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Abstract

The Fagradalsfjall eruption commenced on 19 March 2021 on a ~180-m-long eruptive fissure, following a 23-day dike intru-
sion. New eruptive fissures opened northeast of the initial eruption site on 5, 6-7, 10, and 13 April 2021. The northernmost
eruption occurred on 5 April, approximately 1 km northeast of the initial fissure, with the other fissure openings between
this and the initial eruptive vents. Still images from web cameras and time-lapse cameras are available for five of the fissure
openings. These data show that the eruptions were preceded by steam emitted from cracks in the exact locations where the
eruptions started. The time between the first steam observations and the visual appearance of glowing lava ranged between
15 s and 1.5 min during night observations and from 9 to 23 min during daytime observations. The difference in observation
time is likely explained by the different lighting conditions. The eruptive vents are located where the north-easterly oriented
dike intersected pre-existing north-south-oriented fractures, inferred to be strike-slip faults. These fractures could be identi-
fied on a high-resolution ICEYE interferogram as well as on pre-existing aerial photographs and digital elevation models.
This interferogram spanned the first day of the eruption (19-20 March 2021). It not only displays deformation related to the
pre-eruptive dike intrusion but also shows lineations in locations where eruptive vent openings occurred later in April 2021.
These findings demonstrate how Interferometric Synthetic Aperture Radar Analysis (InSAR) can be used to forecast likely
locations of subsequent eruptive vent openings, which is of great importance for hazard assessment and defining exclusion
zones during fissure eruptions.
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Introduction

This paper constitutes part of a topical collection:

Low intensity basalt eruptions: the 2021 Geldingadalir and 2022 Dike intrusions at divergent plate boundaries have only

Meradalir eruptions of the Fagradalsfjall Fires, SW Iceland. been instrumentally monitored a few times. These include
- the 1975-1984 Krafla rifting episode, the rifting episode in
A. Hoskuldsson Asal-Ghoubbet in Djibouti in 1978, the 2005-2010 Dab-

bahu-Gabho rifting episode in Ethiopia, the 2007 dike intru-

I Asta Rut Hjartardétti . . , o .
o T P Ararcottit sion in Tanzania, and the 2014 Bardarbunga dike intrusion
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in Iceland (e.g., Bjornsson et al. 1977; Abdallah et al. 1979;
' Institute of Earth Sciences, University of Iceland, Reykjavik, Wright et al. 2006; Biggs et al. 2009; Sigmundsson et al.
Iceland 2015; Einarsson and Brandsdéttir 2021). In Hawaii, gravita-
2 Icelandic Meteorological Office, Reykjavik, Iceland tional forces form the rift; the last rift intrusion and eruption
3 Icelandic Institute of Natural History, Gardaber, Iceland occurred in 2018 (e.g., Neal et al. 2019).

These dike intrusions occur in rift zones. Eruptions in rift
zones tend to take place on fissures. Eruptive fissures are gen-
erally oriented parallel to pre-existing open fissures and nor-
mal faults in the rift zones and perpendicular to the orientation
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of the least principal stress (e.g., Nakamura 1977). The faults
often form grabens, with the eruptive fissures in the middle or
on the boundary of these grabens (e.g., Trippanera et al. 2015;
Ruch et al. 2016). However, sometimes the eruptive fissures
form without any visually observable graben formation.

Eruptions within the rift zones generally start through
multiple fissure openings/vents producing a curtain of fire. As
time progresses, most of the vents become inactive whereas
some may continue for longer time periods. These changes
in vent activity with time have been observed in different
eruptions elsewhere, such as during the 2018 Kilauea eruption
in Hawai’i (Neal et al. 2019), and during the 2014 Holuhraun
eruption in Iceland (Hjartardottir et al. 2016). Vents tend to
localize due to flow channeling, where the magma is focused
on certain parts of the fracture with the largest aperture (Bruce
and Huppert 1990; Gudmundsson 2020). How this focusing of
eruptive activity happens can vary, as can the length of time
from the beginning of steam emission from a fracture observed
at the surface until the magma finally reaches the surface to
form a new eruptive fissure.

This paper focuses on the opening of eruptive
fissures in an unusual tectonic setting: an oblique rift
where there is a high density of fractures categorized as

normal faults, tensile fractures, or strike-slip faults. The
2021 Fagradalsfjall eruption in Reykjanes, Iceland, was
thoroughly monitored by various methods, including
webcams and aerial photography. Opening of new eruptive
fissures could be observed, showing the relationship
between pre-existing fractures, topography, and the location
of the new eruptive fissures, as well as their behavior and
the timescales involved.

Geological setting

The Reykjanes peninsula is located at the Mid-Atlantic plate
boundary, where the Eurasian and North-American Plates are
diverging at a rate of ~2 cm/year (e.g., Einarsson 1991; DeM-
ets et al. 1994; Sella et al. 2002; Arnadéttir et al. 2009). Due
to the oblique spreading, both normal and strike-slip faults, as
well as tension fractures, can be found across the peninsula.
The normal faults and tension fractures are concentrated in
fissure swarms that cut obliquely across the plate boundary
and extend into the tectonic plates on either side of it (Fig. 1).
Eruptive fissures along the Reykjanes peninsula are usually
found within fissure swarms (Klein et al. 1977; Jonsson
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Fig. 1 Volcanic systems, fractures, and eruptive vents in the Rey-
kjanes peninsula. The blue frame shows the location of the 2021
Fagradalsfjall eruption. The locations of fractures and eruptive fis-
sures are from Clifton and Kattenhorn (2006). Information on vol-
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canic systems are from Semundsson and Sigurgeirsson (2013). Car-
tographic data are from the National Land Survey of Iceland. The
location of the dike is from Sigmundsson et al. (2022). For a close-up
of the eruption area, see Fig. 2
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1978; Semundsson 1978; Gudmundsson 1987; Einarsson
1991; Hreinsdottir et al. 2001; Clifton and Kattenhorn 2006;
Einarsson 2008; Keiding et al. 2009; Villemin and Bergerat
2013). Studies of previous dike intrusions in Iceland suggest
that such fissure swarms mainly become activated during
dike intrusions (e.g., Sigurdsson 1980; Wright et al. 2012;
Hjartardéttir et al. 2016; Ruch et al. 2016). The main fissure
swarms on the Reykjanes peninsula are the Reykjanes fissure
swarm, the Krysuvik fissure swarm, and the Brennisteinsfjoll
fissure swarm (Einarsson and Semundsson 1987). However,
the 2021 Fagradalsfjall eruption occurred between the Rey-
kjanes and Krysuvik fissure swarms and not within them.
The special characteristics of volcanism in the Fagradalsfjall
area have led to its definition as a separate volcanic system,
despite its lack of most of the typical features of such systems
in Iceland (Semundsson et al. 2020; Einarsson et al. 2023).

The Reykjanes peninsula is largely covered by post-glacial
lava flows and is highly volcanically active (Seemundsson et al.
2010, 2020). Some of these postglacial lava flows extend into
populated areas, such as the eastern part of the capital area

of Reykjavik (including the adjacent towns of Hafnarfjordur,
Gardaber, and Képavogur), and the towns of Grindavik and
Vogar (Fig. 1). Studies of existing lava flows along the penin-
sula indicate that eruptions occur periodically, with multiple
eruptions in different fissure swarms occurring intermittently
for up to several hundred years, followed by a ~800—1000-year
quiescence, when no eruptions occur (Seemundsson et al. 2020).
During the periods of quiescence, the seismicity is mostly
caused by strike-slip faulting. The maximum compressive stress
in the area alternates thus between being vertical and horizontal
with a NE orientation, while the minimum compressive stress is
consistently northwesterly oriented (Einarsson 1991).

The 2021 eruption at Fagradalsfjall followed a period of
unrest that began in December 2019 with a modest earth-
quake swarm at the plate boundary in Fagradalsfjall and
included several episodes of inflation and intrusions in at
least three different areas of the plate boundary in Reykjanes
(Geirsson et al. 2021; Halldérsson et al. 2022; Sigmunds-
son et al. 2022). The 2021 eruption was preceded by the
propagation of a NE trending, 9-km-long dike intrusion that
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Fig.2 (a) The location and time-evolution of the openings of
the eruptive fissures during the 2021 Fagradalsfjall eruption. The
fractures shown are the ones which were mapped from aerial
photographs, digital elevation models, and during field work. (b)
A 3D view of the eruptive fissures and the main eruptive vents,
view towards the west. The image shows how the initial eruptive
fissure opened in a topographical low whereas the subsequent
fissure openings occurred higher up in the mountains. Note how the

northernmost eruptive fissure (farthest to the right) is located along
a fracture (see also panel a). This fracture is clearly visible from
the aerial photograph which was taken in July 2019, almost 2 years
before the eruption started. The same fault is also visible on an aerial
photograph taken in August 1985 by the National Land Survey of
Iceland. The DEM is from the IslandsDEM of the National Land
Survey of Iceland, the aerial photograph from Loftmyndir Corp. is
draped on top of it
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began on 24 February and was accompanied by an intense
earthquake swarm along the plate boundary. The diking
event culminated in an eruption on 19 March which lasted 6
months and produced a lava field of 4.8 km? area and a bulk
volume of 0.15 km? (Pedersen et al. 2022).

Data and methods

New eruptive fissures and vents were mapped from aerial
photographs taken during repeated surveillance flights
over the unrest area in and close to Mt. Fagradalsfjall.
These vertical aerial photographs were taken onboard the
airplane of Gardaflug Corp., and onboard helicopters of
the Icelandic Coast Guard (Pedersen et al. 2022). In a few
cases, imagery from the web cameras of the Morgunbladid
newspaper and the Icelandic National Broadcasting Ser-
vice (Rikisutvarpid) was used to help locate the eruptive
fissures. The vertical aerial photographs were processed
photogrammetrically at the Icelandic Institute of Natu-
ral History and at the National Land Survey of Iceland,
and georeferenced with an array of ground control points
placed around the volcano (Pedersen et al. 2022). New
fracture movements in the vicinity of the eruption were
also detected on these images and were mapped in the field
by Trimble ProXH GPS instruments. In addition, ICEYE
Interferometric Synthetic Aperture Radar (InSAR) analy-
sis was used to detect new fracture movements around the
time when the first eruptive fissure opened. Fieldwork was
done repeatedly during the eruption to survey and monitor
new fracture movements. Pre-existing fractures in the area
were mapped from aerial photographs from Loftmyndir
Corp., and from digital elevation models (DEMs) from
IslandsDEMs, which is based on ArcticDEMs (Porter
et al. 2018; The National Land Survey of Iceland 2020).
These fractures are displayed as lineaments on the images.
The DEMs are particularly useful to detect vertical move-
ments on faults.

The ICEYE interferogram used in this study spanned
exactly 24 h, from 03:20:56 on 19 of March to 20 March.
Bayesian inversions were run using the interferogram
as the input to constrain parameters for the pre-eruptive
dike and to derive an improved understanding of the
magma plumbing system and structural controls, imme-
diately prior to the onset of the eruption. These inver-
sions were undertaken using GBIS software (Bagnardi
and Hooper 2018) using rectangular dislocations (Okada
1985) to model both the dike and a single fault.

The timing and behavior of the opening of five of the
new eruptive fissures and vents was found from stills on
time-lapse cameras and web cameras. The two time-lapse
cameras were operated by the Institute of Earth Sciences at
the University of Iceland. They were located on a hill to the
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south of the first (most western) fissure, from where they
continuously photographed the landscape with a frame rate
of 1 image per minute. The webcams were operated by the
Morgunbladid newspaper and the Icelandic National Broad-
casting Service (Rikisttvarpid) and provided the world with
stunning live footage from the eruption site. These cameras
were located to the south and east of the initial vent.

Results

The first eruptive fissure that opened on 19 March 2021
at approximately 20:30 was ~180 m long (Fig. 2). The
eruption occurred on a small hill in a topographically low
part of the Geldingadalir valley (Pedersen et al. 2022).
This eruptive fissure was located right above the southern-
middle part of the 9-km-long dike which had first been
detected 19 days before, on a Sentinel interferogram span-
ning 23 February to 1 March 2021 (Sigmundsson et al.
2022). By the second day, the eruption had concentrated
on two vents. These were the most active vents on the
initial eruptive fissure which had been detected during the
first night of the eruption (Figs. 2, 3, and 4).

Fig.3 The initial fissure opening. a Photo taken by Freysteinn Sig-
mundsson in the night from 19 to 20 March, about 4.5 h after the start
of the eruption. b The morning after, about 11.5 h after the start of
the eruption. ¢ On the 21 March (19:47), the eruption had already
mostly concentrated on two vents on the eruptive fissure, those vents
are among the most active ones on the first photos (a, b)
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The high-resolution ICEYE interferogram spanning one
whole day, from 17 h before the eruption started until 7 h
after it began (03:20 19 March to 03:20 20 March), showed
different types of crustal deformation (Fig. 5). It showed
the deformation due to a dikelet, which includes subsidence
on and around the top of the dike, as well as the typical
outward motion/extension pattern as a result of its emplace-
ment. The image also showed small-scale fault movements
on several faults which occurred during this period.

The second set of eruptive fissures opened on 5 April,
about 1 km north-northeast of the original vents (Figs. 2 and
4). In this case, two eruptive fissures opened where the dike
crossed pre-existing fractures, the latter of which could be
seen on older aerial photographs and digital elevation mod-
els. The N-S orientation of the fractures suggest that they
are most likely strike-slip faults (e.g., Einarsson et al. 2023).
These eruptive fissures were closer to the center of the sub-
sidence area, although slightly to the east of the center of
the subsidence (Fig. 5). The fissures were approximately 85
and 20 m long and located on a topographically higher part
than the first fissure. The third fissure opening occurred at
midnight on 6-7 April and was about 100 m long. The fourth
opening occurred on a ~90-m-long fissure. The last fissure
openings occurred on 13 April. These fissures opened both
to the north and south of the fissure that opened on the 6-7
April. The new fissures to the south were about 110 m long,

Fig.4 The evolution of new
vent openings during the erup-
tion in Fagradalsfjall. All frames
show the same location, there-
fore showing how the eruption
started in the southern part, the
second opening occurred in the
northern part and the later vent
openings occurred in between.
The aerial photographs are from
the surveillance flights which
were done repeatedly during the
eruption (Pedersen et al. 2022);
the imagery was processed at
the Icelandic Institute of Natural
History and the National Land
Survey of Iceland. The aerial
photographs behind the surveil-
lance photograph on 20 March
and a small part from 21 April
is an aerial photograph from
2019 from Loftmyndir Corp

20 March 2021

whereas the one to the north had a length of about 20 m.
The southernmost and northernmost eruptive fissures were
therefore the first ones to open, whereas the latter openings
occurred between these two eruptive fissures. By the end of
April, all vents had stopped erupting except the most south-
erly eruptive fissure that opened on 13 April. This eruptive
fissure became dominant and the only active fissure until the
end of the eruption on 18 September 2021.

The location of the eruptive vents with respect
to pre-existing fractures and deformation
during the first day of the eruption

The Fagradalsfjall area is cut by several north-south-oriented
strike-slip faults and a few NE-oriented conjugate strike-
slip faults. These faults can be observed from both aerial
photographs and digital elevation models (Fig. 2), as well
as by relocating earthquakes that have originated in the area
since seismic measurements started (Hjaltadéttir and Vog-
fjord 2006; Einarsson et al. 2023). In addition, a NNE-SSW
striking hyaloclastite ridge, formed by subglacial eruption,
is located just east of the 2021 eruption. During the unrest
period in 2021 when the dike was propagating, multiple
strike-slip earthquakes occurred, and surface ruptures were
seen along several N-S-oriented strike-slip faults, where
earthquakes larger than magnitude ~MS5 had occurred.

5 April 2021 ©

@ Springer



56 Page6of 14

Bulletin of Volcanology (2023) 85:56

The 2021 eruptive fissure was generally oriented NNE-
SSW, which is in accordance with the strike of the under-
lying dike, as determined from InSAR analysis, geodetic
modeling, and seismicity (Sigmundsson et al. 2022). How-
ever, there are local deviations, which are located where the
dike intersected the most prominent N-S strike slip faults. At
these locations, the eruptive fissure bends slightly towards
the N-S direction (Fig. 2).

Fig.5 Opening of new eruptive vents in April compared with where
ICEYE interferograms showed deformation during and just before the
first vent openings 19-20 March (red line). The ICEYE image shows
the difference between the phase component of two radar images,
taken at (03h:20m:56s) on 19 and 20 March 2021. (a) An overview
of the ICEYE image, dotted lines delineate the typical butterfly shape
of a dike intrusion with subsidence above the dike. Blue arrows show

@ Springer

The high-resolution ICEYE interferogram which spanned
the first day of the eruption showed deformation on sev-
eral north-south-oriented lineaments, which are most likely
strike-slip faults (Fig. 5). The highest density of these
strike-slip faults was northeast of the initial eruption site.
In addition, new movements on a few NNE-oriented faults
were detected, located east of the eruption site and the dike
(Fig. 5). These faults were situated close to an inferred fault

* Main eruptive vents

= Fracture movements 19-20 March 2021
e= Fractures mapped on surface
New eruptive fissures 2021:
= 19 March
e 5 April

6-7 April

w10 April

| 13 April

Modelled dyke
Lava 20 March 20217:47 am
ICEYE 19-20 March 2021
I -31416
[ 15708
[ -0,0000
[ 15708
B 31416

sl

how the dike pushes the crust in opposite directions. (b) A close-up
of the area where the eruptions occurred (black frame in panel a).
The ICEYE image shows dislocations along N-S-oriented fractures,
which are marked as black lines in panel c. There, gray lines show
faults visible on DEMs and aerial photographs taken before the erup-
tion. The new eruptive fissures and main vents are also shown
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in the eastern part of the ICEYE interferogram. Some of the
strike-slip faults that are seen on the ICEYE interferogram
are visible on aerial photographs and DEMs from before the
events, whereas others are not. Interestingly, most of the vent
openings in April occurred at the intersection of the dike and
these north-south-oriented strike-slip faults or a pre-existing
strike-slip fault (Fig. 5). This observation is important in
eruptions like those in Fagradalsfjall, where thousands of
people came to see the eruption, and new hazard assess-
ments were required on a regular basis.

Deformation modeling for 19 to 20 March 2021

Geodetic modeling was undertaken to determine the source
parameters responsible for the main deformation observed in
the 1-day ICEYE interferogram. A series of Bayesian inver-
sions were run using a modified version of GBIS software
(Bagnardi and Hooper 2018) and the ICEYE interferogram
as the input. We intially ran this model just incorporating a
single Okada dislocation (Okada 1985) to fit the deformation
field; however, the misfit was significant and it was apparent

Wrapped InSAR Data: DATA

Wrapped InSAR Data: MODEL

that a second deformation source was required. The best-fit
dual source model comprised both opening on a dike and
right-lateral strike-slip and dip-slip motion on a separate fault
plane to the east of the dike, both modeled as Okada dislo-
cations (Okada 1985). The dike was near-vertical, ~ 800 m
long, extending from about 700-m depth to the surface, strik-
ing at 29 degrees with an opening of 22 cm. The fault had
a length of ~ 1100 m, striking at 40 degrees (Figs. 6 and 7).

The opening process of the new eruptive fissures

During the eruption, several of the new eruptive fissure open-
ings were monitored by webcams. These webcams show the
time evolution from the start of steam rising from the fis-
sure until a red glow, indicating eruption onset, can be seen.
The time from the first observation of steam until the visual
appearance of glowing lava ranged between 9 and 23 min dur-
ing daytime and between 15 s and 1.5 min during night obser-
vation (Fig. 8). The difference in time can likely be explained
by the different lighting conditions during day and night.

In all observed vent openings in April, there was visible
steam emitted from the fissures that fed the various eruptions.
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Fig.6 Geodetic modeling results. a, d ICEYE interferogram from 19 to 20 of March 2021. b, e The best fit model includes both a dike (black

line) and a fault (narrow black box to the east of the dike). ¢, f Residuals
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> * Eruptive vents March 2021

* Later eruptive vents 2021

=== Fracture movements visible on the surface
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Top part of the fault - ICEYE

Lower part of the fault
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Fig.7 a The results of the model in Fig. 6 plotted with the eruptive
vents and new surface fracture movements, which were mapped in the
field. Note how the surface of the modeled fault fits with the fracture
movements seen on the surface. The ICEYE dike is the dikelet, i.e., a
localized extension/conduit from the uppermost part of the 9-km-long

The steam emission increased until the first lava erupted. The
opening of vent 2 (at 11:49 on 5. April), occurred only ~200
m from a mobile first-aid tent of one of the Icelandic Search
and Rescue (SAR) teams. Despite the closeness of the vent, the
SAR team was lucky that the topography of the area gave them
enough time to dismantle the tent and evacuate within the next
2 h. From the footage showing the opening of vent 3 (midnight
to 7 April), it can be observed that the eruption of lava was not
accompanied by any violent fountaining. Instead, the initial lava
production was effusive and similar to the upwelling surface of
boiling porridge. While starting relatively gently, within only a
minute, the first mild spattering occurred and the production of
lava quickly escalated. Vents 5 and 6 opened beneath existing
lava flows, and showed a very similar effusive behavior as for
vent 3 (see also Fig. 2.2(A) in Gallagher (2021)).

Discussion

The relationship between fissure openings
and pre-existing fractures during the eruption

Although there is not a prominent fissure swarm where the
2021 dike intrusion and eruption occurred, the strike-slip

@ Springer

dike. b An example of the new fault movements detected near the
eruption (see blue lines in a). This fault was a part of the NNE-ori-
ented fault system which delineated the eastern boundary of a shallow
subsidence area detected on the ICEYE image from 19 to 20 March.
The photo was taken on 25 March at 14:09. View towards the south

faults there are quite prominent. They had been detected
before on aerial photographs and during fieldwork (e.g.,
Clifton and Kattenhorn 2006). NNE-oriented hyaloclastite
ridges are also located in the area, formed by subglacial fis-
sure eruption(s) during the Pleistocene (Semundsson et al.
2010). The strike-slip faults have been seismically active
since precise seismic monitoring started in the 1970s (Klein
et al. 1977; Einarsson 1991; Jakobsdéttir 2008; Keiding
et al. 2009; Bjornsson et al. 2020). Relative relocations
of earthquakes which occurred between the years of 1997
and 2005 have depicted these strike-slip faults well, with
the prominent N-S-oriented strike-slip faults, but also the
conjugate ENE-oriented strike-slip faults (Hjaltadéttir and
Vogfjord 2006). These strike-slip faults can be considered

Fig.8 a The opening of new eruptive vents, showing the develop-»
ment in time from the first observation of steam until the eruption
starts. Note that the incandescence seen before on the figure for vent
4 is lava from another vent. The imagery is from time-lapse cam-
eras and web cameras in the field, operated by the Institute of Earth
Sciences at the University of Iceland, the Morgunbladid newspaper
and the Icelandic National Broadcasting Service (Rikisttvarpid). No
image from the opening of the first vent is available. b The time (in
minutes) from the start of visible steam to the start of visible lava.
The graph shows how the time difference is greater during daytime
than during the night
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vent 4
Initial fissure
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vent 5
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vent 6
Initial fissure
length: 20 m
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08:34:16 UTC 08:35:16 UTC 08:39:16 UTC 08:44:16 UTC 19:15:16 UTC
| O During daytime
@ During dark hours
O
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to be zones of structural weakness above and around the
NNE-oriented propagating dike in February and March
2021, and therefore potential magma migration pathways
and locations of eventual eruptive vents. It is nevertheless
noteworthy that the eruptive vents mostly occurred along
the prominent N-S-oriented strike-slip faults, not along the
less-prominent ENE-oriented strike-slip faults.

The deformation detected along some of these strike-slip
faults in the ICEYE interferogram spanning the first day of
the eruption may also have been used to forecast the location
of potential openings along these lineaments. The interaction
between the dike and the pre-existing strike-slip faults can
thus serve as a guide for implementing exclusion zones during
future fissure eruptions in the southern to middle part of the
Reykjanes peninsula, i.e., along the zone of strike-slip faults.

Subsidence near the eruptive fissures

A visible graben was not formed above the dike, although
a subsidence signal was detected above the dike on the
ICEYE image and fractures were mapped in the field which
followed the NNE-oriented direction of this subsidence
(Fig. 5). These fractures were located to the east of the dike
and the eruptive fissures. They were closest to the eruptive
fissure which opened on 13 April (~30 m), but farther away
from the northern eruptive fissures (~130 m). A lineament
is also observed in the interferogram where the new fracture
movements were detected in the field. This corresponds to
the fault that was required in the geodetic model (in addi-
tion to the dike) to fit the deformation field observed in the
ICEYE interferogram. However, the modeled fault is dip-
ping towards the SE, which thus is not interpreted to be a
graben fault which would have an inward dip towards the
dike, i.e., more towards the NW. The indications of a narrow
subsidence in the southern part suggest the dike was very
close to the surface there. This area is where the most active
vent of the entire eruption was located.

The question thus arises: what controls whether or not
grabens form above dikes? Previous studies have indicated
that graben formation depends on various factors, such as the
layer properties of the strata in which the dike propagates,
the pressure of the magma in the dike, the top-depth of the
dike, and the regional stress field (e.g., Pollard et al. 1983; Al
Shehri and Gudmundsson 2018; Bazargan and Gudmunds-
son 2019). Additional studies are required at Fagradalsfjall
to determine why a graben did not form above the Febru-
ary—March 2021 dike (or the July-August 2022 dike).

A comparison with other eruptive fissures
in the Reykjanes peninsula

The question arises as to whether the interaction of dike
intrusions with strike-slip faults is common for fissure
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eruptions in the Reykjanes peninsula. A comparison with
other eruptive fissures in the southern to middle part of the
Reykjanes peninsula shows that some of the eruptive fis-
sures are very oblique and far from being perpendicular
to the plate spreading vector, as would be expected if they
were formed in a pure extensional setting (Fig. 9) (Eyjolfs-
son 1998). The eruptive fissures or parts of them also often
follow the en-echelon pattern which is typical of strike-slip
faults (Jenness and Clifton 2009; Einarsson et al. 2020). In
addition, some glaciovolcanic edifices follow the orientation
of strike-slip faults (Pedersen and Grosse 2014). Neverthe-
less, many of the eruptive fissures do have the northeasterly
orientation that is perpendicular to the plate spreading direc-
tion in the area. The other eruptive segments are oriented
north-south or towards the east-northeast, i.e., in the same
direction as the strike-slip faults in the area (Fig. 9). This
suggests that those eruptive fissures were formed by magma
penetrating through the pre-existing strike-slip faults. The
strike-slip faults are only found in a central zone extending
in an east-west direction through the southern to middle part
of the peninsula, whereas normal faults exist farther towards
the north. The general trend of the fissure swarms in Rey-
kjanes tends to bend more towards the ENE direction in the
northern part. There, the eruptive fissures are mostly parallel
with the fractures in the fissure swarms and thus likely did
not interact with strike-slip features.

Compared to other parts of the plate boundary in Ice-
land where oblique spreading is not taking place, these
eruptive fissures are generally not as linear as the erup-
tive fissures at the pure extensional fissure swarms. This
feature likely stems from the oblique spreading of the
Reykjanes peninsula and the interaction with the strike-
slip faults.

Why do eruptions through strike-slip faults occur?

Other examples of eruptions through strike-slip faults are
known, both in Iceland and from other tectonic settings, such
as in Argentina (Spacapan et al. 2016), in Antarctica (Ros-
setti et al. 2000), Turkey (Adiyaman et al. 1998), and in West
Iceland (Khodayar and Einarsson 2002).

There have been different suggestions as to how these
eruptions occur. The eruptions can occur on the pull-apart
basins part of the fault, at the horse tail structure, on the
releasing bend of the strike-slip fault, or on a pure strike-slip
fault (Tibaldi et al. 2009). In the case of Fagradalsfjall, the
eruptive vents seem to be located on the parts of the faults
which are pure strike-slip faults, since we do not see any
evidence of other features such as pull-apart basins where
the vents are located.

The question also arises why the magma erupts through
and concentrates at vents within the strike-slip faults, i.e.,
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why the existing strike-slip faults were used as feeder dikes.
It is likely that the magma is migrating through existing
zones of weakness in the crust, although in this instance
the exact conditions as to why these propagation paths were
favorable are unknown. However, previous studies have
indicated that whether or not a dike propagates through an
existing fault can depend on different factors, for example
the fault’s tensile strength when compared with the tensile
strength of the surrounding rock, the fault’s dip, and the

Fig.9 A comparison of the
location and style of the erup-
tive fissures at the Fagradals-
fjall eruption (seen in panel

a) with other eruptive fissures
in the vicinity of the erup-

tion. Red lines denote eruptive
fisures and the purple dotted
lines in panel a show the main
strike-slip faults there. (b) The
~2000-year-old eruptive fissure
of the Skollahraun lava. (¢) The
1151-1188 AD eruptive fissure
of the Ogmundarhraun lava. The
red eruptive fissures in panels ¢
and d were mapped by Clifton
and Kattenhorn (2006)

normal stress applied to the fault (compared with the mini-
mum principal compressive stress) (Gudmundsson 2022).
It is also noteworthy that the magma influx rate to the dike
was quite low (<10 m¥/s) during its final ascent to the
surface (Sigmundsson et al. 2022; Einarsson et al. 2023),
which was consistent with the low lava effusion rates which
were measured at the eruption onset (Pedersen et al. 2022).
This may have caused the pre-existing fractures to play a
larger role in facilitating magma migration to the surface. If

=
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the overpressure in the dike had been significantly higher,
magma migration may have been less influenced by pre-
existing fractures in the area. However, in this case, we
suggest the faults were zones of structural weakness in the
crust, therefore pathways of least resistance for magma to
propagate through.

Conclusions

The 2021 Fagradalsfjall eruption offered a unique opportu-
nity to study how eruptive fissures open in oblique rifts. This
eruption demonstrated how pre-existing strike-slip faults
may act as a pathway for magma to migrate through from
an underlying dike and thus how previous detailed mapping
of faults in the area can be used for risk assessment, both
before the eruption but also for hazard and risk assessment
during the eruption, to forecast where new vent openings
could occur.

Detailed monitoring of deformation in the area, such as
the use of high resolution ICEYE interferograms, can be
used to show which of the faults moved during unrest and
are thus candidates for future vent locations. The 1-day inter-
ferogram from ICEYE incorporated in this study, spanning
the first day of the eruption from 19 to 20 March, showed
detailed deformation along the strike-slip faults that became
the locations of the several vent openings occurring in April.

Lava eruptions in easily accessible areas, such as the Rey-
kjanes peninsula, can become very popular attractions for
the public, as was the case for the 2021 Fagradalsfjall erup-
tion, where 356 thousand visitors were recorded (Barsotti
et al. 2022). It is therefore extremely important to understand
how and where new eruptive vents may open: does it happen
so quickly that people cannot evacuate, or does it take time?
By using time-lapse cameras and webcams, we show that for
the Fagradalsfjall eruption, during daytime, it took only 9 to
23 min for a new vent to open, starting from a new source
of steam until a red glow was visible. It is questionable if
such a short warning period would necessarily be sufficient
to evacuate bystanders from the vent-forming area. Further-
more, it should be stressed that the visibility conditions are a
crucial factor when it comes to hazard response with regard
to the opening of a new vent. While it is easy to detect the
emission of steam in broad daylight, the warning time for an
imminent opening of a new vent is, according to our findings
on Fagradalsfjall, drastically reduced—from minutes to only
seconds—during night time.

This study highlights the importance of utilizing inter-
ferograms of high temporal and spatial resolution dur-
ing future diking events. We expect the ongoing unrest
of the Reykjanes Peninsula oblique rift to provide further
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opportunities to study how small-scale fracture movements
relate to future eruptive vent openings. This is of crucial
importance on the Reykjanes peninsula, where dike intru-
sions may occur close to, or even within, inhabited areas.
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