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A B S T R A C T

Regions with complex topography experience varying degrees of deformation during volcano-tectonic events. 
Few studies have investigated the relationship between topography and fracturing in detail, and therefore in-
sights into this interplay are limited. In this work, we analysed deformation patterns during the 2023–2024 
volcanic unrest on the Reykjanes Peninsula, Iceland, focusing on the dyke-induced graben episode of 10 
November 2023. Our study is centred on Mount Thorbjörn, the ~200 m high glaciovolcanic edi昀椀ce located on 
the western shoulder of the graben. We collected four drone photogrammetric datasets between 2022 and 2024, 
covering different phases of the volcanic unrest. By comparing cm-resolution orthophotos and digital elevation 
models, we identi昀椀ed transtensional reactivation of pre-existing grabens, with normal offsets reaching 80 cm and 
20–30 cm of dextral strike-slip. Larger offsets in the south-eastern sector of the mountain suggest tilting in line 
with the regional deformation trend, although the displacement in the mountain was high compared to lower 
adjacent regions. Orthophoto comparison revealed ~9 km of new cumulative surface fractures and over 200 
sinkholes, with 88 % of the fractures and 59 % of the sinkholes formed during the November 2023 graben event. 
Statistical analyses indicate a strong topographic in昀氀uence on fracture development. Fracture density increased 
with elevation, clustering around local peaks. Our results provide a conceptual model for fracture dynamics in 
complex topographies during volcanic unrest, where higher elevations are more sensitive to deformation, leading 
to greater damage.

1. Introduction

Topography and magmatic activity interact in complex ways, as 
observed in natural and experimental settings. This complexity is 
particularly evident when magma ascends through the crust in the form 
of dykes, which are subvertical, planar intrusions of magma represent-
ing the most common mode of magma ascent through the crust (Mastin 
and Pollard, 1988; Segall, 2010). When dykes intrude beneath or near 
complex topography, they tend to develop inclined or arrested 

pathways, generate asymmetric graben faults, and experience altered 
propagation dynamics. Examples of topographic controls on dyke ascent 
and faulting can be found worldwide, such as in Laki (Iceland), Fogo 
(Cape Verde), Sierra Negra (Galápagos), Mount Etna (Italy) and La 
Palma (Spain) (Bonaccorso et al., 2010; Davis et al., 2021; Maccaferri 
et al., 2017; Trippanera et al., 2015; Walter et al., 2023).

Topography controls the process of dyke ascent towards the surface 
through the interaction of two key factors: topographic loading and 
topographic geometry (Gaffney and Damjanac, 2006; Maccaferri et al., 
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2014; Pinel and Jaupart, 2000; Tibaldi, 2015). Young volcanic regions 
typically exhibit signi昀椀cant topographic gradients due to the edi昀椀ces 
that form after successive eruptive events. This leads to variable loading 
conditions; hence, variable lithospheric stress states in volcanic regions, 
as shown in numerical models (Gaffney and Damjanac, 2006; Pinel and 
Jaupart, 2004a; Pinel and Jaupart, 2004b), affecting the behaviour of 
magma pathways towards the surface (Rivalta et al., 2019 and refer-
ences therein). As a result, the trajectory, orientation and velocity of 
magma propagation can change (e.g., McGuire and Pullen, 1989). Dykes 
are typically attracted to topographic loads during their ascent (Dahm, 
2000; Maccaferri et al., 2017; Muller et al., 2001; Sigmundsson et al., 
2015; Watanabe et al., 2002) and tend to decelerate or even arrest near 
the load source due to the high con昀椀ning stresses (Kervyn and Ernst, 
2009; Maccaferri et al., 2017; Pinel and Jaupart, 2004b), favouring 
magma storage at depth when loads are excessive. Depending on the 
geometry of the load, dykes can sometimes bend and propagate laterally 
until they extrude at lower elevations (Gaffney and Damjanac, 2006).

With respect to magma-induced deformation from an expanding 
source at depth, Interferometric Synthetic Aperture Radar (InSAR) ob-
servations indicate that deformation patterns vary signi昀椀cantly in areas 
with topographic gradients (Cayol and Cornet, 1998; Williams and 
Wadge, 1998; Williams and Wadge, 2000). Subsequent studies using tilt 
data (Beauducel and Carbone, 2015) and Global Navigation Satellite 
System (GNSS) data (Hickey et al., 2024) have built on these 昀椀ndings 
and demonstrated that three-dimensional models are more accurate 
than traditional analytical models for interpreting magmatic activity at 
depth.

For dyke intrusions, analytical models have shown that they cause 
surface subsidence above the dyke tip and uplift towards the sides due to 
stress 昀椀eld changes (Pollard et al., 1983; Rubin and Pollard, 1988). 
Eventually, the deformation becomes brittle, forming two inward-facing 
normal faults that bound a graben (Mastin and Pollard, 1988; Pollard 
et al., 1983; Wright et al., 2006). In areas with topographic gradients, 
the graben-bounding faults typically converge and diverge with changes 
in elevation, creating complex fault geometries (Acocella and Neri, 
2009; Bonali et al., 2024; Trippanera et al., 2015; Trippanera et al., 
2019; Walter et al., 2023; Wooller et al., 2009). Studies have linked 
eruption locations to topography-induced bending of the faults forming 
the graben, such as in Laki, Iceland (Trippanera et al., 2015) and on 
Tajogaite-Cumbre Vieja volcano, La Palma (Walter et al., 2023). This 
relationship highlights the importance of understanding the interaction 
between topography and faulting, which may have important implica-
tions for eruption forecasting.

In non-magmatic settings, topography-induced stresses may exceed 
tectonic stresses in proximity to topographic landforms within the up-
permost crust (Tibaldi, 1998), leading to a 昀椀rst-order control of topog-
raphy in surface fracturing. Mathematical approaches and 昀椀eld 
observations have shown that topography favours rock fracturing pro-
cesses within regional (e.g., McNutt, 1980; Ricard et al., 1984) and local 
scale topographic changes (McTigue and Mei, 1981; Tibaldi, 1998). The 
resulting fracture distribution is therefore closely related to landform 
geometry (Miller and Dunne, 1996; Tibaldi, 1998). Other fracture 
complexities such as in the geometry (strike and dip), kinematics (rake 
and slip), and segmentation have also been attributed to topographic 
effects (Koons and Kirby, 2007; Tibaldi, 1998; Upton et al., 2017).

However, as many volcanoes worldwide are located close to tectonic 
boundaries, interactions between regional tectonics, topography and 
local volcanic deformation need to be considered.

At divergent plate boundaries, crustal extension can occur through 
tectonic or magmatic induced faulting, with their relative contributions 
depending on the spreading rates and magma supply (Sigmundsson, 
2006). In mature rift zones such as in Iceland, magma availability is 
generally high, and rifting is largely accommodated through short-lived 
diking episodes that release tectonic stresses accumulated during longer 
inter-rifting periods (Acocella, 2021 and references therein; Acocella 
and Trippanera, 2016). Regional tectonic stress is still a key factor, as it 

modulates and contributes to the temporal and spatial distribution of the 
dyke emplacement (Acocella, 2021; Buck et al., 2006). In oblique rift 
systems like the Reykjanes Peninsula, tectonic stress is particularly 
relevant, as the higher shear-to-extension ratio, combined with a lower 
magma supply, may induce longer inter-rifting periods of up to 1000 
years (Sæmundsson et al., 2020; Sigmundsson, 2006).

In October 2023, a new phase of volcanic unrest began in the 
Svartsengi-Eldvörp Volcanic System (hereafter referred to as Svartsengi) 
on the Reykjanes Peninsula in southwest Iceland, involving signi昀椀cant 
dyke-induced surface deformation (De Pascale et al., 2024; Sigmundsson 
et al., 2024). This study investigates the interaction between topography 
and dyke-induced deformation. The region presents a relatively 昀氀at 
landscape dominated by subaerial lavas, where older subglacial volcanic 
landforms form local topographic highs (Pedersen and Grosse, 2014; 
Sæmundsson et al., 2016). The interplay between extended deformation, 
faulting and the topographic features of the region make this site ideal 
for investigating topographic controls on deformation. Using drone- 
derived data, we conducted a detailed analysis of fracture formation 
and evolution at Mount Thorbjörn, a 昀氀at-topped mountain largely 
affected by such events. Our results present a preliminary model of 
topographic effects on faulting during volcano-tectonic unrest.

2. Study area

2.1. Tectonic setting

The Reykjanes Peninsula oblique rift, located on the southwest tip of 
Iceland (Fig. 1), is an onshore section of the Mid-Atlantic Oceanic Rift 
that is oriented approximately 30ç counterclockwise with respect to the 
spreading direction (DeMets et al., 2010). This high obliquity results in a 
combination of extensional and strike-slip motion, leading to a complex 
fault network with high seismic activity and sporadic (~800–1000 years 

Fig. 1. Geology of the Reykjanes Peninsula oblique rift, showing eruptive units 
by colour after Sæmundsson et al. (2016). The oldest outcrops (green) are 
Pleistocene glaciovolcanic units, including Mount Thorbjörn. Postglacial lavas 
are prehistoric (white) or historic (yellow). The most recent eruptive products 
(in Fagradalsfjall and Svartsengi) are shown in purple and pink, respectively, 
and include eruptions up until November 2024, mapped using orthophotos 
provided via the Icelandic National Land Survey’s Web Map Service (WMS) 
(https://gis.lmi.is/mapcache/reykjaneseldar/web-mercator/wms). Water 
bodies are shown in blue. The black dashed line marks the plate boundary; 
arrows indicate plate movements, according to DeMets et al. (2010). En- 
échelon volcanic systems are indicated. The inset map of Iceland shows the 
plate boundaries, including active rifts (red lines) and fracture zones (red 
dashed lines). RP: Reykjanes Peninsula oblique rift; SISZ: South Iceland Seismic 
Zone; WVZ: Western Volcanic Zone; MIB: Mid Iceland Belt, EVZ: Eastern Vol-
canic Zone; NVZ: Northern Volcanic Zone, TFZ: Tjörnes Fracture Zone; KR: 
Kolbeinsey Ridge. (For interpretation of the references to colour in this 昀椀gure 
legend, the reader is referred to the web version of this article.)
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between episodes) but long-lived magmatic episodes (Einarsson, 1991; 
Sæmundsson et al., 2020).

A series of NE-striking eruptive 昀椀ssure swarms forming prominent 
ridges, crater rows, and glaciovolcanic edi昀椀ces constitute the main 
topographic features of the Reykjanes Peninsula (Clifton and Schlische, 
2003) (Fig. 1). They are spatially related to non-eruptive tensile frac-
tures and normal faults, which may have resulted from the same 
volcano-tectonic episodes as the 昀椀ssure swarms (i.e., dyke intrusions). 
Arranged in a right-stepping en-échelon pattern, they de昀椀ne the volca-
nic systems of Reykjanes, Svartsengi-Eldvörp, Fagradalsfjall, Krýsuvík 
and Brennisteinsfjöll from west to east (Sæmundsson et al., 2020) 
(Fig. 1), where magmatism is 昀椀ssural without a central volcano (Walker, 
1995). All volcanic systems except Fagradalsfjall host a known high- 
temperature geothermal 昀椀eld. During amagmatic periods, tectonic 
movement occurs predominantly along right-lateral strike-slip faults 
striking ~N-S (and minor left-lateral ~E-W faults), producing the most 
destructive earthquakes in the area (Árnadóttir et al., 2004; Einarsson, 
2008; Keiding et al., 2009).

A detailed description of the structure on the Reykjanes Peninsula 
was conducted by Clifton and Kattenhorn (2006) based on optical aerial 
imagery, later re昀椀ned (Ducrocq et al., 2024; Sæmundsson et al., 2016). 
Maps revealed populations of N-S, N30–45çE and N45–60çE striking 
structures, consistent with higher resolution analyses in localised sectors 
across the Reykjanes Peninsula (Fig. 1) (Bufféral et al., 2023; Einarsson 
et al., 2020; Hjartardóttir et al., 2023). The structural architecture of the 
Reykjanes Peninsula exhibits complexities that differ slightly from 
model-based predictions based on rift obliquity, suggesting that external 
controls, like spatio-temporal variations, may occur (Clifton and Kat-
tenhorn, 2006).

Postglacial volcanic activity has shaped most of the Reykjanes 
Peninsula, starting as small picritic and large basaltic shields, later 
interlayered with 昀椀ssure eruptions (Sæmundsson et al., 2016). Before 
the recent volcanic activity, the last eruptive cycle across the Reykjanes 
Peninsula started in the 8th century and ended ~800 years ago 
(Sæmundsson et al., 2020). Magma storage depths for this cycle have 
been estimated at 7–10 km beneath Reykjanes, Svartsengi and Krýsuvík 
based on independent clinopyroxene-melt and melt-based barometry, 
and eruptive dynamics included rapid magma ascent and prolonged 
eruptions (Caracciolo et al., 2023).

Some of the oldest Reykjanes Peninsula outcrops correspond to 
glaciovolcanic edi昀椀ces formed during Pleistocene glaciations 
(Sæmundsson et al., 2016) that remain uncovered by younger lava 昀氀ows 
due to their prominent relief. Glaciovolcanic landforms present diag-
nostic morphologies and lithofacies that re昀氀ect direct interaction be-
tween magma and ice. They can be 昀氀at-topped, conical, linear or 
complex, depending on the conditions during eruption (Russell et al., 
2014). Lithofacies found on glaciovolcanic edi昀椀ces include pillow lavas 
and breccias, tephra (tuffs and hyaloclastites) and subaerial lavas. Their 
relative proportions provide genetic information, such as eruption 
styles, magma composition, and magma-meltwater interaction (Russell 
et al., 2014). Mount Thorbjörn, within the Svartsengi Volcanic System 
(Fig. 1), formed in the Early Brunhes (i.e., 780 ka) geomagnetic epoch 
(Sæmundsson et al., 2016). It has been classi昀椀ed as a pillow-dominated 
昀氀at-topped, heavily faulted tuya (Pedersen and Grosse, 2014), although 
important ambiguities exist regarding glaciovolcanic edi昀椀ce classi昀椀ca-
tions (Pedersen et al., 2020 and references therein), which is why we 
will refer to it from here on as a glaciovolcanic edi昀椀ce.

2.2. Volcanic unrest at Svartsengi

An intensi昀椀cation of a new volcano-tectonic episode on the Rey-
kjanes Peninsula was signalled in 2020, associated with the in昀氀ation of a 
magma reservoir beneath Svartsengi (Flóvenz et al., 2022). Eruptions in 
2021–2023 occurred further east at Fagradalsfjall (Fig. 1), marking the 
onset of the new magmatic cycle, but remained linked to an in昀氀ation 
source and associated with up昀氀ow of magma from depth (Green昀椀eld 

et al., 2022; Troll et al., 2024). The eruptions were closely monitored by 
seismic and various geodetic methods, providing an opportunity to test 
and improve pre- and syn-eruptive hazard predictions (Barsotti et al., 
2023). A new phase of volcanic unrest on the Reykjanes Peninsula began 
in October 2023, centred on Svartsengi. Deep magma accumulation 
produced sustained surface uplift rates centred northwest of Mount 
Thorbjörn, followed by the most severe subsidence episode on 10 
November 2023 (De Pascale et al., 2024; Sigmundsson et al., 2024). A 
~15 km long dyke intrusion caused the observed subsidence, which 
propagated from the Sundhnúkar crater row to both the northeast and 
southwest, extending beneath the town of Grindavík and offshore 
(Sigmundsson et al., 2024). Several normal faults and fractures devel-
oped rapidly in the region, forming two grabens separated by a horst and 
resulting in surface subsidence of over 1 m (De Pascale et al., 2024). 
Widespread surface fractures had formed or had been reactivated in the 
region between December 2019 and March 2021 (Ducrocq et al., 2024), 
but they produced much smaller (<0.015 m) displacements.

The large earthquakes and related fracture activity in the region 
were particularly destructive to nearby infrastructure, affecting the 
town of Grindavík, which was evacuated on 10 November 2023. Sub-
sequent tectonics and dyke intrusions (e.g., De Pascale et al., 2024; 
Sigmundsson et al., 2024) also led to enhanced graben formation and 
regional extension and subsidence, although smaller in magnitude. This 
time, magma reached the surface, resulting in a series of eruptions that 
began in December 2023 and are still ongoing (Fig. S.1, 1).

Our study includes four datasets from July 2022 to August 2024, thus 
covering the November 2023 graben episode and the 昀椀rst 昀椀ve eruptions 
and related grabens. These eruptions started on 18 December 2023, 14 
January, 8 February, 16 March and 29 May 2024 (Fig. S.1). The 昀椀rst 
three eruptions lasted between one and three days, while the fourth and 
昀椀fth eruptions were signi昀椀cantly longer, lasting 54 and 24 days, 
respectively. The 昀椀fth eruption produced about 45 million m3 of erupted 
material, the largest volume extruded up to that point (IMO, 2024).

3. Data acquisition and processing

We used satellite remote sensing data to get a regional overview of 
the deformation in Svartsengi related to the November 2023 graben 
event and to identify the main deformation trend. For a more detailed 
analysis of the deformation on Mount Thorbjörn, we carried out 昀椀eld 
surveys and repeated drone 昀氀ights, providing high-resolution datasets 
for temporal monitoring of changes. We analysed and post-processed the 
drone imagery using a GIS interface, and tracked changes manually and 
using semi-automated techniques. Finally, we performed statistical an-
alyses to identify trends in the deformation and relate them to potential 
controlling factors. This work昀氀ow provided a comprehensive view of 
faulting dynamics on the mountain. All data and products (shape昀椀les, 
digital elevation models and orthophotos) are available in Hurley et al. 
(2025).

3.1. InSAR data

To analyse the effects of the 10 November 2023 dyke intrusion event 
on the Reykjanes Peninsula, we created a high-resolution interferogram 
using a pair of StripMap Synthetic Aperture Radar (SAR) images ac-
quired by the TerraSAR-X (TSX) satellite (German Aerospace Center) on 
9 November 2023 and 20 November 2023. The images were acquired in 
a descending orbit (track 110) with a perpendicular baseline of 189 m, 
covering the western part of the Reykjanes Peninsula. X-band radar 
images allow for high spatial resolution interferograms and are ideal for 
analysing fracture movements (e.g., Ducrocq et al., 2024). We processed 
the images using SNAP (ESA Sentinel Application Platform vs. 10.0). We 
extracted the topographic phase using a 2 m × 2 m digital elevation 
model (DEM) (2016 ÍslandsDEM, from the National Land Survey of 
Iceland, available at https://atlas.lmi.is), and the differential InSAR was 
then multi-looked (5 and 4 range and azimuth looks, respectively, 
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resulting in a ~8 m × ~8 m pixel size) and 昀椀ltered using the Goldstein 
phase 昀椀lter operator with an adaptive 昀椀lter exponent of α = 0.8 
(Goldstein and Werner, 1998). This process resulted in a wrapped 
interferogram that allowed us to visualise the surface deformation on 
the western Reykjanes Peninsula caused by the intrusion. Following 
Ducrocq et al. (2024), we used the wrapped interferogram to map visible 
discontinuities in the fringes that may represent surface fracture 
movement during the analysis period.

3.2. Structural 昀椀eld measurements

Between 24 and 25 April 2024, we monitored fresh fractures and 
sinkholes on the surface of Mount Thorbjörn. We carried out photo-
graphic documentation and in-situ measurements using GPS and a 
compass, including strike, vertical, and horizontal shear displacements 
and tensile displacement offsets on some selected outcrops. Field mea-
surements of surface fractures gave insights into the kinematics associ-
ated with the deformation events occurring on Mount Thorbjörn and 
provided essential validation of the remote sensing observations.

3.3. Drone surveys

We used data collected on (1) 23 July 2022, more than a year before 
the start of the volcanic unrest episode at Svartsengi, then on (2) 18 
November 2023, shortly after the 昀椀rst dyke-induced graben had formed, 
and on (3) 25 April and (4) 20 August 2024, during and between 
eruptive episodes, respectively. Table A1 provides details of the pa-
rameters for each drone 昀氀ight and data processing. We used three types 
of drones: a DJI Phantom 4 RTK drone, a DJI Matrice 30T RTK drone, 
and a WingtraOne PPK 昀椀xed-wing drone. The DJI Phantom 4 RTK is a 
quadcopter equipped with a 1“ CMOS and 20 MPixel optical camera, a 
single-frequency GPS+GLONASS+Galileo receiver, and a dual- 
frequency L1/L2 GNSS receiver connected to a base station (located 
near the drone’s launch site). This allows Real Time Kinematics (RTK) 
corrections to be made to the GPS data received by the drone, resulting 
in cm-level accuracy of the drone’s position. The DJI Matrice 30T RTK is 
also a quadcopter that captures images with a wide-angle camera, a 1/2” 

CMOS, and a 12-megapixel optical sensor. The drone also has a GNSS 
receiver that allows for RTK corrections.

The WingtraOne Gen II is a VTOL (Vertical Take-Off and Landing) 
drone with a 61-megapixel Sony Alpha 7 Mark IV camera. The drone 
carries a built-in multi-frequency (L1-L2 included) Post Processing Ki-
nematics (PPK) GNSS antenna. PPK, similar to RTK, is a method to 
correct image geo-tagging, in this case after the 昀氀ight, using correction 
data acquired from a 昀椀xed GNSS base station on the ground. It has 
similarly been used in Iceland by Panza et al. (2024). The advantages of 
using the 昀椀xed-wing WingtraOne over quadcopters include larger 
coverage areas due to the high speeds achieved and the high-resolution 
of the camera, which allows it to 昀氀y higher than other drones while 
ensuring the same or better Ground Sampling Distance (GSD). Other 
advantages include the 10 km bidirectional radio link between the drone 
and the remote control in direct line of sight (without obstacles), and the 
50 km range and 50 min autonomy, which is bene昀椀cial for large-scale 
surveys. The autonomy is important for terrain-following 昀氀ights in 
areas with signi昀椀cant topographic gradients, such as Mount Thorbjörn, 
where obstacles can interfere with the radio link. This terrain-following 
capability ensures a more consistent Ground Sampling Distance (GSD) 
over uneven terrain. However, their higher sensitivity to bad weather 
conditions makes them ideal for combination with quadcopters, as the 
strengths of each type complement each other.

Surveys (1), (2) and (3) were carried out at a constant height of 
~120 m above the mountain summit. We surveyed (4) following the 
terrain at an altitude of ~150 m above the ground. All surveys have 70 
% lateral and 80 % frontal image overlap.

We manually checked the quality of each drone survey to keep only 
high-quality images. Data processing involved applying a Structure- 

from-Motion (SfM) technique (Westoby et al., 2012) to the over-
lapping images, using the Agisoft Metashape (vs. 2.0) software package. 
The processing includes the following steps: (1) Alignment of the ac-
quired images to create a sparse point cloud, (2) Generation of a dense 
point cloud, (3) Reconstruction of a 3D mesh, and (4) Texture applica-
tion to produce a realistic model. These steps resulted in the generation 
of the high-resolution DEMs and orthophotos, which provide detailed 
representations of the study area. These 昀椀nal products allowed for the 
analysis of topographic evolution and deformation through quantitative 
geospatial analysis techniques.

4. Geospatial analysis

The results of the drone imagery processing include orthophotos and 
DEMs, which we analysed using a GIS interface (QGIS vs. 3.34), focusing 
on the analysis of changes.

4.1. Manual Tracking of Changes (MTC)

We systematically compared the successive high-resolution drone 
orthophotos to identify changes in the landscape, providing a broad and 
comprehensive view of the entire area, including sectors that are dif昀椀-
cult to access by foot. For the comparisons, we used the 昀椀rst dataset as 
the reference and de昀椀ned synthetic Ground Control Points (GCPs) to 
align the remaining datasets. We identi昀椀ed several new fractures and 
associated sinkholes, which we mapped distinguishing the dataset in 
which they became visible. This way, we created a temporal cumulative 
map of the recent surface-expressed fractures and sinkholes in the area.

4.2. Semi-automated Change Detection Techniques (SaCDT)

We applied semi-automated change detection techniques to our 
dataset, including DEM of difference (DoD) and Digital Image Correla-
tion (DIC). Combined, these techniques allow for a thorough deforma-
tion analysis. While DoD is applicable to quantify vertical surface 
changes by comparing pre- and post-event DEMs, DIC provides insights 
into the horizontal displacements using pre- and post-event orthophotos. 
These methods are commonly applied for a wide range of geomorphic 
change detection purposes (e.g., Williams, 2012 and references therein) 
and for quantifying fault movements (e.g., Scott et al., 2020).

4.2.1. DEM of Difference (DoD)
We generated the DoD maps by subtracting a DEM from another 

DEM previously acquired using the QGIS raster calculator. We focused 
only on the November 2023 dyke intrusion episode, as the magnitude of 
this event was the only one that allowed a good sensitivity of the 
method. For this, we used the DEMs acquired in July 2022 and 
November 2023. We began by improving the vertical accuracy of the 
DoD by using the GNSS station THOB, which is located at the mountain 
summit, as a vertical reference. Fixed GNSS stations typically provide 
vertical precision of between 1.5 and 4 mm (Steigenberger et al., 2012), 
making them valuable reference points for correcting vertical biases in 
DEMs. In contrast, InSAR measurements provide a dense spatial dataset 
but are often limited by factors such as large displacements, athmo-
spheric conditions and steep terrain, all of which are present in our study 
area (Hanssen, 2001). GNSS data have been used to correct InSAR- 
derived deformation measurements (Yan et al., 2024) and to reference 
DEMs (Wessel et al., 2018). In this study, we therefore used GNSS station 
data to reference the DoD, ensuring a more accurate estimation of the 
vertical displacement. We 昀椀rst identi昀椀ed the position of the station’s 
antenna in the DEMs, selecting a nearby pixel to avoid potential artifacts 
from the antenna structure. Then, we compared the vertical displace-
ment given by the DoD at that pixel and the GNSS-measured vertical 
displacement between the exact two dates when the DEMs were ac-
quired (see supplementary Fig. S.2 for GNSS station data). The differ-
ence between the two values (1.2 m) was interpreted as a systematic 
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vertical bias in the DoD and subtracted from the entire DoD raster using 
the QGIS raster calculator.

As the mountain has moved both downwards and westwards during 
the period covered by the DoD (De Pascale et al., 2024; Sigmundsson 
et al., 2024), the pixel values observed on the DoD are apparent 
downwards movements as they include displacements due to the west-
ward shift of the mountain. Therefore, after applying the vertical bias 
correction, we generated DoD pro昀椀les that were adjusted using trigo-
nometric levelling to correct for this effect and better approximate the 
true downward displacement. We estimated the horizontal shift of the 
mountain by averaging the pixel offset between the July 2022 and 
November 2023 orthophotos along the direction of the transect. Then, 
using the slope values along the pro昀椀le derived from the 2022 DEM, we 
obtained a corrected vertical displacement value using the following 
relationship: 
CVD = DoD−(H× tan (α) )

CVD is the corrected vertical displacement in metres; DoD is the original 
dataset derived directly from the DEM subtraction in metres; H is the 
estimated horizontal displacement in metres and α is the slope angle.

4.2.2. Digital Image Correlation (DIC)
2D DIC is an optical-numerical method used to detect and quantify 

displacements in an area of interest by comparing two successively ac-
quired images. The method compares co-registered digital images using 
speci昀椀c algorithms (here, cross-correlation) and interprets any changes 
in the patterns between sub-windows as displacements. We applied this 
technique to the drone orthophotos to analyse horizontal fault 
displacement over time on the mountain surface.

In recent years, DIC applied to remotely sensed products has proven 
to be a successful tool for monitoring surface displacement, com-
plementing more widely used ones like InSAR in a wide range of ap-
plications, including deforming volcanoes (Le Corvec and Walter, 2009; 
Walter, 2011; Zorn et al., 2020). We used the LaVision Davis software 
(vs. 10.0.05), which produces displacement and strain maps in X and Y 
directions for areas of interest, initially de昀椀ned by the user by masking 
the photo sequence and de昀椀ning a reference. Similar to the DoD, we 
focused only on the November 2023 dyke intrusion episode. For this, we 
used the July 2022 and April 2024 orthophotos, as these proved to be 
the most effective pair for characterising and quantifying the horizontal 
displacements along fractures due to the November episode, probably 
due to similar lighting and weather conditions during the acquisition.

4.3. Statistical analyses

We used statistics for correlation analyses between the new surface 
fractures and the pre-existing mountain morphology, including topog-
raphy and pre-existing fractures. For all analyses, we used a map rotated 
23ç counterclockwise to align the main orientation of the pre-existing 
fractures with the vertical axis. Fracture segments were divided into 1 
m sections to ensure that statistical analyses were independent of frac-
ture length. The map was further subdivided into 25 subsections of the 
DEM along the Y axis, each 60 m high, for different analytical purposes.

To assess topographic controls, we examined the density and orien-
tation of the new fractures and compared them to the elevation and 
slope of the surface. To test the reactivation of pre-existing fractures, we 
analysed the spatial distribution of the new surface fractures relative to 
the older ones. For this, we calculated fracture density plots with a bin 
size of 10 m in the horizontal direction for each of the 25 subsections, 
each 60 m high. These density plots were then stacked vertically to 
generate a 2D map, which was used to examine the spatial relationship 
between the new and reactivated fractures.

We conducted the statistical analyses in Python and used geospatial 
libraries (Geopandas, Rasterio, Shapely) to manipulate GIS shape昀椀les 
(previously created and manipulated using QGIS). For data visualisation 

we used the Matplotlib, Seaborn, SciPy and Windrose libraries.

4.4. Uncertainties in fracture analyses

We estimated fracture detection uncertainties for both manual and 
semi-automated approaches (DIC, DoD). For manual fracture detection, 
uncertainty is primarily in昀氀uenced by the resolution of the orthophotos, 
with the minimum detectable structure being a few pixels in length 
(from 6 to 10 cm in our orthophotos) and at least one pixel in width. For 
the DIC, the uncertainty was estimated by aligning the two orthophotos 
using one reference point in a 30 m × 30 m area northwest of the 
mountain assumed to be stable. Within this area, the application of DIC 
led to displacements in the X direction ranging from −20 cm to 40 cm 
(standard deviation: 7 cm), interpreted as white noise. Displacements in 
the Y direction ranged from −50 cm to 20 cm, with a standard deviation 
of 5 cm.

Similarly, for the DoD method, we co-registered both DEMs using a 
reference point located in the same stable area and calculated the DoD. 
Zonal statistics were calculated using QGIS, considering a circular 
polygon of 30 m diameter centred on the reference point. The vertical 
displacement values here ranged between −50 cm and 50 cm, with a 
standard deviation of 10 cm, which we consider the method’s random 
error.

Therefore, displacements equal to or smaller than the standard de-
viation values (i.e., f7 cm for DIC and f 10 cm for DoD) are considered 
to be within the noise level, and hence are not considered reliable for our 
analysis.

5. Results

5.1. Regional context inferred from InSAR data

The dyke-induced graben produces coherence values that reveal a 
spatial pattern and allow to track intense NNE-SSW trending surface 
displacement. Coherence is signi昀椀cantly low on both sides of the graben, 
indicating strong deformation, and remains relatively high in the central 
part of the graben (Fig. 2A). North and south of Mount Thorbjörn, at 
comparable distances from the graben centre, the coherence is suf昀椀cient 
to identify fracture movements, which were active during the period 
considered (Fig. 2C, E). In contrast, Fig. 2D shows a close-up of the 
interferogram at Mount Thorbjörn, where the lack of coherence makes it 
impossible to observe and track fault activity. From the fringe offsets 
identi昀椀ed in the interferogram (Fig. 2B), we manually mapped active 
fractures for the analysis period. Within the area covered by the inter-
ferogram, we identi昀椀ed a cumulative length of ~200 km of active 
fractures. Of this, ~150 km had already been active between December 
2019 and March 2021, as documented by Ducrocq et al. (2024). The 
mapped faults occur up to ~13 km from the dyke intrusion, highlighting 
that the event was regional in scale, and increased the cumulative length 
of known faults by 25 %. Applying this methodology to long-term 
datasets covering the period prior to 2020 would enable distinguish-
ing fault activity associated with purely tectonic processes (before 2020) 
from those related to magmatic episodes (after 2020), providing valu-
able insights into the long-debated magmatic and tectonic stresses 
interaction. Fig. 2C and E show detailed views of the interferogram and 
respective mapped fractures, focusing on the regions north and south-
west of Mount Thorbjörn, respectively. Based on optical imagery ob-
servations, many of the mapped discontinuities correspond to pre- 
existing structures, as previously pointed out by Ducrocq et al. (2024).

5.2. Local fault dynamics at Mount Thorbjörn

5.2.1. Global description of Mount Thorbjörn from drone data
Structure-from-Motion processing of the drone optical images ac-

quired over Mount Thorbjörn allowed us to generate one high-resolution 
DEM and one orthophoto for each survey. Together, they provide a 
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detailed representation of the topography and landscape at the time of 
data acquisition, which are the key elements for our study (Fig. 3). The 
high-resolution DEMs allow for the identi昀椀cation of the key morpho-
logical features that make Mount Thorbjörn a very distinctive landform.

Mount Thorbjörn has a height of about 200 m from its base. In plan 
view it has a roughly elliptical shape, elongated towards the NNE, with 
dimensions of 1.4 km in length and 1 km in width. The total volume of 
the mountain, calculated from drone DEM data, is 0.127 km3 and pre-
sents varying slopes from base to summit. The lower part has steep 
slopes, ranging from 10ç to 40ç, with the steepest areas in the west 
associated with an inwardly curved ridge, previously described as a 
landslide scarp (Shevchenko et al., 2021).

At approximately 110 m above the base (bold contour line in the 
DEMs, Fig. 3), a break in the slope marks the transition to a plateau 
covering an area of around 0.5 km2. Within the plateau, a 70 m high off- 
centre cone rises where the highest elevations occur. The NNE-SSW axial 
part of the mountain has subsided relative to the 昀氀anking regions along 
two subparallel normal faults, forming a prominent graben structure 
with signi昀椀cant displacements reaching 13 m (Shevchenko et al., 2021). 
Other less prominent fault scarps are also present. These are dif昀椀cult to 
trace along their entire length because they are partially covered by a 
layer of regolith. Three main areas are de昀椀ned on the basis of their 
azimuths: 5–15ç, 20–30ç (the most common) and 50–60ç. Apart from 

these features, the plateau is mainly 昀氀at, with only subtle variations in 
elevation across its surface.

5.2.2. New surface fractures mapped with the MTC
MTC applied to subsequent high-resolution orthophotos of Mount 

Thorbjörn, supported by in-situ monitoring of fresh fractures, allowed us 
to identify a large number of new surface fractures that had developed 
during the analysis period (Fig. 4A). Most were 昀椀rst detected in the 18 
November 2023 orthophoto, suggesting that the 10–11 November 2023 
deformation episode was the most relevant in terms of its geomorphic 
impact on the mountain.

We identi昀椀ed 1829 new traceable fractures from July 2022 to August 
2024, with a cumulative length of 9.1 km, further subdivided into 9112 
segments of 1 m for statistical analyses. The uninterrupted fracture 
lengths ranged from 10 cm to 50 m, with an average length of 5 m, 
indicating that shorter uninterrupted segments predominated. 88 % of 
the total fracture length was detected in the November 2023 dataset, 12 
% in April 2024 and less than 1 % in August 2024.

In the 昀椀eld, surface fractures were usually recognised as shear- 
related, with evidence of oblique movement including normal dip-slip 
and right-lateral strike-slip displacements. Tensile displacements were 
also evident in some localised sections. We identi昀椀ed normal dip-slip 
movement from fresh fault scarps along the fractures (Fig. 4C, D, E, 

Fig. 2. (A) InSAR coherence map from two TerraSAR-X radar images (9 and 20 November 2023, descending track 110) of the western Reykjanes Peninsula. Dark 
colors indicate low coherence areas. At Mount Thorbjörn and its surroundings, the abrupt formation of a rift between 10 and 11 November 2023 causes decorrelation 
of the radar signal. (B) Wrapped interferogram of the same images in radar coordinates (Perpendicular baseline = 189 m). The fringes are closer together near the 
dyke-induced rift. Close-up views of the interferogram (C) in the north of, (D) on, and (E) in the southwest of the mountain. Black lines (‘1’) indicate the inferred 
active surface fractures previously mapped by Ducrocq et al. (2024) for the period December 2019 to March 2021. White lines (‘2’) correspond to the remaining 
identi昀椀ed active fractures in this study.
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H), with variable throws ranging from <10 cm to ~80 cm. We identi昀椀ed 
right-lateral strike-slip components through kinematic indicators such 
as left-stepping en-échelon arrangements of segments along the main 
fault plane (synthetic Riedel shears, Fig. 4D) and pull-apart structures 
along faults with undulating azimuth (Fig. 4E). We found tensile frac-
tures where aperture was evident along the fracture plane (Fig. 4F), 
which appear to result mainly from fault-linking processes. Tensile 
displacements measured in the 昀椀eld range from 15 to 20 cm.

Fractures are typically spatially related to sinkholes (Fig. 4G), of 
variable dimensions, with lengths reaching up to 5 m, and often elon-
gated following the azimuth of associated fractures, thereby suggesting 
the continuation of the fracture trace beneath the surface. During the 
analysis period, we identi昀椀ed 222 new sinkholes forming on Mount 
Thorbjörn (Fig. 4B, G) by comparing the orthophotos. Of these, 59 % 
became visible in November 2023, 39 % in April 2024, and 2 % in 
August 2024. Like the fractures, most sinkholes 昀椀rst observed in 
November 2023 continued to enlarge throughout the analysis period 
(Fig. S.3).

5.2.3. Fracture kinematics using SaCDT
To analyse the morphological change on Mount Thorbjörn after the 

dyke-induced deformation in November 2023, we used a combination of 
DEM of Difference (DoD) and Digital Image Correlation (DIC) methods.

We created a DoD map for 23 July 2022–18 November 2023, cor-
rected it with data from the GNSS station THOB, and generated eleva-
tion difference pro昀椀les oriented transversely to pre-existing structures 
(Fig. 5). The DoD map (Fig. 5A) shows apparent vertical surface dis-
placements, indicating subsidence in the mountain, that is more pro-
nounced towards the southeast. Abrupt changes in colour between 
adjacent areas on the map may be associated with fault activity leading 
to sudden changes in the surface elevation, although in some cases they 
may be artifacts related to the mountain’s horizontal drift. Such artifacts 
are particularly evident on the eastern and western slopes of the 
mountain, where horizontal movement projects in the DoD, leading to 
incoherent values such as apparent uplift on the western slope (Fig. 5A). 
This occurs because these effects are most pronounced in steep terrain, 
signi昀椀cantly affecting the signal, and are negligible in areas with gentle 

Fig. 3. Top: Timeline specifying data acquisition dates and relevant contemporary events. Bottom: DEMs and orthophotos derived from drone optical imagery 
acquired over Mount Thorbjörn during the successive surveys (here numbered 1,2,3,4). Contour lines are shown every 10 m, bold contour lines indicate the 210 m 
elevation, marking the approximate location of a slope break that de昀椀nes the plateau. The synthetic GCP positions that were used to align the orthophotos, with 
reference to the 2022 dataset, are indicated by circle symbols in the bottom-left map.

M. Hurley et al.                                                                                                                                                                                                                                 Journal of Volcanology and Geothermal Research 466 (2025) 108407 

7 



slopes.
To identify and correct for this, we calculated a Corrected Vertical 

Displacement (CVD) value by removing the effect of horizontal drift for 
each slope value along the transects (blue shaded pro昀椀les in Fig. 5B). 
This correction allowed us to verify and better estimate vertical dis-
placements along the pro昀椀les. The resulting CVD pro昀椀les exhibit a 
stepped pattern, indicative of dip-slip shear along fault planes, which 
generally align with the previously identi昀椀ed abrupt colour changes on 
the DoD map.

To estimate relative offsets, we calculated average CVD values be-
tween fault planes (red horizontal lines, Fig. 5B), which range from ~10 
cm to ~90 cm. On the western side of Mount Thorbjörn, the blocks east 
of the faults tend to move downward relative to the blocks on the west, 
whereas on the eastern side, the behaviour is reversed.

From north to south, the pro昀椀les show variations in relative offsets 
along the faults. Considering the average CVD of the westernmost and 
easternmost blocks of each pro昀椀le, the cumulative displacements from 
north to south are +9 cm (A-A’), −33 cm (B-B′), −77 cm (C-C′) and 
−130 cm (D-D′). These values indicate a progressive increase in the 
eastward tilting of the mountain towards the south.

We further overlaid elevation pro昀椀les on each transect to compare 
pre-existing fault scarp positions with the recognised vertical offsets, 
which are generally aligned. We also illustrated fault activity at depth, 
though dip and down-depth directions remain unknown and are 
approximated based on fault traces and topography.

Using the DoD map and the CVD pro昀椀les, we assessed the relative 
vertical displacement of blocks associated with pre-existing fault scarps 
identi昀椀ed from orthophotos and DEMs (Fig. 5A). This analysis revealed 
reactivation along many pre-existing fractures. Compared to a DEM, 
most planes align with pre-existing fault scarps, suggesting fault reac-
tivation. However, vertical displacements were not always recognised 
continuously along the entire length of the pre-existing scarps. In these 
cases, fault reactivation continuity was inferred and represented with a 
black dashed line in Fig. 5A. Conversely, in other areas, vertical offsets 
were observed in the DoD map, but no pre-existing fault scarp was 
visible, possibly due to the low relief of the scarp and sedimentary cover. 
In these cases, the DoD analysis revealed previously hidden pre-existing 
fault structures, highlighting some of the mountain’s pre-existing 
structures. Such features can however be considered reactivations only 
when visible in both bedrock and sediments; if con昀椀ned to sediments, 

Fig. 4. DEM of Mount Thorbjörn with the mapped surface fractures (A) and sinkholes (B) in different colors according to the time when they became visible. (C) (D) 
and (E) show photos of the fault traces in the 昀椀eld taken in April 2024, where kinematic indicators can be seen. (F) (G) and (H) are close-ups of a tensile fracture, a 
sinkhole and a fresh fault scarp.
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their origin remains uncertain.
To investigate horizontal displacements along the identi昀椀ed active 

dip-slip fault planes, we calculated horizontal pixel offsets applying DIC 
to the two orthophotos from 23 July 2022 and 25 April 2024. We 
selected subsets at representative fault locations and 昀椀rst de昀椀ned a local 
reference for each subset on one side of the fault (white cross in Fig. 6
B–F). Fig. 6A shows a hill-shaded DEM of Mount Thorbjörn with the 
location of the analysed subsets, where we identi昀椀ed horizontal dis-
placements associated with strike-slip activity. Fig. 6 (B–F) show Y- 
displacement maps (north-south direction) obtained by DIC where 
strike-slip shear is evident. The colour scale in each case illustrates the 
relative movement on either side of the faults, with the western blocks 
moving northwards with respect to the eastern blocks. Given the azi-
muths of the fault segments (NNE and NE), these northward displace-
ments result in right-lateral strike-slip components. The boundary 
between blocks is exactly where dip-slip faults have been identi昀椀ed 
using DoD. These fault segments are NNE- and NE-striking and usually 
form interconnected conjugate segments. The method allows quanti昀椀-
cation of the relative northward displacement, which is on the order of 
~20–30 cm in most cases. The oblique kinematics observed along the 

fault planes, identi昀椀ed combining change detection techniques (DoD, 
DIC), are consistent with 昀椀eld observations of recent faults on Mount 
Thorbjörn (section 5.2.2).

5.3. Linking recent fracture activity to pre-existing mountain morphology

5.3.1. Reactivation
We analysed the spatial relationship between new surface fractures 

and pre-existing fractures to test reactivation processes (Fig. 7A). Sur-
face fracture density plots were generated for 25 subsections of the DEM, 
and their distribution was examined in relation to the older structures 
(Fig. 7B). The resulting map evidences how fracture density peaks are 
generally located at or near the pre-existing fractures, with some sectors 
exhibiting a more pronounced asymmetry in this regard, particularly in 
areas where fractures are abundant (Fig. 7B). To the west, where the 
slopes are very steep within the landslide scarp, some peaks do not 
appear to correlate with any pre-existing fracture.

5.3.2. Fracture density
The density of recently visible fractures was analysed in relation to 

Fig. 5. (A) DEM of Difference (DoD) map for 23 July 2022–18 November 2023, corrected using the reference GNSS station THOB, indicated with a yellow triangle. 
(B) Pro昀椀les of the Elevation Difference: Grey lines represent DoD values from (A), used to calculate the Corrected Vertical Displacement (CVD, blue shaded). Vertical 
offsets de昀椀ne fault planes (black lines). Note that the dip and downdepth extension are shown schematically only. (For interpretation of the references to colour in 
this 昀椀gure legend, the reader is referred to the web version of this article.)

Fig. 6. (A) Hillshade DEM of Mount Thorbjörn showing the previously mapped normal faults as dashed black lines and identi昀椀ed right-lateral strike-slip 
displacement using DIC, shown as red lines. (B–F) show the DIC displacement maps of each subset in the Y direction. The values are relative to a reference point for 
each subset, indicated by a white cross. Blocks shown in warmer colors moved northward relative to adjacent blocks in colder colors. (For interpretation of the 
references to colour in this 昀椀gure legend, the reader is referred to the web version of this article.)
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Fig. 7. (A) Hillshade DEM of Mount Thorbjörn. Blue lines represent the traces of fractures visible since November 2023, while red dashed lines indicate the 
interpreted pre-existing faults of Mount Thorbjörn. The map has been rotated 23 degrees counter-clockwise to align the structures in the Y direction. We have divided 
the map into 25 subsections of the DEM along the Y axis, each 60 m high. The bin size used for the analysis in B is shown in the upper left corner. (B) Vertically 
stacked fracture density plots calculated for each subsection of the DEM shown in (A), overlaid on the interpreted pre-existing faults. (For interpretation of the 
references to colour in this 昀椀gure legend, the reader is referred to the web version of this article.)

Fig. 8. (A) Hillshade DEM of Mount Thorbjörn, rotated 23ç counterclockwise, overlaid with a 100 m radius Kernel Density Estimation map showing the density of 1 
m fracture segments. Blue tones indicate higher concentrations of segments, which accumulate in the highest elevation sectors. Black lines correspond to the pre- 
existing fractures. (B) Histogram of fracture density versus elevation. For each elevation range represented by a bar, the cumulative fracture length was calcu-
lated and normalized by its area. (C) and (D) Elevation pro昀椀les (grey) and corresponding fracture density pro昀椀les (blue) along the WNW–ESE and SSW–NNE transects 
shown in (A), respectively. Fracture density was calculated every 60 m along each pro昀椀le using 60 m-wide DEM subsections and interpolated with a cubic spline to 
produce smooth curves. Each value represents the cumulative fracture length within a subsection, normalized by its area. (For interpretation of the references to 
colour in this 昀椀gure legend, the reader is referred to the web version of this article.)
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topography to assess potential correlations that might reveal topo-
graphic controls. We created a density map showing the distribution of 
1 m fracture segments across the mountain, which we overlaid on a DEM 
(Fig. 8A). The map was generated using the Kernel Density Estimation 
function in QGIS, with a 100 m radius and a Quartic kernel. Each frac-
ture segment contributes then to the density within the radius, creating a 
visual representation of the distribution of fractures useful for identi-
fying patterns. Fractures are predominantly located within the plateau 
and nucleate close to pre-existing features of the mountain, in particular 
the two prominent fault scarps to the west and east of the mountain 
(Fig. 8A). The highest density peak in the map is in the southern part of 
the eastern fault scarp, one of the highest points on the mountain.

We then calculated the fracture density values considering elevation 
ranges. For this, we divided the data into elevation intervals, calculated 
the cumulative fracture length within each interval, and normalized it 
by the area of each elevation range to obtain the metres of fractures per 
km2. The histogram in Fig. 8B shows a clear correlation between 
elevation and fracture density.

To gain a more detailed insight into the interaction between topog-
raphy and fracture density, we created two topographic and fracture 
density pro昀椀les oriented WNW–ESE and SSW–NNE, respectively (red 
lines in Fig. 8A). These correspond to transversal and longitudinal sec-
tions relative to the average structure orientation at Mount Thorbjörn. 

For both pro昀椀les, fracture density was calculated every 60 m using 60 m- 
wide subsections of the DEM, perpendicular to each pro昀椀le. These values 
were then interpolated using a cubic spline method to generate a 
continuous, smooth curve that avoids abrupt changes, allowing for a 
clearer comparison between elevation and fracture density variations.

The transversal pro昀椀le (WNW–ESE, Fig. 8C) presents three peaks in 
fracture density. A small peak occurs on the steep northwestern slope of 
the mountain, likely associated with slope instability processes favour-
ing local fracturing. The two remaining peaks are located within the 
plateau, around the highest elevations of the hill. The highest density 
values are found on the southeastern side of the mountain, corre-
sponding to the area that experienced the greatest subsidence during the 
November 2023 deformation episode (Fig. 5B). This spatial correlation 
suggests a causal relationship, in which greater subsidence is associated 
with more intense fracturing.

The longitudinal pro昀椀le (SSW–NNE, Fig. 8D) follows a transect that 
crosses the main topographic features of Mount Thorbjörn (i.e., the steep 
slopes from the base of the mountain to the plateau, the plateau and the 
off-centre cone within the plateau), which makes it useful to test topo-
graphic controls on fracturing. This pro昀椀le shows a correlation between 
elevation and fracture density (Fig. 8D), as peaks in fracture density 
align with local topographic highs, particularly clear at the off-centre 
cone.

Fig. 9. Slope map of Mount Thorbjörn, subdivided into a western and an eastern sector. The map was rotated by 23ç to align structures with the Y direction. 
Fractures are mapped in black, and rose diagrams represent the fracture azimuth distribution for each pair of subsections along the Y direction. Red segments and 
numbers on the rose diagrams indicate the average azimuth, while black numbers represent fracture counts. Red curves overlaid on the slope map result from all 
calculated average values along the Y direction. (For interpretation of the references to colour in this 昀椀gure legend, the reader is referred to the web version of 
this article.)
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5.3.3. Fracture azimuth
To further investigate the behaviour of recent fracture azimuth 

across the area of interest and test possible relationships with pre- 
existing mountain morphology, we analysed the fracture azimuth dis-
tributions. We divided the previously rotated map from Fig. 7A into a 
west and an east side and created a rose diagram for every two sub-
sections of the DEM. We also calculated the average for each rose dia-
gram, shown as a segment, which we connected vertically to create a 
curve representing the average values along the Y axis for each side of 
the map. The result is shown in Fig. 9, which presents a slope map of the 
area with some selected representative rose diagrams from the analysis 
and the average azimuth value as red lines.

On the eastern side, rose diagrams show low variability in the south 
and north. However, a wider range of values indicates increased vari-
ability in the central region, particularly within the off-centre cone in 
the plateau. In terms of average azimuth values, a reasonably linear 
trend is observed in the eastern sector along the length of Mount 
Thorbjörn. This trend implies that the most common values remain 
stable, falling between 26ç and 36ç. Looking at the three main patterns 
of pre-existing fracture orientations on the mountain (5–15ç, 20–30ç and 
50–60ç azimuth), we 昀椀nd that these average values closely match the 
average azimuths of the pre-existing fractures.

In contrast, the western sector shows greater variability along the Y 
axis. Along the western 昀氀ank of the mountain, several fractures result 
from slope instability processes on the steep, crescent-shaped, concave 
landslide scarp. They are typically oriented perpendicular to the 
maximum dip direction of the surface, which varies considerably along 
the length of the fracture surface. In the southern part, outside the 
landslide scarp, average azimuths are relatively stable, ranging between 
23ç and 25ç. In the central part, within the landslide scarp, average 
fracture azimuths decrease towards the north from 58ç to 30ç. To the 
north, where the fracture surface is less prominent, average fracture 
azimuths increase again, ranging from 46ç to72ç.

6. Discussion

Regions with complex topography exhibit diverse deformation pat-
terns during seismic and volcanic events, yet the relationship between 
topography and fracturing remains understudied. This work sheds light 
on the structural geology and deformation during the 2023–2024 vol-
canic unrest within the Svartsengi Volcanic System on the Reykjanes 
Peninsula, Iceland, with a focus on the dyke-induced graben episode of 
10 November 2023. Using four drone photogrammetry datasets from 
2022 to 2024, we analysed Mount Thorbjörn, a ~200 m high glacio-
volcanic edi昀椀ce on the western graben shoulder. Our high-resolution 
orthophotos and elevation models reveal transtensional reactivation of 
pre-existing grabens, with normal dip-slip offsets up to ~80 cm and 
dextral strike-slip of ~20–30 cm, particularly in the southeastern sector, 
with important implications for the general volcano-tectonic coupling 
discussed further below. Orthophoto comparisons allowed us to map 
new fractures with a cumulative length of over 9 km and 222 sinkholes, 
with most fractures and sinkholes forming between 23 July 2022 and 18 
November 2023, likely due to the November 2023 graben event. Sta-
tistical analyses highlight strong topographic controls on fracture dis-
tribution and geometry, supporting a conceptual model of fracture 
development in complex terrain during volcanic unrest.

6.1. Limitations of the drone dataset

Our data and analysis methods have limitations, such as the temporal 
resolution of the datasets (Fig. 3). Our four datasets cover a period of 2 
years and 1 month, from July 2022 (the 昀椀rst acquisition) to August 2024 
(the last acquisition), with two additional datasets in between 
(November 2023 and April 2024). Therefore, the temporal resolution 
includes intervals of 1 year and 4 months (July 2022–November 2023), 
5 months (November 2023–April 2024) and 4 months (April 

2024–August 2024) respectively. Between the 昀椀rst and last acquisition, 
periods of magma accumulation at Svartsengi caused surface in昀氀ation, 
followed by seven dyke intrusions causing surface subsidence, 昀椀ve of 
which resulted in eruptions (De Pascale et al., 2024; Pedersen and 
Grosse, 2014; Sigmundsson et al., 2024; Troll et al., 2024). Due to the 
temporal resolution of our data, we assume that the main fracture ac-
tivity resulted from a single signi昀椀cant event and attribute it to the 
November 2023 graben event.

Another limitation is related to the DoD map generation. Although 
the DEMs used in this study were acquired using a GNSS base station 
connected to the drone via an RTK antenna, which provides high ac-
curacy in the geolocation of the images collected during the drone 昀氀ights 
(Lewicka et al., 2022), the most reliable results are obtained when in-
tegrated with GCPs. We used the THOB GNSS station as an external 
control point. Additional points would have been bene昀椀cial to correct 
for distortions in the DEMs, but it was not possible to establish bench-
marks at the beginning of the crisis. In addition, the correction applied to 
the elevation difference pro昀椀les for horizontal displacements assumes a 
single representative horizontal displacement vector for the entire study 
area, which is also a simpli昀椀cation.

The drone image data were analysed using DIC, which is widely used 
to measure surface deformation with high accuracy and has previously 
been applied to deforming volcanoes (James et al., 2020; Walter, 2011; 
Zorn et al., 2020). The pixel size (here ~10 cm) de昀椀nes the detectable 
displacement; after applying a sub-pixel registration algorithm, the 
displacement measurement can achieve an accuracy smaller than a 
single pixel (Pan et al., 2009). However, the accuracy and applicability 
are limited by other factors (Walter, 2011), including lighting effects, 
surface changes (e.g., vegetation growth, moisture variations), and 
overall image quality. These factors alter the pixel intensity and, 
consequently, the quality of the correlation. Quantifying the uncertainty 
introduced by these effects is extremely challenging and beyond the 
scope of this paper, and therefore remains speculative. Yet, acknowl-
edging these limitations is essential for optimising DIC applications. In 
this study, we have selected subsets minimally affected by such factors, 
ensuring that the overall deformation pattern remained coherent despite 
minor artifacts.

6.2. Complimentary traditional geodetic techniques at Mount Thorbjörn

InSAR was used to identify previous in昀氀ation cycles that affected 
Mount Thorbjörn in 2020 (Flóvenz et al., 2022) and to identify fault 
reactivations prior to the 2023 unrest (Ducrocq et al., 2024). During the 
November rift event, InSAR captured large-scale motion and fault 
reactivation at a distance from Mount Thorbjörn (De Pascale et al., 2024; 
Sigmundsson et al., 2024). However, in the steep terrain of Mount 
Thorbjörn, InSAR is inconclusive due to decorrelation and coherence 
loss (Fig. 2), with large vertical displacement values that do not align 
with the range offsets and seem to indicate local deformation associated 
with graben faulting (see Supplementary Information in Sigmundsson 
et al., 2024). Therefore, not much information can be extracted from 
InSAR at this location, even using short wavelength radar imagery. 
Coherence increases north and south of the mountain, probably indi-
cating that the line-of-sight shift was more pronounced in the mountain 
than in the surrounding area.

GNSS has been used for decades to monitor the geodynamics of the 
Reykjanes Peninsula, including our study area (Sigmundsson et al., 
2020). This ampli昀椀cation of the displacement at the topographic high of 
Mount Thorbjörn is further con昀椀rmed by GNSS data provided by the 
Icelandic Meteorological Of昀椀ce’s public database (https://a昀氀ogun. 
vedur.is/), also reported by Sigmundsson et al. (2024). The locations 
of the relevant stations are shown in detail in the supplementary Fig. S.1. 
At Svartsengi, GNSS data recorded during the November 2023 graben 
episode show a westward decrease in vertical displacement from 
Grindavík (De Pascale et al., 2024; Sigmundsson et al., 2024). Station 
GRIC recorded −110 cm of vertical displacement between 10 and 11 
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November, with decreasing displacement values at stations THOB 
(−86.1 cm) and HS02 (−33 cm), consistent with typical graben defor-
mation pro昀椀les. Perpendicular to the GRIC-THOB-HS02 alignment, the 
SENG-HS02-SKSH alignment exhibits stable vertical displacements 
ranging from −33 to −41, which are 2 to 3 times lower than those at 
GRIC, despite differences in station distances. These observations sug-
gest that local factors at THOB may have ampli昀椀ed the displacement 
beyond what elastic models predict based on the spatial relationship to 
the graben (Sigmundsson et al., 2024).

6.3. Drone insights on fracture reactivation and topographic controls

Dominant NE-striking normal faults and 昀椀ssure swarms as well as N- 
striking right-lateral strike-slip faults have been identi昀椀ed on the Rey-
kjanes Peninsula in early geological surveys (Jónsson, 1978). Satellite 
imagery, aerial photography and DEMs, combined with other data 
sources (e.g., seismic, GPS), have led to detailed structural maps and 
enhanced understanding of the region’s fracture dynamics (Clifton and 
Kattenhorn, 2006; Ducrocq et al., 2024; Einarsson et al., 2023). In this 
study, we used cm-resolution drone-derived orthophotos and DEMs, 
combined with 昀椀eld observations, to analyse fracture geometry, distri-
bution and kinematics during the recent volcano-tectonic event in 
Svartsengi, providing insights into fracture dynamics at topographic 
highs.

6.3.1. Structure reactivation and kinematics
Well before the onset of the Reykjanes Peninsula’s rifting event in 

2020, Gudmundsson (1987) had already suggested that fractures in 
postglacial lava 昀氀ows were surface expressions of old Pleistocene 
structures hidden beneath younger lavas. Subsequent studies have 
provided further evidence of fracture reactivation across the peninsula 
(Clifton and Einarsson, 2005; Clifton and Kattenhorn, 2006). Since 
2020, remote sensing data supported by 昀椀eld observations have docu-
mented continuous displacement along pre-existing fractures (Bufféral 
et al., 2023; Ducrocq et al., 2024; Hjartardóttir et al., 2023). Similar 
fracture reactivation processes directly related to dyke intrusions have 
been observed at other sites in Iceland, including western Iceland 
(Khodayar and Einarsson, 2002), and more recently during the 2014 
Bárðarbunga volcano-tectonic episode (Ruch et al., 2016).

The use of DoD and DIC in this study allowed us to detect vertical and 
horizontal displacements along fault planes at Mount Thorbjörn, many 
of which followed pre-existing fault scarps at the surface. In contrast, 
others represented their buried continuations, lacking clear surface 
scarps. On one hand, this provides key insights into the role played by 
fracture reactivation in this context, as deformation during the 
2023–2024 volcano-tectonic event was accommodated by reactivation 
of pre-existing fractures, without evidence of new fractures being 
formed at this location. On the other hand, the results highlight the 
complex and partially hidden nature of the fracture network at Mount 
Thorbjörn, which may represent a common pattern across the Reykjanes 
Peninsula. The combination of change detection techniques thus pro-
vides a way to identify deformation despite sediment cover, allowing a 
more thorough understanding of the structures in the region.

The fracture reactivation that we recorded shows both normal and 
oblique displacements along N, NNE, and NE-striking fractures. This 
kinematics has previously been identi昀椀ed as the most common during 
magmatic periods on the Reykjanes Peninsula (Clifton and Kattenhorn, 
2006). Oblique motion along fractures, including right-lateral and 
normal displacements, occurred on conjugate N- and NNE-striking 
fractures. Together, they form curved and anastomosing fracture 
zones, usually de昀椀ning shear lenses of varying dimensions. This pattern 
is commonly observed in transtensional settings (e.g., Wesnousky, 2005) 
and has previously been described in other rift sectors on the Reykjanes 
Peninsula, such as in the Vogar Graben (Clifton and Kattenhorn, 2006; 
Gudmundsson, 1987). There, the pattern consists of NE-striking normal 
faults and E-striking open fractures, which have previously been 

suggested to be of different ages but to have interacted during trans-
tensional periods (Clifton and Kattenhorn, 2006). Analogue experiments 
simulate similar patterns under transtensional conditions, and the 昀椀nal 
fracture morphology varies with rift obliquity (Clifton et al., 2000).

Ruch et al. (2016) investigated transtensional fracture reactivation 
during the 2014–2015 rifting event at Bárðarbunga (Iceland), an oblique 
rift setting. By calculating the extension and shear de昀椀cits accumulated 
during inter-rifting periods, they demonstrated that the sudden surface 
displacements during the co-rifting event aligned with the long-term 
de昀椀cit buildup. Similarly, we present evidence of oblique fracture 
displacement during the November 2023 rifting event at Svartsengi, 
possibly releasing a stress build-up from the previous centuries. In total 
we 昀椀nd a ~1 m dextral strike-slip component localised along 昀椀ve main 
fractures on Mount Thorbjörn.

This demonstrates how dyke-induced rifting in oblique rift settings 
can be related to both the dyke-induced extensional forces and the 
accumulated tectonic transtension, highlighting the dynamic interaction 
between magmatism and tectonics during such events.

6.3.2. Fracture distribution and geometry
The state of stress in a region varies considerably between different 

topographic settings (Miller and Dunne, 1996; Ziegler et al., 2016). Such 
stress variations can manifest as fractures with spatial distributions and 
orientations closely related to the shapes of the landforms (Miller and 
Dunne, 1996). At Mount Thorbjörn, recent fractures show an increasing 
trend in density with elevation (Fig. 8B), illustrating this process. 
Fractures are rare on the base slopes and become denser within the 
plateau, usually nucleating around the cone, fault-related cliffs on the 
plateau’s west and east sides, and the curved landslide scarp along the 
western slope (Fig. 8A). This pattern suggests that recent fracture ac-
tivity on Mount Thorbjörn has been more pronounced at higher eleva-
tions, particularly on peaks and unstable slopes, suggesting that 
topographic highs are vulnerable regions during volcano-tectonic 
events.

Apart from topographically-induced stresses, the topographic effect 
on fracture density may be related to other factors such as lithology 
(Havenith et al., 2003), groundwater (Clifton et al., 2003), and its in-
昀氀uence on seismic wave ampli昀椀cation (García-Pérez et al., 2021; Massa 
et al., 2010). Deformation models and inversions should therefore 
include topography, as neglecting it can lead to incorrect interpretations 
(Hickey et al., 2024 and references therein).

Geometric variations in dyke-induced grabens due to topographic 
effects have been observed in volcanic regions, including Laki and 
Bárðarbunga in Iceland (Müller et al., 2017; Trippanera et al., 2015), 
Cumbre Vieja on La Palma (Walter et al., 2023), Harrat Lunayyir in 
Saudi Arabia (Trippanera et al., 2019), and Mount Etna in Italy (Tibaldi 
et al., 2022). In all cases, graben faults observed on 昀氀at surfaces diverge 
when encountering topographic highs, resulting in the widening of the 
graben.

Sandbox analogue experiments that consider conical and ridge-like 
topographies have supported natural observations (Trippanera et al., 
2015; Walter et al., 2023) and reproduced the lens-shaped fractures 
observed in such environments. Inspired by these 昀椀ndings, we con-
ducted simpli昀椀ed sandbox analogue experiments to investigate how 
Mount Thorbjörn’s topography may have in昀氀uenced fracture geometry 
during the development of its pre-existing fracture network. We 
designed these experiments to simulate tensile faulting beneath different 
topographic settings, including a 昀氀at surface, a 昀氀at-topped mountain, 
and a 昀氀at-topped mountain with an off-centre cone on top, closely 
resembling Mount Thorbjörn’s geometry. The experiments show that 
fractures, which develop subparallel to each other under 昀氀at conditions, 
diverge when encountering topographic highs, forming lens-shaped 
structures. These geometries resemble those observed in nature, as 
observed in the drone data. Despite the simpli昀椀cations, the experiments 
underscore the signi昀椀cant impact of slope and topographic features on 
fracture propagation, reinforcing the notion that topography played a 
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crucial role in shaping the mountain’s pre-existing fracture pattern. The 
methodology and results of these experiments are included in the Sup-
plementary Material.

6.4. Conceptual model

Our observations allow developing a conceptual model that high-
lights the following 昀椀ve elements. (1) On 10 November 2023, dyke- 
assisted subsidence within the Svartsengi Volcanic System affected a 
considerable area of the western Reykjanes Peninsula. InSAR and GNSS 
data revealed an unusually high vertical displacement at Mount 
Thorbjörn, suggesting enhanced deformation in this region (Fig. 10A). 

(2) Drone data acquired before and after the dyke intrusion and graben 
formation con昀椀rmed high vertical displacements throughout the 
mountain, most pronounced in the southeast part, suggesting a tilting of 
the mountain (Fig. 10B, C). (3) Subsidence was largely accommodated 
by transtensional reactivation of pre-existing fractures, possibly trig-
gered by stress changes due to dyke-induced deformation or strong 
ground shaking. Fracture activity included normal dip and right-lateral 
strike-slip displacements (Fig. 10C). (4) Deep fracture reactivation 
induced secondary surface fractures and sinkholes that cut through the 
regolith at the surface of Mount Thorbjörn (Fig. 10D). (5) The fracture 
pattern suggests that its development was controlled and favoured by a 
combination of factors, including the pre-existing fractures, the pre- 
existing topography, the amount of ground displacement, and the tec-
tonic regime. While most of these surface features formed in November 
2023, they continued to evolve progressively over time.

Given that the state of fracturing in a region plays a key role in 
relevant external geomorphic (e.g., erosion, slope instability, water 
in昀椀ltration) (Molnar et al., 2007) and internal geodynamic (e.g., magma 
movement to the surface, hydrothermal circulation) (Le Corvec et al., 
2013) processes, a thorough understanding of the topographic controls 
on fracturing is key to assessing these processes. In volcanically active 
regions, fractures can serve as magma pathways to the surface and 
potentially control eruption sites, so we need to assess this complex 
interaction.

In Svartsengi, magmatic activity is extensively monitored (e.g., 
Barsotti et al., 2023). However, fracture activity has caused multiple 
disruptions across the entire region. Our results suggest that higher 
elevation zones containing pre-existing fractures are particularly 
vulnerable to being affected by these processes. However, the risk is not 
restricted to these sectors only, and the effects have been observed in the 
town of Grindavík (Fig. 1, S.1).

The presence of tensile fractures below the soil surface is signi昀椀cant 
in the region, as evidenced by the sinkholes identi昀椀ed on Mount 
Thorbjörn after the recent crisis, but also present in other sectors like 
Grindavík. Sinkholes form when the soil cover seeps into a fracture, 
resulting in structures that can be very large depending on the thickness 
of the sediment (Einarsson, 2010). As they are hidden underground, it is 
dif昀椀cult to de昀椀ne the exact locations where sinkholes can occur, making 
them a major hazard. In addition, the formation and growth of sinkholes 
can continue for several years. At Mount Thorbjörn, sinkholes became 
visible in November 2023 and continue to develop, posing a high risk to 
anyone or any vehicle passing over them. While it is dif昀椀cult to de昀椀ne 
areas where sinkholes may develop, detailed structural mapping such as 
the one we present here can help identify sectors where blind fractures 
with tensile components may exist. At Mount Thorbjörn, for example, 
tensile fractures have been identi昀椀ed as shear-related extensional steps, 
commonly fault linking zones. Identifying such zones may therefore 
provide clues to the hidden presence of tensile fractures, potentially 
leading to sinkhole formation in the future.

7. Conclusions

We have used multitemporal drone photogrammetric data to inves-
tigate the deformation and structural geology on Mount Thorbjörn 
following the Svartsengi 2023–2024 unrest phase, focusing on the dyke- 
induced deformation in November 2023. The main results of our anal-
ysis can be summarised as follows: (1) Fracture reactivation played a key 
role in accommodating the deformation. (2) Fractures moved dip-slip 
(~10–90 cm) and with additional dextral strike-slip (~20–30 cm) 
components that reveal an in昀氀uence of the oblique rift forces. (3) Our 
data show subsidence and eastward tilting of the mountain, most pro-
nounced in the south, where a 1.3 m difference in subsidence was evi-
denced between the west and the east. Subsidence at Mount Thorbjörn 
was enhanced relative to the surrounding low-lying areas, suggesting an 
ampli昀椀cation of the deformation in the highlands of Mount Thorbjörn. 
(4) A cumulative length of over 9 km of new surface fractures developed, 

Fig. 10. Conceptual model of volcanic deformation consequences on Mount 
Thorbjörn since November 2023. (A) On 10 November 2023, a graben formed 
within Svartsengi reactivating fractures across the Reykjanes Peninsula. InSAR 
and GNSS data revealed high vertical displacement at Mount Thorbjörn, likely 
ampli昀椀ed by topographic effects. Active faults are shown in black, mapped 
using the TerraSAR-X interferogram from Fig. 2B. Fault dip and depth are 
illustrative. (B) Mount Thorbjörn, a highly fractured glaciovolcanic edi昀椀ce, 
shows escarpments from retrogressive erosion of old fault scarps. Only selected 
faults are shown, with inferred dip and downdip extent. Plate motion from 
DeMets et al. (2010). (C) The November dyke intrusion caused signi昀椀cant 
subsidence and tilted Mount Thorbjörn toward the southeast. Pre-existing 
fractures in the mountain were reactivated with oblique kinematics. (D) 
Reactivation led to many surface-expressed and blind fractures and sinkholes 
that nucleate close to the pre-existing structures. Fracture patterns re昀氀ect the 
long-term morphology of the mountain and the transtensional tectonics.
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spatially related to the pre-existing structures. Over 200 sinkholes 
accompanied this trend and location. (5) Their spatial density increases 
with elevation and clusters around local topographic features on the 
mountain, con昀椀rming increased deformation at higher elevations. (6) 
The continuous evolution of these structures, particularly in relation to 
sinkhole formation, highlights the need for continuous monitoring to 
manage associated risks. Our work highlights the power of multi-
temporal drone data to study fracture dynamics in active volcanic re-
gions: while satellite-based techniques (e.g., InSAR and GNSS) are useful 
for regional-scale monitoring and denser temporal sampling, periodic 
drone surveys remain essential for capturing small-scale features such as 
the fractures and sinkholes identi昀椀ed in this study.
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Appendix

Table A1 
Summary of the drones used for each survey, key features, 昀氀ight details and processing results.

Survey 1 2 3 4
Date 23 July 2022 18 November 

2023
25 April 2024 20 August 2024

Drone model and positioning system DJI Phantom 4 RTK DJI Matrice 30T RTK WingtraOne PPK 昀椀xed-wing
Camera type 1″ CMOS and 20 

MPixel ½″ CMOS and 12 MPixel Full-frame and 61 Mpixel Sony Alpha 7 Mark 
IV

Altitude control mode Constant height: ~ 120 m above summit Constant height: ~ 90 m above 
summit Follow-terrain: ~ 150 m above ground

Images Overlap 70 % lateral and 80 % frontal
Images used for SfM and number of tie 

points
857 images 

745,833 points
473 images 

690,453 points
2550 images 

1,362,554 points
806 images 

1,007,994 points
DEM Pixel Resolution 16.7 cm/pix 20 cm/pix 13.7 cm/pix 6 cm/pix
Orthophoto Pixel Resolution 8.4 cm/pix 10 cm/pix 6.8 cm/pix 3 cm/pix

Appendix A. Supplementary data

All data used in this article can be found online in the Supplementary at https://doi.org/10.1016/j.jvolgeores.2025.108407.

Data availability

Data is accessible via the following link: https://doi. 
org/10.5880/GFZ.HDBG.2025.001
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2016. Geological Map of Southwest Iceland, 1: 100000 (Iceland geosurvey). 
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