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Abstract Unrest began in July 2021 at Askja volcano in the Northern Volcanic Zone (NVZ) of Iceland. Its
most recent eruption, in 1961, was predominantly effusive and produced ~0.1 km® lava field. The last plinian
eruption at Askja occurred in 1875. Geodetic measurements between 1983 and 2021 detail subsidence of Askja,
decaying in an exponential manner. At the end of July 2021, inflation was detected at Askja volcano, from
GNSS observations and Sentinel-1 interferograms. The inflationary episode can be divided into two periods
from the onset of inflation until September 2023. An initial period until 20 September 2021 when geodetic
models suggest transfer of magma (or magmatic fluids) from within the shallowest part of the magmatic system
(comprising an inflating and deflating source), potentially involving silicic magma. A following period when
one source of pressure increase at shallow depth can explain the observations.

Plain Language Summary Askja volcano, situated in the Northern Volcanic Zone in Iceland, has
been quiet since its last eruption in 1961, with surface deformation measurements from 1983 to 2021 displaying
a decaying subsidence signal within the Askja caldera. However, at the end of July 2021, the volcano began to
inflate. This was detected on both GNSS and satellite observations. As of September 2023, ~65 cm of uplift had
been measured at GNSS station OLAC. Modeling of surface deformation measurements indicates that the
inflation was triggered by upward migration of melt (or magmatic fluids).

1. Introduction

Askja volcanic system, in NVZ in Iceland, comprises both a central volcano and a fissure swarm covering
~190 km X 20 km (Sigmundsson et al., 2020). The central volcano includes a series of nested calderas. Eruptions
have been both basaltic effusive and silicic explosive, with the former much more common. Four eruptions occur
on average per century (Hartley et al., 2016). The last eruption in 1961 was predominantly effusive and produced
a 0.1 km? lava field (Blasizzo et al., 2022; Thorarinsson & Sigvaldason, 1962). The last plinian eruption occurred
in 1875 (Sigurdsson & Sparks, 1981; Sparks et al., 1981). This major event and continued subsidence following
the end of the eruption formed the most recent caldera, now filled with lake Oskjuvatn (up to 220 m deep,
Gylfadéttir et al., 2017) (Figure 1).

Measurements of ground movements at Askja began in 1966. Yearly leveling measurements were undertaken
between 1966 and 1972 and from 1983 until present. Observations from 1968 to 1970 display a relatively flat
trend, changing to inflation from 1970 to 1972. Since 1983 until July 2021 persistent subsidence occurred at
Askja. The yearly height difference between the end points of a 1.2 km-long profile decayed in an exponential
manner from 12.6 mm during 1983-84 to 1.7 mm during 2020-July 2021 (Sturkell et al., 2006, 2023; Trygg-
vason, 1989). Suggested explanations for the long-term subsidence include magma cooling and contraction, or
magma withdrawal. Many models based on observed ground deformation and micro-gravity changes have been
published: a single contracting shallow point source centered within the caldera (Sturkell & Sigmundsson, 2000;
Tryggvason, 1989), a point source and dike model (Rymer & Tryggvason, 1993), an ellipsoidal shallow source
(Pagli et al., 2006), and a model with two contracting point sources of various depth as well as horizontal plate
spreading (Sturkell et al., 2006). Numerical models including rheological variations in the upper crust suggest an
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Figure 1. Geological map of Askja showing the location of calderas and lava flows. Outlines of lava flows are from
Sigvaldason et al. (1992). The cartographic data is from the National Land Survey of Iceland. Locations of GNSS stations are
indicated. Outlines of fissure swarms on inset map are from Hjartardéttir and Einarsson (2021). Sill outlines in (c) are derived
from this study.

important role of the tectonic setting of Askja in creating observed long-term subsidence (de Zeeuw-van Dalfsen
etal., 2012; Pedersen et al., 2009). A positive micro-gravity fluctuation between 2007 and 2009, without changes
to the subsidence pattern has been explained by compressibility and magma inflow into a pre-existing magma
reservoir (de Zeeuw-van Dalfsen et al., 2013).

The deformation at Askja changed at end of July 2021 (Koymans et al., 2023). Inflation was detected on
continuous GNSS (cGNSS) station OLAC (in the Askja caldera) and on Sentinel-1 interferograms (Figures 1 and
2), coinciding with a minor increase in seismic activity. Initially, OLAC was the only existing cGNSS station
inside of the caldera (installed in 2015), with two additional stations located within ~5 km (DYNG and MOFC;
see Figure 1). In fall 2021, additional continuous stations TANC, JONC, and KASC were installed.
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Figure 2. InSAR and GNSS displacements. (a) Near-Up displacement rates for time period T1 (26 July—20 September 2021)
and (b) T2 (20 September 2021-10 September 2023). (c, d) Transects through near-Up displacement rate maps for T1 (purple
lines) and T2 (red lines). Location of traverses are displayed in (a, b). (e) Timeseries of vertical displacements at GNSS
stations OLAC and MASK. Black triangle in (a, b) shows location of OLAC and white triangle MASK.

This study focuses on this recent period of inflation, providing an overview of the deformation observations to
date, the best-fit analytical geodetic models that can describe these displacements and a discussion of likely
processes involved and future eruptive scenarios.

2. Method
2.1. Interferometric Synthetic Aperture Radar Processing and Decomposition

Four tracks of the Sentinel-1 SAR satellites regularly cover Askja at 6- or 12-day intervals: two ascending orbits
(T118, T147) and two descending (T111, T45). Interferograms were processed using the InSAR radar Scientific
Computing Environment (ISCE2) software (Rosen et al., 2012) and Icelandic Meteorological Office (IMO) in-
house software for Small Baseline (SBAS, Berardino et al., 2002) time-series analysis. The resulting four line-
of-sight (LOS) displacement time-series were combined and decomposed to give an approximate estimate of
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the east component of horizontal displacement (near-East) and the vertical (near-Up) displacements (Drouin &
Sigmundsson, 2019). Only summertime images were used because of yearly snow cover between end of
September and end of June. The 10 m resolution IslandsDEMv1 DEM from Landmelingar Islands (LMI, 2022)
was used to remove topographic effects. Images were multilooked by 6 in range and 2 in azimuth to obtain
approximately 30 m X 30 m pixels. Two separate time periods were considered: time period 1 (T1) spanning 26
July-20 September 2021 and time period 2 (T2) from 20 September 2021-10 September 2023 (Figure 2). To
correct for additional processes occurring during T2 (plate spreading, glacial isostatic adjustment and the deep
deflation signal occurring since 1983—see Section 1 above) we estimated LOS velocities from July 2015 to
September 2020 (from the three Sentinel-1 tracks available during this period) and subtracted this from the
corresponding LOS deformation grids spanning T2 prior to modeling. We do not apply a correction to T1 data as
these are negligible for such a short time interval.

2.2. GNSS Processing

A combination of continuous and campaign GNSS measurements were used to map ground deformation. Five
field campaigns were conducted around the beginning and after the onset of the Askja inflation; 27-31 July, 15—
24 September 2021, 18-27 August 2022, 27-30 June 2023, and 17-28 August 2023, building on annual GNSS
campaigns in the region. Each site was occupied for a minimum of 36-hr during each campaign. Data were
analyzed using the GAMIT/GLOBK software, version 10.7 (Herring et al., 2018), using over 100 global reference
stations to constrain daily site positions in the IGb14 reference frame. During the analysis we scaled position
uncertainties using site-specific, elevation dependent, noise values estimated during the processing. In addition to
station coordinates, the processing solved for satellite orbits and earth rotation parameters, atmospheric zenith
delay every 2 hours, and three atmospheric gradients per day. We corrected for ocean loading using the FES2004
model (Lyard et al., 2006) and used the IGS14 azimuth and elevation dependent absolute phase center model for
all antennas. We estimated a velocity solution for July—September 2021 and September 2021-September 2023. In
addition, the background deformation was estimated using data from June 2015-January 2021 and subtracted
from the T2 displacements prior to modeling.

2.3. Geodetic Modeling

Geodetic inversions utilized a modified version of the GBIS software (Bagnardi & Hooper, 2018), assuming
deformation sources within a uniform elastic half-space. Input data were the campaign and continuous GNSS
measurements and LOS displacements derived from SBAS time-series analysis of interferograms from the four
Sentinel-1 tracks. Interferograms were decimated using a higher sampling within 10 km of the main inflation
signal (coordinates used: longitude —16.75, latitude 65.03) and a sparser sampling beyond this. Simple source
geometries were employed to determine the optimal source type/s and location. Model geometries explored
included a point source (Mogi, 1958), a spheroid (McTigue, 1987), a prolate spheroid (Yang et al., 1988) and a
rectangular shaped dislocation (Okada, 1985). The geodetic inversions were run separately for T1 and T2, as
deformation is different within these time periods (Figure 2).

3. Results
3.1. Previous Subsidence at Askja

Long-term subsidence within the caldera was continuing until summer 2021 (Figures S1 and S2 in Supporting
Information S1) albeit at a reduced rate. Decomposition of interferograms from three separate Sentinel-1 tracks
shows the location of the deflation signal from 2015 to 2020 (Figure S3 in Supporting Information S1). The
maximum subsidence is located in the center of the main Askja caldera. This is in agreement with previous
geodetic studies which located the center of the source in a similar location, at depths between 2.5 and 3.8 km
(Pagli et al., 2006; Rymer & Tryggvason, 1993; Sturkell & Sigmundsson, 2000; Sturkell et al., 2006).

3.2. New Period of Uplift

Our geodetic observations show clearly an inflation signal at Askja volcano, beginning near end of July 2021,
centered on the western to north-western edge of Oskjuvatn (Figure 2; Figures S4-S6 in Supporting Informa-
tion S1). During the initial T1 period (26 July—20 September 2021), the rate of inflation was higher (>70 cm/yr)
and the inflation signal was centered very close to cGNSS station OLAC (Figure 2a; Figure S4 in Supporting
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Figure 3. Geodetic modeling results. Top panel: geodetic model for T1 (26 July - 20 September 2021). (a) input data: observed horizontal GNSS displacements (black
arrows) and Sentinel-1 T9 LOS displacements (m) during T1, (b) predicted GNSS displacements (red arrows) and LOS displacements, and (c) residuals. Bottom panel:
geodetic model for T2 (20 September 2021 - 10 September 2023). (d) input data: observed horizontal GNSS displacement rates (black arrows) and Sentinel-1 T9 LOS
displacement rates (m/yr) during T2, (e) predicted GNSS displacement rates (red arrows) and LOS displacement rates, and (f) residuals. In (a) and (d), red arrows show
heading and look direction of the satellites. In (b) and (e), black outline shows modeled inflating source and magenta outline in (b) the deflating source during T1.

Information S1). During T2 (after 20 September 2021), the inflation rate is significantly reduced (~35 cm/yr) and
the center of the signal migrated further to the NE (Figure 2b; Figures S5 and S6 in Supporting Information S1).
The cGNSS station OLAC, had an average uplift rate during T1 of 709 mm/yr, and 282 mm/yr in T2. Transects
through the near-Up displacement rate maps clearly show that during T1 a subsidence signal is evident on the
eastern side of Oskjuvatn, but not discernible during the latter period T2 (Figures 2a—2d).

Geodetic inversions were run for the T1 and T2 periods. A variety of geometries were tested for both periods, with
all initial model parameters free. For both time periods the best-fit single source model (model with the lowest
misfit/minimum residuals) was an inflating sill-type source, modeled using an Okada dislocation. For T1, an
additional deflating source is required to fit the subsidence signal in the east and to reduce the misfit. The
weighted residual sum of squares (WRSS) (e.g., Cervelli et al., 2001; Parks et al., 2020) is reduced from 0.393 for
a single source to 0.368 for the dual source model (Figures 2a and 3a; Figures S7 and S8 in Supporting Infor-
mation S1). During T1, the inflating sill-type source (Okada dislocation) is horizontal with a median length of
5.9 km, width of 3.7 km and strike of 119°. It is located at a median depth of 2.8 km (2.6-3.1 km, 95% confidence
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interval (CI)) and corresponds to a volume change of (13.6 £ 2.7) X 10° m>. The deflating source has a medium
dip of 4°, length of 5.4 km, width of 0.7 km and strike of 108°. It is located at a medium depth of 3.3 km (3.1—
3.6 km, 95% CI) and corresponds to a volume change of (—10.6 + 2.5) x 10° m® (Figure 3a; Figure S9 and Table
S1 in Supporting Information S1).

For T2 the best-fit single source was also determined to be a sill-type source with a medium dip of —12°, length of
4.5 km, width of 2.9 km and strike of 126°. It is located at a median depth of 2.7 km (2.5-2.8 km, 95% CI) with a
rate of volume change of (13 + 1.7) x 10° m*/yr (Figure 3b; Figure S10 and Table S2 in Supporting Informa-
tion S1). The two shallow sources for T1 and T2 reside at a similar depth and geographical location. Considering
the near constant rate of inflation between September 2021 and September 2023 (as indicated by both GNSS and
InSAR), the total estimated volume change during T2 is (25.6 £ 3.4) X 10°® m® and for T1 and T2 combined it is
(39 £ 6) x 10° m’.

4. Discussion

The magma plumbing system beneath Askja has been described as highly stratified from petrological studies,
comprising a rhyolitic upper part and ferrobasaltic lower part (Sigurdsson & Sparks, 1981). Sparks et al. (1981)
proposed that an ascent of basaltic magma (during rifting) mixed with pre-existing rhyolitic magma triggering the
1875 plinian eruption. Recent petrological studies have suggested Askja 20th century basalts have mixed with
evolved melts in the crust (Hartley & Thordarson, 2013). Earthquake tomography by Greenfield et al. (2016),
resolved a magma storage region beneath the Askja caldera centered at depths of between 5 and 7 km bsl and also
a low Vp/Vs ring around Askja in the shallow crust ~2 km bsl (including the eastern side of Oskjuvatn Lake),
which may correspond to a series of silicic magma bodies.

The total amount of subsidence at Askja between 1983 and 2021, has been estimated at 2.4 m, corresponding to a
contraction volume of ~0.1 km? (Sturkell et al., 2023). Previous studies suggested multiple processes were likely
responsible for the observed long-term subsidence, including cooling and contraction of a pre-existing magma
body, magma withdrawal and viscoelastic relaxation. However, these models struggle to fully explain the
magnitude of the observed deflation signal. Another volcano in the NVZ, Krafla, had a rifting episode between
1975 and 1984. There inflation continued for about 5 years after the episode, but in 1989 this changed to sub-
sidence, initially at a rate of ~5 cm/yr. The onset of this subsidence at Krafla was attributed to contraction and
ductile flow of material away from the spreading axis (Sigmundsson et al., 1997). Although extension along the
plate boundary and viscoelastic relaxation may play an important role in recent subsidence at Krafla, the same
processes may only account for a small fraction of the subsidence observed at Askja (Lanzi et al., 2023). Cooling
and contraction of an existing magma body has been proposed as contributing to the deflation at Askja, however
crystallization alone is unlikely to account for all the subsidence, especially when considering the low abundance
of phenocrysts within the Askja 20th century lavas (<1 vol.%) (Hartley & Thordarson, 2013). Thus, additional
processes are required—possibly magma outflow followed by a continued poro-viscoelastic response (e.g., Liao
et al., 2021).

For T1 the volume change for the shallow inflating source is (13.6 # 2.7) X 10° m® and for the deflating source
(=10.6 + 2.5) x 10° m*. The median depth of the inflating source is 2.8 km and for the deflating source is 3.3 km.
However, the depth of the sources and the distance between them may be greater, considering that these are
analytical models assuming an elastic, homogeneous half-space, and initial finite element models (including the
effects of topography and heterogeneity) indicate the source depths could be up to ~1 km deeper (O’Hara, 2023).
The sources extend to the eastern edge of Oskjuvatn caldera (Figures 1 and 3)—a known geothermally and
seismically active area for decades (Einarsson & Brandsdéttir, 2021). The location of these sources is in proximity
to a possible felsic magma storage region beneath Askja (Greenfield et al., 2016). Silicic melts beneath Icelandic
central volcanoes are typically formed by magma bodies heating and remelting the surrounding basaltic crust
(Martin, 2006; Muehlenbachs et al., 1974; Oskarsson et al., 1982; Sigmarsson et al., 1991), and the formation of
silicic melts is favorable along the edges of magma bodies where the thermal gradient is greater and temperature
conditions are conducive (e.g., along the edges of calderas, Jonasson, 1994).

Our modeling indicates the initial inflation may have been triggered by the upward migration of magma from an
existing source located at a depth of around 3.1-3.6 km to a shallower level. This would be consistent with the
analysis of recent gravity observations, which, while the uncertainties are large, can be interpreted in terms of no
increase in mass beneath the Askja caldera between summer 2021 and 2022 (Koymans et al., 2023). Since no
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Figure 4. Schematic of Askja volcano magmatic plumbing system. Approximate location of inflation source during T1 is shown by the yellow disk and deflation source
magenta disk. Inflation source in T2 is shown by the orange disk. Location of primary magma storage region and low Vp/Vs anomaly is based on work by Greenfield
et al. (2016). The pale blue ellipse near the surface represents Lake Oskjuvatn. Note: non-linearity between depths of 10-20 km.

additional shallow crustal intrusions/inflation events have been observed since 1983, it is feasible that the melt
involved was evolved. It is possible that crystallization contributed to lowering of density and buoyant uprise.

For the T2 period, the inflation source is located at a similar depth (median depth of 2.7 km) with a volume change
of (25.6 + 3.4) x 10° m® (Figure 3), and a similar location. No deflation source is detected during T2. This may
indicate recharge of melt from depth since September 2021. It is feasible that the continued inflation observed
during T2 may also reflect additional processes related to volatile exsolution following the shallowing of magma
during T1. However, the difference in depth of the two T1 sources is less than 1 km, so only minor volatile
exsolution would be associated with magma transfer from the deeper to the shallower. Furthermore, no significant
changes in gas emissions were detected from either the fumarole or water samples collected at both Lake Viti and
Oskjuvatn during the summers of 2022 and 2023 (M. Pfeffer, personal communication, September 2023). It is
also possible that at least part of the deformation during this T2 period may be attributed to poro-viscoelastic
effects in response to initial magma migration related to the upper sill-type intrusion, if a liquid magma lens
injected is surrounded by crystal mush. In that case, poroelastic diffusion and/or viscoelastic relaxation of the
mush could cause continued inflation after the intrusion of magma stops (Liao et al., 2021; Sepulveda et al., 2023).

The schematic displayed as Figure 4 illustrates the approximate location of the sources identified in this study and
that of the primary magma storage region and low Vp/Vs anomaly identified by Greenfield et al., 2016.

Seismicity as recorded by the national seismic network of Iceland, within the entire study area since January 2016
until September 2023, and in subareas, is displayed in Figures S11-S16 in Supporting Information S1. The depths
of the earthquakes are centered around 3-5 km. An initial increase in activity occurred between August and
November 2021. In the known geothermal area on the eastern side of Oskjuvatn, the initial increase (possibly
related to upward migration of pre-existing melt during T1) was followed by a drop in activity to background
levels. Earthquake activity under Oskjuvatn, and around the main Askja caldera (excluding the geothermal area
east of Oskjuvatn), shows an initial increase in activity coinciding with the onset of unrest, followed by a short
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hiatus in activity (at the start of November 2021) then an additional increase in activity from January 2022 on-
wards. The suggested variable seismic response of the caldera region is consistent with the findings of Winder
et al. (2023), based on a dense local seismic network, who also observe an initial increase in earthquake rate
during August 2021 and strong spatial and temporal variations. Additional analysis of the seismicity (including
precise relocations) is required to better understand the temporal and spatial variation and the involved causal
processes (e.g., stress triggering, magma migration etc.).

Possible scenarios for future eruption triggering include: (a) Additional magma inflow into a shallow source at
2.5-3.1 km beneath the caldera—increased pressurization leading to an eruption either beneath the lake or within
the main caldera. In this scenario the eruption may be either effusive or explosive. (b) Dyke propagation out of
caldera. This would likely result in an effusive basaltic fissure eruption which may occur anywhere within the
Askja fissure swarm. (c) Interaction/intersection of basaltic magma with a pre-existing silicic magma body, as
historic plinian eruptions indicate they were triggered by such interaction. Prior to the 1875 eruption, dikes
initially propagated outside the caldera to the north of Askja resulting in basaltic fissure eruptions (Sigurdsson &
Sparks, 1978). This effusive activity was followed by a rhyolitic eruption. A similar sequence of events appears to
have taken place 11,000 years ago at Askja (Sigurgeirsson, 2016). At the time of writing (January 2024) the
inflation is continuing but at a reduced rate since September 2023 (as observed by GNSS). Continued monitoring
and additional observations and modeling are required to understand the process responsible for this change.

5. Conclusions

Since 1983 Askja volcano has been subsiding, albeit at a declining rate until the end of July 2021, when
inflation began. We modeled the deformation assuming sources in a homogenous elastic half-space. For the
period 26 July—20 September 2021, two separate sources were identified. An inflating source at a median depth
of 2.8 km and with a volume change of (13.6 = 2.7) x 10° m® and a deflating source at 3.3 km with a volume
change of (—10.6 + 2.5) x 10° m>. The sources extend to the eastern edge of Oskjuvatn—a known geother-
mally and seismically active area, likely related to a relatively “open” part of the caldera faults in the Askja
region where geothermal and/or magmatic fluids, including volcanic gases, can migrate. For the period 20
September 2021-10 September 2023 an inflation source is located at similar depth (median depth of 2.7 km) as
in the earlier period, with a volume change of (25.6 + 3.4) x 10° m®. No shallow deflation source is detected
during this time. The modeling results can be interpreted in terms of the beginning of unrest being associated
with magma transfer within the uppermost part of the Askja magmatic system. It is possible that silicic magma
is involved. Absence of a shallow deflation source during T2 indicates magma recharge from depth and/or a
triggered poro-viscoelastic response. The possibility that both silicic and basaltic magma bodies may be
residing within proximity to each other beneath the main caldera should be considered when evaluating future
eruptive scenarios.

Conflict of Interest

The authors declare no conflicts of interest relevant to this study.

Data Availability Statement

Sentinel-1 interferograms and GNSS data were used in the creation of this manuscript. Sentinel-1 SAR data (used
to generate the interferograms) can be downloaded from the Copernicus Data Space Ecosystem (Coperni-
cus, 2024). After creating an account, the user should create an area of interest around Askja volcano (Latitude 65°
03’N, Longitude 16° 47"W), set time range from 1 July 2021 to 30 September 2023, and search for SENTINEL-
1> C-SAR > Level-1 SLC. GNSS data was provided from the University of Iceland, Icelandic Meteorological
Office and Geodetic Survey of Iceland. We use global continuous GNSS data downloaded from the CDDIS
archive, managed by the NASA ESDIS project, the GAGE Facility, operated by EarthScope Consortium, the
SOPAC/CSRC GARNER archive, and the BKG GNSS Data Center. Daily IGS orbit and ionosphere products
were downloaded from CDDIS (Noll, 2010). InSAR and GNSS data sets utilized in this study are available at the
Open Science Framework repository (Parks, 2023). Maps were generated using QGIS version 3.16
(QGIS (2024)). Other figures were created using Generic Mapping Tools (GMT) version 6 (Wessel et al., 2019)
and MathWorks MATLAB R2022b (MathWorks, 2024).

PARKS ET AL.

8 of 10

85UB01 7 SUOWIWIOD BAIER.D 3|eotjdde auy Aq paueAob 818 9L VO ‘8SN JO S3INJ o ARIG1IT3UIIUO A8|IM UO (SUOTHPUOD-PUE-SWUISYW0D" AB| 1M AReq 1 [pulUO//SCY) SUORIPUOD pue SWe | 8y} 88S *[202/20/9T] Uo AriqTauljuo A8|Im ‘Siueqired exse|y JO AisieAIuN AQ 0££90T 19E202/620T OT/I0p/w00" A8 AR 1jeuluo'sqndnBe//sdny wouy pepeojumoa ‘v '¥20z ‘2008 6T



ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL106730

Acknowledgments

We thank the editor, an anonymous
reviewer and Carolina Pagli for their
constructive feedback and suggestions for
improving this manuscript. This research
was supported through the Icelandic
Research Fund ISVOLC Grant of
excellence (Grant 239615-051), the
University of Iceland Research Fund, the
H2020 DEEPVOLC project funded by the
European Research Council (Grant
866085), and the Natural Environmental
Research Council through the Centre for
the Observation and Modelling of
Earthquakes, Volcanoes and Tectonics
(COMET). R. Grapenthin acknowledges
partial support for this work through NSF
Grant EAR-1464546. We thank the IMO
and University of Iceland technicians for
support and operation of the GNSS stations
and those who assisted with field work. We
also thank the Natural Hazards Specialists
(on duty in the IMO monitoring room) for
their daily work, along with Civil
Protection and Vatnajokull Park
representatives, for informing visitors of
potential hazards. The Geohazard
Supersites and Natural Laboratory (GSNL)
Icelandic Volcanoes Supersite project
supported by the Committee on Earth
Observing Satellites is acknowledged for
providing access to satellite data that was
utilized in this study. Kristin Vogfjord is
also acknowledged for her useful input and
discussions pertaining to seismicity at
Askja and Melissa Pfeffer for leading the
gas monitoring and sharing the analysis
results.

References

Bagnardi, M., & Hooper, A. (2018). Inversion of surface deformation data for rapid estimates of source parameters and uncertainties: A Bayesian
approach. Geochemistry, Geophysics, Geosystems, 19(7), 2194-2211. https://doi.org/10.1029/2018gc007585

Berardino, P., Fornaro, G., Lanari, R., & Sansosti, E. (2002). A new algorithm for surface deformation monitoring based on small baseline
differential SAR interferograms. IEEE Transactions on Geoscience and Remote Sensing, 40(11), 2375-2383. https://doi.org/10.1109/tgrs.
2002.803792

Blasizzo, A. Y., Ukstins, I. A., Scheidt, S. P., Graettinger, A. H., Peate, D. W., Carley, T. L., et al. (2022). Vikrahraun—The 1961 basaltic lava
flow eruption at Askja, Iceland: Morphology, geochemistry, and planetary analogs. Earth Planets and Space, 74(1), 168. https://doi.org/10.
1186/s40623-022-01711-5

Cervelli, P., Murray, M. H., Segall, P., Aoki, Y., & Kato, T. (2001). Estimating source parameters from deformation data, with an application to
the March 1997 earthquake swarm off the Izu Peninsula, Japan. Journal of Geophysical Research, 106(B6), 11217-11237. https://doi.org/10.
1029/2000jb900399

Copernicus. (2024). Copernicus browser [Dataset]. Copernicus. Retrieved from https://dataspace.copernicus.eu/browser/

de Zeeuw-van Dalfsen, E., Pedersen, R., Hooper, A., & Sigmundsson, F. (2012). Subsidence of Askja caldera 2000-2009: Modelling of
deformation processes at an extensional plate boundary, constrained by time series InSAR analysis. Journal of Volcanology and Geothermal
Research, 213, 72-82. https://doi.org/10.1016/j.jvolgeores.2011.11.004

de Zeeuw-van Dalfsen, E., Rymer, H., Sturkell, E., Pedersen, R., Hooper, A., Sigmundsson, F., & C)feigsscn, B. (2013). Geodetic data shed light
on ongoing caldera subsidence at Askja, Iceland. Bulletin of Volcanology, 75, 1-13.

Drouin, V., & Sigmundsson, F. (2019). Countrywide observations of plate spreading and glacial isostatic adjustment in Iceland inferred by
sentinel-1 radar interferometry, 2015-2018. Geophysical Research Letters, 46(14), 8046-8055. https://doi.org/10.1029/2019g1082629

Einarsson, P., & Brandsdéttir, B. (2021). Seismicity of the Northern volcanic zone of Iceland. Frontiers in Earth Science, 9, 628967. https://doi.
org/10.3389/feart.2021.628967

Greenfield, T., White, R. S., & Roecker, S. (2016). The magmatic plumbing system of the Askja central volcano, Iceland, as imaged by seismic
tomography. Journal of Geophysical Research: Solid Earth, 121(10), 7211-7229. https://doi.org/10.1002/2016jb013163

Gylfadéttir, S. S., Kim, J., Helgason, J. K., Brynjélfsson, S., Hoskuldsson, A., Johannesson, T., et al. (2017). The 2014 Lake Askja rockslide-
induced tsunami: Optimization of numerical tsunami model using observed data. Journal of Geophysical Research: Oceans, 122(5),
4110-4122. https://doi.org/10.1002/2016jc012496

Hartley, M. E., & Thordarson, T. (2013). The 1874—1876 volcano-tectonic episode at Askja, North Iceland: Lateral flow revisited. Geochemistry,
Geophysics, Geosystems, 14(7), 2286-2309. https://doi.org/10.1002/ggge.20151

Hartley, M. E., Thordarson, T., & de Joux, A. (2016). Postglacial eruptive history of the Askja region, North Iceland. Bulletin of Volcanology,
78(4), 1-18. https://doi.org/10.1007/s00445-016-1022-7

Herring, T. A., King, R. W., Floyd, M. A., & McClusky, S. C. (2018). GAMIT (GPS at MIT) reference manual version 10.7 (pp. 1-168).
Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology.

Hjartardottir, A.R., & Einarsson, P. (2021). Tectonic position, structure, and Holocene activity of the Hofsjokull volcanic system, central Iceland.
Journal of Volcanology and Geothermal Research, 417, 107277. https://doi.org/10.1016/j.jvolgeores.2021.107277

Jonasson, K. (1994). Rhyolite volcanism in the Krafla central volcano, north-east Iceland. Bulletin of Volcanology, 56(6-7), 516-528. https://doi.
org/10.1007/s004450050060

Koymans, M. R., de Zeeuw-van Dalfsen, E., Sepulveda, J., Evers, L. G., Giniaux, J. M., Grapenthin, R., et al. (2023). Decades of subsidence
followed by rapid uplift: Insights from microgravity data at Askja Volcano, Iceland. Journal of Volcanology and Geothermal Research, 442,
107890. https://doi.org/10.1016/j.jvolgeores.2023.107890

Lanzi, C., Sigmundsson, F., Geirsson, H., Parks, M., & Drouin, V. (2023). Strain localization at volcanoes undergoing extension: Investigating
long-term subsidence at Krafla and Askja in North Iceland. In EGU general assembly 2023, Vienna, Austria, 24-28 April 2023, EGU23-8378.
https://doi.org/10.5194/egusphere-egu23-8378

Liao, Y., Soule, S. A., Jones, M., & Le Mével, H. (2021). The mechanical response of a magma chamber with poroviscoelastic crystal mush.
Journal of Geophysical Research: Solid Earth, 126(4), €2020JB019395. https://doi.org/10.1029/2020jb019395

LMI. (2022). Landmelingar fslands. [Online]. Retrieved from https://www.Imi.is/is/'um-lmi/frettayfirlit/ny-uppfaersla-a-haedarlikani-af-islandi

Lyard, F., Lefevre, F., Letellier, T., & Francis, O. (2006). Modelling the global ocean tides: Modern insights from FES2004. Ocean Dynamics,
56(5-6), 394-415. https://doi.org/10.1007/s10236-006-0086-x

Martin, E. (2006). Etude géochimique des magmas ascides d'Islande: Mode de génes, implication sur I' évolution géodynamique Islandaise et sur
la formation de la proto-croute continentale. Ph.D. thesis, Université Blaise Pascal, 127-156.

MathWorks. (2024). MATLAB [Software]. MathWorks. https://www.mathworks.com/products/matlab.html?s_tid=hp_products_matlab

McTigue, D. F. (1987). Elastic stress and deformation near a finite spherical magma body: Resolution of the point source paradox. Journal of
Geophysical Research, 92(B12), 12931-12940. https://doi.org/10.1029/jb092ib12p12931

Mogi, K. (1958). Relations between the eruptions of various volcanoes and the deformations of the ground surfaces around them (Vol. 36, pp.
99-134). Earthquake Engineering Research Institute.

Muehlenbachs, K., Andersson, A. T., & Sigvaldason, G. E. (1974). Low 180 basalts from Iceland. Geochimica et Cosmochica, 38(4), 577-588.
https://doi.org/10.1016/0016-7037(74)90042-8

Noll, C. E. (2010). The crustal dynamics data information system: A resource to support scientific analysis using space geodesy. Advances in
Space Research, 45(12), 1421-1440. https://doi.org/10.1016/j.asr.2010.01.018

O'Hara, C. G. (2023). Estimating deformation source parameters using a 3D elastic finite element model including topography and crustal
heterogeniety at Askja, Iceland. MSc thesis (pp. 1-91). University of Iceland.

Okada, Y. (1985). Surface deformation due to shear and tensile faults in a half-space. Bulletin of the Seismological Society of America, 75(4),
1135-1154. https://doi.org/10.1785/bssa0750041135

Oskarsson, N., Sigvaldason, G. E., & Steinthorsson, S. (1982). A dynamic model of rift zone peterogenesis and the regional petrology of Iceland.
Journal of Petrology, 23, 577-588.

Pagli, C., Sigmundsson, F., Arnadéttir, T., Einarsson, P., & Sturkell, E. (2006). Deflation of the Askja volcanic system: Constraints on the
deformation source from combined inversion of satellite radar interferograms and GPS measurements. Journal of Volcanology and Geothermal
Research, 152(1-2), 97-108. https://doi.org/10.1016/j.jvolgeores.2005.09.014

Parks, M. (2023). Unrest and geodetic observations at Askja volcano, Iceland [Dataset]. OSF, 2021-2023. Retrieved from osf.io/y7qjf https://osf.
io/y7qjf/?view_only=a22810e4c3b9403f9bfc18bd5399fada

PARKS ET AL.

9 of 10

85UB01 7 SUOWIWIOD BAIER.D 3|eotjdde auy Aq paueAob 818 9L VO ‘8SN JO S3INJ o ARIG1IT3UIIUO A8|IM UO (SUOTHPUOD-PUE-SWUISYW0D" AB| 1M AReq 1 [pulUO//SCY) SUORIPUOD pue SWe | 8y} 88S *[202/20/9T] Uo AriqTauljuo A8|Im ‘Siueqired exse|y JO AisieAIuN AQ 0££90T 19E202/620T OT/I0p/w00" A8 AR 1jeuluo'sqndnBe//sdny wouy pepeojumoa ‘v '¥20z ‘2008 6T


https://doi.org/10.1029/2018gc007585
https://doi.org/10.1109/tgrs.2002.803792
https://doi.org/10.1109/tgrs.2002.803792
https://doi.org/10.1186/s40623-022-01711-5
https://doi.org/10.1186/s40623-022-01711-5
https://doi.org/10.1029/2000jb900399
https://doi.org/10.1029/2000jb900399
https://dataspace.copernicus.eu/browser/
https://doi.org/10.1016/j.jvolgeores.2011.11.004
https://doi.org/10.1029/2019gl082629
https://doi.org/10.3389/feart.2021.628967
https://doi.org/10.3389/feart.2021.628967
https://doi.org/10.1002/2016jb013163
https://doi.org/10.1002/2016jc012496
https://doi.org/10.1002/ggge.20151
https://doi.org/10.1007/s00445-016-1022-7
https://doi.org/10.1016/j.jvolgeores.2021.107277
https://doi.org/10.1007/s004450050060
https://doi.org/10.1007/s004450050060
https://doi.org/10.1016/j.jvolgeores.2023.107890
https://doi.org/10.5194/egusphere-egu23-8378
https://doi.org/10.1029/2020jb019395
https://www.lmi.is/is/um-lmi/frettayfirlit/ny-uppfaersla-a-haedarlikani-af-islandi
https://doi.org/10.1007/s10236-006-0086-x
https://www.mathworks.com/products/matlab.html?s_tid=hp_products_matlab
https://doi.org/10.1029/jb092ib12p12931
https://doi.org/10.1016/0016-7037(74)90042-8
https://doi.org/10.1016/j.asr.2010.01.018
https://doi.org/10.1785/bssa0750041135
https://doi.org/10.1016/j.jvolgeores.2005.09.014
https://osf.io/y7qjf/?view_only=a22810e4c3b9403f9bfc18bd5399fada
https://osf.io/y7qjf/?view_only=a22810e4c3b9403f9bfc18bd5399fada

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL106730

Parks, M., Sigmundsson, F., Sigurdsson, 0., Hooper, A., Hreinsdéttir, S., ()feigsson, B., & Michalczewska, K. (2020). Deformation due to
geothermal exploitation at Reykjanes, Iceland. Journal of Volcanology and Geothermal Research, 391, 106438. https://doi.org/10.1016/j.
jvolgeores.2018.08.016

Pedersen, R., Sigmundsson, F., & Masterlark, T. (2009). Rheologic controls on inter-rifting deformation of the northern volcanic zone, Iceland.
Earth and Planetary Science Letters, 281(1-2), 14-26. https://doi.org/10.1016/j.epsl.2009.02.003

QGIS. (2024). A free and open source geographic information system [Software]. QGIS. Retrieved from https://qgis.org/en/site/

Rosen, P. A., Gurrola, E., Sacco, G. F., & Zebker, H. (2012). The InSAR scientific computing environment. In EUSAR 2012; 9th European
conference on synthetic aperture radar (pp. 730-733). VDE.

Rymer, H., & Tryggvason, E. (1993). Gravity and elevation changes at Askja, Iceland. Bulletin of Volcanology, 55(5), 362-371. https://doi.org/10.
1007/bf00301147

Sepulveda, J., Hooper, A., Ebmeier, S. K., Lazecky, M., Lanzi, C., Yang, Y., et al. (2023). Ground deformation at Askja volcano: A poroelastic
finite element model to explain the observed uplift that commenced in the summer of 2021. AGU23.

Sigmarsson, O., Hémond, C., Condomines, M., Fourcade, S., & Oskarsson, N. (1991). Origin of silicic magma in Iceland revealed by Th isotopes.
Geology, 19(6), 621-624. https://doi.org/10.1130/0091-7613(1991)019<0621:00smii>2.3.co;2

Sigmundsson, F., Einarsson, P., Hjartardottir, A. R., Drouin, V., Jonsdéttir, K., Arnadottir, T., et al. (2020). Geodynamics of Iceland and the
signatures of plate spreading. Journal of Volcanology and Geothermal Research, 391, 106436. https://doi.org/10.1016/j.jvolgeores.2018.
08.014

Sigmundsson, F., Vadon, H., & Massonnet, D. (1997). Readjustment of the Krafla spreading segment to crustal rifting measured by satellite radar
interferometry. Geophysical Research Letters, 24(15), 1843-1846. https://doi.org/10.1029/97gl01934

Sigurdsson, H., & Sparks, R. S. J. (1978). Rifting episode in north Iceland in 1874—1875 and the eruptions of Askja and Sveinagja. Bulletin
Volcanologique, 41(3), 149-167. https://doi.org/10.1007/bf02597219

Sigurdsson, H., & Sparks, R. S. J. (1981). Petrology of rhyolitic and mixed magma ejecta from the 1875 eruption of Askja, Iceland. Journal of
Petrology, 22(1), 41-84. https://doi.org/10.1093/petrology/22.1.41

Sigurgeirsson, M. A. (2016). Eldar { Oskjukerfi fyrir um 11 pasund drum (Volcanic episode in the Askja volcanic system 11.000 years ago).
Nattirufredingurinn, 86(3—4), 76-90.

Sigvaldason, G. E., Annertz, K., & Nilsson, M. (1992). Effect of glacier loading/deloading on volcanism: Postglacial volcanic production rate of
the Dyngjufjoll area, central Iceland. Bulletin of Volcanology, 54(5), 385-392. https://doi.org/10.1007/bf00312320

Sparks, R. S.J., Wilson, L., & Sigurdsson, H. (1981). The pyroclastic deposits of the 1875 eruption of Askja, Iceland. Philosophical Transactions
of the Royal Society of London - Series A: Mathematical and Physical Sciences, 299(1447), 241-273.

Sturkell, E., & Sigmundsson, F. (2000). Continuous deflation of the Askja caldera, Iceland, during the 1983-1998 noneruptive period. Journal of
Geophysical Research, 105(B11), 25671-25684. https://doi.org/10.1029/2000jb900178

Sturkell, E., Sigmundsson, F., Parks, M., Geirsson, H., Hjartardéttir, R., Barnie, T., & O'Hara, C. (2023). Decades of deflation of the Askja
volcano, Iceland, prior to ongoing inflation. AGU23.

Sturkell, E., Sigmundsson, F., & Slunga, R. (2006). 1983-2003 decaying rate of deflation at Askja caldera: Pressure decrease in an extensive
magma plumbing system at a spreading plate boundary. Bulletin of Volcanology, 68(7), 727-735. https://doi.org/10.1007/3s00445-005-0046- 1

Thorarinsson, S., & Sigvaldason, G. E. (1962). The eruption in Askja, 1961; a preliminary report. American Journal of Science, 260(9), 641-651.
https://doi.org/10.2475/ajs.260.9.641

Tryggvason, E. (1989). Ground deformation in Askja, Iceland: Its source and possible relation to flow of the mantle plume. Journal of Volca-
nology and Geothermal Research, 39(1), 61-71. https://doi.org/10.1016/0377-0273(89)90021-8

Wessel, P., Luis, J. F., Uieda, L., Scharroo, R., Wobbe, F., Smith, W. H., & Tian, D. (2019). The generic mapping tools version 6. Geochemistry,
Geophysics, Geosystems, 20(11), 5556-5564. https://doi.org/10.1029/2019gc008515

Winder, T., Siggers, I., Rawlinson, N., Brandsdéttir, B., & White, R. (2023). Earthquake cluster analysis reveals the complex response of
microseismicity to the ongoing 2021-2023 inflation at Askja caldera, Iceland. AGU23.

Yang, X. M., Davis, P. M., & Dieterich, J. H. (1988). Deformation from inflation of a dipping finite prolate spheroid in an elastic half-space as a
model for volcanic stressing. Journal of Geophysical Research, 93(B5), 4249-4257. https://doi.org/10.1029/jb093ib05p04249

PARKS ET AL.

10 of 10

85UB01 7 SUOWIWIOD BAIER.D 3|eotjdde auy Aq paueAob 818 9L VO ‘8SN JO S3INJ o ARIG1IT3UIIUO A8|IM UO (SUOTHPUOD-PUE-SWUISYW0D" AB| 1M AReq 1 [pulUO//SCY) SUORIPUOD pue SWe | 8y} 88S *[202/20/9T] Uo AriqTauljuo A8|Im ‘Siueqired exse|y JO AisieAIuN AQ 0££90T 19E202/620T OT/I0p/w00" A8 AR 1jeuluo'sqndnBe//sdny wouy pepeojumoa ‘v '¥20z ‘2008 6T


https://doi.org/10.1016/j.jvolgeores.2018.08.016
https://doi.org/10.1016/j.jvolgeores.2018.08.016
https://doi.org/10.1016/j.epsl.2009.02.003
https://qgis.org/en/site/
https://doi.org/10.1007/bf00301147
https://doi.org/10.1007/bf00301147
https://doi.org/10.1130/0091-7613(1991)019%3C0621:oosmii%3E2.3.co;2
https://doi.org/10.1016/j.jvolgeores.2018.08.014
https://doi.org/10.1016/j.jvolgeores.2018.08.014
https://doi.org/10.1029/97gl01934
https://doi.org/10.1007/bf02597219
https://doi.org/10.1093/petrology/22.1.41
https://doi.org/10.1007/bf00312320
https://doi.org/10.1029/2000jb900178
https://doi.org/10.1007/s00445-005-0046-1
https://doi.org/10.2475/ajs.260.9.641
https://doi.org/10.1016/0377-0273(89)90021-8
https://doi.org/10.1029/2019gc008515
https://doi.org/10.1029/jb093ib05p04249

	description
	2021–2023 Unrest and Geodetic Observations at Askja Volcano, Iceland
	1. Introduction
	2. Method
	2.1. Interferometric Synthetic Aperture Radar Processing and Decomposition
	2.2. GNSS Processing
	2.3. Geodetic Modeling

	3. Results
	3.1. Previous Subsidence at Askja
	3.2. New Period of Uplift

	4. Discussion
	5. Conclusions
	Conflict of Interest
	Data Availability Statement



