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Abstract

Post-eruptive deformation following volcanic eruptions may originate from continued
magma movements, or reflect delayed and continued Earth adjustment due to co-
eruptive events, often referred to as viscoelastic relaxation. Post-eruptive deformation
can continue for years, and it is challenging to reveal the details of the underlying
processes. In this PhD project, the ground deformation in a post-eruptive period at
the Bardarbunga volcanic system is mapped using Global Navigation Satellite System
(GNSS) geodesy and Interferometric analysis of Synthetic Aperture Radar satellite
images (InSAR).

The Bardarbunga volcanic system is a laboratory area for this study because of the
large-scale magma transfer during an eruption in 2014-2015, lasting six months. Magma
flowed laterally along a 48-km-long dike from a magma body below the Bardarbunga
caldera. An eruption occurred at the northern end of the dike. During this time, the
Bérdarbunga caldera collapsed 65 m.

Data collected using GNSS and InSAR techniques provide information on the
post-rifting ground deformation both in the area near the Bar8arbunga caldera and the
northernmost segment of the Bardarbunga-Holuhraun dike north of the Vatnajokull ice
cap. The background deformation signal in the area includes plate spreading (18-19
mm/yr in the horizontal direction) and glacial isostatic adjustment (GIA, less than 7
mm/yr in the horizontal direction and up to 33 mm/yr in the vertical direction). Velocities
from the plate spreading and GIA are subtracted from the observed deformation field,
to isolate the movements caused by other processes, referred to as corrected average
velocity.

The corrected average velocity field has horizontal movements away from the
caldera and the dike in the post-eruptive period. The surface close to the caldera and
near the dike uplifted. Around the caldera, the GNSS station closest to the caldera
has maximum corrected uplift velocity of about 20 mm/yr and maximum corrected
horizontal velocity away from the caldera of about 111 mm/yr between 2015 and 2018.
Other stations show smaller average velocities. A GNSS station 16 km away from
the caldera shows corrected subsidence up to about 12 mm/yr. Around the dike, the
maximum corrected uplift rate between 2015-2020 measured by InSAR is ~12 mm/yr.
Two GNSS stations that are 20 km apart on different sides of the dike experience
baseline lengthening at a corrected rate of ~19 mm/yr in the direction perpendicular to
the strike of the dike.

A two-layer model with an elastic layer on top of a viscoelastic half-space is
used to model viscoelastic relaxation. Three possible explanations are explored for
the corrected post-eruptive deformation around the Bar8arbunga caldera: viscoelastic
relaxation, renewed magma inflow, or a combination of the processes. In the viscoelastic
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relaxation model, the viscosity that best explains the displacements around the caldera
is 3 x 10'® Pas. Our study suggests that viscoelastic relaxation and/or renewed magma
inflow can explain the observed deformation. It is hard to tell the difference between
the processes by only comparing the average velocity field.

The post-eruptive deformation around the Bardarbunga-Holuhraun dike is also
modeled with the two-layer viscoelastic model. The best fitting model has a 4 x 10!
Pa s viscoelastic half-space below 18 km thick elastic layer. A comparable fit is found
for a 2 km thick elastic layer, underlain by a viscoelastic half-space with viscosity 12 x
10'8 Pas.

The study of the deformation around the Bardarbunga caldera suggests viscoelastic
relaxation generates a similar average velocity field as magma inflow in the post-eruptive
period. To better understand the difference between the two processes, it is explored if
stress field and displacement time series differ. Modeling results suggest that the stress
fields generated by these two processes are similar, and it is hard to distinguish them.
The temporal variation of the horizontal surface displacement from the viscoelastic
relaxation decays with time, comparable to exponential decay. The decay constant
that describes the decay rate varies with distance from the source in the viscoelastic
relaxation model. For magma inflow into a source of constant geometry, the rate of
magma inflow may decay with time, causing time-dependent surface displacement.
However, the decay constant is then the same over the study area. At the Bardarbunga
volcano, the continuous GNSS stations show decay of horizontal displacement. The
decay constants differ somewhat at different locations but are all less than five years.
A viscoelastic model with the viscosity 1-6 x 10'® Pa s has a decay constant larger
than ten years. Using a model with different source geometry or a different type of
viscoelastic relaxation model may better explain the post-eruptive deformation at the
Bardarbunga volcano.

iv



Utdrattur

Jardskorpuhreyfingar 4 eldfjollum eftir eldgos geta orsakast af morgum ferlum, m.a.
dframhaldandi kvikuhreyfingum, eda verid svorun jardar vid fyrri atburdum og kvik-
hreyfingum 1 eldgosi, med taftima. Slik sidbuin svorun jardskorpunnar med taftima
getur orsakast af seigfjadrandi efnishegdun jardar. Jardskorpuhreyfingar eftir eldgos
geta varad drum saman og erfitt getur reynst ad varpa skyru 1j6si 4 ferlin sem stjérna
slikum hreyfingum. I pessu doktorsverkefni eru jardskorpuhreyfingar { eldstodvakerfi
Bardarbungu eftir meirihattar eldsumbrot metnar med GNSS (Global Navigation Sa-
tellite System) og InSAR (Interferometric analysis of Synthetic Aperture Radar satellite
images) malingum 4 jardskorpuhreyfingum.

Eldstodvakerfid er valid sem rannséknasvadi vegna mikillar tilferslu kviku { eld-
gosi 2014-2015, sem st60 1 6 manudi. Kvika streymdi larett eftir um 48 km 16ngum
kvikugangi dr kvikueiningu undir 6skju Bardarbungu, og eldgos vard vid nordurenda
gangsins. Bardarbunguaskjan seig um 65 m.

Gogn sem safnad var med GNSS og InSAR melingum veita upplysingar um jard-
skorpuhreyfingar 4 drabilinu eftir eldgos og kvikuinnskot, b&di 4 svaedinu naest Bardar-
bungudskjunni og eins vid nordurenda kvikugangsins, nordan Vatnajokuls. Bakgrunns-
jardskorpuhreyfingar 4 rannséknarsvaedunum stafa af flekareki (18-19 mm/ari larétt
glidnun) og vegna svorun jardar vid pynningu jokla (feerslur minni en 7 mm/dri { 1arétta
stefnu, en allt ad 33 mm/ari 160rétt). Leidrétt hradasvid er metid pvi ad draga fra ferslur
vegna pessara hreyfinga, til ad meta jardskorpuhreyfingar af 68rum dstedum.

Leidrétt medal-hradasvid synir laréttar feerslu 1 4tt frd Bardarbungudskjunni og
kvikuganginum 4 drunum eftir gos. Svaedi nast 6skjunni og ganginum risa. GNSS st60
sem liggur nast oskjunni hefur hastan medalrishrada, eda um 20 mm/ari, og hastan
laréttan fersluhrada, eda um 111 mm/ari, 4 arunum fra 2015 til 2018. Adrar stodvar
syna miklu leegri medalhrada. GNSS st6d 16 km fra 6skjunni synir leidréttan sighrada
um 12 mm/ari. I nagrenni kvikugangsins er leidréttur medalrishradi metin med InSAR
um 12 mm/4ri. Tver GNSS stddvar sitt hvoru megin vid kvikuganginn syna ad leidrétt
fjarleegd milli peirra lengist um 19 mm/ari.

Tviskipt jardlagalikan, med laréttu lagi af fjadrandi efni ofan 4 seigfjadrandi undir-
lagi er notad til ad likja eftir seigfjadrandi hreyfingum. Prjar mogulegar orsakir hreyfinga
i kringum Bardarbungudskjuna eru metnar: seigfjadrandi efnishegdun, kvikuinnstreymi
eftir eldgos, eda samblanda pessara ferla. Ef hreyfisvidid er skyrt sem afleiding af seig-
fjadrandi svrun, pa passar seigjan 3 x 10'8 Pa s best vid nidurstodur. Likanreikningar
syna ad seigfjadrandi svorun og/eda kvikuinnfledi getur ttskyrt nidurstodurnar, en erfitt
er ad greina 4 milli pessara ferla eingdngu med pvi ad nota medalhrada.

Jardskorpuhreyfingar 4 timabilinu eftir eldgos og kvikuinnskot { ndgrenni vid kviku-
ganginn voru notadar til ad skorda samberilegt likan fyrir pad svaedi. Pad likan sem



fellur best ad maligdgnum par er med 4 x 10'® Pa s seigju undir 18 km pykku lagi med
fjadrandi hegdun. Samberilegt samraemi vid malingar fest pé med likani sem er med 2
km pykkt lag af fjadrandi efni, med undirlagi med seigjuna 12 x 10'® Pass.

Rannséknin 4 aflogun jardskorpunnar { kringum Bardarbungudskjuna synir ad seig-
fjadrandi svorun jardskorpunnar byr til medal-hradasvid mjog likt pvi sem getur orsakast
af kvikuinnstreymi { reetur eldstodvar 4 arum eftir gos. Til ad meta frekar mismuninn
4 pessum ferlum, pa voru kannadar spennubreytingar samfara peim, sem og hvernig
feerslur 4 yfirbordi jardar breytast med tima. Likanreikningar syna ad spennusvid vegna
pessara ferla geta verid mjog samberileg og erfitt ad greina 4 milli peirra. Laréttar
feerslur 4 yfirbordi vegna seigfjadrandi svorunar dvina med tima likt og veldisfall, og
pa er studullinn sem lysir dvinuninni breytilegur med fjarlegd fra uppsprettunni. Fyrir
kvikuinnfledi { kvikueiningu sem breytir ekki um geometriu, pa kann kvikuinnfleedi
einnig ad ad dvina med tima. Studull sem lysir dvinandi jardskorpuhhreyfingum verdur
i pvi tilviki hins vegar sd sami { 6llum fjarlegdum fra uppsprettunni. Samfelldar GNSS
stodvar naest Bardarbungu syna dvinun hreyfinga sem hegt er ad fella ad veldisfalli.
Dvinunarstudlarnir eru adeins breytilegir eftir fjarlegd, en 1 6llum tilvikum laegri en
5 ar. Seigfjadrandi likan med seigju 1-6 x 10'8 Pa s seigju hefur hinsvegar dvinun-
arstudla herri en 10 ar. Likan med annari geometriu fyrir uppsprettu hreyfinganna eda
onnur tegund af seigfjadrandi likani en hér konnud getur e.t.v. uskyrt betur feerslur
jardskorpunnar 4 drunum eftir eldgos.
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1 Introduction

Crustal deformation studies can improve understanding of crustal layering and magma
movements in the subsurface. In volcanic areas, crustal deformation signals arise, e.g.,
from earthquakes, magma accumulation, dike opening, rifting events, and geothermal
production. Ground displacements due to these processes add to displacements gener-
ated by more regional ground deformation, that in Iceland primarily originates from
plate boundary deformation processes and glacial isostatic adjustment (GIA). When
interpreting observed ground deformation, a critical step is to separate the contribution
of the different processes involved.

Post-eruptive deformation following volcanic eruptions may originate from renewed
magma inflow, or Earth adjustment due to co-eruptive events. The latter is usually
referred to as viscoelastic relaxation. The post-eruptive deformation signal is critical in
forecasting the future of a volcano, as magma accumulation could be an indication for
another eruption, such as in the Krafla Fires in 1975-1984, when a series of diking and
eruption occurred. As magma accumulation may not be the only explanation for post-
eruptive unrest at volcanoes, more study of processes such as viscoelastic relaxation is
needed.

This project studies crustal deformation in Bardarbunga volcanic system to improve
understanding of the deformation observed there after the 2014-2015 Bardarbunga-
Holuhraun eruption. The study period is between March 2015 and August 2021. Before
our study period, the Bar@arbunga-Holuhraun eruption terminated in February 2015,
and after our study period, surface uplift began at the Askja volcano, suggesting magma
inflow. This study uses two types of space geodesy techniques to measure ground
deformation: Global Navigation Satellite Systems (GNSS) and Interferometric analysis
of Synthetic Aperture Radar satellite images (InSAR).

The following sub-chapters briefly introduce the measurement techniques (GNSS
and InSAR) and the models used in the study. This is followed by introducing the
Béardarbunga volcanic system and the 2014-2015 eruption. The last section of the
Introduction gives an overview of the work carried out. Chapters 2-4 present summaries
of three papers, which form the basis for this PhD thesis. Chapter 5 concludes the thesis.

1.1 Space-geodetic measurements at volcanoes

Geodesy is a science that focuses on understanding the Earth’s geometric shape and
size, movements on the Earth, and the gravity field (e.g., Vanicek and Krakiwsky, 2015).
Geodesy is capable of monitoring the Earth at various scales, from the tides of the Earth
and plate movements, to events such as the movement of a single building. Geodesy is
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widely used to monitor the surface movement around a volcano, to improve understand-
ing of processes such as movements of the magma in the subsurface (e.g., Biggs et al.,
2010; Euillades et al., 2017), or to monitor the post-emplacement contraction of lava
(e.g., Stevens et al., 2001; Wittmann et al., 2017).

There are a variety of geodetic measurement techniques that are applied in volcano
monitoring (Dzurisin, 2006), including:

¢ Electronic distance measurements (EDM), which measures the distance between
two benchmarks installed on the ground.

¢ Leveling, which measures the height difference between benchmarks along a
leveling line.

« Tilt observations, which can continuously record ground inclination of the Earth’s
surface.

 Strainmeters, which measure changes in the strain of the subsurface, sometimes
done by measuring the relative displacements between two separate points.

* GNSS, which measures the three-dimensional position of a benchmark continu-
ously or intermittently.

* InSAR, which measures the displacement field change between the measuring
times in the line-of-sight (LOS) direction, from ground to satellite, over an area.

The following gives an introduction to two satellite-based geodesy techniques: GNSS
and InSAR.

1.1.1 GNSS

Global Navigation Satellite Systems (GNSS) use satellites to position points on the
ground where specific instruments are located. The satellites transmit electromagnetic
signals that travel at the speed of light. GNSS receivers measure the signal travel
time from the satellite to the receiver, enabling the calculation of the distance between
the satellites and the ground instrument. A satellite constellation with satellites in
different orbits makes it possible to determine the position of the ground instrument
in three dimensions (3D) (e.g., Seeber, 2008; Dzurisin, 2006). Ground displacements
are inferred by calculating station positions at different times (Dzurisin, 2006). GNSS
constellations include the Global Positioning System (GPS, owned by the United States),
GLONASS (Russian), Galileo (European Union), and Beidou (China; Hofmann-
Wellenhof et al., 2007).

GNSS ground instruments need an antenna, that receives the satellite signal, and
a receiver, which collects the data (Figure 1.1). GNSS measurements are divided
into continuous and campaign measurements. Both are commonly used to measure
displacements in volcanic areas. A continuous GNSS station has equipment placed at a
site that continuously collects data over the years. The first continuous station in the
study area of this thesis was installed in 2002 (Figure 1.2; Geirsson et al., 2010). For
campaign GNSS stations, a benchmark is installed on-site as a reference and visited
intermittently. Equipment is set up temporarily, typically only for a few days. The
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station is revisited later, and the measurement is repeated (Figure 1.2; Arnadéttir
et al., 2009). Campaign measurements were carried out at GNSS stations around the
Bardarbunga volcano in 1997, 2002, 2006, 2010, and 2014, before the 2014-2015
Bardarbunga-Holuhraun eruption (Li et al., 2021). After that, field measurements were
carried out yearly between 2014 and 2020, in expeditions from the University of Iceland.

Data collected by the GNSS receivers are referred to as raw data. The raw data
can be converted into Receiver INdependent EXchange (RINEX) format data, a data
interchange format for GNSS data processing. Some receivers record the received
satellite signal directly into RINEX format.

GAMIT/GLOBK is one of the available software for precise GNSS data processing
(Herring et al., 2010; Hreinsdottir et al., 2009). The derived coordinates of a GNSS
station are inferred at different times to form time series. Linear fitting the GNSS time
series provides the average velocity of the station measured. GNSS coordinates in this
thesis are derived by analyses with the GAMIT/GLOBK software, and the data are
referenced to the International Terrestrial Reference Frame 2014 (ITRF2014; Altamimi
et al., 2012). Coordinates in the ITRF2014 reference frame can be transformed into a
reference frame fixed to a stable plate interior, such as the Eurasian reference frame
(Altamimi et al., 2012).

Some GNSS time series from continuous and campaign GNSS sites in the Bardar-
bunga area span more than ten years (Figure 1.3). Continuous GNSS station KISA is
the closest to the Bardarbunga caldera (see Figure 1.2 for location) installed during
the 2014-2015 eruption. Time series from this station show well post-eruptive dis-
placements, suggesting northwestward displacement and uplift in 2015-2022. DYNC
continuous station has a long history since 2008, revealing pre-, co-, and post-eruptive
deformation. At DYNC, the 2014-2015 Béardarbunga-Holuhraun eruption causes north-
westward displacement during the diking period, southwestward displacement during
the eruption northwestward displacement after the eruption. The vertical component
shows subsidence in the co-eruptive period, while no significant velocity change is
observed in the post-eruptive period compared to the pre-eruptive period.

The GNSS measurements and data analysis in Iceland is based on an extensive
collaboration of a number of institutes. Installation of continuous GNSS receivers has
received funding from various institutes and universities, e.g., the Icelandic Research
Fund (IRF) handled by the Icelandic Centre for Research (RAN NIS) and the National
Science Foundation (NSF) in the USA. The Icelandic Meteorological Office (IMO)
operates the continuous stations, while researchers at University of Iceland visit the
campaign sites. I led the campaign measurements from 2017 to 2020 in the study
area of this thesis with technician Sveinbjorn Steinpdrsson at the Institute of Earth
Sciences, University of Iceland. The GNSS processing facility at the University of
Iceland is named Strokkur, maintained by Halld6r Geirsson and Sigrin Hreinsdottir
(GNS Science, New Zealand). Halldér’s automatic GNSS processing uses GIPSY
(https://notendur.hi.is/hgeirs/iceland_gps/icel_100p.html). Sigrin also runs GAMIT
processing for the continuous stations (https://strokkur.raunvis.hi.is/gps/#CHIL). IMO
runs automatic data processing from continuous GNSS stations (led by Benedikt G.
Ofeigsson), with results available at https:/hraun.vedur.is/gps/. I analyzed the campaign
GNSS measurements within the framework of this PhD study with the GAMIT/GLOBK
software. The time series from continuous GNSS shown in this thesis are from the data
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Figure 1.1. (a) Campaign and (b) continuous GNSS equipment set up in the field. For
campaign GNSS (a), an antenna is installed on a tripod, above a benchmark, typically
measured yearly or every few years. A receiver is connected to the antenna (inside the
black box) to shelter it from bad weather. Continuous GNSS in Iceland (b) typically has
an antenna installed on a quadropod. The receiver is in a box, connected to electricity.
In Iceland, the continuous GNSS stations normally obtain electricity from a wind
turbine and a solar panel.
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Figure 1.2. Map view of the Bdrdarbunga volcanic system and surroundings showing
central volcanoes, calderas, and fissure swarms (for geological layers, see
Sigmundsson et al. (2020a) and references there-in). White areas are the glaciers.
Segments of the 2014-2015 dike path are indicated with red lines (Sigmundsson et al.,
2015), and the 2014-2015 Holuhraun lava field is shown with dark gray shading. Blue
and red triangles are campaign and continuous GNSS stations, respectively. The two
rectangular boxes are the study areas in the first two papers of this thesis.
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Figure 1.3. GNSS time series collected at GNSS station KISA (left, 2015-2022) and
DYNC (right, 2008-2022) reference to the Eurasian plate. Displacements in the north
(top), east (middle), and up (bottom) components are shown in mm, with an arbitrary
shift for displaying purpose, so the middle of each displacement scale is at 0. The
positions of the continuous GNSS stations are processed with GAMIT/GLOBK. The
horizontal axis shows time in years. GNSS time series analysis from Sigriin
Hreinsdottir, translated to stable Eurasian plate reference and replotted.

1.1.2 InSAR

Satellites with Synthetic Aperture Radar (SAR) form the basis for an active remote
sensing data collection technique. SAR satellites transmit electromagnetic signals that
are reflected off the ground, and received back by the SAR satellites. The frequencies
selected for SAR are lower than light, enabling the signals to penetrate clouds, providing
"visibility" in bad weather conditions and darkness (e.g., Dzurisin, 2006). Three
frequency bands are commonly used for ground deformation monitoring: X band (8-12
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GHz), C band (4-8 GHz), and L band (1-2 GHz) (Lu and Dzurisin, 2014).

After initial processing, the reflected signals are saved as SAR images, including the
amplitude and phase of the reflected signal at each pixel location. The phase depends
on records the distance between the satellite and the ground. Satellites repeat their orbit
and acquire images over the same area of the Earth at different times. With two images
taken from the same track, one can calculate the phase difference between the two
acquisition times for each pixel on the ground, which is influenced by the displacement
of the ground in the intervening time. This difference image is called an interferogram,
and the technique is referred to as Interferometric analysis of Synthetic Aperture Radar
(InSAR) satellite images. Interferograms show changes in length from the ground to
satellite, or in other words, the displacement in the LOS direction, in addition to several
sources of noise (e.g., Dzurisin, 2006).

LOS displacements have different look directions, depending on whether the im-
ages are collected from an ascending satellite track (satellite moving from south to
north; towards the north pole), or descending track (satellite moving from north to
south). Different look angles enable decomposition of the LOS displacement into the
displacement in the east and up directions, when imaging is available in both descending
and ascending satellite orbits. LOS displacements have inherent very little sensitivity
to ground displacements in the north direction. The decomposed displacements can
provide approximate estimates of east and up components of displacements and can be
referred to as near-east and near-up components (Drouin and Sigmundsson, 2019).

A number of satellites and satellite constellations have been launched for SAR
imaging, including ERS-1/2, JERS-1, ENVISAT-ASAR, RADARSAT-1/2, ALOS-
1/2, Cosmo-SkyMed, TerraSAR-X, TanDEM-X, RISAT-1, Sentinel-1, and Gaofen-3
(Hamazaki, 1999; Misra et al., 2006; Musa et al., 2015; Zhang and Liu, 2019). This PhD
study uses mainly data from the Sentinel-1A and -1B satellites for InSAR analyses. At
the beginning of this PhD, I processed both Sentinel-1 and TerraSAR-X interferograms.
The InSAR time series and average velocity fields used in the publications are from
Vincent Drouin at the IMO.

The Sentinel-1 satellites are part of the Copernicus Programme of the European
Space Agency. The Sentinel-1 mission consists of two polar-orbiting satellites, which
provide free-available, open-access SAR images for land monitoring (Torres et al.,
2012). Four tracks cover the area around the Bardarbunga volcano (Figure 1.2), two
ascending and two descending tracks. Tracks 9 and 111 are descending tracks, and
tracks 118 and 147 are ascending tracks.

The Sentinel-1 SAR images have been processed with the InSAR Scientific Comput-
ing Environment (ISCE) software (Rosen et al., 2012). The phase difference calculated
from the two SAR images creates a wrapped interferogram (Figure 1.4a). Each fringe,
i.e., one full-color cycle from red to purple and then back to red, corresponds to half
the wavelength of the electromagnetic signal transmitted by the satellite (since it relates
to the two-way travel time from the satellite to the ground). For the Sentinel-1 satel-
lites, one fringe corresponds to 2.83 cm LOS displacement. An interferogram can be
"unwrapped," giving cumulative range change from a reference point (e.g., in meters)
instead of fringes. The product is referred to as an unwrapped interferogram (Figure
1.4b).
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(-7 to &) corresponds to 2.83 cm.
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1.2 Plate spreading and glacial isostatic adjust-
ment (GIA)

Before interpreting the observed ground displacements in terms of magmatic processes,
it is necessary to correct background displacements. Around the Bardarbunga volcanic
system, the main background signals are caused by plate spreading and glacial isostatic
adjustment (GIA).

Iceland is located at the divergent plate boundary between the North American Plate
and the Eurasian Plate. The plates are moving apart in the direction of N(100-105)°E
(Sigmundsson et al., 2020a). Drouin and Sigmundsson (2019) studied the average
velocity field over Iceland with InSAR and derived a plate spreading model with a
spreading rate of 18-19 mm/yr in the Bardarbunga area (Figure 1.5).

The GIA process has been well documented around the world, from studies of
ongoing ground uplift in areas formerly glaciated during the Pleistocene (e.g., Peltier
etal., 2015). A common assumption in many GIA studies is that the Earth’s behavior can
be described by a Maxwell material (Peltier, 1974). During the Weichselian glaciation,
Iceland was covered by glacier with a size larger than current Iceland. The post-glacial
rebound at the end of the Weichselian deglaciation has been estimated to be completed
in about 1000 years, constraining viscosity below an elastic layer to be 1 x 10" Pa s or
less (e.g., Sigmundsson, 1991).

The retreat of glaciers after the "Little Ice Age” in Iceland, since 1890 generates a
clear GIA signal, with uplift and horizontal displacement away from glaciers observed
by GNSS and InSAR (e.g., Arnadéttir et al., 2009; Auriac et al., 2013; Auriac, 2014;
Drouin and Sigmundsson, 2019). A GIA model fitted to GNSS and InSAR data by
Auriac (2014) suggests the GIA signal had a maximum uplift rate of 22 mm/yr and
maximum horizontal velocity of 2 mm/yr in 2008-2010 in the area shown in Figure 1.2.
When predicted ground displacements according to this model are compared to more
recent GNSS and InSAR observations, it is evident that observed ground velocities are
higher than observed. GIA velocities have been fluctuating in recent years, including
accelerating but also some slowing down (e.g., Belart et al., 2020; Compton et al., 2015;
von Hippel and Harig, 2019). A simple estimation of the GIA signal in our study period
is to scale the GIA model from Auriac (2014) with a scaling factor (Figure 1.6).

1.3 Volcano deformation source models

Geodetic models are used to simulate the deformation field caused by magma move-
ments in volcano roots, providing essential information when interpreting observed
crustal deformation. Volcano deformation models are often based on a number of as-
sumptions to simplify the calculation, such as the assumption of homogeneous isotropic
material in the Earth layers (e.g., Battaglia et al., 2013). Inversion of geodetic data
to infer the deformation source gives an estimate of the parameters of the magma
source, such as the source depth and magma inflow volume, which is crucial for volcano
monitoring and disaster prediction.

A selection of volcano deformation models is presented in the following, which
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have been utilized in this PhD work. The models divide into two categories: elastic and
viscoelastic deformation. Elastic models refer to models under the assumption of elastic
host rock material, which deforms immediately in response to magma movement. Three
elastic deformation models are introduced considering three different geometries for the
deformation source, the so-called Mogi, Okada, and penny-shaped crack model. Vis-
coelastic deformation models refer to models that are at least partly with a viscoelastic
material. The viscoelastic deformation processes last long, e.g., significant viscoelastic
relaxation to an eruption can last for years or decades after an eruption ends.

1.3.1 Elastic models

Elastic models here refer to deformation models where a deformation source is located
within an otherwise linearly homogeneous isotropic flat half-space, neglecting compli-
cations in subsurface structure and surface topography. These basic models are able to
explain many geodetic observations, even though they are based on many simplifications.
Three elastic models discussed here have different shapes of the deformation source,
which can, e.g., describe the effects of a pressure change in magma bodies with different
geometries (e.g., Battaglia et al., 2013).

A model referred to as the Mogi model was proposed by Mogi (1958) to simulate
deformation resulting from a point pressure source (Figure 1.7a). When the source
radius is significantly smaller than the depth of the source, it can be treated as a point
source. McTigue (1987) provides a more comprehensive analytical solution, which also
includes the situation when the source is close to the surface.

The equations to calculate the surface displacement for the Mogi model can be
written as (e.g. Lisowski, 2007)

1—vi1 [*

u
3

=aAP—— — 1

v a G (D)

Here v is Poisson’s ratio, G is the shear modulus, a is the radius of the source, and AP is
the pressure change in the cavity. The source center is at (0, 0, -d) where d is the source
depth. The observation point is at (X, y, 0). R is the distance from the source center to
the observation point, R = 1/x2 +y2 +d2. (u,v,w) is the surface displacement in the x,
y, and z directions. The volume contraction of the spherical deformation source AV is

AP
INE==— 7 )
G
when the source radius is significantly smaller than the source depth. Equation 1 can
also be written as
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A point source is the simplest geodetic model to describe an inflation/deflation source.
Except for the elastic parameters that are needed to define the strength of the subsurface,
a minimum of four independent parameters are needed to define the source: three
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parameters to define the source location (x, y and d), and one parameter for the source
strength.

Okada (1985) introduced a suite of analytical solutions to explain deformation
caused by fault movements, rectangular dike intrusion, or sill inflation (Figure 1.7b).
The model assumes the dike/sill opens uniformly on a rectangular dislocation plane.
The model requires ten source parameters: source location (x, y, and d), dike/sill length,
width, opening, strike, strike-slip, dip-slip, movement, and opening. If only opening is
allowed on the dislocation plane, there are eight parameters.

Fialko et al. (2001) presented a horizontal penny-shaped crack model to describe
magma inflow/outflow to/from a horizontal sill (Figure 1.7c). The pressure is uniformly
distributed on the boundary of the penny-shaped crack. Constructing the magma body
requires five parameters: source location (x, y and d), radius (a), and volume change of
the sill (AV).

Ground

Subsurface

600
500
¢) Penny-shaped | d) Two-layer, e) Viscoelastic f) Temperature- 400

crack viscoelastic shell _d@dent—
viscosity TIK

a) Mogi b) Okada

Figure 1.7. Sketches of deformation source models discussed, in cross-sections. The
elastic magma models are: a) pressure point source (Mogi model), b) Okada
dislocation model, and c) penny-shaped crack sill model. The viscoelastic models are:
d) a two-layer viscoelastic model, e) a viscoelastic shell around a spherical source, and
f) a temperature-dependent viscoelastic model (panel f is modified from Del Negro et al.
(2009)). In panel a-e, red indicates the magma body, light pink indicates elastic
material, and orange is viscoelastic material. The two-layer viscoelastic model (panel
d) considers an upper elastic layer and a lower viscoelastic half-space. Contour lines
in panel f show different temperatures, and the viscosity is a function of that in
temperature-dependent viscosity models.

1.3.2 Viscoelastic deformation models

Viscoelastic material exhibits both elastic and viscous characteristics. Elastic material
deforms as a spring, with an instantaneous response to the applied force. Viscous
material deforms as a dashpot, where the applied force is resisted by viscous friction,
causing gradual response of the dashpot (over time) to the applied force. Viscoelastic
material is a combination of both elastic and viscous material. Viscoelastic response
of the Earth is considered in geoscience in many situations, such as describing GIA
(e.g., Auriac et al., 2013; Barnhoorn et al., 2011; Pagli et al., 2007a), analyzing post-
seismic ground deformation (e.g., Nur and Mavko, 1974; Puskas et al., 2007), and
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describing the Earth structure, in particular the brittle-ductile boundary (e.g., Ellis
and Stockhert, 2004; Lavallée and Kendrick, 2021; Lavier et al., 2013). Viscoelastic
behavior may be particularly important to consider at volcanoes, as relatively shallow
depth of the brittle-ductile boundary, the high temperature around a magma body, or
the temperature-dependent subsurface may lead to significant viscoelastic responses at
volcanoes, e.g., due to magma movements. Maxwell viscoelastic material is used here.
The mechanical analog of the material is a spring and dashpot connected in series. It has
both instantaneous response dependent on elastic parameters, and long term response
influenced by the viscosity of the material.

Viscoelastic volcano modeling mainly uses three types of models: 1) a layered
viscoelastic model with an elastic layer on top of one or more viscoelastic layers (Figure
1.7d), 2) a uniform viscoelastic shell around a magma body (Figure 1.7¢), and 3)
temperature-dependent viscoelastic subsurface structure (Figure 1.7f). Some studies
use more complex geometries, such as by Carbotte et al. (2020), considering a melted
mush below a magma reservoir.

Some studies use a layered subsurface model to simulate the different properties
at depth, similar to that used in the GIA studies (e.g., Auriac et al., 2013; Barnhoorn
et al., 2011; Pagli et al., 2007a). The layered viscoelastic model normally considers a
2-3 layer structure consisting of a homogeneous material in each layer, based on the
idea that the hot lower crust and mantle behave viscoelastically due to their temperature.
The models typically consider an elastic layer on top of one or two viscoelastic layers,
where the elastic layer represents the upper crust above the brittle-ductile boundary, and
the lower layers represent the lower crust as well as the upper mantle (e.g., Foulger
et al., 1992; Hamling et al., 2014; Yamasaki et al., 2020). For explaining the 1987-1992
post-eruptive deformation at the Krafla volcanic system, Iceland, Hofton and Foulger
(1996) suggest the best fit model consisting of two layers: a 10 km thick elastic layer
ontop of a 1.1 x 10'8 Pa s viscoelastic half-space. Hamling et al. (2014) monitored
the surface displacement after the 2005 intrusion episode around the Dabbahu rift
in Afar. Their two-layered, semi-analytical, elastic-viscoelastic model is insufficient
to reproduce horizontal and vertical deformation fields. They conclude that both
viscoelastic relaxation and magma movement are needed to explain their observations.
Yamasaki et al. (2020) use a two-layer model to study uplift before and after the 1914
eruption of Sakurajima volcano. The viscoelastic model suggests a lower post-eruptive
inflation rate than an elastic model.

Models considering a viscoelastic shell around the magma body within an otherwise
elastic half-space are also used, to simulate a thermal metamorphic shell surrounding a
magma chamber (e.g. Bonafede et al., 1986; Dragoni and Magnanensi, 1989; Segall,
2010, 2016). The study by Novoa et al. (2019) finds a viscoelastic model can explain up
to 50% of the accumulated surface displacement during the 2007-2017 surface uplift at
Laguna del Maule, Chile. To study the 1997 inflation at the Long Valley Caldera, USA,
Newman et al. (2006) uses a prolate spheroid geometry source with a viscoelastic shell
model to explain the inflation episode. The viscoelastic model requires a maximum
pressure change of 14.3 MPa, which is smaller than an elastic model, which requires
pressure change of 45 MPa.

Some studies construct a thermal-mechanical model to represent the temperature-
dependent viscoelasticity of the subsurface (e.g., Scandura et al., 2007; Gregg et al.,
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2013; Hickey and Gottsmann, 2014). For the 1993-1997 inflation at the Etna volcano
in Italy, Del Negro et al. (2009) used a 3D temperature-dependent viscoelastic model.
The authors conclude that a viscoelastic model requires a 200 MPa pressure increase
to explain the uplift, while an elastic model requires a 300 MPa pressure increase. To
explain the same inflation-like displacement, a viscoelastic relaxation model requires
less pressure increase than an elastic model. In the study by Masterlark et al. (2010), it
is concluded that an elastic subsurface has difficulty in explaining the 1997 co-eruptive
subsidence at Okmok volcano, USA, as it requires a deflation source that exceeds the
lithostatic pressure constraint. A magma body with the mass flux rate of 4.2 x 10° kg/d
with a viscoelastic rind best predicts the InSAR displacements. Morales Rivera et al.
(2019) explain the 2010-2011 unrest deformation at Taal volcano using a temperature-
dependent spatially varied viscoelastic model. Their best-fitting viscoelastic model
has a shallow magmatic source overlain by an extensive hydrothermal system, which
provides a better explanation than a simple elastic model.

1.3.3 Modeling strategy

GIA studies indicate that viscoelastic show that ice retreat since 1890 is causing large
deformation in our study area. Therefore, it is appropriate to consider if magma
movements may similarly lead to viscoelastic response to the Earth. The role of
viscoelastic relaxation of stresses around magma bodies where accumulation of magma
takes gradually place in a pre-eruptive period has been studied by (Sigmundsson et al.,
2020b). We here explore if simple viscoelastic models of response to co-eruptive
large-scale magma transfer can explain observed deformation in a post-eruptive period.
Alternative models, relating post-eruptive ground movements to elastic response to
magma inflow or a combination of magma inflow and viscoelastic response, are also
explored. Purely elastic response to magma inflow or purely viscoelastic response to
co-eruptive magma movements can be considered two end-member type of models to
explain deformation in a post-eruptive period.

Most GIA studies in Iceland used a two- or three-layer viscoelastic structure, with an
elastic layer lies on top of a viscoelastic half-space, or on top of two viscoelastic layers
(e.g. Auriac et al., 2013; Pagli et al., 2007a). The depth extent of tectonic earthquakes
also indicates brittle-ductile transition in the crust. Therefore, the viscoelastic relaxation
modeling in this PhD project considers a similar structure as the GIA studies. The
two-layer model has an elastic layer on top of a Maxwell viscoelastic half-space,
with a linearly homogeneous isotropic material in each layer. Post-eruptive volcano
deformation models utilizing such rheological layering to explain localized volcano
deformation have for example been evaluated by Yamasaki et al. (2020, 2022).

The open-source three-dimensional semi-analytical software RELAX (Barbot, 2014;
Barbot and Fialko, 2010a,b) is used to infer the viscoelastic response to deformation
sources, such as pressure point source, opening, and dislocation planes, in a two-layer
structure as explained above. The software utilizes that displacements in an elastic
material due to slip and opening on dislocation planes, or radial displacements on a
point source, can equally be modeled as response to a set of force moments and tractions
at the sources (Barbot, 2014; Aki and Richards, 2002). This equivalent body-force
representation of deformation processes (Barbot et al., 2009) is used in RELAX. The
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software evaluates the displacement and stress throughout Earth layers as a function of
time. The numerical calculation is based in the Fourier-domain using Green’s function.
A number of studies have used RELAX to calculate co- and post-seismic deformation
(e.g., Barbot et al., 2009; Qiu et al., 2019; Tian et al., 2020).

1.4 The Bardarbunga volcanic system and the 2014-
2015 Bardarbunga-Holuhraun eruption

The Bardarbunga volcanic system is located in the Eastern and Northern Volcanic Zones
of Iceland, with a considerable part of the system under the northwestern part of the
Vatnajokull ice cap (Sigmundsson et al., 2020a; Thordarson and Hoskuldsson, 2008).
The volcanic system (Figure 1.8) has two central volcanoes, Bardarbunga (2000 m
a.s.l.) and Hamarinn, and a fissure swarm, 190 km long and 25 km wide (Larsen and
Gudmundsson, 2019). It extends 55 km in the NNE direction and 115 km to the SW
away from the Bardarbunga central volcano (Larsen and Gudmundsson, 2019). The
caldera is ellipsoidal (11 x 8 km), 500-700 meters deep, and covered by 700-800
m thick ice Gudmundsson et al. (2016). Lava from the volcanic system has flowed
far out of the fissure swarm, all the way to the south and the north coasts of Iceland
(Halldorsson et al., 2008).

Tephra stratigraphy study, together with historical records and analysis of ash layers
in soil and ice cores, suggest ~ 350 eruptions have occurred in the system during
the last ~7600 years (Bjornsson and Einarsson, 1990; Oladéttir et al., 201 1), with an
average of ~5 eruptions each century. The inferred eruption frequency has varied, from
16 eruptions per 1000 years in the period 8000-7000 years ago to 80 eruptions every
1000 years in the period 2000-1000 years ago (Oladéttir et al., 2011). There were at
least 26 eruptions in the last 11 centuries, including explosive and effusive eruptions
(Thordarson and Larsen, 2007; Larsen and Gudmundsson, 2019). Most of the erupted
material is basaltic.

A petrological study on temporally diverse eruptive units from the Bardarbunga
volcano reveals the occurrence of a multi-level plumbing system in which magma are
processed at variable depths within the crust. In particular, they found temporally-
invariant magma storage reservoirs at about 7.3 £ 2.7 km depth (Caracciolo et al.,
2020). This is consistent with depth estimates calculated for the 2014-15 Holuhraun
eruption (Hartley et al., 2018). Lower crustal storage zones, located at about 17.5 km
depth, are exclusively recorded in subglacial and middle Holocene samples, possibly
because of a larger contribution of deep-seated reservoirs during this time, due to glacial
isostatic effects (Caracciolo et al., 2020).

The Bérdarbunga central volcano is close to other volcanic systems, including the
Tungnafellsjokull volcano and Grimsvotn volcano. Some studies have explored the in-
teraction between the systems. Parks et al. (2017) suggests the 2014-2015 Bardarbunga-
Holuhraun eruption changed the stress field at the Tungnafellsjokull volcano (25 km
away), causing significant earthquake activity there. Bato et al. (2018) study GPS time
series at Grimsvotn and Bardarbunga before the Bardarbunga-Holuhraun eruption. They
find a displacement rate change at Grimsvotn volcano ten months before the 2014-2015
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Figure 1.8. Bdrdarbunga volcanic system, including the two subglacial central

volcanoes (Bdrdarbunga and Hamarinn), the fissure swarm, and the lava flows from the
volcano. Figure is from Larsen and Gudmundsson (2019).
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Bardarbunga-Holuhraun eruption. They suggest that the magma that flows into the
Bérdarbunga and Grimsvotn volcanic systems may have a connection at depth. A study
for the 1996 Gjalp subglacial eruption suggests a pressure connection between the Gjalp
eruptive fissure and the Bardarbunga volcano (Pagli et al., 2007b).

Dike intrusion before the most recent Bardarbunga-Holuhraun eruption began on
16 August 2014 with an intense seismic swarm. Seismicity started below the caldera,
propagated ~7 km towards the southeast on the first day, and then turned northeast for
another ~41 km (Sigmundsson et al., 2015). The dike propagation was mostly under
the Vatnajokull ice cap, but the northernmost dike segment is north of the Vatnajokull
ice cap in the Holuhraun area. On 29 August, a minor fissure eruption lasted 4 hours
at the northern end of the dike (Sigmundsson et al., 2015). A major eruption began
on 31 August and ended on 27 February 2015, creating a new 84 km? Holuhraun lava
field (Gudmundsson et al., 2016; Pedersen et al., 2017). GPS observation and InSAR
show deformation interpreted as deflation of the caldera and dike propagation (Riel
et al., 2015; Sigmundsson et al., 2015; Gudmundsson et al., 2016). The estimated total
volume of magma involved in the diking and eruption is 1.9 4 0.3 km?, including
~1.4 km3 Holuhraun lava and ~0.5 km?3 magma in the dike (Sigmundsson et al., 2015;
Gudmundsson et al., 2016; Pedersen et al., 2017). Three ice cauldrons formed during
the eruption (Reynolds et al., 2019).

Earthquake activity in the Bar@arbunga area is monitored by IMO using the Icelandic
national seismic network (Bodvarsson et al., 1999) and by temporary seismic network
installations, including the collaborative operation of seismic stations by the University
of Cambridge and the University of Iceland. Sigmundsson et al. (2015) interpreted the
seismicity in the Bardarbunga volcanic system between 16 August and 6 September
2014 to infer the path and the speed of dike propagation. Gudmundsson et al. (2016)
studied the seismicity during the six-month-long eruption period and the relationship
between seismicity and caldera collapse. A detailed study of Bardarbunga seismicity
from January 2014 to August 2015 was carried out by Agistsdéttir et al. (2019), focusing
on the seismicity at the caldera and along the dike. The depths of earthquakes within
the caldera are shallower than 7.5 km b.s.I. The long-term brittle-ductile transition
is interpreted to be at 4-6 km b.s.l. based on the seismic study by Agistsdéttir et al.
(2016, 2019). Jonsdottir et al. (2019) and Rodriguez-Cardozo et al. (2021) investigate
the waveforms of earthquakes in the co- and post-eruptive period. They found that the
waveforms had changed polarity already two months after the eruption seized when
compared to earthquakes during the eruption, from being consistent with downward
(deflation) to up (inflation) movement of the central block of the caldera. Sigmundsson
et al. (2020b) argue the trigger for this eruption was accumulation of buoyant magma in
viscoelastic crust over long-term, as the pre-eruptive inflation is minor compared with
the erupted magma volume.

The Béardarbunga caldera collapsed 65 £ 3 m during the eruption, as inferred from a
combination of radio-echo sounding, GNSS, and aerial altimeter survey (Gudmundsson
et al., 2016). One-day CSK interferograms initially formed by Riel et al. (2015)
constrain subsidence within the caldera and show that it was on the order of 50 cm/day
at the beginning of the eruption. Using the data from moderate resolution imaging
spectroradiometer (MODIS) and GPS, Coppola et al. (2017) and Gudmundsson et al.
(2016) find that the temporal evolution of the caldera subsidence rate is very similar to
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the temporal evolution of the effusive eruption rate. A gravity-driven inelastic magma
withdrawal explains well the observed exponential decay in subsidence and eruption
rates. A seismic study from Rodriguez-Cardozo et al. (2021) classified earthquakes
with M,, between 3.7 and 5.5 into five event families. Three of them agree with the
hypothesis that slip occurred on curved faults, one agrees with the asymmetric collapse
of Bardarbunga, and the last family may indicate a temporally stuck plug in the plumbing
system or viscoelastic relaxation to the caldera collapse. Riel et al. (2015) proposed a
model consistent with the InSAR, GPS, and seismic observations, suggesting that most
subsidence occurs aseismically. Sigmundsson (2019) compares the characteristics of
the 2014-2015 Bardarbunga and 2018 Kilauea caldera collapse, suggesting a dynamic
relationship between the caldera collapse and rifting eruption in both cases.
Post-eruptive earthquake activity indicates a significant role slip on the caldera ring
fault. Compared to the co-eruptive period, flipped polarity of focal mechanisms of
earthquakes along the caldera ring fault suggests the central block within the caldera
(piston) has been moving upwards in the post-eruptive period (Jénsdéttir et al., 2019;
Rodriguez-Cardozo et al., 2021). Gravity surveys by Gudmundsson et al. (2020) provide
additional constraints. The results can be interpreted as raising the caldera floor by
several meters. Reynolds et al. (2019) modeled the fluid flow and heat transport in the
uppermost 1 km of the crust, and suggested that the observed increase in geothermal
activity could be reproduced by renewed magma inflow and high permeability pathways.

1.5 Present work

Following an eruption, a volcano may show unrest signals again, such as after the 2014-
2015 Bardarbunga-Holuhraun eruption. Measuring and modeling ground deformation
in a post-eruptive period can thus improve understanding of the behavior of a volcano
after an eruption. Magma inflow and viscoelastic relaxation are two possible causes of
unrest. Understanding post-eruptive unrest is critical for understanding a volcano and
for hazard management.

The 2014-2015 Bardarbunga-Holuhraun eruption provides a unique opportunity to
study post-eruptive deformation both at a central volcano and in the vicinity of a newly
formed major dike, in particular viscoelastic relaxation and magma movements.

Data collected in the post-eruptive period can be compared with detailed obser-
vations from the co-eruptive period. The eruption progress was well monitored with
multiple techniques. Tracking magma movement with seismic and geodetic observations
provides constraints on geodetic models for the caldera collapse, magma withdrawal,
and dike propagation.

The research carried out in this PhD project focuses on understanding the post-
eruptive unrest at the Bar@arbunga central volcano and in the surroundings of the dike
formed in 2014. The main research questions are:

1. How did the Bardarbunga volcanic system deform in the post-eruptive period
after its 2014-2015 eruption?

2. What is the best approach to correct observed deformation signals for GIA and
plate spreading to infer deformation caused by other processes?
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3. Can viscoelastic relaxation explain the post-eruptive deformation around the
Bérdarbunga caldera and the dike?

4. Is it possible to distinguish between deformation caused by viscoelastic relaxation
and renewed magma inflow?

The first paper, presented in section two, maps surface displacements with GNSS
and InSAR to find an explanation for the post-eruptive unrest at Bardarbunga. The
post-eruptive average velocity field from GNSS and InSAR are first corrected for the
background deformation processes: GIA and plate spreading. To explain the 2015-2018
velocity field, both the viscoelastic relaxation and magma inflow models are considered.

Paper two presented in section three maps the post-eruptive deformation signal along
the Bardarbunga-Holuhraun dike and uses a two-layer viscoelastic relaxation model
to explain the observed deformation. The dataset includes InSAR average velocity
from three Sentinel-1 tracks and GNSS average velocity from eight continuous stations.
These observations are used to constrain the viscosity and elastic layer thickness in the
dike area.

The third paper, presented in section four, focuses on attempts to distinguish the
two processes that may be the main cause of deformation in a post-eruptive period:
viscoelastic relaxation and magma inflow. The viscoelastic relaxation model has an
elastic layer above a viscoelastic half-space. The magma inflow model is in an elastic
half-space. The stress field and the temporal variation of the surface displacement are
considered in this paper to help distinguish the two processes.

Section five gives a short summary of the work presented in this thesis.
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2 Paper I: Ground deformation after a caldera
collapse: Contributions of magma inflow
and viscoelastic response to the 2015-
2018 deformation field around Barodar-
bunga, Iceland

2.1 Summary

The 2015-2018 deformation field around Béardarbunga is mapped using GNSS and
InSAR to explore the post-eruptive deformation field. The average velocity of the area
shows horizontal displacement away from the caldera and surface uplift in 2015-2018.
This study evaluated the role of viscoelastic relaxation and renewed magma inflow in
the post-eruptive period.

The deformation signal caused by local volcanic processes is initially isolated from
the observations by correcting for GIA and plate spreading. Auriac (2014) modeled GIA
deformation signal in 2008-2010 around the Vatnajokull ice cap. A scaled version of
the GIA deformation field derived by Auriac (2014) is used to correct the GIA signal in
our study period. For the plate spreading deformation signal, the model by Drouin and
Sigmundsson (2019) is used. After correcting these signals, the remaining deformation
signal from both GNSS and InSAR suggests horizontal displacement away from the
caldera. The highest deformation rate observed is at KISA GNSS station located 2.7 km
away from the caldera rim. The 2015-2018 horizontal average velocity at this station
is about 127 mm/yr away from the caldera, and uplift is at an average rate of about 46
mm/yr. A GNSS station 6.6 km away from the caldera shows an average horizontal
velocity of about 28 mm/yr and 31 mm/yr vertically.

Two deformation processes are considered to explain the observed deformation field:
1) viscoelastic relaxation caused by co-eruptive magma withdrawal and caldera collapse,
and 2) renewed magma inflow into a magma body. When modeling deformation due to
these processes, homogeneous isotopic material is considered in Earth layers, with the
shear modulus of 30 GPa and Poisson’s ratio of 0.25.

When modeling deformation due to viscoelastic relaxation, the response to magma
withdrawal and caldera collapse in a two-layer model with a 7 km elastic layer on top of
a viscoelastic half-space is considered. Magma withdrawal from a point source 10 km
deep below the caldera, together with the caldera collapse is modeled. By systematically
varying the viscosity of the viscoelastic half-space and the volume contraction of the
source, it is found that viscosity of 3 x 10'® Pa s and a contraction volume of 0.4 km?>
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2 ©) T118 - model

Figure 2.1. Corrected GNSS and InSAR average velocities, in the period May 2015 -
October 2018, compared with viscoelastic deformation model with optimal viscosity
and magma withdrawal volume. The viscoelastic model considers a contraction volume
of 0.4 km® at 10 km depth. Observed and modeled GNSS velocities in horizontal and
vertical directions are shown in panels a and e. Black arrows in panel a show
observations, and red arrows show the modeled velocities. The gray area in panel e is
the distance range from the modeling center (-17.48°FE, 64.63°N) to the caldera rim.
The figure displays InSAR input data (b and f), modeling results (c and g), and residuals
(d and h). The dot in the caldera in panel ¢ shows the modeling center of the
viscoelastic model. Corrected InSAR average velocities from ascending Track 118 and
descending Track 9 are compared with the viscoelastic deformation model in panels b-d
and f-h, respectively.

best explains the observed deformation field (Figure 2.1). The total magma drainage
volume from beneath Bardarbunga relates only partly to this contraction volume, with
an inferred larger contribution due to piston-like collapse of a block within a caldera
ring fault system in relation to the caldera collapse.

For magma inflow, two possibilities are considered. One scenario considers magma
inflow only. The other considers the magma inflow into the magma body under the
Béardarbunga caldera that fed the 2014-2015 eruption (at 10 km depth), together with
slip-on caldera faults in such a manner that the piston inside the caldera moves upwards,
i.e., the reverse process of what happened during the 2014-2015 caldera collapse and
eruption. If only magma inflow is considered, a point source at 0.7 km depth below the
model surface with the average inflow rate of 0.011 km?/yr broadly fits the observations.
This model with such a shallow source is not considered realistic. The other model
uses the co-eruptive fault and sill patch geometries inferred by Parks et al. (2017) and
inverts for the fault slip and sill openings to explain the 2015-2018 average velocity
field (Figure 2.2i and j). The modeling results suggests an inflow rate of 0.032 km?3/yr
at 10 km depth (Figure 2.2).

The magma inflow model is then combined with the viscoelastic relaxation model.
Such a joint model can also explain the observations well.
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Figure 2.2. Corrected velocity fields compared with elastic modeling predictions
considering a sill fixed at 10 km depth and fault slip on the caldera ring fault. The
velocities are presented similarly in Figure 2.1. The input InSAR results are resampled
to a grid, with dense point spacing close to the caldera and sparse points further away
from the caldera. The grid within the caldera in panel c illustrates the location of the
modeled sill. Panel i shows a three-dimensional view of the amount of slip on the
caldera fault patches according to the model, and panel j shows the inferred sill
opening similarly.
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2.2 Main results

* GIA causes surface uplift in the vicinity of the Bardarbunga caldera outside
the ice cap. Estimated GIA uplift from a scaled model by Auriac (2014) has
a maximum vertical displacement of 33 mm/yr outside the ice cap in 2015-
2018 near Bardarbunga. Plate spreading generates 18-19 mm/yr of horizontal

displacements.

» After correcting for GIA and plate spreading processes, the remaining deforma-
tion around the Bardarbunga caldera shows horizontal displacement away from
the caldera and uplift. The 2015-2018 maximum average horizontal displacement
measured by a GNSS station closest to the caldera (KISA) is about 111 mm/yr,

and uplift is about 20 mm/yr.

* Post-eruptive inflation-like volcano deformation signal can result from viscoelas-
tic relaxation in response to major magma drainage (with no magma inflow in the
post-eruptive period). Viscoelastic relaxation model with a viscosity of 3 x 10'8
Pa s and a co-eruptive point source contraction volume of 0.4 km?® best explains
the observations, but has difficulty in explaining the localized large horizontal

deformation signal.

* Deep magma inflow coupled with a reversed slip on caldera faults can also
explain the post-eruptive deformation field around the Bardarbunga caldera. The
best-fitting magma inflow rate for the deep magma inflow model is 0.032 km?3/yr.

* Viscoelastic relaxation, renewed magma inflow, or a combination of both pro-

cesses may contribute to the Bardarbunga post-eruptive deformation field.
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3 Paper II: Post-rifting relaxation during
2015-2020 following the Bardarbunga -
Holuhraun dike intrusion and eruption in
Iceland

3.1 Summary

Following the 2014-2015 Bardarbunga-Holuhraun eruption, ground deformation con-
tinued in the affected area north of the Vatnajokull ice cap. The 2015-2020 average
velocity field is estimated from data collected in three Sentinel-1 InSAR tracks and
eight continuous GNSS stations. The InSAR LOS average velocity field is decomposed
into approximately east (near-east) and north (near-up) directions. The InSAR near-east
velocity field and GNSS average horizontal velocities describe the horizontal movement.
The InSAR near-up velocity field and GNSS vertical velocities describe the vertical
displacement field. GIA and plate spreading deformation signals are corrected to isolate
the post-eruptive deformation signal, providing a corrected velocity field.

The corrected velocity field from InSAR and GNSS shows uplift and horizontal
movement away from the dike. Two GNSS stations 20 km away on different sides of
the dike move apart, showing about 9 mm/yr and 10 mm/yr horizontal displacement in
the direction perpendicular to the dike, respectively. The near-east corrected velocity
field (Figure 3.1a) shows horizontal displacements away from the dike, with a higher
rate on the west side of the dike than on the east side. In the vertical, the study area is
mainly uplifting. The maximum uplift rate occurs along the edge of the ice cap (Figure
3.1e). An uplift rate higher than 10 mm/yr occupies a smaller area on the west side than
on the east side of the dike.

A two-layer viscoelastic relaxation model is applied. The top layer consists of
homogeneous elastic material, while the lower half-space is a homogeneous Maxwell
viscoelastic material. The dike model applied is from Sigmundsson et al. (2015), which
divides the dike into 120 patches from the surface to 10 km depth along the 48 km long
dike. We run a series of models with different elastic layer thicknesses and viscosities to
explore their effect on surface displacement in the post-eruptive period due to the diking
event. The viscosities range from 3-36 x 10'® Pa s, and the elastic layer thicknesses
range between 1-24 km.

The RMS residuals between the models and observations suggest an 18 km thick
elastic layer on top of a viscoelastic half-space with the viscosity 4 x 10'® Pa s best
explains the 3D velocity field (including north, east, and up velocity field from GNSS
and near-east, near-up velocity field from InSAR; Figure 3.2). The model misfit space
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Figure 3.1. Corrected average velocity field in the horizontal (a) and vertical (e)
directions during 2015-2020 from InSAR (color) and GNSS (black arrows). The
modeled east and up velocity from the viscoelastic model with the optimal elastic layer
thickness (18 km) and viscosity (4 x 10'® Pa s) are shown in b and f. Panels ¢ and g
show the differences between corresponding observation (a and e) and model (b and f).
Panels d and h show velocity profiles across the study area in the near-east (red line in
a, b, and c) and near-up (red line in e, f, and g).
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Figure 3.2. Root mean square residual between the corrected velocity fields (data) and
predicted ground velocity fields from modeling. The data include near-east and near-up
components from InSAR and north, east, and up components from GNSS. The weight of
GNSS vs. InSAR is 1000:1. The weight of horizontal vs. vertical is 2:1. The x-axis is
the elastic layer thickness (1-24 km with 1 km step), and the y-axis is the viscosity (3-36
x 10" Pa s with 1 x 10'® Pa s step). The optimal viscosity for the velocities is at 4 x
10'® Pa s, and the optimal elastic layer thickness is 18 km.
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shows the second regime of a good fit with 12 x 10'® Pa s and 2 km elastic layer
thickness, likely driven by deformation near the dike that may, however, result from
other un-modeled processes such as cooling compaction of the emplaced dike (Figure
3.2). The horizontal and vertical velocities give different preferences for a best-fit model.
The horizontal velocity field prefers a combination of a 3 km thick elastic layer and 15
x 10'8 Pa s viscosity. In comparison, the vertical velocity field finds the optimal model
with 4 x 10'® Pa s viscosity and 24 km thick elastic layer, which is the deepest elastic
layer tested in the model.

3.2 Main results

28

After correcting for the GIA and plate spreading signal, InSAR and GNSS
velocities indicate ~19 mm/yr widening across a dike after its formation, which
is interpreted as post-rifting viscoelastic relaxation.

A two-layer viscoelastic model with the 4 x 10'® Pa s viscoelastic half-space
below an 18 km thick elastic layer best explains corrected GNSS and InSAR
average velocities.

A comparable fit is with an elastic layer of ~2 km and a viscosity of 12 x 10'8 Pa
s, but un-modeled processes may have an influence, such as cooling compaction
of the emplaced dike.

Horizontal average velocity field prefers a model with a thinner elastic layer (3
km) and viscosity of 15 x 10'® Pa s. In comparison, the vertical average velocity
field prefers the thickest tested elastic layer (24 km) with 4 x 10'® Pa s viscosity.



4 Paper lll: Similarity of stress and ground
displacement patterns caused by viscoelas-
tic relaxation and magma inflow in a post-
eruptive period: A case study at Baroar-
bunga volcano, Iceland

4.1 Summary

Earlier studies suggest that viscoelastic relaxation can produce a similar average velocity
field as renewed magma inflow in a post-eruptive period. This study explores the
possibility of distinguishing the two processes using the following approaches: 1) stress
fields reflected in seismicity patterns, and 2) the time series of the surface displacements.

Predictions from viscoelastic relaxation and magma inflow models in the initial 6.3
years after an eruption are compared. Both use linearly homogeneous material in each
Earth layer, and have a magma body at 10 km depth. For the viscoelastic relaxation
model, we consider a two-layer model with a 7-km thick elastic layer that lies on top of
a Maxwell viscoelastic half-space with viscosity 3 x 10'® Pa's. A 0.40 km? contraction
volume is imposed at the magma body at t=0, approximating the effect of an eruption.
Stress and time series of ground displacement are evaluated as a function of time in
the following period. The magma inflow model has a purely elastic material, with the
inflow rate varying with time.

The magma inflow volume is scaled to find a magma inflow stress field most
comparable to the stress field produced by the viscoelastic model. In the study period, a
total of 0.36 km? magma inflow creates a similar stress field as that generated by the
viscoelastic relaxation model (Figure 4.1). A time-dependent magma inflow model can
broadly reproduce spatial and temporal patterns of stress changes caused by viscoelastic
relaxation. Therefore, stress fields cannot easily help to distinguish between viscoelastic
relaxation and the magma inflow process.

The temporal variation of the surface displacement field caused by viscoelastic
relaxation and magma inflow is also compared. Depending on magma inflow rates, the
velocity field due to magma inflow is time-dependent. At each particular location, the
horizontal displacement from the viscoelastic model fits an exponential decay, with the
decay constant varying with distance from the source (Figure 4.2). On the contrary,
magma inflow into a magma source of constant geometry (not evolving with time), with
a magma inflow rate that decays exponentially with time, has the same decay constant
at all distances. Therefore, detailed observations and interpretations of time-dependent

29



4 Paper llI: Similarity of stress and ground displacement patterns caused by viscoelastic
relaxation and magma inflow in a post-eruptive period: A case study at Bardarbunga volcano,
Iceland

X3 Depth (km)
x5 Depth (km)
X3 Depth (km)

R
=
15

0 s o 5 10 5 0 5 10 <10 -5 0 5 10
Xy North (km) Xy North (km) Xy North (km)

X3 Depth (km)
x4 Depth (km)
X3 Depth (km)

R}
-
15

) -10 -5 0 5 10 -5 0 5 10 -10 -5 0 5 10
x, North (km) x, North (km) x, North (km)

X3 Depth (km)
x4 Depth (km)
X3 Depth (km)

R
-
o

0 s o 5 10 5 0 5 10 10 -5 0 5 10
Xy North (km) Xy North (km) Xy North (km)

X3 Depth (km)
x5 Depth (km)
X3 Depth (km)

-! -10 -5 0 5
x, North (km) x, North (km) x, North (km)

-100 0 100
Stress change (MPa)

-
15

-10 -5 0 5

-
15

Figure 4.1. The spatial pattern of the stress change caused by viscoelastic relaxation
(left) and magma inflow (middle) since t=0". Panels to the right show the
corresponding stress difference between the two models. The panels show
cross-sections of four components of stress change in a plane parallel to the
north-south direction in the initial 6.3 years. The left panels show the stress change in
the viscoelastic relaxation caused by magma withdrawal from a 0.4 km® point source.
The middle panels show stress change in a magma inflow model with a total inflow
volume of 3.6 x 1 08 m3. The four stress components are: G11, Gy, 033, O13. The x-axis
is the north-south direction, and the z-axis is the vertical direction. The crustal volume
within a 2-km radius from the source center (white circle at the center of each panel) is
masked to eliminate unrealistically high stress change predicted by the point source.
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4.2 Main results

surface displacement rates could be a tool to distinguish the two processes.
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Figure 4.2. Amplitude (left) and decay constant (right) estimated from the horizontal
surface displacement time series in a viscoelastic model, fit with an exponential
function. The dots with error bars show the estimated amplitude and decay constant
from viscoelastic models with different viscosities. The circles with error bars show the
estimated amplitude and decay constant from the corrected GNSS time series. The
x-axis is the distance from the source center in kilometers.

Data from the post-eruptive period following the 2014-2015 Bardarbunga-Holuhraun
eruption can be compared to these modeling results. Preliminary evaluation suggests that
seismicity patterns in the post-eruptive period can relate to stress changes caused either
by viscoelastic relaxation or magma inflow. Four continuous GNSS stations around
the Bardarbunga caldera measure the ground displacement. The observed horizontal
displacements of the stations show an exponential decay rate with time, with a decay
constant between 2-5 years. A viscoelastic relaxation model with a viscosity between
1-6 x 10'® Pa s has a decay constant longer than ten years for all the stations.

4.2 Main results

* Post-eruptive stress field generated by a two-layer viscoelastic model is compara-
ble to that caused by magma inflow. Both processes tend to decrease co-eruptive
stresses formed during the modeled eruption.

* Time-dependent magma inflow model can create a time-dependent stress field sim-
ilar to that caused by viscoelastic relaxation following sudden magma drainage.

* The horizontal displacement caused by viscoelastic relaxation of magma drainage
shows exponential decay over time.

* The decay constant for horizontal displacements varies with the distance from
the source. In contrast, the magma inflow model has the same decay constant
everywhere if the geometry of the deformation source is constant (source shape
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not changing with time). The decay constant of ground displacements due to
magma inflow at a decaying rate is the same as that of the magma inflow.

* At the Bardarbunga volcano, the decay constant for the observed GNSS time
series is between 2-5 years, while our modeling results with the viscosity of 1-6
%108 Pa s suggest a decay constant of more than ten years.
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5 General conclusions

Post-eruptive ground deformation studies are important to fully understand volcano
behavior, especially if volcanic unrest continues after an eruption. The post-eruptive
period following the 2014-2015 Béardarbunga-Holuhraun eruption provides a good study
case, because of the large-scale magma transfer that occurred during the eruption and
the associated diking event, and good monitoring with multiple techniques in the co-
and post-eruptive period.

Campaign and continuous GNSS stations in the Bardarbunga-Holuhraun eruption
area provide long-term deformation trends in the pre-, co-, and post-eruptive periods.
InSAR interferograms from Sentinel-1 satellites map the average velocity field in the
area in the post-eruptive period. GIA and plate spreading correction are needed when
studying ground deformation at the Bardarbunga volcanic system, as these processes
significantly influence the deformation field in this area (velocities corrected for GIA
and plate spreading are referred to as corrected velocities).

The GNSS and InSAR average velocity fields show consistency in the displace-
ment direction and rate. The 2015-2018 corrected average velocity field around the
Bardarbunga caldera horizontal displacement away from the caldera and uplift near
the caldera. Further away, there is minor subsidence at around 20 km distance from
the Bardarbunga caldera center. Modeling by Li et al. (2021) concludes that magma
inflow, viscoelastic relaxation, or a combination of the processes contributes to the
post-eruptive deformation field in the vicinity of the Bardarbunga caldera.

The 2015-2020 corrected average velocity field along the Bardarbunga-Holuhraun
dike is presented by Li et al. (2022) shows horizontal displacements move away from
the dike, and uplift on both sides of it. The best-fitting model suggests an elastic layer
thickness of 18 km and viscosity of the lower viscoelastic half-space of 4 x 10'8 Pas. A
comparable fit is with an elastic layer of ~2 km and a viscosity of 12 x 10'8 Pas. The
comparable fits of these two models may be due to influence of unmodeled processes,
such as cooling compaction of the emplaced dike. Overall, the modeling results suggest
viscoelastic relaxation can explain the major part of the corrected ground velocities in
the diking area.

As Li et al. (2021) suggests a similarity of the deformation field caused by the
viscoelastic relaxation and magma inflow, a question arises: can we distinguish the
two processes? To answer this question, stresses and temporal evolution ground dis-
placements are studied by Li et al. (prep). It is found that the stress field caused by
the viscoelastic relaxation and magma inflow can be similar. Temporal variation of the
surface displacements can be different, but intensive monitoring is needed to identify
such differences.

There are still several unanswered questions. In the Bardarbunga area, a more
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5 General conclusions

detailed study of temporal variation of the surface displacement may tell more features
on the post-eruptive magmatic movements, as time series at KISA GNSS station suggests
slowing down after our study period. Alternative viscoelastic models, such as a three-
horizontally layered model, magma body with a viscoelastic shell, a temperature-
dependent viscoelastic model, or a localized low viscosity zone under the Bardarbunga
could be considered. Models with different source geometry are also worth to explore.
Other processes, such as accelerated GIA or a change in plate spreading rate, could
contribute to the displacement field. Our study suggests viscoelastic relaxation and
magma inflow may both contribute to the post-eruptive deformation field, however, the
relative contribution from each process is hard to evaluate. Although spatial patterns
and temporal variation of surface displacements can be a tool to distinguish between
viscoelastic relaxation and magma inflow, geodetic observations at the Bardarbunga
volcano are not spatially dense for that purpose due to ice cover and major topographic
relief. Such an approach can be tested at other volcanoes where better temporal and
spatial coverage of the surface displacement monitoring network is available, ideally
following a major magma drainage event.
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Abstract Improvement of our understanding of the role of ground deformation due to viscoelastic
relaxation following eruptions is important, as the generated signals can resemble renewed magma
inflow. We study post-eruptive unrest at the subglacial Bardarbunga volcano, Iceland, after a caldera
collapse and major magma drainage in 2014-2015. Elevated seismicity began about 6 months after

the eruption ended, including nine M, > 4.5 earthquakes. Global Navigation Satellite System and
Sentinel-1 Interferometric Synthetic Aperture Radar geodesy are applied to evaluate post-eruptive ground
deformation from 2015 to 2018. Horizontal velocities locally exceed 10 cm/year and rapidly decay with
distance away from the caldera. We explore two end-member models and their combination to explain
the post-eruptive deformation field: 1) viscoelastic relaxation caused by the co-eruptive caldera collapse
and magma withdrawal, and 2) renewed magma inflow. We find parameter combinations for each model
that explain the observed ground deformation. The purely viscoelastic relaxation model, consisting

of a half-space composed of a 7-km thick elastic layer on top of a viscoelastic layer with a viscosity of

3.0 x 10'® Pa s reproduces broadly the observations. A simple magma inflow model consisting of a single
point source with an inflow rate of 1 x 10" m*/year at 0.7 km depth broadly fits the observations, but may
be unrealistic. A more elaborate model of magma inflow into a 10-km deep sill combined with slip on the
caldera ring fault explains the observations well. Our results suggest that the co-eruptive deformation field
is likely influenced by viscoelastic relaxation, renewed magma inflow, or a combination of both processes.

1. Introduction

Ground deformation indicating volcano inflation, increase in seismic activity, changes in volcanic gas re-
lease, and thermal anomalies within a volcanic system are generally recognized as the indicators of volcanic
unrest (e.g., Phillipson et al., 2013; Sigmundsson et al., 2010, 2018), which often precedes eruptions. A total
of 1.9 km® magma left the magma body beneath the Bardarbunga caldera during 2014-2015 Holuhraun
eruption, causing 65 m caldera floor subsidence (Gudmundsson et al., 2016). After the eruption, the volcano
continued to show signs of unrest. The unrest signals include elevated seismic activity, uplift and horizon-
tal displacements away from the caldera, suggesting inflation of the volcano. In the post-eruptive period,
ice cauldrons that formed during the co-eruptive period have grown and new ice-cauldrons have formed
(Reynolds et al., 2019). Given the size and duration of this caldera reactivation eruption, we address the fol-
lowing question: can the post-eruptive unrest signal be explained by viscoelastic relaxation following major
magma drainage and caldera collapse, or has there been renewed magma inflow into the system?

Magma inflow is one common explanation for volcanic unrest. In Iceland, elevated seismicity and infla-
tion were observed, for example, prior to the Eyjafjallajokull eruptions in 2010 (Sigmundsson et al., 2010).
Volcano inflation after an eruption can also represent magma inflow, as observed, e.g., in the Krafla rifting
episode 1975-1984. A total of about twenty rifting-deflation events, including nine eruptions with lava flow,
occurred during the period (e.g., Arnadottir et al., 1998; Bjornsson, 1985; Wright et al., 2012). Between the
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eruptions and diking events at Krafla, continuous inflation of the volcano was interpreted to result from
magma inflow.

Viscoelastic relaxation is a gradual stress recovery process in ductile regions of the lithosphere and asthe-
nosphere. Due to elevated crustal temperature in volcano roots, viscoelastic relaxation may be pronounced
in relation to large-volume magma transfer events. Multiple studies have focused on viscoelastic defor-
mation related to rifting events and volcanic eruptions, for example, following dyking events during the
2005-2010 Dabbahu rifting episode at Afar (Hamling et al., 2014), at the Kutcharo caldera, Japan (Yamasaki
et al., 2018), at Taal volcano (Morales Rivera et al., 2019) and Laguna del Maule volcano in Chile (Novoa
et al., 2019). During the 2005-2010 Dabbahu rifting episode, continuous displacements were observed by
Interferometric Synthetic Aperture Radar (InSAR) and Global Navigation Satellite System (GNSS). There,
the observations suggest the post-rifting deformation reflects a combination of magma inflow and post-rift-
ing viscoelastic response (Hamling et al., 2014). Yamasaki et al. (2018) explains uplift (1993-1995) and
following subsidence (1995-1998) at Kutcharo caldera in Japan with a syn-inflation uplift due to magma
emplacement and subsequent post-inflation subsidence signal due to viscoelastic response. Morales Rivera
et al. (2019) explain the 2010-2011 unrest deformation at Taal volcano using a temperature-dependent
spatially varied viscoelastic model. Novoa et al. (2019) studied Laguna del Maule volcano in Chile during
an inflation period between 2007 and 2017 using a model of a viscoelastic shell surrounding a magma body.
They find that the observed uplift can be explained by this model with magma inflow in the initial 4-6 years
followed by viscoelastic relaxation. If the same data set is interpreted with a fully elastic model, magma
accumulation over the full 10 year study interval is inferred. The magma source volume change for the
viscoelastic model is 50% lower than that in the elastic model.

At Bardarbunga, viscoelastic relaxation in relation to the caldera collapse should be considered as a poten-
tial explanation for the observed post-eruptive unrest, considering the result referred to above. Further-
more, Sigmundsson et al. (2020) show that the behavior of Bardarbunga volcano in the pre-eruptive period
and during the 2014-2015 eruption is well explained in terms of a model with magma inflow/outflow to/
from a buoyant magma body within viscoelastic crust. When considering the post-eruptive period, surface
unloading caused by co-eruptive caldera collapse due to major magma withdrawal can be expected to cause
similar effects as the response of the Earth to retreating glaciers causing glacial isostatic adjustment (GIA),
as both involve mass removal from the surface, albeit at very different spatial scales. The retreat of Icelandic
glaciers since 1890, for instance, causes a viscoelastic ground deformation response as observed and mod-
eled, e.g. by Auriac, (2014). The deposition of the Holuhraun lava field and the dyke propagation causes also
viscoelastic ground deformation, which is observed by both GNSS and InSAR in the post-eruptive period
(Grapenthin et al., 2017).

Our study focuses on the near-field ground deformation around the Bardarbunga caldera after its 2014-2015
eruption. Specifically, our study period is the post-eruptive phase between May 2015 and October 2018. We
first explore the roles of viscoelastic response to the co-eruptive events, and then consider alternative choic-
es, such as renewed magma inflow. To understand the processes at work, we compare geodetic data sets
from GNSS and InSAR geodesy with modeling results from: (a) viscoelastic response to surface unloading
during caldera collapse in the co-eruptive period, (b) viscoelastic response due to magma withdrawal during
the co-eruptive period, (c) renewed magma inflow during the post-eruptive period, and d) a combination
of these processes.

2. Background
2.1. Bardarbunga

The Bardarbunga volcanic system in central Iceland lies at the divergent plate boundary between the North
American and the Eurasian plates, partly covered by the Vatnajokull glacier. It is composed of the Bardar-
bunga central volcano, with an 8 x 11 km elliptical caldera, and fissure swarms extending 115 km southwest
and 55 km north-northeast (Figure 1). The caldera is 500-700 m deep, with 700-800 m thick ice filling
the caldera (Gudmundsson et al., 2016; Larsen & Gudmundsson, 2019). At least 23 eruptions are attrib-
uted to the Bardarbunga volcanic system in historical time in Iceland. The majority of these eruptions
have taken place underneath the ice-covered part of the volcanic system (Larsen, 2002; Thordarson & Lars-
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Figure 1. Map view of the Bardarbunga volcano and surroundings showing central volcanoes, calderas, and fissure
swarms (for geological layers, see Sigmundsson, Einarsson et al. (2020) and references there-in). Glaciers are shown

in white. Segments of the 2014-2015 dyke path are indicated with red lines (Sigmundsson et al., 2015), and the new
Holuhraun lava field is shown with dark gray shading. Blue and red triangles are the locations of campaign and
continuous GNSS stations, respectively. Gray triangles are GNSS stations not used in this study. The names of five GNSS
stations mentioned in the text are labeled: KISA, HNIF, VONC, NEFS, and NYID. Three seismic stations closest to the
Bardarbunga caldera are located close to continuous GNSS stations (red dots). Observations within the rectangular box
are used for further analysis.

en, 2007).The most recent eruptive activity occurred from August 2014 to February 2015 (Gudmundsson
et al., 2016; Pedersen et al., 2017). A 48 km-long dyke propagated laterally away from the Bardarbunga cal-
dera over a period of 2 weeks and then initiated a fissure eruption on the Holuhraun plain, north of the Vat-
najokull ice cap, at the far end of the dyke (Figure 1). A 6-months-long effusive eruption drained a magma
body located at about 10 + 2 km depth below the caldera (Gudmundsson et al., 2016; Hartley et al., 2018).
The caldera floor subsided 65 + 3 m during the eruption as measured by GNSS and altimeter aircraft data.
The caldera floor subsidence stopped at the time when the eruption terminated. The total volume of the
caldera collapse was about 1.8 + 0.2 km® (Gudmundsson et al., 2016). The erupted lava volume is around
1.4 + 0.2 km® (Gudmundsson et al., 2016; Pedersen et al., 2017) and the total inferred volume intruded into
the dyke is 0.7 + 0.04 km?® (Parks et al., 2017). A total contraction of 1.9 + 0.3 km® of a magma body under-
neath Bardarbunga caldera is inferred (Gudmundsson et al., 2016; Parks et al., 2017), about the same as the
caldera collapse volume and the combined dyke and lava volume.

The caldera collapse and the formation of the Holuhraun lava field during the eruption were well monitored
(e.g. Dumont et al., 2018; Gudmundsson et al., 2016; Pedersen et al., 2017; Riel et al., 2015; Sigmundsson
et al., 2015). A continuous GNSS station installed in the center of the caldera on the ice surface, repeated
radar altimeter survey, and maps from optical satellite images revealed the temporal evolution of subsid-
ence within the caldera (Gudmundsson et al., 2016). The caldera bedrock subsidence rate was inferred to be
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Figure 2. Seismicity M, > 0.8 at the Bardarbunga central volcano (within the area shown) from March 1, 2015 until December 31, 2019, as recorded and
reported by the Icelandic Meteorological Office. (a) Locations of earthquakes, (b) earthquake magnitude, and (c) cumulative seismic moment. The background
map (in panel a) shows the outline of the central volcano (oval shape), and outline of the caldera boundary (line with tick markers). Earthquakes focus on the
Bardarbunga caldera, with large earthquakes occurring along the caldera ring fault. Red circles are the earthquake locations and the size of circles depends on
the magnitude of the earthquake. Stars indicate earthquakes M), > 4.0 (largest earthquake is M;,, = 4.9 marked by the green star).

around 1 m/day at the beginning and decayed near exponentially over time during the eruption, taking into
consideration a correction for ice-flow (Gudmundsson et al., 2016).

2.2. Seismicity

Seismicity is an important indicator for volcanic unrest, which also provides information about the struc-
ture of volcanoes and evolution of the eruptions. Sigmundsson et al. (2015) interpreted the seismicity in the
Bardarbunga volcanic system between August 16 and September 6, 2014 to infer the path and the speed of
dyke propagation. Gudmundsson et al. (2016) studied the seismicity during the six-months-long eruption
period and the relationship between seismicity and caldera collapse. A detailed study of Bardarbunga seis-
micity from January 2014 to August 2015 was carried out by Agustsdéttir et al. (2019), focusing on the seis-
micity both at the caldera and along the dyke. The depths of earthquakes within the caldera are shallower
than 7.5 km b.s.l. The long-term brittle-ductile transition is interpreted to be at 4-6 km b.s.l. based on the
seismic study by Agtstsdéttir et al. (2019).

Earthquake activity in the Bardarbunga area is monitored by the Icelandic Meteorological Office (IMO) us-
ing the Icelandic national seismic network (Bgdvarsson et al., 1999). The seismicity in the initial 6 months
after the eruption was low, but since September 2015, seismicity within the caldera has been elevated. Lo-
cations of earthquakes M,,,>0.8 detected after the eruption, between March 1, 2015 and December 31, 2019,
cluster mainly at the caldera along the caldera ring faults, while some are along the dyke formed in 2014
(Figure 2a). More earthquakes are observed beneath the northern caldera rim than the southern rim, which
is consistent with the pattern during the eruption period (Agustsdéttir et al., 2019). Figures 2b and 2c show
the earthquake magnitude and cumulative seismic moment release over the same period. Seismicity was
low following the eruption until around September 2015, with only two M,,,>3 in that period. The frequency
and magnitude of earthquakes increase afterward, with the largest earthquake of magnitude M, 4.9 on 30
January 2018.

Jonsdoéttir et al. (2019) investigated the waveforms of earthquakes in the post-eruptive period and com-
pared earthquakes located at similar locations in the co-eruptive period. They found that the waveforms had
changed polarity already two months after the eruption seized when compared to earthquakes during the
eruption, from being consistent with downward (deflation) to up (inflation) movement of the central block
of the caldera. The reversal is confirmed by moment tensor analysis of earthquakes with M;,>4.5, which
shows that solutions were reversed after the unrest, or between February 19, 2015 and March 2, 2016 (in
other words, solutions from this time interval show opposite mechanisms). Since then, the polarity of earth-
quakes has always been reversed compared with that observed during the eruption (Cardozo et al., 2019).
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These observations suggest that general fault movements have remained reversed since two months after
the eruption ended, when compared to fault movement during the caldera collapse.

2.3. Regional Deformation

In addition to magmatic processes, the Bardarbunga area is affected by two long-term regional deformation
processes: plate spreading and GIA. Plate spreading is caused by the divergence of the Eurasian and the
North American plates. The plates are moving apart in direction N(100-105)°E at a full plate spreading rate
of about 18-19 mm/year (Sigmundsson, Einarsson et al., 2020, and references therein). GIA is caused by
mass loss of Icelandic glaciers, causing uplift and horizontal displacement away from Vatnajokull ice cap
(e.g. Arnadottir et al., 2009; Auriac, 2014; Drouin & Sigmundsson, 2019). Within our main study area (box
in Figure 1), Drouin and Sigmundsson (2019) find GIA uplift rates ranging from 7 to 21 mm/year, and hori-
zontal GIA displacements up to 1 mm/year during 2015-2018.

3. Geodetic Data and Processing

‘We use GNSS and InSAR to measure crustal deformation between May 2015 and October 2018 focusing on
processes taking place in the vicinity of the Bardarbunga caldera after the 2014-2015 eruption. Deforma-
tion south of Bardarbunga is influenced by unrest of the Grimsvotn volcano, and the area to the northeast
is influenced by viscoelastic response to the dyke intrusion (Grapenthin et al., 2017). We therefore exclude
data from these areas in our modeling. The model input includes campaign and continuous GNSS data, and
C-band Sentinel-1 interferograms. Models are applied to take plate spreading and GIA into account, in order
to isolate the deformation caused by processes at the Bardarbunga central volcano.

3.1. GNSS

We use data from a total of 22 GNSS stations located in the box in Figure 1, which includes 13 campaign
and 9 continuous stations. GNSS campaign observations in the study area began in 1997 (Hreinsdottir
et al., 1998), but only at a few sites. Measurements were carried out in 1997, 2002, 2006, and again in 2014
at all sites, one month before the eruption started. We have carried out yearly campaign measurements after
the eruption, beginning in 2015. The VONC continuous station (see Figure 1 for location) was installed in
August 2013, 12 months prior to the beginning of the eruption, 9.5 km west of the caldera rim. In addition,
five continuous stations were installed in the vicinity of Bardarbunga during or after the eruption, three
of which are within our study area (Sigmundsson et al., 2015). The continuous GNSS station closest to the
caldera is the KISA station, 2.7 km northwest of the rim of the Bardarbunga caldera, installed four months
after the eruption ended.

We carried out GNSS campaign measurements every August in 2015, 2016, 2017, and 2018. The contin-
uous and campaign GNSS data were analyzed using the GAMIT/GLOBK software version 10.6 (Herring
et al., 2010; Hreinsdottir et al., 2009) in the ITRF2008 (Altamimi et al., 2012) reference frame. Daily site
positions and mean velocities were derived from the measurements. The average velocities are then trans-
formed from the ITRF2008 reference frame to a stable Eurasian plate reference frame using GLOBK.

The majority of the GNSS timeseries show mostly steady horizontal displacement before and after the erup-
tion until summer 2018 (Figure 3). Some deviation from a linear trend is, however, observed at the KISA
continuous GNSS site. After the station was installed, the horizontal velocity was initially faster for a few
months, but thereafter the station moves at a relatively constant rate until it slows down in 2018 (Figure 3).
After removing the effects of plate spreading and GIA from the velocity timeseries, we find that the velocity
at KISA station before August 2015 is twice the velocity compared to after August 2015. This period spans
4 months, roughly 10% of our study period (2015-2018). Vertical displacements are influenced by seasonal
loading, mostly caused by snow accumulation during the winter and snow/ice melting during the summer
(e.g., Drouin et al., 2017; Grapenthin et al., 2006). As GNSS campaigns in the area were carried out in
August each year and our observation period starts and finishes at similar times of the year, the effects of
annual variations are assumed to have minimal influence on the derived velocities at campaign and contin-
uous sites inferred from linear fitting of the temporal evolution of the station coordinates. Observed average
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Figure 3. Examples of GNSS timeseries at selected campaign GNSS sites (NYID, HNIF) and continuous GNSS sites
(VONC and KISA) in the area northwest of Bardarbunga caldera in the ITRFO8 reference frame. Site locations are
shown in Figure 1. The north, east and up components of displacements are displayed. The timeseries are shifted for
presentation purpose. Seasonal variation is evident in the vertical component timeseries of the continuous stations, but
are minor in the horizontal component. The dots show measured displacement, with error bars shown in gray. Lines
show linear least squares fit to observations. Vertical dashed lines delimit the period of the 2014-2015 eruption.

horizontal and vertical GNSS 2015-2018 velocities are shown in Figures 4a and 4b (values are in Table S1).
The velocities show consistent northwestward displacement and uplift. The maximum horizontal average
velocity of 126.6 + 0.1 mm/year in N43°W direction is observed at the KISA station with an average uplift
velocity of 46.0 + 0.2 mm/year. The average horizontal velocity at NEFS station (6.6 km from the caldera; see
Figure 1 for location) is 28.2 + 1.7 mm/year, and the average vertical velocity is 30.5 + 4.6 mm/year. VONC
station is 9.5 km from the caldera rim, with average horizontal and vertical velocity of 29.5 + 0.1 mm/year
and 20.2 + 0.3 mm/year, respectively, relative to a stable Eurasian plate.

3.2. InSAR

InSAR, Interferometric Synthetic Aperture Radar, uses two or more SAR images to generate interferograms,
showing the change in line-of-sight (LOS) distance from ground to satellite in the time period between the
acquisitions of two images. We use SAR images from Sentinel-1A and 1B satellites, launched by the Euro-
pean Space Agency in 2014 and 2016, respectively (Torres et al., 2012). The two satellite orbits are 180° apart
and provide SAR images every 12 days (prior to 2017) or 6 days (after 2017) along the same track, covering
the same area. These C-band SAR images are collected regardless of daylight, but there is reduced interfero-
gram coherence during the snow months and there is no long-term coherence on Iceland’s ice caps.

Interferograms were generated and unwrapped using the InSAR Scientific Computing Environment (ISCE)
software (Rosen et al., 2012). Images from four Sentinel tracks are used in this study: Track 9 (descending),
111 (descending), 118 (ascending) and 147 (ascending). Timeseries analysis of the interferograms improves
information about the time-history of the deformation and reduces noise. For each satellite track, we create
average velocity maps covering the 2015-2018 period from interferograms with the same master image
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using coherent pixels, after discarding images with significant atmospheric contaminations (Figures 5a and
5b, S1, and 6a-6d). The inferred average velocity maps are referenced to the velocities of continuous GNSS
stations in Iceland, projected into the satellite line-of-sight (LOS), with the GNSS velocities referenced to
the Eurasian plate. With this referencing, the GNSS and InSAR velocities are fully compatible. The angle
between azimuth directions of the ascending and descending tracks is small and GNSS measurements indi-
cate the north component of velocities in the area is of the same magnitude as in the east and up directions.
In such a situation, the north component is expected to have minor influence on the LOS signal, so the aver-
age LOS velocity maps can be decomposed into an approximate east component (near-East, Figures 5c and
6e) and an approximate vertical (near-Up, Figures 5d and 6f) component. For a more detailed description
of the InSAR data processing and decomposing into near-East and near-Up components, see Drouin and
Sigmundsson (2019).

Inferred InSAR LOS velocity fields in the same area as shown in Figure 1 are shown in Figures 5a, 5b and
S1. Figures 6a-6d are a zoomed-in deformation field focusing on the area around the Bardarbunga caldera
from all the tracks. A comparison of LOS and GNSS velocities is included in Figures 6 and S3. Ground defor-
mation in our study area is caused by a combination of processes (Figure 5). Plate spreading is evident in
Figure Scas a velocity gradient from west to east in the near-East direction. GIA is seen in Figure 5d as the
gradient away from the ice cap to the area further away in the near-Up direction. The localized deformation
signal around Bardarbunga caldera indicates westward and upward motion in the area on the west side of
Bardarbunga caldera, suggesting inflation and displacement away from the caldera.

3.3. Corrections for GIA and Plate Spreading

GIA, plate spreading and volcanic activity are the main sources causing ground deformation in the Bardar-
bunga area. The respective velocities are vga, Vps, and Vyoicano- The observed average velocity field, vobserveds
can then be expressed as

+ v,

i = Vo T Vps ‘noise )

Vobserved Volcano

Here, Vyoicano includes the deformation caused by magma movements and viscoelastic response due to pre-
vious volcanic activities. vy is the noise in the observation data as well as unmodeled deformation. We
correct our observations for GIA and plate spreading to derive the ground deformation signal caused by
volcanic processes alone. GIA is corrected using a scaled model from Auriac (2014) and the plate spreading
correction uses a model by Drouin and Sigmundsson (2019).

The model of Auriac (2014) gives horizontal and vertical velocities caused by GIA for all Iceland for the
period between 2008 and 2010. We assume the spatial pattern of the 2015-2018 deformation is the same as
in the model of Auriac (2014) and apply scaling factors to the horizontal and vertical model velocities, as
explained below, corrects the observed deformation field for GIA in our study period.

There are two approaches that may be applied to derive the post-eruptive volcano deformation signal: 1)
compare velocity fields before and after the eruption, and 2) correct the post-eruptive velocity field for the
effects of GIA and plate spreading signal. Approach 1 (v,) can be applied to a number of GNSS sites in
the area as indicated in Figure 1, where there are measurements in both pre- (2002-2013, ylhreenpiivey and

post—eruptive

post-eruptive (2015-2018, V/yioned ) periods. This can be expressed as

post—eruptive

pre—eruptive
‘observed ¢

v = observed = OGIA + Ops + Ovotcano + Onoise ()

The result of approach 1 is shown in Figures 4c and 4d. g5 and Jps are the differences in GIA and plate
spreading (PS) velocities between the pre- and post-eruptive period. We assume the GIA and plate spreading
signals are the same in both periods, and then 8gis = 8ps = 0. Syoicano is the velocity difference between the

Figure 4. Average velocity field from GNSS measurements covering the period 2015-2018. The panels on the left/right are horizontal/vertical velocities,
respectively. Uppermost panels (a and b) show inferred average velocity relative to a stable Eurasian plate. The middle panels (c and d) are the velocity
differences between the pre- and post-eruptive periods at available sites. Bottom panels (e and f) show the average velocities after correcting for the effects of
GIA and plate spreading with models (see Section 3.3). Ellipses at the end of the arrows indicate 95% confidence intervals.

LIET AL. 8of 27

52



Paper |

ﬁ,&u Journal of Geophysical Research: Solid Earth 10.1029/2020JB020157
R A e
]
2 3

-18" -17.5" 60—17' -16.5

6565525
65.25

6565.

64.75"
64.75"

64.75

64,5"

64.5°
6

64.25"

64.25

64.25

65.25
6550
65.25"

6

64.75"
4.75"
64675Zs
64.75"

4.5

64.5°
6

8, g
g 38 3
< & 3
3 3

LIET AL. 90f27

53



Paper |

A
fa\ 4%
ADVANCING EARTH
AND SPACE SCIENEE

Journal of Geophysical Research: Solid Earth 10.1029/2020JB020157

post- and pre-eruptive period caused by volcanic activity, such as post-eruptive viscoelastic response due to
magma withdrawal and dyke opening in our case. Assuming no volcano deformation in the pre-eruptive
period, then the post-eruptive volcano deformation is v, = v/ye ™™ + &,ise- The noise, Snise, is due to the
combined effects of observation error and unmodeled effects, in both the pre-eruptive and post-eruptive

periods.

The velocity field derived by approach 2 (v,) corrects the post-eruptive velocity field (Vpost—eruptive) for a GIA
signal from a scaled version of a model (vg1a, moder) by Auriac (2014) and the plate spreading with a model
(Vps moder) by Drouin and Sigmundsson (2019), such that

V2 = Voosi—enupiive ~ AVGiamodel — VPS.model = Vvolcano + Onoise Q3)

There is need to adjust the GIA model for larger crustal response than accounted for in the model used, in
relation to larger influence of glacial retreat in recent years (e.g., Compton et al., 2015). Therefore a scaling
factor a is applied to the GIA model, so the estimated GIA signal is avga moael- The velocities after correction
include velocities caused by volcanic processes (Vyoicano), as Well as noise in the measurements (8,ise). This
approach can be applied to both InSAR and all GNSS velocities, as we do not need corresponding pre-erup-
tive observations. However, the GIA scaling factor « is unknown and needs to be inferred. The model un-
certainties should be considered as well.

‘We assume that the optimal GIA scaling factor has the result that the velocities from the two approaches
are similar, that is v, ~ v,. Therefore, we can use GNSS data, for which pre- and post-eruptive velocities exist,
to determine the value of the scaling factor. By changing the scaling factor « and comparing the horizontal
and vertical velocities inferred by approaches 1 and 2, the « which minimizes the residuals of v; — v, from
all sites is the optimal scaling factor. We calculated the horizontal and vertical velocities corrected from the
GIA model with a scaling factor ranging from 1.0 to 5.0 with the steps of 0.1. By calculating the root mean
square, we find the optimal scaling factors for horizontal and vertical are 2.8 and 1.5, respectively (Figure 7).

With the optimal scaling factor, approach 2 is applied to all velocities from both GNSS (results shown in
Figures 4e and 4f, Table S1) and InSAR (results shown in Figures Se, 5f and S2) measurements. Localized
deformation around the Bardarbunga caldera is clear in both GNSS and InSAR velocity fields after the
correction. The post-eruptive deformation associated with the dyke is evident in Figure 5f, eventually due
to a viscoelastic response. After correcting the GIA and plate spreading signals, the largest GNSS-observed
horizontal and vertical uplift signal is at KISA GNSS station. The corrected average velocity at KISA is
110.7 + 0.1 mm/year in the horizontal direction and 19.6 + 0.2 mm/year in the vertical direction. The max-
imum corrected rate of subsidence is 11.9 + 3.8 mm/year. The result from approach 2 is the model input for
the following sections.

4. Modeling and Results

In this section we examine models to explain the observed localized deformation near Bardarbunga central
volcano, considering both viscoelastic response and magma inflow. Our goal, in particular, is to find a model
that explains the horizontal displacement away from Bardarbunga, the large spatial gradient in horizontal
velocity near the caldera, the uplift in the vicinity of Bardarbunga caldera and the minor subsidence further
away, as shown in Figures 4e, 4f, 5e, and 5f. We compare the model results to GNSS and InSAR observations
corrected for GIA and plate spreading to determine models that best explain the observations.

Our Earth models have layers consisting of homogeneous and isotropic material, with Possion’s ratio
v = 0.25 and shear modulus x = 30 GPa (Grapenthin et al., 2006). As the elevation of the GNSS measuring
points is in the range 684-1,632 m a.s.l., z = 0 in our models corresponds to 1,000 m a.s.l, which is around

Figure 5. InSAR average velocity fields from 2015-2018. LOS velocities from Sentinel-1 Track 118 (a) and 9 (b) (LOS velocities from Track 147 and 111 are

in Figure S1). InSAR velocities are decomposed into near-East (¢) and near-Up (d) components. After correcting for GIA and plate spreading, the remaining
decomposed velocities in near-East and near-Up components are shown in (e) and (f). Velocities extracted from pixels along the red line in panel f are compared
with the modeling results in Figures 12e, 13e and S7e.
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glacier on top of the Bardarbunga volcano are not considered specifically.

To understand the volcanic processes that cause the observed defor-
mation, we model the following processes: (a) viscoelastic response to
co-eruptive events, including the caldera collapse and magma withdraw-
al, (b) renewed magma inflow into the magmatic system after the erup-
tion, and (c) combination of these processes. The modeling of the viscoe-
lastic response to co-eruptive events considers the effects of the surface
topography change associated with the collapse through a surface un-
. 15 loading model, and the effects of the magma withdrawal beneath the cal-

** dera using a point source of pressure change. After exploring features of
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Figure 7. Derivation of optimal GIA scaling factors for GIA signal
correction for horizontal and vertical velocities with the approach
described in the text. The x-axis displays the value of the scaling factor for
the GIA model, while y-axes show the root mean square residual in mm/
year. Minimum values occur when scaling factors are 2.8 and 1.5 for the
horizontal and vertical components, respectively.

15

2

25

GIA scale factor

3

. " . 5 and pressure drop at depth, we combine the two models to evaluate the
354 as S joint viscoelastic response. We then explore the possibility to explain the
observed deformation signal with viscoelastic relaxation only, by varying
the viscosity and volume contraction of the point source. To model the
renewed magma inflow into the magmatic system in the post-eruptive
period, we apply two different approaches. In the first approach, we mod-
el a single inflating magmatic source considering several possible source
geometries separately. In the second approach, we consider a geodetical-
ly-inferred model previously used to explain the caldera collapse (Parks
et al., 2017), with pressure variations in a sill under the caldera together
with slip on caldera ring faults. Finally, we apply both approaches to de-
rive combined models.

4.1. Viscoelastic Response to Co-eruptive Events

The viscoelastic modeling is aimed at estimating the viscoelastic response caused by the large co-eruptive
magma withdrawal and the surface unloading associated with caldera collapse. We expect a viscoelastic
response given the strong observed GIA response in our study area as presented earlier. We use a three-di-
mensional (3D) semi-analytical software, RELAX (Barbot, 2014; Barbot & Fialko, 2010a, 2010b), to infer the
viscoelastic response to the deformation sources. The model space is a Cartesian coordinate system. We use
a model domain with horizontal dimensions of 256 km (North axis) X 256 km (East axis), and a thickness
of 128 km. The grid size (pixel size used when running the software) is set to 0.5 km. The model has two
rheological layers: an elastic layer on top of a viscoelastic layer characterized by linear Maxwell rheology.
Figure 8a shows a zoomed-in section of the model. The coordinate of the center of the coordinate system is
set to —17.48°E, 64.63°N, roughly at the surface projection of the center of a deflating sill under the Bardar-
bunga caldera, responsible for the collapse, as in the model of Parks et al. (2017). We test models with the
center at other geographical locations within the caldera to evaluate the influence of the exact location
of the viscoelastic source center. The influence of source location is not large, but if the source center at
—17.45°E, 64.64°N (corresponding to the BARC GNSS station (Gudmundsson et al., 2016), 1.81 km NE of
the original point), the misfit is about 5% better than the original center.

As introduced above, seismic studies suggest the long-term brittle-ductile transition zone at Bardarbunga is
at4-6 km b.s.1. (5-7 km depth in our model). For modeling purposes, we initially use a reference Earth mod-
el with the boundary between elastic and viscoelastic layer set at 7 km depth and viscosity 7 = 5 x 10" Pa
s in the viscoelastic layer. This viscosity is similar to that inferred for the GIA model by Auriac et al. (2013).
These model parameters are used in the following to demonstrate the behavior of the model.

The temporal scale of relaxation in our viscoelastic models relates to the Maxwell time, given by

Figure 6. A comparison between observed InSAR LOS average velocity field and GNSS velocities in 2015-2018 from Track 118 (a), 147 (b), 111 (c), and
9 (d). The InSAR LOS velocities are decomposed into near-East (e) and near-Up (f) components. The circles are 2015-2018 average velocities from GNSS
measurements projected onto the LOS direction (a)-(d) or in the near-East (¢) and near-Up (f) directions, with the same color scale as the InSAR velocities.
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Figure 8. Zoomed cross-sections of models used in this study: (a) viscoelastic model driven by co-eruptive surface unloading and magma withdrawal at 10 km
depth, (b) post-eruptive magma inflow modeled as a point source, (c) post-eruptive sill inflation and fault slip. The figures only show the central part of the
model. Panel a shows vertical caldera ring faults as hatched lines. A central block within the caldera subsides and creates surface unloading. The viscoelastic
response to the creation of this surface topography (the horizontal gray area at z = 0 shown in panel a) is modeled. The effects of magma withdrawal under the
caldera is modeled by a contracting point source at 10 km depth. We also search for possible deformation sources associated with renewed magma inflow in
the post-eruptive period. Panel b shows a simple magma inflow into a point source with unknown depth and volume. Panel ¢ shows the set up of an alternative
magma inflow model, with a sill at 10 km depth that deflated during the eruption, inflating again, and simultaneous slip on caldera ring faults, as the central
block of the caldera moves upwards.
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where u is the shear modulus, 7 is the viscosity and 7 is the Maxwell time. For the reference Earth model
with 4 = 30 GPa, and 7 = 5 X 10'® Pa s, the corresponding Maxwell time (7) is 5.3 years. For modeling
purposes, we assume that the caldera collapse and magma withdrawal occurred instantaneously as a step
function, at time ¢ = 0. We consider this to be the time when half of the magma withdrawal and caldera col-
lapse had occurred. We accordingly set t = 0 to October 15, 2014. The observational period in this study with
GNSS and InSAR measurements ranges from May 2015 to October 2018, i.e., from 0.6 to 4 years since t = 0
(~ 0.67 of the reference Earth model). The eruption lasted for 6 months (~ 0.17 of the reference Earth mod-
el). We explored the sensitivity of the model to the choice of ¢ = 0 by also setting t = 0 to August 16, 2014,
when the seismicity started within the Bardarbunga caldera, but this has limited influence on the results.

We use a simplified viscoelastic model that broadly agrees with the understanding of what happened in
the 2014-2015 eruption (including magma withdrawal from a source under the Bardarbunga caldera and
caldera collapse with slip on caldera ring fault system). Prior to the onset of the caldera collapse, it has
been estimated that about 0.3 km® of magma had already flowed into the lateral dyke (Sigmundsson, Pi-
nel, et al., 2020). As more magma flowed out and the pressure dropped further in the underlying magma
body, slip on caldera faults and downward movement of the piston within the caldera occurred, creating
topographic change (Sigmundsson, Pinel, et al., 2020). Most of the magma volume drained from depth in
the system was replaced by a subsiding piston (Gudmundsson et al., 2016; Parks et al., 2017). The pressure
drop is implemented in the model as a certain volume contraction of the source, that we here refer to as
non-piston magma withdrawal volume. This naming convention is chosen as a large part of the magma
expelled from the source is replaced by a piston collapse into the source, and the non-piston magma with-
drawal volume change is only a fraction of the eruption volume. In our modeling, the non-piston magma
withdrawal volume is considered as a free parameter, but it turns out the modeling presented below finds
an optimal value corresponding closely to the value of magma drained from the magma body prior to the
caldera collapse (i.e., ~ 0.3 km?). The pressure source is under the caldera, at the approximate center of the
modeled center of sill by Parks et al. (2017). The depth of the source is at 10 km, comparable to the results
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Figure 9. Surface displacement at ¢ = 0" in viscoelastic models (same as elastic response) of (a) surface unloading, which causes uplift and displacement away
from the center at t = 0%, (b) point source of volume decrease at 10 km depth, which causes subsidence and displacement toward center at t = 0* of much larger
amplitude. (c) joint model at ¢ = 0%, which is dominated by the effects the pressure decrease at 10 km depth at ¢ = 0*. See text for model parameters. Arrows
show horizontal displacements and color represents vertical movement. Displacements are in cm.

of Parks et al. (2017); Gudmundsson et al. (2016) and Hartley et al. (2018). We consider also the additional
unloading effect due to reduction of pressure head at the base of the underlying magma body and the cre-
ation of surface topography during the period when the caldera faults were moving. We implement this as
unloading at the surface, corresponding to the topographic change, as it is simple to implement. In reality,
this unloading effect may have rather been partly or fully applied at depth at the base of the magma body
under the caldera, depending on how freely the subsiding piston within the caldera was slipping and the
density contrast between magma and piston.

4.1.1. Viscoelastic Response to Caldera Collapse

Caldera collapse was observed by multiple techniques during the Bardarbunga eruption (e.g., Agustsdottir
et al., 2019; Gudmundsson et al., 2016). The total volume of the collapse was 1.8 + 0.2 km?* (Gudmundsson
et al., 2016). A surface unloading model is calculated in RELAX to understand the viscoelastic response to
the caldera collapse process. Surface unloading is implemented in the model by applying negative pressure
over a 5.3 km X 5.3 km square area corresponding to the removal of 65 m thick layer of rock with density
of 3 x 10° kg/m’. The square area with 5.3 km on each side is calculated based on the total volume and the
subsidence depth of the caldera floor. This corresponds to the collapsed volume of 1.8 km®. The effect of the
surface unloading is thus implemented in the RELAX software by evaluating the effect of reducing normal
stress on the surface by 1.91 x 10° Pa. The commands used to parameterize and run the RELAX models are
given in Text S1.

The displacement at t = 0* (shown in Figure 9a) represents the displacement immediately after the sur-
face unloading occurred, which is the same as the purely elastic response. This immediate elastic response
shows maximum uplift at the center of the footprint of the removed surface load. Horizontal displacement
is away from the caldera. The average velocities during our study period are summarized in Figures 10a and
10d. The average velocities are about constant in the 4-year period, with uplift at the center and horizontal
movement away from the center. The maximum uplift of the elastic response at t = 0* is 13.2 cm at the
center and the average maximum vertical velocity during the study period (0.6-4 years) is 9 mm/year. The
maximum horizontal displacement is 2.0 cm at 3 km away from the center at ¢ = 0". The maximum hori-
zontal velocity is 1.4 mm/year during our study period.

4.1.2. Viscoelastic Response to Magma Withdrawal

A total of about 1.9 km® magma is inferred to have intruded and erupted during the eruption, over the same
period as the caldera collapse (Gudmundsson et al., 2016). The viscoelastic contraction volume should,
however, be only a fraction of this, because most of the magma expelled from the source is replaced by
piston collapse into the source. In an initial reference model, we use 0.3 km® as the modeled non-piston
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Figure 10. Displacements and average velocities since ¢ = 0* from viscoelastic models of surface unloading (a and d), a point source of volume decrease at

10 km depth (b and e), and joint model (c and f). Surface unloading and pressure decrease occurred at ¢ = 0 instantaneously. The deformation after t = 0 are
caused by the time delayed response of the viscoelastic material. The upper panels show the cumulative vertical displacement aty = O since t = 0" att =1, 2,
3, and 4 years. The lower panels show the horizontal (arrows) and vertical (colors) components of average velocities in our study period (0.6-4 years). Average
velocities are in mm/year. Surface unloading causes uplift increasing approximately linearly with time and displacement away from center during our study
period. Magma withdrawal causes horizontal movement away from the center. There is uplift at the center, and subsidence at the adjacent area.

magma withdrawal volume, which is the estimated volume of magma that flowed into the dyke prior to the
caldera collapse (Sigmundsson, Pinel, et al., 2020). We use a point source approximation for the non-piston
magma source, as it requires the minimum number of parameters to describe the source geometry. A point
source of 0.3 km® is removed instantaneously at ¢ = 0 at 10 km depth, the same source depth as modeled in
Parks et al. (2017). The commands used to parameterize and run the RELAX models are given in Text S2.

The magma withdrawal causes contraction toward the center in horizontal direction and subsidence in
vertical direction at ¢ = 0* (Figure 9b). The viscoelastic relaxation causes the surface to uplift at the center
and subside in the adjacent area during our study period (0.6-4 years, Figure 10e). The horizontal velocity
is approximately steady in time, with movement away from the center.

For t > 0, all areas initially subside. The subsidence rate at the center gradually reduces to 0 at t = 0.8 years
(0.27 of the reference Earth model), and then uplift begins (Figure 10b). Surrounding areas show similar
trends with the vertical deformation changing from subsidence to uplift, but the time of reversal from sub-
sidence to uplift increases with increasing distance from the center. At 10 km distance from the center, we
observe the maximum rate of subsidence of 9 mm/year during our study period. The average velocity in the
vertical direction at the center is 8 mm/year of uplift during our study period. Horizontal velocities are all
radially away from the center after t = 0".

4.1.3. Joint Viscoelastic Model

Combining the result of the two viscoelastic models, i.e. surface unloading and magma withdrawal, gives
the joint viscoelastic response. The rheology assumed is linear, so the modeled effects can be added together
to derive a joint model considering all the processes simultaneously. Figure 9c shows the displacement at
t=0". Figures 10c and 10f show the displacement at t = 1, 2, 3, and 4 years (0.27, 0.47, 0.67, and 0.87 of the
reference Earth model) and the average velocity in the study period. The combined average velocity fields
show horizontal movement away from the center, uplift at the center and subsidence in the adjacent area
around the center in the vertical direction.
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4.1.4. Optimal Viscosity and Non-piston Magma Withdrawal Volume

‘We explore further the influence of two parameters in the viscoelastic model: the viscosity of the viscoelastic
layer below 7 km depth and the non-piston magma withdrawal volume. For both elastic and Maxwell vis-
coelastic material, there is a linear relationship between the non-piston magma withdrawal volume and the
corresponding displacement (Bonafede et al., 1986; Mogi, 1958). A single model output from RELAX can
thus be used to generate a series of models with different non-piston magma withdrawal volumes, by scal-
ing the model output. According to Equation 4, the Maxwell time and relaxation in the model scale linearly
with the viscosity. Displacement rates predicted by the model scale inversely with the viscosity. For example,
if the viscosity is 5 x 10 '® Pa s and the shear modulus is 30 GPa, the Maxwell relaxation time is 5.3 years.
If we change the viscosity to 2.5 x 10 ' Pa s and keep the shear modulus the same, the relaxation time will
be 2.6 years. Therefore, if viscosity is lowered by a factor of 2, the same deformation stage is reached twice
as fast. Therefore, one can also use a single model to generate a series of models for different viscosities by
appropriate scaling.

In practice, we derive the predicted deformation of different viscosity models from a single model by ex-
tracting the displacement difference between different timespans. We infer the surface velocities for a series
of models with different non-piston magma withdrawal volume and different viscosities using the approach
explained above (appropriate scaling of output from one RELAX model with viscosity of 8 x 10'° Pa s and
non-piston magma withdrawal volume of 1.0 km?). The series of models are then compared to the observed
average InSAR velocities from four satellite tracks. For each model, corresponding velocity residuals are
evaluated by comparing the InSAR observed velocities and modeling velocities. The velocity residual is

calculated using the reduced chi-squared statistic, 1‘2,, as

2 1 (0, - C,)*
7 =3 0=Gr ®

iV o".'

where O; is the observed data at point i and C; is the model output in the same grid geometry as the observa-
tions projected to LOS directions. v is here the degrees of freedom, equal to the number of observations mi-
nus the number of model parameters. o7 is the data variance, found by adding together the InSAR velocity
variance and the variance due to GIA and plate spreading correction, assuming zero covariance. The aver-
age InSAR velocity variance in each pixel is calculated during the creation of the average velocity maps. The
variance in LOS direction is less than 3 mm/year in the majority of the area, except closest to the caldera,
where the variance is up to 5 mm/year. We take 2 mm/year as the standard deviation of the GIA and plate
spreading correction. 7 equal to 1 would indicate the model fully explains the observations considering the
value of the variance. We explore models with non-piston magma withdrawal volume ranging between 0
and 1.0 km*® with 0.04 km® steps and viscosity from 1.8 x 10'® Pas to 8 x 10'* Pa's. The viscosity values tested
are such that ny, viscosity = 8 x 10" Pa s/n, where n is from 1 to 45.

Figure 11 shows the reduced chi-square statistic inferred with the procedure explained above. The lower
the value of the reduced chi-square statistic, the better the model fits the observations. The minimal value
is achieved with a viscosity of 3.0 X 10'® Pa s and a non-piston magma withdrawal volume of 0.4 km®. The
results indicate some trade-off between the parameters considered, such that a model with higher viscos-
ity needs more non-piston magma withdrawal volume to fit the observations. Figures 12 and S4 show the
GNSS and InSAR observations compared with the model with the optimal viscosity and non-piston magma
withdrawal volume. The model reproduces the horizontal displacement outward from the caldera and sub-
sidence measured by some GNSS stations (Figures 12a and 12e). The deformation pattern observed by both
ascending and descending InSAR tracks can be broadly explained, especially the rapid velocity change in
the area closest to the Bardarbunga caldera in vertical direction (Figures 12b-12d, 12f-12h and S4). Never-
theless, some residuals still remain, including the fast horizontal velocity observed at KISA GNSS station
and some LOS residuals (Figure 12 and S4).
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Figure 11. Reduced chi-squared statistic for the INSAR observations and viscoelastic models. Colors indicate the
reduced chi-squared statistic considering all the four InSAR tracks. The optimal (lowest value) is found when viscosity
is 3.0 x 10"® Pa s and the non-piston magma withdrawal volume is 0.4 km®. The contour line spacing is 0.1.
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Figure 12. Corrected GNSS and InSAR average velocities compared with joint viscoelastic deformation model with optimal viscosity and non-piston magma
withdrawal volume. The GNSS velocities in horizontal and vertical directions from model and observation are shown in panels a and e. Black arrows in panel a
show observations and red arrows show the modeled velocities. Decomposed InSAR vertical displacement shown in panel e is taken along the profile indicated
by the red line in Figure 5f. Gray area in panel e is the distance range from the modeling center to the caldera rim. The figure displays InSAR input data (b)
and (f), modeling result (¢) and (g) and residuals (d) and (h). The dot in the caldera in panel c shows the modeling center of the joint viscoelastic model.
Corrected InSAR average velocity from ascending Track 118 and descending Track 9 compared with joint viscoelastic deformation model in panels b-d and

f-h, respectively (results from other two tracks are shown in Figure S4 in the supporting information). The observation period for average velocity is May 2015-
October 2018.
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4.2. Renewed Magma Inflow Models

We consider another end-member series of models, that explore whether all the observed deformation can
be explained by magma inflow during the post-eruptive period. Such a process is typically modeled consid-
ering fully elastic host rock behavior. Considering the viscoelastic modeling above, it is, however, also im-
portant to evaluate whether viscoelastic relaxation in response to magma inflow is significant. To evaluate
that effect, we first apply an elastic magma inflow model (fitting the observations), and then consider how
large potential viscoelastic effects would be for the reference Earth model. Over the considered time frame
we find that the final viscoelastic response to steady magma inflow is less than 5% of the elastic signal in
the vertical direction. Since this effect is so small, we did not consider it further. Due to the large volume
of magma involved, the viscoelastic response to co-eruptive events, on the other hand, is significant during
the post-eruptive period.

The input data (the same as for the viscoelastic model) include average LOS velocities from all four In-
SAR tracks, as well as average GNSS velocities. We assume a constant rate of magma inflow, modeling the
first-order linear behavior observed by the GNSS timeseries in our observation period. Such a model, how-
ever, can’t explain the velocity variations observed at the KISA station, in particular the higher velocity in
the initial months after the eruption ended when compared to the main part of our study period. We use the
Geodetic Bayesian Inversion Software (GBIS) by Bagnardi and Hooper (2018) to invert for the best-fitting
model for magma inflow. We give the InSAR and GNSS data the same weight. We test two magma inflow
models: 1) a single source with a center within a rectangular search area covering the caldera at any depth
below the caldera, 2) a sill source at fixed 10 km depth combined with slip on a caldera ring fault. For the
latter we consider the same sill and fault geometry as used by Parks et al. (2017), with reversed processes
compared to what happened during the 2014-2015 eruption.

4.2.1. Single Magma Inflow Source

We test different model geometries: A point source (Mogi, 1958), a sill (Okada, 1985), and a penny-shaped
crack (Fialko et al., 2001). They differ in the number of parameters to describe them and the surface dis-
placements they induce (e.g., Sigmundsson et al., 2018). First, we run the inversions with the GBIS software
to obtain the optimal parameters for inflow source considering different geometries. The InSAR grid is
subsampled using a quadtree partition in the software. We search for a source with a center within a rectan-
gular area with northeast and southwest coordinates of (64.86°N, —17.13°E) and (64.50°N, —17.75°E), cov-
ering the caldera. The search intervals for the depth is constrained to be between 0 and 15 km, and for the
inflow rate between 100 and 10° m*/year. No good sill models were found as the models did not converge,
which may relate to the fact that we only have observation data limited to the northwest of the caldera.

The result suggests a most probable pressure increase as a point source at a depth of 0.7 km, with a yearly
inflow rate corresponding to 1.1 X 10" m*/year (Figures 13 and S5). The calculated maximum surface uplift
above the point source is 4.9 m/year. The modeled interferograms fit the rapid velocity decay with distance
away from the Bardarbunga caldera, and the horizontal velocities measured by GNSS sites can be broadly
explained by this shallow magma inflow model. The shallowness of the source and very fast uplift rate
make this source unlikely, although the fit to the data is reasonable. Pressure increase at this depth could
though relate to the formation of a magma intrusion rather than magma inflow into a long-lived magma
body (temperature gradients would be extremely high), but no particular local seismicity is known within
the caldera corresponding to such process. Alternatively, it could be a pressure source under the influence
of interaction of a heat source and ground water, but this may also be unrealistic.

In order to evaluate the effect of data from the KISA station for the inversion results, we carried out an inver-
sion without data from the KISA station (including all the other GNSS velocities and InSAR velocities), but
did not get any realistic result. This test suggests that KISA station plays an essential role in controlling the
optimal solution reached by the inversion for this model, as our observations are limited due to the glacier
coverage on top of the caldera.

4.2.2. Magma Inflow and Caldera Fault Slip

Another possible model for the observed deformation is that additional melt is being supplied to the same
magma body that was tapped during the 2014-2015 eruption (at about 10 km depth). This process results
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Figure 13. Corrected GNSS and InSAR average velocities compared with the optimal single magma inflow point source model. Data are presented in the same
way as in Figure 12. Corrected InSAR average velocity from ascending Track 118 and descending Track 9 are compared with the magma inflow model (results
from other two tracks are shown in Figure S5 in the supporting information). The point within the caldera in panel ¢ shows the inferred location of the source

center of the magma inflow model.

in inflation and slip on the caldera ring faults in such a manner that the piston inside the caldera moves
upward: the reverse of the process that occurred during the caldera collapse. We use the model geometry
and the approach of Parks et al. (2017) to simulate this process. A fixed geometry is used for the caldera ring
fault and the sill under the caldera. A Bayesian inversion approach is applied to invert the joint GNSS and
InSAR geodetic observations. The modeled sill is divided into 85 patches and the caldera ring fault into 192
patches. The geographical coordinates and shape of the sill patches and caldera ring fault patches are fixed,
and the Bayesian approach derives values for the opening on the sill patches and slip on the fault patches
within pre-set bounds. Thus the model searches for a distribution of opening and slip on the patches, rather
than searching for traction applied to the patches. In the Bayesian approach we derived one million models
fitting the observations, and from these the posterior probability functions for slip/opening on each patch
were derived (Bagnardi & Hooper, 2018). The models presented show the derived mean slip/opening. This
approach eliminates the need for a smoothness constraint, as the posterior probability functions identify
the spread and trade-offs between the inferred model parameter values. For instance, if high slip on either
of two adjacent patches will fit the data almost equally well, some solutions will have high slip on one, and
some will have high slip on the other. The full posterior probability solution will identify this trade-off, and
the mean slip for both patches will give approximately equal values, producing a smooth result (as seen
in Figure 14). The maximum allowed sill opening and fault slip on each patch is set to 3 m during the in-
version. In this modeling approach, the input InSAR results were resampled to a grid consisting of denser
points close to the caldera and sparse points further away from the caldera (e.g. Figures 14b and 14f).

The predicted surface deformation by this model is shown in Figures 14 and S6. The largest sill opening
is located in the northwest of the caldera (Figure 14j). The yearly inflow rate is 31.6 + 6.0 million m*/year
and the surface uplift in the center of the caldera is 1.7 m/year. This joint model has the ability to fit the
deformation gradient close to the caldera and it explains well the high horizontal velocity measured at the
KISA GNSS point, closest to Bardarbunga caldera. This model overestimates the InSAR signal closest to the
caldera, so there are some residuals outside the ice cap. The observations from the KISA GNSS station play a
minor role in these analysis. Inversion carried out excluding data from the KISA station (but otherwise the
same) result in a model similar to that presented in Figure 14.

LIET AL.

19 of 27

63



A . .
AT Journal of Geophysical Research: Solid Earth 10.1029/2020JB020157

ADVANCING EARTH
AND SPACE SCIENCE

e - s -tex - nr e s e iy e s R anr e

“{e) T118 ~'model *{d) 7118 -residual

(a) Horizontal veloch
10 mmiyr >

o4

(e) Vertical velocity - am ovsrvaton
i - adeing 3

(0]

North (km)

2 4
North (km) 4 -6 East (km)

5
East (Km)

Figure 14. Corrected InSAR LOS velocities and GNSS horizontal velocities compared with the model predictions considering the response from a model with
assill fixed at 10 km depth and fault slip on the caldera ring fault. Data are presented in a similar way as in Figure 12. The input InSAR results were resampled
to a grid consisting of denser points close to the caldera and sparse points further away from the caldera. The grid within the caldera in panel c illustrates the
location of the modeled sill. Results from other two tracks are shown in Figure S6 in the supporting information. Panel i shows a three-dimensional view of
amount of slip on the caldera fault patches according to the model, and panel j shows similarly the inferred sill opening.

4.3. Combination of Viscoelastic Relaxation and Magma Inflow Model

‘We evaluate two end-member cases in the previous two sections: 1) only viscoelastic relaxation, 2) only
magma inflow. We find that an optimal model from both approaches can explain majority of the signals we
observed. However, neither model alone fully explains the observations. The viscoelastic relaxation can-
not explain some of the rapid velocity decay closest to the Bardarbunga caldera, while the magma inflow
model cannot explain observed subsidence in some nearby areas after correcting for a GIA model. A model
combining viscoelastic relaxation and magma inflow may therefore best explain the observations. Here, we
present examples of combined viscoelastic relaxation and renewed magma inflow models.

‘We initially considered to use the optimal viscoelastic model, which can explain the majority of the ob-
served deformation field, and use residuals from this model as an input to a magma inflow model. However,
the residuals are too insignificant to constrain a magma inflow model well. Here, we use our reference Earth
model as an example of a joint model. We set the viscosity in our reference model as 5 x 10' Pa s and use a
non-piston magma withdrawal volume of 0.4 km®. The viscosity is similar to that inferred for the GIA model
by Auriac et al. (2013) and the volume is the same as found in Section 4.1.4. We consider the viscoelastic
relaxation in the same manner as before. We test two combinations: 1) viscoelastic response to co-eruptive
events and the renewed magma inflow in a single point source (Figures 8a and 8b), and 2) viscoelastic

LIET AL. 20 of 27

64



Paper |

Ay
NI
ADVANCING ERTH
ANDSpace scItnCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB020157

e

s -ex 1o “r e ey 1o nr i ey - nr i

s

(a) Horizontal veloch
1

) T118 —'data ) T118 residual

Velocity (mmyr)

(i)

Up (km)

North (km)

S
4 6

East (km)

SliplOpening (m)

g
£
£
22

Up (km)

6
East (km)

Figure 15. Corrected InSAR LOS velocities and GNSS horizontal velocities compared with the model predictions considering the response from viscoelastic
relaxation of co-eruptive magma withdrawal and caldera collapse, as well as renewed magma inflow at 10 km together with caldera ring fault slip. Data and
modeling results are presented in a similar way as in Figure 14. Results from the other two tracks are shown in Figure S8.

response to co-eruptive events together with fault slip on the caldera ring fault and sill inflation at 10 km
depth (Figures 8a and 8c).

‘When combining the viscoelastic relaxation with a single inflation source (described in Text S3 and Fig-
ure S7), the result suggests a shallow source at 0.5 km depth with a yearly inflow rate of 2.4 million m*/year,
which may be unlikely. To find the result from the second combination, we combine the viscoelastic relaxa-
tion signal with sill inflation at a fixed 10 km depth together with slip on caldera ring fault (Figures 8a and
8c). After correcting for the co-eruptive viscoelastic relaxation model, the data are processed in the same
way as in Section 4.2.2 with maximum allowed slip on the ring fault and opening of the sill set to 3 m. The
inflation rate is 39.3 + 4.8 million m*/year, with maximum opening occurring at the northern rim of the
caldera (Figure 15 and Figure S8). The surface uplift at the center of the caldera caused by the sill and ring
fault is 0.9 m/year. This joint model provides a good fit to the input data close to the caldera and can also
explain the high horizontal velocity measured by the GNSS point KISA.

5. Discussion

The two independent and complementary geodetic techniques (InSAR and GNSS) are important for meas-
uring the ground deformation at Bardarbunga. A relatively large localized deformation signal was observed
at the GNSS station closest to the caldera and is confirmed by the InSAR observations that show a rapid
decay of LOS velocities with distance from the caldera at the same magnitude as the GNSS velocities. The
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GNSS and InSAR observations can be compared in two ways. The three-dimensional GNSS velocities can be
projected onto the InSAR satellite LOS direction for direct comparison with InSAR derived LOS velocities
(Figures 6a-6d, and S3), or alternatively InSAR LOS velocities from different satellite tracks can be decom-
posed into near-East and near-Up velocities and these can be compared with the respective components of
the GNSS velocities (Figures 6e and 6f). In our case, both approaches show good agreement between the
GNSS and InSAR average velocities.

The volcanic deformation signal at Bardarbunga is of a similar magnitude or smaller than the background
deformation signal throughout a large part of the study area in both horizontal and vertical directions. The
GNSS observed ground deformation velocities are in the range of 16-127 mm/year in the horizontal and
7-46 mm/year in the vertical direction. The average velocities are 30 mm/year and 22 mm/year in horizon-
tal and vertical components, respectively. The average standard deviation of the average InSAR velocities
are 2 mm/year. We corrected for two deformation processes prior to modeling the deformation: the GIA
and plate spreading signals. GIA signal has a large influence on the vertical deformation field. The GIA
model by Auriac et al. (2014) has a maximum vertical velocity of 22 mm/year from 2008 to 2010 in our
study region but the GIA velocities are fluctuating in recent years, including accelerating and slowing down
(Belart et al., 2020; Compton et al., 2015; Geirsson et al., 2020; von Hippel & Harig, 2019; Zemp et al., 2019).
Therefore, we apply a scaling factor constrained from GNSS data to reduce the uncertainty caused by the
GIA correction, although there may also be spatial variations different from that in the model used. The
scaling factors found in our study are 2.8 for horizontal and 1.5 for vertical, comparable to the values found
by Drouin et al. (2017) (3.2 for horizontal and 1.8 for vertical).

The correction process for GIA and plate spreading contains uncertainties. The plate spreading model we
applied (Drouin & Sigmundsson, 2019) is composed of multiple back slip segments to find the best-fitting
central axis of the plate boundary in Iceland. In our area, the modeled divergent plate boundary axis locates
under the Vatnajokull ice cap passing through the Bardarbunga caldera. Uncertainties in the plate spread-
ing model may translate into uncertainties of up to a few mm/year within our study area. Regarding the
GIA modeling approach, although we applied two approaches to get a better understanding of the current
GIA signal, we still cannot reach millimeter-scale accuracy for GIA correction, because of eventual fluctu-
ations in the GIA velocities, that may be influenced by an elastic response to irregular annual variations
in mass balance of Iceland’s ice caps. The different scaling factor we infer for the horizontal and vertical
displacement components warrants an explanation. Their difference may relate to the GIA model approach.
In a similar context, Spaans et al. (2015) consider that FEM models of the GIA process may systematically
underpredict horizontal displacements, and therefore different scaling factors for vertical and horizontal
components are needed. This takes into consideration both observed systematic difference in misfit in ver-
tical and horizontal components of observed and predicted GIA velocities in a series of studies (e.g. Arna-
dottir et al., 2009), and that previous studies (e.g. Latychev et al., 2005; Schmidt et al., 2012; Whitehouse
et al., 2006) have shown that the horizontal component of the surface deformation is generally more sensi-
tive to three-dimensional Earth structure than the vertical component. If we change the GIA scaling factor
by 0.1, it leads to up to 0.2 mm/year horizontal velocity change or 2.2 mm/year vertical velocity change.
Since the inferred volcano deformation signal is sensitive to the GIA and plate spreading corrections, our
inferred deformation processes occurring beneath Bardarbunga volcano are dependent on successful cor-
rection for the effects of GIA and plate spreading.

Viscoelastic models have been applied to different volcanic settings to explain observed post-eruptive infla-
tion signals, and deflation signals following magma inflow. For example, Yamasaki et al. (2018, 2020) use
a three-layer model at the Kutcharo caldera and a two-layer model at the Aira caldera in Japan to explain
deformation, including an elastic top layer and viscoelastic layers below. Similar to these studies, our model
structure assumes homogeneous material within each layer. Other studies apply spatially varying viscosity
models, such as Morales Rivera et al. (2019) used for the 2010-2011 Taal volcano unrest and Del Negro
et al. (2009) used for the 1993-1997 Etna volcano inflation. These authors apply temperature dependent
models to explain the volcano deformation. Compared to our model, the temperature dependent spatially
varying viscoelastic model is more complex. Compared to such models, the value of our model is to test in
a relatively simple manner the role of viscosity of whole crustal sections, as known from GIA studies in
Iceland, and evaluate the importance of the response of such structures for volcano behavior.
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The viscoelastic response and the renewed magma inflow models suggest similar deformation pattern in the
area outside of the ice cap. However, due to the spatial distribution of the available geodetic data, finding
the contribution of each of the processes involved is difficult. This is because there is a trade-off between 1)
viscosity and non-piston magma withdrawal volume (Figure 11), and 2) viscoelastic relaxation and renewed
magma inflow. As presented in Figure 11, we can fit our observations equally well with higher non-piston
magma withdrawal volume or lower viscosity. Since the deformation velocity in the far field outside the ice
cap has similar patterns due to different processes, finding the optimal trade-off between viscoelastic relax-
ation and renewed magma inflow result is difficult with the available data.

The influence of a caldera ring fault slip needs to be considered when studying ground deformation at cal-
deras, as slip at caldera faults may lead to localized deformation pattern. Liu et al. (2019) studied the influ-
ence of caldera fault slip with sill inflation at depth using experiments and boundary element modeling, and
suggested that a localized geodetic signal is not necessarily caused by shallow intrusion. In our case, both
the shallow magma inflow and a model with a sill inflation fixed at 10 km depth combined with fault slip
can fit the rapid deformation signal closest to the Bardarbunga caldera. The latter model has a sill volume
increase around three times of the volume rate increase of the single shallow source model when consid-
ering the renewed magma inflow only. For the renewed magma inflow model, the accumulated magma
volume of the 10-km sill source is 31.6 million km® during our study period, equivalent to 2% of the magma
volume involved in the 2014-2015 eruption.

When considering a viscoelastic response to the co-eruptive events at the Bardarbunga caldera, we need
to consider the role of movements on the caldera faults. In particular, the caldera ring fault inclination
can have a significant effect on deformation fields (Segall et al., 2019). The dip of the Bardarbunga caldera
ring fault is somewhat uncertain as different studies offer different conclusions. Parks et al. (2017) suggest
near-vertical dipping. Gudmundsson et al. (2016) suggest outward dipping in the northern cluster and near
vertical/vertical dip on the south side. Agustsdéttir et al. (2019) find subvertical arrays of normal faults,
with fault planes dipping inwards at ~60° + 9°. We decide to use vertical dipping faults in our simplified
viscoelastic model.

Both the viscoelastic and renewed magma inflow models have their advantages and disadvantages. Vis-
coelastic relaxation explains the subsidence signal at some GNSS stations and in general we expect that
viscoelastic material needs to be considered in this area because of ongoing GIA. Our viscoelastic relaxa-
tion model shows slight horizontal velocity variation in our study period, which is less than the temporal
variation in the timeseries at the KISA GNSS station. A renewed magma inflow model with variable rate of
inflow may be more appropriate to explain this temporal variation. The formation of seven ice cauldrons
at Bardarbunga after the eruption suggests the possibility of new heat sources at shallow depth, in favor of
renewed magma inflow. Reynolds et al. (2019) modeled the fluid flow and heat transport in the uppermost
1 km of the crust, and suggested that the observed increase in geothermal activity could be reproduced
by renewed magma inflow and high permeability pathways. However, as the study focused on modeling
the geothermal activity within 1 km below the caldera bedrock, it is hard to use it to help us distinguish a
preferred magma inflow model. Gravity surveys by Gudmundsson et al. (2020) can provide an additional
constraint. The results can be interpreted in terms of rise of the caldera floor by several meters. Earthquake
activity in the post-eruptive indicates a significant role of the caldera ring fault. The flipped polarity of focal
mechanisms of earthquakes along the caldera ring fault in the post-eruptive period when compared to the
co-eruptive period suggests the central block within the caldera (piston) has been moving upwards in the
post-eruptive period (Cardozo et al., 2019; Jonsdattir et al., 2019). Both viscoelastic relaxation and renewed
magma inflow create uplift in our study period.

We compare the predictions of the different models of maximum uplift rate, the root mean square (RMS)
residuals and the reduced chi-squared statistic between observations and models over a focused area (Ta-
ble S2). The lowest RMS and reduced chi-squared statistics are for a model considering only fault slip and
sill inflation at 10 km depth. Even if the magmatic recharge model provides mathematically the best fit with
the approach presented here, the fact that it does not account for the effect of viscoelasticity is unsatisfying.
One limitation of the model combining magma inflow and caldera fault slip is the large number of model
parameters (85 sill patches and 192 caldera ring fault patches), which poses a risk of overfitting the data.
A combination of this magma inflow and viscoelastic response has slightly higher RMS but may be more
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satisfying in the sense that a viscoelastic rheology is likely more appropriate than a purely elastic rheology as
previous work has demonstrated strong GIA effects in this area. The model considering only the viscoelastic
relaxation has higher RMS misfit and produces a much smaller surface uplift at the source center. One thing
to notice is that our viscoelastic relaxation modeling result strongly depends on the rheological structure
of the area and we are only using one simplified model here. An improved viscoelastic model, considering
different rheological structure or different source geometry and caldera collapse model, could provide a
better fit to the data.

Our study suggests that viscoelastic response needs to be considered in general for large volume eruptions
(e.g. the 2018 Kilauea eruption Neal et al., 2019), as the magnitude of post-eruptive ground deformation in-
duced by viscoelastic deformation due to co-eruptive changes can be of a similar magnitude as deformation
due to the post-eruptive magma inflow. The deformation field observed around Bardarbunga outside the
ice cap can either be explained by viscoelastic relaxation, renewed magma inflow, or a combination of both.
The deformation fields generated by the two processes are hard to distinguish in the far field in our study
period. Magma inflation at depth, together with the caldera ring fault slip, creates localized deformation
similar to deformation caused by magma inflation at a shallower depth. Future work to improve our under-
standing of ground deformation at Bardarbunga in the post-eruptive period could consider more complex
source models in viscoelastic material, such as a sill model or more complex source geometries, as suggested
for the co-eruptive period (Parks et al., 2017). More complex models for Earth and host rock rheology can be
considered, as well as improved GIA and plate spreading corrections. We explored trade-offs between two
viscoelastic model parameters (viscosity and non-piston magma withdrawal volume), but more exploration
of other model parameters is also warranted in future studies. Investigating the stress changes caused by
the viscoelastic relaxation and their influence on the magma inflow can also be considered. Analyzing the
stress changes caused by viscoelastic relaxation and renewed magma inflow will deepen our understanding
of the processes in the post-eruptive period and may improve our understanding of the processes involved.

6. Conclusion

Following caldera collapse and major magma drainage at the ice-covered Bardarbunga caldera in 2014-
2015, InSAR and GNSS data reveal post-eruptive inflation at the volcano in 2015-2018. After correcting for
the effects of GIA and plate spreading, the remaining deformation signal around Bardarbunga caldera in
our study period (May 2015-October 2018) includes average horizontal displacement away from the caldera
at maximum observed rate of ~111 mm/year, with velocities decaying quickly with distance away from the
caldera. The corrected vertical displacement has maximum uplift of ~20 mm/year and maximum subsid-
ence of ~12 mm/year.

The corrected deformation signal can be broadly reproduced by a model incorporating viscoelastic relaxa-
tion due to co-eruptive processes (magma withdrawal under Bardarbunga volcano and changes to surface
topography due to caldera collapse), and/or continuous magma inflow in the post-eruptive period. When
considering viscoelastic relaxation in a two layers Earth model driven by co-eruptive events as the only
source for ground deformation, we derive optimal viscosity of 3.0 X 10' Pa s. This model cannot reproduce
the localized high horizontal velocity close to the Bardarbunga caldera. When considering renewed magma
inflow as the only source for ground deformation, the same corrected velocity field can be well explained by
asill inflation at ~10 km depth expanding ~3.2 x 107 m*/year together with fault slip on a caldera ring fault.
Viscoelastic relaxation alone, renewed magma inflow model alone, or a combination of both processes can
broadly explain the corrected deformation field. Our study therefore suggests that after a major eruption
with a large volume of magma involved, viscoelastic relaxation needs to be considered when evaluating
post-eruptive deformation as the resulting deformation may be of similar magnitude as that due to renewed
magma inflow.
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Introduction

Texts S1 and S2 give the input commands for viscoelastic modeling using RELAX software version
1.0.7 [Barbot 2014; Barbot and Fialko 2010a, 2010b], for both surface unloading model and the
point source model with volume decrease at depth. Text S3 explains the modeling procedures for
a combined model considering both the viscoelastic relaxation and renewed magma inflow into a
point source, with results presented in Figure S7. Figure S1 shows the 2015-2018 LOS velocity
fields for Sentinel-1 Track 147 and Track 111. Figure S2 shows LOS velocities after correcting for
Glacial Isostatic Adjustment (GIA) and plate spreading signals for all the four satellite tracks used.
Figure S3 shows the comparison between the GNSS and InSAR velocities in the LOS direction. The
modeling results from the two satellite tracks (Track 147 and 111) for all the models are presented
in Figure S4, S5, S6, and S8 (complementing information for the other two tracks in the main text).
The GNSS station velocities are listed in Table S1. A comparison between the different models is
presented in Table S2.
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Text S1.

Commands used for viscoelastic modeling using RELAX software for surface unloading model.
The units all correspond to Sl units. The elastic layer is 7 km thick and the viscoelastic material
has a viscosity of 5 x 108 Pa s. The surface unloading is in a squared area with each side of 5.3
km. The pressure decrease at the surface is 1.91 x 10°Pa.

grid size (sx1,sx2,sx3)

512512512

# sampling size & smoothing
(dx1,dx2,dx3,beta) & nyquist
5005005000.21

# origin position and rotation

000

# observation depth (displacement and
stress)

00.5

# output directory

surfaceload.53

# elastic parameters (lambda,mu) and gravity
effect

30e9 30e9 8.33e-7

# integration time and time step
1000.1

# number of observation planes

0

# number of observation points

0

# number of stress observation segments
0

# number of prestress interfaces

0

# number of linear viscous interfaces

1

# n depth gammadot0 cohesion

17000 1.89216e-10

# number of linear weak zones

0

# number of powerlaw viscous interfaces

0

# number of friction faults

0

# number of inter-seismic strike-slip

segments

0

# number of inter-seismic tensile segments

0

# number of coseismic events

1

# number of shear dislocations

0

#index slip x1 x2 x3 length width strike dip

rake

0

# number of dilatation point sources

0

# number of surface loads

1

#n xs ys length width t3 T phi
10052625262-1.91e6 00
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Text S2.

Commands used for viscoelastic modeling using RELAX software for the point source with
volume decrease at depth model. The units all correspond to Sl units. The elastic layer is 7 km
thick and the viscoelastic material has a viscosity of 5 x 10 Pa s. The point source is at 10 km

depth with a volume decrease of 0.3 km3,

# grid size (sx1,5x2,5x3)

512 512512

# sampling size & smoothing
(dx1,dx2,dx3,beta) & nyquist
5005005000.21

# origin position and rotation

000

# observation depth (displacement and
stress)

00.5

# output directory

spherical_visco

# elastic parameters (lambda,mu) and
gravity effect

30e9 30e9 8.33e-7

# integration time and time step
1000.1

# number of observation planes

0

# number of observation points

0

# number of stress observation segments
0

# number of prestress interfaces

0

# number of linear viscous interfaces
0
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1
# n depth gammadotO cohesion
17000 1.89216e-10
# number of linear weak zones
0
# number of powerlaw viscous interfaces
0
# number of friction faults
0
# number of inter-seismic strike-slip
segments
0
# number of inter-seismic tensile segments
0
# number of coseismic events
1
# number of shear dislocations
0
# number of tensile cracks
0
# number of dilatation point sources
1
# no dilatation xs ys zs
1-5.283e8 0 0 10000
# number of surface loads
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Text S3.

We combine the viscoelastic relaxation and renewed magma inflow as a point source in section
4.3 as an example considering both processes. The rheology assumed is linear, so the modeled
effects can be added together to derive a joint model. For the viscoelastic relaxation model, we
use our reference Earth model as an example of a joint model. We accordingly set the viscosity in
our reference model as 5 x 108 Pa s and use a hon-piston magma withdrawal volume of 0.4 km3.
The viscosity is similar to that inferred for the GIA model (Auriac et al., 2013) and the volume is
the same as we found in section 4.1. We consider the viscoelastic relaxation in the same manner
as before, and present here viscoelastic response to co-eruptive events and the renewed magma
inflow in a single point source (Figure 8a and b).

Firstly, we run RELAX to calculate the average velocity for the viscoelastic response to the surface
unloading and magma withdrawal. We subtract this result from the observations corrected for
GIA and plate spreading signals. Then these residual GNSS and InSAR velocities are used to
evaluate the optimal magma inflow model with a single magma inflow source or a sill source
together with caldera fault slip. Thus, we consider both viscoelastic relaxation and renewed
magma inflow in this approach.

With this approach, the GBIS inversion suggests a single inflation source at a depth of 0.5 km and
a yearly inflow rate of 2.4 million m3/yr. The calculated maximum uplift of the point source is 2.6
m/yr, at the surface projection of the source center. Figure S7 shows the combined model result
including the viscoelastic response and magma inflow. The modeled interferograms fit the rapid
velocity decay with distance away from the Bardarbunga caldera. The velocities of the majority of
the GNSS points are also explained by such a shallow magmatic inflow source when combined
with a viscoelastic relaxation signal, except the velocity of the KISA station, especially in the
horizontal direction.
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Figure S1. InSAR average velocity fields 2015-2018. LOS velocities from Sentinel-1 Track 147 (a)
and Track 111 (b) from Drouin and Sigmundsson [2019]. Arrows show the Sentinel-1 satellite
heading (large arrow) and look angle (small arrow).
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Figure S2. InSAR average velocity fields 2015-2018 corrected for Glacial Isostatic Adjustment (GIA)
and plate spreading. Corrected LOS velocities from Sentinel-1 Track 118 (a), 147 (b), 111 (c) and 9
(d). Arrows show the Sentinel-1 satellite heading (large arrow) and look angle (small arrow).
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Figure S4. Corrected InSAR average velocities compared with joint viscoelastic deformation model
with optimal viscosity and optimal non-piston magma withdrawal volume (and no magma inflow).
Corrected InSAR average velocity from ascending Track 147 and descending Track 111 are
compared with model predictions in panels a-c and d-f, respectively. The observation period for
average velocity is May 2015 - October 2018. Panels display InSAR input data (a and d), modeling
result (b and e) and residuals (c and f).
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Figure S5. Corrected InSAR average velocities compared with the optimal single magma inflow
source model. The optimal magma inflow rate from inversion results is from the GBIS software
[Bagnardi and Hooper, 2018]. Corrected InSAR average velocity from ascending Track 147 and
descending Track 111 compared with model predictions are in panels a-c and d-f, respectively.
Panels display InSAR input data (a and d), modeling result (b and e) and residuals (c and f).
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Figure S6. InSAR LOS velocities compared with the model considering the response from a model
with a sill fixed at 10 km depth and fault slip on the caldera ring fault. The input InSAR results were
resampled to a grid consisting of denser points close to the caldera and sparse points further away
from the caldera. Corrected InSAR average velocity from ascending Track 147 and descending
Track 111 compared with model predictions are in panels a-c and d-f, respectively. Panels display
InSAR input data (a and d), modeling result (b and e) and residuals (c and f).
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Figure S7. Corrected InSAR average velocities compared with the combination of viscoelastic
relaxation and a single inflating source model. The data in the upper two lines are presented in
the same way as in Figure 12. GNSS data and model in horizontal and vertical directions are in
panels a and e, respectively. Panels display InSAR input data (b, f, i and 1), modeling result (c, g, j
and m) and residuals (d, h, k and n).
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Figure S8. Corrected InSAR LOS velocities compared with the model predictions considering both
viscoelastic response and renewed magma inflow at 10 km depth together with caldera ring fault
slip. The input InSAR results were resampled to a grid consisting of denser points close to the
caldera and sparse points further away from the caldera. Corrected InSAR average velocity from
ascending Track 147 and descending Track 111 compared with model predictions are in panels a-
¢ and d-f, respectively. Panels display InSAR input data (a and d), modeling result (b and e) and
residuals (c and f).
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GNSS
station
name

DYNC
ISHO
GAEH
SURT
RIJUB
RJUC
KISA
GJAC
TIND
HNIF
NEFS
VONC
SHOF
KIDC
FJOC
TOMA
NYID
HSKE
SHAG
HAUC
SKRO
SVAA

Longitude

-17.366
-17.410
-17.481
-17.493
-17.521
-17.527
-17.562
-17.614
-17.634
-17.710
-17.713
-17.754
-17.909
-17.942
-18.006
-18.019
-18.069
-18.075
-18.206
-18.345
-18.378
-18.583

Latitude

64.791
65.216
64.784
64.892
64.739
64.743
64.674
64.829
64.751
64.720
64.647
64.674
64.639
65.019
64.875
64.782
64.734
64.612
64.548
64.711
64.557
64.503

Observed velocity Corrected velocity
(mm/yr) (mm/yr)

__East | North Up __East | North | Up |
-19.90 = 20.80 19.74 -8.57 10.23 -2.60
-1557  11.60 6.84 -1.59 2.24 -4.26
-20.95 @ 2157 19.83 -8.50 10.73 -2.67
-19.61  18.32 2111 -6.41 7.44 1.96
-2493 3861 23.19 -1263  27.86 -0.94
-23.77 | 33.96 2517  -1136 2318 1.23
-85.92  92.95 46.00  -7433 8272 19.61
-2140 1515 17.75 -7.99 4.15 -3.55
-2419 2133 2655  -11.07 1049 2.81
-2438  18.08 1858  -10.97 7.41 -6.30
-2456 = 13.85 3052  -1161 3.37 3.19
-25.71 1454 20.21 -12.20 413 -6.07
-1837 = 10.83 15.27 -3.83 1.23 -11.86
-1946 1161 14.24 -5.30 1.19 -2.39
-19.26  11.49 16.59 -4.95 0.92 -3.99
-19.16 1348 21.76 -4.34 3.08 -1.55
-18.16 = 10.20 19.35 -2.93 0.48 -5.17
-16.54 8.51 24.59 —1.32 -0.04 -241
-16.08 7.90 25.40 -0.62 0.80 -1.90
-17.19 8.39 22.03 -1.97 0.01 -2.32
-15.24 7.18 26.19 0.66 0.62 0.31
-15.05 6.34 20.96 1.05 1.18 -3.58

Table S1. GNSS stations used within our study area. Columns show 4-character station
identification code, station coordinates, their observed velocities and their velocities corrected
for Glacial Isostatic Adjustment (GIA) and plate spreading. The observed velocities are plotted in
Figure 4a,b and the corrected velocities are shown in Figure 4e,f.
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Surface Magma inflow Root mean

Section Data description uplift rate rate squarex*
(m/yr) (million m*/yr) (mm/yr)

Observation data corrected for GIA and plate

3.3 spreading processes, which is the corrected - - 9.8
data used as an input for all the modeling
4.14 Only viscoelastic relaxation 0.05 - 5.7
421 Only renewed magma inflow as a point 49 10.740.01 6.3
source
Text S3 & Cpmblne(:! mode! con5|der|.ng both
X viscoelastic relaxation and point source 2.6 2.4+0.05 5.7
Figure S7 .
magma inflow
Only renewed magma inflow considering
4.2.2 both the sill opening at 10 km depth and fault 1.7 31.6£6.0 3.9
slip
Combined  model considering  both
4.3 viscoelastic relaxation and magma inflow 0.9 39.3+4.8 4.4

include sill opening and fault slip

Table S2. Summary of models and estimates of model misfits using RMS (root mean square) of
residuals and reduced chi-square estimate. Column 3 gives the surface uplift rate above the center
of the source, and column 4 gives the magma inflow rate (for relevant models). Column 5 gives
the RMS of residuals of the combined InSAR and GNSS data and column 6 gives the reduced chi-
squared values.

* To calculate the root mean squares (RMS) residuals, we consider all GNSS velocities within the
black square box area in Figure 1, and InSAR residuals for all tracks within a box outlined by (18.00
W, 64.50 N) and (17.30 W, 64.80 N). This subarea is selected to give a clearer picture of how the
modeled deformation fits the observation in the near-field, where the main deformation signal is.
Resulting InSAR grids are formatted into the same format as in Figure 14 and 15, to keep the
consistency between the models. To calculate the RMS for each model, we use the equation

XRMS =

Here, x; is the residual of each pixel in the InSAR observations or on each displacement
component at a GNSS station, and n is the number of total observations. For the observations
considered, n equals 4.8 x 10° (thereof 66 for 22 GNSS sites).

** The reduced chi-squared is calculated using equation 5 in the main text. For the number of
model parameters, we use 2 for the viscoelastic relaxation model (source volume and viscosity),
and 4 for a point source (X, Y, Z and depth). There are 85 sill patches and 192 fault patches in the
model considering both sill inflation at 10 km depth and caldera ring fault slip, so we use
85+192=277 as the number of free modeling parameters.
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Post-Rifting Relaxation During 2015-2020 Following the
Bardarbunga-Holuhraun Dike Intrusion and Eruption in
Iceland

Siqi Li"
Sigran Hreinsdéttir*

, Ronni Grapenthin? ), Freysteinn Sigmundsson' (', Vincent Drouin® /,

, and Benedikt G. Ofeigsson®

'Nordic Volcanological Center, Institute of Earth Sciences, University of Iceland, Reykjavik, Iceland, 2Geophysical Institute,
Department of Geosciences, University of Alaska Fairbanks, Fairbanks, AK, USA, *Icelandic Meteorological Office,
Reykjavik, Iceland, *GNS Science, Lower Hutt, New Zealand

Abstract Post-rifting ground deformation may be driven by viscoelastic relaxation of stresses generated

by dike intrusions. The single-dike intrusion of the 2014-2015 Bardarbunga eruption in Iceland presents an
opportunity for a detailed study of this process. We use continuous Global Navigation Satellite System (GNSS)
and Interferometric Synthetic Aperture Radar (InSAR) velocity fields to analyze the 2015-2020 post-rifting
deformation, showing uplift on both sides of the dike and horizontal displacement away from the dike after
correcting for background deformation. Two GNSS stations experience baseline lengthening at a rate of 19 mm/
yr in the direction perpendicular to the strike of the dike. A two-layer viscoelastic model with a 0.4 x 10" Pa

s viscoelastic half-space overlain by an 18 km thick elastic layer best explains the observed horizontal and
vertical INSAR and GNSS displacements. The model misfit space shows a second regime of good fit, likely
driven by deformation near the dike that may result from cooling compaction of the emplaced dike.

Plain Language Summary Surface displacement can continue for years after a fissure eruption
ends. This has been found at some volcanoes, such as in Afar (Ethiopia) and Krafla (Iceland). The 2014-2015
Biérdarbunga eruption in Iceland created a 48 km long dike, that led to an eruption to the northeast of the
Biardarbunga caldera outside the Vatnajokull ice cap. Here, we focus on exploring an explanation for the surface
movement in the dike area after the eruption. Other non-volcanic processes cause surface movements in the
area, including glacial isostatic adjustment caused by the ice retreat and plate spreading due to the divergence of
the Eurasian plate and North American plate. We first correct for deformation due to these processes. The
remaining deformation signal shows uplift on both sides of the dike and horizontal displacement away from

the dike. We test if a two-layer model consisting of an elastic layer on top of a viscoelastic half-space can
explain our observations. Our results suggest that material properties similar to other nearby areas explain the
observations well. Systematic difference between observed and modeled deformation near the dike feeding the
eruption is likely due to its cooling.

1. Introduction

The Bardarbunga volcanic system is located in central Iceland at the divergent plate boundary between the North
American and Eurasian plates, with a caldera, central volcano, and part of its fissure swarm lying under the Vatna-
jokull ice cap (Figure 1). In August 2014, a dike propagated away from the caldera, leading to a 6-month-long
Holuhraun eruption at the far end of the dike until February 2015, which resulted in a collapse of the Bardarbunga
caldera (Gudmundsson et al., 2016; Pedersen et al., 2017). The track of the 48 km long segmented dike was well
constrained by the analysis of seismicity and deformation data (e.g., Agl‘lstsd(‘)ltir etal., 2016, 2019; Sigmundsson
et al., 2015; Woods et al., 2018). Observations at two continuous Global Navigation Satellite System (GNSS)
stations, located 25 km apart on each side of the dike, recorded 1.3 m lengthening between the stations during the
activity (Sigmundsson et al., 2015).

Excessive surface displacement has been observed following the 2014-2015 Bardarbunga-Holuhraun eruption.
Lietal. (2021) infer that the post-rifting deformation to the northwest of the Bardarbunga caldera may be caused
by either post-eruption inflation, viscoelastic relaxation in response to magma withdrawal from beneath the
caldera, or a combination of both processes. They considered a two-layer rheological crustal structure: a 7 km
thick elastic layer on top of a viscoelastic halfspace (Maxwell rheology). If the viscoelastic relaxation process is
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Figure 1. Map view of the Bardarbunga central volcano, the Bardarbunga-Holuhraun dike, and surroundings (red lines
showing dike seg| inferred by Si d et al. (2015)). The rectangle area marked with black boundary is our
study area. The Holuhraun lava field is shown in dark gray. Yellow transparent layers show locations of fissure swarms (for
geological layers, see Si d: et al. (2020) and references therein). Glaciers are shown in white. Red triangles are

continuous Global Navigation Satellite System (GNSS) sites used in this study. Gray triangles show GNSS stations not used.

the only explanation, the viscosity that best explains the observations is 0.3 x 10" Pa s assuming a shear modulus
of 30 GPa.

As our study area is adjacent to the Vatnajokull ice cap, studies of glacial isostatic adjustment (GIA) can provide
important information on the subsurface viscoelastic properties. GIA studies in Iceland have mainly used GNSS
data (Amadéttir et al., 2009; Fleming et al., 2007; Pagli et al., 2007), sometimes in combination with other
techniques, such as Interferometric Synthetic Aperture Radar (InSAR; Auriac, 2014), and gravity (Jacoby
et al., 2009). These studies find models with a 1040 km thick uppermost elastic layer, underlain by viscoelastic
material with a viscosity in the range of 0.01-1 X 10" Pas.

Several studies have addressed viscoelastic relaxation in response to emplacement of large dikes during rifting
episodes, such as the 1978 Ghoubbet-Asal rifting episode in Djibouti, Africa (Cattin et al., 2005), the Dabbahu
2005-2010 rifting episode in Afar (Hamling et al., 2014; Nooner et al., 2009; Wright et al., 2012), and the
1975-1984 Krafla rifting episode in north Iceland (Ali et al., 2014; Foulger et al., 1992; Pollitz & Sacks, 1996).
For the Ghoubbet-Asal seismovolcanic crisis, Cattin et al. (2005) suggest dike inflation and fault creep as the
main sources for post-rifting deformation, although part of the rifting could be the result of viscoelastic relaxation.
The Dabbahu rifting episode consisted of 14 dike intrusions. Viscoelastic modeling indicates a 12-30 km thick
elastic layer on top of a viscoelastic material with a viscosity of 0.1-1 X 10" Pa s (Hamling et al., 2014; Nooner
et al., 2009). The Krafla rifting episode includes around 20 diking events, nine of them ending in an eruption.
Modeling of deformation data, spanning more than 20 years in the post-eruptive period, is consistent with defor-
mation driven by the viscoelastic response to diking events (e.g., Foulger et al., 1992; Pollitz & Sacks, 1996). The
most recent study suggests an elastic layer thickness of 8.0-9.5 km for the Krafla region, underlain by viscoelastic
lower crust with a viscosity in the range of 1.9-4.9 x 10" Pa s (Ali et al., 2014).

We analyze and model the post-rifting deformation associated with the 2014-2015 Bardarbunga-Holuhraun dike.
Given the dike volume of about 0.6 km® with an average opening of 1.0 m (Gudmundsson et al., 2016; Parks
et al., 2017), we expect appreciable post-rifting relaxation as previously observed from the events referenced
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above. We analyze InNSAR and GNSS data to examine ground deformation. We limit our study area (Figure 1) to
aregion where the influence of the post-eruptive deformation around the Bardarbunga caldera and the long-term
subsidence at Askja volcano (see location in Figure 1) are not significant. Our study period is selected to be the
relatively quiet period from March 2015 to December 2020, after the cessation of the 2014-2015 Bardarbunga
eruption and before the onset of measurable Askja inflation in August 2021. We consider a two-layer viscoelastic
model for post-rifting relaxation surface displacement. By varying the thickness of the top elastic layer and the
viscosity of the lower viscoelastic half-space, we explore if such a rheological model explains our observations.
The Bardarbunga rifting event overlaps with GIA processes, which allows us to sample the rheologic properties
at different spatial and temporal periods. Importantly, this rifting event involves only one dike intrusion, which
provides us the opportunity to better understand the role of viscoelastic relaxation in the post-rifting deformation
field, and guides future studies of post-rifting deformation in general.

2. Observations
2.1. GNSS

We use data from 8 continuous GNSS stations north of the Vatnajokull ice cap, on both sides of the dike (Figure 1).
The data are analyzed with the GAMIT/GLOBK 10.7 software (Herring et al., 2010; Hreinsdottir et al., 2009) in
the ITRF2014 (Altamimi et al., 2016) reference frame. We present our solutions relative to the stable Eurasian
plate (Argus et al., 2010). Daily site positions are derived from the data to form timeseries of three-dimensional
displacements.

We estimate seasonal variations in each displacement component using the equation
disp = Acos(wt) + Bsin(wt) + Ccos(w2t) + Dsin(w2t) + vt )

modified from Grapenthin et al. (2006), where ¢ represents the time over which the station data are observed, v
represents the estimated average velocity, and disp is a vector containing the observed east, north, and up GNSS
timeseries. The angular frequency o is ;Tls to span the period of 1 year. We estimate annual and semiannual coef-
ficients A, B, C, D for the three displacement directions separately through least squares inversion. These esti-
mates of seasonal variations are then removed from the observed GNSS timeseries (Figures S1-S8 in Supporting
Information S1).

We correct the timeseries for the background deformation processes, including plate spreading and GIA caused
by ice retreat, which also causes ground deformation in our study area. GIA generates surface uplift and displace-
ment toward the north, as suggested by the model from Auriac (2014). Li et al. (2021) applied a scaling factor to
the GIA model from Auriac (2014) to correct for the GIA displacement during the period 2015-2018. We assume
the GIA signal does not change from 2015 to 2020 and apply the same scaling factor to correct for the GIA signal
as done by Li et al. (2021). Plate spreading in our study area is caused by the divergent plate movements as the
Eurasian and North American plates move apart. The divergent plate boundary is striking in an approximately
north-south direction in our area. We apply the plate spreading model by Drouin and Sigmundsson (2019) to
remove this signal.

The average velocities in the north, east, and up components are estimated using a linear inverse function, which
are referred to as corrected velocity in the following text. The GIGO and KVEC stations (Figure 1) are closest to
the dike on each side of it, spaced about 20 km apart, 6 and 13 km from the dike, respectively. Their horizontal
velocities can be rotated into velocity components parallel and perpendicular to the dike, yielding 9.0 mm/yr
and 10.2 mm/yr dike-perpendicular average velocities at GIGO and KVEC, respectively (Figure 2). The vertical
velocity at GIGO is 9.3 mm/yr, similar to 8.5 mm/yr estimated at KVEC.

KVEC shows a temporal variation in the horizontal component from 2015 to 2020 (Figures 2 and S3 in Support-
ing Information S1). If this temporal variation of surface displacement were caused by viscoelastic relaxation, we
would expect exponential decay of the displacement. Therefore, we also fit the following equation to the observed
displacement:

disp = AeT! )]
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Figure 2. Corrected Global Navigation Satellite System timeseries at GIGO (left) and KVEC (right) stations. Timeseries are referenced to the Eurasian plate and then

corrected for seasonal variation (annual and semi-annual cycle), glacial is

tatic adjustment, and plate spreading (see the data before correction in Figures S1-S8 in

Supporting Information S1). The timeseries are then both fit for linear displ (red) and exp ial decay (green). From top to bottom, the panels show north,

east, and up displacements in mm.

where 7 is the time in years and disp is the displacement over time. A and 7 are the amplitude of the displacement
and the relaxation time. For KVEC, we find a relaxation time of 3 years in the horizontal direction. Station GIGO
also shows a smaller temporal variation, with a relaxation time of 10 years. Both stations show almost insignifi-
cant temporal variation in the vertical direction. The same analysis is carried out for all the GNSS stations (Table
S1 in Supporting Information S1). The majority of the stations show a slight temporal variation in the horizontal
direction, but none of them show significant temporal variation in the vertical (Figures S1-S8 in Supporting
Information S1).

2.2. InSAR

We analyze SAR data collected from Sentinel-1 satellites every June-October 2015-2020 using the InSAR Scien-
tific Computing Environment (ISCE) software (Rosen et al., 2012). Average line-of-sight (LOS) velocity fields
are produced using the small baseline method. The average LOS velocities from Track 9 (descending), 111
(descending), and 147 (ascending) are then converted into approximate velocity fields in the east and up displace-
ment components, which we refer to as near-east and near-up velocity fields (Figure S9 in Supporting Informa-
tion S1; Drouin & Sigmundsson, 2019). The near-east velocity field is relative to a fixed Eurasian plate. Both
the near-east and near-up velocity fields are in good agreement with GNSS velocities (Figure S10 in Supporting
Information S1).

The near-east velocity field (Figure S9d in Supporting Information S1) suggests a transition from westward
movement to eastward movement when going from the west to the east. Plate spreading in the area produces
18-19 mm/yr displacement in this region in the N(100-105)°E direction, which is the main reason for the hori-
zontal divergent movement in the near-east velocity field. The vertical decomposed InSAR velocity field (Figure
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S9e in Supporting Information S1) shows uplift in the whole study area, which is under the influence of GIA.
These extra deformation processes are corrected in the average velocity fields using the same procedure as for
the GNSS data.

2.3. Velocities Corrected for GIA and Plate Spreading

After removal of models for GIA and plate spreading from the observations, the remaining GNSS and InSAR
velocity field (Figures 3a and 3e), which we refer to as corrected velocities, show spatially coherent motion
centered on the dike. The near-east corrected velocity field (Figure 3a) shows displacements away from the dike,
slightly higher on the west side of the dike than on the east side. The horizontal movement is largest about 11 km
away from the dike. In the vertical direction, the area is uplifting, with the maximum uplift observed at the edge
of the ice cap (Figure 3e). An uplift rate higher than 10 mm/yr occupies a larger area on the east side than on the
west side of the dike. The profile across the dike suggests both broad long-wavelength deformation and focused,
near-dike, short-wavelength deformation along the dike (Figures 3d and 3h). An InSAR near-east displacement
profile of selected points near the dike suggests temporal variation in the near-field of the dike (Figure S11 in
Supporting Information S1). Both the horizontal and vertical velocity fields have localized signals in the area
directly above the dike and where the eruption occurred.

3. Modeling and Results

To test the hypothesis that viscoelastic relaxation is the main source of the post-rifting deformation signal, we
employ a suite of viscoelastic models by varying elastic plate thickness and viscosity parameters, in order to simu-
late post-rifting relaxation induced surface displacement following the Bardarbunga-Holuhraun dike intrusion.

We use the semi-analytical software RELAX (Barbot & Fialko, 2010a, 2010b) to calculate post-rifting displace-
ment fields in response to the formation of a dike. We start with a two-layer Maxwell viscoelastic model, where a
7 km thick elastic layer lies on top of a 0.3 x 10" Pa s viscoelastic half-space, as described by Li et al. (2021). Both
layers consist of homogeneous isotropic material, with Poisson's ratio v = 0.25 and shear modulus # = 16 GPa
(Grapenthin et al., 2006). The dike model is inferred from co-eruptive deformation by Sigmundsson et al. (2015).
The injected dike is divided into 120 patches down to 10 km depth. Each patch is 2 km deep, with the opening in
the range of 0.09-8.87 m. The average opening of the patches is 1.0 m, with the majority of the opening occurring
above 6 km depth.

We determine the RMS of the model residuals and expect that the parameter combinations that yield the smallest
RMS fit our observation best (Figures 4 and S12 in Supporting Information S1). By giving different weights to
GNSS and InSAR average velocity fields, as well as horizontal and vertical components, we can combine all aver-
age displacement fields to determine the model that best explains our observations. GNSS and InSAR average
velocities are used with a relative weight of 1000:1 (See details in Figure S13 in Supporting Information S1). As
the horizontal velocities are less influenced by seasonal variations than the vertical components (e.g., Figure 2),
the horizontal velocity is given twice the weight of the vertical velocity.

The difference between observed velocities and those predicted by the starting model yields residuals with
a larger RMS (9.0 mm/yr) than if a zero model is applied (4.1 mm/yr). Therefore, we consider a range of
different elastic layer thicknesses and viscosities to explain the corrected velocities. We explore elastic layer
thickness ranging from 1 to 24 km in steps of 1 km. As the displacement rate predicted by the viscoelastic
model scales inversely with viscosity, we derive the result of different viscosities by scaling the displace-
ment rate of the initial model, as done by Li et al. (2021). We test viscosities in 0.1 x 10' Pa s steps from
0.3-3.6 X 10" Pas.

Our residual analysis produces an RMS misfit space that contains two areas of good fit (Figure 4), one centered at
a2 km thick elastic layer and 1.2 X 10" Pa s, while the other is at 18 km and 0.4 x 10'° Pa s. This nonconvex misfit
space represents model sensitivities to near-dike, short-wavelength deformation (2 km thick and 1.2 x 10" Pa s)
and broad long-wavelength deformation (18 km, 0.4 x 10" Pa s) as captured in horizontal and vertical velocity
fields (Figures S12 and S14 in Supporting Information S1). As post-eruptive deformation is generally a broad
signal, we select 18 km and 0.4 X 10'° Pa s as the optimal model, which is also supported by the slightly lower
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Figure 3. Corrected average velocity field in the (a—d) horizontal and (e-h) vertical directions during 2015-2020 from Interferometric Synthetic Aperture Radar
(InSAR; color) and Global Navigation Satellite System (black arrows). The decomposed near-east and near-up InSAR average velocities after correcting glacial isostatic
adjustment and plate spreading signals are in panels (a and e). The modeled east and up velocity from the viscoelastic model with the optimal elastic layer thickness

(18 km) and viscosity (0.4 x 10" Pas) are in panels (b and f). Panels (¢ and g) are the differences between corresponding observations (a and e) and model (b and f).
Panels (d and h) are the near-east (red line in panels (a, b, and ¢)) and near-up (red line in panels (e, f, and g)) velocity profiles across the study area.
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Figure 4. Root mean square residual between the corrected velocity fields (data) and modeling results. The data include

t and near-up p from Interferometric Synthetic Aperture Radar (InSAR) and north, east, and up
components from Global Navigation Satellite System (GNSS). The weight of GNSS versus InSAR is 1000:1. The weight
of horizontal versus vertical is 2:1. The x-axis is the elastic layer thickness (1-24 km with 1 km step) and the y-axis is the
viscosity (0.3-3.6 x 10" Pa s with 0.1 x 10" Pa s step). The optimal viscosity for the velocities is found at 0.4 x 10" Pa's
and the optimal elastic layer thickness is 18 km.

RMS residuals in that region of the parameter space. For the optimal model, the overall weighted RMS residual
is improved from 4.1 for no model to 2.8 mm/yr. The RMS of the corrected velocity without a model is 5.5 and
5.2 mm/yr for InNSAR near-east and near-up components, which improved to 1.8 and 3.9 mm/yr after removing
the optimal viscoelastic model. The GNSS velocities are also improved from 5.6 (east), 5.5 (north), and 5.9 (up)
mm/yr for no model to 2.8, 3.5, and 2.2 mm/yr, respectively.

Predicted displacements according to the model are compared to the corrected velocities from InSAR and
GNSS in Figure 3. The near-east displacement rate on the west side of the dike is higher than on the east side
of the dike (Figure 3b). The majority of the misfit in both the near-east and near-up velocity fields are in the
close vicinity of the dike (Figures 3¢ and 3g). The near-up velocity field also shows misfit on the east side of
the dike.
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4. Discussion

The misfit space in Figure 4 shows two regimes that provide a good fit to our corrected velocity field based on the
weighted RMS residual, one with an 18 km thick elastic layer and a viscosity of 0.4 x 10" Pa s, the other with the
localized minimum with elastic layer thickness at 2 km and viscosity at 1.2 x 10" Pa s (Figure S15 in Supporting
Information S1). These two regimes correspond well to the different preferred models by the horizontal and verti-
cal velocity fields (Figure S14 in Supporting Information S1). The horizontal velocity field prefers a model with a
thinner elastic layer (3 km) and higher viscosity (1.5 x 10" Pa s, Figure S16 in Supporting Information S1), while
the vertical velocity field prefers a model with a thicker elastic layer (24 km) and lower viscosity (0.4 X 10" Pa
s, Figure S17 in Supporting Information S1). Nevertheless, all models suggest the viscosity in the region is in the
range of 0.4-1.5 X 10" Pas.

To explain the different preferred elastic layer thicknesses for the horizontal and vertical velocity fields, we
propose possibilities such as inappropriate GIA modeling, higher ice mass-loss rate in the area, or renewed
magma inflow. Our test suggests that applying a different GIA scaling factor to the model by Auriac (2014) can
not explain the excess uplift (Figure S18 in Supporting Information S1). The higher ice mass-loss rate in recent
years at Vatnajokull (Compton et al., 2015) might explain the excess uplift. However, more detailed ice loss
data is needed to quantify the produced deformation field. The trend change in the east component of KVEC
timeseries in 2017 (Figure 2) might suggest magma injected into the dike, as observed at Ghoubbet-Asal (Cattin
et al., 2005). A similar mismatch between horizontal and vertical viscoelastic post-rifting model fit is found by
Nooner et al. (2009) in Afar.

We select our preferred model, 18 km and 0.4 x 10" Pa s, based on an overall lower misfit and the reasoning
that viscoelastic processes are generally of longer spatial wavelength. However, this model does not explain the
localized deformation residual directly above the dike in the corrected InSAR average velocity fields (Figures 3a
and 3e). The horizontal motion toward the dike and subsidence above the dike could be a result of non-linear
displacement in this area, as suggested by the InSAR timeseries (Figure S11 in Supporting Information S1). The
co-eruptive model has the largest dike opening, 8.87 m, in this area. The cooling of the dike, resulting in localized
contraction, could be the explanation for this localized signal. Non-homogeneous subsurface structure close to
the dike, or an over-estimation of the opening from the co-eruptive model could provide alternate explanations.

Compared with previous GIA studies at Vatnajokull, which suggest an elastic crustal thickness in the range of
10-40 km and the viscosity of the shallow mantle at 0.1-1 x 10'° Pa s (Auriac, 2014; Arnadéttir et al., 2009;
Fleming et al., 2007; Pagli et al., 2007), our model suggests a comparable elastic layer thickness and viscosity.
The viscosity underneath Bardarbunga caldera, around 30 km away from our study area, was estimated to be
0.3 x 10" Pa s (Li et al., 2021), which is comparable to the value found here.

The approximately 1.4 km? Holuhraun lava field formed in 2014-2015 over an 84 km? area (Pedersen et al., 2017).
To understand whether the response to loading by the lava field influences our deformation field, we run a
forward model considering the lava load in a 7 X 17 km rectangular area with uniform lava thickness of 17 m and
density of 2300 kg/m?, using the same subsurface structure as in our optimal model. This yields an insignificant
viscoelastic response at the edges of the Holuhraun lava field of less than 1 mm/yr in the horizontal component
and less than 4 mm/yr in the vertical direction during our study period.

Our study considers a two-layer viscoelastic model with homogeneous isotropic Maxwell material to explain
average velocities and the spatial pattern of deformation. We pay less attention to the temporal variation measured
at GNSS stations in the area, which could be further explored in future studies. More complex model geometries,
such as the model with three or more layers, with non-linear rheology, or considering lateral variation in layer
thickness and viscosity, could be considered in future studies, to better understand the subsurface structure of
our area.

5. Conclusion

We analyze the post-rifting ground deformation field around the Bardarbunga-Holuhraun dike. After correct-
ing for the background deformation field (GIA and plate spreading signal), the remaining signal shows hori-
zontal displacement away from the dike and uplift. Our modeling result suggests that a two-layer viscoelastic
model considering an elastic layer on top of a viscoelastic half-space can explain both the horizontal and vertical
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deformation signal. The optimal model that best explains the displacement fields has 0.4 x 10" Pa s viscoelastic
material below an 18 km thick elastic layer. Another alternate parameter combination consists of an elastic layer
thickness of 2 km and viscosity of 1.2 X 10'° Pa s, which is likely due to unmodeled short wavelength signals in
the vicinity of the dike. Our study suggests that viscoelastic relaxation is an important process to consider after
arifting event. Alternate modeling approaches to that considered here or other processes such as cooling of the
dike, ongoing dike inflation, and - in the case of Iceland - time-varying GIA, heterogeneous viscosity and elastic
layer thickness may have to be invoked to fully explain the deformation field.

Data Availability Statement

Interferometric Synthetic Aperture Radar average velocity field is available at https://doi.org/10.17605/OSF.
10/3B2GF. SAR images from Sentinel-1 satellites are retrieved from Copernicus Open Access Hub (https://
scihub.copernicus.eu/dhus/#/home) provided by European Space Agency. Rinex data for calculating the GNSS
timeseries are available at UNAVCO Inc. uploaded by Grapenthin (2016a, 2016b, 2016¢, 2016d, 2016e) (https://
doi.org/10.7283/WKZ3-NW79,  https://doi.org/10.7283/QSTY-N037,  https://doi.org/10.7283/PDN2-N051,
https://doi.org/10.7283/N65C-IN46, https://doi.org/10.7283/XN8V-RZ54). RELAX software used for viscoelas-
tic deformation modeling is available at https:/github.com/geodynamics/relax. The dike model is published by
Sigmundsson et al. (2015). Details of the Iceland map is provided by Sigmundsson et al. (2020). Holuhraun lava
field contour is described in Pedersen et al. (2017). MATLAB (2020) is used for calculation and figure plotting,
and some figures are plotted by the Generic Mapping Tools (Wessel et al., 2013).
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Sight directions and decomposed approximately into east and up directions.
Figure S10 is the comparison between corrected GNSS and InSAR velocities
in the east and up directions at the GNSS stations. The timeseries of six
selected points close to the dike from the decomposed approximately east
direction are shown in Figure S11. Figure S12 shows a grid search for finding
the optimal modeling parameters from different components from GNSS and
InSAR velocities. Figure S13 shows how the GNSS weight influences our
best-fitting model parameters and RMS residuals calculated from GNSS and
InSAR. Figure S14 shows a grid search for finding the modeling parameters
that best explain the horizontal velocity field and vertical velocity field
separately. Figure S15 shows the velocity fields with a 2 km thick elastic
layer on top of a 1.2x 10 Pa s viscoelastic half-space, which is one of the two
regimes that make the least RMS residuals. Figure S16 shows the velocity
fields using the model that best explains the horizontal velocity field (3 km
elastic layer and 1.5x10' Pa s). Figure S17 shows the velocity fields using
the model that best explains the vertical velocity (24 km elastic layer and
0.4x10' Pa s). Figure S18 shows the corrected near-up velocity field and

an improved glacial isostatic adjustment model.
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Figure S1.  GNSS timeseries from GIGO station (see location in Figure 1).

The blue dot curve is the timeseries from observation. The red dot curve is the

observation corrected for seasonal variation. The yellow dot curve is corrected for

seasonal variation, Glacial Isostatic Adjustment (GIA), and plate spreading (PS).

The fitted red line is the average velocity estimated from the yellow dots, with the

velocity labeled in the figure. We also fit an exponential line to our observation

(green curve). Inferred InSAR displacement is shown in blue circles with a dashed

line (see Figures S9 and S10).
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Figure S2. GNSS timeseries from GSIG station (see location in Figure 1).
The blue dot curve is the timeseries from observation. The red dot curve is the
observation corrected for seasonal variation. The yellow dot curve is corrected for
seasonal variation, Glacial Isostatic Adjustment (GIA), and plate spreading (PS).
The fitted red line is the average velocity estimated from the yellow dots, with the
velocity labeled in the figure. We also fit an exponential line to our observation
(green curve). Inferred InSAR displacement is shown in blue circles with a dashed

line (see Figures S9 and S10).
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Figure S3.  GNSS timeseries from KVEC station (see location in Figure 1).
The blue dot curve is the timeseries from observation. The red dot curve is the
observation corrected for seasonal variation. The yellow dot curve is corrected for
seasonal variation, Glacial Isostatic Adjustment (GIA), and plate spreading (PS).
The fitted red line is the average velocity estimated from the yellow dots, with the
velocity labeled in the figure. We also fit an exponential line to our observation
(green curve). Inferred InSAR displacement is shown in blue circles with a dashed

line (see Figures S9 and S10).

103



References

X -6
LANH
40 T T T T T
= velocity=-2.6mm/yr : i,
E 20 Lhoaa #
= g M
a ; .
e
j o
(e}
=2
-40 L 1 1 1 1
P15 20|16 20|17 20‘18 20‘19 20‘20 2021

IN
o
T

East Disp (mm)
N
o
T

s st
ok s
-20 . L I | I
15%015 20[16 20|17 20‘18 20‘19 20‘20 2021
- ref to Eura I :
| |- correct Seasonal velocity=4.9mm/yr
E 100 correct GIA and PS s s 4% %
- —Fit line - A
& 50 | | Fit exponential ey |
-g ©1nSAR displacement
S Ofg
i
-50 L 1 L I !
2015 2016 2017 2018 2019 2020 2021
Year

Figure S4.  GNSS timeseries from LANH station (see location in Figure 1).
The blue dot curve is the timeseries from observation. The red dot curve is the
observation corrected for seasonal variation. The yellow dot curve is corrected for
seasonal variation, Glacial Isostatic Adjustment (GIA), and plate spreading (PS).
The fitted red line is the average velocity estimated from the yellow dots, with the
velocity labeled in the figure. We also fit an exponential line to our observation
(green curve). Inferred InSAR displacement is shown in blue circles with a dashed

line (see Figures S9 and S10).
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Figure S5. GNSS timeseries from MOFC station (see location in Figure 1).
The blue dot curve is the timeseries from observation. The red dot curve is the
observation corrected for seasonal variation. The yellow dot curve is corrected for
seasonal variation, Glacial Isostatic Adjustment (GIA), and plate spreading (PS).
The fitted red line is the average velocity estimated from the yellow dots, with the
velocity labeled in the figure. We also fit an exponential line to our observation
(green curve). Inferred InSAR displacement is shown in blue circles with a dashed

line (see Figures S9 and S10).
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observation corrected for seasonal variation. The yellow dot curve is corrected for
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The fitted red line is the average velocity estimated from the yellow dots, with the

velocity labeled in the figure. We also fit an exponential line to our observation

(green curve). Inferred InSAR displacement is shown in blue circles with a dashed

line (see Figures S9 and S10).
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Figure S7.  GNSS timeseries from THOC station (see location in Figure 1).
The blue dot curve is the timeseries from observation. The red dot curve is the
observation corrected for seasonal variation. The yellow dot curve is corrected for
seasonal variation, Glacial Isostatic Adjustment (GIA), and plate spreading (PS).
The fitted red line is the average velocity estimated from the yellow dots, with the
velocity labeled in the figure. We also fit an exponential line to our observation
(green curve). Inferred InSAR displacement is shown in blue circles with a dashed

line (see Figures S9 and S10).
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Figure S8.  GNSS timeseries from URHC station (see location in Figure 1).
The blue dot curve is the timeseries from observation. The red dot curve is the
observation corrected for seasonal variation. The yellow dot curve is corrected for
seasonal variation, Glacial Isostatic Adjustment (GIA), and plate spreading (PS).
The fitted red line is the average velocity estimated from the yellow dots, with the
velocity labeled in the figure. We also fit an exponential line to our observation
(green curve). Inferred InSAR displacement is shown in blue circles with a dashed

line (see Figures S9 and S10).
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Figure S9. The observed average Line-of-Sight (LOS) InSAR velocity field
during 2015-2020 from Sentinel (a) Track 147, (b) Track 111, and (c) Track 9. The
LOS velocity fields are also decomposed into approximately-east (d) near-east and

approximately-up e) near-up components.
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Figure S10.
axis) deformation rate in the east (a) and up (b) directions for the 2015-2020
period at continuous GNSS sites. The inferred InSAR velocities are from Figure
S9. Temporal evolution of the InSAR displacement components is compared with

GNSS in Figures S1-S8. There is a good agreement between the two data sets.
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Figure S11. Six selected points close to the dike in our study area (a) and their
near-east displacement measured by InSAR (b). The displacements (b) are cor-
rected by subtracting the plate spreading and glacial isostatic adjustment model
from our observations. Positive displacements are the movement towards the east.
All the points show westward movement between 2015-2016, and eastward move-
ment between 2016-2017. The fastest eastward average velocity is at point 6 and

the fastest westward average velocity is at point 2.

111



References
X-14

101°

Viscosity (Pa s)

Viscosity (Pa s)

Viscosity (Pa s)

5 10 15 20
Elastic layer thickness (km)

Viscosity (Pa s)

Viscosity (Pa s)

5 10 15 20 5 10 15 20
Elastic layer thickness (km) Elastic layer thickness (km)

Figure S12.  Root mean square (RMS) error between the corrected velocity
fields and modeling results. The corrected velocity fields are from (a) InSAR near-
east velocity, (b) InSAR near-up velocity, (¢) GNSS east velocity, (d) GNSS north
velocity, and (e) GNSS up velocity. The x-axis is the viscoelastic layer depth (1-24
km with 1 km step) and the y-axis is the viscosity (0.3-3.6x10'° Pa s with 0.1x10%
Pa s step). The horizontal components from both InSAR and GNSS prefer a

model with a relatively thinner elastic layer, while the vertical components prefer

a relatively thicker elastic layer.
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Figure S13. Selecting the scaling factor for GNSS. We set the scaling factor
as 1 for InSAR, and vary the weight of GNSS from 1 to 8000. We consider near-
east and near-up components for InNSAR, and all 3 components for GNSS. We give
twice the weight for horizontal components from both InSAR and GNSS. For each
scaling factor, we find an optimal elastic layer thickness and viscosity, as done in

Figure 3. We use 1000 (black circles) as the GNSS scaling factor.
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Figure S14. Root mean square (RMS) residual between the corrected velocity
fields and modeling results. The horizontal velocity (a) includes the near-east com-
ponent from InSAR, and the east and north components from GNSS. The vertical
velocity (b) includes the near-up component from InSAR and up component from
GNSS. The weight of GNSS vs InSAR is 1000:1. The x-axis is the elastic layer
thickness (1-24 km with 1 km step) and the y-axis is the viscosity (0.3-3.6x10'% Pa
s with 0.1x10' Pa s step). The optimal viscosity for the horizontal velocities is
found at 1.5x10' Pa s and the optimal elastic layer thickness is 3 km. For the
vertical velocities, the model prefers the viscosity of 0.4x10' Pa s and the deepest

elastic layer.
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Figur;a S15. Corrected average velocity field in the horizontal (a-d) and vertical
(e-h) directions during 2015-2020 from InSAR (color) and GNSS (black arrows).
The decomposed near-east and near-up InSAR average velocities after correcting
GIA and plate spreading signals are in a and e. The modeled east and up velocity
from the viscoelastic model that best explains the horizontal velocity field is in b
and f. The elastic layer thickness is 2 km and viscosity is 1.2x10% Pa s. Panel c
and g are the differences between corresponding observation (a and e) and model
(b and f). Panel d and h are the near-east (red line in a, b, and ¢) and near-up

(red line in e, f, and g) velocity profiles across the study area. s
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Table S1.  The corrected velocity at GNSS stations used in this study. We
use the Least Squares approach to estimate the corrected velocity from the GNSS
timeseries (Figures S1-S8) after correcting for GIA and plate spreading. E, N,
and U stand for east, north, and up components. The locations of the stations are

shown in Figure 1.
Station E (mm/yr) N (mm/yr) U (mm/yr)

URHC -10.83 6.69 5.79
GIGO -8.25 3.57 9.34
THOC 1.10 -1.47 6.63
KVEC 7.39 -9.36 8.46
LANH 3.04 -2.50 0.14
RIFC 1.91 -2.20 2.55
GSIG 0.20 -9.23 2.25
MOFC -0.23 0.33 -0.59
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Figure S16. Corrected average velocity field in the horizontal (a-d) and vertical
(e-h) directions during 2015-2020 from InSAR (color) and GNSS (black arrows).
The decomposed near-east and near-up InSAR average velocities after correcting
GIA and plate spreading signals are in a and e. The modeled east and up velocity
from the viscoelastic model that best explains the vertical velocity field is in b and
f. The elastic layer thickness is 3 km and viscosity is 1.5x10' Pa s. Panel c and g
are the differences between corresponding observation (a and e) and model (b and
f). Panel d and h are the near-east (red line in a, b and ¢) and near-up (red line

in e, f, and g) velocity profiles across the study area.
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Figure S17. Corrected average velocity field in the horizontal (a-d) and vertical
(e-h) directions during 2015-2020 from InSAR (color) and GNSS (black arrows).
The decomposed near-east and near-up InSAR average velocities after correcting
GIA and plate spreading signals are in a and e. The modeled east and up velocity
from the viscoelastic model that best explains the horizontal velocity field is in b
and f. The elastic layer thickness is 24 km and viscosity is 0.4x 101 Pa s. Panel c
and g are the differences between corresponding observation (a and e) and model
(b and f). Panel d and h are the near-east (red line in a, b, and ¢) and near-up

%red line in e, f, and g) velocity profiles across the study area.
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Figure S18. We test the hypothesis that an improved glacial isostatic adjust-

ment (GIA) model can explain the corrected vertical displacement. We test if the

corrected vertical velocity field (a) can be explained by applying a different scaling

factor (d) to the model by Auriac (2014). The scaling factor we searched for ranges

from 0 to 5 with the step of 0.1. The optimal value is found at 0.3, which is shown

in panel b. The residual between panels a and b is in panel c.
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Abstract

Two common processes causing post-eruptive volcano deformation are renewed magma
inflow into volcano roots and viscoelastic relaxation due to previous magma transfer. Ear-
lier studies suggest that these two processes have similar spatial patterns of ground de-
formation. Here, we explore if associated stress changes or temporal variation of ground
deformation signals can shed light on which process dominates during a post-eruptive
period. We use a two-layered viscoelastic model with a point source to represent the vis-
coelastic response to previous large-scale magma drainage in volcano roots below the brittle-
ductile boundary. The spatial patterns of stress fields induced by the viscoelastic model
broadly resemble the stress due to magma inflow. Considering a point source model with
volume contraction of 0.4 km?, the stress field caused by viscoelastic relaxation with a
viscosity of 3 x 10'® Pa s, in the initial 6.3 years after magma drainage, is similar to that
generated by a magma inflow model with the total inflow volume of 0.36 km®. The tem-
poral variation and spatial distribution of the stresses are similar for both models if the
magma inflow rate decays with time. By comparing stresses, e.g., through seismicity stud-
ies, it is difficult to distinguish the two processes. In the viscoelastic model, the mod-

eled ground displacement time series follows approximately an exponential decay, with

a decay constant that varies with distance from the source. The magma inflow model

has a spatially uniform decay constant if the source geometry does not evolve. We ap-
ply our findings to the Bardarbunga volcano. The largest shear stress due to both pro-
cesses occurs at a similar location, where faults move on a caldera boundary, driving up-
ward motion within the caldera of the volcano in a post-eruptive period. The GNSS time-
series show horizontal displacement rate decaying with time. The decay constant some-
what varies with distance from the caldera, between two to five years at all continuous
stations. A viscoelastic relaxation model with the viscosity between 1-6 x 10*® Pa s, how-
ever, has the decay constant longer than ten years at all the stations. The similarity of
deformation due to magmatic inflation and post-eruptive viscoelastic relaxation means
that rapid inflation of recently erupting volcanoes is not necessarily due to new magma
inflow. However, detailed long-term studies of temporal response can help to discrim-
inate between the different processes. To better explain the post-eruptive deformation
and stress at the Bardarbunga volcano, a different elastic layer thickness, source geom-

etry, or type of viscoelastic model could be explored.
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1 Introduction

Ground deformation measurements provide important constraints on volcano haz-
ards, as surface uplift may relate to magma accumulation beneath a volcano, which can
lead to an eruption (, e.g., Sturkell et al., 2006; Segall et al., 2019; Sigmundsson et al.,
2010). However, magma accumulation is not the only cause of surface uplift. Other pro-
cesses, such as viscoelastic relaxation, may also contribute (Del Negro et al., 2009; Novoa
et al., 2019; Morales Rivera et al., 2019; Yamasaki et al., 2020). Understanding whether
magma is involved and the amount of magma involved is important for volcano mon-
itoring and hazard management (Donovan et al., 2012; Biggs et al., 2014).

For the same eruption or volcanic unrest, several studies have used either viscoelas-
tic relaxation or magma inflow to explain ground deformation signals, such as at Etna
(Bonaccorso et al., 2005; Del Negro et al., 2009), Laguna del Maule (Novoa et al., 2019;
Feigl et al., 2013; Le Mével et al., 2015, 2016), Kilauea, Krafla, Kutcharo Caldera and
Aira Caldera (Yamasaki et al., 2018; Fujiwara et al., 2017), and Bardarbunga (Li et al.,
2021).

We here address the similarity of geophysical signals of magma inflow and viscoelas-
tic relaxation, by initially attempting to re-create a viscoelastic relaxation three-dimensional
stress field using a magma inflow model. If a magma inflow model cannot create a stress
field similar to a viscoelastic model, then seismicity or dike trajectories may help to dis-
tinguish between the two processes. We also compare the temporal variation of the stress
and surface displacement fields using these models, to improve the understanding of the
differences between temporal variation in the two types of signals. We apply our find-

ings to the Bardarbunga volcano, Iceland, as a test case.

2 Model setup

We calculate viscoelastic and magma inflow models separately, with a point pres-
sure source at the same depth and location. This allows a comparison of the predictions
of simple conceptual models of the two processes, but ignores some complications that
may arise in reality. For example, caldera collapse in relation to major co-eruptive magma
transfer will alter topography and may lead to additional influence on a viscoelastic model,
magma may flow into a sill rather than a point source, and fault slip may occur. We vary
the magma inflow volume for the magma inflow model, attempting to find model param-

eters that recreate the most comparable stress field as the viscoelastic model. Figure la
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Figure 1. Viscoelastic relaxation model (left) and magma inflow model in elastic material
(right). Cross-sections of the central part of the two models (top panels), modeled magma flow
rate at the source (middle panels), and map view of the average velocity field in the initial 6.3
years in the post-eruptive period (bottom panels). In the displayed cross-section, the x-axis is
north-south oriented, and the z-axis is the vertical direction. Both models have magma sources at
10 km below the surface. For the viscoelastic model (a), the magma source contracts by 0.4 km?
at t=0, and no magma movement after t=0 (c). For the elastic model (b), magma inflow occurs
continuously after t=0 with a time-dependent inflow rate (d). The time step is 0.1 years from 0
to 10 years. The average surface velocities are in cm/yr (panel e and f), where the arrows show

the horizontal velocity and the color shows the vertical velocity.
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and b show the model setup for the viscoelastic and magma inflow model. For the vis-
coelastic relaxation process, we use a two-horizontally-layered structure with a 7 km thick
elastic layer on top of a 3 x 10'® Pa s viscoelastic half-space. For magma inflow model,
we consider a uniform elastic half-space. Both models have homogeneous isotropic ma-
terial within the layers, with the same shear modulus of 30 GPa and Poisson’s ratio of
0.25.

We use the semi-analytical software RELAX to run the models (Barbot, 2014; Bar-
bot & Fialko, 2010a, 2010b). The models are three-dimensional, 256 x 256 x 128 km
in x (north), y (east), and z (down) directions, with 250 m resolution. Stress is taken as
positive for extensional stress and negative for contractional stress. The time step in the
viscoelastic model is 0.1 years, from 0 to 10 years. The point source is in both models,
placed at 10 km depth.

For the viscoelastic model, equilibrium conditions are assumed at the beginning
time (all stresses relaxed). Magma withdrawal during an eruption is represented by the
contraction of a point source at t=0 in the model. No magma movement is involved af-
terward (Figure 1c). This viscoelastic model for effects of co-eruptive pressure drop in
volcano roots is the same as used by Li et al. (2021), although that study also consid-
ered the additional effect of caldera collapse modeled as surface unloading (in relation
to the creation of caldera subsidence changing the surface topography). For the elastic
model, we consider magma inflow continuously during the post-eruptive period at the
same depth, into a point source of pressure. Magma inflow volume decays exponentially
with time to make the temporal variation of the surface displacement comparable to the
viscoelastic relaxation, as a potential response to co-eruptive pressure drop (Figure 1d).
The map view of the average velocity field in the initial 6.3 years for both models has
surface uplift directly above the source and horizontal displacement away from the source
in the surrounding area. With our model setting, the viscoelastic model predicts slight
subsidence in area 6-33 km away from the center, while the elastic model causes an up-
lift in the whole area (Figure le and f). Adding an effect of caldera collapse to the vis-
coelastic model, approximated as surface unloading, may take the two vertical velocity

fields more similar, as such a model will cause additional uplift in the viscoelastic model.
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3 Spatial pattern of the stress changes

In this section, we consider the cumulative stress change caused by the two pro-
cesses from t=01 to t=6.3 years, excluding the crustal volume in the immediate vicin-
ity of the point source (because of modeling simplifications, stresses are unrealistically

high there).

3.1 Viscoelastic relaxation

With the viscoelastic relaxation setup, our demonstration model considers a con-
traction volume of 0.4 km3 for a 10 km deep source instantaneously at t=0 (Figure Ic,
Li et al., 2021). The region closest to the source is masked (white region), correspond-
ing to a radius of 2 km (Figure 2). Magma withdrawal causes surface contraction instan-
taneously at t=0. After t=0, the subsurface relaxes (Figure 1), with stress change in the
subsurface, as shown in Figure 2a, d, and g. The normal stresses o11, 022 and o33 change
by up to 160 MPa over the initial 6.3 years. Shear stress change o135 has a different sign
to the north and south of the source because of symmetry and the direction of the axes
of the coordinate system (Figure 2j). If faults would exist in these areas, they would tend
to slip in opposite directions in response to the stress changes. The boundary between
the viscoelastic half-space and the elastic layer strongly affects the stress field, as the stress
change caused by the viscoelastic relaxation decays significantly when passing the bound-

ary, which can be seen in all four components at a depth of 7 km (Figure 2a, d, g, and

i)

3.2 Magma inflow

In order to test the hypothesis that magma inflow can create a similar stress field
as viscoelastic relaxation, we search for the magma inflow volume that best replicates
a similar stress field. First, we run forward modeling for a magma inflow model, with
the magma inflow volume of 4.0 x 108 m? (Figure 1b) as a reference model. As the stress
field scales linearly with the source volume, we can vary the stress field by multiplying
a scaling factor to vary the magma inflow volume.

We compare the stresses created by viscoelastic relaxation over the initial 6.3 years
(Figure 2) and magma inflow within a 10 x 10 km? cross-sectional ignoring a 2 km x

2 km squared central area (as we only consider the stress field outside of the source). By
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Figure 2. The spatial pattern of the stress change caused by viscoelastic relaxation (left) and
magma inflow (middle) since t=0". Panels to the right show the corresponding stress difference
between the two models. The panels show cross-sections of four components of stress change in a
plane parallel to the north-south direction in the initial 6.3 years. The left panels show the stress
change in the viscoelastic relaxation caused by magma withdrawal from a 0.4 km® point source.
The middle panels show stress change in a magma inflow model with a total inflow volume of
0.36 km®. The four stress components are: 11, 022, 033, 013. Lhe x-axis is the north-south di-
rection, and the z-axis is the vertical direction (depth). The crustal volume within a 2-km radius
from the source center (white circle at the center of each panel) is masked to eliminate unrealisti-

cally high stress change predicted by the point source.
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Figure 3. Derivation of the optimal magma inflow volume that produces a stress field similar
to that produced by viscoelastic relaxation. The minimum RMS is 2 MPa when the total magma

inflow volume is 3.6 x 10% m?.

varying the magma inflow volume from 7.8 x 10° m? to 7.8 x 10'% m?3 with a step of
7.8 x 108 m?3, we find minimum residuals between the predicted viscoelastic relaxation
and magma inflow stresses when the magma inflow volume is 3.6 x 108 m® (Figure 3),
only 10% less than the volume change in the viscoelastic relaxation model.

Stresses created by the two models are similar (Figure 2). The minimum root-mean-
squared (RMS) residual between the magma inflow and viscoelastic models is 2 MPa in
the crustal volume considered, less than 5% of the maximum stress values. The main dif-
ference between the models is in the pattern of stresses above 7 km, where the stresses
from the viscoelastic model are much smaller than that in the magma inflow model (Fig-
ure 2). The material change from viscoelastic to elastic in the viscoelastic model is the
reason behind this. As the largest values of stresses in the viscoelastic model are within
the viscoelastic material, this difference does not significantly influence the RMS. We con-
clude that magma inflow can create a spatial pattern of stress change similar to that caused

by viscoelastic relaxation in a post-eruptive period.
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4 Temporal variation of the stress changes

We next evaluate if the temporal variation of the stress field due to viscoelastic re-
laxation can be mimicked by magma inflow. For this purpose, we study the shear stress

component o3.

4.1 Viscoelastic relaxation

The shear stresses caused by viscoelastic relaxation decay with time. Figure 4a-

d show the cross-section of the shear stress change 013 at 07, 2, 4, and 6 years. The stress
change is calculated using the stress difference between time t and t+0.1 year. When com-
paring the stress change rate at selected locations (6, 8, and 10 km depth below the sur-
face at 2.5 km horizontal distance away from the source shown in Figure 4a), the high-

est shear stress change is at 8 km below the surface. The shear stress at all depths de-
cays over time. The stress change rate at 8 km depth takes 5.8 years to decay 90%. The
sign of the shear stresses are opposite on the north and south side of the source, as well

as above and below the source.

4.2 Magma inflow

We aim to find a time-dependent magma inflow model that fits the temporal vari-
ation of the viscoelastic stress change. We start with extracting the stress field from vis-
coelastic relaxation model with time step of 0.1 year from 0 to 10 years. Using the same
strategy as in section 3, we can find the optimal magma inflow rate. These magma in-
flow models should produce similar stress field as viscoelastic relaxation model at each
time.

The results are shown in Figure 5, demonstrating it is possible to find magma in-
flow rate that reproduces the temporal variation of the stress field as in the viscoelas-
tic relaxation model. As the stress decays with time in the viscoelastic model, the stress
field in the magma inflow model also follows a decaying trend with time.

We fit the predicted magma inflow that best matches the viscoelastic relaxation

shown in Figure 5 with an exponential function

where y(¢) is the magma inflow rate versus time. The best fit model has a=1.55x10%

m?/year and a decay constant of 7= 2.48 years.
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Figure 5. The optimal magma inflow rate that reproduces best the stress field created by the
viscoelastic relaxation model. The x-axis is time. The y-axis on the left is the magma inflow rate
(m®/yr) and on the right is the value of shear stress o135 (MPa) in the viscoelastic model. The
blue dots are the magma inflow rates from the inflow model that best explain the corresponding
viscoelastic stress change, and the best-fitting curve is shown in red. The shear stress 013 is for a

point 2.5 km radially away from the source center at 10 km below the surface.

Magma inflow between two connected vertically stacked magma bodies is often mod-
eled with an equation similar to equation 1 (e.g., Segall, 2019), in particular if pressure
is initially lower in one of the bodies (upper one; after an eruption) and pressure remains
constant in the other (lower one; larger magma reservoir feeding the upper body). The
a and 7 constants of the model depend on the pressure difference between the magma
bodies, their size and compressibility, and the nature of the conduit connecting them (Segall,

2019).

5 Temporal variation of the surface displacement
Temporal variation of surface displacement may help to distinguish the two pro-

cesses. For a point pressure source in an elastic deformation half-space, the vertical dis-

—11—
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placement field, U, is given by

1—v d

= =AV ——
U. - (r2+d2)3/2

(2)

(Dzurisin, 2006). Here v is Poisson’s ratio, d is the source depth, and r is the distance
from the surface projection of the source to the observation point. For the elastic mod-
eling, there is a linear relationship between the surface displacements and magma inflow
volume AV. Therefore, with a time-dependent magma inflow rate, we would expect the
surface displacement at all geodetic stations in the area to show the same temporal pat-
tern as the magma inflow rate. All the geodetic stations then should share the same de-
cay constant if the magma inflow rate decays exponentially. This behavior can be com-
pared to the evolution of surface displacements in the viscoelastic model after tg.

With the viscoelastic model structure in Figure la, we calculate the surface dis-
placement time series at stations 0, 5, 10, 15, and 20 km away from the center (Figure
6). Horizontal contraction and subsidence occur at t=0. After t=0, the horizontal dis-
placements are directed away from the center. The center of the source subsides slightly
at the very beginning, but then turns to uplift. Similar behavior occurs farther from the
source, but the farther from the center, the slower and more gradual the turn from sub-
sidence to uplift. We evaluate if an equation of the same form as equation 1 can describe

the temporal variation of horizontal displacement at each location in the initial 6.3 years:

disp(t) = Ae™ 7 (3)

Here ¢ is the observation time, and disp is the corresponding displacement at each
point. We fit equation 3 only to the horizontal displacements from both models, as the
vertical displacement from the viscoelastic model is not well described by an exponen-
tial decay pattern. We use the Fit function in the Matlab software (MATLAB, 2020) to
derive the decay constant and amplitude vs. distance from the center, and the associ-
ated uncertainties (95% confidence bounds; Figure 7).

With the model setup illustrated in Figure 1 and viscosity of 3 x 108, the decay
constant for the horizontal displacements varies with distance. The maximum amplitude
is at a distance of around 7 km away from the source center. The decay constant ver-
sus distance depends on the viscosity. Testing models with different viscosities shows that
higher viscosities cause larger decay constant (Figure 7b). The modeling result shows
that viscoelastic relaxation causes different decay constants at different distances from

the source.

—12—
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Figure 6. Surface displacement from 0 to 10 years at the points 0, 5, 10, 15, and 20 km away

from the source center in the horizontal (left) and vertical (right) directions in the viscoelastic

relaxation model.

The characteristics of the displacement field for the magma inflow and viscoelas-
tic relaxation model can be compared. Both models have the highest horizontal displace-
ment at a distance of a few kilometers away from the source center. The main difference
between the two models is in the decay constant, where the magma inflow model has the
same decay constant at all distances, while the viscoelastic relaxation model has decay
showing some variation with distance from the source (Figure 7). This is more pronounced
for lower viscosities. The offset in the results for 6 x 10'® Pa s is due to how the displace-
ment curve is fitted to equation 3, where there can be trade-off between the A and 7 pa-

rameters. Mapping the decay constant may be a tool to distinguish the two processes.

6 Post-eruptive stress and displacement at Bardarbunga volcano

We use the 2014-2015 Bardarbunga eruption as a case study to test our findings.
Bardarbunga volcanic system includes a central volcano with a caldera and a fissure swarm
in central Iceland, partly under the Vatnajokull ice cap. The 2014-2015 Bardarbunga erup-
tion lasted for six months, from August 2014 until February 2015 (Gudmundsson et al.,
2016; Pedersen et al., 2017). The volume involved in the eruption is 1.9 & 0.3 km?, in-
cluding ~1.4 km?® Holuhraun lava erupted to the northeast of the caldera and ~0.5 km?

remaining in the 48 km long dike that formed, linking the Bardarbunga caldera and the
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Figure 7. Amplitude (left) and decay constant (right) estimated from the horizontal surface
displacement time series in a viscoelastic model, fit with an exponential function. The dots with
error bars show the estimated amplitude and decay constant from viscoelastic models with differ-
ent viscosities. The circles with error bars show the estimated amplitude and decay constant from
the corrected GNSS time series in Figure 9. The x-axis is the distance from the source center in

kilometers.

Holuhraun eruptive site (Sigmundsson et al., 2015; Gudmundsson et al., 2016; Pedersen

et al., 2017). During the eruption, the Bardarbunga caldera floor collapsed 65 meters (Gudmundss

et al., 2016). The glacial coverage and steep topography on the flanks of the central vol-
cano cause difficulty in fieldwork for ground deformation measurements.

Li et al. (2021) used the 2015-2018 average velocity fields calculated from both In-

SAR and GNSS to study the post-eruptive deformation field. Viscoelastic relaxation, magma

inflow with or without caldera fault movement, or a combination of these processes can
explain the observed average velocity field in the vicinity of the caldera. Their viscoelas-
tic relaxation model considers contraction volume of 0.4 km?® of a point source of pres-
sure below the caldera at 10 km depth in a viscoelastic model. The two-layer viscoelas-
tic model has a 7 km thick elastic layer on top of a 3 x 10'® Pa s viscoelastic half-space
(same model as used here; Figure 1a).

The cumulative seismic moment in the caldera area of Bardarbunga, and its vari-
ation with time, are taken as an indicator of the stress conditions (Figure 8, Li et al.,
2021; Jonsdottir et al., 2019). We expect the evolution pattern of the cumulative seis-
mic moment and shear stress changes at depth to be comparable following some read-

justment period directly following the eruption, as earthquakes are driven by stresses.
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In about nine months following the eruption, few earthquakes occurred, all of which had
low magnitude. After that, seismic activity and magnitude increased, with the largest
earthquake being M,, 4.9 on January 2018, ~3.4 years after the beginning of the erup-
tion.

The rate of cumulative seismic moment release begins to decline at a similar time
(signifying lower and lower energy release in earthquakes). Viscoelastic relaxation mod-
cling suggests that stresses decay with time. This time-dependent stress change can also
be reproduced using a magma inflow model with the inflow rate decaying with time, in
such a manner that the pattern of stress decay at 8-9 km depth is similar to the cumu-
lative seismic moment curve. As indicated by the model comparison in section 4, it is
hard to tell the difference between the two stress fields.

Four continuous GNSS stations near the Bardarbunga volcano measured the sur-
face displacement and its temporal variation. We use time series of displacements at these
GNSS sites to study the temporal variation of the post-eruptive surface displacements.
We consider the observation period between 2015-2021, the initial six years following the
2014-2015 eruption. The GNSS station closest to the caldera (KISA, 6 km away from
the source) has the clearest decay in the horizontal component displacement (Figure 9).
We find a decay constant of 2 years by fitting it with an exponential curve. We carry out
such analysis for the continuous stations, and compare both the amplitude and decay
constant with the modeled amplitude and decay constant (Figure 7). The decay constants
from the four continuous stations are somewhat different, but in the range of 2-5 years.
Compared with the modeling results, where the decay constants are longer than ten years
for viscosities from 1-6 x 108 Pa s (Figure 7), the GNSS decay constants are much smaller.
Therefore, one should consider other processes, such as magma inflow, which might have
a role in causing post-eruptive deformation. Different source geometries or viscoelastic

models are also possible explanations.

7 Discussion

Our modeling results suggest that we can broadly reproduce a post-eruptive vis-
coelastic stress field using an elastic time-dependent magma inflow model. The main stress
difference between the models is at around 7 km depth, where the stress transfer from
the viscoelastic material to elastic material is small, and causing smaller stress than in
the magma inflow model at the same depth. In a cross section, the maximum change in

shear stress above the source is in two lobes with different sign, offset with respect to
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Figure 8. Cumulative seismic moment and the shear stress change over time from viscoelastic
and magma inflow model. The lines are the stresses at different depths, 3 km horizontal distance
away from the source. The viscoelastic model has 0.4 km® contraction at t=0. The continuous
magma inflow rate follows the equation y(t) = 1.552 x 10° x e~%/248 m®/yr. Stars show the cu-
mulative seismic moment (Li et al., 2021). Both the stress change rate and the rate of cumulative
seismic moment release (the slope of the cumulative seismic moment curve) show a decay after a

period of two years.
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Figure 9. GNSS time series from four continuous stations, KISA; VONC, RJUC, and GJAC
stations. The GNSS time series from radial (left panels) and up (right panels) directions are
shown separately (blue dots). The radial direction is between the Bardarbunga caldera center
(64.63, -17.48) and the station location. We fit the GNSS time series with exponential decay
(green curve, shown inn each panel). The GNSS time series and the exponential fitting curves are
shifted for displaying purposes so that the first observation point at each time series is at zero.
The viscoelastic modeling results with viscosity of 3 x 10'® Pa s from the viscoelastic relaxation

model in Figure la for these stations are shown in magenta.

—17—
139



Paper Il

140

the location of the surface projection of the modeled point source (Figures 2). At Bardar-
bunga volcano, seismicity along the caldera ring fault is observed in the post-eruptive
period, consistent with either viscoelastic or magma inflow model, as the maximum shear
stresses are not directly above its center. Earthquake activity in a post-eruptive period
indirectly measures stress changes (that are the cause of earthquakes). Nevertheless, the
eventual similarity of stress changes caused by magma inflow and viscoelastic relaxation
make it difficult to use earthquake patterns to conclude which process dominates.

Considering temporal variation of ground displacements, the decay constant of the
surface displacements measured by continuous GNSS stations could be used as an in-
dicator for discriminating between the processes. We vary the viscosity from 1-6 x 108
Pa s and calculate the decay constant for horizontal displacement, and compare it with
the decay constant estimated from GNSS stations at Bardarbunga volcano (Figure 7).
The modeled decay constant is higher than that from GNSS stations. Lowering the vis-
cosity might better explain the observation, but viscosity lower than 1 x 10'® Pa s is not
considered realistic for whole crustal sections (uniform horizontal layers) as modeled here,
considering e.g. results from modeling of glacial isostatic adjustment. Different rheolog-
ical structure in viscoelastic models could be considered, e.g., a temperature-dependent
model or a viscoelastic shell around the magma body. An approach like that of Yamasaki
and Kobayashi (2018) could also be considered, which model the effects of a localized
low viscosity zone below a deformation source for producing rapid decay of surface dis-
placements in volcanic regions following magma transfer.

For the Bardarbunga volcano, an earlier study by Li et al. (2021) found that the
average velocity field created by viscoelastic relaxation, deep magma inflow coupled with
caldera fault slip, or shallow magma inflow are all similar in the far-field, outside the ice-
cap. As we only have limited number of GNSS stations in the area (limited spatial res-
olution) and the amplitude decays fast when going away from the source center, it is chal-
lenging to infer the respective role of each process involved in the post-eruptive unrest
at Bardarbunga volcano. One of the reasons is that the Bardarbunga caldera is covered
by the Vatnajokull ice cap, which prevents accurate observations of surface displacements
directly above the source. The largest difference in ground displacements due to the two
processes is directly above the source. Furthermore, we do not have enough continuous
GNSS stations to observe the temporal variation of the surface displacement at a suf-

ficient distribution of distances from the source.
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Our findings provide important guidance for future studies of viscoelastic relaxation.
Ground deformation following volcanic eruptions that have large-scale magma withdrawal
should be interpreted by taking into account viscoelastic relaxation, as the viscoelastic
signal could be significant. Better temporal and spatial coverage of ground deformation
observations than available at Bardarbunga could be a solution for evaluating the rel-
ative role of the magma inflow and viscoelastic relaxation in creating post-eruptive ground

deformation.

8 Conclusion

Stress fields generated by viscoelastic relaxation following major magma drainage
and magma inflow in a post-eruptive period are compared. Here the viscoelastic relax-
ation model refers to a two-layer model, with a 7 km thick elastic layer on top of a vis-
coelastic half-space. A magma inflow model can broadly reproduce both the spatial pat-
tern and the temporal variation of the stress field of the viscoelastic model. Therefore,
the stress field set up by the two processes cannot easily distinguish which of the two pro-
cesses is more active in volcano roots in a post-eruptive period. Temporal variation of
the stresses caused by viscoelastic relaxation can be recreated with a magma inflow model
considering a magma inflow rate that decays exponentially with time.

Temporal variation of the observed surface displacement can be an indicator for
discriminating between the two processes, as viscoelastic relaxation causes different de-
cay constants at different locations. On the other hand, magma inflow model has the same
decay constant at all distances from the deformation source. The horizontal surface dis-
placement time series in the viscoelastic model presented here can be fitted with an ex-
ponential function. In that case, the viscoelastic model has the maximum amplitude about
7 km away from the source center, while the maximum decay constant (slowest relax-
ation) is about 15 km away from the source.

At the Bardarbunga volcano, we find that the stress change from viscoelastic re-
laxation and time-dependent magma inflow models in the post-eruptive period are both
consistent with the rate of cumulative seismic moment in the years following a readjust-
ment period of about three years since the end of the eruption. The shear stresses gen-
erated by both models suggest the preferred locations of the earthquake are shifted from
the source center and could align on the caldera fault complex. With the temporal vari-

ation of the stress field and the observed seismic variation, we can constrain the viscos-
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ity of the subsurface or the magma inflow rate presented in our model. For the assumed
crustal layering in a viscoelastic model, the viscosity of 3 x 10*® Pa s or a magma in-

flow model with cumulative magma inflow volume following the equation 1.55 x 108 e~ Tm
fits the temporal variation of the cumulative seismic moment the best (¢ is the time in
years). The surface displacement from different stations shows a somewhat different de-
cay constant, which varies from 2 - 5 years. Our two-layer viscoelastic model alone can-
not explain the GNSS horizontal displacement decay constants, so both further models

of viscoelastic relaxation and magma inflow process should be considered for Bardarbunga.
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