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Abstract
We use a comprehensive dataset of field observations, high spatial resolution drone orthomosaics and digital terrain models
(DTMs) to map, quantify and characterize the extensive ground fracturing related to the 2021 seismo-tectonic and volcanic
activity in the Reykjanes Peninsula (Iceland). The dataset, spans an area of about 30km2, where we map nearly 20000
ground cracks with metric to decametric lengths and centimetric extensional offsets, revealing a dominant dextral shear, in
agreement with published seismic data. Although striking in a direction similar to the volcanic systems in the Reykjanes
Peninsula (N030–040), most fractures appear as en-échelon structures globally aligned along N-S-striking fault zones up to
3–4km long. By examining the timing of ground fracturing through repeated field observations, seismic data and InSAR
images, we associate a fracture zone with most earthquakes of Mω ≥ 5.0 that occurred in the month preceding the March
2021 Fagradalsfjall eruption. We describe three preexisting N-S fault zones, with fault segments that were reactivated up to
three times during the pre-eruptive seismic activity, while the magma intrusion did not trigger graben-related ground fractures
typically observed during magmatic injections. Our depiction of a system dominated by strike-slip tectonic features helps
in understanding the geometry and bookshelf-mode of tectonic activity along a diffuse and highly oblique extensional plate
boundary. Evidence of transient fracturing is typically quickly lost because of erosion or lava flow burial, highlighting a
potential under-representation of diffuse fracturing when studying old tectonic and volcanic systems.

Résumé
Dans cette étude, nous combinons des observations de terrain, des images de drone de haute résolution et des modéles
numériques de terrain pour cartographier et caractériser les fractures de surface provoquées par la crise sismo-tectonique
et volcanique survenue en 2021 sur la péninsule de Reykjanes (Islande). Sur une zone d’environ 30 km2, nous identifions
prés de 20000 fractures de longueur métrique à décamétrique et d’ouverture centimétrique, traduisant en grande majorité
un cisaillement dextre, en accord avec les séismes majeurs ayant précédé l’éruption de Fagradalsfjall en mars 2021. Bien
qu’orientées de maniére similaire aux systémes volcaniques de Reykjanes (N030-040), la plupart de ces fractures s’alignent
en échelon le long de zones de faille orientées N-S et mesurant jusqu’à 3 à 4 km de longueur. En examinant la chronologie de
leur mise en place grâce à nos observations répétées, aux données sismiques et à nos images InSAR, nous avons pu associer
chaque zone de fracturation à des séismes de magnitude Mω ≥ 5.0 survenus lors de la crise. Nous décrivons trois principales
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zones de faille N-S préexistantes, dont certains segments ont été réactivés jusqu’à trois fois durant l’activité pré-éruptive, sans
pour autant générer de structures extensives classiques telles que l’ouverture d’un graben. Ainsi, notre cartographie et notre
description de ce dense réseau de structures principalement décrochantes illustrent la géométrie et l’activité tectonique d’une
limite de plaque extensive diffuse et fortement oblique. Grâce à notre intervention rapide sur site, nous mettons en évidence
l’importance de ces fractures transitoires d’ordinaire rapidement effacées par l’érosion ou enfouies sous des coulées de lave,
soulignant une sous-représentation potentielle de ce type de défomation diffuse lors de l’étude de systémes sismiques et/ou
volcaniques obliques anciens.

Keywords Ground fracture · Surface faulting · Fault geometry · Slip deficit · Volcanic fissure · Volcano-tectonics · Seismicity

Introduction

Mid-oceanic ridges were first described by Marie Tharp in
1959 (Heezen et al. 1959) and later played a crucial role in
developing the theory of plate tectonics (Le Pichon 1968;
Tharp et al. 1968). Their typical location at ocean depths
of more than 2.5 km, however, limits our ability to apply
morphological or structural studies and hampers geodetic
approaches, leaving many structural aspects poorly con-
strained, especially in cases of rift obliquity or overlapping
segments. 80% of ridges have an oblique rifting direction,
i.e., 10◦ to 80◦ with respect to the direction of plate diver-
gence (Philippon and Corti 2016). Additionally, extensional
plate boundaries are segmented (MacDonald et al. 1988),
with rift segments separated by relay zones with offsets rang-
ing from a few kilometers to thousands of kilometers (La
Rosa et al. 2019). These relay zones are often associated
with transform faults, i.e., lithospheric-scale strike-slip faults
parallel to the direction of plate divergence (Wilson 1965).
When two rift segments overlap or are separated by less than
a few tens of kilometers, non-transform relay zones tend to
accommodate the linkage between opening zones, resulting
in complex rotational tectonics that combine extension and
shear (Withjack and Jamison 1986; Tron and Brun 1991;
Zwaan and Schreurs 2020).

Several models have been proposed to explain deforma-
tion at rift systems. One involves sets of bookshelf-mode
strike-slip faults striking sub-parallel to the rift direction and
almost orthogonal to the extension direction, which accom-
modate the shear component of extension, (Einarsson 2008;
Green et al. 2014). Examples can be seen in the South Ice-
landic Seismic Zone (SISZ in Fig. 1) and in the northern part
of Iceland. Pagli et al. (2019) have also proposed that the con-
nection between the Red Sea and the Gulf of Aden involves
strike-slip tectonics perpendicular to rift termination, result-
ing in a series of en-échelon pull-apart basins parallel to the
rift. Finally, La Rosa et al. (2019) have described two rift
segments connected by a shear zone characterized by two
sets of conjugate oblique strike-slip faults.

Fully understanding these systems requires a geodetic and
morpho-structural approach,which is challenging given their

location at the ocean floor. However, progress can be made
by examining the only available emerged ridges, in the Afar
region and Iceland,which result from the interaction between
a ridge and a hotspot (Wright et al. 2012; Poore et al. 2011;
Furman et al. 2006; Bourgeois et al. 2005).

In Iceland, the Mid-Atlantic Ridge is characterized by
a series of volcanic systems producing an average of one
rift eruption every 3 to 5 years, and related to continu-
ous background seismic activity (Thordarson and Larsen
2007; Jakobsdóttir 2008; Sigmundsson et al. 2020). The
ridge extends west of Iceland, but it aligns with the Ice-
landic Hotspot (IH in Fig. 1) beneath the Vatnajökull glacier.
This association triggers a displacement of the plate bound-
ary toward the east (Einarsson 1991; Wolfe et al. 1997).
Consequently, the Reykjanes Ridge (RR in Fig. 1), initially
oriented N030 offshore of the Reykjanes Peninsula, under-
goes a strong reorientation upon reaching the coast, aligning
along a N070 axis (Clifton and Kattenhorn 2006). In this
region, the North-America/Eurasia plate divergence follows
a N100-N105 direction (DeMets et al. 2010; Sigmundsson
et al. 2020). As a result, the plate boundary is not perpendic-
ular to the divergence direction, but intersects it at an angle of
approximately 30◦—a significant deviation from the typical
90◦ angle.

This configuration results in the plate boundary display-
ing characteristics akin to a left-lateral strike-slip shear
zone (Fig. 1), marked by a series of about six oblique
and structurally overlapping magmatic systems (Clifton and
Kattenhorn 2006). These magmatic systems are oriented
approximately N035 (see Fig. 1), i.e., with a ∼25◦ obliq-
uity with respect to the theoretical ideal rift direction. The
main systems are, from west to east: Reykjanes; Svart-
sengi (-Grindavík); Fagradalsfjall; Krýsuvík-Trölladyngja
(-Kleifarvatn); Brennisteinsfjöll or Bláfjöll, and Hengill
(Jakobsson et al. 1978; Einarsson and Sæmundsson 1987;
Sæmundsson et al. 2020). Since these systems are oblique
and largely overlapping, they provide valuable information
about the termination and linkage between rift segments. The
Reykjanes Peninsula rift zones also comprise right-lateral
strike-slip fault systems, oriented approximately N010, with
a bookshelf mode character. This dextral system may have
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a magmatic expression (Einarsson 2008) and is evident in
micro-seismic data (Keiding et al. 2009; Björnsson et al.
2020).

Between December 2019 and June 2021, the North-
America/Eurasia plate boundary experienced tectonic unrest
at the Reykjanes Peninsula (Fig. 1), causing seismic and vol-
canic activity at the Svartsengi and Fagradalsfjall systems,
which peaked between February 24, 2021, and March 16,
2021 (Fischer et al. 2022; Sigmundsson et al. 2022). Both the
seismic and volcanic activity were accompanied by elastic
and anelastic deformation, resulting in diffuse deformation
and widespread ground fracturing, respectively. This activity
provided us with an opportunity to better understand the rela-
tionship between tectonic processes and volcanic eruptions.

We here present and analyze ground fracture data, focusing
on three areas that were characterized by the highest tectonic
activity (Fig. 2):

• The Beinavörðuhraun plain (hereafter West Zone, WZ),
which is located 3km west of the eruptive fissures,
and below which two major pre-eruptive earthquakes
occurred;

• The Mount Fagradalsfjall (FM), which is located imme-
diately west of the eruptive fissures, and where pre-
existing faults were reactivated;

• The Leggjarbrjótshraun plain (hereafter East Zone, EZ),
situated 1.5 km east of the volcano and ∼2km southwest
of the preliminary epicenter of themain earthquake of the

Fig. 1 Main tectonic and volcanic structures on the western Reyk-
janes Peninsula (from Clifton and Kattenhorn 2006). Fractures are
shown in black, while the three volcanic systems are displayed
in color. Inset: main seismic and volcanic structures in Iceland
(modified from Jóhannesson and Saemundsson 1998 and Thordar-

son and Larsen 2007). The basemap uses the hillshade from the
National Land Survey of Iceland (ÍslandsDEM, with 2m resolu-
tion:dem.lmi.is/mapview/?application=DEM). RR: Reykjanes Ridge;
RVB: Reykjanes Volcanic Belt; SISZ: South Icelandic Seismic Zone;
IH: Icelandic Hotspot

123

Page 3 of 16    64

https://dem.lmi.is/mapview/?application=DEM


Bulletin of Volcanology (2023) 85:64

Fig. 2 Overview of the field
data acquisitions. Contours
represent the flight plans of our
42 drone surveys, lines show the
field mapping of the West Zone
rupture, and dots indicate our
1007 field observations of
ground cracks and strike
measurements. Hillshade is from
the ÍslandsDEM. Inset: E.P.
operating the UAV in Meradalir
(marked as ’M’ on the map)

Drone surveys

Structural observations

Field mapping

Strike measurements

Eruptive fissures

sequence (ofMω = 5.6), which occurred on February 24,
2021.

During our fieldwork, which spanned 3 weeks before the
onset of the Fagradalsfjall eruption on March 19, 2021, and
continued until after the peak of the volcanic activity in June
2021, we documented the gradual emergence of fractures in
a 5-km radius around the eruption zone. Our objective was
to gain a deeper understanding of the factors contributing to
their formation, themorphological characteristics they exhib-
ited, their spatial distribution patterns, and the chronology of
their development.

Data andmethods

Morpho-structural field analysis of surface
deformation preceding the eruption

Starting at the endofFebruary2021,wecarriedout amorpho-
structural analysis in the field and located 1007 occurrences
of ground cracks (Fig. 2), for which wemeasured strike, size,
extensional offset, and potential strike-slip component. We
corrected all the magnetically measured strike data with a
declination of −12.75◦, following the WWM (2019–2024
World Magnetic Model) applied for 2021-04-01 at −22.3◦
E; 63.85◦ N.

We dated ground fracturing by documenting, for example,
ground cracks on previously undisturbed dirt roads or frac-
tures crossing fresh snow patches. We then associated these
data with earthquake location, timing, and magnitude infor-
mation (available online at skjalftalisa.vedur.is/#/page/map)
to link ground fracturing to the seismo-volcanic events that
caused them. In well-consolidated substrates, we could esti-
mate the precise direction of shear using the asperity-fit
method, which consists in identifying distinct irregularities,
or “asperities,” along one side of a fracture, and then locat-
ing their mirror images on the other side of the fracture. By
measuring the azimuth and distance between these matching
asperities, we determine the direction and magnitude of the
displacement or opening that has occurred along the fracture.

We installed two extensometers on a dormant fracture at
the location of the second vent (Fig. 2) to track its opening
over time. Each device consists of two pegs planted in stable
rock on either side of a fracture situated between the first
(south) and second (north) vent of the eruptive fissure. The
spacing between the pegs (approximately 5m)wasmeasured
regularly until they were covered by a lava flow (Fig. S2).

Drone imagery of deforming areas around
the eruptive fissures

From March 2021 to May 2021, we conducted repeated air-
borne surveys of the zones where our fieldwork had revealed
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the presence of ground cracks, using a Wingtra® fixed-wing
UAV (Unmanned Aerial Vehicle), categorized as a Tailsitter
Vertical Take-Off and Landing (see Fig. 2, inset). Under opti-
mal conditions, the drone can cover 1.2 km2 per flight, with
a resolution of∼1.5 cm/pixel and a swath-width of∼ 100m.
We planned the flights to optimize battery life, which can last
up to 50min inwindless conditions and above flat ground, but
only about 25 min in cold temperatures and windy weather.
We selected each area to maintain the most constant alti-
tude or to allow a slope gradient perpendicular to the flight
lines. TheUAVcaptures imageswith a SonyRX1RII, 35mm,
full-frame, 42 MP camera, at an altitude of 90–120m AGL
(Above Ground Level). This elevation range is a compro-
mise between a sufficient number of overlapping images of
the highest topography, optimal pixel precision at the lowest
altitude, and the largest possible area of coverage. The flight
plans involve a forward and lateral image overlap of 70%.

Images are georeferenced with a 2–3cm accuracy by
GNSS (Global Navigation Satellite System) using the PPK
(Post Processing Kinematic) technique via the internal soft-
ware provided by Wingtra®. This technique is based on
differential calculations between a temporary GNSS base of
known position and a GNSS antenna onboard, recording the
location data on the camera SD card. This method has the
advantage of not requiring GCPs (Ground Control Points)
nor communication between the base and the UAV. Agisoft
Metashape® was utilized to produce georeferenced orthomo-
saics with a resolution of 1–2cm/pixel, which we used for
fracture mapping. We also produced digital terrain models
(DTMs) with 3–4cm accuracy.

Our orthomosaics were used in synergy with other
aerial imagery datasets acquired during the tectonic unrest,

including those from the Near Real-Time Photogrammetric
Monitoring by Náttúrufræðistofnun Íslands (The Icelandic
Institute ofNaturalHistory – hereafter IINHdata), conducted
in collaboration with the University of Iceland and the Land
Survey of Iceland (Pedersen et al. 2022). We georeference
these datasets using GCPs set up in the field or extracted
from the drone images, as well as through kinematic GNSS
campaigns during our field visits. We produced image corre-
lations using the command “$ mm3d MM2DPosSism” in
the MicMac software, allowing us to characterize and quan-
tify the deformation between acquisition times.

From our orthomosaics, we manually mapped the ground
cracks of the East Zone as lines on a vector layer in QGIS
(Fig. S1). Figure3a and b show an example of a portion of
an orthomosaic before and after mapping, and Fig. 3c and d
illustrate the scale at whichmapping was carried out (1:80 on
screen). To minimize errors introduced by subjective choices
and interpretation biases, one operator performed all map-
ping. If a fracture has only minor changes in direction, but
one clear strike, wemapped it as one straight line. If a fracture
is composed of two or more segments with different strikes,
wemapped each segment separately.We chose not to autom-
atize this process, as the tests we performed were excessively
noisy, but the resulting dataset is available to train a neural
network and make this process automatic in future projects
(see Fig. S1).

We used our DTMs during the interpretation stage, mostly
in the West Zone, to highlight morphologies related to fault
motion, such as “push-ups,” used here as a term to denote
topographic uplifts forming at the surface along a fault,
where geometric irregularities locally produce a compres-
sional context (e.g., Sylvester andSmith 1976;Christie-Blick

Fig. 3 Mappingusingorthomosaics: example fromMeradalir (see loca-
tion ’M’ on Fig. 2). a) Before mapping, with visible team members and
tire marks. b) After mapping the tectonic features. c) Close-up image

displaying the scale at which the orthomosaics were scrolled (1:80 on
screen). d) The same area after mapping

123

Page 5 of 16    64



Bulletin of Volcanology (2023) 85:64

and Biddle 1985; Sylvester 1988). The DTMs also helped
us to keep track of the topographic context, allowing us to
take into account and exclude the gravitational and ground-
shaking components of the fractures, frequently observed
along the slopes and at the summit of the hills.

Deformationmapping with SAR

To track the spatial and temporal evolution of the sur-
face deformation related to the seismic activity, we pro-
cessed all available 6-day Sentinel-1 Synthetic Aperture
Radar (SAR) image pairs on both descending (155) and
ascending (16) tracks during 21-02-17–21-03-21. To reduce
noise, the interferograms were multi-looked to obtain a
square pixel of ∼ 15 m × 15 m and filtered with an
adaptive filter. We downsampled the 2-m-resolution Íslands-
DEM (atlas.lmi.is/mapview/?application=DEM) to remove
the topographic phase component and geocode the final
maps. We mapped discontinuities produced by the earth-
quakes in the interferometric fringes, excluding processing
artifacts by checking that (i) fringes can be seen in non-
filtered interferograms, (ii) do not coincide with topographic
gradients, and (iii) appear in multiple interferograms from
independent images and varying viewing angles. They were
also cross-checked with structures mapped or visible in the
ÍslandsDEM or optical images.

Results

Our field observations enabled us to categorize anelastic
deformation into two primary modes:

1. Ground cracks, which are characterized by open frac-
tures ranging from a few millimeters to 30cm in width
and several decimeters to 10 m in length. These are
distributed throughout the area, with closer spacing in
regions exhibiting greater deformation. They were par-
ticularly extensive in the softer ground of the East Zone.

2. Surface ruptures, which span several hundred meters and
are most noticeable in the recent lava flows of the West
Zone. In the East Zone, they might be hidden beneath the
approximately 5-m-thick volcano-sedimentary layer.

Widespread ground cracks in unconsolidated
substratum

About 90% of the surface fractures that we observed can
be classified as open cracks, indicating a component of
extensional deformation. In about twenty cases, we reported
significant vertical offset, forming characteristic extensional
features, such as micro-grabens of about 3m in width, 10-

20m in length, and delimited by two conjugated fractures
displaying vertical offsets of up to 12cm (Fig. 4g).

Most open fractures also exhibited a dextral shear com-
ponent, with decimeter-scale doglegs within the cracks
displaying subsidence (Fig. 4a), opening (Fig. 4b), or uplift
(Fig. 4c), characteristic of strike-slip systems. Their spatial
distribution was also characteristic of a diffuse right-lateral
strike-slip system, with a generalized en-échelon arrange-
ment (Figs. 4f, 6d). The asperity-fit technique (Fig. 4b, f)
revealed right-lateral shear on both N170±10 and N035±10
fractures systems. We saw no evidence of sinistral shear.

Among the shear markers visible in the East Zone,
transtensional structures were approximately ten times more
numerous than transpressional ones (Fig. 4c, d). The latter
were widely distributed across the study area, and typically
formed larger pressure ridges at relays between two en-
échelon transtensional fractures,with spacings of 1 to∼10m.
In contrast, transtensional ground fractures were typically of
centimeter- to decimeter-scale (Fig. 4a, b, e, f, g).

Our dronemapping confirms the field observations, where
we do not see a significant number of extensional markers,
such as ground cracks, near the eruptive fissure (Fig. 4f).
Instead, surface fractures were primarily concentrated a few
kilometers away to the east and west of the eruptive fissure
(Fig. 5).

In the East Zone, we mapped nearly 20000 ground cracks
over a 5km2 area (Fig. S1). They appear as open fractures
ranging from a few millimeters to 30cm in width, a few
decimeters to 10 m in length, and spaced down to a few
meters, although isolated incidences were recorded. Approx-
imately 50% of these cracks are shorter than 3.6 m, and 75%
are shorter than 6.5m (Fig. 8a).Although striking in a∼N030
direction (63% of them strike between N010 andN050), they
mostly align in a∼N-S trend (Figs. 4e, 6, 8c), i.e., at an angle
of about 30◦ with respect to the overall direction of the cracks.
Notably, around 5000 of these cracks aligned along a ∼3.5-
km-long belt of a few tens of meters wide, located at the
center of the East Zone, striking N175 and displaying over
1000 cracks/ha (Figs. 6a, b, 8c).

Surface ruptures in hard ground

In the West Zone, we observed highly localized deforma-
tion concentrated on about eight primary fault segments of
metric width, along with some secondary surface ruptures
(Fig. 7d). The primary segments measure around 300–400m
in length, strike∼N015, and they repeat in an en-échelon pat-
tern spaced 50–100m apart, with overlaps exceeding 100m.
These segments collectively form a deformation belt approx-
imately 200m in width and 2km in length, striking N175.
Although their obliquity is lessmarked than that of the ground
cracks of the East Zone, they likewise strike obliquely to the
direction of the entire fault system: out of the 3800meters
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Fig. 4 Field observations of
ground cracks (hammer of
31cm for scale). See location in
orange on Fig. 5. a) Field
evidence of dextral strike-slip
shear: decimeter-scale
extensional relay in the soft
ground of Meradalir. b) Same
structure on an N-S fracture on
the Mount Fagradalsfjall, in a
rare occurrence of soil. c)
Decimeter-scale compressional
relay on the same fracture, about
10 m to the North. d) Same
structure in the soft ground of
Meradalir. e) En-échelon system
of meter-sized ground cracks,
individually striking
approximately N030 but
displaying an approximately
N-S right-lateral sense of shear.
f) One of the few examples of
ground fracturing directly
around the eruption site (at the
location of the third vent, a few
weeks before its emplacement).
The open fractures strike
approximately N030, similar to
the dike direction, but the
asperity-fit technique in the
consolidated soil shows an
approximately N170 dextral
strike-slip. g) Field evidence of
extension: eastern border fault
of a micro-graben located in the
East Zone, with a 12cm vertical
offset. The unconsolidated
nature of the ground is visible
and explains the short duration
of the surface expression of
these structures

of reactivated fractures that we mapped, 63% strike between
N005 and N025, i.e., with a ∼20◦ obliquity with respect to
the N175-striking main fault (Fig. 8d). Along these struc-
tures, several showed clear signs of fresh reactivation, such
as ploughed soil or overturned lichens (Fig. 7a). The asperity-
fit technique (e.g., Fig. 7e) allowed us to estimate a recent
dextral strike-slip motion of a few tens of centimeters in a
direction N160-N170, confirmed by optical imagery corre-
lation (Fig. 7b).

A series of push-ups of a few tens of centimeters to about 8
m in height and 50m in width serves as dextral transpressive
relays between these fault segments (Fig. 7c, f, g). Our DTM
highlights at least four other preexisting N-S right-lateral
strike-slip faults across the West Zone (Clifton and Katten-
horn 2006; Hreinsdóttir et al. 2001; Einarsson et al. 2020),
that are also evident from a series of push-ups. Their cumu-
lative offsets, measured both from the field and on the DTM,
reach a fewmeters on various fault segments, and up to 15m,
suggesting the occurrence of several seismic ruptures since

the emplacement of the lava flows, i.e., since early postglacial
times (8–15 ky). This type of strike-slip fault system, with
short-spaced compressive en-échelon relays, has also been
reported by Einarsson et al. (2020) at the South Icelandic
Seismic Zone (SISZ in Fig. 1).

We propose that the difference in morphology between
these surface ruptures and the ground cracks of the East
Zone is mainly due to a different nature of the ground. While
the surface of the West Zone is characterized by basaltic
lava flows with ages younger than 15 ky, the substratum of
the East Zone is mostly unconsolidated hyaloclastite cov-
ered by several meters of unconsolidated tephra deposits and
volcanic-derived sediments.

Timing of surface deformation from InSAR time
series

Our analysis of the interferograms produced for the period
February 17–March 21 allows us to characterize the spa-
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Fig. 5 Surface rupture of the
West Zone (light blue; mapped
in the field) and ground cracks
of the East Zone (light blue;
mapped from the orthomosaics).
In pink the traces of the eruptive
fissures; in light gray the
discontinuities mapped from the
InSAR data. Circles represent
the locations of the Mω ≥ 5
earthquakes (Sigmundsson et al.
2022), with a date-dependent
color code ranging from light
blue on February 24 to dark blue
on March 14. Lava flow extent is
from Pedersen et al. (2022) and
eruptive fissures from
Hjartardóttir et al. (this special
issue). Base layer is the
ÍslandsDEM rugosity map

tiotemporal evolution of the elastic and brittle deformation
generated by the dike intrusion and themain earthquakes, and
to suggest a preliminary chronology for the ground fracture
development. The main deformation event started on Febru-
ary 24 in the East Zone, associated with a Mω = 5.6 event,
which was the mainshock of the 2021 seismic swarm. The
ascending and descending interferograms of February 19–
25 and February 23–March 1 (Fig. 9b, c) show a significant
fringe discontinuity in the easternmost area (EZ1 on Fig. 9),
indicating that most ground deformation took place in this

area. The low InSAR coherence in EZ1 is consistent with the
formation of new fractures that likely altered the backscat-
tering power of the surface, in addition to the light snowfall
that occurred at this time, but which was more widespread.

In the 20 days following the mainshock, over 60 earth-
quakes of Mω > 4.0 took place, with seven of them being
> 5.0. Faulting associated with these earthquakes produced
unambiguous discontinuities of the fringes in our inter-
ferograms (Fig. 9d–i), mainly in the region west of the
Fagradalsfjall eruptive centers. In general, the largest earth-

Fig. 6 Diffuse ground
fracturing in the East Zone. a)
Complete near-surface rupture
of the Mω = 5.6 February 24
earthquake, with color code
indicating the density of mapped
cracks per hectare. b) Close-up
of a characteristic morphology,
mapped from the orthomosaics.
c) Hillshade from the UAV
DTM. d) Orthomosaic of the
same area, with the mapped
cracks highlighted in blue
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Fig. 7 Surface fractures in the West Zone. a) Post-tectonic hillshade
processed fromUAV images. Fieldmapping: in green pre-existing, non-
reactivated fractures (seeFig. 10d), in purple pre-existing but reactivated
(e.g., Fig. 7e, f); in red newly-formed. b) N-S displacement from pixel
correlation between images from 2019 (Loftmyndir ehf., loftmyndir.is)
and 7March 2021 (Pedersen et al. 2022). c)Post-tectonicUAVhillshade

with arrows pointing to the push-up structures. d) Fracture mapping
from the field. e) Asperity-fit technique applied to a reactivated frac-
ture (hammer of 31 cm for scale). f) Push-up structure on a reactivated
fracture. g) 300-m-long fracture in the hard ground of the West Zone,
striking N175. While the presence of moss inside the fracture indicates
its preexistence, overturned lichens suggest a recent reactivation

quakes activated strike-slip faults distributed along the N070
plate boundary direction, with one nodal plane systemati-
cally striking roughly N-S, in accordance with the seismic
results of Fischer et al. (2022).

Deformation associated with the intrusion of the dike first
appears between February 23 and March 1 (Fig. 9c), and
is evident in all subsequent interferograms (Fig. 9d–i), as
previously imaged by Sigmundsson et al. (2022). Our data
confirms that the intrusion originated from the ENE at depth
and migrated toward the WSW along the ridge direction, to
finally reach the surface by March 19.

Discussion

A correlation between surface ruptures and seismic
events

The propagation of the dike produced localized open frac-
tures from which magma erupted (Fig. 10f), contrasting
with the typical graben structures observed during magmatic
intrusions (Wright et al. 2006; Ruch et al. 2016). These frac-
tures opened 4km west of the East Zone, and their eruptive
chronology has been extensively detailed (Hjartardóttir et al.,
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Fig. 8 Length of the mapped cracks in the East Zone (a) and West
Zone (b), in meters. c) Orientation of all mapped cracks in the East
Zone (17,829) versus the global orientation of the suspected fault. d)

Orientation of the mapped surface fractures (weighted by their lengths,
in meters) vs the main fault strike

this special issue). The initial eruptive fissure opened on
March 19 at around 20:30 UTC, roughly two days after the
seismicity ceased (Pedersen et al. 2022; Fig. 10a). Seventeen
days later, on April 5, another eruptive fissure opened about
1km north of the initial eruption site. Over the next eight
days, several vents opened between the initial and north-
ern eruptive fissures (Hjartardóttir et al., this special issue).
The fractures surrounding the volcanic vents generally did
not open further during the eruption. Our two extensometers
also showed that a dormant fracture located at the exact loca-
tion of a new vent remained inactive even minutes before the
eruption commenced (Fig. S2).

While direct volcanic-triggered fractures were rare, we
find that all earthquakes with Mω ≥ 5.0 and multiple clus-
ters of Mω ≥ 4.0 events resulted in surface fracturing during
the tectonic unrest. We were able to link most observed sur-

face fractures areas to specific earthquakes (e.g., Fig. 10e).
Notably, we propose that the main belt of dense ground
cracks in the East Zone represents the rupture location of
the February 24Mω = 5.6 earthquake, despite its epicenter
being located 1.2 km to the northeast (Fig. 5; Sigmundsson
et al. 2022).

In the West Zone, IINH conducted an aerial survey of
the area approximately 10 h after the March 7Mω = 5.2
earthquake. We find that most, if not all, of the recent slip
on the northern portion of this fault had already occurred by
noon on March 7. Most of the surface rupture in the area
had previously been attributed to the March 14Mω = 5.3
earthquake (Sigmundsson et al. 2022). However, we find that
theMarch 14 event only caused a rupture of the southern part
of the fault, while the offset affecting the northern portion of
the fault corresponded to the coseismic slip during theMarch
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Fig. 9 Sentinel-1 filtered SAR interferograms covering the period from
February 17 to March 21. The center-left column displays the descend-
ing orbit (155), while the center-right column shows the ascending
orbit (16). Each interferometric pair spans 6 days. The color cycles
indicate motion along the line-of-sight direction (LOS), counted posi-
tive away from the satellite. Each phase cycle corresponds to a relative
displacement of approximately 2.8 cm. The left and right columns dis-

play close-ups of the East Zone (EZ), West Zone (WZ) and Mount
Fagradalsfjall (FM) during various activation periods, as highlighted
by white dashed rectangles on the corresponding interferograms (e.g.,
EZ1, EZ2...). Circles represent the epicenters of earthquakes located by
the IMO, categorized by size according to magnitude (3 ≤ Mω ≤ 5.6)
and by color according to time (from dark to light). Black lines denote
the activated faults during the 6-day timespan of the interferograms
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Fig. 10 Time evolution of the ground rupture and seismicity during the
2021 seismotectonic and volcanic event in Fagradalsfjall. Three main
areas of fault activity are identified: the East Zone (EZ), West Zone
(WZ), and Mount Fagradalsfjall (FM). Earthquakes with a magnitude
Mω ≥ 5.0 are represented by stars, while the corresponding ground
fracturing is illustrated by elongated ellipses, with the long axis denot-
ing the extension in the northward direction (northing; km). Throughout
the tectonic unrest, all three areas experienced reactivation during up

to three major events and several minor ones, with a discernible south-
ward migration of the fracturing observed in the WZ. b) Orthomosaic
of a pre-existing sinkhole, now covered by the lava field (see location
on Fig. 6a). c) Orthomosaic of a newly-formed sinkhole (see location
on Fig. 6a). d) Pre-existent, non-reactivated fracture in the West Zone
(hammer of 31cm for scale). e) Snow patch fractured by a recent ground
crack in the East Zone. f) Eruptive fissure of theMarch 19 vent, striking
N030

7 earthquake (and possibly rapid post-seismic slip occurring
within hours after the mainshock), despite its epicenter being
located 1km to the northeast (Fig. 5).

Overall, our data show that surface fractures are offset
by approximately 1km to the east from the locations of
earthquakes that generated them. This could be a result of
the local seismometer network becoming saturated by large
earthquakes, causing their P-wave arrival times to be lost in
the noise created by their precursors. Alternatively, it could
indicate that the observed strike-slip faults are not vertical and
possess a dip of about 75◦ to the east, assuming a hypocenter
situated 4km below the surface.

Multiple activations of pre-existing faults

Our InSAR data reveal that most N-S-oriented fault seg-
ments experienced multiple activations (Fig. 9). In the West
Zone, discontinuities are evident in almost all ascending and
descending interferograms between February 23 and March

19. The fault segments were reactivated after February 23,
where no signal was apparent in the first ascending interfer-
ogram (Fig. 9a), but were inactive between March 7 and 13,
when no signal was found in the descending interferogram
(Fig. 9g). The West Zone also displays a southward migra-
tion of fracturing during successive fault activations (Figs. 9,
10a). These trends suggest an overall southwestward migra-
tion of seismicity along the plate boundary on north-striking
faults from February 24 until the onset of the eruption, in
accordance with Fischer et al. (2022).

In the East Zone, themainshock occurred belowunconsol-
idated sediments that had not preserved any traces of earlier
fault activity. A sole pre-existing sinkhole alignment in Mer-
adalir (Fig. 10b), reactivated during the 2021 event, is now
buried beneath the new lava field. This was the only evidence
that a fault preexisted at this location. It is worth noting that a
year after the event, most of the mapped cracks in the uncon-
solidatedmaterial of the East Zonewere no longer preserved,
except for a new sinkhole in the northern part of the zone
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(Fig. 10c). This observation raises the question of how many
buried faults are present in the region.

Insights into the geometry of oblique plate
boundaries

With itsmultiple orientations ofmagmatic and tectonic struc-
tures, the Reykjanes Peninsula illustrates several geological
and tectonic mechanisms that come into play in determin-
ing the geometry of oblique extensional plate boundaries.
We observed that deformation occurs in similar patterns at
three different scales, involving strike-slip tectonics with en-
échelon systems: (i) at the outcrop scale with the ground
crack systems in the East Zone, (ii) at the fault scale with the
ruptures in the West Zone, and (iii) at the scale of the penin-
sula,which involves en-échelonmagmatic systemswith a 25◦
obliquity with respect to a theoretical, purely extensional rift.
These systems likewise accommodate the extension compo-
nent along the 70◦-oblique plate boundary.

The 2021 dike intrusion at Fagradalsfjall propagated pre-
dominantly vertically, with internal migration only occurring
along the fissure, i.e., oblique to the plate divergence, as
revealed by the seismicity (Sigmundsson et al. 2022; Fischer
et al. 2022). In contrast, dikes at divergent plate boundaries
generally tend to propagate laterally from a central volcano,
striking perpendicularly to the plate divergence and feeding
fissure swarms that radiate from the central volcano. This has
been observed, for example, in the North Iceland volcanic
zone (Sigurdsson et al. 1980; Sigmundsson et al. 2015), in
the Afar region (Hamling et al. 2009), and at Nyiragongo
volcano (Komorowski et al. 2002; Smittarello et al. 2022).
Our analysis of the 2021 Reykjanes Peninsula event thus
offers the opportunity to investigate the direct influence of a
volcanic intrusion on a seismo-tectonic system, by disengag-
ing from the influence of a central volcano, which partially
determines the morphology of the fractures (Trippanera et al.
2017; Sigmundsson et al. 2015; Paquet et al. 2007).

Our data also tackles the relationship between rift obliq-
uity and strike-slip faulting. Understanding the factors deter-
mining whether a given system deforms through bookshelf
faulting, oblique shear, or pull-apart, usually necessitates a
deeper understanding of the rheological properties of the sys-
tem (Feighner andRichards 1995; Zwaan and Schreurs 2017;
Phillips et al. 2019; Fossen et al. 2017). In continental rifts
(e.g., the Afar region), inherited crustal anisotropies tend to
channel the rift location (Corti 2008; Maestrelli et al. 2020),
which is not the case in oceanic rifts such as Iceland, where
the crust is more homogeneous, as it is essentially magmatic
(Jones 2003; Darbyshire et al. 2000; Hardarson et al. 1997).
Instead, the geometry and morphology of oceanic ridges are
largely dictated by dike intrusions that generate graben struc-
tures and eruptive fissures. Comparing the structures that we
observed in the context of magmatic and 70◦-oblique, sinis-

tral shear, with the ones formed at less oblique rifts in North
Iceland, especially during the 2014Holuhraun eruption, with
a 19◦ obliquity (Ruch et al. 2016), may enable us to distin-
guish the direct effects of the dike injection from those of
the strike-slip plate boundary on the formation of systems of
strike-slip faults and surface fractures around a rift eruption.

Finally, we emphasize that the structures we observed at
the Reykjanes Peninsula exhibit good continuity with the
amagmatic South Icelandic Seismic Zone (SISZ in Fig. 1).
This fault zone, which extends from the east of the Reyk-
janes Peninsula (RVB) toward the Icelandic Hotspot (IH),
is characterized by dozens of parallel dextral strike-slip
faults striking in a N-S direction (Einarsson 2010; Einars-
son et al. 2015; Hjartardóttir and Einarsson 2015). These
faults intersect the plate boundary almost orthogonally and
have been activated repeatedly in historical times (Einars-
son et al. 2020). They accommodate the sinistral shear of
the plate boundary in a bookshelf mode mainly revealed by
alignments of metric to decametric compressive relays, sim-
ilar to the one we described for the Reykjanes Peninsula.
Despite being amagmatic, the eastern part of the SISZ has
experienced frequent earthquakeswithmagnitudes of up to 7,
such as the 1912 Selsund event (Bellou et al. 2005). In 2008,
an earthquake doublet (Mω = 6.1) affected the western end
of the SISZ, causing ground displacement and surface fault-
ing (Decriem et al. 2010). This recurrent seismicity poses
a significant risk to the local population, the Reykjavík city
(300000 inhabitants, situated a few tens of kilometers away),
as well as the geothermal power plants in the area. Long-
term monitoring of deformation along the faults in this zone,
through the correlation of UAV-derived orthomosaics and
InSAR time series, in combination with analog and digital
deformation models plus a denser GNSS array, could help
better constrain their kinematics and related hazards.

Conclusions

Our immediate on-site investigation of the structures related
to the 2021Reykjanes intrusive and eruptive event allowed us
to capture real-time surface changes caused by an intrusion
at an oblique rift system. We find that the hydraulic fractur-
ing caused by the intrusion did not directly cause significant
anelastic surface deformation, except along the eruptive fis-
sures. Ground cracks, however, were mainly caused by the
preceding earthquake sequence, highlighting the strong inter-
action between the magmatic system and surrounding faults
at a creeping transtensional plate boundary.

Our findings also demonstrate that diffuse fracturing is a
critical part of shallow deformation during strike-slip fault-
ing. Past rupturesmay showa significant slip deficit in the last
few meters close to the surface, where the rupture is accom-
modated by widespread damaging of the ground. This lack
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of defined surface rupture leads to a critical underestimation
of the hazards associated to the faults if studying them only
at the sub-surface.

Fractures observed in unconsolidated sediments produced
a dense network of en-échelon cracks with metric lengths,
separated by relays of metric to decametric size and exhibit-
ing 1 to 10cm offsets. On hard ground, surface ruptures
showed a similar morphology but at a larger scale, with a
series of 350-m-long “échelons,” where deformation was
much more localized, separated by compressional, push-up
relays.

Our survey of the thousands of meter-sized ground cracks
that formedduring the 3weeks before theFagradalsfjall erup-
tion reveals that, although their strikes were approximately
N030, they aligned along N-S belts of approximately 3km in
length. Their spatio-temporal correlation with major (Mω ≥
5.0) earthquakes, the N-S orientation of the en-échelon struc-
tures and the widespread dextral shear morphologies at
the outcrop scale indicate that these ground cracks formed
through co-seismic dextral strike-slip along N-S faults, con-
jugated in bookshelf mode to the main shear zone of the
plate boundary. Identifying these faults allows their further
analysis through sub-surface geophysical techniques, such
as ground-penetrating radar.

Finally, we observed that cracks formed in unconsolidated
tephra deposits and volcanic sediments undergo partial ero-
sion within a few weeks and complete erasure after less than
a year. Our early investigation allowed us to map a dense
network of N-S dextral strike-slip faults, that preexisted
with a cumulative offset of several meters. Their meter-
scale expression and poor representation in surface out-
crops thus raise questions about their under-representation
during hazard assessment, emphasizing the need to ana-
lyze such structures as soon as possible during such an
event.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-023-01666-
9.
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