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Landsvirkjun

Synthetic Aperture Radar Interferometry (INSAR) of Sentinel-1
images was used to estimate the deformation at Krafla, Bjarnarflag,
and beistareykir between summer 2023 and summer 2024.
Results shows a circular subsidence (~15 mm) within the Krafla
caldera. This is the first time since 2018 that such a deformation
pattern is observed.

The deformation at Bjarnarflag is still stable, at 5-6 mm/yr of
subsidence since 1990.

At beistareykir, the slow subsidence (<5 mm/yr) observed north of
Beejarfjall since the onset of production in 2017 is still ongoing.
Similarly, the faster subsidence (10-15 mm/yr) localized near the re-
injection boreholes is also constant. However, on the north part of
Beejarfjall itself, the subsidence appears to have accelerated since
2022. The broad inflation pattern first observed between 2022 and
2023 in the beistareykir central volcano was still ongoing between
summer 2023 and summer 2024, in accordance with GNSS
measurements. The uplift is centred near an ancient crater row, ~2
km west of the power station.

INSAR, Krafla, Bjarnarflag, beistareykir, geothermal, volcano,
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Glossary

ascending orbit  When the satellite moves from south to north direction.
descending orbit When the satellite moves from north to south direction.

GNSS [Global Navigation Satellite System] Constellation of satellites pro-
viding positioning on a global basis. For instance, GPS.

InNSAR [SAR interferometry| Technique consisting in looking at the phase
difference between two SAR acquisitions to get information about
the ground motion.

LOS [Line-of-sight] InSAR provides deformation measurements along
the line-of-sight of the SAR satellite. This means these are one-
dimensional deformation measurement, away or toward the satel-
lite, unlike for instance GNSS measurements which are three-
dimensional (East, North, Up).

near-East Estimation of the deformation along the East direction, derived
from combining multiple LOS deformation.

near-Up Estimation of the deformation along the Up direction, derived from
combining multiple LOS deformation.

SAR [Synthetic Aperture Radar| Technique consisting in using the mo-
tion of the radar instrument to improve resolution.
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1 Introduction

Krafla and Peistareykir are two active volcanic systems located in the northern part of the
Northern Volcanic Zone of Iceland. There are active geothermal fields within both system.
These geothermal fields are currently utilised by Landsvirkjun, the National Power Company
of Iceland, to produce electricity and direct heating.

The Krafla power station began production in August 1977 with an initial capacity of 30
MW which was extended to 60 MW in 1999. The Bjarnarflag power station, located 8 km
SW of the Krafla power station, has been in service since 1969 and has a capacity of 5 MW
since 2019 (3 MW earlier). Both power stations are located along the same fissure swarm. A
large rifting event with multiple dike intrusions took place within the Krafla volcanic system
from 1975 to 1984 (Einarsson, 1991). A magma reservoir located beneath Leirhnjikur, in
the center of the caldera, inflated and deflated multiple time during this event. Following the
end of the Krafla Fires in 1984, the magma chamber continued to inflate until 1989. It then
started to deflate at a fast rate that quickly slowed down until no movements were visible
in the late 1990's (Sturkell et al., 2008). From then on until 2018, the deformation in the
area was dominated by subsidence within the Krafla and Bjarnarflag geothermal fields and by
subsidence along the fissure swarm (Drouin et al., 2017). Between summer 2018 and summer
2020 a ~11 mm/yr uplift was observed between Leirhnjikur and the power station (Drouin,
2020).

The Peistareykir power station began production in November 2017 and has a current
capacity of 90 MW. InSAR measurements since the early 1990's show that two inflation
events appear to have taken place within the Peistareykir volcanic system, the first one around
1995 and second one around 2007 (Metzger and Jénsson, 2014). No significant deformation
within the geothermal field north of Baejarfjall was observed prior to the start of production.
Between summer 2017 and summer 2020, a localized subsidence of about 5 mm/yr is observed
between the power station and Bajarfjall (Drouin, 2020). The subsidence reaches about 15
mm /yr in the vicinity of the injection wells. A broad uplift, with 12-15 mm /yr velocities at its
center, started in 2023 in a similar location as previous inflations in the areas (Drouin, 2023).

2 Data & methodology

Interferometric Synthetic Aperture Radar (InSAR) is a remote sensing technique that allows
measurements of surface deformation over large areas. It has been successfully used to observe
surface deformation caused by earthquakes, volcanoes, plate tectonics, landslides, glaciers,
geothermal utilization, ground-water extraction, etc.

The InSAR principle is to use the phase information of two SAR acquisitions and calculate
their difference to generate an interferogram. This interferogram contains various signals:
topography, satellite orbits, ground deformation, atmospheric disturbances, and noise. It is
possible to extract the deformation signal with time-series analysis. The deformation in the line-
of-sight (LOS) of the satellite (i.e. away or toward the satellite) is obtained. An interferogram
decorrelates (i.e. loses signal) in areas where the ground surface changes too much between
acquisitions. The most common causes are vegetation changes, snow, new constructions, or
extremely large deformations. In North Iceland, snow is a main issue, therefore only summer
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acquisitions (from early June to end of September) are used for InSAR.

There have been many public and commercial SAR satellite missions since the early 1990's.
The Sentinel-1 SAR mission (late 2014 - present) is one of the most recent missions and it
has been extremely valuable for the I'SAR community by providing free-of-charge consistent
acquisitions over most of the world. Over Iceland, it provided images every 12 days between
2015 and 2017, every 6 days between 2017 and 2021. Since late December 2021, one of the
two Sentinel-1 satellites failed and acquisitions are back to a 12 days repeat time. Each image
covers about 240 km wide swath, divided in three sub-swaths of about 80 km. The resolution
of a pixel is about 3 m x 14 m.

The images were pre-processed with the Interferometric synthetic aperture radar Scientific
Computing Environment, ISCE, (Rosen et al., 2012) before doing the deformation time-series
analysis with a in-house implementation of the small-baseline algorithm, SBAS (Berardino et
al., 2002). Acquisitions with loss of signal because of snow or with strong atmospheric noise
were removed from the analysis.

Three Sentinel-1 tracks covering the areas of interest were analyzed: two tracks on a
descending orbits (T9 and T111) and one track on an ascending orbit (T147). The number
of images used in the time-series analysis of each of these tracks can be found in Table 1.

Each track has a different point of view over the area of interest. That means it is possible
to combine them to extract the East and Up components of the deformation, called near-East
and near-Up, respectively, to show the approximation of the decomposition process (Drouin
and Sigmundsson, 2019). The North component of the deformation cannot be retrieved
because of the near-polar orbits of the satellite.

Table 1: Number of acquisitions selected per summer for each track.

Track 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 Total

T9 7 7 18 16 18 17 15 11 10 8 127
T111 9 8 18 16 16 17 13 9 10 7 123
T147 8 7 17 17 19 14 12 10 10 10 124
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3 Results

3.1 Krafla

The deformation between summer 2023 and summer 2024 shows a circular subsidence pattern
within the Krafla caldera (Fig. 1). The maximum of subsidence, about 15 mm/yr, is located in
the center of the caldera between Leirhnjikur and Krafla mountain (Fig. 1b). This is the first
time since 2018 that such a clear subsidence signal is observed in the center of the caldera.
This subsidence is easier to interpret when compared to the velocities prior to 2018 inflation
(Fig. 2a). The deviation/difference between these background velocities and the following
years velocities shows a large uplift in the caldera during 2018-2019 (Fig. 2b) and slower uplift
between 2019 and 2023 (Fig. 2b-f). And for 2023-2024, the subsidence pattern is clearly visible
and is faster than during the reference 2015-2018 background velocities (Fig. 2g). These four
phases can also be observed of the time-series plot (Fig. 3): subsidence during 2015-2018,
uplift during 2018-2019, stable during 2019-2023, and fast subsidence during 2023-2024. A
wide subsidence signal is also visible south-east of the caldera.

At Hvithélar, it is difficult to distinguish a deformation pattern during 2023-2024 because
of the other wider signals (Fig. 2). However, the time-series of vertical deformation at this
location shows that it was subsiding similarly to 2015-2017, 2018-2019, and 2021-2023 (Fig. 4).
There was little to no vertical deformation during 2017-2018 and 2020-2021. There was uplift
during 2019-2020. These temporal variations of the vertical deformation showed a strong
correlation with the extraction rate at borehole KJ-21, the main production well in this area
(Drouin, 2022). When geothermal fluids are extracted, there was subsidence and when no
extraction occurs, there was minor uplift or no significant vertical deformation.
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Figure 1: (a) Near-East and (b) near-Up velocities [mm/yr] between summer 2023 and
summer 2024. Leirhnjikur (L), Hvithdlar (H), and Bjarnarflag are indicated. White boxes
show sampling areas for the time-series plots. Velocities are referenced to the area delimited
by the dotted line. The North-South line with no data across the velocity fields is caused by
a low coherence area at the junction between two image swathes. The exact cause for this
issue is not know but it is likely the result of a difference in acquisition geometry between the
2017 reference image and the 2024 images. Background shows shaded topography, the Krafla
caldera boundary (comb line), roads (thin lines), and lakes (blue areas).

INSAR monitoring of Krafla, Bjarnarflag and Peistareykir geothermal areas Page 6 - 27



Bylgjuvixl - Vincent Drouin 30-11-2024

Figure 2: (a) Near-Up velocities [mm//yr] for 2015-2018 and (b-g) the deviation from it for
the following summer-to-summer velocities. Velocities are referenced to the area delimited by
the dotted line. Background shows shaded topography, the Krafla caldera boundary (comb
line), roads (thin lines), and lakes (blue areas).
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Figure 3: Near-East and Near-Up time-series of deformation near the maximum of uplift during
2018-2020. Location is indicated by the white box between Leirhnjikur and Krafla on Figure 1.
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Figure 4. Near-East and Near-Up time-series of deformation near the maximum of uplift during
2018-2020. Location is indicated by the white box next to Hvithdlar on Figure 1.

3.2 Bjarnarflag

Subsidence has been has been fairly constant at Bjarnarflag since 2015, at a rate of about 5-6
mm/yr (Fig. 5). The maximum of subsidence is located west of Bjarnarflag (Fig. 1). There is
no change in deformation before and after the inflation at Krafla (Fig. 2).
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Figure 5: Near-East and Near-Up time-series of deformation at Bjarnarflag. Location is indi-
cated by the white box west of Namafjall on Figure 1.

3.3 Peistareykir geothermal field

Between summer 2023 and summer 2024, the deformation at Peistareykir is similar to the
2022-2023 deformation when a broad uplift started (Fig. 6, see Section 3.4 for more details).
However, when focusing on the Peistareykir geothermal field and its immediate surroundings
the deformation is similar to what has been observed since 2017 (Fig. 7). A 3-4 mm/yr
subsidence is visible in the geothermal field, with a local maximum of about 10 mm/yr. As
reported previously, the subsidence appears to be bound on the west side by the Tjarnaras fault.
However, the deformation is not as clearly bound on the east side by a fault along Ketilfjall
as before. The Tjarnarads fault is also clearly visible on the near-East velocities (Fig. 8).
The subsidence extends approximately from the power station in the north to the middle of
Bajarfjall in the south. There, on the north part of the top of Bajarfjall, the subsidence
rate was slow (~2 mm/yr) until 2022 but has increased to ~7-8 mm/yr since. The fastest
subsidence is localized in the north-western part of the geothermal field at the location of three
injection wells (PN-1, PN-2, PR-12). There, the subsidence rate has been constant since 2018
(Fig. 11, see Section 3.5 for more details.).
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Figure 6: (@) Near-East and (b) near-Up velocities [mm/yr] between summer 2023 and
summer 2024. Peistareykir power station (P) is indicated. The white boxes show the sampling
area for the time-series plots. Velocities are referenced to the area delimited by the dotted
line. Background shows shaded topography, the THRC continuous GNSS site (black triangle),
and roads (thin lines).
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Figure 7: (a) Near-Up velocities [mm/yr] prior to production and (b-h) summer-to-summer
velocities during production. Velocities are referenced to the area delimited by the dotted line.
Background shows shaded topography and roads (thin lines).
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Figure 8: (a) Near-East velocities [mm /yr] prior to production and (b-h) summer-to-summer
velocities during production. Velocities are referenced to the area delimited by the dotted line.
Background shows shaded topography and roads (thin lines).
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Figure 9: Near-East and Near-Up time-series of deformation north of Bajarfjall. Production
started in 2017. Location is indicated by the larger white box north of Bajarfjall on Figure 6.
Displacements are referenced to the area delimited by the dotted line on Figure 7.
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Figure 10: Near-East and Near-Up time-series of deformation at the top of Bajarfjall. Pro-
duction started in 2017. Location is indicated by the small white box the top of Bajarfjall on
Figure 6. Displacements are referenced to the area delimited by the dotted line on Figure 7.
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Figure 11: Near-East and Near-Up time-series of deformation at the maximum of subsidence.
Production started in 2017. Location is indicated by the smallest white box on Figure 6.
Displacements are referenced to the area delimited by the dotted line on Figure 7.

3.4 Peistareykir central volcano

A broad uplift is visible in the 2023-2024 velocities (Fig. 6). It is a continuation of the uplift
that was visible on the 2022-2023 velocities (Drouin, 2023). This uplift becomes very clear
when looking at the deviation of the 2022-2024 velocities with respect to the 2017-2022
velocities (Fig. 12). The uplift is ~10-12 mm/yr between summer 2022 and summer 2024
(Fig. 13). Based on the visual inspection of the near-Up velocities, the center of the uplift
is at about -17.007° longitude, 65.8905° latitude (ISN93: 590868, 600718) (see location on
Fig. 12). This is a very similar location to the ones found for the center of the source behind
previous inflation events (Drouin, 2023; Metzger and Jénsson, 2014). The continuous GNSS
site THRC, operated by the University of Iceland, is close to the center of the uplift and
shows that uplift started around the beginning of 2023 and stopped around the end of 2023
(appendix Fig. 24). Therefore, the total uplift can be estimated to ~20-24 mm based on the
InSAR velocities.
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Figure 12: (@) Near-East and (b) near-Up velocities [mm/yr] of the difference between the
2017-2022 and 2022-2024 time spans. Velocities are referenced to the area delimited by the
dotted line. The white box show the sampling area for the time-series plot. Background shows
shaded topography, the center of uplift (yellow star), the THRC continuous GNSS site (black
triangle), and roads (thin lines).
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Figure 13: Near-East and Near-Up time-series of deformation at the maximum of the 2022-
2024 uplift. Location is indicated by the white box on Figure 12.
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3.5 Subsidence at injection boreholes

The peak subsidence at the injection borehole has been fairly stable since the beginning of
production (Fig. 11). We created two profiles across the yearly velocities to investigate the
potential variations of the deformation pattern between years. One profile goes North-South
(NS) and the other goes West-East (WE) (see locations on Fig. 14). Results show that
subsidence is very similar through time across the NS and WE profiles (Fig. 15 and 16).
After 2018, there are some variations between years but most of it can be attributed to the
uncertainty of the velocities. The WE profile is asymmetrical, there is more subsidence to
the East than to the West. This is because the east side is within the broader subsidence
area of the geothermal field while the west side is across the Tjarnaras fault. On the near-
East velocities, no deformation signal is visible along the NS profile (Fig. 17) while a clear
contraction signal is visible along the WE profile after 2018 (Fig. 18). These are the expected
signals from a subsidence source. Overall, the subsidence pattern appears very stable since
2018.

Figure 14: (@) Near-East and (b) near-Up velocities [mm/yr] of the difference between the
2015-2017 and 2017-2024 time spans. Velocities are referenced to the area delimited by
the dotted line. Dashed lines show profiles North-South (NS) and Weast-East (WE) profiles.
Background shows shaded topography, roads (black lines), pipelines (red lines), buildings (dark
grey areas), and water (blue areas).
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Figure 15: North-South profile across the yearly near-Up velocities. The color scale shows
the end year of the yearly velocity. For example, 2024 shows the summer 2023 to summer
2024 velocities. Only 2017 shows the average velocities over two years, from summer 2015 to
summer 2017. Velocities are reference to the South end.
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Figure 16: West-East profile across the yearly near-Up velocities. The color scale shows the
end year of the yearly velocity. For example, 2024 show the summer 2023 to summer 2024
velocities. Only 2017 shows the average velocities over two years, from summer 2015 to
summer 2017. Velocities are reference to the West end.
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Figure 17: North-South profile across the yearly near-East velocities. The color scale shows
the end year of the yearly velocity. For example, 2024 shows the summer 2023 to summer
2024 velocities. Only 2017 shows the average velocities over two years, from summer 2015 to
summer 2017. Velocities are reference to the South end.
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Figure 18: West-East profile across the yearly near-East velocities. The color scale shows
the end year of the yearly velocity. For example, 2024 show the summer 2023 to summer
2024 velocities. Only 2017 shows the average velocities over two years, from summer 2015 to
summer 2017. Velocities are reference to the West end.
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3.6 Retrieving deformation signal in geothermally altered areas

In this report and previous reports it is noticeable that no deformation information was retrieved
in the center of each geothermal areas. These zones correspond to areas where the ground
was altered by geothermal activity and their surface is mostly made of soft clay with little
to no bedrock exposed. This is problematic for measuring deformation using InSAR as the
ground needs to have good and stable reflectors for the technique to works.

Two main InSAR analysis techniques exist:

= PS-InSAR: the technique identifies stable natural reflectors, called permanent scatterers
(PS), from time-series (Ferretti et al., 2000, 2001). These PS are usually identified at
the pixel resolution.

» SBAS (Small Baselines Subset): this technique focus on forming only interferograms
close in time and space to minimize the loss of signal cause by both (Berardino et al.,
2002). Then to further improve the signal to noise ratio, the interferograms are usually
down-sampled by averaging many pixels together.

In this report and previous reports we have used the SBAS technique as it usually gives
better results in non-urban areas, like Krafla and Peistareykir. Unfortunately, as experience
has shown, this techniques does not work well on geothermally altered ground. On the other
hand, the PS-InSAR technique works on the full resolution image and can identify PS very
well on man-made structures (buildings, roads, ...) and other isolated PS like boulders or
rock outcrops. We therefore investigated if this technique could identify good PS on the
pipelines, well heads, and potential isolated rocks in these geothermally altered areas. Only
the first step of the technique to identify good PS was carried out. It consists in looking
at the amplitude dispersion of each pixel through the entire time-series. Only pixel with low
amplitude dispersion can be PS. We therefore identified these potential PS for all three tracks
(T9, T111, T147) between 2015 and 2024 for Krafla and Bjarnarflag and between 2017 and
2024 for Peistareykir, when most pipelines were completed.

Results for Krafla, Bjarnarflag, and Peistareykir are visible on Figures 19, 20, 21, respec-
tively. They show that very few PS are identified in the geothermally altered areas. Some are
found around well heads but almost none along the pipelines. Moreover, it is expected that
some of these PS are actually not good PS. For example, at this stage of the processing some
PS are also found over water bodies and they are definitely not actual PS. PS are usually
dropped during a full PS-InSAR analysis after looking at the PS phase stability though time.
Therefore, it is unlikely that doing a full PS-InSAR analysis of the Sentinel-1 data would sig-
nificantly improve the retrieval of signal over the geothermally altered areas. Higher resolution
data might be able to retrieve more signal, especially along the pipeline. But there are no
guarantee of this and such high resolution data is provided by other satellite constellations
which do not have an open data policy like Sentinel-1.
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Figure 19: Map showing all the permanent scatterers (red points) found using amplitude
dispersion analysis of all the three Sentinel-1 tracks (T9, T111, T147) over Krafla for 2015-
2024. Green areas show where deformation signal is retrieved using the SBAS technique
in this report, from one track (light green) to three tracks (dark green). Background shows
shaded topography, roads (black lines), pipelines (yellow lines), buildings (dark grey areas), and
water (blue areas). Background data partially from Landmaelingar Islands and OpenStreetMap

contributors.
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Figure 20: Map showing all the permanent scatterers (red points) found using amplitude
dispersion analysis of all the three Sentinel-1 tracks (T9, T111, T147) over Bjarnarflag for
2017-2024. Green areas show where deformation signal is retrieved using the SBAS technique
in this report, from one track (light green) to three tracks (dark green). Background shows
shaded topography, roads (black lines), pipelines (yellow lines), buildings (dark grey areas), and
water (blue areas). Background data partially from Landmaelingar Islands and OpenStreetMap
contributors.
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Bzjarfijall

Figure 21: Map showing all the permanent scatterers (red points) found using amplitude
dispersion analysis of all the three Sentinel-1 tracks (T9, T111, T147) over Peistareykir for
2015-2024. Green areas show where deformation signal is retrieved using the SBAS technique
in this report, from one track (light green) to three tracks (dark green). Background shows
shaded topography, roads (black lines), pipelines (yellow lines), buildings (dark grey areas), and
water (blue areas). Background data partially from Landmaelingar Islands and OpenStreetMap
contributors.

4 Discussion

At Krafla, the deformation pattern shows a relatively fast subsidence (~15 mm) in the center
of the caldera between summer 2023 and summer 2024. This is a faster subsidence than
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the one observed during 2015-2018 deformation (Fig. 2). It appears to be located slightly to
the south-east of the 2018-2019 main uplift. It is not possible to determine what source is
behind this subsidence using deformation measurements alone. However, it would be good to
check if this deformation signal is also visible on GNSS campaign measurements. Combining
this deformation dataset with seismic measurements, gravimetry measurements, and extrac-
tion/injection data might help to narrow the list of potential explanations for these variations
of the local deformation.

At Hvithélar, subsidence is observed. In the previous years, subsidence appeared to correlate
with geothermal fluid extraction at the local borehole KJ-21 (Drouin, 2022).

At Bjarnarflag, the deformation pattern is the same since at least 1993 (Drouin et al.,
2017). There is a ~6 mm/yr subsidence bowl centered a few hundred meters west of the
power plant. Geothermal fluids extraction from local boreholes has been relatively stable
since deformation measurements have been conducted in the area. Therefore, assuming the
observed deformation is related to this extraction rate, this would explain why the deformation
rate is stable through time.

At the Peistareykir geothermal field and its vicinity, the main deformation pattern is the
same since the start of production in 2017. There is a <5 mm/yr subsidence area between
Bajarfjall and the power plant. This deformation is likely related to the geothermal fluid
extraction from all the boreholes. The subsidence on the top of Baejarfjall as accelerated since
2022, from 2 mm/yr to 7-8 mm/yr. It would be interesting to check if this change correlates
with changes in geothermal fluid extraction at the nearby boreholes. The subsidence is the
fastest (10-15 mm/yr) near the injection boreholes. There, the accumulated subsidence is more
than 80 mm since 2017. This subsiding area is about 1000 m long and 500 m wide, elongated
along the fissure swarm direction. This suggest that the source of this deformation is shallow
(< 1 km deep). The injection boreholes are about 400 m deep. Therefore it is likely that this
local subsidence is related to the re-injection of geothermal fluids. However, the mechanisms
behind this process are unclear as uplift, not subsidence, is usually expected from re-injection
(Juncu et al., 2020). Potential explanations include i) fast cooling and contraction of the
host rock by the cold re-injected fluids ii) chemical dissolution of a geological layer sensitive
to water.

At the Peistareykir central volcano, a broad uplift is observed between summer 2022 and
summer 2024. Two previous uplift episodes (1995-1996 and 2006-2009) have been observed
since the beginning of geodetic measurement in the area (Metzger and Jénsson, 2014). The
1995-1996 deformation was 18 mm LOS and the 2006-2009 deformation was 78 mm LOS.
For 2022-2024 the uplift is estimated to be ~10-12 mm /yr using INSAR. Measurements from
the continuous GNSS site THRC indicate that the uplift took place over one year and that
it has stopped since the end of 2023. This means that the uplift rate from InSAR becomes
~20-24 mm over one year. The uplift rate was therefore fairly similar for all three inflation
events at ~18-26 mm//yr.
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A Appendix

A.1 Krafla & Bjarnarflag

Figure 22: Average LOS velocities between summer 2023 and summer 2024 for all three
Sentinel-1 track covering the area. Satellite heading and look direction is indicated by the
large arrow and the small arrow, respectively. Background show shaded topography, the
Krafla caldera boundary (comb line), roads (thin lines), and lakes (blue areas).
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A.2 Peistareykir

Figure 23: Average LOS velocities between summer 2023 and summer 2024 for all three
Sentinel-1 track covering the area. Satellite heading and look direction is indicated by the
large arrow and the small arrow, respectively. Background show shaded topography and roads
(thin lines).
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Figure 24: Time-series of the THRC continuous GNSS station. The time-series are detrended

from the base rate until the end of 2022 (vertical dotted line) and the annual cycle to emphasize
the uplift happening in 2023.
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