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To my family and friends whose lives have been impacted by the seismic and volcanic
events in Grindavik.






Abstract

The ongoing active volcanic period in the Reykjanes Peninsula, which started in
2021, has been accompanied by intense earthquakes with magnitudes as large as Mw
5.6. The first volcanic eruption began at Fagradalsfjall on March 19, 2021. This
was followed by two additional eruptions at Fagradalsfjall, before volcanic activity
shifted to Sundhnukagigar.

In this study, focal mechanism inversion is implemented from the accelerometric data
recorded by the IceSMN, using the code ISOLA, and the estimated magnitudes are
compared with independent estimates from IMO and EMSC. It was observed that
our magnitude estimate from the waveform inversion is very close to that of EMSC,
and in general larger than the estimate from IMO. However, even though the results
are promising, certain events with a low variance reduction give less reliable results,
aledting both magnitude and focal mechanism estimates.

Moreover, an empirical mixed-e [edts ground motion model (GMM) for PGA, PGV,
and PSA was calibrated for rock sites based on the available recordings and the
magnitude estimate from EMSC. This GMM uses the same functional form used
by Hernandez-Aguirre et al. (2023) [14], but includes approximately six times more
data. The new GMM presents larger amplitudes at short distances and a faster
attenuation with distance compared to the model by Hernandez-Aguirre et al. (2023)
[14]. These findings highlight the need for continued refinement of the inversion
method to enhance the accuracy of GMM calibration and its applicability in seismic
hazard analysis.

Finally, a fast and simple approach is proposed to estimate magnitudes from the
recorded PGAs using the updated GMM.






Preface

Although being born and raised in Iceland where both earthquakes and volcanic
eruptions have always been present in the background and have shaped the way
of life for many people, | never expected that my hometown, Grindavik, the place
where | was raised and loved, would be so significantly a[edted by seismic activity
and volcanic eruptions. Even having a deep interest in natural disasters, particularly
eruptions and earthquakes, being well aware of the area’s history, and having count-
less memories of playing in the lava fields and knowing of the old cracks throughout
the town that were once formed by earthquakes and eruptions, I never let my mind
dwell on what could really happen, until it did. It is thus a great honor to have had
the opportunity to work on this project, which contributes to a better understand-
ing of a small part of such an event. Getting a deeper understanding of natural
disasters is invaluable, as they have a direct impact on people’s lives, and | believe
it is crucial to dedicate elant and expertise to understanding them as thoroughly
as possible, having witnessed firsthand how uncertainty is often the most di [Ccult
aspect of these events. After all, the hardest questions to answer are often the ones
that matter most.

Having personally experienced the e [edts of natural disasters, my interest in them,
particularly earthquakes, has evolved throughout my studies in civil and environ-
mental engineering at Haskoli Islands. The integration of my academic background
with this interest has been both intellectually stimulating and personally significant,
and | reflect on these years of study with profound appreciation and pride in the
knowledge | have gained and the accomplishments | have achieved.

This study aims to evaluate the performance of a focal mechanism inversion method
using strong ground motion recordings from the Reykjanes Peninsula for the years
2020-2024, as well as to calibrate a Ground Motion Model (GMM) for volcano-
tectonic earthquakes. | hope that the findings of this thesis will make a meaningful
contribution to future research and support ongoing e Lants to mitigate the impacts
of seismic hazards in Iceland and beyond. Most importantly, | hope that this thesis
will, in some way or another, aid in enhancing my hometown’s understanding for
future seismic events.
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1. Introduction

This report is based on data and information available as of May 2024 and ground

motion recordings up to January 2024. Changes, such as new eruptions or addi-
tional recordings, may have occurred since the completion of this report, potentially

impacting some of the ndings discussed herein.

The aims of this study are to evaluate the performance of a focal mechanism inversion
method using strong ground motion recordings from the Reykjanes Peninsula for
the years 2020 2024 and to calibrate a Ground Motion Model (GMM) for volcano-
tectonic earthquakes.

1.1. Geology and structure of Iceland

Iceland is the most seismically active region in northern Europe due to its location
on the divergent Mid-Atlantic plate boundary, which separates the North Ameri-
can and Eurasian plates. The Mid-Atlantic Ridge bends its way across Iceland in
response to the presence of a hot spot currently situated under Vatnajokull that
leads to a wide and more complex plate boundary deformation zone than is ob-
served along normal oceanic plate boundaries [5]. The boundary is clearly de ned
by earthquake epicenters, which outline a narrow deformation zone as it crosses the
Icelandic platform (see Figure 1.1) [9].

This interaction between the Mid-Atlantic Ridge and the Icelandic mantle plume is
characterized by a series of volcanic and seismic zones. The relative movement of
the Mid-Atlantic Ridge over the hot spot causes ridge jumps, propagating rifts, and
other geological complexities [8].

Over time, excessive hot spot volcanism has built up Iceland's lava elds, making
it one of the most geologically active regions on earth and ultimately responsible
for the formation of the island [8]. Iceland has approximately 32 volcanic systems,
typically consisting of a central volcano, often with caldera, and associated ssure
swarms [43]. High-temperature geothermal areas are located within active volcanic
zones, where they derive their energy from cooling magma bodies in the crust [10].
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Figure 1.1: Earthquake epicenters in the Atlantic Ocean from 1964 2006. Data from
NEIC, US Geological Survey (modi ed from [9]).

The geology of Iceland can be explained with four main types of rift and transform
structures; 1) spreading zones of rifting and volcanism, producing the Icelandic
tholeiitic crust; 2) fracture zones connecting o set branches of the spreading zones;
3) trans-tensional zones, including transform faulting and spreading; and 4) ank
zones, which are superimposed on the eroded tholeiitic crust producing alkalic to
transitional rocks from stratovolcanoes and are associated, with minor rifting [39].
The Icelandic Volcanic zones are usually divided into the Reykjanes Volcanic Belt
(RVB), the West Volcanic Zone (WVZ), the Mid-Iceland Belt (MIB), the East Vol-
canic Zone (EVZ) and the North Volcanic Zone (NVZ), shown in Figure 1.2 [39].
These zones de ne the distribution of active rifting, seismicity, and geothermal ac-
tivity across the island.

The seismicity of the volcanic zones is characterized by spatial clustering of epicen-
ters, with most epicenters located near central volcanoes. Rifting structures, includ-
ing ssure swarms and normal faults, generally remain inactive in terms of seismicity,
except during periods of rifting and magmatic activity. A well-documented example
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Figure 1.2: This gure shows the location of the Mid-Atlantic Ridge as it crosses
Iceland. The colors show the ages of the volcanic rocks that make up the island.
It is notable that the oldest rocks are on the western and eastern edges of Iceland.
As the plates have continued to move apart, the older rock gets carried away from
the plate boundary and new volcanic rock forms in between. The orange color is
volcanic rock that formed during the past 800,000 years. Notably, a section of
older rock (yellow color) is visible between the WVZ and the EVZ. This piece is
a micro-plate that was created as the plate boundary jumped from the WVZ
to the EVZ. The white areas are land that is covered by ice. The sandur deposits
(grey color) are sedimentary deposits carried seaward during vast releases of water
from under the ice when volcanoes there erupted events called jokulhlaups. Image
from [33].

is the events in Kraa where earthquake monitoring has been highly e ective in
tracking the volcano's in ation and de ation, as well as in mapping the movement
and speed of lateral magmatic intrusions into nearby ssure swarms [8].

Most large earthquakes in Iceland occur within two transform zones, which connect
the currently active Northern and Eastern Volcanic Zones to the ridges o shore
[8]. The rift zone is displaced eastward by two major fracture zones, or ‘transform
faults': the South Iceland Seismic Zone (SISZ) on land and the Tjornes Fracture
Zone (TFZ), primarily o shore. The most destructive earthquakes in Iceland have
occurred within the SISZ. This zone stretches about 80 km in an east-west direction
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through the South Iceland Lowlands, with earthquake epicenters aligned in a 5-
10 km wide band. The region north of the zone is part of the North American

Plate, which is moving westward, while the region south of the zone belongs to the
eastward-moving Eurasian Plate [35].

While Iceland as a whole presents a fascinating geological setting, the Reykjanes
Peninsula stands out due to its recent volcanic and seismic reactivation. This makes
it a particularly important region for further study.

1.2. Geology and structure of the Reykjanes
Peninsula

In this thesis, the focus will be on the Reykjanes Peninsula(RP), a zone of high
volcanic productivity and seismic activity. The ongoing volcano-tectonic unrest on
the Reykjanes Peninsula, which began in 2019, and the availability of a large dataset
of ground motion records, has made this region especially interesting for study.

Among the four main geology types outlined in Chapter 1.1, the Reykjanes Penin-
sula falls into Type 3; a trans-tensional zone that includes transform faulting and
spreading. It is the only on-land example and is mirrored by the Tjoérnes Fracture
Zone (TFZ), o the north coast [39].

The Reykjanes Peninsula Rift is a segment of the Mid-Atlantic plate boundary
and serves as a transition between the Reykjanes Ridge (o shore) to the west, and
the Western Volcanic Zone and the South Iceland Seismic Zone to the east [8].
The plate boundary, as indicated by the epicentral zone of earthquakes, runs along
the peninsula in a direction of approximately N(70 80JE [3][26]. In contrast, the
relative spreading of the North American and Eurasian Plates is estimated at 18 19
mm/year in a direction of N(100 105)°E, based on the MORVEL2010 global plate
motion model [6] and GNSS geodesy [43]. The oblique spreading leads to extensive
volcanism and large earthquakes [8].

The main tectonic features on the peninsula are a large number of NE-SW trend-
ing volcanic ssures, and normal faults, and a series of N-S oriented right-lateral
strike-slip faults [5]. As shown in Figure 1.3, there are six volcanic systems in the
peninsula according to Seemundsson et al. (2020) [39], namely: Reykjanes, Svart-
sengi, Fagradalsfjall, Krysuvik, Brennisteinsfjoll and Hengill. The ssure swarms of
the volcanic systems extend a few tens of kilometres into the plates on either side,
have a trend of about N38E, and are thus arranged en echelon with respect to the
plate boundary [8].
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