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Abstract

Dykes and inclined sheets are known occasionally to exploit faults as parts of their paths, but
the conditions that allow this to happen are still not fully understood. In this paper, we report
field observations from a swarm composed of 91 segments of dykes and inclined sheets, the
swarm being particularly well-exposed in the mechanically layered caldera walls of the
Santorini volcano, Greece. Here the focus is on dykes and sheets in the swarm that are seen
deflected into faults and the mechanical conditions that encourage such deflections. In
particular, we present new analytical and numerical models to explain the mechanical
principles of dyke/sheet deflections into faults. The numerical models are applied to a normal-
fault dipping 65° with a damage zone composed of parallel layers or zones of progressively
more compliant rocks with increasing distance from the fault rupture plane. We model a sheet-
intrusion, dipping from 0° to 90° and with an overpressure of alternatively 1 MPa and 5 MPa,
approaching the fault. We further tested the effects of changing (1) the thickness of the sheet-
intrusion, (2) the fault-zone thickness, (3) the fault-zone dip-dimension (height), and (4) the
loading by, alternatively, regional tension and compression. We find that the stiffness of the
fault core, where a compliant core characterises recently active fault zones, has pronounced
effects on the orientation and magnitudes of the local stresses and, thereby, on the likelihood
of dyke/sheet deflection into the fault zone. Similarly, the analytical models, focusing on the
fault-zone tensile strength and energy conditions for dyke/sheet deflection, indicate that
dykes/sheets are most likely to be deflected into and use steeply dipping recently active (zero
tensile-strength) normal faults as parts of their paths.
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1. Introduction

Propagation of dykes and inclined sheets is the most common form of magma transfer from
shallow magma chambers to fissures feeding volcanic eruptions (e.g., Gudmundsson, 2020).
Most dykes/sheets form their paths through the Earth’s crust by rupturing the host rock and
forming fluid-driven extensional fractures (e.g., Anderson, 1951; Rubin and Pollard, 1987;
Rubin, 1995; Gudmundsson, 1986, 2020; Tibaldi, 1992, 2015; Saunders 2004). When forming
their paths, dyke/sheets use existing joints that coincide with the direction of the maximum
principal compressive stress o1 and are perpendicular to the minimum principal compressive
stress, o3 (€.9., Anderson, 1951; Gudmundsson, 2011). However, stress changes during magma
propagation associated with host rock heterogeneity (e.g., Gudmundsson 2020; Drymoni et al.,
2020), seismic activity or ground deformation (e.g., Geyer and Gottsmann 2010; Bonali et al.,
2013; Tibaldi et al., 2017; Kiryukhin et al., 2020) and many other factors (e.g., van Wyk de
Vries and Matela 1998; Geyer and Gottsmann 2008; Delcamp et al., 2012; Magee et al., 2017)
can alter the magma path towards the surface and the likelihood of an eruption (e.g., Roman et
al., 2006; Neuberg et al., 2018). While most dykes/sheets form their own fractures, some
follow pre-existing faults for parts of their propagation paths (e.g., Cembrano and Lara, 2009;
Aloisi et al., 2011; Le Corvec et al. 2013, 2018; Spacapan et al., 2016; Dumont et al., 2016;
Sielfeld et al., 2019; Gudmundsson, 2020). For an active fault, the rupture (fault) plane is
oblique to o1 and o3, S0 that the parts of dykes/sheets that follow them are no longer pure

extension fractures (mode I cracks) but rather shear cracks.

One model to explain the propagation paths of dykes and inclined sheets uses the concept of
least action which, when the Kinetic energy is insignificant, reduces to the principle of
minimum potential energy (Gudmundsson, 1986, 2000). Then dykes/sheets propagate parallel
with o1 (and perpendicular to o3) so long as that direction coincides with the direction of
minimum tensile strength, To. In this model, a propagating dyke will at any time pick the most
economical path (the path that requires least energy), either wholly or partly, and hence use
normal, reverse or strike-slip faults of low or zero tensile strength (that is, recently active
faults), when they are favourably oriented in relation to the local stress field during dyke

emplacement. While field observations of the mechanical interactions between dyke and faults
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are not very common, several examples of dykes occupying faults have been reported
(Gudmundsson, 1983, 1986; Delaney, 1986; Rossetti et al., 2000; Mathieu et al., 2008;
Spacapan et al., 2016). Similarly,-Browning and Gudmundsson (2015) observed the deflection
of inclined sheets into a part of a normal fault bounding a caldera. However, as field
observations are limited, so is our understanding of the mechanisms and conditions under

which dykes/sheets utilise pre-existing faults for parts of their paths.

Santorini volcano, with its well-exposed caldera walls, is a natural laboratory that offers
excellent opportunities for field observations of dyke propagation, dyke arrest, and dyke
deflection into contacts and faults (Drymoni et al., 2020). The northern caldera wall, in
particular, contains a local swarm of dykes, as well as many normal and strike-slip faults, all
of which dissect heterogeneous and anisotropic host rock. Therefore, the northern caldera wall
offers excellent opportunities for studying dyke-fault interactions and does, indeed, show

several examples of dykes being deflected into faults.

The principal aim of this paper aims to address the conditions and mechanics that control
magma ascent when a dyke or an inclined sheet meets an existing fault. More specifically, we
aim at improved understanding as to how and under what conditions magma-filled fractures
become deflected into an existing fault — thereby addressing the long-standing issue of the
volcanotectonic relationship between faults and magmatism. We provide detailed field
observations and analytical and numerical models which, that combined with real-time
observations during unrest periods with dyke/sheet propagation, yield a framework for more
reliable forecasting of the likely path of propagating dykes/sheets during unrest periods in

volcanoes.

2. Mechanics of fracture initiation, growth, and propagation

Understanding of the mechanics of dyke/sheet propagation in the crust is essential for making
reliable models towards forecasting volcanic eruptions. Fracture-mechanics concepts apply to
all solids, including rocks at different scales. In the present study, the focus is on the outcrop
scale, that is, the scale of fractures as seen in the field, which is the scale most relevant to
volcanotectonics. Quantitatively, that scale covers the size range from tens of centimetres to

tens of kilometres.
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To address mechanical interactions between magma-filled fractures and faults it is essential to
understand how fractures form and propagate and under which conditions a magma-filled
fracture would prefer to follow a pre-existing shear fracture, a fault, rather than continue
making its own extension-fracture path. Using results from fracture mechanics and materials
science as to focus on the parameters that control the initiation, growth, and propagation of a
magma-driven fracture and, in particular, deflection from its main path. Subsequently, we
combine structural geology results and analytical and numerical modelling to give insights into
the ways that a dyke/sheet acts mechanically on approaching a fault.

In the literature, the terms crack and fracture are often interchangeable. Here we follow the
terminology of Broek (1982), where a fracture can be regarded as an extended crack.
Furthermore, in modelling fractures, we use ’crack’; thus, we refer to Mode I, Mode II, and

Mode 111 cracks, as is common in fracture mechanics literature (Gudmundsson, 2011).

The mechanics that govern fracture propagation in general, including the magma-driven
fractures that generate dykes/sheets, was initially suggested by Griffith (1920, 1924).
Accordingly, larger fractures develop from very small cracks or flaws (Griffith’s theory was
initially developed for fractures in glass), which for a propagating fault or a dyke/sheet fracture
may be regarded as being located primarily in the process zone at-the fracture/fault tip (Fig. 1;
Atkinson, 1987; Atkinson and Meredith, 1987; Gudmundsson, 2011). These cracks are
elliptical, thin, and, for many materials, atomically sharp, but for many rocks would be of
dimensions similar to those of crystal boundaries and, on a larger scale, those of joints. If the
stress that concentrates at the tip of already formed flaws equals the tensile strength of the host
rock (Griffith’s initial theory was for tension fractures, thus tensile strength), cracks grow and

eventually coalesce to form a fracture which propagates along the process zone.
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Fig. 1: Hlustration showing the progressive formation of a Mode | crack, an extension fracture.
A) Microcracks concentrate around the tip of a fracture in a linear elastic, brittle, material.
Further crack nucleation and growth occurs within the process zone when the tensile stress at
the tip of the fracture matches the tensile strength of the host rock. B) Crack growth is
encouraged as the strain energy release rate (Gi) of the system rises. C) Crack propagation or
fracture is controlled by the material properties of the host rock for any energy criteria used for
the crack. D) Deflection mechanisms, i) stress barrier, ii) elastic mismatch and iii)
debonding/delamination. All analytical fracture-mechanics solutions are from Broek (1982).
Ws denotes the surface energy needed to produce a fracture, K; is the stress intensity factor of
a Mode | fracture, Kic is the critical stress intensity factor or fracture toughness of a Mode |
fracture, G, is the strain energy of a Mode I fracture, the energy release rate of the material that
controls the growth of the fracture, Gic is the critical elastic strain energy or material toughness
of a Mode | fracture, T, is the tensile strength of the host rock, E is the Young’s modulus
(stiffness) of the host rock, omax is the maximum tensile stress at the tip of a semi-elliptical
notch (the Griffith flaw/crack), « is the half length of a crack, o, is the remote tensile stress
(due to loading such as magma-chamber expansion and crustal segment/volcano inflation), oc
is the critical tensile stress, o1 is the maximum principal compressive stress and o3 is the
minimum principal compressive stress or the tensile stress of the fracture, pc is the radius of

curvature. All these symbols, and others used in the paper, are further explained in Table 1.
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Fracture initiation and growth requires brittle rocks to overcome the resistance to failure.
Certain energy and stress conditions must be satisfied as they control the growth of cracks that
eventually coalesce to form a large-scale propagating fracture. One measure of rock strength
or toughness for Mode | fractures is the energy released rate G, and the stress intensity factor
Ki. The first is the energy per unit area of crack extension, and the second is the intensity of
the stress field at the tip of the crack. A sufficient amount of elastic strain energy is required
for a fracture to nucleate or grow (Fig. 1A&B). The strain energy is stored elastically in the
body when the latter deforms — such as in a crustal segment, and associated volcano during
inflation - and is released when the new fracture surface is generated. The amount of energy
needed for crack growth is transferred into the system in the following ways (Broek, 1982;
Gudmundsson, 2011):

1) Elastic strain energy (Uo) that is stored in the host rock, for example, during inflation, and
can be used to rupture the rock.

2) The energy that enters the system due to work (W.) done during displacement of, for
example, the volcanic flanks or a part of a rift zone, when an inclined sheet or a dyke propagates
within the crustal segment.

3) The surface energy (Ws) needed to generate two new surfaces as the crack develops in the
rock body.

4) The total energy Uit needed for the generation of new crack surfaces is the stored elastic
strain energy (Uo) minus the work done on the system by displacements of the crack boundaries

(subject to load control) (W) plus the surface energy or work (Ws), given by:
Ugor = (Ug - W) +Wq 1)

The strain energy release rate, denoted by G, (for Mode | cracks), determines the crack growth

and is given by:

14 (2)

Where o is the tensile stress, o is the half length of a crack and E the Young’s modulus of the

rock (or any other solid as the case may be).
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The energy condition on its own does not govern fracture propagation, which is also related to
the material properties and the stress conditions with the host rock. Specifically, at the
propagation stage of fracture development, the fracture must overcome Gic (material

toughness) or Kic (fracture toughness) for Mode | fractures which are connected as follows:

Kic?
E

Gic = 3)
The material toughness (Gic) is a material constant which has the units of J m™; it indicates the
energy required to rupture the rock, that is, the energy absorbed by the rock per unit area of the
fracture. Kic is the stress intensity factor or the fracture toughness of the rock and has the units
of MPa m¥2, If both Gic and Kic reach their minimum critical level, then a fracture can
propagate (Fig. 1C). Laboratory measurements of material and fracture toughness for solid
rocks are 20-400 J m? and 0.5-3 MPa m*/2, respectively (e.g., Fourney, 1983; Atkinson and
Meredith, 1987; Gudmundsson, 2011 and references therein).

Dyke propagation normally occurs-parallel to the direction (or trajectory) of o1 and, therefore,
perpendicular to o3 (e.g., Anderson 1951; Gudmundsson, 2020). Fracture propagation in
heterogeneous crustal segments is primarily controlled by the difference in material properties
between layers or by discontinuities between the layers, such as contacts or faults (Fig. 1C).
The main mechanisms that control this process are 1) stress barriers, 2) elastic mismatch and,
3) debonding or delamination (He and Hutchinson, 1989; Hutchinson, 1996; Xu et al., 2003;
Wang and Hu, 2006; Gudmundsson and Lotveit, 2012). These mechanisms control whether a
fracture will propagate, deflect, or become arrested within the crustal segment (Fig. 1D).

3. Dyke-Deflection mechanisms

3.1 General overview

Inclined sheets and dykes are tabular, planar (primarily) extension fractures which form
discordant to the host rock and dip from approximately 30° to 90°. Inclined (cone) sheets and
dykes are injected either from deep-seated reservoirs, which generally form sub-vertical dykes,
or from shallow magma chambers, which can instead create sheets with various dips as well as

sub-vertical dykes (Gudmundsson, 1999).



211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

236

237
238
239
240
241
242

For a dyke that follows the direction of 61, and is thus perpendicular to o3, the dyke must deflect
when the orientation of the principal stresses rotates ahead or at its tip (e.g., Anderson, 1936,
1951). On deflection, the dyke propagation path changes direction. The change may be
permanent, such as when a dyke is deflected into a large sill or ‘temporary’ in the sense that a
small part of the path of the dyke is deflected and thus different from the main path. (While
‘temporary’ as regards the actual propagation of the dyke, the deflection, of course, becomes
permanent in the sense that the deflected part becomes ‘frozen’ with the rest of the path when
the dyke solidifies.) Stress rotation is most likely to happen due to mechanical anisotropy
(layering) in the crustal segment, particularly at a mechanical interface. Dyke deflection is
primarily attributable to the following three mechanisms (cf. Gudmundsson, 2020).
1. Stress barrier: A stress barrier can be either a soft or a stiff layer that rotates the principal
stress orientations and hence either stops or alters the propagation path of an extension
fracture such as a dyke.
2. Elastic mismatch: Mismatch relates the Dundurs mismatch criteria or the difference in
elastic properties (primarily Young’s modulus) across a discontinuity or contact with the
elastic properties of the contact itself. Great difference promotes deflection into the contact,
particularly if the layer above the contact (in a vertical section) is much stiffer (with a higher
Young’s modulus) than the layer below the contact (and hosting the top part of the dyke as
it approaches the contact).
3. Cook-Gordon debonding and delamination: Due to dyke-parallel tensile stress ahead of
a propagating fracture tip, a weak (low tensile-strength) contact can debond and delaminate
open) ahead of the dyke approaching dyke tip. On meeting the open contact, the dyke then
either becomes deflected into a sill along the contact or, alternatively, stops altogether
(becomes arrested).

3.2 Deflection of dykes into faults

Fault zones are Mode I or 111 (shear) fractures that may both encourage and inhibit fluid flow
in the crust. They form mechanical, and displacement discontinuities called cores and damage
zones-which can gradually grow (Caine, 1996). Two main hydromechanical units define the
architecture of a fault:

1) a central fault core (commonly from a few centimetres to tens of meters thick), which

accommaodates the bulk of fault displacement, and
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2) a brittle damage zone (from a few metres to several hundred meters or more in thickness)
which is associated with the growth and evolution of fractures, veins, small faults or even folds,
in the host rock (e.g., Chester and Logan 1986; Caine et al., 1996, Faulkner et al., 2010, 2011;
Gudmundsson, 2011). Intrinsic mechanical properties, such as strength and stiffness, of a fault
zone differ between the core and the damage zone. The fault core in an active fault is mostly
composed of narrow slip surfaces (Caine et al., 1991), soft breccia and geochemically altered
rocks, gouge and unconsolidated rocks (Anderson et al., 1983; Hoek 2000) which have
commonly a very low Young’s moduli (typically less than 1GPa) (Gudmundsson, 2011; Heap
et al., 2020). The damage zone is characterised by fractures whose frequency is normally
highest at the damage zone — core boundary and decreases (often in an irregular manner) from
there to the damage zone contact with the host rock. It follows the stiffness of rocks in the
damage zone gradate from relatively compliant (high fracture frequency) near the core to
relatively stiff nearer the host rock or protolith. For an active fault, the core itself, has normally
the lowest Young’s and accommodates much of the fault-zone displacement. However, during
periods of inactivity, the fault core can become locked and very stiff (with Young’s moduli of

higher than 10 GPa.

Table 1
List of parameters and variables
Variable Definition Units
a half-length of a crack m
a angle between the fault degrees
plane and the direction of 61
d variational symbol -
d distance m
E Young’s modulus (stiffness) | Pa
of the rock
F force N
g acceleration due to gravity m s?
h dip-dimension of a dyke m
Gi strain energy release rate for | J m?
a Mode | fracture
Gic critical elastic strain energy | J m
or material toughness of a
Mode | fracture




Ki stress intensity factor of a MPa m*/2
Mode | fracture
Kic critical stress intensity factor | MPa m/2
or fracture toughness of a
Mode | fracture
Po overpressure Pa
pon overpressure needed for a Pa
dyke-fracture to open
against on
Pe exCcess pressure Pa
I1 total potential energy of a J
system
Pc radius of curvature m
Pm magma density kg m3
pr crustal density of the rock kg m?
o tensile stress Pa
Oc critical tensile stress Pa
od differential stress Pa
Omax maximum tensile stress at Pa
the tip of a semi-elliptical
notch (the Griffith
flaw/crack)
On normal stress Pa
Co remote tensile stress (due to | Pa
loading such as magma-
chamber expansion and
crustal segment/volcano
inflation)
o1 maximum principal Pa
compressive stress of the
fracture
03 minimum principal Pa
compressive stress or the
tensile stress of the fracture
T shear stress Pa

10
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S action Js
T Kinetic energy of the system | J
To tensile strength of the host Pa
rock
TS3 tensile strength along the Pa
path that is perpendicular to
03
Ton tensile strength along the Pa
path that is perpendicular to
On
t1 arbitrary time S
Uo elastic strain energy J
Y Poisson’s ratio -
WL work subject to load control | J
Ws surface energy or work J

The condition that defines whether a dyke will propagate through a pre-existing fracture, a

fault, or will make its own path is mechanically defined by two parameters, namely:
1) The tensile strength (To) of the fault plane-

2) Hamilton’s principle of least action, which means that the path followed by a system is the
one that makes the action has an extremum, normally a minimum. Action has the units of
energy x time, that is, J s (joule-second). For dyke propagation, the principle of least action can
be stated, in its simplest form, so that the dyke/sheet selects the path along which the time
integral of the difference between the kinetic and potential energies is an extremum, and
normally a minimum, with reference to all other potential paths with the same points of
initiation (at the magma chamber) and arrest (or eruption). For a continuous system, such as a

crustal segment, the Hamilton’s principle may be stated as follows (Gudmundsson 2020):

5= [ (T —Mdt =0 4)

11
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where I7 is the total potential energy of the system, namely the sum of the total stored strain
energy and the potential energy of the external forces acting on the rock body/crustal segment,
T is the kinetic energy of the system, S is the action, ¢ is the variational symbol — denoting a
small change — and t1 and t2 are two arbitrarily chosen times in the evolution of the system
(here dyke/sheet propagation).

When the kinetic energy T is omitted (during the generally slow dyke propagation) and all the
forces are conservative — as is common for elastic systems, then Hamilton’s principle of least
action (Eqg. 4) reduces to the principle of minimum potential energy, which can be stated as
follows (Gudmundsson, 2020):

oI1=0 ()

This principle states that of all possible displacement fields (during dyke propagation) that
satisfy the constraints and the loads on the system (the crustal segment), the actual
displacements are those that make the total potential energy of the rock body/crustal segment

a minimum.
To identify the mechanical conditions that encourage a dyke to follow a fault partly or wholly
we need to calculate the normal stress (on) on the fault plane and the difference between this

normal stress and the minimum principal compressive stress (o3). Both are defined by the
following equations (Eqs. 6&7):

on=———— %Gg cos 2a (6)
on— 03 = =% (1- c0s20)) (7)

where o4 = o1 - o3-and a is the angle between the fault plane and the direction of o1.
It can be shown (Gudmundsson, 2020) that a dyke will use an active fault as part of its path if

the following conditions are satisfied:
on—03<ATo (8)

where

12
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ATy =T —T 00 ©)

is the difference between the tensile strength along the path that is perpendicular to o3 (parallel
with 1) and the path that is perpendicular to the normal stress on the path, on. If the tensile
strength along the path perpendicular to on is zero, then we have:

ATy =Ty (10)

Likewise, the overpressure needed for a dyke-fracture to open against on, which is greater than

the one needed to open the dyke-fracture against o3 (unless on = 03), is defined by:
Pg™= pet (pr—pm) gh + =2 (1 + cos 2a) (11)

Here pe is the magmatic (fluid) excess pressure in the source chamber at rupture and dyke
injection, pr is the crustal density of the rock between the chamber and the surface, pm is the
magma density, g is the acceleration due to gravity acceleration, and h is the dip-dimension of
the dyke (cf. Table 1).

In this study, we explore the mechanical conditions under which fault zones act as barriers or,
alternatively, as channels for propagating dykes: We investigate those conditions under which
dykes become deflected and document the interactions between dykes and faults in the caldera
wall of Santorini volcano. The integration between analytical and numerical modelling
provides mechanical constraints on the behaviour of a dyke on approaching a fault — constraints
that are then tested by field observations.

4. Methods
4.1 Field data

As a typical active stratovolcano, Santorini has experienced many eruptive cycles and at least
four caldera collapse episodes (Druitt & Francaviglia 1992). The past Plinian or subplinian
volcanic activity has formed a complex pile of stratigraphic horizons. The activity has included

(1) two explosive cycles, (2) dyke-fed eruptions, (3) a double-magma chamber volcanic

13
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plumbing system (e.g., Druitt et al., 1999; Browning et al., 2015), and (4) a distinct magmatic
fingerprint in the Aegean arc e.g., primary and evolved magmas affected by high degrees of
partial melting and decompression melting but low degrees of crustal contamination, mantle
release of hydrous fluids derived from the subducted basaltic slab, and low aqueous to sediment

melt ratios during magma generation (Francalanci and Zellmer 2019).

The study area exhibits numerous dyke segments (Fig. 2) hosted by highly heterogeneous rock
primarily generated by the oldest composite stratocone, the Peristeria VVolcano (530-430 ka).
The following events include the first eruptive cycle (360-172 ka), the cinder cones of the
Megalo and Kokkino Vouno (125-80 ka) and the Skaros shield and Therasia dome complex
(70-22 ka). The Minoan eruption (3.6 ka) marked the last Plinian eruption. The associated
caldera collapse has exposed the contacts, the stratigraphic layers, the dykes and the regional

faults, allowing them to be examined.

A

Fig 2: (A) Simplified geological map of Santorini (modified from Druitt et al., 1999). (B)
Panorama of the northern caldera wall dyke swarm showing dyke segments that are not
deflected into pre-existing faults. (C, D) Dyke-fault interactions in the outcrop scale.

We conducted field campaigns in the northern caldera wall and mapped the dyke segments, the
associated host-rock layers, and fault zones (Figs. 2&3) (the structural analysis is presented in

detail in Drymoni et al., 2020). We also studied the fault segments by collecting data on their

14
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attitude and sense of slip. Several dykes were found to be deflected into the fault zones and
were studied to investigate the factors controlling the deflection. Deflection was defined as an
abrupt > 30° change in the dyke or sheet dip in a vertical (cliff) section. In this study, we
particularly explore the interactions between the dyke, the inclined sheet, and the fault zone, as
shown in Fig. 3. Both modelled intrusions are within a few metres of the fault zone (Fig. 3C).
The field data was used as the geometrical and material parameters for analytical modelling

and a suite of FEM numerical models using COMSOL Multiphysics.

15
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Fig. 3: Interactions between dykes and a normal fault zone. Original photo (Part A) and
annotated photo (Part B). The numbers (1 and 2) indicate two sheet intrusions of different ages.
One is a dyke (1) follows the fault and must have been deflected into it at greater depth. The
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other (2) is an inclined sheet becomes that cures towards the fault zone and is parallel to it
along part of its path (cf. Part D). Part C, close-up of the heterogeneous structure of the fault
zone. (D) Close-up of the inclined sheet (2) where it is deflected into the fault zone and follows
the damage zone.

4.2 Analytical model setup

We simulated a model setup (Fig. 4) where (1) a dyke was almost parallel to the fault dip (i.e.
D6=0-10), (2) an inclined sheet with D8=65°, that is, the angle between fault and sheet being
65°, which is also the dip of the normal fault zone, as seen in the field. The dykes propagate
parallel to o1 while the fault dip must be oblique to the maximum and minimum principal
stresses during slip (when the fault is active). The shear stress (1) is parallel to the dip of the
fault plane, and the normal stress (on) IS perpendicular to the plane. In case the normal fault is
recently active (had a recent fault slip), the tensile strength of the fault core is zero
(Gudmundsson, 2020) in which case less energy may be needed for a dyke to follow the path
of the fault than make its own fracture. When a dyke follows an active fault, the dyke

propagates perpendicular to on and not to o3.

Initially, we use Eqgs. 6 and 7 to assess the likelihood of a dyke and the inclined sheet using the
fault as a part of their paths, that is, to enter the fault. Then we calculate the overpressure needed
for a dyke to open up against on Using Eq. 11. We determine analytically the mechanical
conditions of the dyke emplacement (Po, 64, Pe), as well as the angle between the fault and the

dyke/sheet that would encourage a dyke to propagate into a pre-existing fault.
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Fig. 4: A condition of dyke deflection between a normal fault and a dyke or an inclined sheet.
Both sheet intrusions (black-filled ellipses) use the fault as a part of their paths and then
continue to propagate through rupturing the rock and forming their own paths. o1 and o3 are
the maximum and minimum principal compressive stresses, on the normal stress, T the shear
stress, and a the angle between o1 and the fault plane. E1 and E2 denote two mechanically

dissimilar layers.

4.3 Numerical model setups
We used the Finite Element Method (FEM) software COMSOL Multiphysics (v5.2) to simulate

the observed interactions between dykes and faults in the northern caldera wall of Santorini.
The basic geometry of the 2D plain strain models was derived from field observations, and a
variety of boundary conditions were investigated to interpret the mechanisms that encouraged
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the observed behaviours. In all the numerical models, the dykes were modelled as elliptical
cavities driven by overpressure (Po). Although we tested different values (1 and 5 MPa), the
models presented here have 1 MPa magmatic overpressure, a representative value for the
Santorini boundary conditions during dyke emplacement (Drymoni et al., 2020). The resulting
thickness of the dyke depends on its overpressure (driving pressure), as is well known from
fracture mechanics (Gudmundsson, 2011), but for the overpressure used, the thickness is about
1 m. Also, the thickness of the fault zone is the same and equal to 1 m. In all models, the two-
dimensional area was bounded by an area with dimensions of 20 x 20 m. The models are linear

elastic, and the upper surface is a free surface, hence simulating the Earth’s surface.

We explore the parameters that control the dyke-fault interactions partly through analysing the
effects of changing the stiffness or Young’s modulus of both the host rocks and the fault zone
on the dyke-fault interaction. In the models, each fault zone is composed of three layers (e.g.,
Fig. 3C) that are symmetrically stratified in order to simulate a fault damage zone with
progressively increasing or decreasing fracture damage and Young’s moduli (Gudmundsson,
2011; Ostermeijer et al., 2020). If the core of an active fault consists of gouge or breccia and/or
is highly fractured or pulverised, we assume a very low Young’s modulus of 0.001 GPa (e.g.,
Heap et al., 2020) for the core. We assume that cores of inactive faults are much stiffer and
hence assign them Young’s modulus of 10 GPa (Gudmundsson 2011). The Poisson’s ratio for
the fault is 0.25 in all models (Heap et al., 2020). The fault plane dips 65° degrees, as observed

in the field and all its mechanical properties are isotropic.

We modelled the fault zone as (A) homogeneous, i.e. with the same mechanical properties
throughout but different to those of the host rock and (B) heterogeneous, i.e. with different
mechanical properties within the fault zone (Fig. 5). The dyke-fault interaction is modelled (a)
for a vertically propagating dyke meeting the fault and (b) for an inclined sheet meeting the
fault. We generated a very fine triangular COMSOL mesh which covered the whole modelled
area before the model runs. The mesh had a minimum element size equal to 0.0375 m-and a
curvature factor of 0.25. We fixed the modelled area of interest to be in the middle of the
assigned geometry to avoid edge effects. For the interpretation of the results, we plot the
magnitudes (contours) of minimum compressive (maximum tensile) principal stresses 63 as
well as the trajectories (directions, shown as arrows) of the maximum compressive principal
stress (o1) and the minimum compressive (maximum tensile) principal stress (c3) in all the

models.
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Fig. 5: Numerical model setups for a dyke (S1, S2, S4), and an inclined sheet (S3, S5, S6). The
cavities (D) are with an internal pressure of 1 MPa (and 1 m opening). The normal fault has a
thickness (Fr) of 1 m and a dip (Fe) of 65 degrees and it is composed of three layers where both
the Young’s modulus of the core can be between 0.001 GPa to 10 GPa. The Young’s modulus
of the host rock (Enr) is 40 GPa and the density of the fault (pr) is 2000 kg/m®. The minimum
dip of the inclined sheet (Do) is 50 degrees. For the sensitivity tests we use a varied Young’s
modulus for the fault (5 orders of magnitude 0.001-10 GPa) and a magmatic overpressure (Po)
of 1 MPa for the dyke. We modelled the angle of the dyke with the fault (D0) for 0° (S1), 25
(S2),40° (S3), 50° (S4), 65° (S5) and 90° (S6), the thickness of the dyke for i) 1m (S7), ii) 3 m
(S8), iii) 8m (S9), the thickness of the fault for i) 1 m (S10), ii) 5 m (S11), iii) 25 m (S12),
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subject to an applied extensional stress field i) 0.5 MPa (S13), ii) 1 MPa (S14), iii) 3 MPa
(S15), subject to an applied compressional stress field i) 0.5 MPa (S16), ii) 1 MPa (S17), iii) 3
MPa (S18), and a variant dip length of the fault zone i) 20 m (S19), ii) 100 m (S20), iii) 200 m
(S21). The corners at the bottom of the model are fixed to prevent motion whereas the top
corners are free. In the original models the elliptical cavities have thickness/length ratios of

100. S1-21 are the sensitivity tests as shown in Fig. 10.

4.4 Sensitivity tests model setups

The first case study models the influence of changing the angle of the dyke concerning the dip
of the fault, and angle referred to as De. Here the dip of the dyke and the inclined sheet was
modified from 0-90° in steps, and the model re-ran each time. Then, we investigated the effect
of changing the thickness of the dyke from 1 m to 3 m and then to 8 m and the thickness of the
fault zone from 1 m to 2 m and finally to 25 m. We then modelled the dyke fault interaction
subject to an applied tensile stress and compressive stress to the edges to replicate an
extensional and a compressional stress field, respectively. For both scenarios, we assigned to
the stress fields a variable o3 equal to 0.5, 1 and 3 MPa, values that could simulate the active
stress field (Drymoni et al., 2020). The range of values used here (0.5-3 MPa) reflects common
in situ tensile strengths and is also in harmony with the stress values used in modelling the
stress field during the 2011-2012 unrest period (Feuillet 2013).

We also modelled different dip-lengths of the fault zone by adding either a 100 or 200 m high
fault zone to the existing 20m observed fault zone. The fault was modelled subject to a wider
range of Young’s modulus values which are in specific five different orders of magnitude
E1=0.001 GPa, E2= 0.01 GPa, E3=0.1 GPa, E4=1 GPa, E5=10 GPa showing a transition of a
very active to an inactive fault core. Here we assigned a constant loading condition of magmatic
overpressure (Po) of 1 MPa as numerous models that designed but not presented here revealed
that changes of loading conditions in that scale do not alter the stress field and hence the path
of the dyke but only the magnitude of their stress concentration. The realistic model setups
above, which were designed subject to the field observations, are shown in Figure 5.

5. Results
5.1 Field results

21



489
490
491
492
493
494
495
496
497

498

499
500
501
502
503
504
505
506
507

508

509
510
511
512

513

514
515
516
517

518

519

The field observations show that dyke 1 becomes deflected into the fault. Also, the inclined
sheet becomes deflected into the fault but at a higher level (i.e., at a shallower crustal depth) in
the succession (Fig. 3A). Both the dyke and the sheet were emplaced into the same
heterogeneous and anisotropic host rock, which consists of lava flows, breccias, tuffs and scoria
units. The dykes belong to the same population but either emplaced later or during the
emplacement of the Peristeria or Skaros subswarms (Drymoni, 2020). The observed fault offset

along the dip of the fault, as calculated from a scoria marker horizon, is approximately 6 m
(Fig. 3).

5.2 Analytical model results

From Egs. 7, 8 and 9 we assess the likelihood that the dyke and the inclined sheet would use
the fault as part of their paths. Since the dip of the fault is 65°, then the angle between the sheet-
fault plane and o1, a, is 90°- 65°= 25° and 0-10° for the dyke-fault plane, respectively. From
Eq. 8 above and if the fault formed at 300 m depth (shallow crust), we use the values of 61 =
7.5 MPa and o3 =3.75 MPa, if at a depth 800 m below the surface of a rift zone the vertical
stress is 61=20 MPa and 63=10 MPa (c.f. Gudmundsson 2020).

For the sheet-fault interaction we get the difference as:

7.5-3.75

on—03= % (1- cos 2a) = ——— (1-cos 50) = 0.6 MPa (12)

For the dyke-fault interaction if the dyke meets the fault perpendicular to on (0=0") we get the

difference as:

o0 — 03 = 2% (1- cos 2) = 2 (1-cos 0) = 0 MPa (13)

For the dyke-fault interaction if the dyke meets the fault inclined to on (0=10°) we get the

difference as:

7.5—-3.75
2

on— 03 =2 (1- €08 20) = (1-cos 20) = 0.1 MPa (14)
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From Egs. 8 and 10 we have:

For the inclined sheet:

0.6<4T, (15)
For the dyke:
0.1<4T, (16)

The range for in-situ tensile strengths outside active faults is 0.5-9 MPa (Amadei and
Stephansson, 1997; Gudmundsson, 2011) and most commonly 2-4 MPa. So, our calculated
cases of 0.6 and 0.1 MPa for the amount of tensile stress is around the lower range of common
tensile strengths. This suggests that the dyke and inclined sheet would likely only use the faults
if they were active or recently active and hence with low tensile strengths within their core
zone. This is in agreement with the field observations.

In a second stage, we use Eq. 11 to calculate the overpressure required for the dyke and the
inclined sheet to open against o3. If we use the same values as previously, i.e., o4 =
3.75 MPa, 0=25°, g=9.81 m s 2, h= 300 m, and the excess pressure from the same shallow

magma chamber is 1 MPa. We use the same magma density for both dykes since they are both
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mafic and so pm = 2650 kg m™ and the average density of the layers above the roof of the

shallow chamber is pr = 2800 kg m . This gives:

PS™ = Pet (pr—pm) gh + 22 (1 + cos 2a) = 1 x 10°+ (2800-2650) x 9.81 x 3 x 102+0.6 x 10°
= 4.5 MPa (17)

Whereas in case the dyke was emplaced vertically into the host rock and made its own path,
Eq. 11 would become:

P93 = pe+ (pr— pm) gh + 04 = 1 x 10%+ (2800-2650) x 9.81 x 3 x 102+ 3.75 x 10° =5.1
MPa (18)
This then allows us to analytically determine the mechanical conditions of the emplacement in

terms of dyke deflection or propagation. The results have shown that both fractures require less
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overpressure to propagate through a fault zone rather than to make their own path if the fault

core has low tensile strength (T,).

Finally, if we solve the inequality (Egs. 8, 10) for the angle o (between on and 1) and 6

(dyke/sheet-fault angle) we find:

cos 2a > y%" — 1] (19)

if o, = 3.75 MPa and T, = 0.5-4 MPa for the range of typical rock tensile strengths we have:

For To=0.5 MPa then cos 2a > 10.73|, cos 2a >cos 43°, a=>22° and 6>65"°
For To=1 MPa then cos 2a > |0.47|, cos 2a > cos 62°, a>31° and 6>59°
For To=1.5 MPa then cos 2a > |0.2|, cos 2a > cos 78°, a>39° and 6>51°
For To=2 MPa then cos 2a > |0.06|, cos 2a > cos 87°, a>44° and 0>46°
For To=2.5 MPa then cos 2a > 10.3|, cos 2a > cos 72°, a>36° and 0>54°
For To=3 MPa then cos 2a > |0.6|, cos 2a > cos 53°, a>27° and 6>63°
For To=3.5 MPa cos 2a >10.86|, cos 2a > cos 30°, a=15"and 6>75°
For To=4 MPa then cos 2a > |0.92|, cos 2a > cos 23°, a>12° and 6>78°

The deflection threshold for the specific mechanical properties is shown in Fig. 6.

0 (degrees)

90
85
80
75
70
65
60
55

Deflection

inclined
sheet

Arrest/
50 | Propagation

45

05 1 15 2 25 3 35 4
Tensile strength (MPa)

25



574
575
576
577
578

579

580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605

Fig. 6: Schematic diagram showing the analytical results of possible dyke or inclined sheet
deflection/arrest at a fault by considering the tensile strength, along the fault plane and
perpendicular to o3, and the dyke-fault angle is denoted as 6.

5.3 Numerical model results

The primary goal was to replicate the field observations with numerical models and hence
explore the conditions that encouraged the deflection of the sheet intrusions and trace the
relative order of emplacement sequence. Firstly, we modelled the interaction of both the dyke
and the inclined sheet (Fig. 3) with a normal fault dipping 65°and comprised of either a
homogeneous or heterogeneous fault zone. We kept a constant thickness of 1m for both dykes.
The dip length of the fault in the preliminary models is 20 m, but in later sensitivity tests, we
also modelled fault zone dip lengths of between 20 and 200 m.

5.3.1 Homogeneous fault zone

In Figure 5 we see the results from a suite of models which simulated a homogeneous fault
zone, i.e. one which has the same level of Young’s modulus (1 GPa) throughout the fault. The
vertical dyke (S2) and the inclined sheet (S6 were modelled in separate model setups, and both
were assigned magmatic overpressures of 1 MPa. The host rock in both models had a Young’s
modulus of 40 GPa. We first modelled a homogeneous soft fault zone (0.001 GPa) and then a

stiff zone (10 GPa). The model results are summarised as follows:

a) Efaut=0.001GPa (soft)

In Figure 7A we show the results assuming a vertical dyke, and in Figure 7B an inclined sheet.
First, we consider the results from the vertical dyke. The dyke is modelled at the apex of deepest
part of the fault zone. The result is that the tensile stresses formed by the dyke overpressure are
essentially symmetrical at the dyke tip with little perturbation caused by the fault. Further along
the dip of the fault, to shallower levels, we note two contrasting trajectories or orientations of
o1. To the left of the fault, the footwall in the natural case, the trajectories are aligned parallel
with the fault dip, whereas to the right of the fault, the hanging wall in the natural case, the

trajectories are either perpendicular to the fault or vertical. Furthermore, at the tip of the dyke
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there is a rotation of the stress trajectories. This implies that the dyke would likely become

deflected and continue its path at an angle parallel to the fault zone.

In the case of the inclined sheet, which dips NW, or to the lower left in the models, and hence
creates an angle between the sheet and the fault (Do) of 50° (Fig. 7B), the stress distribution
(concentration) is more asymmetrical. There is a larger amount of tensile stress generated
beneath the dyke along the fault plane rather than above the dyke along the fault plane. The
stress trajectories in front of the inclined sheet do not rotate and remain parallel to the sheet.
This implies that the sheet would continue to propagate through the fault with a path of similar

dip to previously.
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Fig. 7: FEM models of the distribution of tensile stress (o3), trajectories of maximum principal
compressive stress (o1, red arrows) and the minimum principal stress (o3, black arrows) in the
two geometries of fault-dyke interaction. Part A) a vertical dyke emplaced at the deepest part
of a homogeneous fault zone of width 1 m and a soft fault core (Efuit=0.001 GPa). Part B) An
inclined sheet with a length of 7m that makes an angle to the fault zone of Dy is 50°; the fault
zone is soft (Efut=0.001 GPa). Part C) a vertical dyke emplaced at the deepest part of a
homogeneous fault zone of width 1 m with a stiff fault core (Efaut=10 GPa). Part D) An inclined

sheet with a dip of 7m that makes an angle to the homogeneous fault zone of Dg is 50°; the
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fault zone is stiff (Efaut=10 GPa). The host rock (Enr has a Young’s moduli of 40 GPa. The

overpressure in both the dyke and the sheet is 1 MPa. y and x axis are in meters.

b) Etaur= 10GPa (stiff)

In the next stage, we assigned to the homogeneous normal fault a high Young’s modulus value
(Efaur=10 GPa) to investigate the dyke-fault deflection scenarios if the fault core was stiff. We
observe that the stress distribution (concentration) ahead of the dyke tips for both the dyke and
the inclined sheet are similar to the previous models (Fig, 7A and B). In the first model (Figure
7C), the trajectories of o1 are constantly vertical on both sides of the fault. However, in the
second case (Figure 7D), the trajectories of o1 are more variable along the fault. To the left of
the uppermost part of the fault the principal stresses are variable in orientation, whereas to the
right of the fault o1 remains vertically oriented with respect to the fault plane. Also, the tensile
stresses generated around the tips do not pass through the fault which results in the hanging
wall part of the fault having a relatively lower amount of stress than the footwall. Both principal
stresses (o1 and o3) at the tips were not rotated so dyke deflection would be unlikely. Instead,
dyke propagation would occur parallel to o1, in this vertical, and the fault does not influence

the magma path.

5.3.2 Heterogeneous fault zone

In the next set of models, we simulate a heterogeneous fault zone that dips 65° to the west and
is composed of parallel layers of different stiffnesses. This setup is used to simulate a common
fault zone architecture, i.e. one with a very soft fault core and a stiffer damage zone and
conversely another with a stiff fault core and a softer fault damage zone. First, we examine the

results where the fault core is filled with soft material such as gouge or clay and has a Young’s

modulus of 0.001 GPa.

€) Efaultcore= 0.001GPa (soft fault core)
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In Figure 8 we model a heterogeneous fault zone, i.e. of the fault contains units of different
Young’s moduli. In the first set of models, we assigned the fault core (Ecore=0.001 GPa) to be
soft in comparison to the outer fault zone (Eim=10 GPa).
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Fig. 8: FEM models of the distribution of tensile stress (o3) and trajectories of maximum
principal compressive stress (o1, red arrows) and the minimum principal stress (o3, black
arrows) in two geometries of fault-dyke interaction. Part (A) a vertical dyke emplaced at the
deepest part of a heterogeneous fault zone of width 1 m and a soft fault core (Efaui=0.001 GPa).

Part (B) An inclined sheet with a dip of 7m that makes an angle to the fault zone of Dg is 50°;
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the fault zone is heterogeneous and has a soft core (Ef.ut=0.001 GPa). Part (C) a vertical dyke
emplaced at the deepest part of a heterogeneous fault zone of width 1 m and a stiff fault core
(Efaur=10 GPa). Part (D) An inclined sheet with a dip of 7m that makes an angle to the fault
zone of Dg is 50°; the fault zone is heterogeneous and has a stiff core (Efauit=10 GPa). The host
rock (Enr) has a Young’s moduli of 40 GPa. The overpressure in both the dyke and the sheet is

1 MPa. y and x axis are in meters.

We observe that the stress distribution (concentration) around the vertical dyke is symmetrical
while that around the inclined sheet is asymmetrical with higher concentrations at the lower
part of the fault. The trajectories of o1 in the lower part of the fault in Figure 8A are fault
parallel. However, on approaching the surface, the right fault wall shows stress rotations. In
Figure 8B, at the bottom part of the fault, o1 is perpendicular to the fault plane at the right side
and slightly rotated or parallel with the fault plane at the left on approaching the surface. Both
principal stresses (o1 and o3) in Figure 8A show a 90° rotation at the tip promoting dyke
deflection into the fault. In the inclined sheet model run, the principal stresses at the front of
the inclined sheet (Figure 8B) show an almost 90° maximum rotation; hence the inclined sheet
run promotes possibly deflection. In that case, the dyke will propagate through the stiff damage
zone and deflect parallel to the soft fault core and the inclined sheet will deflect as well higher

at the succession as shown in the field.

d) Efaultcore= 10GPa (stiff fault core)

In Figure 8C and D, we show the results of a new suite of model runs. Here, the fault core has
a high Young’s modulus (is stiff) of E=10 GPa and a low Young’s modulus (soft) damage
zone. We observe similar stresses as in the previous case studies both for the vertical dyke and
the inclined sheet. In Figure 8C, the o1 trajectories are parallel to the fault plane at the right
side (hanging wall), while in the case of the inclined sheet the trajectories remain vertical to
the fault plane all over the heterogeneous fault zone close at its tip. Both principal stresses (o1
and o3) in Fig. 8C show a 90° rotation at the tip promoting dyke deflection into the soft margins
(edge of the damage zone). In the inclined sheet model run, the principal stresses at the front
of the sheet in Fig. 8D show a 45° maximum rotation; hence the inclined sheet run promotes

likely deflection into the soft margins (edge of the damage zone).
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Generally, the sheet-intrusion stresses concentrate at the sheet tips whereas the fault-zone
stresses concentrate at both around their tips as well as in their lower (bottom) parts. In addition,
higher stresses are observed when the fault is stiff rather than soft. We observed that in a
homogeneous fault zone the stress rotations were subject to the mechanical properties of the
fault (Young’s modulus) and the stresses for the vertical dyke could rotate when the fault is

active (soft). The inclined sheet could not deflect under this scenario.

In a heterogeneous fault zone, the stress rotations were subject to the mechanical properties of
the fault core and the fault margins (edge of the damage zone). When the fault core was soft, a
stress barrier condition was completed, and both the vertical dyke and the inclined sheet are
seen to become deflected and propagate parallel to it in this order. However, when the fault
core was stiff, we observe no stress rotations at the dyke tip and neither the dyke nor the

inclined sheet becomes deflected into the fault (Fig. 9).
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Fig. 9: llustration showing the results of the FEM models. We observed that regardless the
range of the magmatic overpressure (Po) for both the vertical dyke and the inclined sheet,

deflection occurs when the homogeneous fault is active (i.e with a low Young’s modulus core)
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rather than inactive (i.e. with a high Young’s modulus core). In a homogeneous fault zone only,
a vertical dyke can become deflected into the active fault. In a heterogeneous fault zone both
the vertical dyke and the inclined sheet can be deflected into cores of the fault if they are
sufficiently compliant. The green ticks indicate deflection, and the red crosses indicate

propagation. The blue arrows indicate the fault kinematics seen in the field.

5.3.3 Sensitivity test results

We conducted a variety of sensitivity tests to investigate how specific parameters related to
Santorini volcano could affect dyke-fault deflection in the shallow crust. We gave specific
interest to the following parameters: (a) dyke-fault angle, (b) dyke thickness, (c) fault thickness,

(d) extensional stress field, (e) compressional stress field, and (f) fault (dip) height.

It is evident that the stiffness of the fault is the main control and that of all of the other tested
parameters only the dyke-fault angle and the fault thickness influence deflection mechanisms
when compared with the fault zone stiffness. The results are summarized in Figure 10.
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Fig. 10: Conditions that encourage dyke deflection (D) and dyke propagation (P) in a series of
dyke and fault interactions associated with the angle of the dyke to the fault (a) (models S1-
S6), the dyke thickness (b) (models S7-S9), the fault thickness (c) (models S10-S12), regional
extension (d) (models S13-15), regional compression (e) (models S16-S18), and the fault
height (f) (models S19-S21) in relation to the mechanical properties of a homogeneous fault

zone. The models show that all parameters depend primarily on the stiffness of the fault core.
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However, the dyke-fault angle and fault thickness can also promote dyke deflection in a relative

stiff core (recently inactive) in case D¢>50° and Fr>5m.

6. Discussion

6.1 Synthesis of analytical results
The results from the analytical study suggest the following:

1. When the difference between the normal stress (on) and the minimum principal
compressive stress (o3) (Eqg. 8) in fault zones small, both vertical dykes and inclined sheets
can become deflected into faults. These theoretical results are supported by the field

observations reported here (Fig. 3).

2. The calculated overpressures (Egs. 17 & 18) required for a dyke or an inclined sheet to
deflect into a fault rather than make its own path suggest that the condition PZ"<PZ3 is
commonly satisfied. This result implies that dykes and inclined sheets in our field area

should tend to deflect into the fault, since using the fault requires lower overpressures.

3. The derived inequality (Eq. 19) suggests that if the fault zone has a low tensile strength (<
2 MPa) then a sheet-intrusion will become deflected into the fault if the angle between the

sheet and fault is greater than 50°.

6.2 Synthesis of numerical results

In the combined numerical study and sensitivity tests we made the following findings:

6.2.1 Effect of angle between faults and dykes/inclined sheets (Dy)

Most of the dykes within the caldera wall dip subvertical, but there are eight inclined sheets
with dips of between 50° and 70°. Most of the faults in the caldera wall dip 60°-90°. The attitude
of dykes, inclined sheets, and faults influence the way that they interact. We investigated the
influence of changing the angle (Do) with which a dyke or inclined sheet approaches a fault.
We modelled the angles 0° (i.e. with the same dip), 25°, 40°, 50°, 65° and 90° (i.e. when the
dyke or inclined sheet meets perpendicular to a fault) (Fig. 5). The angle can be modified by
changing either the fault angle or the inclined sheet angle. However, in our models, we keep

the fault angle constant and change the dip of the inclined sheets.
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We tested the effect of Dg using variable values of fault stiffness ranging over five orders of
magnitude and observed that deflection is always encouraged when the fault is compliant (E<1
GPa), regardless of the angle Ds. However, when the fault core is stiffer and Dg is 0°- 50° (S1-
S4), i.e. shallow, the dyke does not become deflected into the fault but instead permeates the
fault. When Dy is more than 50° (S5 and S6) and closer to vertical, the dykes show a tendency
to deflect when the fault core is relatively soft (E=1 GPa) but not when it is very stiff (E=10
GPa) (Fig. 10a). The results are also in agreement with the first suite of numerical models
reporting that the more vertical a dyke is when it meets an active fault, the easier it becomes

deflected. The deflection threshold is hence Dg=>50° and E>1 GPa.

6.2.2 Effect of dyke thickness (D) and fault thickness (Fr)

We modelled the effect of dyke thicknesses (D) using the minimum (1m), maximum (8m) and
average (3 m) thickness of dykes measured in the field. Generally, the more mafic dykes
possessed thicknesses up to 3m, while a few felsic dykes were found to be as thick as 8m
(Drymoni et al.,, 2020). The study of thickness variations then allows an approximate
examination of the mechanical effect of different magma compositions on fault interactions. It
is well known that the thickness of the dyke and inclined sheet is related to magma overpressure
(Sneddon 1946; Gudmundsson, 2011; Geshi et al., 2020) so to investigate this parameter we
tested the corresponding realistic values (Drymoni et al., 2020).

The results showed that dyke deflection is encouraged in very compliant fault zones (E<0.1
GPa) regardless of the dyke thickness (S7-S9). Similarly, these sensitivity tests can give us
insights into whether the composition of the magma could be a parameter that could affect the
mechanisms of dyke propagation. Our models suggest that dyke thickness is not a primary
influence on dyke-fault interactions and certainly of lesser importance than the mechanical
properties of the fault and the host rock (Fig. 10b). However, more parameters should be tested
through numerical modelling, such as the rheology and viscosity of the magma. Our current
study focused on the realistic outcrop parameters identified in the field able to promote
deflection but not on the magmatic parameters, a task which is part of our future research

agenda.
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We also tested the influence of the fault zone thickness (Fr). We estimated that the faults zones
(15 in total) within the Santorini northern caldera wall range from a few meters to about 25
metres thick (Drymoni 2020). We modelled the dyke-fault interaction by assigning a range of
fault thickness values (1, 5 and 25 m) based on the field observations (S10-S12). Our results
showed that, regardless of their thickness, soft fault zones are always more likely to deflect
dykes in contrast to stiff fault zones. However, when the thickness of a fault zone is larger than
5m, dyke deflection seems to become encouraged if the fault is relatively stiff (E>1 GPa). This
result agrees with the field observations as we often observed more dyke segments deflected
into thicker fault zones than thinner fault zones. Interestingly, in case studies where the
thickness of the fault is less than 5m and the fault core is moderately stiff (E=1 GPa) then

deflection was unlikely (Fig. 10c).

6.2.3 Local extensional (cext) or compressional (ccomp) regime, fault
dip dimension (height)

It has been shown that both the local and regional stress fields contribute to dyke arrest at
Santorini (Drymoni et al., 2020) and so we also investigated how a regional extensional or
compressional stress field alters the interaction between dykes and faults by applying loads to
vertical sides of the model. The results show that under both extensional and compressional
regional stress fields, the dykes can be deflected if the fault zones are soft (E<0.1 GPa) (Fig.
10 d and e) (S13-S18).

The different values of fault crustal dip dimension (20, 100 and 200 m) are also aiming to
simulate the real height scales on Santorini volcano (S19-S21). We studied how the height of
the fault can be a controlling parameter on dyke deflection. Our results have shown that if the
stiffness of the fault is less than 0.1 GPa, then regardless of the fault zone height, the dykes are
deflected into the fault, while the stiff fault cores cannot encourage dyke deflection irrespective
of the fault height (Fig. 10f).

7. Conclusions

When approaching a fault, the likelihood that a sheet intrusion will become deflected into the
fault zone depends predominantly on both the angle at which the sheet meets the fault and the

mechanical properties of the fault zone. These properties and conditions presumably dominate
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over small regional (remote) tension or compression, the overpressure values, and the fault dip

dimension.

In Santorini, most measured fault zones are high angle (>65 degrees) and either normal or
strike-slip. Therefore, there is a greater tendency for vertically propagating dykes, rather than
shallow dipping inclined sheets, to become deflected into fault zones. Santorini also hosts both
relatively young and active fault zones that consist of a fault core of highly brecciated and
compliant or low Young’s modulus material and older or inactive fault zones that host stiffer
material. We find that sheet intrusions become preferentially deflected into those fault zones
that contain more compliant materials. Furthermore, the thickness of both the fault zone and
the sheet intrusions can also affect the potential for deflection. When the fault zone is thick
compared with the sheet thickness (more than 5 times the thickness), stress rotation and

deflection are usually encouraged.

More specifically, sheet intrusion deflection is encouraged when the fault core is very
compliant (E<0.1 GPa). In stiffer conditions (>1 GPa), the sheet intrusions prefer to make their
own paths (rupture the rock) parallel with the maximum principal compressive stress, o1.
Vertically propagating dykes can become deflected into either homogeneous or heterogeneous
fault zones, whereas inclined sheets can normally only be deflected if the fault zone is
heterogeneous.
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