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Abstract

During a volcanic unrest period with magma-chamber rupture, fluid-driven fractures (dykes) are
injected either from deep reservoirs or shallow magma chambers. Subsequently, the dykes follow
propagation paths towards the surface, some eventually reaching the surface to erupt while others
become arrested. Here we study dyke paths resulting in eruption or arrest in an excellent 5-km
wide exposure of the northern caldera wall of the Santorini volcano in Greece. Mapping of more
than 90 dyke segments shows that they were emplaced in a host rock consisting of layers (of
breccia, tuff, scoria, and lava) with a wide variety of mechanical properties. At the contacts, some
dykes are arrested or deflected and hence change their propagation paths. Here we combine the
field data with numerical models to explore dyke paths resulting in (1) arrest and (2) eruption. We
investigate the effect of different host-rock mechanical properties, magmatic overpressures, and
tectonic loading on dyke paths. We find that layers with unfavorable local stresses for dyke
propagation, namely stress barriers, result from layer stiffness (Young’s modulus) contrast and
thickness variations and are a common cause of dyke arrest. The study also shows how the details
of the dyke path, and eventually dyke-fed eruptions, depend on the mechanical layering and local
stresses in volcanoes. The results are of great importance for understanding dyke-propagation
paths, and the likelihood of eruption, during unrest periods, particularly in stratovolcanoes fed by

shallow chambers, such as Santorini.
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1. Introduction

Volcanic eruptions are typically fed by magma-filed fractures, dykes, many of which become
arrested while others feed eruptions. Dykes have a variety of orientations or attitudes which relate
to the local stresses controlling their formation (Anderson, 1951; Rubin and Pollard 1987; Rubin,
1995; Dahm, 2000; Gudmundsson, 2002, 2006, Burchardt, 2008; Tibaldi, 2015). To feed the
eruption in the upper or top part of a volcanic edifice that stands high above its surroundings the
feeder dyke must propagate vertically for at least part of its path. Many flank eruptions, by contrast,
may be partly or entirely fed by laterally propagating dykes as is often the case at Etna volcano
(e.g. Acocella and Neri, 2003; Scudero et al., 2019). As vertically propagating dykes approach the
surface they may become arrested, some being deflected into sills (Pollard and Johnson, 1973,;
Geshi et al. 2010; Gudmundsson, 2011a; Barnett and Gudmundsson, 2014). Some dykes
eventually reach the surface to erupt. There, is however, presently no way of predicting whether a
dyke injected during an unrest period will reach the surface to feed an eruption or become arrested

in the crust.

Part of the reason that this is a remaining problem in volcanology is due to the ascent path of the
magma being commonly through highly anisotropic and heterogeneous crustal segments
(Gudmundsson, 2011a). Field observations suggest that as little as 10-20% of dykes become
feeders in stratovolcanoes (higher percentage in basaltic edifices) which are by nature highly
heterogeneous (Gudmundsson et al. 1999; Gudmundsson and Brenner, 2005; Gudmundsson,
2011a). Previous studies (Lister and Kerr, 1991; Gudmundsson, 2002, 2011a; Rivalta, 2005;
Kavanagh et al. 2006; Rivalta et al. 2015; Kavanagh et al. 2017; Townsend et al., 2017) have
provided insights into the mechanisms that control dyke propagation and hence ultimately govern
the likelihood of an eruption. Among suggested factors affecting dyke propagation are magma
overpressure (Gudmundsson, 2011a,b), heat exchange between the magma and host rock (Rubin,
1995), the local stress field ahead of the dyke (Dahm, 2000), volatiles within the magma (Cashman,
2004), density and/or buoyancy (Taisne and Jaupart, 2009), the ambient deviatoric stress (Pinel
and Jaupart, 2004), pre-existing crustal weaknesses (Le Corvec et al. 2013, 2018; Browning and



Gudmundsson, 2015), and crustal heterogeneity and anisotropy, which, in turn, partly control local

stresses (Gudmundsson, 2011a).

In this paper we address the mechanical conditions that affect dyke-propagation paths, in particular
arrest, in stratovolcanoes, using the examples of dykes in the Santorini Volcano. The main focus
is on the effect of crustal layering and discontinuities between dissimilar mechanical layers on
dyke propagation. We use the Finite-Element Method (FEM) through the software COMSOL
Multiphysics together with data from field observations. We build model setups with realistic
structural settings (attitude, thickness, host rock stratigraphy) and use calculated or literature-
derived field mechanical properties (overpressure, stiffness) to gain insights into dyke propagation
and arrest on Santorini volcano for the first time. The primary goal of the numerical models is to
replicate the observed field structures and processes and define the likely mechanical conditions
during the formation of the observed dyke path. To do this we made several model scenarios with
varying magmatic overpressure for two dykes (Dyke 1 and Dyke 2) and loading conditions. In
addition, we performed two suites of sensitivity tests. The first one investigated how the host rock
material properties (thickness and stiffness of the layers) and the stratigraphy (the sequence of
layers) associated with variable magmatic overpressure promote stress rotations that affect dyke
paths. The second suite studied explicitly the relationship between the regional stress field and the

varying magmatic overpressure during the formation of the Santorini dyke swarm.

2. Mechanisms of dyke propagation and arrest — previous work

Before we describe the local geology of Santorini and the dykes themselves, we give a brief
overview of the current understanding of the conditions for dyke propagation and arrest. This we
do so as to put the geological information, provided in later sections, into the framework of

mechanics of dyke propagation in layered rocks.

Dyke arrest is common in stratovolcanoes as the layers which make up a volcano are of widely
different mechanical properties (particularly as regards Young’s modulus/stiffness) which
promote abrupt changes in the local stress field (Gudmundsson, 2003, 2011a,b). Analytical studies
(Hutchinson, 1996) and field observations (Gudmundsson, 2011a) show that when a vertical

extension fracture such as a dyke meets a horizontal discontinuity such as a contact between



dissimilar layers, the extension fracture/dyke may (1) penetrate the contact, and continue its
vertical propagation, (2) become arrested at the contact, or (3) become deflected or offset, and so
change its path or form a sill.

Analogue and numerical modelling indicate that when a dyke passes from a soft layer to a stiff
layer, the dyke commonly becomes deflected into a sill, or it can become arrested (Kavanagh et
al. 2006, 2018; Gudmundsson, 2011a,b). Conversely, if a dyke passes from a stiff layer to a soft
layer, then it is more likely to continue its propagation towards the surface.

The basic criterion for extension (mode I) fracture propagation derives from the work of Griffith
(1921, 1924), which is partly based on stress-field calculations made by Inglis (1913). In modern
notation, the criterion states that for the fracture/dyke to propagate the elastic energy release rate
G should be at least equal to (or exceed) the critical energy release rate, namely the material
toughness, Gic, which is the energy absorbed during the fracture propagation, primarily through
the formation of the fracture surfaces (dyke walls). The criterion may be stated as (Broek, 1982;
Gudmundsson, 2011b):
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where a is half the crack length (total length for an edge crack), E is Young’s modulus, and oc is
the failure tensile stress at the tip. Accordingly, an extension fracture/dyke propagates when
sufficient energy (G) is available (released or transformed) to rupture the rock and form the fracture
surfaces/walls. For dyke propagation this energy is mostly elastic energy (strain energy) stored in

the volcano during unrest-related inflation (Gudmundsson, 2012).

There are three primary mechanisms related to mechanical layering that control dyke propagation
and arrest (Gudmundsson, 2011a,b). These mechanisms apply to extension fractures (mode |

cracks) in general but are here applied to dykes. These mechanisms are stress barriers, elastic



mismatch, and Cook-Gordon delamination (cf. Gudmundsson, 2011a,b) and are described below
(Fig. 1).
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Figure 1: Schematic illustration of the three primary mechanisms (Stress barriers, Elastic
mismatch and Cook-Gordon debonding and delamination) that control fluid-driven fracture arrest.
In part C the weak contact delaminates and opens ahead of the progressing fracture tip. The

controlling factors of each mechanism are shown at the bottom.

2.1 Stress barriers

Rotation of the principal stresses is common at the contacts between rock layers of dissimilar
stiffness. Dykes are predominantly extension fractures/mode | cracks and so normally propagate
in the direction of/parallel with the maximum principal stress (o1). When the principal stress
orientations rotate at a contact, then the dyke propagation path will change accordingly. Vertical
propagation can occur only if the maximum principal compressive stress o1 is vertical (and the

minimum principal compressive stress o3 is horizontal), so that if o1 rotates to become horizontal



at the contact (and o3 thus vertical), the vertical dyke propagation will stop. The dyke then either

becomes arrested on meeting the contact or becomes deflected into a sill along the contact.

Both stiff and soft (high and low Young’s modulus) layers can act as stress barriers (Gudmundsson
and Phillip, 2006; Gudmundsson, 2011a). For example, a stiff layer can become a stress barrier
subject to horizontal compression which may happened following normal faulting, particularly
graben subsidence, or during multiple dyke injections where the magmatic overpressure of the
previous injections (Geshi et al., 2010) may have generated horizontal compression in the adjacent
stiff layers. Many studies show that earlier dyke intrusions or graben formation generate horizontal
compression, thereby temporary stress barriers (Gudmundsson, 2008; Menand et al., 2010).
Similarly, compliant layers can become temporary stress barriers for vertical dykes when the
loading is horizontal tension (Gudmundsson and Brenner, 2001).

2.2 Elastic mismatch

In a heterogeneous and anisotropic material, the presence of interfaces with different mechanical
properties may encourage-propagation along the interface in a mixed fracture mode (Garcia, 2014).
In geology, interfaces are primarily contacts, fractures, and other discontinuities. When there is
large contrast in stiffness across a contact/interface and the energy release rate (Gi) during
extension fracture/dyke propagation reaches the material toughness of the interface/discontinuity
then the dyke can become deflected into the discontinuity and propagate as a mixed-mode fracture
(I and 1) (Hutchinson, 1996; Xu et al., 2003). The mechanical properties of the discontinuities
depend on the Dundurs elastic mismatch parameters o (Dundurs, 1969; He et al., 1994) that partly
define the conditions for dyke penetration of, or deflection into, the discontinuity. These findings
are supported both by analogue (Kavanagh et al. 2017) and rock deformation experiments (Forbes-
Inskip et al. 2018).

2.3 Cook-Gordon delamination
Observations from experiments and analytical calculations show that the contact between layers
can both debond and delaminate in composite materials (Cook and Gordon, 1964; Wang and Xu,

2006). This process occurs when the tensile stress at the tip of a propagating extension fracture is



sufficiently high so as to open the contact ahead. This mechanism applies also to layered rocks and
is common during dyke-fed sill emplacement at shallow depths (Gudmundsson, 2011a; Barnett
and Gudmundsson, 2014).

A dyke will open a contact ahead of its tip when the dyke-parallel tensile stress is large enough to
overcome the tensile strength (To) of the contact. The dyke-parallel tensile stress is about 20% of
the dyke-perpendicular tensile stress at the tip of the dyke (Freund and Suresh, 2003;
Gudmundsson, 2011a). The tensile strength of a contact, particularly in an active volcano or
volcanic zone, is often very low — close to zero — and thus easily opened, particularly at shallow
depths. This mechanism has been studied in volcanic environments using numerical models
(Gudmundsson 2003) with a specific focus on shallow depths and stiff contacts (basaltic lavas)
but is also well known as a major fracture-arrest mechanism in composite materials (Xu et al.,
2003; Wang and Xu, 2006; Garcia, 2014).

3. Regional field setting

3.1 Geological setting

We now turn to the geology of the Santorini Volcano, within which the dykes discussed here are
located. Santorini is a Quaternary central volcano, a volcanic complex, and part of the South
Aegean Volcanic Arc in Greece. The volcanic complex formed in a trans-tensional regime and has
been influenced by the oblique subduction and accelerated slab rollback (Brun et al., 2017) of the
African tectonic plate underneath the Aegean tectonic plate (Le Pichon and Angelier, 1979).
Sinistral and dextral strike-slip zones as well as other extensional structures (faults and grabens)

(Sakellariou et al. 2013) have operated since the Miocene (Grasemann et al. 2012).

The orientation of the sub-horizontal minimum compressive stress (o3) is N135° E (N45°W), and
the level of the deviatoric regional stress tensor (deviation from the mean stress, here the lithostatic
state of stress) associated with an unrest period in 2011-12 has been estimated at around 3 MPa
(Feuillet, 2013). The Coulomb stress in the region increased by up to 0.5 MPa during this period,
as the magma chamber received new magma and inflated (Parks et al. 2012). Although there was
an increase in magma chamber pressure, the shallow chamber did not rupture or form a dyke
(Browning et al. 2015).



Santorini volcano has experienced many eruptive cycles, at least four caldera collapse events, and
remains active (Druitt and Francaviglia, 1992; Druitt et al., 1999). The past Plinian and sub-Plinian
volcanic activity formed a complex pile of stratigraphic horizons. There have been two explosive
cycles with at least 12 pyroclastic eruptions and dyke fed eruptions that produced lava shields and
lava domes (Druitt et al., 1999). The volcano hosts a magmatic plumbing system whose magmas
are the result of many processes such as mantle wedge partial melting, fractional crystallisation,
magma mingling, mixing and crustal assimilation (Zellmer, 1999; Druitt et al. 1999; Andujar et
al. 2015).

3.2 Santorini northern caldera wall

In this study, we focus on the eroded dyke swarm in the northern caldera wall of the central part
of the island of Santorini between the villages of Oia (west) and Imerovigli (east) (Fouque 1879;
Nicholls 1971; Puchelt 1990; Browning et al. 2015). In Figure 2 we present a simplified geological
map of the island showing the main units discussed here. The dykes are emplaced in a highly
heterogeneous and anisotropic host rock that belongs mainly to the oldest composite stratocone,
the remnants of the Peristeria volcano, which was constructed between 530 and 430 ka (Druitt et
al. 1999). The Peristeria volcano is composed primarily of andesitic lava flows, but also of basaltic
and silicic lava flows, tuffs, breccias (hyaloclastites) (av1-av3) (Druitt et al. 1999). Several dykes
cut through middle tuffs (ap4, 125-80 ka) and thick scoria fall deposits (ap4a-c). The Cape Riva
caldera collapse structure (~21ka) formed after the construction of the Skaros shield (54 ka) and
the Therasia dome complex (25 ka). Both the latter erupted andesitic and basaltic lavas, as well as
thick, spatter agglomerates (as2, ap5, and ao) (Druitt et al. 1999).

The dykes do not penetrate the eruptive materials of either the 1% explosive cycle (ra, ap2, rp3)
which are mainly rhyodacites (224-72 ka), or the much later Minoan fall deposits (21-3.6 ka). The
caldera collapse events, and other erosional processes have exposed the stratigraphic layers,

contacts and dykes, allowing them to be examined in considerable detail.
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Figure 2: (A) Geological map of the northern caldera wall modified from Druitt et al. (1999),
showing the location of the dyke swarm. The key on the left shows the lithologies found on the
northern caldera wall (Druitt et al. 1999). Av1: andesitic lavas, tuffs, scoria and breccia, av2: silicic
andesitic lavas, av3: thinly bedded andesites and basalts with subordinate dacites, tuffs and scoria,
ra: rhyodacites, ap2: pink sillar facies of a pyroclastic density current and red spatter agglomerate
with abundant plutonic nodules, rp3: rhyodacitic pumice, ap4: middle tuffs thick scoria-fall
deposits, as2:andesites and basalts of Cape Skaros, ap5: upper scoria 2- andesitic thick spatter
agglomerate, ao: andesites of Oia, rp6: Cape Riva tuff, rp7: Minoan tuff. Cross sections along the
caldera profile: (B) panorama of the northern caldera wall, the av3 horizon, annotations mark the
horizons of andesitic lavas, tuffs and scoria, (C) a dyke that cuts through a heterogeneous segment
which exhibits anastomosing textures at the base, annotations mark the horizons of andesitic lavas,
tuff and scoria (D) panorama close to the NE corner of the caldera wall, the dykes were arrested



or deflected within different layers (and hence at different depths) in the heterogeneous host rock,

which is comprised of tuffs, scoria and lavas.

4. Material properties and methods

4.1 Material properties

The observed dykes propagate through layers with different Young’s moduli (E). Young’s
modulus generally increases with depth in the crust but decreases with increasing host rock
porosity, temperature, weathering, and fracture damage (Ray et al. 2006). It is worth noting that E
values that are derived from static laboratory measurements are often significantly higher than the
ones measured in-situ (Gudmundsson, 1988; Bell, 2000) and the difference between the two
measurements can be as much as 20-65% (Ray et al. 2006). E values generally range between 10-
40 GPa for basement rocks (Gudmundsson, 2011b) and between 1-15 GPa for shallow crustal
rocks (Ray et al. 2006; Becerril et al. 2013), although in active volcanic areas layers of pyroclastics

and sediments may have E values as low as 0.1 GPa or, occasionally, 0.01 GPa (Heap et al. 2019).

For the modelling setups, we used realistic material properties (cf. (Gudmundsson, 2011a,b). For
compliant materials such as tuffs, unconsolidated scoria and breccia (hyaloclastites) we used the
values of 5 GPa, 0.08-0.5 GPa and 0.1 — 8 GPa. For stiff materials, such lava flows we used the
values of 10 GPa. We gave all the rocks a constant Poisson’s ratio of 0.25 (Babiker and
Gudmundsson, 2004) and density values of pL=2600 kg/m? for the lava flows and pT= 2000 kg/m?
for the tuff and scoria layers. For all the models we used the stiffness ratio contrasts of the studied
contacts which were defined as the dimensionless ratio (r) Eu/EL where Eu is the Young’s modulus

of the upper layer and EL is the Young’s modulus of the lower layer.

4.2 Field methods

We carried out field campaigns at Santorini volcano and mapped sections of the northern caldera
wall with a specific focus on the dyke swarm, as well as the associated lavas and eruptive units.
The dyke swarm in the area extends through two profiles, profile 1) A-A’ which is 4 km long and
profile 2) B-B’ which is 1.5 km long (Fig. 2). The profiles were studied both offshore (from a boat)
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and onshore. The location (longitude/latitude), attitude, thickness (width) of each dyke was
recorded as well as host rock lithologies, observed dyke pathways, cross-cutting relationships, and
exposed length (where possible).

4.3 Numerical modelling methods

The numerical models were made using the finite element method (FEM) program COMSOL
Multiphysics (v5.2). The Structural Mechanics module allows the analysis of static stresses and
strains resulting from a set of imposed boundary conditions and solid-mechanical properties.
Dynamic boundary loads can be simulated by altering both the magnitude and orientation of loads
and hence simulate 2D deformation processes of fractures and rock units with geometrical

complexity.

In our numerical models we assign different levels of Young’s modulus (stiffness) to a series of
mechanical units based on the field observations. The differences in Young’s moduli between units
generates elastic mismatch. We consider the assigned amount of mismatch and plot the resulting
stress distribution (contour surface) and principal stress orientation (arrow surfaces) to assess how
the level of mismatch alters the crustal stresses and influences fracture propagation. As we are
interested in dyke propagation, we plot the concentration of tensile stresses at the dyke tips. It is
now well known that the range of tensile stress should be between 0.5 to 9 MPa (Amadei and
Stephansson 1997; Gudmundsson, 2011b) for the fracture to grow or propagate. Hence, a criterion
(Dundurs, 1969; He et al., 1994; Gudmundsson, 2011b) between the elastic mismatch between
layers and the amount of stress can be generated and this is what is evaluated from the models

which in turn reflect the field observations.

4.3.1 General model setup

The 2D models were designed to investigate how the orientation and magnitude of stresses change
as a dyke propagates through mechanically dissimilar layers and also what effect a regional
extension has at the distribution of stresses. The modelling procedure is as follows. Initially, we
imported the geometries of the observed geological structures into the models. Each dyke was
modelled as an elliptical cavity with internal overpressure. Each layer of the models was assigned

material properties (Young’s modulus, Poisson’s ratio, and density) and boundary loading
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conditions on the horizontal edges to simulate extension. For all the models we kept the lower
boundary fixed while the upper boundary is a free surface (i.e. a surface free from shear stress and
constraints). We generated a triangular mesh of maximum nodal lengths <0.306 m and checked to
ensure that the modelled area of interest was sufficiently far from the model edges so as not to be

contaminated by edge effects.

4.3.2 Baseline model setup

In Figure 3 we present the setup for a suite of baseline models used to test to later models that
simulated more complex geometry. In the baseline model (Fig. 3A), we simulated a dyke with 5
MPa overpressure in a homogenous crustal segment. In Figure 3B the model geometry is identical
but with an added extra layer atop with a Young’s modulus of 10GPa. In Figures 3C and 3D we
show the same baseline models as in Figs. 3A,B but add an additional horizontal loading extension

of 0.5MPa to simulate an extensional stress field.
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Figure 3: Four model setups. (A) Homogeneous host rock with Young’s modulus of 40 GPa and
a 1 m thick cavity (dyke) with an internal pressure of 5 MPa (B) Example of a 2 layered or
heterogeneous model with a Young’s modulus of 40 GPa in E1 and a Young’s modulus of 10 GPa
in E2, again with a 1 m thick dyke (C) Homogeneous host rock with a Young’s modulus of 40
GPa and a 1 m thick cavity (dyke) with an internal pressure of 5 MPa subjected to an extra

horizontal extension of 0.5 MPa at the boundaries. D) Example of a two layered or heterogeneous
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model with a Young’s modulus of 40 GPa in E1 and a Young’s” modulus of 10 GPa in E2, again
with a 1 m thick dyke and subjected to an extra extensional force of 0.5 MPa (denoted by the red

arrows).

4.3.3 Modelled field example model setup

We measured 91 dyke segments in this part of the caldera wall of Santorini. Of these we selected
two that had exceptionally clear paths for modelling (Fig. 4). While we particularly model these
two dykes, the results are general and apply to other dykes as well — these were simply selected

because they are so well exposed.

The two dykes, hereafter referred to as dyke 1 and dyke 2, are compositionally identical, both
being basaltic andesites (Bailey et al., 2009), have similar attitude and average thicknesses, and
propagated through essentially the same host-rock stratigraphy. We identified five distinct dyke
populations through analysis of petrological data and attitude on Santorini. The two dykes belong
to the same dyke population and were likely injected from the same magma chamber. We assume
that the dyke propagation paths follow the direction (or trajectory) of o1, as is normal
(Gudmundsson, 2006, 2011a).

All the models reflect snapshot simulations of the magnitudes and directions of the stress field
around the dykes and the host rock. For the interpretation of the results, we plot the magnitudes —
the contours — of maximum tensile stress (c3), on a two-dimensional surface to examine stress
concentration at the dyke tips. The contours show the location of the highest stress concentration
and their ranges in different type of contacts. We also plot the trajectories of the maximum
principal compressive stress (o1) and the minimum principal compressive stress (o3) in all the

models.

14



|

Older dyke

N\, o A % .‘ - - population
= DYke 1 - Dye 2 Studied

dykes

i

Figure 4: Studied dyke 1 and dyke 2 (annotated yellow) in the northern caldera wall. Older dyke
populations (annotated pink) can also be observed in the cross-section.

4.3.4 Sensitivity tests
The first round of sensitivity tests provides insights into the effects of stratigraphy and mechanical
properties for different loading conditions on stress rotations (stress barriers). For dyke 2 we made

the following tests to explore this effect:

1) Increasing the thickness of a lava flow by an order of magnitude (from 1 to 10m).
2) Increasing the thickness of a scoria layer by an order of magnitude (from 1 to 10m).
3) Alternating the layer sequence.

4) Increasing the thickness of the crustal segment above the dyke (more layers on the top of the

observed stratigraphic sequence).
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We made these sensitivity tests (1,2,4) for the same two overpressures in the dyke, namely
alternatively 1 MPa and 5 MPa, testing the same contact (E2 (tuff) / E1 (breccia)) by keeping the
tuff stiffness constant (E2=5GPa) and changing the stiffness of the breccia layer from very
compliant (0.1 GPa), to compliant (1 GPa), and ,finally, to comparatively stiff (10 GPa). The
performed ratios of stiffness were respectively: Eu/EL=5/0.1 =50, Eu/EL= 5/1 =5 and Eu/EL=5/10
=0.5.

For the alternative layer sequence (sensitivity test 3) we tested for the same two overpressures in
the dyke, namely alternatively 1 MPa and 5MPa, using the contacts (E2 (scoria) / E1 (breccia) and
keeping the scoria stiffness constant (E2=0.5GPa) while changing the stiffness of the breccia layer
from very compliant (0.1 GPa), to compliant (1 GPa), and finally to comparatively stiff (10 GPa).
The performed stiffness ratios were respectively: Eu/EL= 0.5/0.1=5, Eu/EL=0.5/1 =0.5 and Eu/EL=
0.5/10 =0.05.

For the second round of sensitivity tests, the models focused on the relationship between the
magma chamber loading conditions and the regional stress field subject to different material
properties of the breccia layer (i.e., 0.1 GPa, 1 GPa, and 10 GPa), as above, and testing the same
contact ((E2 (tuff) / E1 (breccia)). These models allow us to investigate whether the stress rotations
relate to the regional extensional stress regime or-to local stress effects, such as due to dyke-
induced compression. Six different loading conditions that reflect 6 tested distinct stress fields are
presented below:

S1: Horizontal extension of 1MPa - benchmark model.
S2: Magmatic overpressure of 1 MPa — simulating dyke conditions close to a magma chamber.

S3: Magmatic overpressure of 1MPa and horizontal extension of 3MPa — simulating a dyke

emplaced in a rift zone (or, as possible for Santorini, an accelerated slab retreat).

S4: Magmatic overpressure of 1MPa and horizontal extension of 0.5MPa — simulating a dyke

emplaced in a rift zone.

S5: Magmatic overpressure of 1MPa and horizontal compression of 3MPa —simulating a dyke

emplacement following recent previous dyke injections.

S6: Magmatic overpressure of 1MPa and horizontal compression of 0.5MPa — simulating a dyke

emplacement that is subject to a tectonic event, here graben subsidence or formation.
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For all the models, three arrow surfaces were used to express the principal stresses for better
visualisation of the stress field. Here the maximum principal compressive stress (c1) iS shown by
red arrows, intermediate principal stress (62) by white arrow and the maximum tensile stress (o3)
by black arrows. The loading condition is again magmatic overpressure. The original models are

included in the supplementary files (Supporting information files 1-6).

5. Field results

We obtained structural data on 91 well exposed dyke segments observed in the northern caldera
wall of Santorini island. These data were combined and compared with previous measurements
by Fouque (1879), Petersen (2005), and Browning et al. (2015).

5.1 Dyke attitude and thickness

Regional dyke swarms usually show normal-curve strike and dip distributions, being mostly
composed of sub-vertical and subparallel dykes that consequently, seldom cross-cut
(Gudmundsson, 2002). In Santorini, dyke propagation is thought to have been primarily vertical
from a shallow magma chamber (Browning et al., 2015). The present field observations provided
indications of vertical flow such as elongated vesicles parallel to the dip dimension but no
elongated minerals as the dykes are often aphyric or plagioclase crystals are the only phenocrysts.
The dykes are primarily perpendicular to the regional direction of o3, which coincides with the
direction of the spreading (or rifting) vector or defined by the elongation of the caldera collapse
(Gudmundsson, 2006). The great majority of the dykes are subvertical. More specifically, 91%
have dips >75degrees; the few dykes (9%) that dip 45-60 degrees can be then categorised as
inclined sheets (Fig. 5C). Since the dykes are mostly derived from a shallow chamber, we assume

the dip dimension (height) to be the controlling (smaller) dimension.

The predominant strike is in the range N20-45°E, but there are also other minor sets of N-S,
(between NO-20°E) and NW-SE striking dykes (Fig. 5A). The variation in frequency of dykes
along the profile shows that the dykes occupy four distinct localities. We infer that these localities

mark the boundary between at least two of the main historical eruptive centres (cinder cones) in
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the northern part of Santorini, namely Mt. Megalo VVouno (or Mavro Vouno), Mt. Kokkino Vouno
as well as two other localities such as the Mt. Mikros (or Chamilos) Profitis Ilias and the village
of Finikia (Fig. 5B).

Field measurements suggest that the length and thickness size distributions of dykes are normally
power laws (Gudmundsson, 1995). Dyke thicknesses in Santorini range from 0.1m to 8 m with an
arithmetic average thickness of 1.1m. Field observations have shown that in some cases the dyke
thickness varies along both the strike and dip dimension of the same dyke (or segment). In Fig. 5D
we show how dyke thickness varies along with each profile and in Fig. 5C we show the variation

in dyke thickness with dyke dip.
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Figure 5: Characteristics of the dykes exposed on the Santorini northern caldera wall. (A) Rose
diagram of dyke strike directions, (B) Frequency of dykes along the profile, (C) Dyke thickness as
a function of dyke dip, D) Thickness of dykes along the measured profile.
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5.2 Dyke attitude, deflection and arrest

Dyke attitudes vary both along the length of the profile and also with depth in the caldera wall.
During the field campaigns, we collected measurements of dyke attitudes from a distance along
the profiles as we could not directly measure the along dip variations because the caldera wall was
too steep and difficult to access in many sections. For that reason, we made many qualitative

observations on how the dyke attitudes change along dip. The observed criteria were:

» Propagation/feeder: the dyke penetrates the host rock, and its segments were visible throughout
the succession. Because the top parts of the dyke are then essentially at the surface (which is only
slightly eroded), it is highly likely that the dyke fed a volcanic eruption. We do not see direct
evidence for this except 2 dykes that could have been connected to crater cones.

» Uncertain fate: the dyke changes attitude with depth, and we do not observe any of the dyke

segments at higher levels in the succession exposed in the caldera wall.

+ Arrest: the dyke is clearly arrested, and the arrested dyke tips can be observed. In this case, the

dyke did not feed an eruption in the observed section.

» Deflection: the dyke changes dip and deflects into pre-existing weaknesses (faults) and either
becomes arrested in a pre-existing fault zone or propagates through the fault and then becomes

arrested higher up in succession. In all of these cases, it is unclear if the dyke has fed an eruption.
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Figure 6: Observed dyke propagation paths on the northern caldera wall. (A) Segmented and
branched propagated dykes, (B) a possibly multiple arrested dyke which forms rounded tips as it
propagates through a compliant host rock, (C) dyke-fault deflection; the inclined sheet on the left

is being deflected into the shear fracture, the normal fault.

The studied dykes broadly follow three different propagation patterns, namely:

1) Propagation: the dyke penetrates the host rock layers and follows the direction of the stress field
active during emplacement. Of the 91 dyke segments measured we observed 43 dykes that
penetrate all the host-rock layers and were thus apparently neither arrested nor deflected along
contacts (Fig. 6A). Due to the steep cliffs, erosion, and coverage by scree and vegetation the
segmented dykes cannot be followed as continuous structures up their dip dimension to the top of

the succession.

2) Arrest: we observed three clearly arrested dykes. The arrested tips occur at bedding planes in
volcaniclastic rocks and at contacts between lava flows. The dykes that propagated into soft
volcaniclastics developed rounded tips (Fig. 6B) or thinned out - tapered away - to a pointed tip or
became arrested with a blunt-ended tip at the contact between layers of different stiffness. The
geometry of the tips plays a vital role in the mechanism that controls their paths (Gudmundsson,
2003).

3) Deflection: we observed six dykes that became deflected along discontinuities, which they then
followed as parts of their propagation paths. We regard a dyke as deflected when the dip changes

more than 30°. All the deflected dykes occur close to normal (regional) faults (Fig. 6C).

5.3 Dyke lengths

Due to the multiple caldera collapse events and the dynamic changes in Santorini’s morphology,
absolute dyke lengths are difficult to measure or estimate. Additionally, the caldera floor is under
the sea, and the vertical caldera cliffs are difficult to climb to study the details of the dyke
segmentation. Due to these limitations, it was not possible to trace individual dykes continuously
for any long distances along strike, and so exact measurement of dyke length (and dyke height as

well) was not possible. Instead, we inferred the length of dykes from the available outcrops.
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Many previous studies have attempted, with varying degrees of success, to estimate the lengths of
dykes in the field, both those found in well-exposed swarms (Gautneb et al. 1989, Gudmundsson
2003) as well as during emplacement (e.g. Jousset et al. 2003). The lengths (strike dimensions) of
feeder dykes close to the surface can be inferred from the lengths of the volcanic fissure to which
they supply magma (Gudmundsson, 1995). For the length of dykes at greater depths in the crust
(in eroded dyke swarms) Gudmundsson (1983) measured the minimum lengths of five dykes in
the eastern part of Iceland and found that they ranged from 4 km to more than 22 km. The
uncertainty in length was primarily because the lateral ends/tips of some of the dykes were not
exposed. Other data from feeder dykes in El Hierro, Canary Islands, revealed near-surface lengths
from 75 m to 535m (Becerril et al. 2013) while in continental flood basalt provinces estimated
dyke lengths vary from around 1 km to 80 km (Ray et al. 2006).

5.4 Dyke overpressure calculations

In the simplest case, a magma-filled fracture (a dyke) is initiated once the excess pressure (Pe,
pressure above 63) in @ magma chamber and the lithostatic stress or pressure (Pi) reach the in-situ
tensile strength (To) of the host rock surrounding the chamber plus the minimum principal
compressive stress (o3) (EQ.3). The value of Pe for chamber rupture is roughly equal to the in-situ
tensile strength To of the host rock (the chamber roof, normally) which is generally in the range
from 0.5 MPa to 9 MPa (Amadei and Stephansson 1997) but is most commonly 2-3 MPa
(Gudmundsson 2011a). Thus, magma-chamber rupture occurs when:

P1+Pe = 03 +To 3)

The overburden pressure or vertical stress ov (overlying host-rock pressure) as defined as:

ov=J, pr (z) gdz (4)

where z is the vertical coordinate axis (depth in the crust below the surface), g the gravity
acceleration (9.81 m s2) and pr (2) the density of the overlying material as a function of depth.

When the state of stress is lithostatic, then the horizontal principal stresses are equal to the vertical
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stress given by Eq. (4), which is also a principal stress (cf. Jaeger and Cook, 1979; Gudmundsson,
2011a).

Analytical and numerical models (Gudmundsson, 2006; Gudmundsson and Phillip, 2006) show
that the minimum principal compressive (maximum tensile) stress (o3) generally decreases
substantially with distance from the magma chamber/reservoir. This situation dictates that dykes
are may become arrested on their way to the surface, while actual arrest depends much on the
mechanical layering. Combining Eq. (3) and Eq. (4), we can provide a formula to calculate the
magmatic overpressure (Po), which is the magmatic pressure or driving pressure in excess of the
normal stress on on the fracture plane. For a dyke that follows the trajectory of 61 and is therefore
an extension fracture (mode I crack), on must be os. Once the dyke-fracture is initiated, it

propagates away from the chamber and is driven by the magmatic overpressure (Po), given by:

Po=Pe+ (pr—pm) gh + G4 5)

where h is the height of the dyke above the magma chamber (or reservoir), pr — pm denotes the
difference in density between the host rock and the magma and as such is a major contributor to
buoyancy, and oq is the difference between the maximum (o1) and minimum (c3) principal
compressive stresses in the host rock at the depth where the dyke tip is located at that moment (for
a propagating dyke) or the depth of exposure below the original surface (for a solidified dyke in
an eroded area).

The overpressure can also be found from the maximum dyke thickness (aperture) W and its
controlling dimension L through the equation (Gudmundsson, 2011b, Becerril et al. 2013) initially
derived by Sneddon (1946):

WE
© = S ©

where E is the Young’s modulus of the host rock, v is the Poisson’s ratio of the host rock, L is the
strike dimension (length) of the dyke, and the other terms are as defined above. The aspect ratio
WI/L can be used to calculate the overpressure in the dyke (Gudmundsson, 1983; Delaney et al.
1986).
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5.5 Magmatic overpressure results

We used Eq. (6) to determine the range of overpressures that propagated the studied dykes (Fig.
7) during emplacement. The results allow us to pick the most appropriate overpressure values for
the numerical models. Furthermore, the results show that the overpressure responsible for dyke
formation does not depend on location within the dyke swarm; the greatest variation or range in
overpressure is simply where the dyke intensity (number) is highest (Fig. 7). For the calculations
we used the value of 5 GPa for Young’s modulus (E) of the shallow crust, an appropriate value of
0.25 for Poisson’s ratio (v), and the measured thickness of the dykes. For the length dimension,
we used the 1:1500 ratio for thickness/length, as is commonly measured in the field
(Gudmundsson, 2011a). The resulting magmatic overpressures range from 0.1 to 113 MPa (Fig.
7), with an arithmetic mean overpressure of about 5 MPa. Of course, if the Young’s modulus used
were 10 GPa rather than 5 GPa, then the mean calculated overpressure would be about 10 MPa.
But the dykes are measured at very shallow depths, so that 5 GPa may be more appropriate than
10 GPa. 90% of the dyke overpressures range between 0.1 and 6MPa which agrees well with
previous field studies (Gudmundsson, 2011a) and the conditions for rupture (in-situ tensile
strength). More specifically, the results indicate that the dykes generally had low overpressure at
the very shallow depths where they are exposed, as expected from mostly mafic dykes injected

from a shallow magma chamber, as is the case for Santorini.
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Figure 7: (A) Diagram showing the calculated dyke overpressures (Po) with distance along the

studied profile. (B) 90% of the measurements range between 0.1-6MPa.

6. Numerical modelling results

We modelled two dykes observed in the field which were of similar compositions and located
within 10 m of each other. The dykes are of similar thickness and strike (NW-SE) and emplaced
in the same layered rock mass with no active faults that could alter the local stress field and
encourage dyke deflection (Le Corvec et al. 2013, 2018; Browning and Gudmundsson, 2015). The
geometry of the rock layers dissected by the two dykes is essentially identical, but the detailed

sequence, material properties, microstructure (grain sizes) and layer thicknesses, are different.

The segmented dyke 1 penetrates vertically the caldera wall and exhibits no sign of arrest in the
exposed vertical cross-section. Whilst dyke 2 is geometrically and compositionally similar it has

clearly become arrested within a contact between soft scoria and a stiff lava layer. The primary
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goal of the numerical models was to investigate which parameters control these contrasting dyke

paths.

We also studied the level of stress near the tip of each dyke and at the contact between layers ahead
of each dyke. 1) very compliant - compliant (r=0.1), 2) very compliant-stiff (r=0.05), 3) stiff -
very compliant (r=20) where r denotes for the stiffness contrast between two layers (Eu/EL)
(Kavanagh et al., 2006).

6.2 Dyke 1

In the results from the following models, we concentrate on the specific field example of dyke 1
and use the field measured geometries as input for a suite of numerical models. Dyke 1 is a mafic
dyke with an attitude of 025/85E and an average thickness of 0.5 m (Fig. 8A). The host rock
through which the dyke propagates in the exposure consists of 6 layers. Using the results from our
in-situ study and those of Druitt et al. (1999) we identify them as basaltic or andesitic lavas (layers
E4, E6, and E8), tuffs (layers E2 and E7), and unconsolidated scoria (layers E3 and E5). The

breccia (E1) is not seen in the field but underlies all of the starting layers in the models.

We produce 2D snapshots of the dyke stresses very close to three mechanically different contacts
which were selected according to the observed stratigraphy so as to favour contrasting stiffnesses
and marked in Figure 8B as stars. We also simulated two loading boundary conditions. The three

contacts were as follows:
Contact 1: scoria (E3 = 0.5 GPa) - tuff (E2 = 5 GPa) —/ very compliant-compliant, E=0.5/5, (r=0.1).
Contact 2: scoria (E5 = 0.5 GPa) - lava (E4 = 10 GPa) —/ very compliant-stiff, E=0.5/10, (r=0.05).

Contact 3: lava (E6 = 10 GPa) - scoria (E5 = 0.5 GPa) —/ stiff - very compliant, E=10/0.5, (r=20).
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Figure 8: Dyke 1 propagated through a heterogeneous segment of tuff, unconsolidated scoria and
lava in the northern caldera wall of Santorini. (A): annotated field photograph, (B): corresponding
FEM model setup. The stars correspond to the specific picked contacts from which 2D snapshots
were produced in COMSOL Multiphysics as the dyke is propagating towards the surface.

6.2.1 Dyke 1 with a 1 MPa driving pressure

We modelled dyke 1 with 1 MPa driving (over) pressure (Po) as the only loading and studied the
stress concentration at the dyke tip on the contacts mentioned above (Fig. 9, Ala-c). We then
performed the same model runs with added regional horizontal extension of 0.5 MPa (Fig. 9, Bla-
c). The model runs are shown in Fig. 9 and the results in Table 1. In Fig. 9 the stress shown as
contours is the minimum principal compressive stress (o3) which is the maximum tensile stress,
and the arrow surfaces express the maximum principal compressive stress (c1) (red arrows) and

the minimum principal stress (o3) (white arrows) respectively.

In model Al-a (Fig. 9) the dyke tip tensional stresses are concentrated predominantly in the tuff

(E2) and scoria (E3) units. The trajectories of the maximum principal compressive stress (c1) are
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oriented along the dyke dip dimension, i.e. vertically, indicating that the propagation path in this
model would tend to be vertical. In model Al-b the tensional stress is concentrated within the lava
flow (E4) and only slightly in the overlying scoria (E5) unit. The trajectories of o1 are oriented
sub-vertical directly above the dyke tip and thus promoting further (sub-vertical) propagation. Near
the tip, however, o1 dips between 0° and 45° within a few tens of cm up to the next contact between
the scoria (E5) and lava (E6). This suggests that if the dyke could penetrate the contact between
scoria (E5) and lava (E6) it would propagate vertically for some tens of centimetres and then likely
become deflected (inclined). In the next set of unit contacts (Al-c) the tensional stresses are
concentrated above the dyke tip in the stiff lava (E6) unit and the trajectories of 61 are mainly

vertical.

In model B1-a and B1-b the dyke tip tensional stresses and the trajectories of o1 follow similar
patterns with Al-a and Al-b, although in the latter, o1 stays almost vertical. However, in the next
unit or layer contacts (B1-c), the tensile stresses again concentrate above the dyke tip in the stiff

lava (E6), but o1 is vertical which indicates a high likelihood of propagation as in Al-c.

[N,
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Figure 9: FEM (finite element) models of dyke propagation (tensile stress o3) through a
heterogeneous host rock based on Fig. 8B. (Ala-c): Overpressure (Po=1MPa) is the only loading
boundary condition, (Bla-c): Overpressure (Po=1MPa) and an extensional stress field
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(Fex=0.5MPa) are applied. The red arrow surface is o1 and the white arrow surface is o3, (2) scoria/

tuff contact, (b) scoria/ lava contact, (c) lava/scoria contact (y-axis in meters).

Table 1: Modelling results for dyke 1 with an applied overpressure (Po) of LMPa and an additional

horizontal extension of 0.5 MPa. The table also includes a qualitative interpretation of the dyke

propagation path as defined through numerical modelling. Tensile stress is measured directly
ahead of the dyke tip (Low: 0.5- 1.5MPa, Moderate: 1.5-3MPa, High: 3-5MPa). The condition for

propagation is met if the stress at the tip exceeds 0.5 MPa and if the trajectory of 61 is close to 90°.

The dyke propagates in a o1 and o3 plane and their trajectories are shown in the models. The

intermediate principal stress (o2) was calculated (if possible) from numerical models not shown

here.
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Stress Po,=1M Stress
(A1) Po= Layer Stress rotation Pa and Stress rotation at
contacts | concentration | atthe tip Dyke path 0.5 concentration . Dyke path
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6.2.2 Dyke 1 with a 5 MPa driving pressure

Here we modelled dyke 1 by changing the overpressure (Po) to 5MPa. The models are shown in
Fig. 10 and the results in Table 2. We find that dyke tip tensional stresses concentrate both in the
tuff layer (E2) and in the scoria (E3) layer, although we note that there is much greater
concentration of tensile stress in the lava (E4) unit. The trajectories of o1 are generally vertical
indicating that the propagation dyke path in this model would favour vertical propagation. In model
A2-b the tensional stress concentrates within the lava flow (E4) and less in the overlying scoria
(E5) layer. However, the trajectories of o1 are oriented sub-vertically directly above the dyke tip
which suggests a sub-vertical path if the dyke were to continue propagating. In the vicinity of the
dyke tip, the trajectories of o1 and o3 dip from 0° to 45° within a few tens of cm up to the next
contact between scoria (E5) and the lava (E6). In the following model (A2-c) the o1 - o3 plane

rotates by 10°.

The application of a 0.5 MPa horizontal extension in this suite of models (B2a-c) creates similar
results and stress rotations as in A2a-c although the o1 plane rotates by 10°. These stress conditions
all encourage dyke propagation.

Figure 10: FEM (finite element) models of dyke propagation (tensile stress o3) in a heterogeneous
host rock based on Fig. 8B. (A2a-c): Overpressure (Po=5MPa) is the only loading boundary
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condition, (B2a-c): Overpressure (Po=5MPa) and an extensional stress field (Fex=0.5MPa) are

applied. The red arrow surface is o1 and the white arrow surface is o3, (a) scoria/ tuff contact, (b)

scoria/ lava contact, (c) lava/scoria contact (y-axis in meters).

Table 2: Modelling results for dyke 1 with an applied overpressure (Po) of 5SMPa and an additional

horizontal extension of 0.5 MPa. The table also includes a qualitative interpretation of the dyke

propagation path as defined through numerical modelling. Tensile stress is measured directly in
ahead of the dyke tip (Low: 0.5- 1.5MPa, Moderate: 1.5-3MPa, High: 3-5MPa). The condition for

propagation is met if the stress at the tip exceeds 0.5 MPa and if the trajectory of o1 is close to 90°.

The dyke propagates in a o1 and o3 plane and their trajectories are shown in the models. The

intermediate principal stress (o2) was calculated (if possible) from numerical models not shown

here.
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6.3 Dyke 2

Dyke 2 is an arrested mafic dyke but otherwise very similar to dyke 1 (Fig. 11A). The host rock
again is composed of six layers of dissimilar mechanical materials while their thicknesses and
sequence differ from those in the previous models. We again produce 2D snapshots of the dyke
stresses very close to the same three mechanically different contacts (which are those seen in the
field at different depths) and for the two loading boundary conditions. The three contacts denoted

with a star are as follows (Fig. 11B):
Contact 1: scoria (E3 = 0.5 GPa) - tuff (E2 =5 GPa) -/ very compliant-compliant, E=0.5/5, (r=0.1)
Contact 2: scoria (E5 = 0.5 GPa) - lava (E4 = 10 GPa) —/ very compliant-stiff, E=0.5/10, (r=0.05)

Contact 3: lava (E6 = 10 GPa) - scoria (E5 = 0.5 GPa) -/ stiff- very compliant, E=10/0.5, (r=20)

Figure 11: Dyke 2 has thinned out and became arrested within a lava unit in the northern caldera
wall. (A): annotated field photograph, (B): FEM model setup. The stars correspond to the specific
picked contacts from which 2D snapshots were produced in COMSOL Multiphysics as the dyke

is propagating towards the surface.
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6.3.1 Dyke 2 with a 1 MPa overpressure

We initially modelled dyke 2 with a 1 MPa driving pressure (Po) (A3a-c) and then added an
additional regional extension of 0.5 MPa (B3a-c). The models are shown in Fig. 12 and the results
in Table 3. In model A3-a the dyke tip tensional stresses are concentrated predominantly in the
tuff (E2) and lava (E4) and less so in the scoria (E3) layer. The trajectories of the maximum
principal compressive stress (1) in front of the tip are oriented along the dyke flow. There is also
stress concentrations at the scoria (E5) and lava (E6) contact in conjunction with o1 Stress rotation
of almost 90°. In model A3-b the tensional stress is concentrated within the lava layer (E4) and
only slightly in the overlying scoria (E5) unit. However, the trajectories of o1 rotated by
approximately 45° directly above the dyke tip and close to 90° in the overlying scoria (E5) and
lava (E6) contact which would likely favour arrest. In the next set of unit contacts (A3-c) the
tensional stresses are concentrated above the dyke tip in the stiff lava (E6) unit, and the stress

trajectories are both nearly vertical.

Accordingly, in model B3-a and B3-b,the dyke tip tensional stresses and the trajectories of o1
follow similar patterns with A3-a and A3-b. Also, in the next set of unit contacts (B3-c), the tensile
stresses are concentrated above the dyke tip in the stiff lava (E6), and o1 is vertical which indicates

a high likelihood of propagation like A3-c.
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Figure 12: FEM (finite element) models of dyke propagation (tensile stress o3) in a heterogeneous
host rock based on Fig. 11B. (A3a-c): Overpressure (Po=1MPa) is the only loading boundary
condition, (B3a-c): Overpressure (Po=1MPa) and an extensional stress field (Fex=0.5MPa) are
applied. The red arrow surface is o1 and the white arrow surface is o3, (a) scoria/tuff contact, (b)

scoria/lava contact, (c) lava/scoria contact (y-axis in meters).
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Table 3: Modelling results for dyke 2 with an applied overpressure (Po) of LMPa and an additional

horizontal extension of 0.5 MPa. The table also includes a qualitative interpretation of the dyke

propagation path as defined through numerical modelling. Tensile stress is measured directly in
ahead of the dyke tip (Low: 0.5- 1.5MPa, Moderate: 1.5-3MPa, High: 3-5MPa). The condition for

propagation is met if the stress at the tip exceeds 0.5 MPa and if the trajectory of 1 is close to 90°.

The dyke propagates in a o1 and o3 plane and their trajectories are shown in the models. The

intermediate principal stress (c2) was calculated (if possible) from numerical models not shown

here.
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0°-90° 0°-90°
(A3-b) (B3-b)
(01): (01):
0°-10° 0°-10°
(©) (02): (©) (02):
Lava/Scoria Low 0°-10° Propagation High 0°-10° Propagation
(o3): (o3):
0°-10° 0°-10°
(A3-c) (B3-c)
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6.3.2 Dyke 2 with a 5 MPa driving pressure
We modelled dyke 2 by modifying only the overpressure (Po) to 5MPa. The models are shown in
Fig. 13 and the results in Table 4.

The results from models A4-a and A4-b are similar to models A3-a and A3-b and show a higher
concentration of stresses at the same locations and within the same rock units. The trajectories of
o1 rotate by approximately at 45° directly above the dyke tip and up to 90° at the overlying scoria
(E5) and lava (E6) contact promoting possible arrest - although the scoria (E5) and lava (E6)
contact (A4-c) indicates no stress rotations. Models B4-a-c were developed similarly and also

suggest the likelihood of dyke arrest at the scoria (E5) and lava (E6) contact.
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Figure 13: FEM (finite element) models of dyke propagation (tensile stress o3) in a heterogeneous
host rock based on Fig. 11B. (Ada-c): Overpressure (Po=5MPa) is the only loading boundary
condition, (B4a-c): Overpressure (Po=5MPa) and an extensional stress field (Fext=0.5MPa) are
applied. The red arrow surface is o1 and the white arrow surface is o3, () scoria/tuff contact, (b)

scoria/lava contact, (c) lava/scoria contact (y-axis in meters).
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Table 4: Modelling results for dyke 2 with an applied overpressure (Po) of 5SMPa and an additional
horizontal extension of 0.5 MPa. The table also includes a qualitative interpretation of the dyke
propagation path as defined through numerical modelling. Tensile stress is measured directly in
ahead of the dyke tip (Low: 0.5- 1.5MPa, Moderate: 1.5-3MPa, High: 3-5MPa). The condition for
propagation is met if the stress at the tip exceeds 0.5 MPa and if the trajectory of o1 is close to 90°.
The dyke propagates in a 61 and o3 plane and their trajectories are shown in the models. The

intermediate principal stress (c2) was calculated (if possible) from numerical models not shown
here.

Stress (B4) Stress
(A4) rotatio A rotation
P.=5 Layer Stress . n at the P.=5MPa Stress _ at the
MPa contacts | concentratio tip and Dyke path and 0.5 | concentratio tio and Dyke path
(Eu/EL) n at the tip pits MPa n at the tip pits
L extension e
vicinity vicinity
(01): .
5
(o2): :
: °o_ ° : ((52). .
(a) | Scoria/Tuf High 0 99 Likely (a) High 0°- 90° Likely
f (o3): Arrest (o9): Aurrest
e
(B4-a)
(c1): (o1):
0°-90° 0°-90°
. ((52)2 . (02)2 .
(b) | Scoria/Lav High 0°- 90° Likely (b) High 0°- 90° Likely
a . Arrest . Arrest
(o3): (o3):
0°-90° 0°-90°
(A4-b) (B4-h)
(o1): (o1):
0°-10° 0°-10°
. (o2): . (o2): .
(c) LavagScorl High 0°- 10° Propﬁgatlo (c) High 0°- 10° Prop?]gatlo
(o3): (o3):
0°-10° 0°-10°
(Ad-c) (B4-c)

36




6.4 Theoretical stress concentration at the dyke tips

For dyke 1 we report a range of theoretical stresses at the dyke tips. For 1MPa magmatic
overpressure the maximum theoretical stress concentrating at the tip of the dyke at a 1) very
compliant-compliant contact is 0.23 GPa, 2) very compliant-stiff contact is 2.28 GPa, 3) stiff-very
compliant contact is 0.13 GPa. For an extra horizontal extension, the stress at the tips rises in the
first contact by 40%, in the second by 78% and in the third by 62% generating maximum stresses
of 0.32 GPa, 4.05 GPa and 0.2 GPa respectively. For 5 MPa overpressure, the calculated maximum
stress is 1.1 GPa for the first contact (r=0.1), 11.4 GPa for the second contact (r=0.05) and 0.67
GPa for the third (r=20) and by adding the extra horizontal extension the stresses increase to 1.43
GPa (30%), 13.2 GPa (16%) and 0.75 GPa (12%).

We used the same methodology for dyke 2 and calculated the maximum stress concentration for 1
MPa magmatic overpressure in the same three contacts which showed 0.22 GPa, 0.67 GPa and
0.10 GPa. For an extra horizontal extension, the stress at the tips rises in the first contact by 68%,
in the second by 70% and in the third one by 80% presenting maximum stresses of 0.37 GPa, 1.14
GPa and 0.18 GPa respectively. For 5 MPa the calculated maximum stress is 1.13 GPa for the
first contact (r=0.1), 3.82 GPa for the second contact (r=0.05) and 0.61 GPa for the third one (r=20)
and they rise to 1.43 GPa (13%), 13.2 GPa (14%) and 0.75 GPa (16%). The results are shown in
Fig. 14.

All these tip stresses are entirely theoretical and follow primarily from the mechanical properties
of the layers hosting the tips and, in particular, from the geometric constraints (tips are commonly
very narrow), and the applied load (overpressure). The stress magnitudes are similar to those
obtained for dyke tips in other numerical models (Gudmundsson, 2003). For comparison,
analytical mathematical mode | crack models yield infinite stresses (a singularity) at the tip
(Sneddon, 1946). No rocks are known to tolerate in-situ tensile stresses in excess of about 9 MPa
(Gudmundsson, 2011b).
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Figure 14: Diagram showing the max stress concentration at the dyke tips for both dykes at the
studied loading conditions, in different type of contacts 1) very compliant - compliant (r=0.1), 2)
very compliant - stiff (r=0.05), 3) stiff - very compliant (r=20). The figures on the right up corner

of the graphs are showing the stress concentration on the dyke tips at the compliant - stiff contacts
for dyke 1 and dyke 2.
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6.5 Sensitivity tests

Although the numerical models agree with the field observations indicating that stress rotations
contributed to the arrest of dyke 2, the questions as to which factors encourage stress rotations and
subsequently the formation of stress barriers, are only partially answered. For that reason, we
conducted multiple runs (sensitivity tests) to explore the possible cause(s) that could promote stress

rotations at the tip of dyke 2.

We investigated the contribution of combinations of parameters in our numerical model setups.
Two suites of sensitivity tests were designed to reflect the possible arrest conditions. Initially, the
study focused on the combination of the material and magmatic properties (Fig. 15A), and in a
second stage, we studied the external stress field with the material properties of the host rock (Fig.
15B). The sensitivity test models are shown in the supplementary files (Supporting information
files 1-6).
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Figure 15: Schematic illustrations showing the parameters studied in the sensitivity tests. (A):

Connections between magmatic conditions (magmatic overpressure, Po) and the stratigraphy-
mechanical/material conditions of the host rock such as the sequence of the stratigraphy, the
thickness of the layers (WL), and the crustal thickness (Wc). (B): Conditions of magmatic
overpressure (Po) associated with different boundary conditions on the creation of stress rotations

and stress barriers in an active volcanotectonic setting.
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Layer thickness (WL):

We modelled the effects of layer thickness on the local stress and found that principal-stress
rotations were mostly controlled by the stiffness contrast of the layers. However, when the
thickness of a stiff layer (e.g. a lava flow) is increased by a factor of ten we observe stress rotations
in the lava layer and in the vicinity of the dyke tip regardless the stiffness values (Fig. 16-1). In
addition, when the thickness of a soft layer (e.g. scoria) is increased by a factor of ten, stress
rotations in both the scoria and lava layers were observed in the vicinity of the dyke tip at a low
stiffness contrast (Fig. 16-2). Thus, a thick stiff layer can become a stress barrier whereas a thick
soft layer can generate stress rotations if the dyke propagates through soft layers with low stiffness

contrasts (r=0.5)

Stratigraphic sequence

The sensitivity models reflect how effectively the stratigraphy of the host rock together with the
stiffness of the layers can control stress rotations. Stress rotations were observed only when the
stiffness contrast was low (r=0.5 or 5). Apparently, this parameter can make soft layers to stress

barriers as shown in Figurel6-3.

Crustal thickness (Wc)

We tested how the variable thickness of the crust can promote stress rotations. In our models as
shown in Figure 16-4 we designed thicker domains by adding an extra thick layer atop the
sequence. We observed that a thick sequence can generate stress rotations especially in compliant

layers such as scoria if the dyke propagates again through layers of high stiffness contrast (r=50).

Overpressure (Po):

We made many models to test the effect of overpressure on dyke arrest. The magmatic
overpressure is important parameter as it provides to the dyke the essential pressure to propagate
subject to a satisfactory energy criterion. However, other parameters are also important in that they

control principal stress rotation and other effects that lead to dyke arrest. We did not test the
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relation between the overpressure and dyke thickness because both studied dykes are of the same
average thickness. We know, however, that the aperture or thickness of the dyke is positively
correlated with its overpressure (Eq.6).

_ Key
(B)inGPa 14y Lava Thickness
Lava 10 possible
. . arrest
- ® ©
Scoria o5 . . . unsure fate
| | | | _
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Scoria os . .
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4) Crustal Thickness
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Scoria o5 . .
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Figure 16: Results of the sensitivity tests as shown in Fig. 15 Part A. Different stiffness contrasts
(Eu/EL) (0.05, 0.5, 5, 50) subject to 1 and 5MPa overpressure control the observed stress rotations
in three different rock type layers. Annotations: Red circle for possibly arrest, orange for unsure

fate and green for propagation.
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Regional and local stress field

We examined stress rotations under different loading boundary conditions and with layers of
contrasting stiffness (Fig. 17). The S1 scenario was used as a benchmark model while S2 mainly
describes the conditions close to a magma chamber where the overpressure should be sufficient as
a principal control on the propagation of the dyke. The scenarios S3&4 simulate an extensional
regime such as a rift zone, or the regional extension due to the extension and the rapid roll-back
that the Aegean Sea experiences. The models clearly show that if a dyke propagates in an
extensional stress regime (Fig. 17-S3&4) stress rotation can occur in all layers for every studied
stiffness contrast except in compliant layers (e.g. scoria) when a dyke propagates from a
soft/compliant to a stiff layer (r=50). However, under a horizontal compression (Fig. 17-S5&6)
stress rotations can occur again regardless of the stiffness contrasts in all type of layers except in
a soft layer (e.g. scoria) where propagation can be encouraged in high stiffness contrasts (r=50).
Compressional stress fields describe regional stress conditions due to previous dyke injections,

faulting, or graben subsidence.
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Figure 17: Figure showing the results of the second model suites of the sensitivity tests as shown
in Fig. 15 Part B subject to different stiffness contrasts (Eu/EL) (0.5, 5, 50). We observe the mutual
connections between the magmatic conditions subjected to changes in the local stress field and
producing stress barriers. S1: application of horizontal extension (Fex= 1MPa), S2: application of
magmatic overpressure (Po=1MPa), S3: application of magmatic overpressure (P.=1MPa) and
horizontal extension (Fex= 3MPa), S4: application of magmatic overpressure (Po=1MPa) and
horizontal extension (Fex= 0.5MPa), S5: application of magmatic overpressure (Po=1MPa) and
horizontal compression (Femp= 3MPa), S6: application of magmatic overpressure (P.=1MPa) and

horizontal compression (Fcmp= 0.5MPa).

7. Discussion

The results of the numerical models have various theoretical and applied implications. For
example, we calculated the theoretical tensile stresses ahead of a dyke snapshot in both
homogeneous and heterogeneous crustal segments. We found that the tensile stress increases with
increasing overpressure as well as with horizontal extension at the model boundary (Figs. 9-10 and
12-13). In addition, higher stresses concentrate in the stiff lava layers while the soft scoria and tuff

layers suppress the stresses.

We also investigated the theoretical stresses close to and at the tips in all the studied types of
contacts (Fig. 14). The results show that the tensile stresses at the tip can theoretically become 3
to 4 orders of magnitude higher than the overpressure. In detail, the study revealed the following
for both the dykes:

1) Stress concentration is positively correlated with the stiffness of the host rock layers. More
specifically, the stiffer they are, the higher the theoretical tensile stress.

2) Stress concentration is also positively correlated with magmatic overpressure and with the
application of the external horizontal extension. More specifically, when either of these

increases, then so does the theoretical tensile stress.

The numerical models also show that crustal anisotropy (layering) has a substantial effect on the

alignment and rotation of principal stresses. This is of great importance for dyke paths and the
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potential for eruption. For example, rotation of o1 from being vertical to horizontal will almost
always result in the arrest - or deflection into a sill - of a vertically propagating dyke, the layer
with the rotated stresses acting as a stress barrier.

However, a stress barrier was not generated in any of the models for dyke 1. As a result, the
numerical modelling supports the field-based indication of a continuous and non-arrested path,
albeit with slight variations in path dip. In the models for dyke 2, we observed minor stress
rotations at the contact between the tuff and unconsolidated scoria (as shown in part A3a-c of Fig.
12). By contrast, stress rotations of up to 90° were observed at the contact between very stiff lava
flows and soft layers such as unconsolidated scoria (as shown in part B3-a of Fig. 12), generating
stress barriers. The dyke in this instance, however, may also have become arrested by the elastic
mismatch process as the soft unconsolidated scoria and the stiff lava flows have very different
elastic properties (Young’s modulus). This is very much in agreement with the field observations
which clearly show that the dyke tip thinned out gradually until it stopped at the E6 (lava) - E5
(scoria) contact.

We also made comparisons of the present results with laboratory experiments. Analogue models
(Kavanagh et al., 2006) suggest that a dyke may become arrested when the driving pressure is
almost equal to the excess pressure needed for a dyke to penetrate the stiffer layer atop. We
compared the proposed dyke paths (with possible stress rotations) of our tested stiffness ratios with
the proposed experimental dimensionless stiffness ratios (two-layered system with high stiffness
ratios) from Kavanagh et al., (2006). The results showed that experimentally arrested dykes form
when the ratio of Eu/EL is 14.95. In our models with a six-layer sequence, Eq. 6 indicates that dyke
2 would promote stress rotations and become arrested when the ratio of Eu/EL was as high as 20

(Eu/EL=10/0.5=20) and so in agreement with the analogue experiments.

2D BEM numerical models and laboratory experiments (Maccaferri et al., 2010) suggest that the
elastic energy release rate (G) during crack propagation through a boundary from a soft to a stiff
layered elastic body with high stiffness contrast diminishes steeply promoting dyke deflection to
inclined sheets. These results are in agreement with analytical results on the effects of elastic
mismatch on mode | fracture deflection (He and Hutchinson, 1989; Gudmundsson, 2011a,b). Our

models show that vertical dykes with the same stiffness contrast (r=5 or 20) can produce stress
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rotations and probably dyke arrest in heterogeneous domains. Future studies on how the energy

criteria affect the dyke propagation paths in terms of their dip should be encouraged.

The numerical models indicate that dyke arrest can occur due to variations in mechanical properties
of layers, particularly in stiffness (Young’s modulus). Layer stiffness, however, changes during
time and depends on the age of and depth below the surface at the time of dyke emplacement.
Generally, rock layers become stiffer with time, particularly pyroclastic and sedimentary layers,
primarily due to secondary mineralisation and compaction. Thus, generally, the tendency to dyke
arrest is greatest in a comparatively young stratovolcano while the mechanical contrast between
layers that constitute the roof of the source chamber is great. Gradually, due to compaction and
mineralisation, the mechanical properties of the crustal segments or sequences become more
similar, that is, homogenized, and normally easier to penetrate by dykes. Thus, contacts that early
in the history of the volcano arrest dykes, may allow dykes to penetrate later in the history of the

volcano.

This brings us to the age of the layers and thus to a brief overview of the relevant geological history
of the sections dissected by dykes 1 and 2. The deposition of avl (Fig. 4) took place between 530-
430 ka followed by av2 and av3 horizons which formed the Peristeria stratovolcano. Later
eruptions formed the cinder cones and then the Skaros and Therasia shields on top of the
stratigraphy of Peristeria. The oldest dyke population in Figure 4, which strikes NW-SE was
possibly emplaced during the formation of the Peristeria volcano as it was found to dissect only
the avl horizon. The dykes are extensively weathered and of a characteristic red (or light) colour
possibly due to oxidation and are likely of felsic composition. A second, younger dyke population
was emplaced in the same section, cross-cutting the stratigraphy and the earlier dykes. These dykes
strike NE-SW and have an average thickness of 0.5 m and are generally of mafic composition.
Dyke 1 propagated to the higher stratigraphic horizons while dyke 2 became arrested at the contact

between a scoria and a lava layer in av1.

The host rock is formed by a seemingly random sequence of andesitic lavas, tuffs, scoria and
breccia (hyaloclastites). The layers are dipping 20° to the east and have variable thicknesses. The
base layer is formed by a sequence of lava and breccia with variable thickness and grain size.

Given the structural study of the area, the possible scenarios of the observed dyke path are:
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1) Dyke 1 and dyke 2 were emplaced after the formation of the Peristeria volcano. The
emplacement of dyke 1 (or dyke 2) and the paths were then primarily determined by the
variation in mechanical properties and local stresses of the layers.

2) Dyke 1 is propagating through the stratigraphy subject to a local compressional stress
field imposed by the previous dyke injections and a regional extensional stress field
imposed by the rift zone. Dyke 1 may have propagated partly due to the extensional stress
field that do not mainly promote stress rotations in combination with low stiffness contrasts
(r=0.5 or 5). Subsequently injected dyke 2 interacts with the local stress field imposed by
dyke 1.

In detail, dyke paths in the shallow crust are much affected by the local material properties of the
rock layers and by associated local stresses. Local stresses commonly generate stress barriers
encouraging dyke arrest. Also, while the overpressure is primarily the driving force of dyke
propagation from and near the magma chamber (Gudmundsson, 2003), it is not constant and,
particularly for mafic dykes injected from shallow chambers, the overpressure tends to decrease
towards the surface — because of negative buoyancy (Eqg. 5). Other factors that may contribute to
dyke arrest, discussed here, include layer thickness and layer stiffness. Stiffness, particularly rather
stiffness contrast across contacts, is the most fundamental parameter as regards dyke arrest. This
is not only because stiffness largely controls principal stress rotations and the formation of stress
barriers, but also because variation in stiffness between layers is the main contribution to elastic
mismatch, which is the major contribution to dyke arrest, particularly in stratovolcanoes such as

Santorini.

8. Conclusions

Our combined field and numerical modelling study allow the following conclusions to be drawn
on the structure and emplacement of dykes within arc volcanic settings such as at Santorini

volcano.

1) Host-rock layering and anisotropy largely controls dyke propagation path and arrest in the

shallow crust of Santorini volcano. The arrangement of layers with different stiffnesses
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2)

3)

4)

5)

6)

7)

determines the local stress fields within a volcano and hence the attitude and fate of the
propagating dykes.

The dyke swarm at Santorini was formed over several-episodes. Analysis of the attitude
and location of dykes indicates that the swarm fed four distinct localities atop.

Most dykes injected from a crustal magma chamber do not make it to the surface to feed
an eruption; instead, they become arrested, commonly at contacts between mechanically
dissimilar layers.

Analytical results suggest that the dykes at Santorini formed and propagated under an
overpressure (driving pressure) between 0.1 MPa to 6 MPa (90% of the measurements).
We suggest that most arrested dykes were either arrested on meeting stress barriers (where
o1 has rotated to become horizontal instead of vertical) or on meeting contacts between
layers of contrasting stiffness, an elastic mismatch. In agreement with stress barriers and
elastic mismatch mechanisms, our FEM models show that soft-stiff contrasts (stiff layer
hosting dyke tip below the contact with a soft layer above the contact) may encourage dyke
penetrating the contact whereas stiff-soft ones can produce stress barriers and elastic
mismatch that encourage dyke arrest.

The results suggest that thicker lava or scoria layers are more likely to promote stress
rotations and dyke arrest than thin layers with the same mechanical properties. By contrast,
magmatic overpressure, although partly controlling stress concentrations at dyke tips,
cannot as such induce stress rotations.

Soft scoria layers can encourage stress rotations/barriers, even when a dyke propagates

from a stiff to a soft layer, unless the stiffness contrast stiff-soft-(Eu/EL) is low.
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