptive period.
In total, 44 T16 images and 44 T155 images were used in the analysis. Interferograms
were corrected for topography and geocoded using the IslandsDEM v1 digital elevation
model (10x10 m? resolution) (LMI, 2021)._Line-of-Sight (LOS) displacement were
derived from time series analysis of interferograms using an in-house implementation of

the Small Baseline approach (SBAS, Berardino et al. 2002). Resulting displacements
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grids have a pixel size of about 50x50 m?. LOS displacements for both orbits were
estimated for the CP, as well as for the T1-T3 periods and the post-eruptive phase.

LOS displacements in the CP (Fig. 4a-b) are dominated by LOS lengthening
consistent with deflation, in broad agreement with the cGNSS observations. The strongest
signal is within a zone within ~1-2 km of the lava field, ~50-60 mm in track T16 at the
northern-western edge of the new lava field (Fig. 4a). The LOS displacements decrease
with distance from the lava field but are still observable ~10 km away from the eruptive
center. Track T155 also shows the largest displacements around the northern part of the
lava field, but the signal is more widespread to the eastern areas of the peninsula (Fig.
4b). Similar spatial displacement pattern, for both tracks, is observed during the T2
geodetic phase (Fig. 4c-d), but on a smaller scale: the LOS maximum displacement
around the northern part of the lava field is ~30-35 mm, and then decreases with distance.
The LOS data for the T1 and T3 geodetic phases are significantly affected by noise
(Supplementary Fig. S6), but in T1 a subsidence signal is discernible mostly around the
northern edge of the Fagradalsfjall lava field, in a similar location as the six-month period
and T2 geodetic phase LOS data.

Post-eruptive deformation between 22 September and 20 December 2021, shows
~20-25 mm LOS shortening surrounding the lava field, geographically like a ‘mirror-
image’ of co-eruptive subsidence for the T16 track (Fig. 4e). The signal in track T155
(Fig. 4f) is not equally well defined, most likely affected by noise, though LOS shortening

is seen mostly in the area located south-east of the lava field.
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Figure 4. LOS displacements for two Sentinel-1 tracks, T16 (on the left) and T155 (on the right). The

whole eruptive period deformation is presented in (a) and (b), the T2 geodetic phase in (c) and (d), and the
post-eruptive deformation until 17 December in (e¢) and (f). Black arrows show the heading and look
direction of the satellite. In light grey, the Fagradalsfjall lava field at the end of the eruption and in light
blue the ocean. The black and white circles indicate the vent opened between March and April 2021. The

white circle is the long-lived eruptive vent from 27 April to 18 September.
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3 Modelling approaches

3.1 Geodetic source modelling

To determine the sources of the deflation (19 March — 18 September) and inflation
(19 September — 20 December) periods, we model the observed deformation with
solutions for magmatic sources embedded in an elastic, isotropic and homogeneous half-
space. We estimate source depth, volume change, and location (longitude and latitude)
for a point source of pressure change, approximating a spherical deformation source
(Mogi, 1958). Additionally, we consider a rectangular dislocation source, also referred to
as sill, with uniform opening (Okada, 1985) where eight parameters were inferred:
longitude and latitude, length, width, depth, strike, dip and opening of the source. We use
a modified version of the GBIS software (Geodetic Bayesian Inversion Software,
Bagnardi and Hooper, 2018; Parks et al. 2024). The GBIS inversion algorithm samples
the posterior probability density function (pdf) for each model parameter through a
Markov chain Monte Carlo method, incorporating the Metropolis-Hastings algorithm. An
initial set of model parameters is selected with random step within the range of manually
defined a priori distribution bounds of the source parameters.

The LOS displacement fields were down-sampled such that observations in a
“near-field area” (defined as a circular area with 10-km radius from a reference point ~2
km west to the lava field, with coordinate -22.34°E and 63.89°N) were sampled with one
pixel every ~400 m in both the longitude and latitude. At distance larger than 10 km from
the reference point, the sampling density was reduced to one pixel every ~800 m, to
reduce effects of the far-field noise. The inverted data are cGNSS and LOS displacements
for the CP, and for T1, T2 and T3 geodetic phases as described in Section 2. To quantify
uncertainties in the GNSS data, the variance associated with each displacement
component is included. Such values constitute the diagonal of the variance-covariance
matrix, which has all remaining off-diagonal elements set to 0, assuming that no
covariance exists between the three components of displacement. The InSAR errors are
considered the same (isotropic and stationary) between both deforming and non-
deforming areas. We calculate experimental semi-variograms by masking the deforming
areas and using the remaining data points to estimate the spatial variability of the dataset.

A weighting is applied to both the GNSS and LOS data used in the inversion. In this case
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the weighting ratio of the GNSS with respect to LOS is a factor of 1:5. Thus, the LOS
data weighed 5 times more compared to the GNSS.

In the CP and T2 periods, we use both Sentintel-1 InSAR tracks, while for the
post-eruptive deformation modelling, we use only T16 track as the other dataset is

affected by noise.

3.2 Lava loading modelling
Initial inversion modelling results for CP show a narrow zone of residual subsidence
around the thicker part of the 2021 Fagradalsfjall lava field (see Results). This suggested
that the load of the lava emplaced on the Earth’s surface caused observable ground
displacements, as several studies have documented (e.g., Briole et al. 1997; Ebmeier et
al. 2012; Odbert et al. 2015). The 2021 Fagradalsfjall lava was emplaced inside a valley
and was characterized by several episodic overflows into the nearby valleys, leading to
uneven lava thickness. Over the northern part of the lava field, the thickness reaches up
to 50—60 m, with a rapid increase to almost ~120 m near the main vent (Fig. 1b). In the
southern deposit area, the lava is ~20-30 m thick (Pedersen et al. 2022). The observed
ground deformation signal (Fig. 4; Supplementary Fig. S6) increases rapidly in amplitude
on approaching the northern thicker part of the lava field. Thus, we carried out an
evaluation of the lava loading effects to quantify the ground deformation due to the newly
emplaced lava. We used the COMSOL Multiphysics v5.6 software (www.comsol.com),
based on the FEM. Elastic deformation due to the lava load was evaluated for the

observed lava thickness at the end of the eruption (Fig. 1b).

We use a three-dimensional (3D) Digital Elevation Model (DEM) of the lava field
overlying a flat, homogeneous, elastic and isotropic half-space approximating the Earth’s
crust (Pedersen et al. 2022). The lava DEM (2x2 m resolution) was generated from
measurements collected on 30 September 2021 with pre-eruptive topography subtracted.
The FEM model is 20 km-wide (east-west or X-direction), 14 km-long (north-south or Y-
direction) and 50 km-deep (Supplementary Fig. S7). The loading is simulated by applying
a vertical volume force (a force per unit volume) equal to -rg, where r is the density of
the erupted material, which has been estimated around 2600+50 kg/m? (Bjarnason, 2024),

and g is the gravitational acceleration (set to 9.81 m?/s). At the bottom of the lava field,
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the force over area becomes -rgz. The lava DEM does not end at 0 thickness; thus, to
ensure one connected model domain of the lava field and the half-space beneath, for
implementation in COMSOL, we added a layer to the lava field and later removed the
effect of such layer by subtracting deformation due to it (Supplementary S7). The loading
is applied as a static condition and does not consider variation over time. However, elastic
properties at volcanoes may be quite variable and uncertain due to the heterogeneity
(Heap et al. 2020; Supplementary Text S1). We tested static Young’s modulus (£) equal
to 15 and 30 GPa, to span the range of most likely values in the volcanic context in Iceland

(Supplementary Text S1).

4 Results

We first present the results of the lava loading modelling, followed by the geodetic
modelling result for the uncorrected and corrected (for the lava loading signal)
deformation data for CP and T2 phase. The T1 and T3 data have too low signal-noise
ratio to yield meaningful inversion results. Finally, the post-eruptive inferred sources are

presented.

4.1 Lava Loading LOS deformation

The lava loading models have widespread subsidence beneath and around the
2021 Fagradalsfjall lava field (Fig. 5). Maximum model subsidence reaches 15-16 cm
for £ =15 GPa and ~7-8 cm when E = 30 GPa (Fig. 5). The largest displacement is
beneath the thickest deposit, in the northern part of the lava field and where the active
vent was located from end of April 2021 (white circle in Fig. 5). The modelled signals
decrease rapidly with distance from the lava field: the vertical displacement is less than 2
mm at more than 4-5 km distance from the lava edge for £ = 15 GPa, and at ~2 km for E£
= 30 GPa. In the southern part of the lava field, where thickness deposits are below ~50
m, the modelled deformation shows around 4 cm and 2 cm of subsidence for £ =15 GPa

and £ = 30 GPa, respectively.
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Figure 5. Vertical displacements according to the lava load COMSOL model in cm. a) Vertical
displacement when the crust has a Young’s modulus £ = 15 GPa; b) Same as (a) for £ =30 GPa. Light blue
area is the sea, while the black line indicates the Fagradalsfjall lava outline. The black and white circles
indicate the eruptive vents which opened between March and April 2021. The white circle is the long-lived

eruptive vent from 13 April to 18 September.
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We convert the three components of displacement to LOS and remove the lava
loading response with E equal to 15 GPa and 30 GPa to create two sets of lava loading
corrections to use in the inversion approach. We focus only on the CP and do not consider
lava loading deformation in T2. Given the geographical extension of the loading signal

and location of the GNSS sites, we only apply the loading correction to the InSAR data.

4.2 Co-eruptive deformation source (19 March — 18 September)

We modeled the co-eruptive deformation with a joint inversion of GNSS and both
the original LOS data (uncorrected data) and the lava-loading corrected LOS data,
considering either a pressurized point-source (Mogi source) or a sill with uniform
opening. The LOS data corrected with £ = 15 GPa are referred to as Mogi-A and sill-A
models and for £ = 30 GPa as Mogi-B and sill-B models.

The inversion results for CP using the uncorrected LOS data show a Mogi source at 8.3—
9.2 km depth (d), with a negative volume change (4V) of 16-19 Mm?, located under the
northern part of the Fagradalsfjall lava field (Fig. 6, Table 1, Supplementary Figs. S8—
S9). Alternatively, the inversion result finds a sill source with bottom depth at 11.9-13.1
km, a deflating AV of 19-27 Mm?, a strike of -(63 — 76) and dip of -(20 — 26), located 1—
2 km north to the lava field (Fig. 6; Supplementary Figs. S8—S9, Table 1; pdf in
Supplementary Figs. S10-S11). The goodness of fit evaluated with the Weighted Residual
Sum of Square, WRSS, displays comparable value, ~0.30 for both source’s geometries,
with a narrow zone of residual mostly within ~1 km from the northern and eastern

boundary of the lava field (Figs. 7; Supplementary Figs. S8-S9).
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Figure 6. Modelling results for uncorrected six-months LOS change of the T16 InSAR track. (a) and (b)

data, (c) and (d) model prediction, and (e) and (f) residuals for a Mogi and a sill source, respectively (left

and right columns). The white circle in (b) indicates the best-fit Mogi source at 8.8 km depth (95%

confidence interval: 8.3—9.2 km). Black outline in (b) shows the projection at surface of the modelled

deflating sill, with the thicker line indicating the bottom of the sill best-fit solution at 12.6 km depth (95%

confidence interval: 11.9—13.1 km). Black arrows show the heading and look direction of the satellite. In

light grey, the Fagradalsfjall lava field at the end of the eruption and in light blue the lake Kleifarvatn to

the east and in white the ocean.
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Figure 7. Modelling results for the loading corrected six-months LOS change of the T16 InSAR track for
E =30 GPa is used. (a) and (b) data, (c) and (d) model prediction, (e) and (f) residual for a Mogi and a sill

geometry, respectively (left and right columns). The white circle in (b) indicates the best-fit solution of the

Mogi source at 9 km (95% confidence interval: 8.6019.5) km depth. Black outlines show the projection at

surface of the modelled deflating sill top (thicker line) at a depth of 12.8 km (95% confidence interval

12.5-13.3 km). Black arrows show the heading and look direction of the satellite. In light grey, the

Fagradalsfjall lava field at the end of the eruption and in light blue the lake Kleifarvatn to the east and in

white the ocean.
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TABLE 1. Results from GBIS inversion for the Mogi and sill cases based on the six-

month uncorrected and corrected (E = 30 GPa) LOS data for the full eruptive period.

Columns show model parameters, the latitude and longitude best-fit value of the source,

and the 2.5 and 97.5 percentiles of posterior probability density functions for the geometry

source parameters. The range for each parameter is the inferred 95% confidence interval.

Six-month eruptive period

Mogi sill Mogi-B sill-B
(uncorrected) (uncorrected) (E=30 GPa) (E=30 GPa)
Longitude -22.265 — -22.256* -22.247 — -22.235%% 22265 —-22.255% -22.247--22.234%**
Latitude 63.899 — 63.903* 63.901 — 63.893**  63.881 — 63.885%  63.901— 63.894***
Depth (km) 83-9.2 11.9-13.1 8.6-9.5 123-13.5
Deflating volume (16 - 19) (19-27) (17-20) (21-27)
change (Mm?®)
Dip (°) -(21-27) (20 -26)
Strike (°) -(65-177) -(63-76)
With (km) 05-1.5 05-14
Length (km) 1.7-5.2 2.1-5.5
Opening (m) -(4-18) -(5-18)
WRSS 0.31 0.30 0.34 0.30

*center of the source

**(best-fit solution of vertices of the top of the source)

**%(best-fit solution of vertices of the bottom of the source)
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The WRSS evaluation and residual plots favour the LOS corrected data using £ =
30 GParather than £ = 15 GPa, as the latter show a clear positive residual (Supplementary
Figs. S12-S13). Thus, we focus our investigation on the Mogi-B and sill-B solutions (Fig.
7, Supplementary Fig. S14; Table 1; pdf in Supplementary Figs. S15-S18). The best-fit
Mogi-B model locates a 8.5-9.5 km-deep source at the northern boundary of the lava field
with a deflating AV of 18-20 Mm?; while the sill-B is at d = 12.3—13.5 km (top) and
deflating AV of 21-27 Mm?, located around ~1 km north of the lava field, similar to the
uncorrected data results. The horizontal and vertical GNSS model predictions fit overall
the observed deflation pattern (Fig. 8). Local poorly fit is evident at several GNSS sites
located in the western-southwestern parts of the peninsula, ~10 km away from the lava
field. The overall fit favors the sill-B model over the Mogi-B model. The most striking
difference between the uncorrected data and the sill-B solution is the improved fit around

the lava field in the loading corrected data (Figs. 6-7).
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Figure 8. Modelling results for the six-months eruption period. Panels (a) and (b) show the horizontal and
vertical observed GNSS and modelled displacements for Mogi B case, respectively. The yellow start
indicates the best-fit Mogi location located at (8.5-9.5) km depth. Panels (¢) and (d) show the horizontal
and vertical data and modelled displacement for sill B case. Black outlines show the projection at surface
of the modelled deflating sill at a depth of (12.5-13.3) km, with the thicker line indicating the top of the
sill. In light grey, the Fagradalsfjall lava field at the end of the eruption and in light blue the lake Kleifarvatn

to the east. Dark grey indicates the ocean.

4.3 Deformation source during the T2 phase (11 May — 31 July)

The modelling result for the T2 phase infers a Mogi source at 5.6—6.3 km depth
(Fig. 9; Supplementary Figs. S19-S20; pdf in Supplementary Figs. S21-S22), shallower
than the source depth estimation for CP. The deflating AV is 6-10 Mm?®. The sill source
depth and volume estimate are more comparable with the favoured model (sill-B case)

for the six-month eruptive period, with inferred depth of 11.1-12.4 km with deflating AV
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of 11-17 Mm?. Similarly to the CP, residual deformation signals are present in the north
and west of the lava and the WRSS evaluation favours the sill, (WRSS=0.23), over the
Mogi solution (WRSS=0.37); thus, we consider the sill as our preferred model.
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Figure 9. Modelling results for the T2 geodetic phase LOS change of the T16 InSAR. (a) and (b) data, (c)
and (d) model prediction, (e) and (f) residual for a Mogi and a sill geometry, respectively (left and right
columns). The white circle in (b) indicates the best-fit solution of the Mogi source at 6.0 km (95%
confidence interval: 5.6—6.3 km) depth. Black outlines in (e) show the projection at surface of the modelled
best-fit deflating sill at 11.7 km (95% confidence interval: 11.1-12.4 km), with the thicker line indicating
the top of the sill. Black arrows show the heading and look direction of the satellite. In light grey, the
Fagradalsfjall lava field at the end of the eruption and in light blue the lake Kleifarvatn to the east and in
white the ocean. Model parameters of the Mogi and sill sources are presented in Supplementary Figs. S21

and S22, respectively.
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4.4 Post-eruptive deformation (19 September - 20 December)

The inflation signal modelled with the T16 InSAR track and the GNSS data infers
a 7.3-9.4 km-deep Mogi source beneath the surface with positive 4V of 8-10 Mm?; or
alternatively, a sill at 11.5-13.7 km depth with an inflating A4V of 8-25 Mm? (Fig. 10; pdf
in Supplementary Figs. S24-S25). Both source depth locations are quite comparable to
the co-eruptive deflating source estimation, but a few kilometers to the south of it (Fig.
10). The WRSS is 0.22 and 0.20 for the Mogi and sill solutions, respectively, favoring
the latter. The horizontal GNSS model predictions (Supplementary Fig. S23) do not
properly fit the GNSS data in both source geometries tested, especially in the sites located
in the west part of the RP. The vertical GNSS model predictions provide a slightly better
fit for the sites near the eruptive center and in the east part of the RP compared to the west

part of the RP.
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Figure 10. Modelling results for the post-eruptive inflation for the T16 track. a) data, b) model, c) residual
for a Mogi solution, d) data, e) model, f) residual for a sill solution. The white circle in (b) points the best-
fit location for the Mogi source at 8.00 km depth (95% confidence interval: 7.3-9.4 km). The black lines in
(d) indicate the sill best-fit location at 12.3 km depth (95% confidence interval: 11.5-13.7 km). Light grey
indicates the Fagradalsfjall lava field and in white the ocean. Model parameters of the Mogi and sill sources

are presented in Supplementary Figs. S24 and S25, respectively.
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5 Discussion

5.1 Eruption dynamics: Deep processes and surface observations

A fundamental research topic at volcanoes is the temporal and spatial evolution
of a volcanic plumbing system. The cGNSS time series analysis allows us to study the
temporal evolution in detail and to identify three distinct deformation stages during the
2021 Fagradalsfjall eruption. On the other hand, the spatial sampling of the deformation
field was greatly improved by the Sentinel-1 data.

The maximum co-eruptive subsidence is ~35 mm (GNSS observations) and LOS
lengthening ~50-60 mm at the edge of the northern part of the lava field (Fig. 4). The lava
loading corrected data inversion results provide a better fit around the lava field compared
to the uncorrected data, but modelling results for both datasets (uncorrected and
corrected) favor a 1214 km-deep sill and a deflating AV of 21-27 Mm? (Table 1). The
bulk volume of the erupted material has been estimated ~150+3 Mm?® (Pedersen et al.
2022), and an approximate Dense Rock Equivalent (DRE) of 110 Mm® has been estimated
by Bindeman et al. (2024). The ratio between the DRE value and the best-fit 4V inferred
by our preferred model, sill-B, yields a value of ~4.5 and a ratio approximately of ~5.9
for the T2 phase. Pre-eruptive magma storage conditions on such historical basaltic lava
are petrologically estimated at about 7-10 km depth for the Reykjanes and Svartsengi
volcanic systems, and deeper crustal reservoirs, at ~14-21 km depth for Brennisteinsfjoll
volcanic system (Caracciolo et al. 2023). Our depth estimate for the Fagradalsfjall sill

model lies in between these values.

Is not uncommon that analytical geodetic modelled subsurface volume changes
infer smaller values than the eruptive volume (e.g., Kilbride et al. 2016). This difference
is often attributed to the influences of compressibility of magma stored at depth, after a
partial draining of the magma body, as it expands and accommodates part of the volume
change (Rivalta and Segall, 2008), or by oversimplification of the modelled homogeneous
crustal volume (Foroozan et al. 2010). Yet, changing dynamics in the magmatic plumbing
system, such as inflow into the magma storage feeding the eruption, may also play a key
role in explaining such a difference. On 27 April, the activity concentrated at one vent
and the extrusion rate almost doubled from an average value of 6.3+0.4 m®/s to 11.4+0.5

m?/s (Fig. 11) (Pedersen et al. 2022). This timing coincides with the transition from T1 to
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T2 geodetic phase, and the beginning of pulsating behavior of the eruption. The duration
of the pulsating activity alternated with repose times varied with time, with long fountain
episodes (5-6 minutes) and short repose times (2-5 minutes) in early May and short
episodes (2-3 minutes) and long repose time (3-12 minutes) in mid-June (Eibl et al. 2023).
The greater effusion rate, the onset of pulsating events and ground deformation change
likely followed deep recharge event feeding the eruption (Halldérsson et al. 2022;
Marshall et al. 2024). Thus, we propose that the volume biases may be explained largely
by inflow from a deeper source, with little accumulation time at mid-crustal depths, where
ground deformation related to magma withdrawal from a deep reservoir is superimposed
on the deformation of the shallower sources. The deformation signal from this deeper
source is likely masked by the shallower source. Additionally, post-rifting stress
relaxation due to the February-to-March 2021 dike intrusion may contribute to explaining
the geodetic modelling residual. It has been investigated that ground deformation can
persist several years in response to a dike intrusion (Cattin et al. 2005; Hamling et al.

2014; Hamlyn et al. 2018).
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Figure 11. KRIV GNSS east displacement in relation to changes in the effusion rate and eruptive style. T1
geodetic phase, 19 March — 10 May 2021(blue dots), T2 geodetic phase, 11 May — 31 July 2021 (red dots),
T3 geodetic phase, 1 August — 18 September 2021 (black dots). The brown line shows the evolution of the
time average discharge rate, TADR, during the eruption (Pedersen et al. 2022). The vertical dashed black
line indicates the beginning of lava fountain episodes according to seismic tremor observations on 2 May
(Eibl et al. 2023), while the cyan shadow marks the acoustic energy increase period observed 2-8 May 2021
(Lamb et al. 2022).

170



An interesting feature of the seismicity are deep earthquakes at 10—12 km depth
beneath Fagradalsfjall observed since June 2020 (Fig. 12), but not visible during the dike
intrusion started on 24 February 2021, when the magma most likely broke through a
rheological barrier and moved through the crust (Greenfield et al. 2022). Deep seismicity
resumed in May 2021, located approximately ~0.5 km shallower and ~1 km southwest of
the previous cluster (Greenfield et al. 2022). Interestingly, the timing of the resumed deep
seismicity correlates quite well with the beginning of the T2 geodetic phase, the shift in
radiogenic isotope composition of the erupted material, and TADR increase (Fig. 11).
Furthermore, the T2 geodetic preferred sill model provides a slightly shallower depth
estimation, 11.1-12.4 km, compared to CP, ~1 km west of the six-month source location
(Figs. 7, 9, and 12). Collectively, these changes are most readily interpreted as evidence
for two nearby mid-crustal sources under Fagradalsfjall. In El Hierro (Canary Islands),
temporal evolution of deep seismicity coupled with deformation modelling constrained
sill-like bodies at 14-16 km depth (Moho) between 2011-2012, most likely related to

pulses of magma coming from mantle (Benito-Saz et al. 2017).
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Figure 12. Schematic section showing the geodetic sources (see legend) inferred by this study for the CW
and T2 periods with the seismicity (light green circles) from 19 March to 18 September 2021 beneath
Fagradalsfjall. The earthquakes are from the seismic catalog by the Icelandic Meteorological Office
available at https://skjalftalisa.vedur.is/. The deep seismicity by Greenfield et al. (2022) is in blue circles.
The red square indicates the location of the eruptive vent at surface with the lateral horizontal extension of
the 2021 Fagradalsfjall lava field shown as a black line (Pedersen et al. 2022). The grey background shadow
indicates the area of the Fagradasfjall dike indicated with dashed black lines at 6 km depth (southern
segment) and 7.5 km depth (northern segment) (Sigmundsson et al. 2022). The Moho (cyan line) at 15 km
depth is based on Weir et al. (2001). The supply of magma from multiple petrologically and geochemically
distinct separate sills is representative of the result of Marshall et al. (2024); their presentation do not
account for lateral extension, which is highly uncertain. The thicker lines on the sill indicate the optimal
top and optimal bottom of the sill inferred by the geodetic model. The uncertainties on the depth interval
of the geodetic source are with respect to the center of the sill. Uncertainty values on the source geometry

(length, width depth, etc...) can be found in Table 1 and Supplementary Figs. S21-22.

As the eruption progressed, around the end of July, the T2 high-deformation
period evolved clearly into a low-deforming phase (T3) (Fig. 3 and Supplementary Figs.
S1-S5). The fountain episodes that started in May transitioned from a minute-long
episodic tremor to hour-long episodes, which dominate from 20 July (Eibl et al. 2024).

Such a behavior was suggested to reflect the transition from an open vent system, where
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the lava remains in the crater during repose time, to a semi-close vent system, where the
crater is left empty and more time is required to initiate the new effusion event. Such a
pattern relates to CO; cyclic degassing within a shallow (~100 m-deep) magma-filled
cavity (Scott et al. 2023). We suggest that the lower discharge of magma at this stage of
the eruption, evident from geodetic and TADR data, affects the net flow into the shallow
cavity, as well as the lower flow rate may affect the relative portion of CO; transported
with the magma.

We show that surface loading of the 2021 Fagradalsfjall lava contributes
significantly to the co-eruptive subsidence signal within 1-2 km of the lava. Such an effect
was observed e.g., at Montserrat volcano, where the deformation response (tens of cm in
14 years) is suggested to be largely elastic and controlled by the spatial and temporal
distribution of erupted mass (Odbert et al. 2015). An inaccurate interpretation and
conclusions of the geodetic modelling results may be reached if the deformation data are
not properly corrected for loading effect (Odbert et al. 2015). In our case, the use of
uncorrected and corrected lava load data as input in the modelling approach does not
significantly differ in terms of the inferred parameters (Table 1) but uncorrected loading

data provide poorer fit of near-field displacements.

5.2 Post-eruptive inflation (19 September - 20 December)

Post-eruptive inflation is commonly observed at volcanoes, e.g., Okmok Volcano,
Alaska (Qu et al. 2015), Cordon Caulle, Southern Andes, Chile (Delgado et al. 2016), at
several Icelandic volcanoes (Sturkell et al. 2006) and usually related to magma recharge,
or if there is a viscoelastic aureole around a liquid magma than this can happen without
a recharge, if the magma is sufficiently incompressible as the magmatic system
equilibrates (Segall, 2016). Combination of both processes may also occur (Li et al.
2022). Additionally, cooling, crystallization and gas exsolution of a volatile-saturated
source can produce inflation (Caricchi et al. 2014). The geodetic modelling results
indicate that the best-fit source responsible for post-eruptive inflation is located at similar
depth as the co-eruptive source, but ~2 km to the south of it (Supplementary Figure S25).

Neither our time series analysis nor results of analytical modeling can distinguish between
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the different re-inflation processes. More insight into the evolution of the plumbing
system may come from incorporating cooling history of the previously injected magma
and petrological information relating to the temperature and the crystallization and/or
exsolution of residual melt in a similar manner as done by Caricchi et al. (2014).
Following the 2021 eruption and post-eruptive inflation, several deformation
events have taken place at Fagradalsjall: a diking event 21-27 December 2021; 30 July—
3 August 2022 (dike) and eruption 3—21 August (Parks et al. 2023); and end-June to
August 2023 (dike and eruption). Inflation occurred in April-to-May 2022 at Svartsengi
in a similar location as previous intrusions in 2020. There, from 27 October 2023 to
January 2025, almost continuous inflation was observed, interrupted by deflation centered
at Svartsengi and concurrent to a total of eight diking events and seven eruptions. The
first and largest (~15 km-long) dike occurred on 10 November 2023, involving a
geodetically inferred volume of 130-139 Mm?® and deflating volume of the Svartsengi
reservoir of 76-82 Mm?® (Sigmundsson et al. 2024; Parks et al. 2025). Differently from
the Fagradalsjall eruptions, the magma at Svartsengi accumulates at mid-crustal level

prior to diking and eruption (Matthews et al. 2024; Parks et al. 2025).

6 Conclusions

We analyzed the co- and post-eruptive GNSS and LOS ground displacements of
the 2021 Fagradalsfjall eruption. The analysis identifies three co-eruptive deformation
phases which couple closely in time with changes in the eruptive flux, the eruption style
(from continuous effusion of lava to episodic events), gradual enriched near-Moho
magma of the material erupted, and temporal changes in deep seismicity as the eruption
progressed. Emplaced lava on the surface contributed to the largest ground deformation
observed north of the Fagradalsfjall lava field, as reproduced by a lava loading FEM
model, with constraint of the elastic moduli of the surrounding crust. The modeling of the
lava loading corrected co-eruptive geodetic data favors a sill at 12—14 km depth and
volume change of 21-27 Mm?. Involvement of the same lower-crust source is suggested

for the post-eruptive period. This study shows the importance of combining results from
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different field observations but also discriminating against different processes
contributing to the observed ground deformation to investigate the evolution of magmatic

systems.
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Figure S8-S11. Modelling results for the uncorrected six-months eruption and inferred
probability density functions.

Figure S12-S18. Modelling results for the lava loading corrected six-months eruption
and inferred probability density functions.

Figure S19-S22. Modelling results for T2 geodetic phase and inferred probability density
functions.

Figure S23-25. Modelling results for post-eruptive phase and inferred probability density
functions

Table S1. GNSS sites network.

S1 - Young’s modulus evaluation in crustal layering at volcanic area

In reality, crustal rocks are heterogeneous, with rock properties changing laterally
and with depth, and the parameter choice is highly relevant as it strongly affects the
calculated deformation (Heap et al., 2020; Geyer and Gottsmann, 2010; O’Hara, 2023).
For example, Hautmann et al. (2013), evaluate static Young’s modulus (E) values
between 6 and 42 GPa for the upper crust at Soufriere Hills Volcano when modelling the
effects of an extrusion event in 2009, with mean value of £ = 25 GPa at depth 5-6 km.
The average Young’s modulus value for the Icelandic crust has been estimated to be E ~
30 GPa (Drouin et al., 2016). Tor a two-layer model Auriac et al. (2013) found best-fitting
values of £ = 12.9-15.3 GPa in the upper layer (15-40 km-thick) and £ = 67.3—81.9 GPa
in a lower layer. We test two different values of £: 15 and 30 GPa to span the range of

most likely values in the volcanic context in Iceland.
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Figure S1. Deformation 19 March to 20 December 2021. The top panel shows the GNSS network (in green
triangles) around the Reykjanes Peninsula with the Fagradalsfjall lava field at the end of the eruption (in
orange). The lower panels display detrended RVIT (on the left) and NYLA (on the right) cGNSS times
series (both located west from the eruption side) with the three co-eruptive deformation periods: T1, 19
March — 10 May (blue dots), T2 11 May - 31 July (red dots), T3, 1 August — 18 September /black dots),
and post-eruptive deformation, 19 September — 20 December (green dots). The vertical red line indicates
the beginning and end of the eruption. The time series are in the ITRF2014 reference frame, and linear,

annual and semi-annual trends have been removed.
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Figure S2. Deformation 19 March to 20 December 2021. The upper panel shows the GNSS network (in
green triangles) around the Reykjanes Peninsula with the Fagradalsfjall lave field at the end of the eruption
(in orange). The lower panels display FEFC (on the left) and ODDF (on the right) cGNSS times series (both
located west from the eruption side) with the three co-eruptive deformation periods: T1: 19 March — 10
May (blue dots), T2: 11 May - 31 July (red dots), T3: 1 August — 18 September (black dots), and post-
eruptive deformation, 19 September — 20 December (green dots). The vertical red line indicates the
beginning and end of the eruption. The blue, red, black and green lines show the least-square fit for the

different geodetic phases. The time series are in the ITRF2014 reference frame.
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Figure S3. Deformation 19 March to 20 December 2021. The upper panel shows the GNSS network (in

green triangles) around the Reykjanes Peninsula with the Fagradalsfjall lave field at the end of the eruption

(in orange). The lower panels display ELDC (on the left) and THOB (on the right) cGNSS times series

(both located west from the eruption side) with the three co-eruptive deformation periods: T1: 19 March —

10 May (blue dots), T2: 11 May - 31 July (red dots), T3: 1 August — 18 September (black dots), and post-

eruptive deformation, 19 September — 20 December (green dots). The vertical red line indicates the

beginning and end of the eruption. The blue, red, black and green lines show the least-square fit for the

different geodetic phases. The time series are in the ITRF2014 reference frame.
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Figure S4. Deformation 19 March to 20 December 2021. The upper panel shows the GNSS network (in
green triangles) around the Reykjanes Peninsula with the Fagradalsfjall lave field at the end of the eruption
(in orange). The lower panels display STAN (on the left) and FAFC (on the right) cGNSS times series (both
located west from the eruption side) with the three co-eruptive deformation periods: T1: 19 March — 10
May (blue dots), T2: 11 May - 31 July (red dots), T3: 1 August — 18 September (black dots), and post-
eruptive deformation, 19 September — 20 December (green dots). The vertical red line indicates the
beginning and end of the eruption. The blue, red, black and green lines show the least-square fit for the

different geodetic phases. The time series are in the ITRF2014 reference frame.
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Figure SS. Deformation 19 March to 20 December 2021. The upper panel shows the GNSS network (in
green triangles) around the Reykjanes Peninsula with the Fagradalsfjall lave field at the end of the eruption
(in orange). The lower panels display SKSH (on the left) and GRIC (on the right) cGNSS times series (both
located west from the eruption side) with the three co-eruptive deformation periods: T1: 19 March — 10
May (blue dots), T2: 11 May - 31 July (red dots), T3: 1 August — 18 September (black dots), and post-
eruptive deformation, 19 September — 20 December (green dots). The vertical red line indicates the
beginning and end of the eruption. The blue, red, black and green lines show the least-square fit for the

different geodetic phases. The time series are in the ITRF2014 reference frame.
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Figure S6. Line-of-Sight for two Sentinel-1 tracks, T16 (on the left) and T155 (on the right); T1 geodetic
phase in a) and b), and T3 geodetic phase in c¢) and d). Black arrows show the heading and look direction
of the satellite. In light grey, the Fagradalsfjall lava field at the end of the eruption and in light blue the lake

Kleifarvatn to the east. Dark grey indicates the ocean.
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Figure S7. a) The finite element model setups. Model geometry for the lava loading model in a uniform

elastic half-space. The boundary conditions are set as follows (panel on the left): a load (vertical red arrows)
is applied at the surface in the form of: -rho*g*z, where rho is the density of the material, 2600 kg/m?, g is
the gravitational acceleration, 9.81 m?/s, and z relates to the thickness of the lava field. Roller condition at
the lateral sides of the block (yz and zx faces); that is, the displacement is zero in the direction perpendicular
(normal) to the boundary, but the boundary is free to move in the tangential direction. The bottom of the
model is fixed. The panel on the left is showing an exaggerated schematic xy view of the “loaded”
horizontal layer applied to combine the lava DEM and the underlying half space. The W-E profile of the
lava field is displayed in map view in black solid line in b) and profile in real scale in panel c), while panel

d) shows the E-W (red) profile to show the irregular ending (# 0 thickness) of the lava DEM.
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Figure S8. Modelling results for the uncorrected six-months data of the T155 InSAR track. (a) and (b) data,
(c) and (d) model prediction, and (e) and (f) residuals for a Mogi and a sill source, respectively (left and
right columns). Black outline in (b) shows the projection at surface of the modelled deflating sill, with the
thicker line indicating the bottom of the sill best-fit solution at 12.6 km depth (95% confidence interval:
11.9-13.1 km). The white circle in (b) indicates the best-fit Mogi source at 8.8 km depth (95% confidence
interval: 8.3-9.2 km). Black arrows show the heading and look direction of the satellite. In light grey, the
Fagradalsfjall lava field at the end of the eruption and in light blue the lake Kleifarvatn to the east. Dark

grey indicates the ocean.

193



MOGI

—22.8° -226° -224° -222° -220° -21.8° -22.8° -22.6° -224° -222° -220° -21.8°
64.0° - 64.0°
63.9° - 63.9°
63.8° 63.8°
SILL
-22.8° -226° -22.4° -222° -220° -21.8° -22.8° -226° -224° -222° -220° -21.8°
64.1° - I 64.1° .

64.0° - 64.0°

63.9° - 63.9°

63.8° 63.8°

Figure S9. Modelling results for the uncorrected six-months eruption data. a) and b) show the horizontal
and vertical data and modelled displacements. The yellow star indicates the best-fit solution of the Mogi
source at 8.8 km depth (95% confidence interval: 8.3-9.2 km). ¢) and d) panels show the horizontal and
vertical data and modelled displacement for sill B case. Black outline in (c) and (d) shows the projection at
surface of the modelled deflating sill, with the thicker line indicating the bottom of the sill best-fit solution
at 12.6 km depth (95% confidence interval: 11.9-13.1 km). In light grey, the Fagradalsfjall lava field at the

end of the eruption and in light blue are indicated lakes in the area. Dark grey indicates the ocean.
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Figure S10. Inferred probability density functions for Mogi best fit model parameters (GBIS) for the
uncorrected case. Source location (X and Y local coordinates in meters), depth in meters and volume change
(AV) in m®. Also inferred by the inversion are two offset parameters (InSAR Const.) for each of the InSAR
satellite tracks used, as the input displacement fields may have an arbitrary offset. The InSAR Const. is a
shift estimated in the LOS direction since all INSAR measurements are relative to an arbitrary reference
point and it is in meter, the first panel is for the T16 and the second for the T155 track. The red lines indicate

the optimal value of the parameter.
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Figure S11. Inferred probability density functions for sill (uncorrected data) case best-fit model

parameters (GBIS). Source location (X and Y local coordinates in meters), source depth, length, width and

opening of the sill in meters; strike and dip are in degrees. Also inferred by the inversion are two offset

parameters (InSAR Const.) for each of the InSAR satellite tracks used, as the displacement fields may have

an arbitrary offset. The InSAR Const. is a shift applied to the entire dataset and it is in meter, the first panel

is for the T16 and the second for the T155 track.The red line indicates the optimal value of the parameter.
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MOGI A case

T16

-22.5° -22.4° -223° -222° -22.1° -22.0° -22.5° -22.4°

0 2 -60 -20 0
LOS [mm] LOS [mm]

-225° -22.4° -22.3° -222° -22.1° -22.0° -22,5° -22.4° -22.3° -22.2° -221° -22.0°

7

63.8°

-60 40  -20 0 20 40
Model Prediction [mm] Model Prediction [mm]

-225° -224° -223° -222° -22.1° -22.0°

-22.5° -22.4° -22.3° -22.2°

63.8°

Residual [mm] Residual [mm]
GNSS
228 -226° -224° -222° -220° -21.8° 228 -226° -224° -222° -220° -21.8°

Figure S12. Modelling results for the loading corrected Mogi A case for the six-months eruptive period. a)
data, b) model prediction; c¢) residual for track T16, d) data, e) model prediction and f) residual for track
T155. The white circle indicates the best-fit solution of the Mogi source at 9.5km depth (95% confidence
interval: 8.7-9.3 km). Black arrows show the heading and look direction of the satellite. g) and h) show the
horizontal and vertical data and modelled displacement. The yellow start indicates the best-fit Mogi
location. The WRSS estimated is 0.99 mm and 0.94 mm for the Mogi and sill geometry. In light grey, the
Fagradalsfjall lava field at the end of the eruption and in light blue are indicated lakes in the area. Dark grey

indicates the ocean.
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SILL A case
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Figure S13. Modelling results for the loading corrected sill A case for the six-months eruptive period. a)
data, b) model prediction; c¢) residual for track T16, d) data, e) model prediction and f) residual for track
T155. Black lines indicate the best-fit solution of the sill source at 13.1 km depth (95% confidence interval:
12.7-13.5) km depth. Black arrows show the heading and look direction of the satellite. g) and h) show the
horizontal and vertical data and modelled displacement. In light grey, the Fagradalsfjall lava field at the

end of the eruption and in light blue are indicated lakes in the area. Dark grey indicates the ocean.
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Figure S14. Modelling results for the loading corrected six-months eruption of T155 InSAR track when a

crustal Young’s modulus equal to 30 GPa is used. (a) and (b) data, (c) and (d) model prediction, (e) and (f)

residual for a Mogi and a sill geometry, respectively (left and right columns). Black outlines show the

projection at surface of the modelled deflating sill top (thicker line) at a depth of 12.8 km (95% confidence

interval 12.5-13.3 km). The white circle indicates the best-fit solution of the Mogi source at 9 km (95%

confidence interval: 8.6—9.5) km depth. Black arrows show the heading and look direction of the satellite.

In light grey, the Fagradalsfjall lava field at the end of the eruption and in light blue the lake Kleifarvatn to

the east. Dark grey indicates the ocean.
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Figure S15. Inferred probability density functions for Mogi best fit model parameters (GBIS) for Mogi A
case. Source location (X and Y local coordinates in meters), depth in meters and volume change (AV) in
m?>. Also inferred by the inversion are two offset parameters (InSAR Const.) for each of the InSAR satellite
tracks used, as the input displacement fields may have an arbitrary offset. The InSAR Const. is a shift
applied to the entire dataset and it is in meter, the first panel is for the T16 and the second for the T155

track. The red lines indicate the optimal value of the parameter.
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Figure S16. Inferred probability density functions for sill A case best-fit model parameters (GBIS). Source
location (X and Y local coordinates in meters), source depth, length, width and opening of the sill in meters;
strike and dip are in degrees. Also inferred by the inversion are two offset parameters (InSAR Const.) for
each of the InSAR satellite tracks used, as the displacement fields may have an arbitrary offset The InNSAR
Const. is a shift applied to the entire dataset and it is in meter, the first panel is for the T16 and the second

for the T155 track. The red lines indicate the optimal value of the parameter.
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Figure S17. Inferred probability density functions for Mogi best fit model parameters (GBIS) for Mogi B
case. Source location (X and Y local coordinates in meters), depth in meters and volume change (AV) in
m?>. Also inferred by the inversion are two offset parameters (InSAR Const.) for each of the InSAR satellite
tracks used, as the input displacement fields may have an arbitrary offset. The InSAR Const. is a shift
applied to the entire dataset and it is in meter, the first panel is for the T16 and the second for the T155

track. The red line indicates the optimal value of the parameter.
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Figure S18. Inferred probability density functions for sill B case best-fit model parameters (GBIS). Source
location (X and Y local coordinates in meters), source depth, length, width and opening of the sill in meters;
strike and dip are in degrees. Also inferred by the inversion are two offset parameters (InSAR Const.) for
each of the InSAR satellite tracks used, as the displacement fields may have an arbitrary offset. The InSAR
Const. is a shift applied to the entire dataset and it is in meter, the first panel is for the T16 and the second

for the T155 track. The red line indicates the optimal value of the parameter.
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Figure S19. Modelling results for T2 geodetic phase of T155 InSAR track. a) and b) data, c) and d) model

prediction, e) and f) residual for a point-source and a sill geometry, respectively. Black outlines show the

projection at surface of the modelled best-fit deflating sill at 11.7 km (95% confidence interval: 11.1-12.4

km), with the thicker line indicating the top of the sill. The white circle indicates the best-fit solution of the

Mogi source at 6 km (95% confidence interval: 5.6—6.3 km) depth. Black arrows show the heading and

look direction of the satellite. Model parameter results for the Mogi are displayed in Supplementary Figure

S21; while for the sill, they are in Supplementary Figure S22. In light grey, the Fagradalsfjall lava field at

the end of the eruption and in light blue the lake Kleifarvatn to the east. Dark grey indicates the ocean.
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T2 geodetic phase
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Figure S20. Modelling results for T2 geodetic phase for Mogi and sill sources. Horizontal a) and b) vertical
GNSS data and model predictions for the Mogi source (yellow star) at 6.0 km depth ((95% confidence
interval: 5.6—6.3) km depth located at -22.26°, 63.898°. Horizontal c) and Vertical d) data and model
prediction for a sill source at a depth of 11.7 km (95% confidence interval: 11.1-12.4 km), (coordinate for
the vertices: -22.285°, 63.923°, -22.302°, 63.918°, -22.296°, 63.912°, -22.277°, 63.917°). Model parameter
results for the Mogi are displayed in Supplementary Figure S21; while for the sill, they are in
Supplementary Figure S22. Black outlines show the projection at surface of the modelled deflating sill with
the thicker line indicating the top of the sill. In light grey, the Fagradalsfjall lava field at the end of the

eruption and in light blue are indicated lakes in the area. Dark grey indicates the ocean.
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MODEL Optimal 25 % 97.5%
PARAMETER
Depth (km) 5.99 5.67 6.35
Deflating volume 6.39 6.91 5.95
change (Mm?®)
Longitude -22.258 -22.263 -22.253
Latitude 63.883 -63.881 63.886

Figure S21. Inferred probability density functions (pdf) for Mogi model parameters (GBIS) for the T2
geodetic phase with the parameter values in the table in terms of optimal, 2.5% and 97.5% results. Source
location parameters X and Y are in local coordinates in meters in the pdf but presented in longitude and
latitude in the table. Also inferred by the inversion are two offset parameters (InSAR Const.) for each of
the InSAR satellite tracks used, as the input displacement fields may have an arbitrary offset. The InNSAR
Const. is a shift applied to the entire dataset and it is in meter, the first panel is for the T16 and the second

for the T155 track. The red line indicates the optimal value of the parameter.
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MODEL Optimal 25 % 97.5%

PARAMETER
Depth (km) 11.7 11.1 11.6
Length (km) 1.06 1.03 2.59
Width (km) 0.86 0.49 1.16
Strike (°) 61 56 66
Dip (°) 29 25 32
Longitude* -22.286 -22.294 22279
Latitude* 63.896 63.893 63.901

Figure S22. Inferred probability density functions for sill geometry during the T2 geodetic phase for the
optimal, 2.5% and 97.5% values. Source location X and Y are in local coordinates in meters in the pdf; but
converted in latitude and decimal degrees in the table; the values referred to the bottom edges of the
dislocation. Also inferred by the inversion are two offset parameters (InSAR Const.) for each of the InSAR
satellite tracks used, as the displacement fields may have an arbitrary offset. The InNSAR Const. is a shift
applied to the entire dataset and it is in meter, the first panel is for the T16 and the second for the T155

track. The red line indicates the optimal value of the parameter.
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Figure S23. Modelling results for post-eruptive phase for Mogi and sill sources. Horizontal a) and b)
vertical GNSS data and model predictions for the Mogi source (yellow star) at 8.00 km depth (95%
confidence interval: 7.3-9.4 km). located at -22.26°, 63.89° (optimal values). Horizontal c¢) and Vertical d)
data and model prediction for a sill source at a depth of 12.3 km depth (95% confidence interval: 11.5-13.7
km). Model parameter results for the Mogi are displayed in Supplementary Figure S24; while for the sill,
they are in Supplementary Figure S25. Black outlines show the projection at surface of the modelled
deflating sill with the thicker line indicating the top of the sill. In light grey, the Fagradalsfjall lava field at

the end of the eruption and in light blue are indicated lakes in the area. Dark grey indicates the ocean.
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MODEL Optimal 25 % 97.5%
PARAMETER
Depth (km) 8.09 7.14 9.71
Deflating volume 8.76 7.28 11.7
change (Mm?®)
Longitude -22.229 -22.245 -22.216
Latitude 63.854 63.935 63.862

Figure S24. Inferred probability density functions for Mogi best fit model parameters (GBIS) for the post-
eruptive phase modelling with the parameter values listed in the table below in terms of best-fit, 2.5% and
97.5% results. Source location parameters X and Y are in local coordinates in meters in the pdf but
presented in longitude and latitude in the table. Also inferred by the inversion are two offset parameters
(InSAR Const.) for each of the InSAR satellite tracks used, as the input displacement fields may have an
arbitrary offset. The InSAR Const. is a shift applied to the entire dataset for track T16 and it is in meter.

The red line indicates the optimal value of the parameter.
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MODEL Optimal 2.5% 97.5%
PARAMETER

Depth (km) 12.3 11.2 13.7
Length (km) 1.04 0.551 4.93
Width (km) 2.92 0.315 2.92
Strike (°) 115 104 135
Dip (°) -30 -37 -23

Longitude* -22.284 -22.296 -22.249

Latitude* 63.838 63.828 63.828

Figure S25. Inferred probability density functions for sill geometry for the post-eruptive phase for the
optimal, 2.5% and 97.5% values. Source location X and Y are in local coordinates in meters in the pdf, but
converted in latitude and decimal degrees in the table; the values referred to the bottom edges of the
dislocation. Also inferred by the inversion are two offset parameters (InSAR Const.) for each of the InSAR
satellite tracks used, as the displacement fields may have an arbitrary offset. The InSAR Const. is a shift
applied to the entire dataset and it is in meter, the first panel is for the T16 and the second for the T155

track. The red line indicates the optimal value of the parameter
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TABLE S1. GNSS sites network.

GNSS | Longitude | Latitude Linear velocity Plate spreading signal
Site removed according to
Name the plate spreading
model by Drouin &
Sigmundsson (2019)
East North East North
(mm/yr) (mm/yr) (mm/yr) | (mm/yr)
Short time series
HAFC -22.68 63.93 0.84 -20.03 -13.64 4.82
ELDC -22.53 63.86 -7.64 -41.77 -9.96 3.14
LISK -22.37 63.92 0.65 -35.15 -11.88 3.63
THOB -22.44 63.86 -3.72 -35.37 -9.08 3.22
GRIC -22.43 63.85 -6.18 -38.58 -8.41 3.41
FAFC -22.21 63.90 20.09 -9.74 -9.36 3.15
FEFC -22.31 63.86 -24.27 -44.25 -6.91 3.88
ODDF -22.12 63.94 28.12 533 -11.05 3.22
AFST -22.14 63.98 20.59 -13.15 -12.67 3.99
NAMC | -22.54 63.92 -6.22 -27.70 -12.76 4.17
VOGC | -22.33 63.98 3.11 4.42 -13.42 4.59
HERV -21.88 63.87 8.39 -24.39 -3.49 2.85
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STAN -22.23 63.85 1.04 -54.37 -5.18 3.89
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