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Dikes supply magma to most volcanic eruptions. Understanding how propagating dikes may, or may not, reach
the surface is thus one of the fundamental tasks for volcanology. Many, perhaps most, dike segments injected
from magma sources do not reach the surface to feed volcanic eruptions. Instead, the dike segments become
arrested (stop their propagation), commonly at or close to contacts between mechanically dissimilar layers/units,
at various crustal depths. This means that many and perhaps most volcanic unrest periods with dike injections do
not result in eruptions. There are several conditions that make dike arrest likely, but the main one is layering
where the layers have contrasting mechanical properties. Such layering means that local stresses are heteroge-
neous and anisotropic and, therefore, in some layers unfavourable for dike propagation — hence the dike arrest.
Here I show that once a dike has formed, however, its very existence tends to make the local stress field along the
dike homogeneous (with invariable orientation of principal stresses) and favourable (with dike-parallel orien-
tation of the maximum compressive principal stress) for later dike injections. This means that subsequence dikes
may use an earlier dike as a path, either along the margin or the centre of the earlier dike, thereby generating a
multiple dike. Because earlier feeder-dikes form potential paths for later-injected dikes to the surface, many
volcanic eruptions are fed by multiple dikes. Examples include recent eruptions in the volcanoes Etna (Italy) and
Kilauea (Hawaii), and the Icelandic volcanoes Krafla, Hekla, Fagradalsfjall, and the Sundhnukur crater row.

Thus, multiple dikes favour dike propagation to the surface; thereby making dike-fed eruptions easier.

1. Introduction

One of the basic goals of volcanology is to be able to predict with
reasonable reliability the time and location of volcanic eruptions. While
some eruptions have been forecasted, they are few and occur primarily
in polygenetic (central) volcanoes that can be assumed to behave in
essentially the same way before each eruption (Gudmundsson et al.,
2022). The assumption that the behaviour of a polygenetic volcano does
not change between eruptions may be valid for some volcanoes, but only
for very short periods. This is because volcanoes are evolving dynamic
systems that normally change greatly over time and may do so between
successive eruptions. Such changes include those of the shape and size of
the source magma chamber, the mechanical properties of the layers that
constitute the volcano, the local stresses inside the volcano and,
consequently, the likely paths of dikes during future unrest periods with
magma-chamber rupture and dike injection.

Dikes supply magma to most eruptions on Earth (e.g., Galindo and
Gudmundsson, 2012; Browning et al., 2015; Rivalta et al., 2015; Tibaldi,
2015; Elshaafi and Gudmundsson, 2016; Townsend et al., 2017;
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Drymoni et al., 2020; Gudmundsson et al., 2022). In the past decades
there has been very great progress in monitoring dike propagation
during unrest periods in volcanoes. The monitoring has primarily been
through dense seismic networks (Passarelli et al., 2015; Agustsdottir
et al., 2016) and, to a lesser extent, geodetic measurements, mainly GPS
and InSAR (Dzurisin, 2006; Segall, 2010). Despite these high-technology
networks and monitoring efforts of propagating dikes, successful fore-
casting of dike-fed eruptions is, as yet, rare — primarily because it is so
difficult to provide reliable predictions as to the likely dike paths.

One reason for this difficulty is that many, and probably most,
injected dike-segments become arrested on their path to the surface.
This means that many dike-segments never reach the surface to supply
magma to an eruption. Arrested dike-segments are commonly observed
in the field (Geshi et al., 2010, 2012; Drymoni et al., 2020; Gud-
mundsson, 2022). Also, many arrested dike-segments have been inferred
in recent unrest periods, some with eventual eruptions, in Iceland and
elsewhere (e.g. Moran et al., 2011; Roman, 2023). Recent examples of
arrested dike-segment injections include the 2004 Teide (Canary Island)
injection, many dike-segment injections in Eyjafjallajokull (South
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Iceland) prior to the 2010 eruptions, most of the segments of the dike
that fed the 2014-15 Bardarbunga-Holuhraun (Central Iceland) erup-
tion, and many dike-segment injections (some deflected into sills) during
and prior to the recent eruptions on the Reykjanes Peninsula (Iceland) at
Fagradalsfjall 2021-2023 and at the Sundhnukur crater row 2023-2024
(Gudmundsson, 2020; Hobe et al., 2025; Troll et al., 2024; Iceland
Meteorological Office, 2025). Some of these eruptions show that the
main part of the dike — that is, most of the dike-segments — became
arrested at shallow crustal depths while a comparatively small ‘dike
finger’ eventually reached the surface to feed an eruption. In such
eruptions, the maximum inferred total length (strike-dimension) of the
arrested (segmented) dike at shallow depths may be tens of times greater
than the maximum length of the volcanic fissure, namely the surface
expression of the tiny ‘dike finger’ that reached the surface and fed the
eruption.

While dike-segment arrest is common, there is also evidence that in
some volcanoes and volcanic systems/fields dikes find it easier to reach
the surface than in others. I propose here that one main reason for an
easy path to the surface is that the local stress field along the potential
path of the dike-segment is everywhere essentially the same and
favourable for dike propagation. Such stress fields are most likely to
develop where all the layers hosting the potential path of the dike have
similar or the same mechanical properties. The result is stress homog-
enisation, which is much more common in basaltic edifices/shield vol-
canoes than in stratovolcanoes/composite volcanoes (Gudmundsson
and Brenner, 2004, 2005; Gudmundsson, 2006; Gudmundsson and
Philipp, 2006)). An easy way to homogenise the stress field from the
source to the surface is through existing dikes. Later-formed dike-seg-
ments then follow an earlier-formed dike-segment to generate a multiple
dike (Fig. 1).

The main objective of this paper is to demonstrate through theory
and field observations of dikes in active and fossil volcanoes/volcanic
systems that dike-segments injected as a part of a multiple dike find it
easier (less energy transformed) to reach the surface and erupt than
single-injection segments. I first explain how dikes in general select their
paths, using theories from analytical mechanics and fracture mechanics
as a basis and, in particular, why so many dike-segments become
arrested and never reach the surface (remain non-feeders). Then I
discuss how earlier-formed dike-segments to a degree homogenise the
associated stress field and thus provide potential paths for later-formed
dike-segments. Many examples of multiple dikes are provided and
analysed, from fossil volcanoes and volcanic systems as well as from
active ones, with a focus on recent eruptions fed by multiple dikes. Both

Fig. 1. View northeast, a multiple regional basaltic dike in Northwest Iceland.
Dikes in this area have an average thickness of about 4 m, and a common range
in thickness from 1 m to 10 m. The dike is composed of many columnar rows.
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the theoretical and observational results support the proposal that
during unrest periods the formation of a multiple dike increases the
chances of dike-fed eruptions.

2. Dike arrest and mechanical layering

The reason that many, and probably most, injected dike-segments do
not research the surface to erupt is that they become arrested (Fig. 2).
Dike arrest, which means that a dike-segment stops its vertical propa-
gation, is normally caused by one or all of three main mechanisms or
processes. These are (1) Cook-Gordon delamination, (2) stress barrier,
and (3) elastic mismatch. The details of these arrest mechanisms are
provided by Gudmundsson (2011a, 2020), but may be briefly sum-
marised as follows.

When a dike propagates vertically towards a horizontal or gently
dipping contact, the tensile stresses ahead of the dike tip may open up
the contact. This is because tensile stress ahead of the dike tip acts not
only perpendicular but also parallel with the dip-dimension of the dike,
which is the essence of the Cook-Gordon delamination mechanism. For
the contact to open, the induced dike-parallel tensile stress must reach
the tensile strength of the contact; the lower the tensile strength the
more likely the contact is to open up (Gudmundsson, 2011a, 2011b). On
reaching an open contact, the dike may partly deflect into it to form a sill
or, alternatively, simply stop its vertical propagation. Because contacts
between layers at shallow depths tend to have lower tensile strengths
than contact between similar layers at great depths (where compaction
and secondary mineralisation commonly increases the contact tensile
strength), this mechanism of dike arrest is most likely to operate at
shallow crustal depths. The other two mechanisms, however, operate
equally well at any crustal depth.

For a vertically propagating dike a stress barrier is a horizontal or
gently dipping rock layer/unit with an unfavourable local stress field,
that is, a layer/unit where the maximum compressive principal stress 6,
and the intermediate compressive principal stress 6, are horizontal and
the minimum compressive (maximum tensile) principal stress o3 verti-
cal. On meeting a stress barrier, the dike cannot continue its vertical
propagation, resulting in the dike deflecting into a sill or stopping its
propagation altogether. For deflection into a sill, the driving pressure/
overpressure of the dike must be high enough for the magma to prop-
agate along the lower contact of the barrier. If, however, the driving
pressure is too low for such a deflection to occur, the dike simply stops
its vertical propagating on meeting with the lower contact of the barrier.
Stress tends to be transferred to (concentrate in) stiff layers. It follows
that when a dike approaches a contact between a comparatively
compliant layer below the contact (and hosting the dike) and a much
stiffer layer above the contact the dike may occasionally stop its vertical
propagation at some distance below the contact (Fig. 3; Inskip et al.,
2020).

The elastic mismatch mechanism reflects the difference in stiffness or
Young’s modulus between the layers/units above and below the contact
in relation to the mechanical properties of the contact itself. For a hor-
izontal or gently dipping contact, the greater the stiffness of the layer
above the contact in comparison with the stiffness of the layer or unit
below the contact and hosting the dike, the stronger is the tendency for
the dike to either stop its vertical propagation on meeting the contact or
become deflected along the contact to form a sill (Gudmundsson, 2011a,
2011b, 2020).

All these three mechanisms depend on mechanical layering; in
particular the difference in stiffness between the layers that constitute
the volcanic system/field or (polygenetic) volcano. That mechanical
layering to a large degree controls dike arrest is in agreement with field
studies (Figs. 2-3; Gudmundsson, 2011a, 2011b, 2020, 2022; Inskip
et al., 2020; Drymoni et al., 2020; Corti et al., 2023). Mechanical
layering, particularly at shallow depths, also affects dike-induced sur-
face stresses and deformation (Gudmundsson, 2003; Al Shehri and
Gudmundsson, 2018; Bazargan and Gudmundsson, 2019, 2020) and
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Fig. 2. Arrested basaltic dike in East Iceland. (a) View southwest, the exposed segment of the dike is arrested in a basaltic lava pile at a depth of about 1 km below the
initial top of the pile. The tip is indicated. (b) Close-up of the arrested dike. At the base of the section seen here (where the person is standing) the dike is about 2 m
thick, but thins upwards towards its tip where there was, during propagation, an empty cavity for a while (cf. Fig. 7).

Lava flow

Fig. 3. Arrested basaltic dike in Tenerife (Canary Islands). View west, the dike
thickness gradually decreases from 25 cm at the floor of the section to 2 cm at
the vertical tip. The compliant (soft) pyroclastic host rock is thermally meta-
morphosed (baked) next to the dike. The tip of the dike became arrested within
the compliant pyroclastic rock several metres below the contact with (the
bottom of) much stiffer lava flow (cf. Inskip et al., 2020).

thus surface-deformation based calculations as to the depth to the tip
(top) and thickness of arrested dikes. Mechanical properties of the
layers/units that constitute a volcano/volcanic system thus largely
control dike-propagation paths, dike arrest, dike-induced surface
deformation and, therefore, associated volcanic hazards.

3. Dikes compared with human-made hydraulic fractures
Human-made hydraulic fractures, injected to increase the perme-

ability of reservoirs, show great similarities with dikes as regards frac-
ture paths, particularly deflection and arrest at contacts. In conventional

hydraulic fracturing the hydraulic fracture is injected laterally into a
target layer from a vertical well and supposed to stay within the target
layer, that is, to become arrested (as regards its vertical propagation) at
the top and bottom of that layer (Howard and Fast, 1970; Valko and
Economides, 1995; Yew and Weng, 2014; Shapiro, 2018). Such hy-
draulic fractures reach strike-dimensions (horizontal lengths) of many
hundred metres on either side of the well. Their mechanics of formation
is analogous to those radial dikes that are injected partly or primarily
laterally from shallow magma chambers (Fig. 4).

In unconventional hydraulic fracturing the fractures are injected

W,
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omposite //// /. /' egiona
volcano_’ 7 _/_{ /i Rad‘:} dike / dike

Fig. 4. Typical internal structure of a volcanic system supplied with magma
through a double magma chamber, that is, a shallow crustal chamber whose
source is a deeper and much larger magma reservoir. Thin radial dikes and
inclined sheets are injected from the shallow chamber whereas the regional and
thicker dikes (one of which here deflects into a sill) are mostly supplied with
magma directly from the deep-seated reservoir. Dense sheet swarms develop
close to shallow chambers, and their magmas, even if mostly basaltic, are more
evolved than the basaltic magmas which erupt from the deep-seated reservoirs.
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vertically into the rock layers from a horizontal well; this technique is
primarily used for gas shales (Wu, 2017; Shapiro, 2018). The dip-
dimension or height of some hydraulic fractures reaches a kilometre
or more (Davis et al., 2012), but most are much shorter (Fisher and
Warpinski, 2011; Fisher, 2014). The mechanics of formation of vertical
hydraulic fractures is analogous to that of dikes formed in, partly or
primarily, vertical propagation. The vertical and lateral dimensions of
many radial dikes (Fig. 4) are similar to those of these hydraulic
fractures.

During their propagation, dikes and hydraulic fractures generate
earthquake swarms, mostly of microseismicity, making it possible to
trace their propagation paths (Fisher and Warpinski, 2011; Davis et al.,
2012; Flewelling et al., 2013; Fisher, 2014; Shapiro, 2018; Hobe et al.,
2025). The microseismicity is largely attributable to fault slip in the
walls of the fluid-driven fracture as well as to slip in the process zone
ahead of the propagating fracture tip (Gudmundsson, 2011a, 2020;
Geshi and Neri, 2014; Agustsdottir et al., 2016; Shapiro, 2018; Hobe
et al., 2025). When the dike tip reaches close to the Earth’s surface, the
dike-induced stresses may reactivate or generate surface fractures and
related deformation even if the dike itself, eventually, does not reach the
surface (Al Shehri and Gudmundsson, 2018; Bazargan and Gudmunds-
son, 2019; Gudmundsson, 2020).

4. Dike-path selection
4.1. Hamilton’s principle

Isuggested earlier that dike-propagation paths are determined by the
principle of minimum potential energy or least work (Gudmundsson,
1984, 1986). This principle is a reduced form of Hamilton’s principle of
least action, namely when the kinetic energy can be omitted. When
applied to dike propagation, Hamilton’s principle may be formulated so
that of all the possible paths with the same initiation and termination
points within the crust, the dike selects the path along which the time
integral of the difference between the kinetic and potential energies is
stationary (is an extremum) relative to all other potential paths. For
most processes to which the Hamilton’s principle applies the extremum
turns out to be a minimum, which is what we assume here for dike and
dike-segment paths.

The Hamilton’s principle may be given as:

t &
55:5/Ldt:5/(TfV)dt:0 &)
I f

Here, S is the action, L the Lagrangian, t; and t; two specified and
arbitrary chosen times during the evolution of the system, and § is the
variational symbol, denoting a small change. Also, T denotes the kinetic
energy and V the potential energy, so that the Lagrangian L is equal to
the difference between the kinetic energy and the potential energy,
namely:

L=T-V @

Hamilton’s principle (Eq. 1) states that when a system (here a
discrete one) moves from time t; to time t; the actual path chosen is the
one that makes the variation of the action 6S zero. The actual path taken
is thus the one for which the action integral (Eq. 1) is an extremum, here
assumed a minimum, along the chosen path. The dimensions of action
are energy x time (or linear momentum x distance), the unit being J s
(joule-second). Hamilton’s principle therefore implies that of the infinite
number of possible dike paths (Fig. 5), the chosen path is characterised
by the energy transformed multiplied by the time taken for the dike
propagation being a minimum, that is, being least.

Eq. (1) applies to discrete and conservative systems. Discrete means
that the system is composed of (normally numerous) particles. Conser-
vative means that work done by a force is independent of path
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Fig. 5. Dikes (and inclined sheets) initiated at a source chamber/reservoir can,
theoretically, select among an infinite number of paths to reach the surface (or
the point or line of dike arrest within the crust). The point of source rupture and
dike initiation is here denoted by 1 and the surface (for a feeder-dike; alter-
natively the point or line of arrest within the crust) by 2. Only 8 paths (denoted
a-h) are shown here, however. From Hamilton’s principle of least action it
follows that a dike chooses the path along which the time integral of the dif-
ference between the kinetic and potential energies is stationary (is an
extremum), and most commonly a minimum, relative to all other possible paths
with the same points of initiation and eruption (or arrest; cf. Gudmunds-
son, 2020).

(reversible) within the system and is also equal to the difference between
the final and initial values of the potential energy (potential energy
function). In a conservative system the force field can then be expressed
as a gradient of the potential energy (also named the potential). The
system itself is conservative when all the forces acting on it are con-
servative. In many solid-mechanics models, including some for crustal
segments, the external forces or loads are such that the body forces and
the surface stresses are independent of the solid-body deformation (Fung
and Tong, 2001). This implies that there is no friction in the system.
Friction is very important in faulting (shear-fracture development). Most
dikes are extension fractures (mode I cracks), however; they are thus
generated by pure opening so that possible friction between the fracture
walls is of less importance (Gudmundsson, 2020).

4.2. Hamilton’s principle for a continuous system

A crustal segment hosting a propagating dike is composed of rock
layers/units that constitute a continuous rather than discrete system. To
a first approximation, the crustal segment is also an elastic system.
Continuous and discrete systems in this context refers to their degrees of
freedom, which indicate the minimum number of independent co-
ordinates required to specify completely the configuration of a system
that is also compatible with any imposed constraints. Configuration
refers to the position, at a given moment, of all the particles of a discrete
system or all the material points of a continuous system (Reddy, 2002).
Here the degrees of freedom mean the number of independent param-
eters needed to define the configuration of the system. A discrete system
of N particles without constraints has 3 N degrees of freedom. While N
may be very large, it is always finite in a discrete system. In a continuous
system, however, N is infinite, implying that the degrees of freedom of a
continuous system are infinite.

In a discrete mechanical system, the potential energy V depends
solely on the external forces (loading) or force field, such as gravity. In a
continuous elastic system, here a crustal segment, there is, in addition to
the potential energy of the external forces (loading), an internal strain
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energy, attributable to internal forces stored in the elastic rock sur-
rounding the source magma chamber before the chamber roof ruptures
and a dike-segment is injected. When there is magma-chamber inflation,
strain energy concentrates in the roof and the walls of the chamber, and
also in the associated volcano itself, before a dike-segment is injected.
When the generalised external forces Q; are derivable from potential
energy V (and thus conservative) then:

Q=5 ®)

where g; denotes generalised coordinates. The Hamilton’s principle of
least action for a crustal segment modelled as an elastic solid may be
presented as follows (Tauchert, 1981; Bedford, 1985; Reddy, 2002):

ty

/kT—V—UMk:O (€3]

15}

68S=56

Here § is the variational symbol, S the action, T the kinetic energy, V
the potential energy (due to the generalised external forces in Eq. 3
acting on the elastic rock body), and U the strain energy that has
concentrated (accumulated) in the crustal segment which hosts the
expanding (inflating) magma chamber. We assume that there are no
constraints and that the external forces acting on the crustal segment
hosting the chamber are independent of the elastic displacements that
they generate, that is, are conservative (Eq. 3) — a common assumption
for elastic deformation (Tauchert, 1981; Fung and Tong, 2001).

The strain energy stored in the crustal segment hosting the magma
chamber and the potential energy attributable to the external general-
ised forces acting on the body are known together as the total potential
energy II, so that:

N=V+U Q)
The Lagrangian (Eq. 2) may then be written as:

L=T-1I (6)
and Hamilton’s principle (Eq. 4) becomes:

6S:6/(T—H)dt:0 @

t
4.3. Reduction of least action to the minimum potential energy principle

When a dike propagates there is normally an associated earthquake
activity. The rate of dike propagation, however, is much lower than the
rate of propagation of seismic ruptures. Seismic ruptures commonly
propagate at rates similar to those of S-waves, that is, typically at be-
tween 2 km s~ and 4 km s~! in the solid upper crust. Thus while
earthquake ruptures in the crust normally propagate at the rate of kil-
ometres per second dikes commonly propagate (as magma-filled frac-
tures) at rates from centimetres to, at most, metres per second. Here are
some examples:

e During dike injections in the Krafla volcanic system, Iceland, from
1975 to 1984, the rate of dike-induced earthquake migration was
mostly between 0.4 m s~! and 1.2 m s~! while the rate of lateral
surface-fissure (feeder-dike segment) propagation was from 0.1 m
s1t004ms? (Gudmundsson, 1995a).

e In the dike-emplacement episode in the Manda Hararo-Dabbahu
spreading centre in Africa from 2005 to 2010, the inferred rate of
dike-induced earthquake migration was from 0.14 m s ! to 0.63 m
st (Grandin et al., 2011).

e Dike propagation rates in the volcano Etna (Italy) — not as inferred
from earthquake migration but rather from the migration of surface
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fracturing — has been estimated at 0.02 m s ! to 0.46 m s
(Falsaperla and Neri, 2015).
e Earthquakes migrated some 48 km in 13 days prior to the
Bardabunga-Holuhraun eruption in 2014 at an average rate of 0.04
m s~! (Gudmundsson et al., 2014).
For the propagation of two injected dike segments that eventually
reached the surface to supply magma to the 2021 Fagradalsfjall
eruption in Iceland the rate of vertical propagation was about 0.02 m
st (Hobe et al., 2025).
Some of the highest recorded rates of dike propagation, however, are
those of primarily vertical dike propagation in Piton de la Fournaise
in Reunion (France). There rates as high as 2 m s~ ! have been re-
ported whereas for lateral dike propagation in the same volcano the
rates vary between 0.2 m s 'and 0.8 ms! (Peltier et al., 2005).

The slow rate of propagation of typical dikes, as magma-filled frac-
tures, means that when analytical and numerical models of dikes are
made static rather than dynamic elastic moduli (such as Young’s
modulus) are normally used (Gudmundsson, 2011a). The slow propa-
gation also implies that the kinetic energy transformed during typical
dike propagation is comparatively small. If the transformed kinetic en-
ergy can be regarded as effectively zero then T = 0. If, additionally, the
hosting crustal segment is behaving as a conservative, elastic system,
then it can be shown (Richards, 1977; Tauchert, 1981; Reddy, 2002)
that when in equilibrium, the total potential energy of the system is a
minimum, thus:

S(V+U)=6I1=0 (8)

where V is the potential energy due to the generalised external forces, U
the strain energy due to the internal forces, and I7 the total potential
energy. Eq. (8) represents the principle of minimum potential energy,
stated as follows: Of all the possible configurations or displacement
fields of an elastic body that satisfy both the external and internal loads
as well as the constraints, the actual displacements are those that make
the body’s total potential energy a minimum. This means that for an
elastic body to be in stable equilibrium, it is necessary and sufficient that
the total potential energy of the body be a minimum.

The principle of minimum potential energy (least work) was pro-
posed as a basic idea for understanding dike paths by Gudmundsson
(1984, 1986). Here that idea is extended and developed into a general
theoretical framework for understanding and forecasting likely dike
paths. Further details on the theory of modelling dike paths are provided
by Gudmundsson (2020, 2022). The main point here is to show how
formation of multiple dikes, that is, dikes resulting from several magma
injections along partly or completely the same path, encourages dike-fed
eruptions. Before we discuss the paths, a brief summary of the energy
aspects of dike-fracture formation is warranted.

4.4. The selected path

The selected ‘path’ suggested by Hamilton’s principle of least action
normally refers to the one along which a system ‘moves’. This implies
that the ‘path’ reflects changes in its configuration rather than an actual
movement of the entire system. Each location or point on the path along
which the system moves through time then corresponds to one partic-
ular configuration of the system. Configuration here denotes the
arrangement of the material points (for a continuous system) or the
particles (for a concrete system). In the present paper, the use of Ham-
ilton’s principle (and its reduced version, the principle of minimum
potential energy) is extended so that the discussed ‘paths’ refer to the
actual dike-propagation paths. Similar assumptions are made when
using phase-field models of fracture propagation (Bourdin and Franc-
fort, 2008; Del Piero, 2013). As discussed later, however, the modelling
of fractures using phase-field approach is very different from the
approach used in the present paper. The phase-field approach is, at this
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stage of development, not very suitable for modelling dike propagation.

The present extension of the earlier ideas as to the use of minimum-
energy principles to model dike propagation improves our understand-
ing of how dikes actually propagate. This improved understanding ap-
plies not only to the eventual paths that the dikes select, but also their
propagation steps (Fig. 6). When the overpressure at the tip of a prop-
agating dike reaches the condition for propagation (Gudmundsson,
2011a, 2020), the rock ahead of the dike tip ruptures and the fracture tip
(Figs. 2, 3, 7) advances at the velocity of kilometres per second (similar
to the S-wave velocity). The fracture tip, however, advances only for a
short distance (commonly metres) and then stops and becomes tempo-
rarily or, if further propagation does not happen, permanently arrested
(Figs. 2, 3).

The viscous magma moves (flows) much more slowly than the dike-
fracture tip advances during each of its propagation steps. The dike-
fracture front will be essentially empty for a period of time following
each propagation step (Fig. 7) because the magma front needs some time
to flow towards the fracture tip. As the magma flows into the empty
(open) tip part of the dike-fracture and fills it, magmatic overpressure
builds up until the dike-fracture tip can advance again, resulting in a
new propagation step which is also regarded as developing in accor-
dance with Hamilton’s principle of least action (Eq. 7) or, alternatively,
the principle of minimum potential energy (Eq. 8). For a crustal segment
composed of layers/units the vertical dimension (height) of each step
may be equal to the thicknesses of the layers/units ahead of the dike-
fracture front (Figs. 2, 6). Each propagation step is then either
confined to a single layer/unit, particularly if the layers/units are young
and their contacts are of low tensile strength. As the pile of layers/units
becomes older secondary mineralisation and compaction increases the
tensile strength of the contacts between the layers/units, and at the same
time the mechanical contrast between layers (primarily the difference in
Young’s modulus) decreases. Piles of older layers may thus sometimes
function as single mechanical layers/units during dike propagation
(Gudmundsson, 2020, 2022). But while the dike path through such thick
layers/units may be comparatively straight (Figs. 6, 8) the dike-fracture

Dike B Dllie A

Lava flow

Straight — Lava flow

segment

Curving
segments

v

Fig. 6. Dikes propagate in steps, each step generating a segment. In many dikes
the segments merge into large ones as the dike propagates and becomes thicker.
Yet, the segments are clearly visible in some dikes, particularly those where the
mechanical units (single layers or groups of layers) had somewhat different
local stresses and/or tensile strengths at the time of dike emplacement (cf.
Gudmundsson, 2022). Here dike A shows clear segments, some of which have
different attitudes (are curving) from the overall attitude of the dike — indi-
cating variation in the local stress fields/tensile strengths of the mechanical
units cut by the dike. Dike B, while segmented, is comparatively straight,
suggesting less variation (than for dike A) in local stresses/tensile strengths
when it formed. Since layered crustal segments tend to become more homo-
genised in mechanical properties with time (partly through secondary miner-
alisation and compaction), dike B is presumably the younger one. View north,
these basaltic dikes belong to a swarm in East Iceland (part of the swarm is seen
in Fig. 8) with an average dike thickness of 5.5 m, but dike A is somewhat
thinner than the average.
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Fig. 7. During dike (magma-driven fracture) propagation the fluid front nor-
mally lags behind the fracture front or tip. At intervals during the propagation
there will be an open unfilled fracture ahead of the fluid front. This conclusion
is supported by field observations of dikes (Fig. 2) as well as field experiments
and theories on human-made hydraulic fractures (Davis et al., 2012; Flewelling
et al., 2013; Yew and Weng, 2014). Later on the fracture-driving fluid front
‘catches up’ with the fracture front.

Lava flows =

Fig. 8. Multiple dike (A) and apparently a single-injection dike (B) in the same
swarm (in East Iceland) as seen in Fig. 6 (here many dikes are seen in addition
to those indicated). View north, the swarm is composed of basaltic dikes that
are here exposed at a depth of about 1.2 km below the initial top of the basaltic
lava pile. The average thickness of dikes in the swarm is 5.5 m, and dike B is
similar in thickness to the average but dike A is thicker. Many of the dikes,
particularly dike B, follow comparatively straight paths through this section of
the basaltic lava pile, indicating that this section functioned as a single me-
chanical unit when many of these dikes (but not the earlier dike seen in Fig. 6)
were injected.

front or tip cannot normally advance through very thick layers/units in a
single step and would need several propagation steps to cut through.

As a dike-fracture advances in steps (Figs. 2, 6), there are, theoreti-
cally, an infinite number of possible paths to select among — which also
applies to the overall path of the dike (Fig. 5). The selected dike-
propagation path from a location or point at time t; to the location or
point at time t; is the one along which the action S or (when the kinetic
energy is omitted) the potential energy /7 is minimised.

5. Energy of dike propagation

For a dike to initiate and propagate, the host rock must receive
surface energy to rupture the rock and create new fracture (walls or)
surfaces (Anderson, 2005; Gudmundsson, 2011a). At an atomic level the
surface energy is needed for two atomic planes to become separated to a
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distance where there are no longer any interacting forces between the
planes. For dike propagation the rupture is normally at the level of
existing (often cooling/columnar) joints, pores, contacts, and other
flaws in the host rock. Thus, the surface energy W; is the energy that
must be added to the hosting crustal segment so that a dike is can initiate
and propagate. Because the energy is added to the rock (the thermo-
dynamic system) it is regarded as positive.

For dike initiation and propagation the total energy U, of the part of
the crust hosting the dike must be large enough to overcome or balance
the needed surface energy W;. The total energy is composed of two parts
(Sanford, 2003; Anderson, 2005): the surface energy and the total po-
tential energy I7 of the crustal segment. Therefore:

U, =TT+ W, (C)]

As defined in Eq. (5) I7 is the strain energy U plus the potential en-
ergy V. The potential energy V, in turn, is the derivative of the gener-
alised forces Q; (Eq. 3) which include body forces such as gravity and
surface forces/stresses. The strain energy U is attributable to the internal
forces between the material points in the deformed crustal segment. U
becomes stored in part of the crust because of changes in the relative
location of its material points (changes in the internal configuration) as
that crustal part deforms and the material points become displaced. U is
stored before the dike initiates and is thus available to drive the dike
propagation, provided certain conditions are satisfied. The total strain
energy U, in a crustal part subject to deformation, such as inflation of a
magma chamber, is stress x strain x volume and has the standard en-
ergy unit of joule. Dividing by volume, the strain energy per unit volume
Uy becomes:

Uy = / %dvv (10
\4

Here, ¢ denotes stress and € denotes strain, and the subscripts ij
indicate the 9 components of the stress tensor and the strain tensor. The
unit volume of the strained crustal segment is denoted by dV,, with the
subscript v standing for volume (V,) so as to distinguish it from potential
energy (V). If we drop the subscripts ij to simplify the notation and use
Hooke’s law (Gudmundsson, 2011a), from Eq. (10) the total strain en-
ergy U; then becomes:

Ee?V, o>

:oe‘Vv: _y an

U, —
T2 2 2"

where E is Young’s modulus. Using Eq. (11) we can calculate the total
strain energy stored in that volume V, of the crust which is subject to
deformation, such as during inflation of a magma chamber or a reser-
voir, prior to dike initiation and propagation. Once a dike is initiated and
begins its propagation into the roof of the source chamber/reservoir, the
strain energy (Egs. 9 and 11) is partly transformed into the surface en-
ergy needed to form the two new dike-fracture surfaces, and partly into
the energy driving microcracking and plastic deformation in the process
zone at the tip of the propagating dike, as well as used for driving
fracture (mainly joint) reactivation through fault slip in the dike walls.

A dike can propagate to a significant distance from its source,
generating new surface area dA (of the dike-fracture walls), only if the
total energy U; (Egs. 9 and 11) remains constant or decreases during the
propagation. For equilibrium conditions, the dike can propagate if U, =
k, where k is a constant. From Eq. (9) and the condition U; = k, we have:

du, din adw,
A-aataa° (12
and therefore:
dil  dw;
A= 13)

Eq. (13) shows that the decrease in total potential energy /7 during
dike propagation is equal in magnitude to the increase in surface energy
W;. The stored potential energy in a crustal segment transformed into
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surface energy during dike (or, in general, mode I crack) propagation is
known as energy release rate, denoted by G and given by:

_dn

G= A

14
where G may be viewed as the energy available to drive dike propaga-
tion. A dike propagates only if the energy release rate G reaches the
critical value on the right-hand side of Eq. (13), that is:

_aw,

G, A

(15)

where the critical value G, is the material toughness of the host rock of
the dike (Anderson, 2005; Gudmundsson, 2011a, 2020).

6. Stress-field homogenisation and multiple dikes
6.1. Stress-field homogenisation

An existing dike essentially homogenises temporarily the stress field
from the source to the tip of the dike. I proposed earlier that stress ho-
mogenisation is a major reason for fractures reaching great lengths; the
proposal applies both to faults as well as dikes (Gudmundsson and
Homberg, 1999; Gudmundsson and Brenner, 2004, 2005; Gudmunds-
son, 2006; Gudmundsson et al., 2010). In this section, I first discuss how
this homogenisation takes place, and then present some examples of
multiple dikes as seen in the field and discuss how and under what
conditions they form.

A stress field is defined as homogenised if the orientations (but not
the magnitudes) of the principal stresses are everywhere the same. A
perfect homogenisation is rarely achieved in heterogeneous and aniso-
tropic rocks, but the stress field may be similar enough to favour the
propagation of a dike. To encourage dike propagation, the orientation of
the principal stresses must not only be the same along the potential dike
path but, in addition, the maximum principal compressive stress, o1,
must be parallel with the dip-dimension of the dike (essentially vertical).

When an earlier dike path is already established, it affects, and
normally encourages, subsequent dike-segment injections in several
ways. First, the path from ¢; to t; is already following the principle of
least action (Egs. 4 and 5) so that further dike-segment injections tend to
use the path so as to minimise the action or, when the kinetic energy is
omitted, the total potential energy (Eq. 8). Second, the injected earlier
dike tends to homogenise the stress field along its path. This is because
the dike rock is everywhere the same along the path. Thus orientation of
the principal stresses inside and along the dike tends to be similar from
the dike source to its tips. While the homogenisation is hardly ever
perfect, particularly not in a layered crustal segment where the layers
have widely different mechanical properties, yet the dike rock itself,
being of essentially the same mechanical properties along its entire path,
tends to smooth out the mechanical, hence the stress-orientation, vari-
ations. Third, the injected earlier dike provides a constraint on the po-
tential paths of later dike-segment injections. Both the margins (the
contacts between the dike and the host rock) and the centre of the earlier
dike offer weaknesses that may function as paths for later dike in-
jections. These primarily follow the centre (the last part of the dike to
solidify) and the margins of the earlier dike and, thereby, offer con-
straints on the path of the subsequently injected dike-segments that
follow the earlier dike. Fourth (which is related to the third point) the
rock tensile strength along the margins and the centre of the earlier
formed dike tends to be low along the entire dike, thereby further
encouraging later dike injections to use these as paths. It is important
that the low tensile strength is continuously so along the dike. There is
low tensile strength in the layers of the host rock, particularly cooling/
columnar joints in lava flows (Figs. 1, 2, 6, 8). But the low strength in
such a pile is not continuous in a vertical section; contacts and layers of
scoria, tuff, and soil disrupt the continuity of the potential paths of low
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tensile strength, at which dike-segments commonly become either offset
or permanently arrested (Figs. 2, 3, 6; Gudmundsson, 1986, 2022). In
contrast, the low tensile strength is continuous along the margins or
centre of the earlier dike.

A dike that is not a part of a multiple dike has normally to propagate
through many rock layers. Such layers have commonly widely different
mechanical properties and local stresses that are unfavourable to dike
propagation. Thus, dike arrest (Figs. 2, 3), or dike deflection into a sill, is
very common. By contrast, once a dike-path has formed as a result of an
earlier dike propagating through numerous mechanical layers, it is
commonly easier for subsequent dike-segments to propagate along the
same path than to form a new path. Based on the above considerations,
some of the main reasons why dike injections along existing dikes,
namely the development of multiple dikes, are favoured may be sum-
marised as follows.

e An earlier dike injection normally follows a path along which the
action, or the potential energy, is minimised. There is thus a general
tendency for later-injected dike-segments to follow that path, pro-
vided the later segments are initiated anywhere comparatively close
to, or at the location of, the earlier injection so as to be able to join
the earlier injection.

e The dike rock has everywhere essentially the same mechanical

properties, resulting in the dike rock encouraging stress

homogenisation.

Stress concentration at the margin of the dike, that is, at its contact

with the host rock, often resulting in fractures and low tensile

strength along the margin, providing a potential path for a new dike-
segment injection.

The mechanically weak (low tensile strength) central part of the

dike, namely the part that is the last one to solidify and cool down to

the temperature of the host rock, also provides a potential path for a

new dike-segment injection.

If the new dike injection occurs inside the previous one, particularly

along its centre, then the previous injection, if still hot, may ther-

mally insulate the new dike injection from the host rock and,
thereby, help its magma to maintain a relatively low viscosity.

6.2. Field observations of multiple dikes

Multiple dikes are very commonly observed in the field. Some typical
ones are described below. In most cases it is not known if they were
feeder-dikes, but the excellent exposures of many of them indicate the
general structure of multiple dikes. Multiple dikes that acted as feeders
are described in Section 7.

The best-known examples of dikes formed in many injections into the
same fracture, and the ones easiest to recognise in the field, are com-
posite dikes. The classic example of a composite dike is where the central
part is acid and the marginal parts basaltic (Fig. 9). In composite dikes
there is strong contrast in the composition/lithology of the magma in-
jections (Fig. 10). The acid part does not have to be in the centre - it can
be at the margin of a basaltic part — but commonly it is in the centre
(Fig. 9). This is in agreement with the theory of the formation of multiple
dikes, namely that the later dike-segments may be injected either along
the margin of the earlier dike or along its centre. In rare cases can it be
demonstrated that the composite dike was a feeder to composite lava
flow (Fig. 10; Gibson and Walker, 1963).

Multiple dikes, where all the parts have similar composition/lithol-
ogy, are much more common than composite dikes. For example, it is
estimated that in parts of the Palaeogene Skye Central Complex (a fossil
volcanic system in West Scotland), some 60 % of the basaltic dikes are
multiple; and multiple dikes are also very common in other fossil vol-
canic systems in West Scotland such as on Mull and Arran (Emeleus and
Bell, 2005). In many dike swarms in Iceland most of the thicker dikes are
multiple, that is, composed of many parallel rows of columns. This ap-
plies particularly to basaltic dikes, who are commonly composed of 3-9
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Fig. 9. Composite dikes, as seen here in East Iceland, are generated through the
propagation of magmas of contrasting composition (here mafic and felsic) along
the same path. (a) View north, the thickness of the rhyolite part is 13 m, that of
the western basalt part 7.5 m, and that of the eastern basalt part 5 m; the total
thickness to thus 25.5 m. The dyke (which is partly under the sea) can be traced
along strike for about 14 km, its strike changing from N20°E here to N14°E
towards its northern end. The dike extends to the top of the 700 m high
mountain on the other side of the cove Breiddalsvik (seen here), but the basaltic
parts drop out in the middle part of the mountain so that at the top the dike is
purely acid and 35 m thick. A 120-m-thick multiple sill dissects the dike (also
seen in b and in Fig. 17), and is thus younger than the dike. (b) At the entrance
(bottom) to the gully (marked as ‘composite dike’ in a) the total thickness of the
dike is 11 m. Here the dike is divided into four parts or columnar rows, two
felsic (6 m and 1.5 m thick) and two mafic (1.5 m and 2 m thick). A short
distance (to the north) into the gully, the dike reaches 13 m in total thickness,
but is there composed of seven parts, four mafic and three felsic. These results,
and others on multiple mafic dikes, show that multiple/composite dikes may
vary in thickness and number of parts or columnar rows along their dip and
strike dimensions.

(or more) columnar rows (Figs. 1, 8, 11-14). While some multiple dikes
are very thin (Fig. 13), many are thick (Figs. 1, 11, 12), and some very
thick. For example, one of the thickest measured dikes in Iceland is
multiple (Fig. 14), and the same applies to the dikes in Tenerife, Canary
Islands (Fig. 15).

Dikes are not the only sheet-like intrusions that are formed by many
magma injections. Many inclined sheets (Fig. 16) and sills show clear
evidence of being multiple (Browning and Gudmundsson, 2015; Thiele
et al., 2021). This applies both to basic/mafic inclined sheets and sills
(Fig. 17) and intermediate and felsic sheets and sills (Figs. 16, 18). When
the columnar rows are very clear (Figs. 16, 17) it means that the earlier
magma injection solidified before the next one was injected. Since the
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Fig. 10. Composite feeder-dike (indicated) to the composite lava flow (indi-
cated) of Raudafell in Berufjordur in East Iceland. View northeast, the com-
posite dike is about 7 m thick. The composite lava flow is described by Gibson
and Walker (1963).

Lava flows

Lava flows

Fig. 11. View west, a multiple basaltic dike in Northwest Iceland. The dike is
composed of many columnar rows (5 are indicated), is close to vertical, and
with a total thickness of many metres. For comparison, the average thickness of
dikes in Northwest Iceland is about 4.3 m and the common range in thickness is
from less than 1 m to about 13 m (Gudmundsson, 1995b).

Fig. 12. Multiple basaltic dike in North Iceland. View northeast, the dike is
composed of many columnar rows (seven are indicated) and reaches a total
visible thickness of 20 m. The person provides a scale.
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Fig. 13. Multiple basaltic dike in Tenerife (Canary Islalands). Part of the dike
seen here is composed of three columnar rows or sheets, but the lower part of
four to five rows. It is commonly seen when multiple dikes are followed along
dip-dimension (like here) or strike-dimension (like the dikes in Figs. 9 and 14)
that some of the columnar rows may deviate (indicated) from the main part for
part of the path (and thus with host rock inbetween the rows), and then joint
the other rows again (as seen here). The singje injection dike deflects partly into
a sill (indicated) at the contact between the compliant tuff and a stiff lava flow.
View south, the maximum thickness of the main dike is a few metres (photo:
Kevin D‘Souza).

Fig. 14. Multiple basaltic dike in North Iceland. The dike is composed of at
least three thick parts (presumably each merged from several rapidly injected
thinner injections) or columnar rows and reaches a total thickness of 54 m. In
this outcrop, the dike is seen as a single multiple dike, with no host rock in-
between the parts. When the dike is followed along its strike, however, the
three parts deviate (separate), meaning that there is host rock in-between the
parts. In outcrops where there is host rock in-between the parts (the columnar
rows), the dike would be considered three separate dikes. As discussed above
(Figs. 9 and 13), commonly some later-formed dike injections (seen today as
columnar rows) deviate somewhat from the path established by the earlier
injections along part of the path of the multiple dike, often because of small
variations in the local stress field, even if that field is close to homogenised by
the first dike injection. View north, the white arrow points to a person for scale.

rate of cooling, hence of solidification, of a sheet depends on its thick-
ness in the 2nd power, it follows that thin magma injections solidify
quickly. For example, for a basaltic sill (or a dike) whose range of so-
lidification is 1200-1000 °C, as is common, then a magma injection of
thickness 1 m would solidify in less than 7 days and an injection of
thickness 2 m would solidify in about 27 days (Gudmundsson, 2020).
The cooling (columnar) joints form much later. For a 2 m thick basaltic
magma injection, the joints would begin to form only after some 280
days.
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Fig. 15. Multiple phonolitic dike in the Las Canadas caldera of Tenerife (Ca-
nary Islands). View north, the dike is composed of many columnar rows (some
indicated) and has a thickness of many tens of metres.

Fig. 16. Multiple phonolitic inclined sheet in the Las Canadas caldera of Ten-
erife (Canary Islands). View east, the total thickness of the multiple sheet is tens
of metres.

Fig. 17. Multiple basaltic sill, 120 thick (only a part is seen here) in East Ice-
land. This part of the sill is composed of at least 16 columnar rows or sheets
(three are indicated), some of which are also seen in Fig. 9b. The overall shape
of the sill is concave upwards (Fig. 9a). At the time of its emplacement the sill
was about 800 m below the surface of the active volcanic system. The exposed
lateral dimension of the sill is about 3 km, but its initial lateral dimension is
unknown. The 35-m-thick entirely felsic top of the composite dike in Fig. 9
is indicated.

10

Fig. 18. Felsic (granophyre) sills constituting the fossil shallow magma
chamber of Slaufrudalur in Southeast Iceland. Most of the sills are 15-50 m
thick. The deepest exposed part of the magma chamber is about 2 km below the
original top of the polygenetic (central) volcano to which it acted as a magma
source (cf. Gudmundsson, 2020).

With reference to these field observations, the general way that
multiple dikes form may be illustrated as follows (Fig. 19). Thin dikes
composed of one columnar row (Fig. 20) are normally formed in a single
magma injection. Thicker dikes, even if apparently composed of only
one columnar row (Fig. 8), do not necessarily form in only one magma
injection. This is because the columnar joints (and rows) for basaltic
dikes begin to form only when the dike has cooled down from about
1200-1300 °C to about 700-800 °C. As indicated above, for a 2 m thick
dike injection the cooling joints do not begin to form until after some
280 days.

In some dikes the central row has curved or upward-bent columns
(Fig. 21). This curvature may indicate a later magma injection along the
central part of an earlier dike. The curved columns suggest later
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Fig. 19. Schematic illustration showing the formation of a multiple dike
eventually composed of 11 columnar rows. (1) The first magma injection,
resulting in the formation of columnar row a. (2-6) The subsequent magma
injections (a-f) are here shown as using the mechanically weak central part of
previous injections as paths. However, some or all the subsequent magma in-
jections may occur at the margins of the previous ones, that is, at the contact
between the dike and the host rock. If the time between successive magma
injections is very short in relation with the thicknesses of the injections, the
injections may merge into a single, thicker columnar rows or sheets, such as
seen in Fig. 14.
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Fig. 20. Single magma injection forming a dike composed of a single columnar
row. View northeast, this mafic dike in West Norway is 0.7 m thick.

Fig. 21. Regional basaltic dike in Northwest Iceland with three columnar rows,
suggesting a maximum of two main magma injections. The upward bending of
the central columns in this segment may indicate late-stage movement of the
(by then partly solidified and thus ‘plastic’) magma (Gudmundsson, 1986).

movement and/or the effects of water circulation in the central part of
the dike after the outer parts had already cooled down to form columnar
rows. There is, additionally, plenty of evidence that many dikes with
only two to four columnar rows are formed in two or more separate
magma injections (Figs. 1, 8, 13, 14). Then the columnar rows may be
different in appearance (texture) and with somewhat different lithology
(even if all are basaltic), such as in Figs. 1, 8, 13, and 14, or, alterna-
tively, composite dikes, such as in Figs. 9 and 10. When there are chilled
selvages (glassy margins) at the contacts between the rows, then the
earlier row must have cooled down to a temperature similar to that of
the host rock (the ambient temperature) before the next magma injec-
tion occurred. Thus, chilled selvages at the contact between the rows
imply that the injections were separated by considerable time (at least
tens or hundreds of years).

While earlier dikes generally encourage the injection of later dike-
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segments along the same path, an earlier dike may contribute to the
formation of a stress barrier (due to dike-induced horizontal compres-
sive stress) that tends to deflect a dike into a sill (Fig. 13) or stop the
dike’s vertical propagation altogether. For example, the sill in Fig. 17
was partly the result of a stress barrier generated by the composite dike
in Fig. 9 (Gudmundsson, 2011b, 2020). Major dike-related stress bar-
riers that generate sills, or arrest later dikes, however, tend to be created
by thick dikes rather than, the more common, thin dikes (Gudmundsson,
2020). Also, even if stress barriers exist, often unrelated to earlier dikes,
the later injected dike-segments commonly find a path that avoids the
barrier so as to propagate to shallower crustal levels and, sometimes, to
the surface (Fig. 22). This latter scenario happened in the eruptions in
the Fagradalsfjall Volcanic System in Southwest Iceland in 2021, 2022,
and 2023 (cf. Hobe et al., 2025).

A dike-related stress barrier, so that the (normally) maximum prin-
cipal compressive stress is horizontal in the layer/unit that constitutes
the barrier, is normally not a permanent feature in volcanic rift zones
because crustal movements relax the compressive stresses over time.
Most volcanic zones and volcanoes are subject to some sort of spreading,
either due to gravity effects or through being located at plate bound-
aries. The spreading gradually relaxes the horizontal compressive
stresses that earlier dikes may have induced, making it possible for later
dikes again to use the margins or centres of earlier dikes as potential
paths. The relaxation in horizontal dike-induced compressive stress (in a
stress barrier) is especially noticeable at divergent plate boundaries. In
particular, there are numerous examples of multiple dikes feeding
eruptions - indicating that any dike-induced horizontal compressive
stress had relaxed by the time of the later dike-segment injection — a
topic to which we turn now.

7. Eruptions fed by multiple dikes

We have seen that many dikes, and in some fossil volcanic system the
majority of the thicker dikes, are composed of several columnar rows

Barrier

Fig. 22. Likely propagation path of a regional dike injected from a deep-seated
reservoir (Fig. 4) that meets a major stress barrier (or an elastic mismatch) at a
shallow depth where the vertical dike propagation becomes arrested. For a dike
that continues to receive magma after the arrest of its vertical propagation,
lateral propagation of the dike beneath the barrier is likely. Eventually, part of
the dike may reach the surface (and erupt) along a path outside the stress
barrier, in which case the length (strike-dimension) of the feeder (the volcanic
fissure at the surface) is normally a small fraction of total length of the dike
beneath the barrier. This conceptual model, proposed by Gudmundsson (1990),
is supported by the actual course of events during the 2021 dike emplacement
and eruption in Fagradalsfjall in Southwest Iceland.



A. Gudmundsson

that reflect many magma injections along essentially the same dike path.
Such dikes are traditionally named multiple if all the rows of columns
are composed of the same or similar lithology (say basalt) and composite
if some of the rows are of widely different lithology (say rhyolite rows
alternating with basaltic rows). I have also provided evidence for a
compose dike feeding an old composite lava flow (Fig. 10; Gibson and
Walker, 1963). But what is the evidence for multiple dikes feeding
recent and well-documented eruptions?

Examples of dikes using existing earlier dikes at paths to the surface
to feed eruptions are numerous. Here I first discuss briefly some exam-
ples from Etna and Kilauea and then in greater detail some specific and
well-documented examples from Iceland.

7.1. Etna, Italy

One comparatively recent case of a multiple feeder-dike was re-
ported from the Etna Volcano, Italy, in 2013. The data on the dike for-
mation were obtained mainly through monitoring the surface fracturing
above (primarily) laterally propagating dike-segments at very shallow
depths. During the formation of the dike, Falsaperla and Neri (2015)
estimated the velocity of magma injections as being from 0.02 m s™! to
as high as 0.46 m s~1. The high velocity, however, was recorded for the
later dike-segment injections that were partly along the earlier dike-
segment injections during the same episode. Thus, the later injected
dike-segments or magma injections propagated at a higher rate because
the propagation was easier along the already formed earlier dike-
segments — in accordance with the theory of least action/minimum
potential energy proposed here.

7.2. Kilauea, Hawaii, USA

In the Kilauea Volcano in Hawaii the very high rate of migration of
some earthquake swarms, interpreted as primarily lateral propagation of
magma or dike-segment injections, varies by over four orders of
magnitude. More specifically, the inferred lateral dike-segment propa-
gation migration down the rift has been from 0.005 m s ' to 8.5 m s}
(Rutherford and Gardner, 2000). Many dike-segments have supplied
magma to eruptions. The high velocities are likely to involve multiple
dikes where the later dike injections propagated rapidly along the
already existing dike path, using either the hot centre of the previously
injected dike or the earlier dike contact with the host rock. As is
observed, and in agreement with the theory presented here, there is no
difference in the propagation rates of feeder and non-feeder dikes.

During the caldera collapse in 2018 that marked the end of the more-
or-less continuous eruption in Kilauea since 1983 (so for about 35 years)
magma was injected primarily laterally into the rift zone from the
chamber below the caldera. During that collapse even higher lateral
velocities were reported than those listed by Rutherford and Gardner
(2000). The 2018 Kilauea collapse occurred in 62 ring-fault slips over a
period of about 3 months (Neal et al., 2019). During each slip and
associated magma-chamber volume reduction, a ‘pressure pulse’ is
thought to have travelled in 13-20 min a distance of about 40 km along
the feeder-dike to the erupting fissure, where the effusion rate thereby
temporarily increased. However, while there was a noticeable increase
in effusion rate from the fissure 13-20 min after the each fault slip, the
peak in effusion following each caldera slip was observed some 2-4 h
later. Thus, whereas the pressure ‘pulse’ travelled along the feeder-dike
at the rate of about 40 m s}, the main effects of the pressure ‘distur-
bance’ as reflected in the peak effusion rate travelled at a rate of about 4
m s~! from the chamber to the erupting volcanic fissure. At its maximum
the effusion rate increased from an average pre-slip rate of 153 ms ™ to
400-500 m3s~* (Patrick et al., 2019).

These observations suggest that the magma injections following each
caldera slip were multiple injections that were mostly confined to, and
following, the already existing feeder-dike. The pressure ‘pulses’ at 40
m s}, however, are unlikely to reflect lateral migration rates of the
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magma injections (the dike-segments) themselves, but rather the rate of
travel of pressure disturbances — as waves - along the magma in an
already existing feeder-dike. By contrast, the propagation rate of 4 m
s~ 1, even if high, may reflect the actual velocity of the movement of new
magma injections along the multiple feeder-dike.

7.3. Hekla, Iceland

Hekla is a central volcano, a stratovolcano, located in South Iceland,
more specifically in the East Volcanic Zone (Fig. 23). The volcano forms
an elongated volcanic ridge that reaches an elevation of 1480 m a.s.l.
and has a clear 5.5-km-long summit fissure where most of the proper
Hekla eruptions take place. The repeated eruptions in the same fissure
are fed by a multiple dike. Hekla forms the central part of the Hekla
Volcanic System, whose length and width are variously estimated as 40
km and 7 km, respectively (Jakobsson, 1979) or 60 km and 19 km
(Thordarson and Hoskuldsson, 2008). The Hekla Volcanic System has
produced basalts, basaltic andesites, andesites, and dacites-rhyolites.

The volcanic fissures and tectonic fractures in the East Volcanic Zone
in the vicinity of Hekla strike mostly N40-45°E, and yet the summit
fissure, and the elongated ridge of Hekla itself, strikes N65°E
(Gudmundsson and Brenner, 2003). The strike of the summit fissure of
Hekla coincides with the general strike of the sinistral faults of the South
Iceland Seismic Zone (SISZ). Consequently, Gudmundsson and Brenner
(2003) proposed that the summit fissure of Hekla was initially an ENE-
trending sinistral fault of the SISZ. In that model, accumulation of ten-
sile, and partly shear, stresses in the transtension quadrant where Hekla
is located (Figs. 23, 24) contributes to the formation of the multiple
feeder-dike and associated eruptions of Hekla.

Hekla is among the most active central volcanoes in Iceland both as
regards production of lava and tephra and frequency of eruptions.
During historical time in Iceland, the past 1100 years since the settle-
ment, at least 18 eruptions have occurred in Hekla itself, and 4-5 in its
immediate vicinity (Thordarson and Larsen, 2007). The most recent
eruption was in the year 2000. This means that a feeder-dike reaches the
summit fissure to erupt on average once every 60 years. The measured
crustal dilation across the southern part of the East Volcanic Zone (EVZ),
where Hekla is located (Fig. 23), is 11 mm per year (Arnadottir et al.,
2008). This dilation/spreading is divided among 5-6 volcanic systems
(Fig. 23; Arnadottir et al., 2008). On average, the spreading is about 2
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Fig. 23. Hekla Volcano is located in the northeast quadrant of the South Ice-
land Seismic Zone (SISZ). Because of the overall sinistral movements across the
SISZ, Hekla is located in a region of tension which contributes to the same dike
path opening up again and again in the eruptions of Hekla, namely the Hekla
Fissure, thereby generating a multiple dike. By contrast, other central (com-
posite) volcanoes close to the SISZ, such as Hengill and Eyjafjallajokull, are
located in regions of compression. There is no central volcano in the southwest
quadrant (Fig. 24). Also shown are N-S-striking dextral faults (a, b) which,
together with the conjugate ENE-striking sinistral faults (one presently forming
the Hekla Fissure), are common in the SISZ (modified from Gudmundsson and
Brenner, 2003).
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Fig. 24. Sinistral displacement across the SISZ results in the Hekla Volcano
concentrating relative tensile stresses (Hekla is in a quadrant of transtension),
whereas the volcanoes Hengill and Eyjafjallajokull concentrate compressive
stresses (are in a quadrants of transpression). The tensile stress concentration at
the Hekla Volcano results in the same fissure (an old ENE-striking sinistral fault)
being reactivated again and again during eruptions, resulting in the formation
of a multiple dike.

mm per year per volcanic system. This yields a spreading in the Hekla
System over 1100 years of about 2.2 m (2200 mm) and for the Holocene
(11,700 years) about 23 m.

The spreading-rate estimates are based on GPS measurements over a
few decades and the fraction of the spreading taken up by the Hekla
Volcanic System is not known in detail. Additionally, because of the
strike of the summit fissure of Hekla in relation to the orientation of the
spreading vector there will not only be opening across the summit
fissure but also shear. The shearing is also implied in the suggestion
(Gudmundsson and Brenner, 2003) that the Hekla is a reactivated
sinistral strike-slip fault. These crude spreading estimates show, how-
ever, that there is significant spreading-generated ‘space’ for a multiple
dike to form over a long period of time in Hekla.

The source magma chamber of Hekla has been difficult to detect. For
example, recent estimates put the depth to the top of the chamber/
reservoir somewhere between 5 km and 24 km (Geirsson et al., 2012).
Whatever the exact depth to the Hekla chamber/reservoir, it has been
difficult to explain in the past decades how little, shallow, and of short
duration the earthquake activity is before the eruptions of Hekla.

The multiple-dike model of Hekla’s eruption can be used to explain
the shallow/little/short-time warning of earthquakes before eruptions.
Because of the existing path along the multiple dike that already extends
to the surface, there is little energy and little rupturing (Egs. 12-15)
needed to propagate a new dike-segment to the surface. While some
earthquakes would occur in the walls of the path simply because of the
added magmatic pressure, which results in slip on existing fractures in
the host rock of the multiple dike (Gudmundsson, 2020, 2022), very
little rupturing of the host rock occurs because the path is already there
along the existing dike. The only rupturing is likely to occur at the
shallow depths along the dike path, where the earlier dike-segment in-
jections have not only solidified but already reached a temperature
similar to that of the host rock. At greater depths the most recent dike-
segment is still hot even if solidified, and in some cases very hot and with
plastic/ductile behaviour at great depths. This applies particularly
during the past decades when the repose period (the time between
eruptions) of Hekla has been much shorter than the average.

In the past 1100 years (historical time in Iceland), the repose of
Hekla has varied from 9 years to 120 years. The shortest period, the one
preceding the 2000 eruption, was only 9 years. The repose periods prior
to the 1980 and 1991 eruptions were also unusually short, about a
decade. When the repose period is so short, the deeper segments of the
most recent parts of the multiple dike are still hot so that the path for the
new magma injection/dike-segment forms easily without much
rupturing and earthquakes.

The unusually short repose periods prior to the most recent eruptions
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may also be partly related to tensile (and shear) stress concentrations
around Hekla in response to loading of the SISZ to failure. In terms of
this model (Gudmundsson and Brenner, 2003) loading of the SISZ and
associated tensile (and shear) stresses in the Hekla System contribute to
frequent eruptions in Hekla primarily if the summit fissure (and its
extension down to the source magma reservoir) is already occupied by a
recently injected dike, the deeper parts of which are still hot, that con-
centrates stresses at its contacts with earlier dikes and with the host rock.
Such a dike was provided by the 1970 Hekla eruption. Furthermore, the
stress concentration and associated dike injections and eruptions in the
Hekla depend on the seismic cycle. Thus, the February 2000 eruption in
Hekla occurred before the June 2000 earthquakes in the SISZ (Fig. 23).
These earthquakes reached M6.6 and relaxed part of the accumulated
stress in the SISZ and, therefore, the stress concentration in its sur-
rounding areas such as in the quadrant where Hekla is located (Figs. 23
and 24). There is thus, presumably, less tensile stress concentration
currently in and around Hekla than was before the eruptions of
1980-81, 1991, and 2000. The conditions of a new magma injection and
addition to the multiple feeder-dike in Hekla have, therefore, not been
satisfied now for over two decades.

7.4. Krafla, Iceland

We now come to a special type of volcanic activity that in Iceland is
referred to as ‘fires’. These include the recent Krafla Fires (1975-84), the
Fagradalsfjall Fires (2021 —23) and the current Sundhnukur Fires (since
2023). ‘Fires’ of this kind refer to many volcanic eruptions, over years or
decades, within the same volcano or volcanic system. Not all the erup-
tions in fires need occur at exactly the same location, the same volcanic
fissure, but normally all the eruptions occur within a narrow zone in the
same volcano/volcanic system. Here I propose that all such fires are fed
by multiple dikes, and that the dike-segment that eventually reaches the
surface as a volcanic fissure during each eruption in the fires is but a
small part of the total length of the multiple feeder-dike. The location of
the volcanic fissures varies during the fires, depending on where,
exactly, each small dike-segment propagating from the main multiple
dike at depth finds its way to the surface.

There is clear evidence for the formation of a multiple dike during
the Krafla Fires in North Iceland in the period from 1975 to 1984. During
this period there were at least 21 dike-segment injections, 9 of which
reached the surface to feed eruptions (Tryggvason, 1977, 1983, 1984).
In the course of the 9-year rifting episode, much of the 100 km long and
4-10 km wide Krafla Volcanic System (Figs. 25, 26) was subject to
volcanotectonic events. These included, in addition to the the 21 dike-
segment injections, subsidence of the central part and rise of the
flanks of the volcanic system (which includes several shallow grabens),
as well as fracture development and crustal dilation.

The growth of the multiple feeder-dike responsible for the 9 erup-
tions can be inferred from the measured crustal dilation in an 18-km-
long profile from the mountain Hlidarfjall in the south to the moun-
tain Hrutafjoll (Figs. 25, 27). This is because the feeder-dike segments of
all the 9 fissure eruptions occurred within 7 km of the Krafla caldera
fault (Fig. 26). The crustal dilation in this part of the volcanic system,
namely where the fissure eruptions occurred, was measured more
accurately than in other parts of the volcanic system.

The results as to the growth of the multiple feeder-dike during the 9
eruptions can be inferred from the associated crustal dilation (Fig. 27).
The total length of resulting discontinuous volcanic fissure is 11 km
(Saemundsson, 1991) while the length of the measurement profile is 18
km and thus extends well beyond the fissure, both in the south and in the
north. The volcanic fissures were short in the early eruptions, but
generally longer in the later eruptions, with the total lengths of the
discontinuous fissures in the last two eruptions (in 1981 and 1984) of
8-9 km (Saemundsson, 1991). Not only did the fissures in the later
eruptions commonly coincide with those from the earlier eruptions, but
some of the fissures also coincided with the fissure formed in 1729, that
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Fig. 25. Dike injection and rifting occurred in the Krafla Volcanic System from
1975 to 1984. The main rifting occurred where the dike reached shallow
depths. In 9 dike injections, out of at least 21, part of the dike reached the
surface to feed an eruption. Here is a schematic illustration of the size and
location of the areas (black) where the main rifting/surface fracturing occurred
during 8 dike injections from 1975 to early 1978. The numbers indicate the
order, so that number 1 is the oldest and number 8 the youngest dike injection/
rifting event during this period. No surface fracturing, however, was observed
during two dike injections during this period. Modified from Sigurdssson
(1977) and Gudmundsson (1995a).

is, some 250 years earlier, during earlier fires (so-called Myvatn Fires,
from 1724 to 1729; Saemundsson, 1991) in the Krafla Volcanic System.
The length and thickness of the feeder-dike thus gradually increased
during the Krafla Fires.

While some of the measured crustal dilation profiles represent more
than one feeder-dike segment injections, the profiles associated with the
8th and 9th eruptions reflect the dilation due to single dike-segment
injections (Fig. 27). Both indicate a close-to ideal dike-opening
displacement, namely a flat ellipse (Gudmundsson, 1995a, 2011a),
12-15 km long with total fissure length at the surface of 8-9 km. The
maximum dilation for both profiles is about 1 m and located approxi-
mately in the centre of the profile. Because the geodetic (levelling)
measurements were made at a distance from the feeder-dike, its thick-
ness is presumably somewhat over one metre.

All the 9 volcanic fissures associated with the feeder-dike injections
were discontinuous and offset in lateral sections. The beginning of each
eruption was on a short fissure segment, but subsequently other seg-
ments formed as further dike ‘fingers’ reached the surface. This is
normal in fissure eruptions and widely observed, such as in the recent
eruptions on the Reykjanes Peninsula (Section 7.5). From their initia-
tion, the short segments propagated laterally, that is, increased their
lengths at the rate of 0.1-0.4 m s+ (Tryggvason, 1977; Gudmundsson,
1995a). Based on the total length of the fissures of 11 km and the
maximum thickness of the multiple feeder-dike of about 9 m (Fig. 27),
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Fig. 26. Main volcanotectonic elements of the Krafla Volcanic System. Indi-
cated are the Krafla Caldera, the hill Leirhnjukur, which was the centre of the
inflation and deflation associated with the magma chamber expansion, rupture,
and dike-segment injection during the multiple dike formation (Fig. 27), the
fissure swarm and lava flows. The basaltic lava flows formed mostly during the
Krafla fires, 1975 to 1984, but also in the Myvatn fires, 1724 to 1729 (whose
feeder-dike also forms part of the multiple dike). On the inset of Iceland, the
active volcanic zone is shaded. Modified from Gudmundsson (1995a).

the length/thickness or aspect ratio of the multiple dike is about 1200 —
similar to that of many regional dikes in Iceland (Gudmundsson, 2020).

The Krafla Volcanic System is in the North Volcanic Zone. It is thus of
interest to compare the multiple feeder-dike formed in the Krafla Fires
with exposed dikes in the nearby fossil volcanic systems. Hundreds of
(mostly basaltic) dikes have been studied in the nearby fossil systems, of
Neogene age, on the peninsulas of Flateyjarskagi and Trollaskagi
(Gudmundsson, 1995b). The mode thickness of dikes in these swarms is
about 1 m, that is similar to the individual dike-segment injections in the
multiple feeder-dike formed during the Krafla Fires. Additionally, mul-
tiple dikes are very common in the fossil systems, with many dikes
reaching thicknesses of 6-20 m (Figs. 1, 8, 9, 11, 12) and occasionally as
thick as many tens of metres (Fig. 14). Thus, the observed feeder-dike
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Fig. 27. Growth of the multiple feeder-dike during the 9 eruptions in the Krafla
Volcanic System from 1975 to 1984. The 18-km-long crustal dilation profile
extends to the south and to the north of the Krafla Caldera (Figs. 25, 26). The
broken lines between Leirhjukur and Snagi parallel with the horizontal axis of
the diagram shows the final length of the volcanic fissure, whose segments were
longer in the later eruptions, indicating an increase in the length of the asso-
ciated feeder-dike segment (columnar row). In some of the early eruptions, the
measured crustal dilation was the cumulative dilation due to two or three dike
injections, but the 8th and the 9th eruption represent only a single dike injec-
tion. The thickness increase during each dike injection was about 1 m, in good
agreement with the common thicknesses of single columnar rows in regional
basaltic dikes in Iceland (Figs. 1, 11). The final length of feeder-dike at the
surface was 11 km and its maximum thickness about 9 m, in good agreement
with typical length/thickness ratios of regional basaltic dikes in Iceland
(Gudmundsson, 2020). Data from Eysteinn Tryggvason (cf. Tryggvason, 1977,
1983, 1984).

emplacement in the Krafla Fires is in harmony with what is observed in
nearby fossil Neogene volcanic systems in North Iceland.

7.5. Fagradalsfjall and Sundhnukur, Iceland

Fagradalsfjall is a volcano located on the Reykjanes Peninsula in
Southwest Iceland (Fig. 28; Troll et al., 2024; Hobe et al., 2025). The
volcano erupted in 2021, 2022, and 2023 (Fig. 29). The 2021 eruption
was the first one to occur on the Reykjanes Peninsula in 781 years, and
the first one in Fagradalsfjall in about 8000 years. Using seismic

Fig. 28. Location and geometry of the main volcanic systems on the Reykjanes
Peninsula in relation to the location of the volcano Fagradalsfjall (to the west of
which is Sundhnukur, Fig. 29) where the multiple dike-fed eruptions of 2021,
2022 and 2023 occurred. Also shown are the plate-boundary zone, where the
main strike-slip seismic activity associated with plate movements on the
peninsula takes place, and the orientation of the spreading vector. The volcanic
systems are Reykjanes, Krisuvik, Blafjoll, and Hengill.
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Fig. 29. Location of the 9-km-long multiple dike that formed in the Fagra-
dalsfjall eruptions of 2021-2023, (dark red) and the 15-km-long multiple dike
formed in the Sundhnukur eruptions 2023-2024 (light red). Orientation and
maximum strike-dimension (length) are here shown for the 2021 eruption (red
NE-trending line), but the subsequent dike injection were at similar locations.
The dike length (strike-dimension) shown here is the maximum length, of about
9 km, not the length of the feeder (the volcanic fissure) at the surface, which
was only a few hundred metres in each of the 3 eruptions. Thus, for the most
part the multiple dike formed from 2021 to 2023 became arrested, at about 2
km depth below the surface, and only a small ‘finger’ reached the surface in
each of the eruptions. The depth (dip-dimension) of the part of the multiple
dike that became a feeder, that is, the depth to the source reservoir, is 9-10 km.
Also indicated are the eruption site, the hyaloclastite mountain Keilir, Lake
Kleifarvatn, the employed seismic network (red triangles), the SIL seismic
network stations (black triangles), the profile (black E-W trending (horizontal)
line dissecting the dike) for the tomographic results presented by Hobe et al.
(2025). The urban areas of Grindavik, Njardvik, Keflavik, Hafnarfjordur, Gar-
daber, and Kopavogur and Reykjavik are shown. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

methods, a deep-seated reservoir with the shallowest depth of the roof at
about 10 km depth below the surface was identified (Hobe et al., 2025).
The dike injections in 2021, 2022 and 2023 occurred when the roof of
this reservoir ruptured. The source of all these magma injections is thus a
deep-seated reservoir, located close to the contact between the upper
mantle and the lower crust. In fact, neither Fagradalsfjall nor other
volcanic systems on the Reykjanes Peninsula have a long-lived shallow
crustal magma chamber. They are all fed by deep-seated reservoirs
located in the lower crust or at the boundary between the crust and the
upper mantle (Gudmundsson, 2006, 2020). It follows that the injected
dike-segments propagated initially primarily vertically, in a direction
towards the surface.

Through the analysis of associated earthquakes, the rupture of the
reservoir and the initiation of dike-segments that eventually fed the
2021 eruption could be determined very accurately. The main rupture
and dike-segment injection occurred on 24 February and then there was
second major dike-segment injection on 15 March. The first dike-
segment injection propagated vertically up do a depth of, mostly, 2
km below the surface. There this segment became vertically arrested ata
stress barrier. Since it continued to receive magma it propagated later-
ally under the barrier (Fig. 22). The lateral propagation was initially to
the northeast and subsequently to the southwest, eventually resulting in
a maximum dike length of about 9 km (Hobe et al., 2025).

The second main dike-segment injection, namely on 15 March, also
resulted in dike-segment propagation (Hobe et al., 2025). The injected
second dike-segment generated partly its own path but partly followed
the path of the earlier-injected dike-segment — the one injected on 24
February. Thus, the second segment combined with the first one to form
a multiple dike — similar in thickness to the columnar rows seen in
Figs. 1, 11, 12, and 20. Part of the multiple dike eventually reached the
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surface, as a ‘tiny finger’ generating, initially, a 180-m-long volcanic
fissure at the surface on 19 March. The opening, or dike thickness, at the
surface, however, was only about 0.2 m. This means that the feeder-
segment that reached the surface had a thickness similar to that seen
in Figs. 3 and 13. The fissure gradually became longer, with additional
segments forming, but the fissure-segments remained disconnected and
offset, and the total length, at its maximum, was only several hundred
metres. Most of the 9-km-long multiple dike emplaced primarily as a
result of the two dike-segment injections and propagation from 24
February to 19 March did not reach the surface to feed the eruption but
rather became arrested mainly at about 2 km depth. The 2021 eruption
lasted until 18 September 2021 or about 6 months.

An earthquake swarm began again in Fagradalsfjall on 30 July 2022,
resulting in dike-segment injection and propagation. Some 10,000
earthquakes were recorded prior to the eruption, or about % of the
number recorded before the 2021 eruption. The reason for the fewer
earthquakes is that in this case the propagation to the surface was easier
for the dike than in 2021 because the 2021 multiple dike already existed.
The dike-fed eruption began on 3 August. The initial fissure was about
300 m long, but the eruption lasted only for 18 days, ending on 21
August. The 2022 dike-segment also followed partly the segments
injected in 2021, thereby adding a segment or row to the existing mul-
tiple dike. Thus, the new dike-segment propagated from the source
reservoir to the surface in much shorter time than in the 2021 eruption,
or in 3-4 days. For comparison, the first dike-segment in 2021 became
permanently arrested and never made it to the surface. However, the
second dike-segment of 2021, the one injected on 15 March, made it to
the surface, partly along the existing first dike-segment, in about 5 days,
so similar to the time that it took the dike-segment to reach the surface in
the 2022 eruption.

The third eruption in the Fagradalsfjall in as many years occurred on
10 July 2023. The eruption was preceded by an earthquake swarm
which initiated on 4 July. The recorded earthquakes were similar in
number (about 12,000) and intensity as in the swarm occurring before
the 2022 eruption. The reason for fewer earthquakes and less intense
swarm than prior to the 2021 eruption is, as in the 2022 eruption, that a
multiple dike already existed. The feeder-dike followed partly the same
path as the dike injections in the eruptions of 2021 and 2022 to a shallow
depth where, again, the dike-segment became arrested for a while. The
first fissure to form was about 200 m long, or very similar to the first
fissure that was generated in the 2021 eruption. Gradually the 2023
fissure grew laterally, but in an offset and an echelon manner. The
volcanic fissures from 2021, 2022, and 2023 are not collinear but
somewhat offset laterally, as is very common for volcanic fissures as well
as dikes observed in the field. The location of all the feeder-dike seg-
ments at depth, however, indicates that there the paths to a large degree
coincide so as to form a multiple dike.

The results from the Fagradalsfjall eruptions in 2021, 2022, and
2023 demonstrate how multiple dikes make eruptions easier. The first
dike-segment injected in February 2021 propagated for about two weeks
(from 24 February and at least until 9 March) but was not able to reach
the surface to feed an eruption. Instead, the dike-segment became
arrested, mostly at a depth of 2 km below the surface. The second dike-
segment, injected on 15 March, reached the surface in less than 5 days
(4.7 days or 112 h). A part of its propagation was along the existing dike-
segment, suggesting its forming a multiple dike greatly facilitated is
propagation and made it possible for it to reach the surface. Similarly,
the third dike-segment, the feeder to the August 2022 eruption, again
partly followed and added to the existing multiple dike and reached the
surface in 3-4 days. The same applies to the feeder-dike of the 2023
eruption - the dike-segment reached the surface in less than a week.
Clearly, therefore, the existing multiple dike facilitated the propagation
of the 2022 and 2023 dike-segments, part of which reached the surface
to feed eruption.

From December 2023 to December 2024 there were 7 fissure erup-
tions at the crater row Sundhnukur (Fig. 29), just a few kilometres west
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of Fagradalsfjall (De Pascale et al., 2024; Troll et al., 2024; Iceland
Meteorological Office, 2025). All the eruptions occurred close to, or
coincided with, an existing volcanic fissure, namely the 2350-year-old
Sundhnukur crater row (Jonsson, 1983). The crater row has a total
length of 8.3 km and an average strike of about 37°. The crater row is
composed of 27 discontinuous segments, varying in length from 36 m to
1.8 km, and in azimuth from 006° to 053° (Jenness and Clifton, 2009).
Segmentation of this kind is a common feature of volcanic fissures,
dikes, and rock fractures in general (Gudmundsson, 2011a).

On 10 November 2023, before the first eruption (on 18 December
2023), a 15-km-long regional dike (Fig. 29) was emplaced in alignment
with the Sundhnukur crater row, but extending much further to the
southwest than the crater row. The dike became arrested at about 0.5 km
depth, so did not erupt, but there was formation and reactivation of
tension fractures and normal faults, including graben subsidence, at the
surface (De Pascale et al., 2024).

The 7 eruptions in 2023-24 have occurred at different parts of the
Sunhnukur crater row, but all have been so close to the old craters that
there is little doubt that the feeders to these eruptions, and the arrested
15-km-long dike from 10 November 2024 (Fig. 29), are all contributing
to the formation of a multiple dike (Gudmundsson, 2024a). The present
multiple-dike formation is primarily because of the existence of the
2350-year-old feeder-dike to the Sundhnukur crater row. Thus, in the
Sundhnukur Fires we see a similar process of a multiple dike formation
as in the Krafla Fires. In both cases, an existing older feeder-dike (about
250 years old in the Krafla Fires and about 2350 years old in the
Sundhnukur Fires) acts as a path for many dike-segment injections
during these fires. These and the results above indicate that, as regards
energy transformed during dike propagation, multiple dikes make
eruptions comparatively easy.

8. Discussion

Reliable forecasting of volcanic eruptions is one of the main goals of
volcanology. So far, forecasts have rarely been successful
(Gudmundsson et al., 2022). Given that most eruptions on Earth are
supplied with magma through dikes (and inclined sheets), understand-
ing how dikes make their paths and how, where, and when they are able
to reach the surface is of fundamental importance in theoretical and
applied volcanology.

Many and probably most injected dike-segments do not reach the
surface. They become arrested (Figs. 2 and 3), that is, stop their vertical
propagation at various depth in the crust. Commonly, the arrest is at or
close to contacts between mechanically dissimilar layers
(Gudmundsson, 2003, 2011b; Gudmundsson and Brenner, 2004, 2005;
Gudmundsson and Philipp, 2006; Moran et al., 2011; Drymoni et al.,
2020; Inskip et al., 2020; Corti et al., 2023). While dike arrest and
deflection into sills has received considerable attention in the past de-
cades (Gudmundsson, 2011b), the way that dikes select their paths has
only recently become of major interest. The idea that dikes follow the
paths of least work or least potential energy was set forth decades ago
(Gudmundsson, 1984, 1986), yet it has been developed further only in
the past few years (Gudmundsson, 2020, 2022). These developments
indicate that, in general, dike (and inclined sheet) paths follow the
principle of least action which, when the kinetic energy is of little
importance (as is common during dike propagation), reduces to the
principle of least work or minimum potential energy - in agreement with
observations of actual dike paths in the field (Gudmundsson, 2022).

A similar method of analysing and forecasting fracture propagation
in general has become of great interest in recent years. This method is
the variational approach to fracture (Bourdin and Francfort, 2008; Del
Piero, 2013), a generalisation of Griffith’s theory, and commonly
referred to as the phase-field modelling of fractures. Earlier different
approaches were used to forecast fracture paths (e.g., Pook, 2012), but
the phase-field approach is currently much used for analysing fracture
propagation and paths in computational mechanics and fracture
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mechanics and related fields.

Initially, there were few applications of the phase-field modelling to
rock fractures, but now there are many such applications (Chen et al.,
2020; Fei et al., 2021). The dike tip and dike thickness (aperture), both
of which are of fundamental importance for actual dike propagation,
however, are not easily presented by the diffusive damage-like
(‘smeared’) zone of a given ‘width’, which is the common approach in
phase-field modelling. This is partly because the dike thickness
(‘width’), or the aperture of the propagating magma-driven fracture, is
highly variable. Also, the effects of mechanical layering in general, and
that of existing faults in particular, are currently not so easily taken into
account in phase-field modelling. At present, because of its use of
‘damage’ approximation for the fracture, the phase-field approach may
be more suitable for modelling faults than for modelling dikes. There is,
after all, a real damage zone (and a porous, ‘damaged’ core as well) in
fault zones — although real fault propagation is, of course, very different
from that of extension fractures such that of dikes and fluid-driven
fractures.

One aspect of dike propagation that has not received much attention
until now is the effect of multiple dikes in facilitating dike propagation
to the surface, resulting in dike-fed eruptions. The results presented here
indicate that multiple dikes make eruptions mechanically easy for two
main reasons. First, an existing dike provides a potential path for new
dike injections, either along the contacts between the dike and the host
rock or along the contacts between columnar rows in the dike. This
applies not only to dikes but also to inclined sheets (Browning and
Gudmundsson, 2015; Thiele et al., 2021). Second, since the rock of a
multiple dike has everywhere essentially the same mechanical proper-
ties, the dike rock tends to homogenise the stress field favourably,
thereby facilitating further magma injections and propagation along the
existing dike in accordance with the principle of least action/minimum
potential energy.

When a volcano or a volcanic system enters an unrest period, there
are several points to consider for increasing the likelihood of a successful
prediction of an eruption. First, the conditions for and likely location of
chamber/reservoir rupture need to be clear and applied to the particular
unrest period. Often the inflation gives an indication of the likelihood of
a rupture and dike injection. The existence of a multiple dike dissecting
the roof of the chamber usually increases the chance of magma-chamber
rupture for a given excess pressure. However, the main evidence for
magma-chamber rupture and dike injection is provided by earthquakes.
In particular, a comparatively large earthquake in the roof of the
chamber followed by a migrating earthquake swarm is normally a clear
indication of chamber-roof rupture and dike injection. Often the loca-
tion of the rupture can be determined reasonably accurately
(Gudmundsson et al., 2022; Hobe et al., 2025).

Second, using the present theoretical framework whereby dikes are
likely to follow the path of least action or, more specifically, the path of
minimum potential energy, numerical models are of great help to fore-
cast likely dike paths. Many such models that take into account the
mechanical layering of volcanoes and volcanic systems have already
been made (Gudmundsson, 2006, 2020). However, so far the effects of
faults on potential dike paths have received less, albeit some, attention
(Drymoni et al., 2020; Gudmundsson, 2022). More work in the direction
of numerical modelling of dike propagation in layered and faulted vol-
canoes and volcanic systems will be of great value for reliable dike-path
forecasting and is expected in the near future.

Increased and improved seismic and geological mapping of active
volcanoes, particularly the most dangerous ones, are likely to result in
gradually better knowledge of their internal structures. This knowledge,
together with that of the effects of multiple dikes, should make it
possible to provide more accurate numerical models as to the local
stresses and likely paths of dikes within the volcanoes.

The main theme of this paper is that development of multiple dikes
makes eruptions much more likely during magma-chamber/reservoir
rupture and dike injection in a volcano/volcanic system. As the results
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from Krafla and Sundhnukur show, the multiple dike may be partly
formed in a rapid succession of dike-injections over some years, and
partly over periods of hundreds or thousands of years. It is suggested
that multiple dikes stress-homogenise the potential path to the surface so
as, commonly, to favour new dike injections reaching the surface. The
homogenisation minimises the variation in the orientations of the local
principal stresses generated by mechanically dissimilar rock layers or
units along potential paths of dikes. Stress-homogenisation is presum-
ably a necessary condition for generating major non-stratabound frac-
tures, that is, fractures that dissect many layers/strata rather than being
confined to a single layer/stratum. All feeder-dikes are non-stratabound
fractures. The mechanism of stress-homogenisation is not confined to
dike injections; it is commonly reached through faulting, as was dis-
cussed earlier (Gudmundsson and Homberg, 1999; Gudmundsson and
Brenner, 2004, 2005; Gudmundsson, 2006; Gudmundsson et al., 2010)
and in great detail in a recent publication (Gudmundsson, 2024b). In the
present paper, however, the focus is on stress-homogenisation through
dike injections. In volcanoes and volcanic zones composed of layers with
widely different mechanical properties, stress-homogenisation - result-
ing in o7 in all the layers along the potential path being close to or
actually vertical - is needed in order for dikes to have the chance of
propagation to the surface, that is, to become feeder-dikes.

9. Summary and conclusions

This paper introduces the idea that multiple dikes — dikes formed by
repeated injections of magma along the same path — increase the like-
lihood (in comparison with single-injection dikes) of dike-fed eruptions
during unrest periods with magma-chamber/reservoir rupture. There
are many examples of eruptions fed by multiple dikes worldwide. In the
paper the focus is on some well-known volcanoes/volcanic systems
where multiple dikes have supplied magma to eruptions. These are Etna
in Italy, Kilauea in Hawaii, and Krafla, Hekla, Fagradalsfjall and
Sundhnukur in Iceland. Further work in this direction will no doubt
reveal many more examples of volcanoes supplied with magma through
multiple dikes.

The main conclusions of the paper may be summarised as follows.

e Dikes (inclined sheets are here included) supply magma to most
eruptions on Earth. Successful forecasting of volcanic eruptions in
general therefore depends primarily on understanding of how dikes
select their propagation paths following magma-source rupture and
dike injection. That understanding must be based on knowing the
physical principles that control dike-path selection and, in particular,
the conditions for dike arrest.

Many and perhaps most injected dike-segments become arrested.
Some segments become totally arrested, that is, no part of the
segment reaches the surface. For other segments, a fraction of its
length may reach the surface, sometimes as a tiny ‘finger’ whose
strike-dimension (horizontal length) is a small fraction of the total
maximum strike-dimension of the dike at depth in the crust. Reliable
assessment of the probability of dike arrest is thus of fundamental
importance in volcanic hazard studies.

e Theoretical and observational results, summarised here, suggest that
dike-segments (or dike-parts) select the paths based on Hamilton’s
principle of least (minimum) action. This implies that, among all
possible paths, the one selected by a propagating dike-segment is the
path along which the energy transformed (or released) multiplied by
the time taken for the dike-segment propagation from its source to
the surface (for a feeder) or point (or line) of arrest (for a non-feeder)
is minimum. When the kinetic energy can be ignored (because dike
propagating is comparatively slow), the Hamilton’s principle implies
that the dike-segment path chosen is the one that minimises the
potential energy.

Multiple dikes are dikes where two or more segments have been
injected partly, or entirely, along the same path - commonly forming,
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on solidification, columnar rows. The term multiple refers to dikes
where all the parts (the columnar rows) are of essentially the same
composition; for example, basalt. A multiple dike made of rocks of
widely different composition, such as basalt and rhyolite, is referred
to as composite. Multiple (and composite) dikes are very common in
many fossil volcanic systems, such as in Iceland and parts of Scot-
land, and no doubt worldwide.

Here I propose that multiple (and composite) dikes are common
because they make dike propagation ‘easier’ (in comparison with the
propagation of single dikes). By easier I mean that once a dike path
has been established (through a dike injection), it normally requires
less energy for subsequent dike injections to follow that path than to
generate an entirely new path (a new single dike injection). This is
because the first dike injection to a large degree stress-homogenises
its path and, commonly, makes it favourable to subsequent dike in-
jections. This means that there is much less chance of dike arrest or
dike deflection into a sill when the subsequent dike-segment follows
an existing path than if the segment forms its own path, particularly
in volcanic systems and zones where the rock layers have widely
different mechanical properties — conditions that normally favour
dike arrest or deflection into a sill.

Many active volcanoes and volcanic systems are fed by multiple
dikes. This fact is best demonstrated through the monitoring of
feeder-dikes. Many of those are known to follow the paths of earlier
dikes, and thus to be multiple. The volcanoes fed partly by multiple
dikes discussed here are Etna in Italy, Kilauea in Hawaii, and the
Icelandic volcanoes Hekla, Krafla, Fagradalsfjall, and Sundhnukur.
These all show clear evidence of some or most of their recent erup-
tions being fed by multiple dikes, thereby supporting the proposal in
this paper that multiple dikes make eruptions easy.
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