
 

FACULTY OF EARTH SCIENCES 

 

 

 

Thesis for the degree of Philosophiae Doctor  

in Geophysics 

 
 
 
 

 

Improving modelling of crustal deformation in 

relation to magmatic and geothermal processes 

 

 
 
 
 
 
 

Chiara Lanzi 

 

September 2025 



 

FACULTY OF EARTH SCIENCES 

 



 

 

 
 

Improving modelling of crustal deformation in 

relation to magmatic and geothermal processes 

 
 
 

 
Chiara Lanzi 

 
 
 
 

Dissertation submitted in partial fulfillment of a 

Philosophiae Doctor degree in Geophysics 

 
 

Supervisor 
Freysteinn Sigmundsson 

 
 

Doctoral Committee  
Freysteinn Sigmundsson 

Halldór Geirsson 
Michelle Maree Parks 

Vincent Drouin 
  

 
Opponents  

Alessandro Bonforte 

Emily Montgomery-Brown 
 

 
 

 
Faculty of Earth Sciences 

School of Engineering and Natural Sciences 
University of Iceland 

Reykjavik, September 2025 
  



 

 

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 
 

Improving modelling of crustal deformation in relation to magmatic and geothermal processes 

Dissertation submitted in partial fulfillment of a Philosophia Doctor degree in Geophysics  

 

Copyright © 2025 Chiara Lanzi 

All rights reserved 

 

Faculty of Earth Sciences 

School of Engineering and Natural Sciences 

University of Iceland 

Askja, Sturlugata, 7  

102, Reykjavik 

Iceland 

 

Telephone: 525 4000 

 

 

 

Bibliographic information: 

Chiara Lanzi, 2025, Improving modelling of crustal deformation in relation to magmatic and 

geothermal processes, PhD dissertation, Faculty of Earth Sciences, University of Iceland, 216 

pp. 

 

Author ORCID: 0000-0002-1322-9563 

ISBN: 978-9935-9772-6-7 

 

 



 

 

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 8–10 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 Mm3. 

This research highlights the need to consider complex geological settings when interpreting 

small ground deformation signals, as multiple interacting processes may produce observed 

deformation. 



 

 

Útdráttur 

Aukinn skilningur á minniháttar jarðskorpuhreyfingum er mikilvægur til að bæta vöktun 

eldfjalla og draga úr áhrifum af náttúruvá af þeirra völdum. Munstur jarðskorpuhreyfinga í tíma 

og rúmi var mælt með GNSS-landmælingum (e. Global Navigation Satellite System geodesy) 

og bylgjuvíxmælingum úr ratsjárgervitunglum (e. InSAR, Interferometric analysis of Synthetic 

Aperture Radar), sem gerir kleift að mæla smáar hreyfingar jarðskorpunnar (af stærðargráðunni 

millimetrar og sentimetrar). Líkangerð var notuð til að finna uppsprettur 

jarðskorpuhreyfinganna og eiginleika þeirra með því að beita andhverfum vörpunum, eða með 

beinum samanburði mældra jarðskorpuhreyfinga við niðurstöður reiknilíkana, með það að 

markmiði að auka skilning á ferlum sem eiga sér stað á eldfjöllum og jarðhitasvæðum sem og 

tektónískum ferlum. 

Sumarið 2018 mældist breyting á munstri jarðskorpuhreyfinga í Kröfluöskjunni, á sama 

tíma og þrýstingsbreytingar mældust í borholu sem notuð er til að vakta jarðhitakerfið í Kröflu. 

Þetta gerðist á svipuðum tíma og breytingar voru gerðar á niðurdælingu vatns í jarðhitakerfið í 

tengslum við jarðhitanýtingu. Mismunur á GNSS og InSAR hraðasviðum á Kröflusvæðinu fyrir 

tímabilin 2015-2018 og 2018-2020 sýnir þenslu með láréttar færslur jarðskorpunnar allt að 8–

10 mm/ári. Skýra má jarðskorpuhreyfingarnar sem afleiðingu af þrýstiaukningu í litlu kúlulaga 

rúmmáli (e. point-source) á 2.1–2.5 km dýpi undir Kröfluöskjunni, nálægt mörkum 

jarðhitakerfis og kviku. Ef tekið er tillit til fjaðureiginleika  jarðskorpunnar innan öskjunnar og 

hvernig þeir eru breytilegir frá því sem gerist í nágrenni öskjunnar þá getur þrýstiaukning af 

svipaðri stærðargráðu og mældist í vöktunarborholunni útskýrt að mestu 

jarðskorpuhreyfingarnar.  

Einnig var rannsakað hvernig fjaðrandi og seigfjaðrandi eiginleikar jarðskorpu og 

möttuls í eldstöðvakerfum á flekaskilum hafa áhrif á jarðskorpuhreyfingar vegna svæðisbunda 

ferla í jarðskorpunni eins og flekareks. Unnið var reiknilíkan með bútaaðferð (e. FEM; Finite 

Element Method) og seigfjaðrandi efnishegðun til að líkja eftir efnishegðun undir öskjum og 

gliðnunarbeltum. Líkanið sýnir að samspil á milli staðbundinna efniseiginleika í rótum 

eldstöðva og krafta vegna flekahreyfinga getur leitt til landsigs á eldvirkum svæðum. Slíkt 

samspil getur skýrt stóran hluta landsigs sem mældist í eldstöðvakerfi Kröflu 2015-2018, en 

aðeins 20-30% af landsigi sem mældist í Öskju á sama tímabili.  

Loks var rannsökuð þróun landsigs (~40-60 mm) í 2021 eldgosinu í Fagradalsfjalli og 

metið hvernig breytingar á jarðskorpuhreyfingum tengjast breytingum á kvikustreymi, 

efnasamsetningu gosefna og gosvirkni. Metin voru áhrif fergingar vegna hraunsins sem 

myndaðist og niðurstöður sýna að fergingin hefur áhrif á landsig innan við 1-2 km frá hrauninu. 

Líkangerð með andhverfri vörpun þar sem tekið var tillit til fergingarinnar sýnir að 

jarðskorpuhreyfingarnar má skýra með sillulaga líkani í fjaðrandi hálfrúmi á 12-14 dýpi sem 

dregst saman um 21-27 milljón rúmmetra.  



 

 

Rannsóknarvinnan sýnir að þörf er á að taka tillit til flókinna jarðfræðilegrar aðstæðna 

á eldfjöllum þegar minniháttar jarðskorpuhreyfingar eru túlkaðar og að samspil margra 

mismunandi ferla getur skýrt mælt munstur jarðskorpuhreyfinga. 
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1 

 

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 Grímsvötn eruption (Hreinsdóttir et al., 2014) or the Sundhnúkur 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; 
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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; Karaoğlu 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 (Árnadóttir et al., 2009), including the 

use of horizontal crustal layers in the Western Volcanic Zone (WVZ) and Eastern Volcanic 

Zone (EVZ) (e.g., Jónsson 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 
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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; Árnadóttir 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 Tjörnes Fracture Zone (TFZ) in North Iceland (Einarsson, 

1991). The rift zones can be divided into volcanic systems, based on their structural and 

petrological characteristics (Sæmundsson, 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; Sæmundsson, 1978; Hjartardóttir 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 Bárðarbunga-

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 (Sigurðsson, 2006; Björnsson and Pálsson, 2008), with Vatnajökull (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., 

Árnadóttir et al., 2009; Auriac et. al., 2014; Drouin and Sigmundsson, 2019). InSAR analysis 

shows a maximum GIA uplift rate of 31±4 mm/yr at the northern edge of Vatnajökull, 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 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019GL082629#grl59306-bib-0006
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near Vatnajökull 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 

Vatnajökull ice cap (Geirsson et al., 2020; Sigmundsson et al., 2024b).  

 

 

Figure 1. Grey-to-white shaded topography map showing fissure swarms, glaciers and central 

volcanoes of Iceland (Jóhannesson and Sæmundsson, 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= Tjörnes Fracture Zone. Selected names of volcanic 

systems: S = Svartsengi, F= Fagradalsfjall; H = Hekla; E= Eyjafjallajökull; K = Katla; G= 

Grímsvötn; B= Bárðarbunga; 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, Eyjafjallajökull, Grímsvötn, Bárðarbunga; 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, 

https://icelandicvolcanos.is/
https://en.wikipedia.org/wiki/Eyjafjallaj%C3%B6kull
https://en.wikipedia.org/wiki/Gr%C3%ADmsv%C3%B6tn
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generating fine-grained tephra like the 2010 Eyjafjallajökull eruption (Dellino et al., 2011) and 

the 2011 Grímsvötn  eruption (Petersen et al., 2012; Hreinsdóttir 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 (Arnórsson, 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 Mw 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 

(Árnadóttir 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 

(Árnadóttir et al., 2005; Decriem and Árnadóttir, 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 Höskuldsson, 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 (Jónasson, 1994). Because of the alteration, geothermal areas may display 

local variability and lower elastic properties of the crust (Pereira et al., 2024).  

 

 

https://en.wikipedia.org/wiki/Eyjafjallaj%C3%B6kull
https://en.wikipedia.org/wiki/Gr%C3%ADmsv%C3%B6tn
https://www.sciencedirect.com/science/article/pii/S0377027317306376#bb0265
https://www.sciencedirect.com/science/article/pii/S0377027323001063?via%3Dihub#bb0315
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1.2 Areas of study  

 

1.2.1 The 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, Fremrinámar, Askja, and Kverkfjöll. In this thesis, the focus is on 

the Krafla and Askja volcanic systems. 

The Krafla volcanic system consists of a central volcano with a 9×7 km caldera formed 

~100,000 years ago (Sæmundsson, 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., Hjartardóttir 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 Brandsdóttir, 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 km³, covering an area of 36 km2 (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 Vp/Vs 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 

(Sæmundsson, 1991; Nicholson et al., 1991; Jónasson, 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= Fremrinámar, A =Askja, and Kv= Kverkfjöll. Central volcanoes shown with 

blue dashed lines, calderas shown with red hatched lines and outline of fissure swarms with 

black lines (Jóhannesson and Sæmundsson, 2009). Inset map on the left shows the fissure 

swarms in Iceland (yellow), 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 

(Hjartardóttir et al., 2009). The main Askja caldera has a diameter of ~8 km, and the most recent 
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eruption occurred in 1961 when a fissure opened at its north-eastern boundary, producing a lava 

field of ~0.1 km3 (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 Öskjuvatn caldera, which now hosts a lake, 

with dimensions of 3×4 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; 

Jónasson, 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 6–11 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 Vs and 

high Vp/Vs 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).  

 

1.2.2 The 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 Krýsuvík, Brennisteinsfjöll 

and Hengill (Sæmundsson et al., 2020). They are spaced about 5 km apart, with an average 

strike of N40°E (Clifton et al., 2006; Hjartardóttir 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 Krýsuvik and Hengill areas (Tryggvason, 1973; Árnadóttir 

et al., 2005; Keiding et al., 2008; Hreinsdóttir 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 (Hrubcová and Vavryčuk, 2023). The 

Reykjanes, Svartsengi, Krýsuvík and Hengill volcanic systems host geothermal areas, all of 

them exploited except Krýsuvík. 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 
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stages of the Holocene where the geological records allow the derivation of the eruptive history 

(Sæmundsson et al., 2020). In each activity episode, activity may occur in several volcanic 

systems (Sæmundsson 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 (Çubuk-Sabuncu et al., 2021; Flóvenz 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; Hreinsdóttir et al., 2001; Keiding 

et al., 2008; Sigmundsson et al., 2020). 

 

 

Figure 3. Map of the Reykjanes Peninsula showing volcanic systems with their fissure swarms 

(in yellow, Jóhannesson and Sæmundsson, 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, Árnadóttir 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.  

 

https://www.sciencedirect.com/science/article/pii/S0012821X25001232#bib0048
https://www.sciencedirect.com/science/article/pii/S0012821X25001232#bib0023
https://www.sciencedirect.com/science/article/pii/S0012821X25001232#bib0027
https://www.sciencedirect.com/science/article/pii/S0012821X25001232#bib0027
https://www.sciencedirect.com/science/article/pii/S0012821X25001232#bib0046
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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 (Çubuk-Sabuncu et 

al., 2021; Flóvenz 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 (Çubuk-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 Krýsuvík volcanic system (15-20 km east of the Svartsengi 

area), continuing until about 10 January 2021. A Mw 5.6 earthquake occurred there on 20 

October 2020. On 24 February 2021, a Mw 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 Mm3 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 m3/s, which increased to 11 m3/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 Mm3 (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 Mm3 

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 Mm3, 

Parks et al., 2023; bulk volume of the material erupted = 11 ± 0.4 Mm3, Pedersen et al., 2024) 

and July-August 2023 (bulk volume of the material erupted = ~15 Mm3). 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 Grindavík (Sigmundsson et al., 2024a). 

By 18:30 the events had reached the town of Grindavík 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 Grindavík (Figure 

3 for location) (De Pascale et al., 2024). The modelling of GNSS and InSAR displacements (10 
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to 12 November) indicated a ~15-km long dike formed with a volume of 130-139 Mm3. 

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 is 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: i) the Global Positioning System 

(GPS) developed by the US Department of  Defense. ii) the GLObal NAvigation Satellite 

System (GLONASS), operated by Russia. This was the second navigation system to achieve 

global coverage after the GPS. iii) 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 

https://en.wikipedia.org/wiki/European_Union_Agency_for_the_Space_Programme
https://en.wikipedia.org/wiki/China_National_Space_Administration
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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 10-13 - 10-15 level (Giorgi et al., 2019) and by the 

presence of crystal quartz clocks in the receiver, sufficient for synchronization with the satellite 

clocks.  

 

 

 

http://www.gps.gov/
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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; Kačmařík 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. 
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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/sdc14431.jpg. 

 (b) GNSS time series (ITRF14 reference frame) at station REYK processed with 

GAMIT/GLOBK by Sigrún Hreinsdóttir. 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, Árnadóttir 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). 

https://agupubs.onlinelibrary.wiley.com/authored-by/%C3%81rnad%C3%B3ttir/Th%C3%B3ra
https://www.sciencedirect.com/science/article/pii/S0273117720302532#b0455
https://www.sciencedirect.com/science/article/pii/S0273117720302532#b0420
https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0280
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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.  

 

1.3.2 InSAR - 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; Bürgmann et al., 2000; Dzurisin, 2006; Osmanoğlu 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 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/jet-propulsion
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/kalman-filter
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decades, InSAR 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 CO2 (Vasco et al., 2010; Fibbi et al., 2022); cryospheric processes (Tarricone et al., 

2022; Björnsson 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, θ, 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). θ = 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 

Mode 

Spatial Resolution Swath width Examples of 

satellite 

Stripmap ~3 m 

~5 m 

3-10 m 

30 km 

80 km 

50-70 km 

X- band 

C-band 

L-band 

ScanSAR 60-100 m 300-500 km  

Spotlight ~1-2 m 10 × 5 km (range x 

azimuth) 

Terra-SAR-X 

IW 5 m × 20 m 250 km ground 

swath (80 km sub-

swaths) 

Sentinel-1 

 

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 –π to +π radians (Figure 7a).  

 Each full cycle of 2π change (each fringe) corresponds to a specific amount of LOS 

displacement of λ/2, with λ being the radar wavelength.  Since phase measurements are 

inherently ambiguous modulo 2π, the full LOS displacement must be recovered through phase 

“unwrapping”. This process resolves the integer (2π) 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.  

 

 

 
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. 

 

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 

https://www.sciencedirect.com/science/article/pii/S0040195108004678#bib26
https://www.sciencedirect.com/science/article/pii/S0040195108004678#bib26
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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: 

                                                  𝑈z = 𝐶 
𝑑

(𝑟2+𝑑2)3/2                                                                        (1) 

                                                 𝑈r = 𝐶 
r

(r2+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, ΔP, or a volume change, ΔV, to the elastic properties of 

the crust (shear, μ, and Young’s modulus, E) with the following relationships (e.g., 

Sigmundsson, 2006): 

                                          𝐶 =
1−𝑣

π
 𝛥𝑉                                                                 (3) 

 

                                𝐶 =
1−𝑣

μ
𝑎3 𝛥𝑃    or       𝐶 =

2(1−𝑣2)

E
𝑎3 Δ𝑃                                     (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:  

 

                 𝑈z =  
𝑎3 

Δ𝑃 (1−𝑣) 𝑥

𝐺𝑅
  (1 + (

𝑎

𝑑
)

3

(
1+𝑣

2(−7+5𝑣)
 +     

15𝑑2(−2+𝑣)

4𝑅2(−7+5𝑣)
  ))                             (5) 

                  𝑈r =  
𝑎3 

Δ𝑃 (1−𝑣) 𝑑

𝐺𝑅
 (1 + (

𝑎

𝑑
)

3

(
1+𝑣

2(−7+5𝑣)
 +     

15𝑑2(−2+𝑣)

4𝑅2(−7+5𝑣)
  ))                             (6) 

 

                                                                

where R = (x2 + d2)0.5, 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. 

 

 
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 (Cannavò, 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 (Jónsson 

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. 

 

1.4.2 The 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.  

  

https://en.wikipedia.org/wiki/Random_sampling
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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 is 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 

https://www.researchgate.net/scientific-contributions/Jonas-Bundschuh-2197845351?_sg%5B0%5D=1o9BR1W6BX3H4R3Wt8OevpUq-7yCWVKWoL7-5BxunvSJmqcwWZ2uGXB9mkaalnW5TST5Law.ZwfG8TYmtm-DwTgvQQVZMzb4NhCB6INn_QhQ61dZuEfS5_GGQGLcVzvpjrVU9o6yomOdlgCWvWEJujwBkhdK5w&_sg%5B1%5D=KeOmJaX_glJRliLQ2I52VdU4hM8FF7o5ZKjftqgwu5h1IuuBDg-aKf80TQAvyjPMCE5M9gE.Ee-izQN7wP0v5LLpVOb32COws2jjjoNvGb0o0jY1mh4eRI9LdKx2nhJIzhub7K-1WhbZc68CrMirCcE2xuYFUg&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIiwicG9zaXRpb24iOiJwYWdlSGVhZGVyIn19
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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 rheology). 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 -gz, where  is the 

density of lava, set to 2900 kg/m3, g is the gravitational acceleration, 9.81 m3/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 InSAR 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 2018–2020 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 1.0-1.4 km 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 

(Stefánsson, 1981; Ármannsson 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. 

 

 

 

https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0240
https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0475
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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 

II (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. 

 

 

 

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 1013-1019 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 



 

 

38 

 

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 51017- 51019 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 

(1975- 1984) lavas extension. The black lines indicate the Krafla (a-c) and Askja (d-f) calderas, 

respectively.  
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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. ηF = viscosity fissure swarm; ηC = 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 51016 Pa s, to 51017 Pa s to 51018 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 Krýsuvík (e.g, Çubuk-Sabuncu et al., 2021; Geirsson 

et al., 2021; Flóvenz 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 Mm3. 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 Mm3. 
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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. 



 

 

47 

 

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 (Halldórsson 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. 

 

 

 
Figure 21. 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 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 InSAR 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) Mm3 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 

(Halldórsson 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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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 E = 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 E 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 E = 12.9-15.3 GPa in the upper layer and E = 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 InSAR data were subsampled using a gradient-based quadtree 

sampling method (Jónsson et al., 2002; Decriem et., 2010). The algorithm divides the data in sets of 
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Fig. S1. GNSS time series for LHNC (left) and SPBC (right) stations in Krafla in the IGS 2014 reference frame. Linear 

trends are only removed, as the time series are too short to estimate their seasonal signals. Part of the LHNC times series 

has been excluded when the antenna was buried by snow. 



 

 

92 

 

 



 

 

93 

 

 

8 
 

 

 

 

 

Fig. S3. LOS difference velocity data (a, d), predicted best-fit model results from GBIS (b, e) and residuals (c, f) for track 

T147 (upper panels) and track T111 (lower panels). The black polygons marks the area used to evaluate the root mean 

square value. The black star indicates the inferred best-fit position for the centre source. 
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Fig. S4. Comparison between predicted displacements for a best fitting sill model and observations. (upper) GNSS 

horizonal displacements (blue arrows) and model predictions (red arrows). The black star indicates the inferred best-fit 

position for the source. (lower) InSAR LOS change (left), best fit model predictions (middle) and residuals (right) for 

InSAR tracks T147, T111, T9.  The black polygons marks the area used to evaluate the root mean square value. 

 



 

 

95 

 

 



 

 

96 

 

 

11 
 

 

Fig. S6. Inferred probability density functions for Mogi best fit model parameters (GBIS). Source location (X and Y), 

depth and volume change (ΔV). Also inferred are three offset parameters (InSAR Const.) for each of the InSAR satellite 

tracks used, as the input velocity fields may have an arbitrary offset. 
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Fig. S7. Inferred probability density functions for sill best fit model parameters (GBIS). Source location (X and Y), source 

depth, length, width and opening of the sill. Also inferred are three offset parameters (InSAR Const.) for each of the 

InSAR satellite tracks used, as the input velocity fields may have an arbitrary offset. 
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Fig. S8. Inferred probability density functions for prolate spheroid best fit source model parameters (GBIS). Source 

location (X and Y), source depth, length of major semi-axis in meters and dimensionless aspect ratio between semi-axes 

(minor/major, A and A/B); strike angle of major semi-axis with respect to North in degrees; plunge, inclination angle of 

major semi-axis with respect to horizontal in degrees (0° = horizontal; 90° = vertical); ΔP/mu, dimensionless excess 

pressure (pressure change/shear modulus). Also inferred are three offset parameters (InSAR Const.) for each of the InSAR 

satellite tracks used, as the input velocity fields may have an arbitrary offset. 
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Fig. S9. Displacement according to Mogi best fit solution (blue lines, GBIS). Also shown is a numerical solution from 

the COMSOL software (black circles).  
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Fig. S10. Estimated location of Mogi deformation source from GBIS inversion (yellow rectangle). The area of the 

rectangle shows the 95% confidence interval for horizontal location. Green circles show Mogi sources from Sturkell et 

al. (2008) and red from Drouin et al. (2017). Black circles show the re-injected well KJ-35, KG-26 and KJ-39, the IDDP-

1 borehole, and the monitoring well, KG-10. 

 

 

 

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 

displacements=0 

            2.74                     2.74            2.74      

             

Residual             2.56                    2.89            4.01         
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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) 

Leirhnjúkur area 

 

-16.79  65.71         ⁓ 2.5 

Drouin et al. (2017) 

Leirhnjúkur area 

 

-16.79 65.72          ⁓ 2.5 

Sturkell et al. (2008) 

Leirbotnar area 

 

-16.76 65.72         ⁓ 1.5  

Drouin et al. (2017) 

Leirbotnar area 

-16.76 65.70 

 

       ⁓ 1.5 
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Strain Localization at Volcanoes Undergoing Extension:

Investigation of Long‐TermDeformation at Krafla and

Askja Volcanic Systems in North Iceland

Chiara L anzi1 , Freysteinn Sigmundsson1 , MichelleMaree Parks2 , Halldór Geirsson1 , and

Vincent Drouin2

1Nordic Volcanological Center, Institute of Earth Sciences, University of Iceland, Reykjavík, Iceland, 2Icelandic

Metereological Office, Reykjavík, 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

magmaandhot rock, they can influence thestyleof deformation. WeuseFiniteE lementMethod(FEM) models

to explore how strain localization due to extension can lead to volcanodeflation. 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 divergencemay account for 4–5 mm/yr of observed subsidence at K rafla andAskja volcanic

systems (KVS and AVS, 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 arealteredby thepresenceof hotmaterial and/or geothermal activity at central volcanoes, comparedto 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‐domingmaterial), to investigate such crustal

properties beneathvolcanic systems. Weexploreawiderangeof viscosity values in theup‐domingmaterial and

elastic layer thickness. Themodels, applied to investigateobservedgrounddeformation at theK rafla andAskja

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 onmid‐oceanic ridges. Although riftingevents havebeen instrumentally monitoredon theocean floor

(e.g., Chadwick et al., 2016; Tolstoy et al., 2006), it is difficult to monitor the deformation associated with the

wholeprocess of spreading. Studies at subaerial extensionalzones aretherefore important, suchas in Iceland(e.g.,

Árnadóttir 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;

E inarsson& Brandsdóttir, 2021). High‐temperature rheological anomalies in the subsurface, due to the presence

of liquidmagmaandmagmamush (L iaoet al., 2018; Sparks& Cashman, 2017) heat significant volumes of rock,

influencingphysical properties. Thus, viscoelastic rheology may beappropriate todescribethecrustal behavior at

depth in volcanic systems, rather than an elastic approach. Different modeling approaches have been used to

incorporateviscoelastic responseof thecrust, includingfocusingontheeffects of aviscoelastic shell, surrounding

amagmatic source (Del Negroet al., 2009); ahorizontally layeredmediumwith for example, anelastic plateover

a uniform viscoelastic half‐space (e.g., Y amasaki et al., 2018); and a temperature‐dependent viscosity structure

RESEARCH LETTER

10.1029/2024GL110299

Key Points:

• Gradual deflation (mm to cm per year)

over decades has been observed at the

K rafla and Askja volcanic systems in

Iceland

• Numerical models show that deflation

is induced by stretching across

volcanic systems and dependent on

their crustal rheological anomalies

• For the 2015–2018 period, an exten-

sional model can broadly explain

observed deflation at K rafla, but only

25% 30% at the Askja caldera
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Introduction 

 

This supporting information provides text on the different approaches in 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 S4 display the result for the Caldera (C) 

model, with elastic thickness = 10 km. Figure S4 shows the result for the Caldera and 
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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 S4. Result for the two-layer model, the Caldera and Fissure Swarm (CFS) model. a) 
Model A1, b) A2 and c) A3 in map view. 
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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 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, η = 5 (1016-1017-1018) Pa s. The 
CM and the VCM differs about a maximum subsidence of 1 mm/yr in the A1 and A3 
geometries when the lowest viscosity, η = 5 1016 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 Fremrinámur volcanic 
system. Calderas, central volcanoes, and fissure swarm are by Jóhannesson et al. (2009). 
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Table S1. Model characteristics. 

Model Name Elastic layer thickness Caldera Model Caldera and Fissure 
Swarm model 

A1 7 km Viscoelastic rheology 
present beneath the 

caldera  

Viscoelastic 
rheology present 

beneath the caldera 
and the fissure 

segments 

A2 10 km 
A3 15 km 

 

 

 

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

model. 

     C model                CFS model   
Viscosity in 
the caldera 

 A1 
mm/yr 

A2 
mm/yr 

A3 
mm/yr 

A1* 
 mm/yr 

A2* 
mm/yr 

A3* 
mm/yr 

 

 
5×1016 Pa s 

               
3.5 

                              
3.9            

                 
4.7 

                
6.5              

 
10 

              
13 

                                             
5×1017 Pa s 

          
3.2 

               
 3.7  

               
4.3 

                
5.9 

              
9.0 

              
11 

       
5×1018 Pa s 1.8  2.0 -2.1 3.0 5.0 6.0 
  

*viscosity in the fissure segment = 5×1017 Pa s 

 



 

 

140 

 

 

 

 

Paper III 

 

 

Transient ground deformation observed by 

cGNSS and InSAR during and following the 

2021 Fagradalsfjall eruption, Iceland 

Chiara Lanzi, Halldór Geirsson, Michelle Maree Parks, Vincent Drouin, 

Freysteinn Sigmundsson 

Submitted to Bulletin of Volcanology 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

141 

 

 

Transient ground deformation observed by GNSS and 

InSAR during and following the 2021 Fagradalsfjall 

eruption, Iceland 

Chiara Lanzi (1, 2), Halldór Geirsson (1), Michelle Maree Parks (2), Vincent 

Drouin (2), Freysteinn Sigmundsson (1) 

(1) Nordic Volcanological Center, Institute of Earth Sciences, University 

of Iceland, Reykjavik, Iceland 

(2) Icelandic Meteorological Office, Reykjavik, Iceland 

 

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 Mm3, 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., Árnadóttir et al. 2009; Drouin 

and Sigmundsson, 2019). Local processes other than magmatic include pre- co- and post- 

seismic deformation (Pagli et al. 2003; Árnadóttir et al. 2004; Árnadóttir 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 

https://www.sciencedirect.com/science/article/pii/S0377027317303979#bb0110
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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 

(Árnadóttir 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 Krýsuvík, Brennisteinsfjöll and Hengill 

volcanic systems can be identified (Fig. 1; Sæmundsson et al. 2020). They are spaced ~5 

km apart, with fissure swarms striking N40°E in average (Clifton and Kattenhorn 2006; 

Hjartardóttir 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 (Sæmundsson 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 

(Sæmundsson et al. 2020). A previous period of volcanic activity on the RP occurred 800-

1240 AD, and included eruptions at the Reykjanes, Svartsengi, Krýsuvík and 

Brennisteinsfjöll volcanic systems, while at Fagradalsfjall the last eruption occurred 

~7000 yr ago (Sæmundsson et al. 2016).  
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Figure 1. a) Map of the Reykjanes Peninsula showing the location of the Fagradalsfjall 2021 lava field 

(Pedersen et al. 2022), the continuous GNSS network and the central axis of the plate boundary deformation 

(Sigmundsson et al. 2022). Fissure swarms from Jóhannesson et al. (2009) are shown in yellow. 

Sæmundsson et al. (2020) identified also the Fagradalsfjall system between Svartsengi and Krýsuvík. 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 (Árnardottir 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; 

Árnadóttir et al. 2004; Björnsson 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 Krýsuvík and Hengill areas 

(Tryggvason, 1973; Árnadóttir et al. 2004; Keiding et al. 2008; Hreinsdóttir 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 

Krýsuvík 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 (Hrubcová and Vavryčuk, 2023). In the central 

part of this cluster, an aseismic gap was observed at depths of 3–6 km and interpreted by 

Hrubcová and Vavryčuk (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 Krýsuvík 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 (Hreinsdóttir et al. 2001). Keiding et al. (2008) re-modeled the 

observations of Hreinsdóttir 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 (Árnadóttir et al. 2004), 2003 (Keiding et al. 

https://agupubs.onlinelibrary.wiley.com/authored-by/%C3%81rnad%C3%B3ttir/Th%C3%B3ra
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2008) and 2008 (Sigbjörnsson et al. 2009), or inflation/deflation cycles due to geothermal 

activity at Svartsengi, Krýsuvík and Hengill geothermal areas (Vadon and Sigmundsson, 

1997; Eysteinsson, 2000; Keiding et al. 2009; Gudjónsdóttir 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 (Flóvenz et al. 2022). Each inflation was followed by 

deflation and decreasing seismicity (Çubuk-Sabuncu et al. 2021; Flóvenz 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 Mm3 (million cubic meters) (Çubuk-Sabuncu et al. 

2021; Geirsson et al. 2021), either driven by injection of magma-derived gas into the 

shallow crust (Flóvenz 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 Krýsuvík volcanic system (Fig. 2), ~10 

km to the east of Fagradalsfjall, and a Mw 5.6 earthquake occurred there on 20 October 

(Geirsson et al. 2021; Flóvenz 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 Krýsuvík 

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 Hrubcová and Vavryčuk (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 

(Hrubcová and Vavryčuk, 2023), as well as deep seismicity (~10-12 km depth) since June 

2020 (Greenfield et al. 2022). 

 

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 Krýsuvík 

inflation, started on 15 July is marked in light green until the Mw 5.6 earthquake on 20 October. According 

to the north component on KRIV station, the inflation slowed down before earthquake occurred at Krýsuvík 

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 Mw 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 Mm3 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 

m3/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 m3/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 CO2 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 



 

 

149 

 

 

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 (Halldórsson 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 (1σ) 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 

II 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 II 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 (
2𝜋𝑡

𝑇
) + 𝑑sin (

2𝜋𝑡

𝑇
) + 𝑒cos (

4𝜋𝑡

𝑇
) + 𝑓sin (

4𝜋𝑡

𝑇
)             (1) 

The parameters a-f are constant and indicate: a, linear component intercept with 

y-axis at t = 0, b is the linear component rate, c, d are the amplitude of annual (12 months) 

periodic perturbations and e and f are the corresponding semiannual (6 months) 

amplitudes. T 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 

https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0525
https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0020
https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0020
https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0330
https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0330
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(19 March – 18 September). Uncertainties are presented as ellipses with 1σ 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 (10×10 m2 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 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/interferometry
https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0425
https://sentinel.esa.int/
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/digital-elevation-model
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/digital-elevation-model
https://www.sciencedirect.com/science/article/pii/S0377027323001063#bb0130
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grids have a pixel size of about 50×50 m2. 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 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/probability-density-function
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/markov-chain-monte-carlo
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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 (2×2 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/m3 (Bjarnason, 2024), 

and g is the gravitational acceleration (set to 9.81 m2/s). At the bottom of the lava field, 

http://www.comsol.com/
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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 (E) 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 E =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 E = 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 E = 15 GPa 

and E = 30 GPa, respectively. 

 



 

 

159 

 

 

 

Figure 5. Vertical displacements according to the lava load COMSOL model in cm. a) Vertical 

displacement when the crust has a Young’s modulus E = 15 GPa; b) Same as (a) for E = 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 E = 15 GPa are referred to as Mogi-A and sill-A 

models and for E = 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 (ΔV) of 16–19 Mm3, 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 ΔV of 19–27 Mm3, 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: 8.6 9.5) 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 

 (uncorrected) 

Sill 

(uncorrected) 

Mogi-B 

(E=30 GPa) 

sill-B 

(E=30 GPa) 

 

Longitude -22.265 − -22.256*  -22.247 − -22.235** -22.265 −-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) 8.3 − 9.2 11.9 − 13.1 8.6 − 9.5 12.3 – 13.5  

Deflating volume 

change (Mm3) 

 (16 − 19) (19 – 27) (17 – 20) (21 – 27)  

Dip (°)  -(21 – 27)  (20 – 26)  

Strike (°)  -(65 – 77)  -(63 – 76)  

With (km)  0.5 – 1.5  0.5 – 1.4  

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 E = 

30 GPa rather than E = 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 ΔV of 18–20 Mm3; while the sill-B is at d = 12.3–13.5 km (top) and 

deflating ΔV of 21–27 Mm3, 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 (c) 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 ΔV is 6−10 Mm3. 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 ΔV 
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of 11−17 Mm3. 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. 

 

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 ΔV of 8–10 Mm3; or 

alternatively, a sill at 11.5–13.7 km depth with an inflating ΔV of 8–25 Mm3 (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 12–14 km-deep sill and a deflating ΔV of 21–27 Mm3 (Table 1). The 

bulk volume of the erupted material has been estimated ~150±3 Mm3 (Pedersen et al. 

2022), and an approximate Dense Rock Equivalent (DRE) of 110 Mm3 has been estimated 

by Bindeman et al. (2024). The ratio between the DRE value and the best-fit ΔV 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 Brennisteinsfjöll 

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 m3/s to 11.4±0.5 

m3/s (Fig. 11) (Pedersen et al. 2022). This timing coincides with the transition from T1 to 

https://www.nature.com/articles/ncomms13744#auth-Brendan_McCormick-Kilbride-Aff1-Aff2
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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 (Halldórsson 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).  

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). 
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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 

https://skjalftalisa.vedur.is/
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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 CO2 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 CO2 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), Cordón 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 Mm3 and deflating volume of the Svartsengi 

reservoir of 76-82 Mm3 (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 Mm3. 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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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 Soufrière Hills Volcano when modelling the 

effects of an extrusion event in 2009, with mean value of E = 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 E = 12.9−15.3 GPa in the upper layer (15−40 km-thick) and E = 67.3−81.9 GPa 

in a lower layer. We test two different values of E: 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 S5. 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/m3, g is 

the gravitational acceleration, 9.81 m3/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. 
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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). c) 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 

(ΔV) in m3. 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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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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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 (ΔV) in 

m3. 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 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 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 (ΔV) in 

m3. 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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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 

PARAMETER 

Optimal 2.5 % 97.5%  

Depth (km) 5.99 5.67 6.35  

Deflating volume 

change (Mm3) 

6.39 6.91 5.95  

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 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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MODEL  

PARAMETER  

Optimal 2.5 % 97.5%  

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 -22.279  

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 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 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 

PARAMETER 

Optimal 2.5 % 97.5%  

Depth (km) 8.09 7.14 9.71  

Deflating volume 

change (Mm3) 

8.76 7.28 11.7  

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  

PARAMETER  

Optimal 2.5% 97.5%  

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 

Site 

Name 

Longitude Latitude Linear velocity Plate spreading signal 

removed according to 

the plate spreading 

model by Drouin & 

Sigmundsson (2019) 

East 

(mm/yr) 

North 

(mm/yr) 

East 

(mm/yr) 

North 

(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 5.33 -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 



 

 

212 

 

 

STAN -22.23 63.85 1.04 -54.37 -5.18 3.89 
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