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A B S T R A C T   

Understanding the mechanical conditions for dike arrest and associated surface deformation or, alternatively, 
dike propagation to the surface to supply magma to an eruption, is of fundamental importance for volcanology in 
general and for volcanic hazards in particular. Here we present the results of a study of an outcrop located in the 
Reykjanes Peninsula, SW Iceland, where one dike became arrested only 5 m below the surface of an active 
volcanic system, without inducing any brittle deformation at the surface. In the same outcrop, at a distance of 30 
m, a feeder dike is exposed. Both dikes are associated with the Younger Stampar eruption (1210–1240 CE). We 
reconstructed a high-resolution 3D model, through drone surveys and Structure from Motion (SfM) techniques, 
on which we collected detailed structural data combined with 昀椀eld surveys. These data, integrated with 
petrographic and geochemical analyses, became inputs to Finite Element Method (FEM) numerical models, made 
using the COMSOL Multiphysics® software. Our results indicate that compression exerted by the intrusion of the 
feeder dike (inferred to have been emplaced 昀椀rst) can explain the arrest of the second dike and the absence of 
induced brittle deformation even if the dike tip is only 5 m below the surface. Furthermore, the contrasting 
mechanical properties of the layers that constitute the outcrop, with alternating stiff lavas and compliant tuffs, 
raise (concentrate) the compressive stresses in the lava 昀氀ows ahead of the second dike, thereby encouraging its 
arrest. Both the dikes are basaltic, but the earlier emplaced feeder dike is crystal poor and slightly more evolved 
than the later emplaced arrested dike. The results throw a new light on the conditions for dike arrest and (the 
lack of) dike-induced brittle deformation at very shallow depths in active rift zones, with important implications 
for volcanic-hazard assessments.   

1. Introduction 

During volcanic eruptions, magma is transported up to the surface 
through magma-昀椀lled fractures, dikes or inclined sheets, driven mainly 
by internal magmatic overpressure (Delaney et al., 1986; Gudmundsson, 
2011a, 2020; Acocella, 2021). However, observations show that most 
dikes do not reach the surface to supply magma to eruptions (Gud-
mundsson et al., 1999; Gudmundsson and Brenner, 2001; Gudmunds-
son, 2003; Calais et al., 2008; Pallister et al., 2010; Bonaccorso et al., 
2011; Nobile et al., 2012; Rivalta et al., 2015; Townsend et al., 2017). 
Most of the dikes that do not reach the surface become arrested at 

contacts between mechanically dissimilar layers or, alternatively, 
become de昀氀ected into sills (Gudmundsson, 1986a; Parsons et al., 1992; 
Kavanagh et al., 2006; Rivalta et al., 2005; Thomson, 2007; Menand, 
2008; Tibaldi and Pasquarè Mariotto, 2008; Gudmundsson, 2011a, 
2011b; Maccaferri et al., 2011; Drymoni et al., 2020). On approaching 
the surface, dikes generate stress in the host rock (Rubin and Gillard, 
1998; Gudmundsson, 2003, 2011a; Roman and Cashman, 2006; 
Ágústsdóttir et al., 2016; Bazargan and Gudmundsson, 2019, 2020; 
Heimisson and Segall, 2020), which can lead to surface deformation, 
normal faults, graben structures, or dry tension fractures (Swanson, 
1976; Pollard et al., 1983; Murray and Pullen, 1984; Mastin and Pollard, 

* Corresponding author at: Department of Earth and Environmental Sciences, University of Milan-Bicocca, 20126 Milan, Italy. 
E-mail address: fabio.bonali@unimib.it (F.L. Bonali).  

Contents lists available at ScienceDirect 

Journal of Volcanology and Geothermal Research 
journal homepage: www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research 

https://doi.org/10.1016/j.jvolgeores.2023.107914 
Received 8 June 2023; Received in revised form 11 September 2023; Accepted 17 September 2023   

mailto:fabio.bonali@unimib.it
www.sciencedirect.com/science/journal/03770273
https://www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research
https://doi.org/10.1016/j.jvolgeores.2023.107914
https://doi.org/10.1016/j.jvolgeores.2023.107914
https://doi.org/10.1016/j.jvolgeores.2023.107914
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2023.107914&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Volcanology and Geothermal Research 443 (2023) 107914

2

1988; Rubin and Pollard, 1988; Gudmundsson, 2003; Nobile et al., 
2012; Segall, 2013; Trippanera et al., 2015; Magee and Jackson, 2021; 
Tibaldi et al., 2022). Dike-induced grabens have been observed along 
both fast and slow-spreading plate boundaries (Stein et al., 1991; 
Chadwick Jr and Embley, 1998; Wright et al., 2006; Calais et al., 2008; 
Ebinger et al., 2008; Biggs et al., 2009; Grandin et al., 2009; Pallister 
et al., 2010; Acocella and Trippanera, 2016; Xu et al., 2016; Al Shehri 
and Gudmundsson, 2018; Trippanera et al., 2019; Gudmundsson, 2020; 
Tibaldi et al., 2022), including in Iceland, during the recent Kra昀氀a and 
Bardarbunga rifting episodes (Sigurdsson, 1980; Rubin, 1992; Sig-
mundsson et al., 2015; Hjartardóttir et al., 2016; Ruch et al., 2016). Over 
the past decades, the studies on the relations between dike intrusions 
and surface deformation have become key to volcanic hazard assess-
ment, through analytical (Isida, 1955), analogue (Mastin and Pollard, 
1988; Trippanera et al., 2015; Xu et al., 2016) and numerical studies 
(Pollard et al., 1983; Rubin and Pollard, 1988; Bazargan and Gud-
mundsson, 2019, 2020; Clunes et al., 2023). However, detailed 昀椀eld 
studies of dikes and faults in Iceland show no connection between gra-
bens (or normal faults in general) and dikes (Forslund and Gudmunds-
son, 1991, 1992), and there is evidence of arrested dikes in different 
volcanic areas that are not associated with fracturing and/or faulting 
around the dike tip or at the surface (e.g., Gudmundsson, 2003). These 
observations and related numerical models suggest that no dike-induced 
surface deformation would normally be expected, unless the tip of the 
dike is at a depth < 1 km (Al Shehri and Gudmundsson, 2018). 

Here, we present a case study of two dikes. One became arrested at a 
depth of only 5 m below the surface of an active rift zone without 
inducing deformation at the surface. Only 30 m away is an outcrop of a 
feeder dike (Sigurgeirsson, 1995; Gudmundsson, 2017), referred to as 
the 昀椀rst dike (it is inferred to have been emplaced earlier than the 
arrested (second) dike). Both dikes belong to the Younger Stampar 
magmatic system that produced eruptions in 1210–1240 CE (Sae-
mundsson et al., 2016) on the Reykjanes Peninsula (RP), SW Iceland 
(Fig. 1). We collected new quantitative data from a high-resolution 3D 
model, using photogrammetry techniques, made 昀椀eld surveys, and 
performed petrographic and geochemical analyses on both dikes. 

Subsequently, we made a set of Finite Element Method (FEM) numerical 
models using the COMSOL Multiphysics® software to explore possible 
scenarios regarding the conditions for dike arrest and lack of surface 
deformation. 

The aim of this paper is to address the following research issues: (i) 
What factors contributed to the arrest of the second dike? (ii) Why is 
there no deformation at the surface associated with the arrested dike? 
(iii) What are the petrographic and geochemical differences between the 
昀椀rst (feeder) and second (arrested) dike and what is their relation to the 
other historical lava 昀氀ow on the RP? 

Our study focuses on dike emplacement and arrest and is highly 
relevant to dike propagation and eruptions, as occurred in Fagradalsfjall 
on the RP in 2021–2022. Considering the cyclic nature of eruptive ac-
tivity in the RP (Saemundsson et al., 2020), the results of our study 
should improve the understanding of present-day and future eruptions 
on the RP, with implications for other similar volcanic areas around the 
world. 

2. Geological setting 

The Reykjanes Peninsula (RP) extends with an overall trend of 
N70◦E, strongly oblique to the spreading direction of N101◦E (DeMets 
et al., 2010, Fig. 1). This leads to the coexistence of volcanism and 
intense seismicity in the RP differently from other volcanic systems in 
Iceland, which are mostly characterised by weaker seismicity (Einars-
son, 2008). From west to east, four volcanic systems, which also contain 
昀椀ssure swarms, have been identi昀椀ed, namely those of Reykjanes, Krí-
suvík, Brennisteinsfjöll and Hengill (Einarsson and Saemundsson, 1987), 
each consisting of eruptive 昀椀ssures, normal faults and tension fractures 
(Fig. 1). On the RP, rifting episodes occur every 800–1000 years 
affecting different volcanic systems. Starting from 14,500 yr BP, volca-
nic 昀椀ssures became dominant in the RP (Saemundsson et al., 2020). The 
volcanic systems have a general northeast strike (Clifton and Schlische, 
2003) and the eruptive 昀椀ssures are marked by alignments of scoria and 
spatter cones. Before the 2021–2022 volcanic activity, the latest volca-
nic episode on the RP took place between 700 and 1240 CE inducing 

Fig. 1. (A) Main volcanic zones of Iceland (from Einarsson, 2008), spatial reference: WGS84 - Geographic coordinates. (B) Map showing the volcanic systems in the 
RP (after Einarsson and Saemundsson, 1987), and historical and prehistoric lava 昀椀elds (from Saemundsson et al., 2016), including the Younger Stampar and the 
2021–2022 Fagradalsfjall lava 昀氀ows (from https://geovis.hi.is/). Eruptive 昀椀ssures and monogenetic cones are shown in red and blue, respectively (from Sae-
mundsson et al., 2016). Spatial reference: WGS 84 - UTM zone 27 N. RVS: Reykjanes Volcanic System, KVS: Krísuvík Volcanic System, BVS: Brennisteinsfjöll Volcanic 
System, HVS: Hengill Volcanic System. Blue arrows show the plate motion direction, the spreading vector (N101◦E, from DeMets et al., 2010). The DEM in the 
background is the 2-m resolution Arctic DEM (https://www.pgc.umn.edu/data/arcticdem/). The black box indicates the location of the study area. The black dot 
inside the box locates the studied outcrop. (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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昀椀ssure eruptions with the same NE orientation (Saemundsson et al., 
2016, 2020) (Fig. 1). 

The Reykjanes Volcanic System, which includes the Reykjanes 
Fissure Swarm (RFS), is the westernmost one in the RP, with a total 
length of 45 km, 30 km of which are located on land. Fissure eruptions in 
the RFS are marked by onshore effusive activity and offshore hydro-
volcanic activity, based on the latest volcanic activity (early 13th Cen-
tury), which included the Younger Stampar eruption (Sigurgeirsson, 
1995). This is the youngest of the three volcanic events, denominated 
“Stampar” eruptions. The oldest lava 昀氀ow is dated to 3500–4000 yr BP 
(Sigurgeirsson, 1992) while the youngest two lava 昀氀ows are called 
“Older Stampar” and “Younger Stampar” and are dated to 2000 yr BP 
and the 13th Century, respectively (Figs. 2A). These latter two lava 昀氀ows 
erupted on land along 7-km long and 4-km long crater rows, respectively 
(Fig. 2A-B). 

We concentrate on the most recent event, the Younger Stampar 
eruption. This was part of the Reykjanes Fires, an eruptive episode that 
occurred between 1210 and 1240 CE (Saemundsson et al., 2016). The 
earlier phase of the event occurred offshore, characterised by Surtseyan 
eruptions that resulted in the formation of two tuff cones. The youngest 
cone, called Karl, has been mostly eroded by the sea, leaving a 50-m high 
pillar (Fig. 2A). After this offshore phase, a 4-km-long volcanic 昀椀ssure 
opened on land, triggering a Hawaiian eruption (Sigurgeirsson, 1995). 

Along the sea-cliff to the SW, there are the two studied dikes related 
to this magmatic system (Sigurgeirsson, 1995; Gudmundsson, 2017) 
(Fig. 2C and Fig. 3). The arrested dike cuts through a soft tuff layer, 

made of tephra deposits from the Karl crater, dated to 1211 CE using 
tephrochronology, 14C dating, and written sources (Sigurgeirsson, 1995; 
Saemundsson et al., 2020), but becomes arrested when it reaches the 
contact between the tuff and the Younger Stampar lava 昀氀ow (Gud-
mundsson, 2017). The feeder dike is located some 30 m to the northeast 
of the arrested dike and fed only the upper part of the 昀氀ow, but not its 
lower part, which had erupted before from the Karl cone (Sigurgeirsson, 
1995; Gudmundsson, 2017). 

3. Methodology 

To perform a complete analysis of the study area, we used a multi-
disciplinary approach, illustrated in the work昀氀ow in Fig. 4. Firstly, we 
collected structural data and representative samples for petrographic 
and geochemical analyses. Speci昀椀cally, we obtained a high-resolution 
structural geological dataset using mainly 3D models and 昀椀eld cam-
paigns. Then we combined literature data and petrographic and 
geochemical analyses to obtain the composition of the dikes. Finally, our 
data became inputs to FEM numerical models that allowed us to inves-
tigate the parameters that control dike propagation and surface defor-
mation in the shallow crust. We would like to highlight that the 
thickness of the volcanic layers and dikes had been measured previously 
during 昀椀eld surveys (Gudmundsson, 2017). In this work, we collected 
new measurements through drone surveys and SfM-derived 3D models 
that allowed us to collect more accurate data, reaching also the highest 
part of the cliff. Furthermore, due to its location, the outcrop is strongly 

Fig. 2. A) Geological-structural map of the area showing the Older and Younger Stampar eruptions, modi昀椀ed after Saemundsson et al. (2016) with the help of aerial 
photographs. The crater rows associated with these eruptions and the location of the Karl cone are highlighted. Spatial reference: WGS 84 - UTM zone 27 N. B) 
Aligned scoria and spatter cones of the Younger Stampar crater row (location in Fig. 2A). C) Plan view of the dikes cropping out along the edge of the cliff, observed 
on a high-resolution orthomosaic (location in Fig. 2A). Spatial reference: WGS 84 - UTM zone 27 N. 
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affected by marine erosion, meaning that the parts of the dikes that are 
available for measurements in the cliffs (Fig. 3) change as erosion pro-
gresses. This can explain the difference between our measurements and 
the previous ones. The methodology steps are presented in the following 
sections. 

3.1. Structural data collection through 昀椀eld surveys and on 
photogrammetry-derived 3D models 

To map the study area, we used aerial photographs collected in 1981, 
1984 and 1988, available from the National Land Survey of Iceland 
website (https://www.lmi.is/). We carried out the photogrammetric 
processing of these images (e.g., Micheletti et al., 2015; Bonali et al., 
2019) through the SfM software Agisoft Metashape (https://www.agis 
oft.com/), to obtain orthomosaics and Digital Surface Models (DSMs) 
with resolutions up to 20 and 40 cm/pixel, respectively. Using the 

resulting models and the geological map of SW Iceland at the scale of 
1:100,000 (Saemundsson et al., 2016), we mapped all the lava 昀氀ows, 
geological units and the main structures of the area, as well as the vol-
canic 昀椀ssures of the Stampar craters (Fig. 2A). We distinguished normal 
faults from tension fractures based on the presence of shaded or 
brighter-lit slopes, highlighting the presence of a fault scarp (e.g., Corti 
et al., 2021). We mapped the base of each vent along the crater rows, 
and traced the eruptive 昀椀ssures based on the elongation of each spatter 
cone, which is considered parallel to the strike of the underlying dike 
(Tibaldi, 1995; Tibaldi and Bonali, 2017). All the mapped structures 
were validated during 昀椀eld surveys conducted during the summer sea-
sons of 2021 and 2022. 

To collect structural data from the dikes and the studied outcrops, we 
built a high-resolution 3D model derived from 1073 Unmanned Aerial 
Vehicle (UAV)-collected pictures. We used a DJI Spark, a small quad-
copter equipped with a 12 Megapixels camera, which had been 

Fig. 3. UAV-captured pictures showing A) the feeder dike (occasionally referred to as the 昀椀rst dike) and B) the arrested dike (occasionally referred to as the second 
dike). The locations of the two dikes are shown in Fig. 2C. 

Fig. 4. Multidisciplinary work昀氀ow representing the steps followed in the present study.  
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successfully employed before in other volcanic areas (Bonali et al., 
2020). The camera was set orthogonal to the cliff (oblique orientation) 
for 360 pictures, whereas a classical nadir orientation was used for the 
others. The drone was manually 昀氀own at a speed of 2 m/s and images 
were captured every 2 s, 昀氀ying at a distance of about 20–25 m from the 
target, similarly to the method of Pasquaré Mariotto et al. (2021). We 
performed the photogrammetric processing (James and Robson, 2012; 
Burns and Delparte, 2017; James et al., 2017) with high quality settings, 
obtaining a 3D model with texture resolution of 0.8 cm/pixel, together 
with an orthomosaic (0.8 cm/pixel) (Fig. 2C) and a DSM (1 cm/pixel). 
We georeferenced and scaled the model placing 6 Ground Control Points 
(GCPs) collected using single frequency receivers in real-time kinematic 
(RTK) positioning con昀椀guration (2 cm of accuracy). We also carried out 
quantitative data collection on the resulting models in Agisoft Meta-
shape and GIS environments, measuring the thickness of the volcanic 
layers and the attitude and thickness of the two dikes. 

3.2. Petrography and geochemistry of the dikes 

Here we report preliminary petrographical and geochemical results 
based on four representative samples, two from the feeder and two from 
the arrested dike. We collected the samples at the contact between the 
dike and the host rock wall, and they all include a glassy margin <0.5 
cm. Both dikes were sampled at a height of about 5.5 m a.s.l., and at a 
similar distance from the host rock contact, at least at 1–1.5 cm from the 
chilled margin. We pulverised and pressed them as pellets for the 
analysis. We performed whole rock analyses using the energy-dispersive 
X-ray 昀氀uorescence (EDXRF) furnished with a PANalytical Epsilon 3-XL 
spectrometer at the University of Milan-Bicocca, similarly to that done 
by Tibaldi et al. (2013). We analysed the dikes for major and minor 
elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P) based on EDXRF and 
through the Malvern Panalytical Epsilon 3 software platform, using 
calibration curves based on basaltic international standards. Relative 
errors are <6% for all the elements with the exception of K2O (13%) and 
P2O5 (21%) which are showing concentration always <0.2 wt%. 

Two thin sections (30 μm) for each dike were prepared. We obtained 
the modal composition using an optical microscope and the JMacroVi-
sion software based on random point analysis with a total of 2000 points 
for each thin section. We used a Secondary Electron Microscope (Vega 
TS Tescan 5163 XM) combined with an Energy Dispersive X-ray Spec-
trometer analyser (EDAX Genesis 400) at the University of Milan- 
Bicocca to analyse plagioclase, clinopyroxene and olivine phenocrysts 
(>5 mm) and microphenocrysts for major elements, using the same 
method as Borromeo et al. (2022). We analysed the phenocrysts both in 
the core and in the rim to test for chemical zoning, using 20 kV for the 
accelerating voltage, and 200 pA for the beam current. We applied 
corrections for the atomic number, absorption and 昀氀uorescence excita-
tion effects (ZAF correction) for the mineral analyses. For plagioclase 
concentrations, the relative errors of SiO2, Al2O3, CaO, and Na2O are 
<1%, for K2O is 13%. For clinopyroxene concentrations, the relative 
errors of SiO2, MgO, and CaO are <1%, for FeO and Al2O3 are 7% and 
9% respectively, and for Cr2O3 and Na2O are 15%. Finally, for olivine, 
the relative errors of major element concentrations are <1% for SiO2 and 
MgO, and 2% for FeO. 

3.3. Numerical modelling setup 

We made numerical models using COMSOL Multiphysics (v5.6), a 
FEM software which can be used to study the distribution of dike- 
induced local stresses, displacements, and strains subject to user- 
de昀椀ned boundary loads. We designed a 500 × 500 m squared domain 
and discretised it by a very 昀椀ne triangular meshing, with a minimum 
element quality of 0.4534 m and 1100 boundary triangular elements. 
We inserted the dike as a 昀氀uid-昀椀lled cavity and arranged it in the central 
part of the domain to exclude edge effects from our interpretations 
(Drymoni et al., 2023). We fastened the models in the two bottom 

corners to avoid rigid-body rotation and translation (Geyer and Gotts-
mann, 2010; Browning et al., 2021). We developed static models by 
placing the dike along the vertical (Y) axis arbitrarily to simulate vertical 
dike propagation (Fig. 5A). 

We used previous 昀椀eld observations and our 3D structural data to 
replicate an elastic layered medium (Sigurgeirsson, 1995; Gudmunds-
son, 2017). We assigned distinct mechanical properties (e.g., Young's 
modulus (E), density (ρ), Poisson's ratio (ν)) for each layer based on 
typical values from the literature (Gudmundsson, 2011a, 2020). From 
top to bottom, the stratigraphic column is composed as follows: 

- Upper lava unit, 2 m thick, EUL = 10 GPa, ρ = 2600 kg/m3, ν = 0.25; 
- Lower lava unit, 2.6 m thick, ELL = 11 GPa, ρ = 2600 kg/m3, ν =

0.25; 
- Consolidated ash, 0.4 m thick, EA = 5 GPa, ρ = 2300 kg/m3, ν =

0.25; 
- Tuff, 10 m thick, ET = 1 GPa, ρ = 2000 kg/m3, ν = 0.25; 
- Pillow lavas, EPL = 10 GPa, ρ = 2700 kg/m3, ν = 0.25. This layer is 

not present in the outcrop. However, we included it in the stratigraphy 
based on the offshore available data. 

We applied different boundary conditions, such as: a) a range of 
overpressure (Po = 2–4 MPa), based on previous studies (Gudmundsson, 
2011a, 2020; Drymoni et al., 2020), b) an 1 MPa horizontal extensional 
stress (Fig. 5A-B) to simulate plate motion (Fig. 1), and c) a horizontal 
compressional stress (1–4 MPa), applied to all the layers cut by the 
feeder dike, simulating the effect of compression in the host rock caused 
by the magmatic overpressure of the previous dike intrusion (Gud-
mundsson, 2017) (Fig. 5C). 

We plotted the stress values at the tip of the dike and at its vicinity, 
namely the maximum principal tensile stress (σ3) and the absolute shear 
stress (τ). We produced 1D graphs of tensile and von Mises shear stresses 
(τ) at the surface, to investigate the likelihood of tensile fracture for-
mation or the possibility of fault initiation or, possibly, a slip on a pre- 
existing fracture. For a tension fracture to form, the tensile stress (σ3) 
should be at least equal to the in-situ tensile strength (T0) of the host 
rock (0.5–9 MPa, Amadei and Stephansson, 1997), with the most typical 
values between 2 and 4 MPa (Gudmundsson, 2011a). For fault forma-
tion, the von Mises shear stress (τ) must be two times the tensile stress (τ 

≥ 2σ3), namely 4–8 MPa (Haimson and Rummel, 1982; Schultz, 1995). 
Furthermore, we studied the trajectories (ticks) of the maximum (σ1) 
and minimum (σ3) principal compressive stresses (σ3 is also the 
maximum principal tensile stress), to investigate the dike arrest or 
propagation path. 

We divided our numerical models in three settings: 
- Setting I: Investigating the vertical dike propagation in the tuff 

layer. We moved the arrested dike along the Y axis within the tuff (Y1, 
Y2, Y3) by applying different overpressure values and an extensional 
stress 昀椀eld of 1 MPa (Fig. 5A); 

- Setting II: Exploring the mechanical properties for the tuff and lava 
layers and their effect on dike propagation. We gave a range of different 
Young's modulus (ET = 1–3 GPa) to the tuff layer and the lava layers (EUL 
and ELL = 7–15 GPa). The arrested dike has an overpressure of 3 MPa, 
and is subject to an extensional tectonic stress 昀椀eld of 1 MPa (Fig. 5B); 

- Setting III: Evaluating the in昀氀uence of compression caused by the 
pre-existing feeder dike (Gudmundsson, 2017). The Stampar dikes have 
a similar strike so that we may assume that the horizontal compressive 
stress induced by the feeder was essentially in a direction perpendicular 
to the plane of the non-feeder, even if primarily mode I cracks (such as 
dikes are) can usually deviate slightly from the direction that is exactly 
perpendicular to σ3. This could happen particularly if magma 昀椀nds 
weaknesses (e.g. joints) with zero tensile strength that are not perfectly 
perpendicular to the σ3. Such a deviation is partly a consequence of the 
dikes following the path of least action (Gudmundsson, 2022). Here, we 
assigned to the arrested dike overpressure (2 to 4 MPa) and a 
compressional stress 昀椀eld of 1 to 4 MPa (Fig. 5C). 
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4. Results 

4.1. Geological and structural data 

We identi昀椀ed all the vents (spatter cones) belonging to the Older and 
the Younger Stampar crater rows, mapping their bases through histori-
cal aerial photographs and 昀椀eld surveys (Fig. 6A). Based on the elon-
gation of these cones, we traced 23 eruptive 昀椀ssures for the Older 
Stampar, and 49 for the Younger Stampar crater row. We distinguished 
the two crater rows with the help of previous maps (Sigurgeirsson, 1995) 
and through 昀椀eld observations. Differences between the two crater rows 
were visible in the 昀椀eld as the cones that belonged to the Older Stampar 
昀椀ssure were more covered by vegetation than the Younger Stampar 
ones. 

Both crater rows present a general NE-trending alignment (Figs. 6A- 
B). Based on the eruptive 昀椀ssures that we traced, the strike for the Older 
Stampar is between N21◦E and N51◦E, with an average value of N33.2◦E 
and a standard deviation (SD) of 6.5◦, consistent with the alignment 
orientation (Fig. 6C). The eruptive 昀椀ssures of the Younger Stampar show 
a similar range of values, between N23◦E to N50◦E, with an average 
value of N38.8◦E and a SD of 5.7◦ (Fig. 6D). No fractures (apart from the 
eruptive 昀椀ssure itself) were found in the Younger Stampar area based on 
our 昀椀eld studies and aerial photographs, as is con昀椀rmed by the 3D model 
in Fig. 6B. 

On the high-resolution 3D model reconstructed from drone-collected 
pictures, we analysed the stratigraphy of the cliff where the two dikes 
are exposed and measured the thickness of each layer (Fig. 6G). Starting 
from the bottom, we observed the following units: i) a tuff layer, with a 
maximum exposed thickness of 10 m; the lowest part of this layer is 
covered by fallen blocks, so the actual thickness could be greater than 
the measured value; ii) a thin layer made of consolidated (baked) ash, 
with a thickness of 0.4 m; iii) a 2.6-m-thick, lower lava layer; iv) an 
upper lava 昀氀ow, with thickness decreasing toward the southeast but as 
much as 2 m above the arrested dike. Above the tip of the feeder dike, it 
is possible to observe the lava 昀氀ow fed by the dike itself, which becomes 
thinner away from the dike (Fig. 6G). 

The feeder dike cuts the tuff, the thin baked (heat metamorphosed) 
and consolidated ash layer, and the lower part of the lava 昀氀ow, before 
feeding the lava 昀氀ow above. The other dike becomes arrested at the 
contact between the tuff and the baked (consolidated) ash layer 
(Fig. 6G). We measured the strike of these dikes as follows: 1) the feeder 
dike shows values between N27◦E and N47◦E, with an average of 
N36.2◦E and a SD of 7.5◦ (Fig. 6F); 2) the arrested dike shows values 
between N18◦E and N47◦E, with an average of N32.2◦E and a SD of 
12.6◦ (Fig. 6E). In general, both dikes present strike values that are 
consistent with the orientations measured for the crater rows. 

The feeder dike has a maximum thickness of 57 cm at the base of the 
outcrop, which decreases where it cuts the lava, with an average 
thickness of 30 cm. The dike is everywhere vertical or subvertical, 

dipping to the NW, with a small de昀氀ection to 83◦ where it enters the lava 
昀氀ow. The exposed part of the arrested dike is made of two segments. The 
upper segment has maximum and average thicknesses of 16 cm and 10 
cm, respectively. The dike propagated vertically, decreasing to 70◦ to 
the NW just before it became arrested at the contact with the thin baked 
consolidated ash layer. The lower segment, which starts from the bottom 
of the outcrop, has maximum and average thicknesses of 32 cm and 23 
cm, respectively. The segment ranges in dip from vertical, in the lower 
part, to 80◦ toward NW at its top. 

4.2. Petrographic and major elements analyses of the dikes 

Based on petrographic and geochemical analyses, the dikes are of 
sub-alkaline basalts, based on the total alkali-silica diagram (Le Maitre 
et al., 2002), and their compositions overlap with the bulk rock com-
positions of the RP magmatic systems (Jakobsson et al., 1978; Gurenko 
et al., 1990; Sinton et al., 2005; Kokfelt et al., 2006; Peate et al., 2009; 
Koornneef et al., 2012; Fowler and Zierenberg, 2016a, 2016b; Bindeman 
et al., 2022; Halldórsson et al., 2022). Both dikes show a tholeiitic af-
昀椀nity in the AFM diagram (chemical analyses of whole rocks of this 
study are provided in Appendix 昀椀le A1). The Younger Stampar dikes 
show lower MgO concentrations than the other historical lavas on the 
RP, suggesting that the dikes have undergone higher degrees of crys-
tallisation (Fig. 7). The K2O/TiO2 ratio of the studied dikes increases as 
the MgO content decreases, suggesting the crystallisation of Ti- 
magnetite. The K2O/TiO2 ratio has been used in the literature to 
assess different magmatic sources in Iceland. The studied Younger 
Stampar dikes are consistent with the MgO versus K2O/TiO2 trend 
de昀椀ned by most of the historical lavas at Reykjanes Peninsula (Fig. 7), 
with the exception of the 2021 Fagradalsfjall lavas (Bindeman et al., 
2022; Halldórsson et al., 2022) where there was a systematic increase of 
K2O/TiO2 and MgO during the eruption which, together with other 
geochemical signals, is interpreted as being the result of mixing of 
mantle magmas. 

All the studied thin sections show porphyritic textures. In the 
groundmass of the arrested sample, we observe microphenocrysts of 
plagioclase, clinopyroxene and Ti-magnetite showing from skeletal 
(clinopyroxene and plagioclase) to dendritic (Ti-magnetite and clino-
pyroxene) morphology immersed in glass (Figs. 8C-D). In contrast, the 
groundmass of the feeder dike consists of plagioclase and clinopyroxene 
microphenocrysts with polyhedral morphology, and Ti-magnetite 
showing from skeletal to dendritic morphology (Figs. 8A-B). Thus, the 
different groundmass textures of the two dikes suggest that the arrested 
dike underwent a faster cooling than the feeder dike. 

The modal composition of the studied basalts correlates with the dike 
paths. In fact, the modal composition of the two samples from the 
arrested dike (53A and 53B) is 6% and 8% for the plagioclase crystals, 
respectively, 1% for the clinopyroxenes and <1% for the olivines. The 
feeder dike samples (51A and 51B) show 2% and 3% plagioclase 

Fig. 5. Numerical models setup. (A) Setting I: investigating dike propagation in the tuff layer subject to dike overpressure and regional extension, represented by 
black arrows (applied at the boundaries indicated by the black lines on the sides). The arrested dike is represented by dark red, light red, and pink vertical line 
according to its Y position (Y1, Y2, Y3). (B) Setting II: exploring the in昀氀uence of mechanical parameters (E) on dike propagation. (C) Setting III: evaluating the effect of 
the local feeder dike-induced compressional stress 昀椀eld, represented by black arrows (applied at the boundaries indicated by the black lines on the sides). The 
arrested dike is kept at the constant depth Y2. In all models, the stratigraphy is based upon 昀椀eld observations. X symbols at the bottom corners represent 昀椀xed model 
constraints. (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. 6. A) Detailed map of the Older and Younger Stampar crater rows, with the strike of the eruptive 昀椀ssures inferred by the elongation of each vent. For lava units, 
see the legend in Fig. 2A. Spatial reference: WGS 84 – UTM zone 27 N. B) View of the 3D model obtained from historical aerial photographs (location in Fig. 6A), 
where the absence of tension fractures and faults can be noticed. Rose diagrams showing the strike of C) the Older Stampar eruptive 昀椀ssures, D) the Younger Stampar 
eruptive 昀椀ssures, and of the outcropping segments of E) the arrested and F) the feeder dike. G) UAV-derived 3D model of the outcrop, with the layers and the two 
dikes highlighted (location in Fig. 6B). Ground Control Points (GCPs) used to georeference the model are shown as green 昀氀ags. (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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crystals, respectively, 1% clinopyroxenes, while olivine is rare in one 
sample (51A) and absent in the other (51B). The higher porphyritic 
index of the arrested dike is in agreement with the 昀椀eld observations 
reported by Gudmundsson (2017, see chapter 13). 

In all the thin sections, plagioclase is the most abundant phenocryst, 

followed by phenocrysts of clinopyroxene and olivine. Plagioclase and 
clinopyroxene crystals are commonly observed as glomerocrysts. 
Plagioclase phenocrysts are from 0.5 to 2 mm in size and are generally 
larger than clinopyroxenes and olivines independently of the dike type. 
Most of the phenocrysts bear slightly to strongly crystallised melt in-
clusions, but no 昀氀uid inclusions were observed in any of the phenocrysts, 
suggesting they were growing in a volatile undersaturated magma 
(Esposito, 2021). The degrees of crystallisation of melt inclusions 
roughly correlates with their size. Twenty-昀椀ve plagioclase phenocrysts 
were analysed in the core and the rim and span a wide range of com-
positions (Fig. 9A). In particular, the plagioclases of the arrested dike 
show An89–70 while those of the feeder dike show An81–71. Plagioclase in 
the groundmass has a narrower range of anorthite composition. In 
particular, the arrested dike shows An71–68 with an outlier of An52, and 
the feeder dike shows An69–60. Most of the analysed plagioclase phe-
nocrysts are normally zoned or unzoned. However, two of the plagio-
clase phenocrysts in the arrested dike show a strongly reversely zoned 
rim from An72 in the core to An84 and An79 in the rim, respectively 
(Appendix 昀椀le A1). This same reverse zonation is not observed for 
plagioclase phenocrysts found in the feeder dike. While these plagio-
clase compositions partially overlap, there is correlation between the 
highest An contents of a single sample with the corresponding Mg# 
based on the whole rock analysis (Fig. 9A). The mineral chemistry is 
consistent with the bulk rock analysis and as the Mg# decreases, the 
highest An content of plagioclase decreases. The An content versus the 
Mg# of the whole rock of the studied samples (both feeder and arrested) 
is in trend with the compositions of the RP historic lavas reported by 
Peate et al. (2009). 

Pyroxenes are found in glomerocrysts associated with plagioclase in 
all the studied four samples and have augitic composition based on the 
pyroxene quadrilateral by Morimoto (1988) (Fig. 9B). Even though 
limited preliminary data is available for clinopyroxene phenocrysts (4 
clinopyroxenes of the arrested and 3 clinopyroxenes for the feeder), they 
cluster in a limited 昀椀eld of the quadrilateral. Clinopyroxene phenocrysts 

Fig. 7. MgO versus K2O/TiO2 of bulk rocks of the Younger Stampar dikes 
compared with historical lavas of the RP. Bulk rock data from historical lavas 
are from the literature. Bulk rock data: 2021 Fagradalsfjall (Bindeman et al., 
2022; Halldórsson et al., 2022), Brennisteinsfjoll (Sinton et al., 2005; Kokfelt 
et al., 2006; Peate et al., 2009), Krisuvik (Peate et al., 2009; Koornneef et al., 
2012), Svartsengi (Gee et al., 1998; Kokfelt et al., 2006; Peate et al., 2009; 
Koornneef et al., 2012), Reykjanes (Peate et al., 2009; Koornneef et al., 2012). 
Notice the lower MgO content of the bulk rocks of the Younger Stampar dikes 
relative to the bulk rock of a Stampar 1211–1240 CE lava (red cross symbol; 
data by Peate et al., 2009). (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. Photomicrographs of the dikes' groundmass collected using re昀氀ected light. A-B) photomicrographs of the feeder dike samples (51 A and B); C-D) photo-
micrographs of the arrested dike samples (53 A and B). 
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of the feeder dike show Wo contents toward lower values (En49–46, Fs12, 
Wo41–39) relative to those of the arrested dike (En49–45, Fs12–10, 
Wo40–44). As for plagioclase phenocrysts, pyroxenes were analysed both 
in the core and in the rim, but no signi昀椀cant chemical zoning was 

detected. Clinopyroxenes from the groundamass show signi昀椀cantly 
lower Wo and trend toward higher Fs and En components (En59–38, 
Fs24–14, Wo40–25) relative to clinopyroxene phenocrysts independently 
on the dike type (Appendix 昀椀le A1). 

Fig. 9. Mineral composition of the samples studied compared to data from Peate et al. (2009). A) An mole% of plagioclase versus the Mg# of the corresponding 
whole rock. Notice the correlation between the maximum An content and the Mg# of the corresponding whole rock. The question mark denotes an outlier data point. 
B) pyroxene quadrilateral (Morimoto, 1988). The Fs component of pyroxenes of the groundmass is characterised by higher contents relative to the pyroxene phe-
nocrysts. C) Fo mole% of olivine versus the Mg# of the corresponding bulk rocks. The line represents the partition coef昀椀cient of Fe-Mg between the silicate liquid (as 
whole rock) and olivine of 0.28, representing the lowest value possible for these systems as calculated by Peate et al. (2009). The Fo mole% of olivines of the studied 
sample show a narrow range. The Mg# in A) and C) is calculated as Mg/(Mg/Fe2+) with Fe2O=FeOtot*0.86. 
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Rare olivine crystals were observed in thin sections and were ana-
lysed for major elements using the EDAX method. Olivines were be-
tween 0.5 and 1 mm and were found as single crystals. The calculated Fo 
content is 79 mol% independently on the type of the dike (Fig. 9C). The 
Fo content of the olivines suggests that they may not be in equilibrium 
with the host magma. In fact, the KD(Fe–Mg) between silicate liquid (as 
whole rock) and olivine shows inconsistent low values (Fig. 9C). The 
composition of the studied olivine is comparable with the lavas showing 
lower Mg# studied by Peate et al. (2009). Based on the preliminary data 
of mineral chemistry, bulk rocks and modal composition, it is suggested 
that the two dikes show some signi昀椀cant differences, as summarised in 
Table 1. 

4.3. Numerical modelling 

4.3.1. Setting I 
In setting I, we modelled the arrested dike with an overpressure from 

2 to 4 MPa. When the dike is at the depth Y1 (Figs. 10D-E-F), regardless 
of its overpressure, σ1 is vertical and σ3 is horizontal at the dike tip, so 
the dike is likely to propagate to the surface. When we increase the dike 
overpressure, the tensile and von Mises shear stresses at the surface also 
increase from 2.8 MPa to 5 MPa and from 2.45 MPa to 4.9 MPa, 
respectively (Figs. 10A-B-C). However, in the 昀椀rst two models the von 
Mises stress concentration is not high enough to form faults (Figs. 10A- 
B). Instead, the tensile stress concentration at the surface indicates likely 
tension fractures. 

Moving the dike to a shallower depth, Y2 (Figs. 10J-K-L), we observe 
no rotation of the principal stresses at the tip, regardless of the over-
pressure. Increasing the overpressure, the tensile and von Mises stresses 
at the surface increase from 3.4 to 6.6 MPa and from 3 to 6 MPa, 
respectively (Figs. 10G-H-I). When the overpressure is 2 MPa, the von 
Mises stress is too low to form faults at the surface (Fig. 10G), whereas 
tensile stress concentration suggests that tension fracturing is likely in 
all the models. 

If the dike is modelled at Y3 depth (Figs. 10P-Q-R) no rotation of the 
principal stresses is observed at the tip, indicating the likely propagation 
of the dike to the surface. When we increase the dike overpressure, the 
tensile and von Mises stresses at the surface increase from 4.5 MPa to 
9.1 MPa and from 4.1 MPa to 8.1 MPa, respectively (Figs. 10M-N-O). In 
all the models, the concentration of stresses at the surface indicates 
likely fracturing and faulting. In all the models, we notice that propa-
gating the dike closer to the tuff-lava contact, the concentration of 
tensile stress at the dike tip decreases, while it increases within the upper 
lava layers. This is because part of the potential tip stresses is transferred 
to the much stiffer lava 昀氀ow, as commonly observed in numerical 
models (Inskip et al., 2020). 

In Fig. 11, we model the arrested dike with an overpressure from 2 
MPa to 4 MPa and a 1 MPa extensional stress 昀椀eld (applied as in Fig. 5A). 
When the dike is at the depth Y1 (Figs. 11D-E-F), regardless of its 
overpressure, σ1 is vertical and σ3 is horizontal at the dike tip, indicating 
the likely propagation of the dike to the surface. Increasing the over-
pressure, the tensile and von Mises stresses increase from 5.5 MPa to 8.1 
MPa and from 4.8 MPa to 7.4 MPa, respectively (Figs. 11A-B-C). The 
concentration of stresses at the surface indicates that fracturing and 
faulting are likely in all the models. 

Moving the dike tip upwards at Y2 depth (Figs. 11J-K-L) and at Y3 
depth (Figs. 11P-Q-R), no principal stress rotations occur at the tip. 
When we increase the dike overpressure, the tensile and von Mises 
stresses at the surface increase from 6.1 MPa to 9.5 MPa and from 5.5 

MPa to 8.5 MPa, respectively (dike tip at the depth Y2) (Figs. 11G-H-I), 
and from 7.4 MPa to 11.5 MPa and from 6.5 MPa to 10.6 MPa, respec-
tively (dike tip at depth Y3) (Figs. 11M-N-O). These concentrations of 
stresses at the surface suggest that fracturing and faulting are expected. 
In all the models, moving the dike closer to the tuff-lava contact, tensile 
stress at the dike tip decreases while it increases within the upper lava 
layers, for the reasons explained above. 

4.3.2. Setting II 
In setting II we modelled the arrested dike subject to a constant 

overpressure of 3 MPa and an extension of 1 MPa. In Fig. 12 we show the 
role of tuff stiffness. At depth Y1, there is no rotation of the principal 
stresses, regardless of E (Young's modulus) values of the tuff (Figs. 12D- 
E-F). When we increase E, tensile stress magnitudes increase from a 
maximum of 6–8 MPa at the tip of the dike (Fig. 12D), to 10–12 MPa 
(Fig. 12E), and 昀椀nally to 14–16 MPa (Fig. 12F), while absolute shear 
stress contours form greater lobes in the tuff (Figs. 12D-E-F). In all the 
models, the von Mises and tensile stresses at the surface are >4 and 2 
MPa, respectively, so both fracturing and faulting are likely to occur. 

In the next round of models, the dike tip is at depth Y2 (Figs. 12J-K- 
L). The results show that regardless of the tuff stiffness, no rotation of 
principal stresses is observed. On increasing the stiffness of the tuff layer 
the tensile stress magnitudes at the tip increase, from 6–8 MPa 
(Fig. 12J), to 10–12 MPa (Fig. 12K), and 昀椀nally to 14–16 MPa (Fig. 12L). 
Absolute shear stress contours form larger lobes as well (Figs. 12J-K-L). 
The stresses at the surface are great enough to generate fracturing and 
faulting. 

Moving the dike tip to depth Y3, if we also increase the E of the tuff 
layer no stress rotation is observed (Figs. 12P-Q-R), but tensile stress 
increases in the consolidated ash layer and lower lava layers, up to 
16–18 MPa (Fig. 12R). Absolute shear stress contours get closer to the 
surface (Figs. 12P-Q-R). At the surface, tensile stress magnitudes in-
crease from 9.5 MPa (Fig. 12M), to 10.2 MPa (Fig. 12N), and 昀椀nally to 
10.4 MPa (Fig. 12O), suggesting fracturing. Von Mises stress increases 
from 8.6 MPa (Fig. 12M), to 9.3 MPa (Fig. 12N), and 昀椀nally to 9.4 MPa 
(Fig. 12O), indicating that faulting is likely at the surface. 

In Fig. 13, we investigate the role of lava stiffness. At depth Y1, 
regardless of E values, we do not observe a rotation of the principal 
stresses (Figs. 13C-D). However, tensile stress concentrates in the lava 
layer with greater E value, namely the upper one (UL) in Fig. 13C, and 
the lower one (LL) in Fig. 13D. When EUL is greater than ELL (Fig. 13A), 
the tensile and von Mises concentrations at the surface are 9.8 MPa and 
8.8 MPa, respectively. When EUL is smaller than ELL (Fig. 13B), stresses 
at the surface are up to 4.7 MPa and 4.2 MPa. 

In the models with dike tip at depth Y2, tensile stress always tends to 
concentrate in the lava with greater E (Fig. 13G-H). When EUL is greater 
than ELL, there is an increase in concentrations of tensile and von Mises 
stresses at the surface (up to 11.3 and 10.2 MPa, respectively) (Fig. 13E). 
When EUL is smaller than ELL, there is less concentration of stresses at the 
surface (up to 5.4 and 4.8 MPa, respectively) (Fig. 13F). 

When the dike tip is at depth Y3, tensile stress is more concentrated in 
the upper lava layer when EUL is greater than ELL (Fig. 13K), and in the 
lower lava layer when EUL is smaller than ELL (Fig. 13L). At the surface, 
tensile and von Mises stresses are up to 13.9 MPa and 12.6 MPa when the 
upper lava layer is stiffer (Fig. 13I), whereas they are up to 6.6 and 6 
MPa, respectively, where the upper lava is softer or more compliant 
(Fig. 13J). 

In all the models, concentrations of stresses at the surface indicate 
fracturing and faulting. Regardless of the value of E of the tuff and lava 

Table 1 
Petrographic and geochemical differences between the feeder and the arrested dikes. Mg# = Mg/(Mg + Fe2+) assuming Fe2O=FeOtot*0.86.  

Dike type % phenocrysts phenocryst type Anorthite in plg cores (mole%) type of zonation in plg Mg# SiO2 wt% 
Feeder 2 to 4 Plg, ±oli, cpx 81–71 normal 0.41–0.43 48.76–48.81 
Arrested 7 to 9 Plg, oli, cpx 89–70 inverse and normal 0.44–0.46 46.32–48.17  
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Fig. 10. Numerical models with the dike located at different depths (Y1, Y2, Y3) and with varying overpressure values (2 MPa to 4 MPa). The distribution of tensile 
stress (σ3) is shown with the colour scale bar, while the absolute shear stress (τ) (von Mises component in xy plane) is represented with contour lines. The trajectories 
of σ1 and σ3 are shown by white and red arrows, respectively. The 1D graphs show tensile (σ3, blue line) and von Mises (τ, green line) stresses at the surface. (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. 11. Numerical models with the dike tip located at different depths (Y1, Y2, Y3) and with varying overpressure values (2 MPa to 4 MPa). In all the models, a 1 MPa 
extensional stress 昀椀eld is applied. The distribution of tensile stress (σ3) is shown with the colour scale bar, while the absolute shear stress (τ) (von Mises component in 
xy plane) is represented with contour lines. Trajectories of σ1 and σ3 are shown by white and red arrows, respectively. The 1D graphs show tensile (σ3, blue line) and 
von Mises (τ, green line) stresses at the surface. (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. 12. Numerical models with the dike tip located at different depths (Y1, Y2, Y3) and with varying values of Young's modulus of the tuff (1 to 3 GPa). In all the 
models, an overpressure of 3 MPa and a 1 MPa extensional stress 昀椀eld are applied. The magnitude of the tensile stress (σ3) is shown with the colour scale bar, while 
the absolute shear stress (τ) (von Mises component in xy plane) is represented with contour lines. The trajectories of σ1 and σ3 are shown by white and red arrows, 
respectively. The 1D graphs show tensile (σ3, blue line) and von Mises (τ, green line) stresses at the surface. (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. 13. Numerical models with the dike tip located at different depths (Y1, Y2, Y3) and with different values of E for the lava layers. In all models, an overpressure of 
3 MPa and a 1 MPa extensional stress 昀椀eld are applied. The distribution of tensile stress (σ3) is shown with the colour scale bar, while the absolute shear stress (τ) 
(von Mises component in xy plane) is represented with contour lines. The trajectories of σ1 and σ3 are shown by white and red arrows, respectively. The 1D graphs 
show tensile (σ3, blue line) and von Mises (τ, green line) stresses at the surface. (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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layers, moving the dike closer to the tuff-lava contact the tensile stress at 
the tip decreases, and it increases in the upper lava layers (Figs. 12-13). 

4.3.3. Setting III 
In setting III, we evaluated the in昀氀uence of the horizontal 

compression due to a previous intrusion, that of the feeder dike (Gud-
mundsson, 2017). In Fig. 14, we show that the feeder dike cut the tuff, 
the thin consolidated ash layer, and the lower lava layer, before reaching 
the topographic surface at that time to generate a new lava 昀氀ow (as 
observed also in Fig. 6G). The overpressure of the feeder dike caused a 
horizontal compression in the host rock that could have affected the 
nearby arrested dike which was intruded later (Fig. 14) (Gudmundsson, 
2003; Menand et al., 2010). 

In Fig. 15, we model the arrested dike subject to an overpressure of 
2–4 MPa and a horizontal compressive stress of 1–4 MPa (as shown in 
Fig. 5C). When the compressive stress is equal to 1 MPa (Figs. 15A-B-C) 
then, regardless of the dike overpressure, σ1 and σ3 rotations are <90◦, 
but up to 45◦. Tensile stress concentration in the lavas reaches 5–6 MPa 
when the overpressure is 4 MPa, indicating possible fracturing 
(Fig. 15C). 

Applying a compressive stress of 2 MPa (Figs. 15D-E-F), we observe a 
90◦ rotation of the principal stresses ahead of the dike tip when the dike 
overpressure is 2 MPa (Fig. 15D). By contrast, when dike overpressure 
increases to 3 MPa (Fig. 15E) and 4 MPa (Fig. 15F) stress rotations are up 
to 80◦ and 60◦, respectively. However, tensile stress concentrations at 
the tip and in the lava layers are <2–3 MPa, indicating that fracturing is 
unlikely. 

Increasing the compressive stress to 3 MPa (Figs. 15G-H-I), there is a 
90◦ rotation of the principal stresses with dike overpressures of 2 
(Fig. 15G) and 3 MPa (Fig. 15H), whereas a 80◦ rotation occurs with a 
dike overpressure of 4 MPa (Fig. 15I). Absolute shear and tensile stress 
concentrations at the tip and within the lava layers decrease as well. 

When the applied compressive stress is 4 MPa (Figs. 15J-K-L), then, 
regardless of the dike overpressure, there is a 90◦ rotation of the prin-
cipal stresses, indicating a likely arrest of the dike. Absolute shear and 
tensile stress concentrations also decrease at the tip and in the lava 
layers. 

4.3.4. Synthesis of the numerical models 
In Table 2 we summarise the in昀氀uence of the modelled parameters 

on dike propagation and arrest. Our models show that dike arrest is 
likely to occur when the overpressure and the tensile stress decreases at 
the tip of the dike (Figs. 10-11). For the present dikes, stress barriers do 
not form solely because of abrupt changes in the mechanical properties 
(stiffness) between layers. If the dike is moved closer to the contact 
between a soft (tuff) and a stiff (lava) layer, however, the tensile stress 

decreases in the soft layer and increases in the stiff layer (Figs. 10-11-12- 
13). Similarly, when local horizontal compressive stress is applied (here 
due to the earlier emplaced feeder dike) in the layer ahead of a dike tip, 
the tensile tip stress also decreases (Fig. 15). Generally, whenever 
compressive stress in a layer or unit ahead of dike tip is equal to or 
greater than dike overpressure, the resulting stress barrier encourages 
dike arrest (Fig. 15). The suppression of tensile and shear stress around 
the dike tip as it approaches a stress barrier is the main reason for the 
absence of dike-induced fracturing at the surface. 

5. Discussion 

In the RP, the most recent rifting episode is represented by the unrest 
in the Fagradalsfjall system, which has been going on since mid- 
December 2019, with periods of high seismicity associated with 
repeated dike-segment intrusions (Sigmundsson et al., 2022). However, 
until June 2023, only two dike-segments managed to propagate up to 
the surface, leading to two eruptive events. Before the Fagradalsfjall 
eruption, the latest episode in the RP occurred between 1210 and 1240 
CE, and included the Younger Stampar eruption (Saemundsson et al., 
2016, 2020, Fig. 1). 

Our structural results indicate that the average strike of the Younger 
Stampar eruptive 昀椀ssure is N38.8◦E, which is similar to that of the Older 
Stampar 昀椀ssure (N33.2◦E), with a predominance of NNE-NE strike for 
both (Figs. 6C-D). These strike values are consistent with the average 
orientation of the eruptive 昀椀ssures associated with other historical and 
prehistoric eruptions on the RP (commonly about N40◦E), as highlighted 
in Fig. 1 (Clifton and Schlische, 2003; Clifton and Kattenhorn, 2006; 
Saemundsson et al., 2016). This strike is also consistent with the 
2021–2022 Fagradalsfjall eruptive 昀椀ssures, which have two segments, 
the northern striking N45◦E and the southern N25◦E (Barsotti et al., 
2023; Flóvenz et al., 2022; Sigmundsson et al., 2022). All these 昀椀ssures 
are parallel to the orientation of the main structures of the volcanic 
systems in the peninsula, which are arranged en-échelon relative to the 
plate boundary. Structures within these volcanic systems have a mean 
orientation ranging between N21◦E and N60◦E (Clifton and Schlische, 
2003; Clifton and Kattenhorn, 2006). The RP trends about N70◦E in the 
western part and about N80◦E in the eastern part (Gudmundsson, 
1986b, 1987), oblique to the spreading direction in this region (N101◦E, 
DeMets et al., 2010), forming a transtensional zone. The strike of the 
dike segments is also similar to those of the Younger Stampar 昀椀ssure 
orientation. 

Petrographic and geochemical analyses of the rocks representing the 
two dikes under study suggest that the feeder dike is crystal-poor and 
slightly more evolved (lower MgO, Mg# and higher SiO2) than the 
arrested one (Table 1). As suggested by the petrographical and 
geochemical af昀椀nities of both dikes, we can assume that the source of 
the two dikes is the same. Based on this assumption, the lower Mg# of 
the feeder dike indicates that the magma of that dike must have been 
cooler than the arrested one. Using the software Petrolog3 (Danyush-
evsky and Plechov, 2011) and assuming sample 53A as the starting 
composition, then the liquidus temperature of a magma with MgO =
6.01 wt% corresponds to 1199 ◦C. The temperature of such magma 
would decrease to 1067 ◦C after 9% crystallisation (see Appendix 昀椀le A2 
for the parameters assumed for this fractional crystallisation model). 
The same magma differentiating by 30% crystal fractionation gives 5.27 
wt% of MgO (MgO of sample 51B = 5.28 wt%) and a temperature of 
1107 ◦C. The petrographic observations and Petrolog model predict the 
crystallisation of only anhydrous phases (plagioclase, olivine and cli-
nopyroxene, spinel). Assuming a starting H2O concentration of 0.2 wt% 
(Halldórsson et al., 2022), the H2O content of the magma associated 
with the feeder dike could have been 0.29 wt%, enriched by 0.09 wt% 
relative to the magma associated with the arrested dike. The higher 
volatile contents and the lower amount of crystals suggest that the 
magma of the feeder dike may have been less viscous than the arrested 
one (Spera, 2000). Another important preliminary result of this study is 

Fig. 14. Conceptual model. The feeder dike intruded the observed stratigraphy 
and induced local horizontal compression that contributed to the arrest of the 
(later injected) arrested dike. 
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the plagioclase reverse zoning observed in the arrested dike. Particularly 
in one sample (53A), a plagioclase core shows An72 and the rim shows 
An84 (see Appendix File A1). The plagioclase reverse zoning at the rim 
may indicate that the magma of the arrested dike had gone through a 
magmatic process such as magma mixing with deeper-hotter less 
evolved magma before eruption (e.g., Putirka, 2017 and references 
therein; Esposito et al., 2018 and references therein) or crystal settling in 
a chemically layered magma reservoir (e.g., Anderson et al., 2000). 

Petrological and petrographical modelling will be the subject of further 
studies based on melt inclusions, in addition to whole rock and mineral 
data. 

Over the past decades, much research based on numerical models has 
been carried out regarding the factors that can affect dike propagation 
(e.g., Gudmundsson, 2003; Maccaferri et al., 2010, 2011, 2016; Geshi 
et al., 2012; Philipp et al., 2013; Barnett and Gudmundsson, 2014; 
Rivalta et al., 2015; Urbani et al., 2017; Drymoni et al., 2020, 2023; 

Fig. 15. Numerical models with the dike tip located at depth Y2 and with different overpressure values (2 MPa to 4 MPa). A horizontal compressive stress (1 MPa to 
4 MPa) is applied as shown in Fig. 5C. The distribution of tensile stress (σ3) is shown with the colour scale bar, while the absolute shear stress (τ) (von Mises 
component in xy plane) is represented with contour lines. The trajectories of σ1 and σ3 are shown by white and red arrows, respectively. (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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Tibaldi et al., 2022). Dike arrest or de昀氀ection into a sill may occur 
because of stress barriers, namely layers or units where the local stress 
昀椀eld is unfavourable to dike propagation (Gretener, 1969; Gudmunds-
son, 1986a). Elastic mismatch, where there is a strong contrast in 
Young's modulus across a contact between the layer below the contact 
and hosting the dike and the layer above the contact, can also represent 
a mechanism of dike arrest (Gudmundsson, 2011b). In our numerical 
models, we have explored the in昀氀uence of the following factors on dike 
propagation: i) dike overpressure; ii) layer's mechanical properties 
(Young's modulus or stiffness), and iii) presence of an extensional or 
compressional tectonic stress 昀椀eld. 

When overpressure decreases, tensile stress concentration at the tip 
of the dike decreases, inhibiting dike propagation. This is coherent with 
Drymoni et al. (2023), who showed that, in low overpressure conditions, 
dike arrest is likely, and with Geshi et al. (2012) and Drymoni et al. 
(2020), who discuss further the effects of magmatic overpressure on dike 
propagation. 

Previous numerical studies (e.g., Al Shehri and Gudmundsson, 2018; 
Drymoni et al., 2023) indicate that most dikes become arrested because 
of the layering of the shallow crust, which has major effects also on dike- 
induced stress 昀椀elds (Gudmundsson, 2003; Bazargan and Gudmundsson, 
2019). Gudmundsson and Brenner (2001) and Drymoni et al. (2023) 
observed stress rotations at contacts with stiffness contrasts, particularly 
between stiff lava 昀氀ows and soft layers (breccia, scoria). Before that, 
laboratory experiments had shown that soft layers may often be effective 
in arresting hydrofractures (Charlez, 1997; Yew and Weng, 1997). In our 
models, a simple variation in the stiffness of layers is not enough to 
generate a stress barrier that could have arrested the second dike (e.g., 
Figs. 12-13). The stiffness contrast, however, strongly affects stress 
concentrations at the dike tip and at the surface. Speci昀椀cally, stresses 
concentrate in the stiffer layers (layers with greater Young's modulus or 
E values), as already shown e.g. by Tibaldi et al. (2022), and Drymoni 
et al. (2023). In all the models (Fig. 10-11-12-13), moving the dike tip 
closer to the soft (tuff) - stiff (lava or consolidated ash) contact, the 
tensile stress at the tip of the dike decreases and the tensile stress in the 
upper lava increases. This is in agreement with the results of Inskip et al. 
(2020), suggesting that this particular layering (stiff lava above and soft 
tuff below) favours dike arrest at the contact. 

The presence of an extensional stress 昀椀eld (1 MPa) produces a higher 
concentration of stresses in the stiff layers but does not yield 90◦ rotation 
of the principal stresses. However, when horizontal compressive stress is 
added as a boundary load (Fig. 15), tensile stress concentrations at the 
tip of the dike decrease so as to encourage dike arrest. Furthermore, we 
observed that the orientation of the principal stresses rotates, reaching 
an angle of 90◦ (with horizontal σ1 and vertical σ3) when the horizontal 
compression is greater than dike overpressure (Fig. 15). The rotation of 
the principal stresses could cause the de昀氀ection of the dike if the tensile 
stress at the tip was high enough for the dike to continue its propagation 
or favour its arrest in case of low tensile stress at the tip. The presence of 
a horizontal compression can therefore contribute to dike arrest, as 
already demonstrated by Menand et al. (2010) through analogue 
models, and by Gudmundsson (2003) and Drymoni et al. (2020) through 
numerical models. In general, the presence of lateral horizontal 
compression in an area characterised by extensional tectonics can be 

explained by normal faulting, or by the overpressure of earlier dikes, 
both of which can temporarily locally change the regional horizontal σ3 
to either σ2 or σ1 (Gudmundsson, 2003, 2020). In the Stampar area, 
normal faults or grabens are absent. Thus, the most likely source of a 
local horizontal compression is the previous intrusion of the feeder dike 
(Gudmundsson, 2017), which resulted in the arrest of the later dike 
(Fig. 14). With regard to the distance between the two dikes, it is known 
from previous analytical models that Mode I cracks under internal 昀氀uid 
overpressure, such as dikes, provide a zone of compressive stress up to a 
distance that is similar to about half the length (half the strike dimen-
sion) of the crack (Gudmundsson, 2011a). A zone of compressive 
stresses around a dike-fed volcanic 昀椀ssure was observed by Andrew and 
Gudmundsson (2008) through numerical models. This result is also in 
agreement with Ruz et al. (2020), who observed that previous intrusions 
can induce a local reorientation of stresses that can, in turn, affect the 
path of later dikes. In the Stampar case, considering the thickness of the 
feeder dike, length can be derived from typical length/thickness ratios 
that are found in the literature for dikes in Iceland (from 300 to 1500; 
Gudmundsson, 2020). According to these values, we can assume with 
certainty that, at a distance of 30 m, the host rock was subject to 
compressive stresses induced by the previous feeder dike. With larger 
dikes, the distances of induced compressive stresses can be greater, as 
observed during other diking events in Iceland, such as in Kra昀氀a 
(1975–1984) and in Bardarbunga (2014). In those cases, larger dikes 
generated temporary “excess spreading rates” out to tens of kilometres, 
as explained by the numerical models by Andrew and Gudmundsson 
(2008). 

Furthermore, when the feeder dike propagated to the surface, dike- 
induced compressive stress concentrated in the lava layer (and consol-
idated ash layer) due to its great stiffness. Considering the overpressure 
as the difference between the total magmatic pressure in the dike and 
the minimum principal compressive (maximum tensile) stress σ3 acting 
on the dike walls (Kusumoto et al., 2013), if the compressive stress in-
creases, the overpressure of the dike diminishes on approaching the 
contact between the tuff and the lava layers. Thus, the mechanical 
contrast between such layers plays a role in the arrest of the non-feeder 
dike. 

Normal faults and grabens have formed or been reactivated during 
some recent diking episodes in Iceland, such as the 1975–1984 Kra昀氀a 
Fires (Sigurdsson, 1980; Rubin, 1992) and the 2014 Bardarbunga 
episode (Sigmundsson et al., 2015; Hjartardóttir et al., 2016; Ruch et al., 
2016). However, our 昀椀eld observations reveal the lack of any kind of 
brittle deformation at the surface, even if the tip of the arrested dike is at 
a very shallow depth (Fig. 6B). Al Shehri and Gudmundsson (2018) and 
Bazargan and Gudmundsson (2019) investigated the role of layering in 
inhibiting dike-induced deformation, showing with numerical models 
how soft layers can make dike-induced surface fracturing dif昀椀cult, un-
less the dike is very shallow, has a great overpressure, or both. In our 
models, when we modify the stiffness of the lava layers, we observe that 
stresses at the surface increase with increasing stiffness of the lava layer. 
Nevertheless, if an extensional stress 昀椀eld is applied, tensile and von 
Mises stress magnitudes at the surface are always high enough to 
generate fracturing and faulting. Our results differ somewhat from those 
of Bazargan and Gudmundsson (2019), probably because we are dealing 
with very shallow depths (5 m) of the tip of the arrested Stampar dike, 
whereas in their models the arrested dike tip is at a depth of 500 m. 
However, in our models we observed that layering (with a stiff lava 
above and a soft tuff below) and the presence of a horizontal compres-
sion can reduce the tensile stress concentration at the tip of the dike. 
Considering that stress concentrations at the tip are generally much 
higher than stresses at the surface, as observed by Gudmundsson (2003), 
if the tip stresses are low, they are still lower at the surface and thus 
cannot generate tension fractures or normal faults at the surface. 
Therefore, we conclude that the layering, together with the compression 
caused by the previous intrusion of the feeder dike, can explain not only 
the arrest of the non-feeder dike, but also the absence of brittle fractures 

Table 2 
Synthesis of the results of numerical models, showing the in昀氀uence of the 
modelled parameters on the formation of stress barriers and on the decrease of 
stresses at the tip of the dike.  

Modelled parameter Stress 
barrier 

Stress decrease at the 
tip 

Dike overpressure No Yes 
Layers' mechanical parameters (Young's 

modulus) No Yes 
Compression < dike overpressure No Yes 
Compression ≥ dike overpressure Yes Yes  
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at the surface. 

6. Conclusions 

Through a multidisciplinary analysis, we studied the crater row and 
two dikes associated with the Younger Stampar eruption, in the Rey-
kjanes Peninsula, RP (SW Iceland). One dike (inferred to have been 
emplaced earlier) is a feeder dike, the other is arrested with its tip at only 
5 m below the surface. Our structural data show that the strike of the 
Younger Stampar crater row/volcanic 昀椀ssure is consistent with the 
general NNE-NE strike of eruptive 昀椀ssures of historical and prehistoric 
eruptions on the RP. Furthermore, strikes of the dikes cropping out along 
the sea cliffs studied here are consistent with the orientation of the 
Younger Stampar crater row. However, there is no dike-induced faulting 
or tension-fracture formation associated with either of the dikes. Based 
on bulk rocks and mineral analyses, the two dikes show some differences 
in their rock and mineral chemistry and modal composition. Our nu-
merical models suggest the following conclusions as regards dike arrest 
and the lack of dike-induced brittle deformation: 

i) Decreasing magmatic overpressures as the non-feeder approached 
the surface resulted in a decrease in tensile stress concentration at the 
dike tip, leading to its arrest. 

ii) Layering, and speci昀椀cally the presence of a stiffer lava layer above 
a softer tuff layer (as observed here), also decreased the tensile stress at 
the non-feeder dike tip and transferred the stress to the upper (stiff) lava 
layer. However, the variation of the mechanical properties (stiffness) of 
the layers is here not enough to generate a classic stress barrier for dikes 
(with horizontal σ1). 

iii) In a model where the non-feeder dike is subject to horizontal 
compression due to the previous intrusion of the nearby and earlier 
feeder dike, tensile concentration of stress at the non-feeder tip becomes 
reduced. Furthermore, the compressive stress induced by the feeder dike 
concentrates in stiff lava (and consolidated ash) layers, encouraging the 
arrest of the non-feeder dike at contact between a soft (below) and a stiff 
(above) layer. 

iv) When the horizontal compressive stress induced by the feeder 
dike is greater than non-feeder dike overpressure, 90◦ rotation of the 
principal stresses occurs ahead of the dike tip, so that σ1 becomes hor-
izontal forming a classic stress barrier. 

v) When tensile and shear stresses at the dike tip decrease, they can 
become too low to generate brittle deformation at the surface, even if the 
dike tip is at a very shallow depth, as observed here. We conclude that 
layering and the presence of a horizontal compression together explain 
the absence of brittle deformation associated with the arrested dike. 

The results presented here can be applied to the whole RP, as well as 
to other volcanic areas worldwide, characterised by diking episodes. 
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M., Zorn, E.U., Shevchenko, A.V., Walter, T.R., 2022. Diverse mantle components 
with invariant oxygen isotopes in the 2021 Fagradalsfjall eruption, Iceland. Nat. 
Commun. 13 (1), 3737. 

Bonaccorso, A., Bonforte, A., Calvari, S., Del Negro, C., Di Grazia, G., Ganci, G., Neri, M., 
Vicari, A., Boschi, E., 2011. The initial phases of the 2008–2009 Mount Etna 
eruption: a multidisciplinary approach for hazard assessment. J. Geophys. Res. Solid 
Earth 116 (B3). 

Bonali, F.L., Tibaldi, A., Marchese, F., Fallati, L., Russo, E., Corselli, C., Savini, A., 2019. 
UAV-based surveying in volcano-tectonics: an example from the Iceland rift. 
J. Struct. Geol. 121, 46–64. 

Bonali, F.L., Antoniou, V., Vlasopoulos, O., Tibaldi, A., Nomikou, P., 2020. Sel昀椀e Drones 
for 3D Modelling, Geological Mapping and Data Collection: Key Examples from 
Santorini Volcanic Complex, Greece. In GISTAM, pp. 119–128. 
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Esposito, R., 2021. In: Lecumberri-Sanchez, P., Steele-MacInnis, M., Kontak, D.J. (Eds.), 
A protocol and review of methods to select, analyze and interpret melt inclusions to 
determine pre-eruptive volatile contents of magmas. Fluid and Melt Inclusions: 
Applications to Geologic Processes, 49. Mineralogical Association of Canada Short 
Course, pp. 163–194. 

Esposito, R., Badescu, K., Steele-MacInnis, M., Cannatelli, C., De Vivo, B., Lima, A., 
Bodnar, R.J., Manning, C.E., 2018. Magmatic evolution of the Campi Flegrei and 
Procida volcanic 昀椀elds, Italy, based on interpretation of data from well-constrained 
melt inclusions. Earth Sci. Rev. 185, 325–356. 
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