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Abstract: The Geldingadalur eruption in the Reykjanes Peninsula on 19 March 2021 was
preceded by several earthquakes of volcano-tectonic origin throughout 2020 and 2021.
Seven earthquakes with magnitude M>5 took place during the swarm, all of them recorded
by the Icelandic Strong Motion Network operated by the Earthquake Engineering Research
Centre of the University of Iceland. In this paper we present salient features of strong
ground motion in the epicentral area caused by the swarm. Interestingly, earthquakes as
small as M5.0 caused peak ground acceleration (PGA) larger than the 475-year return period
PGA at a town near the epicentral area. At two recording stations, unusually high energy
content at vibration periods <0.3s was detected, with spectral accelerations exceeding the
design values. The largest recorded horizontal PGA was ~0.4g at Krysuvik, station, which is
the strongest PGA recorded in Iceland since the Mw6.3 2008 Olfus Earthquake. For this
station we present horizontal-to-vertical spectral ratios indicating likely site-effects. We also
compare the attenuation of PGA of the largest event of the sequence with two ground-
motion prediction equations (GMPEs). The recorded PGA attenuation is well captured by a
local GMPE.

Keywords: ICESMN; Fagradalsfjall; Volcano-tectonic earthquake; Site-effects; Peak
ground acceleration.

1. Introduction

The effusive eruption in Geldingadalir that began on 19 March 2021 is the first to occur on
the Reykjanes Peninsula since the 13th century episode that affected both the Reykjanes
and Svartsengi volcanic systems (Semundsson et al., 2020). This eruption is the first in the
Fagradalsfjall system in at least 6000 years (Seemundsson et al., 2016). In the Reykjanes
Peninsula, periods of rifting and volcanism occur at intervals of 800—1000 years
(Seemundsson et al., 2020) alternating with periods of predominant transcurrent motion
manifested as high seismicity episodes occurring at intervals of a few tens of years
(Einarsson, 2008).

Unrest in the Reykjanes Peninsula was first identified in Mt. Porbjérn-Svartsengi in mid-
January 2020, when inflation of about 3-4 mm/day was detected in automated GNSS and
InSAR results, coinciding with the onset of an earthquake swarm with magnitudes M<4
(Geirsson et al., 2021). In the Krysuvik volcanic system, inflation started in mid-July 2020,
leading to a M5.6 earthquake on 20 October 2020.

3ECEES, September 2022, Bucharest, Romania
222



The dike formation in Geldingadalir caused 6 earthquakes of Magnitude M>5 between 24
February and 14 March 2022. The largest earthquake of the sequence was a M5.7 on 24
February 2022 and occurred in the eastern half of the top part of the magma reservoir. This
is the largest recorded earthquake in the Peninsula since 2000 (Jonasson et al., 2021). The
injected dike segment following the MS5.4 earthquake on 14 March 2021 eventually
resulted in the dike propagating to the surface to feed the Geldingadalur eruption.

The Icelandic Strong Motion Network (IceSMN) operated by the Earthquake Engineering
Research Centre (EERC) of the University of Iceland recorded ground accelerations
caused by these events. Stations as close as ~4km and as far as ~200km were triggered by
these events. This paper presents a summary of ground shaking at the stations closest to the
epicentres of some of the earthquakes in the Peninsula between 20 October 2020 and 14
March 20021. Horizontal peak ground acceleration (PGA) as large as 0.4g (g being
acceleration due to gravity) was recorded at one station, Krysuvik, during these events.
This is the strongest recorded shaking in Iceland since the 2008 Olfus Earthquake.

Peak ground accelerations, and elastic response spectra of ground motion recorded at four
stations during 5 earthquakes with M>5 are discussed in Section 3, while in Section 4 the
attenuation with distance of the recorded PGA for the largest event of the swarm is
compared with two ground motion prediction equations. Finally, a plausible explanation
for the unusually large PGA recorded at Krysuvik is given.

2. Tectonic framework
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Fig. 1. Map of the Reykjanes Peninsula with its 6 volcanic systems highlighted. The location of the
Geldingadalur eruption of 19 March 2021 is shown, along with the location of the earthquakes with M>3
from the precursor swarm that started in January 2020. The accelerometric stations of the IceSMN network
are also presented. The Iceland inset shows the volcanic systems (modified from Johannesson &
Semundsson, 2009) and the location of the study area (black square). The arrows show the direction of the
spreading between the North American and Eurasian tectonic plates.

The Reykjanes Peninsula rift (Fig. 1) is a segment of the mid-Atlantic plate boundary and
forms a transition between the Reykjanes Ridge off shore to the west and the Western
Volcanic Zone and the South Iceland Seismic Zone to the east (Einarsson, 1991). The plate
boundary as shown by the epicentral zone of earthquakes runs along the peninsula in the
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direction of about N(70-80)°E (Bjornsson et al., 2020; Keiding et al., 2009), whereas the
relative spreading of the North American and Eurasian Plates is about ~18—19 mm/year in
direction ~N(100-105)°E, as measured from a global plate motion model, MORVEL2010
(DeMets et al., 2010), and GNSS geodesy (Sigmundsson et al., 2020). The oblique
spreading leads to extensive volcanism and large earthquakes (Einarsson, 2008).

The main tectonic features on the peninsula are a large number of NE-SW trending
volcanic fissures and normal faults and a series of N-S oriented right-lateral strike-slip
faults (Clifton & Kattenhorn, 2006). As shown in Fig. 1, there are six volcanic systems in
the peninsula according to Saemundsson et al. (2020), namely: Reykjanes, Svartsengi,
Fagradalsfjall, Krysuvik, Brennisteinsfjoll and Hengill. The fissure swarms of the volcanic
systems extend a few tens of kilometres into the plates on either side, have a trend of about
N35°E, and are thus arranged en echelon with respect to the plate boundary (Einarsson,
2008).

Seismic activity on the peninsula is episodic. Recent high activity periods took place at the
beginning of the last century, in 1929-1935, 1967—-1975, and 2000-2004 (Bjornsson et al.,
2020; Einarsson, 2008). The largest earthquakes in the latest episodes were associated with
strike-slip faulting (Arnadottir et al., 2004; Einarsson, 1991). Hreinsdottir et al. (2001)
suggests that transcurrent motion is taken up by right-lateral motion on N-S trending
strike-slip faults (bookshelf faulting, Einarsson et al., 1981) while extension perpendicular
to the fissure swarms takes place during magmatic periods by dyke injection. In the period
1900-2019, in total 25 earthquakes of M>5 have occurred on the Peninsula, west of —22°0"
(Fig. 1), i.e. on average one earthquake every fifth year (Jonasson et al., 2021).

3. Strong-motion recordings

During the 2020-2021 Reykjanes swarm, seven earthquakes with a magnitude 5 or larger
were reported by the Icelandic Meteorological Office (IMO). Their epicentres are marked
in Fig. 1 with white circles. These events were recorded by the IceSMN.

3.1. Peak ground accelerations

PGA recorded at 4 stations of the ICESMN in the Reykjanes Peninsula are presented in
Table 1. Components X and Y are horizontal, close to the E-W and N-S directions,
respectively. The largest PGA was recorded in the X direction at Krysuvik station, where it
reached ~0.4g, which is almost twice the 475-year return period PGA used for seismic
design in Grindavik and the surrounding area, which is 0.2g. Peak ground accelerations
close to or exceeding the 475-year design PGA in Grindavik are highlighted in the table. It
is interesting to note that even earthquakes as small as M5.0 caused PGA close to or more
than 475-year design PGA.
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Table 1. PGA in g’s recorded at 4 of the stations of the IceSMN during five events with M>35.

20/10/2020 24/02/2021 01/03/2021 07/03/2021  14/03/2021

Station  Component "y /s ¢ M5.7 M5.0 MS5.1 M5.4
X 0.033 0.052 0.010 0.073 0.121

Grindavik Y 0.020 0.057 0.010 0.041 0214
z 0.015 0.047 0.008 0.065 0.076

X 0.050 0.103 0.011 0.144 0.273

Porbjorn Y 0.051 0.092 0.018 0.196 0.276
z 0.023 0.046 0.009 0.122 0.139

X 0327 0.405 0.207 0.028 0.044

Krysuvik Y 0.206 0.283 0.118 0.030 0.051
z 0.167 0.220 0.067 0.014 0.019

X 0.020 0.018 0.012 0.011 0.025

Reykjanesbzr Y 0.015 0.023 0.010 0.020 0.018
z 0.011 0.017 0.007 0.018 0.017

3.2. Elastic response spectra

Elastic response spectra (5% damped) of some of the recorded ground motions are
presented in this section. Response spectra of ground motion recorded at the Krysuvik
station during the 24 February 2021 M5.7 earthquake are shown in Fig. 2. For comparison,
Eurocode 8 Type 1 elastic spectrum on rock site and corresponding to a PGA of 0.2g is
also shown. The response spectra of recorded motion are greatly under-estimated by the
ECS spectra for vibration periods less than ~0.15s. This is the case even when the PGA of
recorded motion is similar to the PGA used to scale the EC8 spectrum, for example the Y
component of recorded motion.
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Fig. 2. Elastic pseudo-spectral acceleration (5% damping) of the ground motion recorded at Krysuvik during
the 24 February 2021 MS5.7 earthquake.

Response spectra of ground motion recorded at the Grindavik station during the 14 March
2021 M5.4 event are well captured by the EC8 spectrum as shown in Fig. 3a. Response
spectra recorded at Porbjorn station for the same event are shown in Fig. 3b. The response
spectrum for X direction at Porbjorn has unusually high ordinates at vibration periods less
than ~0.15s. The shapes of response spectra at Grindavik are very different from those at
Krysuvik and Porbjorn.
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Fig. 3. Elastic pseudo-spectral acceleration (5% damping) of the ground motion recorded at Grindavik (a)
and Porbjorn (b) during the 14 March 2021 M5.4 earthquake.

It is worth nothing that stations Grindavik and Porbjorn are separated just ~650 m (see Fig.
1), hence, they have similar hypocentral distances and azimuth from the source, however,
their ground motion characteristics are contrasting. One possibility for the large spectral
accelerations at station Porbjorn at low periods might be that the station is affected by site-
effects, however, according to the Geological map of SW Iceland (Semundsson et al.,
2016) both stations are located on postglacial lavas. To elucidate the reason of the ground
motion differences between these stations further study is required.

4. Ground-motion attenuation and site effects

Attenuation of the geometric mean PGA of the two horizontal components recorded during
the largest event is shown in Fig. 4. Two ground-motion prediction equations (GMPEs) are
compared with the recorded PGA. The model of Akkar et al. (2014), hereafter called as
Ak2014, was derived based on data from Europe and the Middle East. The second model
employed is that of Rupakhety et al. (2016), referred as Ru2016, which was calibrated
from ground-motion data recorded in Iceland. Both models are presented for rock-site
conditions, and a strike-slip faulting was used considering the focal mechanism reported by
the U.S. Geological Survey. It is evident that the model Ru2016 fits better the recorded
data. In fact, it has been previously reported that GMPEs calibrated on data outside Iceland
tend to under-predict ground motion at short distances and overpredict further away from
the source (Olafsson & Sigbjornsson, 2006).

The PGA recorded at Krysuvik is highlighted in Fig. 4. This was the largest PGA recorded
during the earthquake swarm and the low period peaks in the elastic response spectra (Fig.
2) are way beyond the spectral accelerations of the Eurocode 8 Type 1 elastic design
spectrum. Unusually high PGAs at Krysuvik were also recorded during other earthquakes,
so we hypothesize that this station might be affected by site-effects. Detailed site
characterization for this site is not available, however, a Geological map (Semundsson et
al., 2016) for this area shows tephra deposits.
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Fig. 4. Geometric mean of horizontal peak ground accelerations recorded by the IceSMN network during the
24 February 2021 M5.7 earthquake (circles), compared to the GMPEs Ru2016 and Ak2014.

The horizontal-to-vertical spectral ratios (HVSR, Nakamura, 1989) for six earthquakes
with M>5 recorded at Krysuvik are presented in Fig. 5. The strong motion section of each
record was windowed and cosine tapered (5%). A bandpass filter between 0.05 and 50 Hz
was used before computing Fourier Amplitude Spectra (FAS). Then spectral amplitudes
were smoothed and the HVSR computed as the root mean square of the horizontal spectral
amplitudes divided by the vertical spectral amplitude. The results show a broad-band
amplification, with a value as large as 9 at ~8 Hz for the average HSVR. While the HVSR
technique was initially proposed to interpret microtremor measurements, it has been shown
that the HVSR for earthquake recordings gives a good approximation of the dominant site
frequencies (e.g., Lermo & Chavez-Garcia, 1993; Mucciarelli et al., 2003).

% " .‘Q,' f "v u. |
& V "'%'\w ’w’E r',\(\b‘h' “J
\m
" f (Hz) e

Fig. 5. Horizontal-to-vertical spectral ratios for six earthquakes with M>5 recorded at station Krysuvik. The
average HSVR is shown with a thick black line.

5. Conclusions

This work presents salient features of strong ground motion recorded during the earthquake
swarm in 2020-2021, preceding the 2021 Geldingadalur eruption in the Reykjanes
Peninsula, Iceland. One very important observation is that earthquakes as small as M5.0
caused PGA larger than the 475-year return period PGA at towns near the epicentre.
Furthermore, spectral accelerations at low periods (T<0.4 Hz) were extremely large at two
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stations near the epicentre. Large spectral accelerations in this frequency range could be
damaging because the Icelandic building tradition consists of low-rise buildings made of
concrete, masonry and timber, with fundamental natural frequencies usually larger than 5
Hz (Sigbjornsson et al., 2009). However, only few minor damages have been reported for
these events. The largest recorded PGA was ~0.4g at Krysuvik, which is around twice the
PGA estimated from GMPEs. Large PGAs at this station were recorded also during other
events. Site-effects at Krysuvik are a plausible explanation for the unusually large PGAs
and spectral accelerations at low periods. Further geotechnical investigation is required to
better understand local site effects at this station.
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