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ARTICLE INFO ABSTRACT

Edited by J.P. Avouac. Series of inflation-deflation cycles have occurred during 2020-2024 in the center of the Svartsengi volcanic
system, SW-Iceland. Since 27 October 2023, continuous inflation has been interrupted by deflation periods when

Keywords: nine dike injections and seven eruptions have occurred from 10 November 2023 to 8 December 2024 at the

Svartsengi volcanic system Sundhniikur crater row and its extension. Extensive observations of ground deformation using GNSS (Global

Sundhntikur volcanic eruptions
Repeated dike intrusions
Inflation-deflation cycles
Eruption forecasting

Reykjanes Peninsula

Navigation Satellite System) geodesy and interferometric analysis of synthetic aperture satellite (InSAR) images
is here used to improve understanding of the dynamics of magma accumulation and transfer, both prior to and
during repeated rifting events. Joint inversions of the GNSS and InSAR data, considering a deformation source
within a uniform elastic half-space, infer pressure changes at about 4-5 km depth near the regional brittle-ductile
boundary, with inflow causing volume increase rates of 2.4-9 m°/s. Geodetic modelling using GNSS has been
undertaken in near real-time throughout the events, using deformation sources in fixed locations inferred in
earlier joint inversions. The deflation periods began rapidly when a dike propagated from the eastern edge of the
magma accumulation area. The estimated volume of dikes is in the range (1-133) x 10° m3, with the first event
being by far the largest and longest (~15 km). Geodetic observations have contributed to success in forecasting
diking/eruption onset in the medium and short term, using the expectation that a correlation exists between
volume loss in the magma domain during a deflation event and subsequent volume recharge to the system before
the next event is triggered.

1. Introduction observations have resolved activity during the last few thousand years.
Volcano-tectonic phases last a few hundred years, with multiple erup-
Volcanic activity on the Reykjanes Peninsula oblique spreading plate tions occurring over a broad area on the peninsula, followed by non-

boundary in southwest Iceland (Fig. 1) is highly episodic. Geological eruptive periods of about 800-1000 years (Szzmundsson et al., 2020).
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Historical accounts are also important for unravelling the style of vol-
canic activity; the Reykjanes Fires activity phase from 800 to 1240 CE
(Seemundsson et al., 2010; Sigurgeirsson, 2023) commenced shortly
before the time of settlement in Iceland, followed by a non-eruptive
period until 2021. Lava fields cover a large part of the Reykjanes
Peninsula and normal faulting and fractures are widespread (e.g., Clif-
ton and Kattenhorn, 2006), grouping into fissure swarms. Central vol-
canoes are not well developed. The extent of high-temperature

Previous eruptive periods

~ Lava flows: 800-1240 CE
[ | Lava flows: 1900-2400 BP
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geothermal fields has been inferred from resistivity measurements
(Flovenz et al., 2022). The main crater rows of the Svartsengi system, the
Eldvorp and Sundhnikur crater rows (Jenness and Clifton, 2009), are on
each side of the Svartsengi geothermal field, respectively, suggesting a
broad heat source between them (Fig. 1). Studies using seismic
ambient-noise surface wave tomography find a significant low-velocity
anomaly at ~3-6 km depth under the Svartsengi system, interpreted
as due to anelasticity of the brittle-ductile transition zone, combined

@ Mogi source
[ sill source
<& cGNSS stations
O Power plant
| ] Geothermal areas
— Eruptive fissures
— Fractures
I 2021-2023 lava fields
| Fissure swarms
— Roads

Fig. 1. Map of the central part of the Svartsengi volcanic system and the town of Grindavik, with lava flows (Szemundsson et al., 2010) from two prior eruptive
periods: (i) 800-1240 CE overlapping with the initial settlement of Iceland that began around 870 CE, (ii) the period before that occurred around 1900-2400 years
BP. Also shown are fractures (Clifton and Kattenhorn, 2006; Ducrocq et al., 2024) and old eruptive fissures (from Clifton and Kattenhorn, 2006). Inset shows the
location of the Svartsengi (Sv) volcanic system on the Reykjanes Peninsula in SW-Iceland. To the west of it is the Reykjanes (R) volcanic system, and to the east is the
Fagradalsfjall (F) volcanic system where eruptions occurred between 2021 and 2023 (lava from these years shown as dark grey shading). Fissure swarms are after
Johannesson and Seemundsson (2009). Outline of high-temperature geothermal areas according to resistivity measurements from Flovenz at al. (2022). The inset and
main map also show locations of GNSS sites with stations SKSH, ELDC and SENG indicated (see Fig. 3 & Supplementary Fig. S1), and the surface projections of
average locations of point source (Mogi, 1958) and horizontal rectangular sill (Okada, 1992) derived from joint GNSS-InSAR inversions spanning uplift episodes and

used as fixed source locations in the automated GNSS inversions.
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with the high temperatures of the geothermal fields, possibly with some
amount of partial melt (Dalkhani et al., 2024; Martins et al., 2020).

Regional deformation on the Reykjanes Peninsula until end of 2019
was dominated by plate boundary strain due the oblique spreading of
the Eurasian and North-American plate boundary of ~19 mm/yr in di-
rection N104°E, with a central plate boundary axis in the southern-to-
middle part of the peninsula (Sturkell et al., 1994; Hreinsdottir et al.,
2001; Keiding et al., 2008; Sigmundsson et al., 2020). The plate
boundary zone was found to subside regionally by up to ~6 mm/yr
(Vadon and Sigmundsson, 1997), with additional localized subsidence
due to heat and electricity production in the Reykjanes and Svartsengi
geothermal systems causing localized subsidence on the centimeter scale
(e.g., Keiding et al., 2010, Parks et al., 2020). The third main geothermal
system on the peninsula, Krysuvik, showed inflation-deflation episodes
between 2007 and 2016 (Gudjonsdottir et al., 2020). Co-seismic defor-
mation related to earthquakes up to M5.6 has been observed on the
peninsula (e.g., Pagli et al., 2003). The seismicity of the Reykjanes
Peninsula oblique rift is summarized by Bjornsson et al. (2020) and
Einarsson (2008). Following the active volcanic period that ended in
1240 CE, the seismic activity appears to have been very low. No
earthquakes are documented until 1724 CE. The activity since has been
episodic, with high activity in 1900-1910, 1924-1935, 1967-1973,
1998-2013 and 2017. The largest earthquakes in the latest episodes are
known to have been associated with strike-slip faulting (e.g. Einarsson,
1991; Arnadéttir et al., 2004; Antonioli et al., 2006). Deformation along
the plate boundary during these decades appears to have been accom-
modated by strike-slip faulting. At Svartsengi, there is no evidence of
magmatic contribution, such as inflation sources, volcanic tremor, or
earthquake swarms propagating along the fissure swarm, until January
2020.

After a quiet period of 781 years with no eruptions, volcano-tectonic
reactivation of the Reykjanes Peninsula commenced in December 2019,
with a week-long microearthquake swarm beneath Fagradalsfjall at
depths between 3 and 7 km. The first clear sign of new magma migration
beneath the peninsula was detected on 21 January 2020 — with a strong
increase in seismicity and crustal deformation marking the beginning of
the first uplift period in the Svartsengi area, indicative of pressure in-
crease within the crust. The first diking and eruptive activity in the
ongoing active period was, however, 10 km farther east in the Fagra-
dalsfjall area, where diking occurred from 24 February until 19 March
2021, when an eruption began (Sigmundsson et al., 2022). From
February 2021 until August 2023, four dike intrusions and three erup-
tions occurred there (Parks et al., 2023; Pedersen et al., 2022). The
inferred initial magma inflow rate into the first dike was 30-35 m3/s
which reduced to <10 m®/s prior to the eruption onset. The initial dike
intrusion triggered over 20,000 recorded earthquakes across the
peninsula, including over 60 events with magnitudes My>4, and six
Mw>5. For the three eruptions in the Fagradalsfjall area (2021, 2022,
2023), the inferred inflow rate to the dike immediately before eruption
onset and the initial lava extrusion rate were found to be about equal.
This flow rate was used to assess the hazard associated with lava flows
(Parks et al., 2023; Pedersen et al., 2022; Barsotti et al., 2023). Petro-
chemical studies have revealed that in the 2021 eruption, the shallowest
depth at which magma equilibrated before eruption is near the
crust-mantle boundary around 15 km depth, with different types of
basaltic magma from the mantle then tapped during the eruption
(Halldérsson et al., 2022).

At Svartsengi, the initial period of uplift in January 2020, was fol-
lowed by uplift periods in March-April, May-July 2020, and in May-June
2022 (Cubuk-Sabuncu et al., 2021; Geirsson et al., 2021; Sigmundsson
et al., 2024). All of these occurred without eruptions. After an eruption
in Fagradalsfjall volcanic system between 10 July-5 August 2023, the
focus of activity shifted to the Svartsengi volcanic system. Confirmed
inflation (detectable uplift) began on 27 October 2023 (Sigmundsson
et al., 2024), with seismicity increasing 1-2 days before. Rapid inflation
continued until 10 November 2023 when a major rifting event occurred,
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with the emplacement of an inferred 15 km long dike (Sigmundsson
etal., 2024). Extensive graben formation and destruction occurred in the
town of Grindavik (De Pascale et al., 2024). The rifting event triggered
over 20,000 recorded earthquakes across the peninsula, including over
40 My >4 events, and two My>5, the largest being My5.2. Most of the
seismicity was in the vicinity of the dike.

The crustal volume where magma accumulates in the Svartsengi area
has been inferred to lie at 4-5 km depth, referred to as the Svartsengi
magma domain, comprising liquid magma, magma mush and hot solid
rock (Sigmundsson et al., 2024). Magma is being rapidly injected into
dike intrusions when a critical pressure is reached, and the boundary of
the magma domain fails. Geodetic data and modelling indicate that the
five inflation episodes that occurred in this area between 21 January
2020 - 10 November 2023 were injections of magma into an extensive
pre-existing magma domain (Sigmundsson et al., 2024). Its areal extent
has been inferred to be broad, spanning from close to the Eldvorp crater
row in the west to the Sundhnikur crater row in the east — and lies
beneath the Blue Lagoon and Svartsengi power plant (Sigmundsson
et al., 2024; this study).

Following the initial rifting event in the Svartsengi volcanic system,
eight dike intrusions and seven eruptions have occurred (Table 1), in the
vicinity of the Sundhnikur crater row, extending into the town of
Grindavik (Fig. 2), the most recent of which occurred in November
2024. The petrochemistry of the eruptive products from the first four
eruptions have been interpreted to show evidence for a dynamic mid-
crustal magma domain, with unusual geochemical heterogeneity due
to substantial mantle-derived geochemical variability, that can be
interpreted in terms of magma being stored in separate lenses within the
magma domain (Matthews et al., 2024).

The main aim of this study is to improve understanding of: i) magma
accumulation prior to diking events and eruptions, ii) the style of
magma transfer in repeated such events, iii) evolution of volume
changes in an underlying magma domain in relation to inflation-
deflation cycles, and iv) evaluate implications for forecasting diking
events and eruptions. For that purpose, we use our extensive geodetic
dataset to evaluate all the inflation-deflation cycles that occurred in the
Svartsengi area between 27 October 2023 and December 2024, and the
diking events and eruptions following the 10 November 2023 rifting
event. A dike model for that initial event is presented by Sigmundsson
et al. (2024).

2. Methods
2.1. Seismicity

Seismicity in Iceland is monitored by the Icelandic Metorological
Office’s (IMO) national seismic network, Vedurstofa islands (VI) and
automatically located by the South Iceland Lowlands (SIL) analysis
system (Bodvarsson et al., 1999). Since 2020, the monitoring network on
the Reykjanes Peninsula has included ~20 stations, around half of
which are owned by IMO’s collaborators (see acknowledgements).
Earthquake detections and locations have been substantially improved
by this augmentation of the network. Routine processing of seismicity
involves manual reviewing and improvements of the automatic loca-
tions and calculation of local magnitudes (Rognvaldsson and Slunga,
1993). These magnitudes can be somewhat underestimated for the
larger events. A temporary version of the SIL national earthquake
catalogue is accessible at: https://skjalftalisa.vedur.is. A harmonized,
quality checked version of the SIL catalogue is in progress, soon to be
made available in the earthquake-list service of the Volcano Observa-
tions Thematic Core Service (VOLC-TCS) on the European Plate
Observatory’s (EPOS) Data Portal. Moment magnitudes (My) of the
largest events are also automatically calculated specifically from atten-
uation relations for Peak Ground Velocity (PGV) in Iceland (Pétursson
and Vogfjord, 2009). These magnitudes are openly available in the
Shakemap service of the VOLC-TCS on the EPOS Data Portal
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Table 1
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Overview of diking events and eruptions that occurred between November 2023 and December 2024. Volumes displayed are median values =+ one standard deviation,
derived from joint InSAR-GNSS inversions. The values displayed for the 10 November dike (event 1) are from Sigmundsson et al. (2024). Data displayed for events 2 to

9 were derived during this study.

Event Dates of diking Start time Duration of Repose Eruptive period Eruption Volume loss of Dike volume Average inflow
number of diking diking (hours)  (days) length (days)  magma domain (x (x 10° m%) rate to dike (m®/
10° m?) s)
1 10.11.2023 to 16:55 14.9 NA NA NA 77.8 £ 1.2 132.7 £ 2.2 2482
11.11.2023
2 18.12.2023 to 20:47 4.5 37 18.12.2023 to 3 10.6 £ 0.3 9.9 £0.9 618
19.12.2023 21.12.2023
3 14.1.2024 02:55 5.5 24 14.1.2024 to 2 10 + 0.5 21.1 +£0.5 1062
16.1.2024
4 8.2.2024 05:07 2.4 23 08.2.2024 to 1 6.7 £0.3 3.4+0.1 391
9.2.2024
5 2.3.2024 14:37 3.6 22 NA NA 2+0.7 2.6 £0.4 201
6 16.3.2024 19:29 1.3 14 16.3.2024 to 53 6.9 £0.5 1.4+0.8 295
8.5.2024
7 29.5.2024 10:42 3.4 21 29.5.2024 to 24 12.7 £ 0.6 4.1 +0.1 335
22.6.2024
8 22.8.2024 to 20:48 7.1 61 22.8.2024 to 14 19.7 £ 0.4 6+0.1 235
23.8.2024 5.9.2024
9 20.11.2024 to 22:20 1.8 76 20.11.2024 to 18 12.8 £0.3 0.9 +0.1 140
21.11.2024 8.12.2024

Note. For the 18 December 2023 diking event the geodetic inversion spanned the time period 11-20 December 2023, based on available input interferograms. The
calculated volume decrease in the magma domain is 7.7 million m® during this time period. As this inversion included 7 days of pre-diking inflation, the volume loss in
the magma domain during this diking event was underestimated. We fixed the GNSS time series of volume change (Figs. 6 & Supplementary Figure S3) between 11 and
20 December 2023 to match this same amount derived from the joint inversion. We then used the volume loss calculated from the time series between 18 and 20
December 2023, to estimate the actual volume loss in the magma domain during this diking event.

(https://www.ics-c.epos-eu.org/). Earthquake magnitudes shown in
Fig. 3 are from the temporary local catalogue.

2.2. GNSS

We use Global Navigation Satellite System (GNSS) geodesy to infer
three-dimensional displacements. Methodology and analyses of seismic
and GNSS data are similar as those used by Parks et al. (2023) and
Sigmundsson et al. (2024). GNSS data used here was collected at 37
continuously recording stations (cGNSS), displayed in Fig. 1. The GNSS
data was analyzed using the GAMIT/GLOBK 10.7 software (Herring
et al., 2018), estimating 24 hr site positions in the ITRFO8 reference
frame (Altamimi et al., 2012). We solve for daily site positions and
satellite orbits, constraining the position of global reference stations. We
correct for ocean loading using the FES2004 model (Lyard et al., 2006)
and use IGS08 azimuth and elevation dependent absolute phase centre
model for all antennas.

2.3. InSAR

Interferometric analysis of imagery from six SAR satellite missions:
Sentinel-1, COSMO-SkyMed, ICEYE, SAOCOM, RADARSAT (RCM), and
TerraSAR-X was used to create interferograms showing line-of-sight
(LOS) change in distance from ground to satellite. Interferograms were
generated using the standard two-pass interferometry procedure. The
Sentinel-1, COSMO-SkyMed, SAOCOM, and TerraSAR-X datasets were
processed at IMO while the ICEYE and RADARSAT datasets were pro-
cessed at ICEYE and the Geological Survey of Canada, respectively (for
more details about processing see Supplementary Text S1). For each
event (dike intrusion, inflation episode), the best interferograms were
selected based on their time coverage of the event and the quality of
their phase information. Lava fields formed during the new eruptions
and the 2021-2023 Fagradalsfjall lava fields were masked to avoid
introducing false deformation signals in the modelling caused by topo-
graphic error or lava cooling.

2.4. Photogrammetry

Photogrammetry was used to create digital elevation models (DEMs)
using similar approaches as described by Pedersen et al. (2022) and
Gouhier et al. (2022). Co-registration of DEMs and evaluation of dif-
ferences was done using the method of Nuth and Kaab (2011), to
minimize horizontal and vertical biases between the two datasets.
Graben boundary faults used in geodetic modelling were mapped using
the difference in elevation between two digital elevation DEMs, based
on data acquired on 19 November 2023 using the Pléiades satellite and
13 February 2024 using airborne photogrammetry. The total bulk vol-
ume of erupted lavas was obtained by comparing DEMs acquired from
airplane photogrammetric surveys on 2 November 2023 (pre-eruptions),
30 September 2024 (after six of the seven eruptions) and 13 December
2024. For more details regarding the data processing see Supplementary
Text S2.

2.5. Geodetic modelling

Three-dimensional ground displacements inferred from ¢GNSS and
LOS displacements from InSAR were used as input for geodetic model-
ling. Observed ground deformation was compared to predicted surface
deformation from simple sources of deformation, embedded within a
uniform elastic half-space. The ground deformation patterns during
diking events can be explained by a single source of magma withdrawal
and a subvertical dike. Inflation can be explained by single source of
magma accumulation, modelled using either a point source of pressure
model (Mogi, 1958) or opening on a rectangular plane (Okada, 1992).
Both inflation and deflation events have been constrained using joint
inversion of the InSAR and GNSS data. During diking events we
endeavored to use short-period interferograms (spanning 1-2 days
where possible). The joint inversions utilized a modified version of the
GBIS geodetic Bayesian inversion software (Bagnardi and Hooper,
2018). Automated modelling to obtain the time-series of volume change
within the Svartsengi magma domain was undertaken using IMO
in-house software and utilizes only GNSS data from 24-hour solutions.
This model was run for both the point source of pressure and a rectan-
gular sill source. As the geodetic data show that inflation deformation is
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0O Svartsengi geothermal
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Fig. 2. Dike intrusions and eruptions in the Sundhnikur area in 2023-2024. Top panel shows all dikes and lava flows, colored differently with time (dikes and the
corresponding lava field are in the same color). The 2021-2023 Fagradalsfjall lava flows are shown in grey. Dated panels show the time-evolution of the subsequent
dike intrusions after the November 10, 2023 dike. Red star indicates the inferred center of deflation within the magma domain for each of these periods. The panel
with the eruption from 16 March to 8 May 2024 includes two dikes, the former dike formed on 2 March 2024 (yellow dashed line) but did not result in an eruption.

The yellow star indicates the center of deflation related to that dike intrusion.
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Fig. 3. Inflation-deflation episodes observed by GNSS time-series and seismicity within the diking area. (a) Seismicity timeline: Magnitudes (black) and cumulative
number of earthquakes (blue) >MO0.5, (b) Time-series of vertical displacement, at cGNSS station SKSH, located near the center of the inflation. See Fig. 2 for station
location. Red vertical lines show onset of deflation events ending with an eruption, and blue vertical lines for diking events without an eruption.

approximately self-similar, fixed coordinates have been used for the
point and sill sources in the automated models. Volume contraction of
the magma domain during the diking events was also fixed using the
results obtained from the joint InSAR and GNSS inversions (Table 1).

The cumulative opening associated with all the rifting events (diking
events) in the period December 2023 until September 2024 was also
estimated by using ascending and descending interferograms and GNSS
observations bracketing the events. It is the only model presented here
with the overall dike plane divided into patches and solving for opening
on each; otherwise the models shown here are all with uniform opening
on the dike plane, allowing also for uniform strike slip.

3. Results
3.1. Observed deformation and seismicity

From 27 October 2023 to 31 December 2024, geodetic measure-
ments reveal ten periods of inflation and nine deflation events (Fig. 3).
The seismicity was most intense during the initial hours of the dike
intrusion on 10 November, when the crust was being ripped up by the
intruding dike and stored tensional stress, releasing over 20 earthquakes
of Mw>4 in the diking area, including one Mw5.2 at Mt. Hagafell
(Sigmundsson et al., 2024); then gradually decaying over the following
weeks. The eight subsequent dike intrusions generated much less seis-
micity, including only two Mw4 events (in December 2023 and August
2024) and thus constituted a much lower seismic hazard than that
experienced on 10 November 2023. In general, temporal characteristics
of the seismicity accompanying the intrusions/eruptions, show a
decrease in seismicity after the January (second) eruption, regarding
both magnitudes and number of events. Although with the sixth erup-
tion, in August, the seismicity appeared to increase again, but the most
recent dike intrusion to date on 20 November 2024 was accompanied by
very little seismicity. As the seismicity decreased, the short-term pre-
cursory time to eruption also decreased, requiring adjustment of the
seismic alert monitoring procedures at IMO. The precursory activity
consisted mostly of very small microearthquakes located near the center
of the diking area between Mt. Stéra-Skogfell and Mt. Sundhndkur,
followed by stronger seismicity during dike propagation, both laterally

and to the surface, usually ceasing soon after the onset of the eruptions
(Fig. 3). Seismicity and deformation rates show a highly non-linear
correlation. Seismicity is low following deflation events and increases
only significantly after the previous level of inflation is reached, as
observed for part of the Krafla Fires rifting episode and explained by the
Kaiser effect (Heimisson et al., 2015).

Extensive series of GNSS observations (e.g. Fig. 3 & Supplementary
Figure S1) and interferograms (Figs. 4 and 5 & Supplementary
Figure S2) are available to study the events. The spatial pattern of
ground deformation for each of the inflation episodes displays uplift and
outward movement from the center of the magma domain on the GNSS
observations, and a circular inflation pattern observed on InSAR. The
GNSS timeseries clearly show the onset of each the diking event —
indicated by rapid subsidence (e.g. Fig. 3 & Supplementary Figure S1).
During each of these events, the InSAR shows a characteristic defor-
mation pattern related to a dike intrusion (wing-shaped lobes on either
side of the dike path related to both horizontal extension and uplift) and
also deflation over the Svartsengi magma domain. The dike lobes
interfere to different extents with the deflation signal, depending on the
location and opening of the dikes.

3.2. Geodetic modelling: inflation periods

Time-series of inferred volume change, and the rate of volume
change, of the Svartsengi magma domain is shown in Fig. 6, for a point
source of pressure with a fixed depth of 4 km (average depth derived
from joint InSAR and GNSS inversions). Corresponding results for a
rectangular sill source with a fixed depth of 4.35 km are shown in
Supplementary Figure S3. These results for the inflation periods are
based on GNSS data only, with their reliability confirmed by a com-
parison of inflation deformation models using both GNSS and InSAR
data (e.g. Fig. 7a, Supplementary Figures S4 & S5). The Mogi source
typically provides a better-fit to the magnitude of the deformation signal
during these events, despite not capturing the elongation of the signal in
the NE-SW direction observed from InSAR. Joint inversions of InSAR
and GNSS data spanning the inflation events using the sill source, placed
the average top depth of the sill at 4.7 km, however these models
consistently overestimated the vertical displacements (see
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Supplementary Figure S5). To compensate for this, the depth of the sill
source was set here to 4.35 km for the automated modelling.

3.3. Geodetic modelling: diking events and co-eruptive deformation

Deformation models for co-diking and associated deflation source
have used joint GNSS and InSAR inversions. The following section
provides an overview of the results obtained from the optimal uniform
opening dike models shown in Fig. 7b and Supplementary Figures S6 to
$13. For source locations see Figs. 1 and 2, and for an overview and dike

volumes see Table 1.

3.3.1. 18-19 December 2023 dike

The dike intruded in an area from Mt. Hagafell towards ~1 km
northeast of Mt. Stora-Skégfell and was about 6 km long. Model opening
is ~1.2 m, confined to the upper 1.7 km of the crust. The dike strike is
N36°E, similar strike to the 10 November 2023 dike (Sigmundsson et al.,
2024). It likely used pre-existing pathways formed during that event but
intruded to a shallower level.
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3.3.2. 14 January 2024 dike

The dike started from an area east of Mt. Sylingarfell at the SW end of
the Sundhntikur crater row, from a likely turning point in the 18-19
December 2023 dike and then trended to the SW and propagated
beneath the town of Grindavik. The dike is about 5 km long and has a
strike of N29°E. It carved a new pathway compared to the previous dikes
and caused a new graben subsidence in the eastern part of Grindavik.
During this event an eruptive fissure opened on the northern edge of the
town, which issued lava flows that destroyed three houses. This fissure
lies directly above the path of the dike. Graben subsidence in the town of
Grindavik is e.g. witnessed by difference in digital elevation models
before and after the event (Supplementary Figure S14). The geodetic
model has ~1.5 m opening from the surface to a depth of 3.3 km.

3.3.3. 8 February 2024 dike

The dike intruded on 8 February 2024 was about 2.5 km long located
between Mt. Stéra-Skogfell and the SW end of the Sundhntikur crater
row, along a similar path as the northern segment of the December dike.
Its SW end is at the point where the January dike commenced propa-
gating (east of Sylingarfell). The model has ~0.7 m opening in the upper
2.2 km of the crust, on a plane that strikes N32°E.

3.3.4. 2 March 2024 dike

A small dike intrusion, about 3 km long, occurred on 2 March 2024
which did not culminate in an eruption. The intrusion occurred from an
area just east of Stora-Skogfell towards ~1 km SE of Sylingarfell —
essentially a northern extension of the January dike. The optimal model
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has ~0.7 m opening in the 1.4-2.9 km depth range, on a plane that
strikes N29°E, the same as the January dike.

3.3.5. 16 March 2024 dike

On the 16 March the Svartsengi magma domain failed again,
resulting in the propagation of a 3.4 km long dike. Model opening is
~0.5 m in the uppermost 0.9 km of the crust. This intruded in the same
location as the 2 March dike but migrated to a shallower level and
extended about 700 m further to the NE.

3.3.6. 29 May 2024 dike

This dike was 4.2 km long, extending from south of Mt. Hagafell to
the southern end of Mt. Stéra-Skogfell. It appears to have used a similar
migration pathway as the January and March dikes. Model opening is
~0.8 m in the uppermost 1.3 km, on a plane striking N28°E.

3.3.7. 22-23 August 2024 dike

This dike intrusion was the largest since January, accompanied by
the largest volume drop in the magma domain since the 10 November
2023 event. The dike was 6.7 km long and intruded within the upper 1.1
km. The strike was 28° and opening 0.8 m. This took a similar path as the
February dike but extended significantly further to the NE by 3.3 km
(0.7 km further to the NE than the 10 November dike).

3.3.8. 20-21 November 2024 dike

This diking event was the smallest so far in the sequence and asso-
ciated with very little seismicity compared to prior events. The dike was
2.3 km long with a strike of 38° and opening of ~0.7 m. Magma was
intruded in the uppermost 0.5 km of the crust.

3.3.9. Cumulative dike opening December 2023-August 2024

To determine the cumulative amount of opening along the dike
complex between December 2023 - August 2024, an inversion was run
using two SAOCOM interferograms (Supplementary Figure S15), and
cumulative GNSS displacements covering the same period. The model
includes a two-segment dike with a turning point close to the center of
the Sundhtikur crater row (Supplementary Figure S16). The initial
inversion comprised two sources — a deflating point source of pressure
for the Svartsengi magma domain and a vertical Okada dislocation
divided into patches to model distributed opening along the dike. The
dike is 14 km long and patch size is 250 x 250 m between the surface
and 1.5 km depth then 500 x 500 m from 1.5 to 3 km depth. The median
distributed opening inferred with our modified version of the GBIS
software is displayed in Supplementary Figure S17. It shows maximum
cumulative opening between Mt. Hagafell to Mt. Stéra-Skogfell. How-
ever, shallow opening is also observed up to 1.5 km to the NE of Stdra-
Skogfell and in the SW extending 750 m beneath the center of Grindavik.

To determine whether the shallow opening here may be affected by
fault movement during the graben formation on 14 January 2024, we
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mentary Figures S4 and S12.

ran a second model incorporating the two main graben faults inferred
from comparison of digital elevation models as described in methods
(Supplementary Figure S14). The maximum subsidence revealed by the
elevation difference was 1.1 m of lowering at the NE-end of the January
2024 lavas, near Mt. Hagafell. Subsidence of 0.5 m was observed “en

10

echelon” on the southern part of the January 2024 lavas and on the
eastern side of Grindavik. Using this information, faults were incorpo-
rated on each side of the graben into the models as Okada dislocations
dipping inwards toward the dike at 60°, allowing for both strike-slip and
dip-slip motion and extending from the surface to a depth of 500 m
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(Supplementary Figure S18). The result displayed in Fig. 8 shows a very
similar pattern of opening as in a model with no faults (Supplementary
Figure S17), indicating the shallow opening beneath Grindavik is not an
artifact but a result of the magma intrusion on 14 January.

4. Discussion

The models presented here broadly explain the overall observed
deformation pattern. Both point source of pressure and sill models have
here been used to fit observations, whereas the real geometry of the
inflation-deflation source may likely be of an ellipsoidal shape
(Sigmundsson et al., 2024). The inferred eastern edge of it is in close
proximity to the Sundhntkur crater row, and failure has been occurring
there. This, together with a tectonic setting within a highly oblique
spreading zone, may explain the peculiar geometric arrangement of a
magma domain located to the side of a fissure swarm where eruptions
have occurred.

Deformation during deflation events is a combination of pressure
drop in a localized source, and diking, influencing observations at GNSS
stations to a varying degree. Although GNSS observations at an indi-
vidual station show the key aspect of activity (Fig. 3), a clearer pattern is
revealed when the whole geodetic data are inverted for change of vol-
ume of the Svartsengi magma domain (Fig. 6). Rates of volume change
have decreased from the beginning of activity from ~7-9 m%/s, to
~2.4-4 m®/s in the May 2024-January 2025 period. During each
inflation period, there is tendency for the inflow rate to decrease as the
pressure builds within the magma domain. An additional process not
taken into consideration here is revealed in residuals between observed
ground deformation and models for some of the inflation periods, that
give hints for some seeping of magma into the dike complex. However,
small volumes are involved, and this is secondary to the processes
described here. The data set presented here is superior compared to that
available for earlier rifting episodes (e.g. Wright et al., 2012), and
inference on the details of the magma plumbing system therefore less
uncertain than in previous cases. Evaluation of forecasting of diking
events and eruptions can be tested against well-observed repeated
events.

4.1. Magma plumbing system

The interpretation of geochemistry of a dynamic mid-crustal magma
domain (Matthews et al., 2024) fits well with our geodetic observations
and interpretations, as well as earlier interpretations (Sigmundsson
et al., 2024), considering uncertainty of each of the approaches used.
Even if we find deformation of the inflation episodes to be broadly
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self-similar, detailed comparison of inflation episodes is suggestive of
some differences in geometry and location of the inflation source,
consistent with recharge of individual magma units within the magma
domain. Failure and magma outflow from the magma domain has for all
diking/eruptions occurred in a similar area, at the eastern edge of the
inferred magma domain.

During the 10 November 2023 dike injection, the estimated peak
magma inflow rate to the dike was over 7000 m3/s (Sigmundsson et al.,
2024). On 18 December 2023, the Svartsengi magma domain reached
again critical pressure and this time triggered an additional rapid dike
opening extending to the surface. An eruption began with rapid onset —
preceded by only a 1.5 h long seismic swarm. The inferred peak magma
inflow rate into the dike at this time was ~800 m>/s. On 14 January
another dike propagation occurred. This time it took a new path east of
the 10 November dike and propagated beneath the center of the town of
Grindavik.

On 2 March 2024, the magma domain failed once again triggering a
small dike propagation lasting ~4 h, however this did not culminate in
an eruption. The next dike propagation and eruption occurred on the 16
March. This eruption has been the longest to date, lasting 53 days and
during which time both inflation of the Svartsengi magma domain and
in the diking area was observed. Following a repose of 21 days, another
dike propagation and eruption occurred on 29 May 2024 which
continued until 22 June 2024. At the beginning of this event continued
subsidence was observed in the Svartsengi magma domain during the
first week of the eruption which then again changed to inflation despite
the concurrent eruptive activity. On 22 August 2024, the magma domain
failed once again. The associated volume loss in the magma domain was
the largest since 10 November 2023 and the volume of erupted lava was
also the largest to date. The smallest dike intrusion to date occurred on
20 November 2024, preceded by very little seismicity.

The summed median dike volume from November 2023 to
November 2024 is 182 x 10° m® (Table 1), with >70 % of the inferred
dikes volume emplaced in the first event. The total bulk lava volume of
the eruptions on the Sundhntkar crater row is (217 + 13) x 10° m3, as
measured in December 2024 from photogrammetric methods. For
comparison the summed median volume losses from the magma domain
that led to volcanic eruptions is 159 x 10° m3. This last number does not
consider inflow into the system during eruptions. Multiple corrections
are needed when comparing these numbers. An estimate of the volume
loss from a magma domain is not the same as the volume of magma that
flows out of it, because of the effects of magma compressibility of the
magma domain (Sigmundsson et al., 2024). Furthermore, the bulk lava
volume is significantly larger than the lava volume calculated as dry
rock equivalent (DRE).

Hagafell Stéra-Skagfell
SW Grindavik Sundhnuikur crater row NE
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Fig. 8. Median distributed opening (color) in a geodetic model spanning the deflation and diking events that occurred between December 2023 to August 2024,
using a point source of pressure for the magma domain, segmented dike divided into patches and two graben faults modelled as rectangular planes with constant slip

(Okada, 1992). The dike path is shown in Supplementary Figures S16 & S18.
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The main difference between the dike intrusions and eruptions thus
far in the Svartsengi system and at the Fagradalsfjall system is how the
magma accumulates prior to events and how it is migrating within the
crust. At Fagradalsfjall, the magma was transferred from around 10-15
km depth (Halldorsson et al., 2022), feeding lateral dike intrusions in the
upper crust between depths of ~1 to 6 km, without stopping in a
mid-crustal magma domain. This explains the different style of activity
within the two systems.

4.2. Forecasting

As soon as it was clear that the activity in Svartsengi did not switch
off after the first eruption, the question was raised about when the
following event would occur. Regular scientific meetings were held
between scientists from different institutions, nationally and interna-
tionally, to constantly assess the situation considering the most recent
observations, monitoring data and modelling results. The main effort
was to try to determine the timeline for increased probability of the next
diking event/eruption.

A tool which was used to gather scientists’ expertise on a quantitative
probability of a next event was the expert elicitation. Twelve elicitations
were performed between 20 November 2023 and 23 May 2024, asking a
variety of questions including the probability for a possible eruption
within different time periods as well as its likely location within the
Svartsengi area. Between 5 to 11 experts took part in the different
elicitations. The last elicitation was done a week prior the eruption
which commenced on 29 May 2024. Until then the results from the
elicitations were formally adopted to assess the hazard within six
different zones which were relevant for either critical infrastructure
presence and exposed value or the spatial distribution of the ongoing
activity. The elicitations were performed preferably after scientific
meetings where scientists and experts had time to discuss together and
elaborate on the current available data sets and interpretations (for more
information see Supplementary Text S3).

In this process, a key role has been given to geodetic results. As
deformation is affected by both deflation of the magma domain and the
formation of a dike during each deflation event, the time-series of
inflation/deflation volume from geodetic modelling have been used to
evaluate the timing of the next eruption, rather than displacement
trends at individual GNSS stations. Three somewhat different assump-
tions based on an inflation-predictable model (e.g., Segall et al., 2013)
have been used to varying degrees during the series of events. When
implementing them, a fixed geometry and location is used for the
magma domain, and this causes some uncertainty.

The first approach hypothesized the next eruption would occur when
the amount of volume increase in the magma domain following a sudden
diking/eruption event equals the volume contraction in the previous
event. This approach was used for forecasting diking events between 14
January to 2 March 2024, when it was estimated that the next event
would occur once there was between (7-11) x 10® m® volume recharge
to the Svartsengi magma domain. On 2 March 2024, a small diking event
occurred, within the anticipated timeframe considering this volume
argumentation. However, it did not lead to an eruption. Following
continued inflation for an additional 14 days, the next dike was trig-
gered on 16 March 2024 which did result in an eruption.

The second approach was established to take into account that some
eruptions are prolonged with inflation occurring during them. The first
eruption of this type began on 16 March 2024 and before it ended on 8
May 2024 the amount of recharge was already more than the initial
contraction volume. In the second approach the next eruption was
forecast to occur when the volume increase of the magma domain after
an eruption ended (when the system was closed) would equal the full
contraction volume of the previous event (6.9x10° m®). This approach
was used to forecast the diking and eruption which occurred on 29 May
2024. Between 8 to 28 May 2024, we estimated a median recharge
volume of 6 x 10° m® which is similar to the volume lost during the
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March 16 event (Supplementary Figure S19). The same technique was
applied to forecast the likely timeframe for the following diking and
eruption (Supplementary Figure S20). Then the median target volume
was estimated at ~15 x 10 m® (modelled volume loss in reservoir on 29
May 2024 plus modelled volume change related to continued subsidence
during the first week of the eruption, until 5 June 2024). Thereafter,
considering only inflation since 22 June 2004 when the system was
closed, the median target volume was expected to be reached by 9
August 2024. However the next diking event and eruption did not occur
until 13 days later, on 22 August 2024.

Despite the correlation between volume contraction of the magma
domain during the failure events and subsequent recharge during the
closed system period (Supplementary Figure 21), applying the same
technique to forecast the next event which occurred on 20 November
2024, indicated the lower bound would not be reached until 3 days after
the event occurred, so the forecast date was too late (Fig. 9).

The third approach is to consider the total volume contraction of the
magma domain versus total recharge from the local minimum on the
inflation-deflation volume curve (e.g. total volume loss on 22 August
2024 plus the continued drop until 30 August 2024, which is about 22 x
10° m® for the August event). This technique would have been successful
in forecasting the date of the diking and eruption onset on 20 November
2024 (Fig. 9) but would not have been able to successfully forecast the
two events prior to 20 November 2024 (Supplementary Figures S19-
$22).

Lessons learnt are that a forecasting technique needs to evolve based
on the latest available data and models, and to take into consideration
potential changes within the magma plumbing system. The significant
uncertainties related to this should propagate into the forecasting. Since
the 20 November 2024 event, IMO eruption forecasting continues to use
the estimated volume contraction in a prior event as a proxy for the
recharge volume increase required to trigger the next event but based on
which of the approaches presented above predicts the earliest date a
lower bound volume will be reached. For Svartsengi the behavior of the
system changed in March 2024; before then failure occurred at a
significantly lower level than after (Fig. 6 & Supplementary Figure 3).
The 2 March event that did not culminate in an eruption, may indicate a
change within the magma plumbing system. An explanation could be
that the previously formed pathways from the Svartsengi magma
domain into the diking area had started to solidify and a higher pressure
increase/recharge volume was required.

Alongside medium-term forecasting, IMO uses early-warning sys-
tems and a designated contingency plan to activate when a dike has
likely started propagating and an eruption may be imminent. Such
warning systems are based on four main real-time monitoring in-
dicators: i) level of seismicity (a specific number of earthquakes within a
specific time window in a specific area, and sometimes above a specific
magnitude), ii) changes in pressure in geothermal boreholes in the
Svartsengi geothermal field (monitoring designed, maintained and
automatic alarm issued by HS Orka energy company), iii) rapid defor-
mation detected on real-time GNSS observations, and iv) changes in
strain rate as detected on fiber optic cable (warning system designed by
colleagues at Reykjavik University and California Institute of Technol-
ogy, see Li et al., 2024). As soon as a warning has been activated, IMO
personnel on duty interprets the real time data and proceed according to
the contingency plan to activate emergency response and trigger actions
by civil protection authorities. The effective warning time for the
eruptions so far has ranged from 21 min to 4 h and 37 min.

4.3. Hazards

On 10 November 2023 seismic and geodetic measurements showed
that a dike propagated beneath Grindavik, necessitating urgent evacu-
ation of the town inhabitants. Major damage to infrastructure occurred,
in particular because of ground fracturing within the town (De Pascale
et al., 2024), the most extensive in Iceland since the Krafla rifting
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the linear regression fit using the last 4 weeks of inflation. The dashed red line shows a second-degree polynomial fit using all the post-eruptive data points. The trend
of volume change evolution allows an estimate of the likely time interval for the next event, where this intersects the lower and upper bounds of the orange and blue
regions. The zero point on the y-axis is set to the minimum of the volume drop observed following the onset of the diking event.

episode in North Iceland 1975-1984 (e.g., Hjartardottir et al., 2012). A
second dike propagation, this time associated with opening of an erup-
tive vent, occurred within the town of Grindavik on 14 January 2024,
and caused more destruction. In addition to the lava flows that
destroyed three houses, it was ground fracturing and fissure openings
that caused significant damage, as houses had been built on active faults.
In light of this, the town of Grindavik still remains a danger zone. The
ongoing period of activity has seriously disrupted the life of the people
in the town of Grindavik, resulting in relocation of the majority of the
prior ~3600 residents and closure of businesses.

Eruption hazards are a major concern because of the close proximity
to the town of Grindavik, the Svartsengi power plant, critical infra-
structure and the Blue Lagoon geothermal resort that is very popular
with tourists. Expected future eruptive activity is similar as previous,
main hazards relate to fast effusive eruptions of lava flows and gas
pollution near inhabited areas, causing major risk to people and infra-
structure. Shaking due to earthquakes is also a concern, although the
seismicity associated with eruptions has been decreasing. It has been
inferred that the outflow path from the Svartsengi magma domain has a
relatively large cross-sectional area (Sigmundsson et al., 2024), facili-
tating rapid magma flow to shallow levels in the crust and to the surface.
As more pressure seems to be able to build up prior to the later eruptions
(compared to earlier eruptions between December 2023 to March 2024),
there is need to be prepared for larger eruptions than those which have
occurred so far in the area.

A major operation to mitigate the effects of lava flows has been the
construction of barriers to divert lava flows. Construction of lava bar-
riers to protect the Svartsengi powerplant began on 15 November 2023,
only five days after the 10 November 2023 diking event. Such rapid
response was facilitated by prior testing of building and use of lava
barriers during the eruptions at Fagradalsfjall in 2021-2023. Construc-
tion of barriers around Grindavik began on 29 December 2023, and
throughout 2024 barrier construction has continued (see Fig. 1 & Sup-
plementary Figure S16). Lava has been diverted by the barriers in the
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January, March, May and November eruptions in 2024. Subsequently,
barriers have been heightened in response to lava building up at these,
and in some instances where it has breached the barriers. As of end of
January 2025 the height of lava barriers above surroundings was be-
tween 3 and 24 m, built to have a significant effect of diverting lava in
future eruptions both from the Svartsengi power plant and the town of
Grindavik. This assumes lava flows on the surface, although it is possible
that magma may flow laterally in fractures at shallow depth under the
existing lava barriers, thereby reaching Grindavik.

If more dike propagations occur in the near-future, it is considered
most probable that pre-existing magma pathways will guide the dikes
into the area similar as in the previous events, however formation of
dikes in other parts of the volcanic system cannot be excluded.
Regarding future activity on the Sundhntkur crater row and its exten-
sion, it is challenging to estimate where future diking and eruptions are
most probable. The eruptive fissure that opened on 22 August 2024 was
the northeastern most of the fissures that have opened so far. However,
in November 2024 the activity switched again to the central part of the
Sundhntkur crater row. Future events may again move further to the
northeast or to the southwest (closer to the town of Grindavik). The
distributed opening model for the average dike path for the dikes
intruded between December 2023 to August 2024, shows the maximum
cumulative opening occurs in the region between Hagafell and Stéra-
Skogfell. This region of the Sundhniikur crater row is closest to the
Svartsengi magma domain and may still be the preferred pathway to
facilitate future magma migration, as was observed during the most
recent eruption in November 2024.

5. Conclusions

A rifting episode began on 10 November 2023 in the Svartsengi
volcanic system, SW-Iceland, with an initial diking event, following
episodic inflation there since January 2020. These inflation events relate
to recharging of a magma domain, at a geodetically inferred depth of
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4-5 km, assuming a model with a deformation source within a uniform
elastic half-space. The initial rifting event has been followed by eight
additional events until November 2024, causing centimeter to meter
scale deformation registered by GNSS and InSAR, ground fracturing and
eruptions associated with seven of them. Deformation and seismicity
during deflation events can be explained in terms of a combination of a
simple source of pressure decrease in a magma domain, concurrent with
magma intrusion into vertical dikes up to 15 km long at the Sundhntikur
crater row. Geodetic inversion considering graben faults suggest
movement on them is limited to the top layer of the crust, and at depth
most crustal widening can be attributed to dike opening. Continuous
inflation has occurred between the diking events, with rate of volume
increase of the Svartsengi magma domain amounting initially to ~7-9
m®/s but declining to ~2.4-4 m®/s. Timing of diking events and erup-
tions have been forecast based on different approaches using the
anticipated correlation between volume contraction during deflation
periods and subsequent volume recharged to the system before the next
event is triggered.
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