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Abstract

Dykes and sills occupy Mode I (extension), Mode II (shear), or hybrid mode fractures and most of the time transport and store
magma from deep reservoirs to the surface. Subject to their successful propagation, they feed volcanic eruptions. Yet, dykes
and sills can also stall and become arrested as a result of the crust’s heterogeneous and anisotropic characteristics. Dykes
can become deflected at mechanical discontinuities to form sills, and vice versa. Although several studies have examined
dyke propagation in heterogeneous and anisotropic crustal segments before, the conditions under which dykes propagate
in glacial-volcanotectonic regimes remain unclear. Here, we coupled field observations with 2D FEM numerical modelling
to explore the mechanical conditions that encourage (or not) dyke-sill transitions in volcanotectonic or glacial settings. We
used as a field example the Stardalur cone sheet-laccolith system, which lies on the Esja peninsula, close to the western rift
zone, NW of the southern part of the Icelandic rift. The laccolith is composed of several vertical dykes that transition into
sills and form a unique stacked sill ‘flower’ structure. Here, we investigate whether the Stardalur laccolith was formed under
the influence of stresses caused by glacial retreat due to thickness variations (0—1 km) in addition to regional and local tec-
tonic stresses (1-3 MPa extension or compression) and varied magma overpressure (1-30 MPa), as well as the influence of
the mechanical properties of the lava/hyaloclastite contact. Our results show that the observed field structure in non-glacial
regimes was formed as a result of either the mechanical (Young’s modulus) contrast of the lava/hyaloclastite contact or a
compressional regime due to pre-existing dykes or faulting. In the glacial domain, the extensional stress field below the ice
cap encouraged the formation of the laccolith as the glacier became thinner (subject to a lower vertical load). In all cases,
the local stress field influenced dyke to sill deflection in both volcanotectonic regimes.
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Introduction

Dyking is the prime mechanism by which magma is trans-
ferred from its source to the surface and represents a key
component of the magmatic plumbing system of a volcano
Editorial responsibility: J. Ruch (Pollard and Johnson 1973; Gudmundsson 2011, 2020;
Tibaldi 2015; Cashman et al. 2017; Acocella 2021; Gud-
mundsson et al. 2022). Dyke-fed eruptions pose a great
threat to settlements near a volcano (Guest and Murray
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by studying the fossilized remnants of magmatic plumbing
systems (Gudmundsson 2011; Tibaldi et al. 2013; Burchardt
2008, 2018; Drymoni 2020; Acocella 2021; Clunes et al.
2023). It is known that the properties of crustal rocks influ-
ence the pathways that magmatic fractures take when propa-
gating to the surface (Gudmundsson 2006, 2020; Letourneur
et al. 2008; Kavanagh et al. 2017; Browning et al. 2021; Dry-
moni et al. 2023). Volcanoes made of different rock types
and properties can possess highly anisotropic stress fields
(Koulakov et al. 2009). The consequence of a highly varied
stress field is that dykes can stall at depth (Pinel and Jaupart
2004; Menand 2011; Sulpizio and Massaro 2017; Kavanagh
2018; Kavanagh et al. 2018; Drymoni et al. 2020; Tibaldi
et al. 2022). Dykes may also change their pathways dramati-
cally when they encounter unfavourable stresses or intersect
pre-existing fractures or faults (Gudmundsson 1984; Jolly
and Sanderson 1997; Valentine and Krogh 2006; Gaffney
et al. 2007; Browning and Gudmundsson 2015a, b; Spacapan
et al. 2016; Healy et al. 2018; Dering et al. 2019; Drymoni
et al. 2021, 2022). This behaviour makes it extremely dif-
ficult to predict if an injected dyke will reach the surface to
feed an eruption or not (Gudmundsson and Brenner 2005;
Caricchi et al. 2021). This problem is aggravated in glacial-
volcanotectonic regions and in subglacial volcanoes. Long-
term climatic effects (Shackleton 1987), such as sea-level
changes (McGuire et al. 1997) and ice loading (Glazner et al.
1999), have been shown to influence volcanic activity (Jell-
inek et al. 2004; Sinton et al. 2005). Loading of the crust by
ice sheets contributes to the dynamic, and commonly com-
plex, crustal stresses within subglacial volcanoes (Morner
1978; Hall 1982; Gudmundsson 1986; Stewart et al. 2000;
Sigmundsson et al. 2010; Bakker et al. 2016; Wilson and
Russell 2020).

Magma propagation in subglacial volcanotectonic envi-
ronments, as opposed to in subaerial settings, is relatively
poorly studied and therefore challenging to elucidate. Sub-
glacial volcanism involves magma vesiculation combined
with fast cooling from the magma and ice interaction, pro-
ducing both effusive and explosive products (Allen 1980).
Sequences of glacial and interglacial periods on Earth,
mainly affected by orbital variations (Milankovitch 1930;
Hays et al. 1976; Huybers and Wunch 2005; Lee et al.
2017), have produced glacial loading and unloading (gla-
cial rebound) conditions, which influence the production of
magma (Jull and McKenzie 1996; Maclennan et al. 2002)
and its trajectory in the crust (Gudmundsson 1986). These
factors also influence the shallow plumbing system (Albino
et al. 2010) and produce land elevation (Grapenthin et al.
2006), new fractures (Bovis 1990), or slope instabilities
(Eberhardt et al. 2004; Cossart et al. 2008).

In this numerical study, we explore fossilised dyke propa-
gation pathways in glacial-volcanotectonic regimes in the
vicinity of the Langjokull glacier (SW Iceland). We studied
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the Stardalur laccolith, a stacked sill structure that formed by
a series of vertical dykes that transformed into sills (Tibaldi
and Pasquaré 2008). A similar nested ‘flower structure’ has
been found at the nearby Thverfell magmatic system (Tibaldi
et al. 2008). Unravelling the mechanism responsible for the
formation of these nested structures will provide key insights
into dyke deflection. Moreover, in Iceland, several major
glacial phases occurred so far (Geirsdottir and Eiriksson
1994; Eiriksson 2008); thus, it is worth investigating the
possible relationships between sill emplacement and glacier
unloading.

In this part (part I), we model dyke-sill transition scenar-
ios that relate to our field-based example, the Stardalur lac-
colith, and investigate the processes that formed its geometry
while a follow-up article (Drymoni et al., in review) expands
on the host rock mechanical and geometrical conditions that
encourage similar pathways. Here, we design a series of
models to understand how the magma overpressure, the local
stress field (extension or compression), and the presence of
a very weak contact affect dyke to sill deflection. We finally
model unloading concepts subject to glacier thickness vari-
ations. Our study attempts to answer the following research
questions: (1) What mechanical processes formed the Stard-
alur laccolith: local stresses or glacio-isostatic deformation?
(2) How does the magma overpressure, local extension or
compression, and the presence of a mechanically weak con-
tact influence the dyke to sill transition in the shallow crust?
and (3) How does unloading due to glacier thinning influ-
ence the dyke pathways below an ice cap? Our models may
be applied universally to volcanoes that experience changes
in glacier thickness variations and sill emplacement.

Mechanics of glacier retreat and its effect
on volcanism

Fissure eruptions occur in response to crustal bending and
uplift above a reservoir that experiences magmatic pressure
increase, a condition that can occur during glacial rebound
(Gudmundsson 1986; Jellinek et al. 2004). Many areas expe-
rience repeated cycles of glaciation such that glaciers grow
and shrink with time. Prime examples are the subglacial
volcanoes beneath the Eyjafjallajokull, Myrdalsjokull, and
Vatnajokull glaciers in Iceland (Magndsson et al. 2005) and
the Pichillancahue-Turbio or Michinmahuida glaciers that
overlie sections of volcanic complexes in Chile (Rivera et al.
2012). Mechanically, glaciers advance, erode, and retreat
periodically (Sigvaldason and Steinthérsson 1974; Gramiger
et al. 2017). This cyclic loading can generate crustal frac-
tures or reactivate pre-existing ones (Gudmundsson 1999),
but also increases the degree of mantle melting, hence the
volume of the produced magma (Hardarson and Fitton
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1991) and the likelihood of the eruptive activity (Huybers
and Langmuir 2009; Pagli and Sigmundsson 2008) (Fig. 1a).

Two models describe the relationship between glacier
retreat and volcanism. The first one offers a mechanical
interpretation using analytical models where the compres-
sive bending stress at the bottom of the crust and atop the
magma chamber when ice retreat occurs is high enough
to overcome the tensile strength of the host rock. As such,
the temporary excess pressure rises, and dyke initiation
is favoured (Gudmundsson 1986). This model has subse-
quently been expanded and refined using numerical methods
(Andrew and Gudmundsson 2007). The second model relies
on a combined axisymmetric solution and a thermodynamic
model, showing that decompression during deglaciation
increases the average melting rate and eruption rates in some
parts of a rift system (Jull and McKenzie 1996). Both analyt-
ical solutions provided crucial insights into the mechanical
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aspects of glacier retreat and relate to the formation of shield
volcanoes. Specifically, they improved our knowledge of the
mechanical formation of the volcanotectonic systems and the
formation of the fissures under decompression by identify-
ing the volume of melt (or magma) (Vm), the volume of
the magma reservoir (Vb), the tensile bending stress (cb)
of the glacier cap, and the excess magmatic pressure (Pe)
needed for a maximum crustal uplift atop a shallow magma
chamber (Fig. 1b).

However, the stress fields and mechanical properties
of those systems are significantly more complex. Glacial
unloading is not a simple bending/unbending process, but
it can instead alter the stress field in all of the different
units below it (Stewart et al. 2000). Therefore, the effects
on the shallow plumbing system have not been adequately
investigated and remain extremely interesting, timely, and
important.

Sill Laccolith

spreading

Fig.1 a A sub-glacial volcanic plumbing system, modified from
Browning and Gudmundsson (2015a, b). The deep-seated reser-
voir feeds a shallow magma chamber. The shallow magma chamber
injects dykes and inclined sheets, which follow different pathways
subject to their location and the local stress field. F is the vertical
load of the glacier associated with the glacier’s thickness (Gy), P, is
the overpressure of the dyke, P, is the excess magma chamber pres-
sure, and E is the Young’s modulus of the layer(s). b The general
stress field above a magma reservoir, modified from Gudmundsson
(1986), where uplift and bending of the crust exists when glacier

Regional
Dyke
~a

retreat occurs. C is the compressive stress, T is the tensile stress, T,
is the tensile strength of the host rock, P, is the excess pressure of the
magma reservoir/chamber, Vm is the volume of the melted magma,
V,, is the volume of the magma reservoir, and o, is the tensile bend-
ing stress of the crust. The dashed lines denote the edge of the region
subject to bending; the part in the middle shows where tensile stresses
are induced during uplift. In the system, three dykes initiate from the
magma reservoir at three different locations where different stress
fields exist
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Regional geology
Geotectonic setting

Iceland was built from the interaction of a mantle plume
with a divergent plate boundary (Schilling 1973; Bjorns-
son 1985; Gudmundsson 2000; Schilling et al. 2006; Jacoby
and Gudmundsson 2007). In these tectonic settings, where
regional stress (6,,,,) is vertical, dyke propagation is encour-
aged, though sills have also been emplaced since Miocene
times (Burchardt et al. 2022). Iceland’s geology is marked
by successions of Tertiary basalts that border the active rift
system crossing the island from SW to NNE. The Tertiary
basaltic lava pile gently dips toward the rift due to the pro-
gressive subsidence caused by the loading of the rift zone
crust (Palmason 1980). Petrogenetic studies in the region
have revealed that rhyolitic magmas are produced by assimi-
lation of crust-derived partial melts in conjunction with crus-
tal recycling of altered (water-rich) basalts (Jakobsson 1972;
Oskarsson et al. 1982, 1985; Thordarson and Larsen 2007).

Our work focuses on the Esja peninsula, located between
the western rift zone and the Tertiary basalts that occur NW
of the rift. This zone features a succession of 3.3-0.8 Ma
basaltic lavas and hyaloclastites known as the Plio-Pleisto-
cene Formation in the geological map of Iceland by Johan-
nesson and Saemundsson (1998). All the lava units, with
a total thickness of 1300 m and representing the core of
the Esja peninsula, were erupted 2.8, 2.0, and 1.7 Ma ago
(Thordarsson and Hoskuldsson 2002). During hiatuses in
volcanic activity, the peninsula was affected by glacial ero-
sion, exposing the internal structure of two main shallow
magmatic complexes, Stardalur and Thverfell (Tibaldi and
Pasquaré 2008; Tibaldi et al. 2008). From about 0.8 Ma ago,
volcanic activity resumed on the Esja plateau, leading to the
buildup of the Mossfelssheidi basaltic shield volcano, which
outpoured lava flows that reached the coastline.

Focusing particularly on the Stardalur complex,
detailed lithostratigraphic and structural mapping (at the
1:10,000 scale, Fig. 2a) revealed a succession of basaltic
lavas, hyaloclastites, volcano/sedimentary breccias, and
fluvial deposits belonging to the older units of the Plio-
Pleistocene Formation (Pasquare and Tibaldi 2007). The
succession was cut by several intrusions and covered by
lavas < 0.8 Ma old. The intrusions include dykes, inclined
sheets, and a major intrusive body, considered a laccolith
by Fridleifsson (1977). In the Esja area, at the Stardalur
volcanic complex in particular, lies an association of a
multiple-sill laccolith nested within a swarm of centrally
dipping sheets (Fig. 2a—c) (Pasquare and Tibaldi 2007,
Tibaldi et al. 2008; Tibaldi and Pasquaré 2008). Dykes
and inclined sheets are composed of grey-brown dolerite.
Dykes and faults mainly trend E-W and NNE-SSW. The
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NNE-SSW structures are primary dykes and normal faults
associated with the main Icelandic rift and are commonly
found across most of Iceland.

Glacier retreat and erosional processes in the Esja
peninsula

Glaciers are the fingerprints of an area’s local climate and
landscape evolution as they record its spatial and dynamic
development over time (Roe et al. 2017). Climate change,
and especially the increasing warming since the twenti-
eth century (Haeberli and Beniston 1998), produces gla-
cier retreat, which subsequently induces glacio-isostatic
changes (Jamieson 1865) and crustal deformation due to
load adjustments (Harris et al. 1997; Stewart et al. 2000;
Larsen et al. 2005; Pagli et al. 2007; Pagli and Sigmunds-
son 2008; Heimdal et al. 2018; Gaynor et al. 2022). As
such, glacial rebound can cause sea level changes (Doug-
las 1997), increment erosion (Hallet et al. 1996), magma
upwelling due to decompression (Jull and McKenzie 1996),
and fault instability (Arvidsson 1996; Stewart et al. 2000)
that can subsequently increase the local seismicity (Hunt
and Malin 1998; Lund Snee and Zoback 2020). In par-
ticular, the crustal flexure during glacier retreat can affect
volcanism by changing the stress field around magma
chambers (Gudmundsson 1986), altering the crustal strain
(James and Bent 1994) and the vertical load by encour-
aging dyke propagation towards the surface (Andrew and
Gudmundsson 2007).

Iceland is geographically one of the areas where sub-
glacial eruptive activity plays an essential role in the evo-
lution of volcanism but also controls the movement of
magma from the source to the surface. In the rift zones
of Iceland, average eruption rates after the end of the last
glacial period (12 kyr BP) were up to 100 times higher
than those from the glacial period (Maclennan et al. 2002).
Volcanological studies on Icelandic volcanoes related to
subglacial eruptions to date have mainly focused on the
western Vatnajokull ice cap and the Myrdalsjokull gla-
cier nearby. Historical eruptions that occurred in the area
are the short-lived 1983 Grimsvotn eruption (Gronvold
and Johannesson 1984), the 1996 Gjalp eruption, which
occurred under the Vatnajokull ice sheet due to a feeder
dyke (Gudmundsson et al. 2004), and the Bardarbunga-
Holuhraun 2014 eruption (Browning and Gudmundsson
2015a, b; Sigmundsson et al. 2015; Li et al. 2022), which
was fed by a more than 45-km lateral dyke and was asso-
ciated with caldera collapse (Gudmundsson et al. 2016).
Data collection from their eruptive products provided
invaluable insights into the eruption dynamics, timescales
of eruptions, and eruption magnitudes. At the same time,
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Fig.2 a Simplified sketch of the original 1:10,000 scale geological map of the Stardalur volcano area (after Pasquare and Tibaldi 2007); b N-S
geological cross-section (trace A-B in a) of the flower structure; ¢ photo of the core of the structure
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their real-time monitoring allowed volcanologists to study
the volcanic plumbing systems dynamically (Spaans and
Hooper 2016; Woods et al. 2019; Rodriguez-Cardozo et al.
2021).

Stardalur stands on the periphery of the current
Langjokull glacier, a compound of 10 outlet glaciers, the
second largest ice cap in Iceland that covers at least three
volcanic systems (Hodgkins et al. 2013). The Langjokull
glacier has experienced glacier surging and ice-front
calving during the last 400 years, having a new maximum
Neoglacial extent in the Little Ice Age (two peaks around
1840 and 1890, respectively) and began its initial retreat
in the twentieth century (Flowers et al. 2007; Larsen et al.
2015). The probable age of emplacement of the Stardalur
cone sheet-laccolith system has been ascribed to the range
between 1.7 and 0.8 Ma ago (Fridleifsson 1977). Within
the same time interval, Johannesson and Saemundsson
(1998) suggested the occurrence of an ice cap, though its
exact age has not been defined. As the precision of these
time constraints does not allow us to establish if there
was the superimposition of a glacial cap over the sheet
laccolith-system or not, we have chosen to run our numeri-
cal models simulating both the presence and absence of an
ice cap. Hence, our work aims to facilitate understanding
of how a deglaciation scenario influences sill emplacement
in the shallow crust and to identify whether the Stardalur
flower structure was formed because of the local stresses
either wholly or partly due to glacio-isostatic deformation.

Fig.3 a Non-annotated Fig. 3c,
b non-annotated Fig. 3d, ¢ an
inclined sheet gradually rotat-
ing into a horizontal sill; this
geometry has been commonly
observed in sheets, which are
not offset by any other intru-
sions; d a dyke is abruptly
deflected into a horizontal

sill; this geometry has been
observed less frequently. Modi-
fied from Tibaldi and Pasquaré
(2008)
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Input data and methods

Field data

Field observations focus on examples of inclined sheet and
dyke-sill transitions. The first is represented by the rotation
of inclined sheets gradually transitioning into horizontal
sills (Fig. 3a), thus resulting in a convex-upward geometry.
It is worth noting that gradually rotating sheets represent
the most common type of transition observed. The second
type of transition is the abrupt transition of a lower, vertical
feeder dyke into an upper, horizontal sill (Fig. 3b), which
was observed less frequently. Considering the field data from
Tibaldi and Pasquaré (2008), the studied dykes have a thick-
ness in the range of 1-8 m.

At the time of emplacement of these intrusion complexes,
the crustal overburden was 1.5-2 km thicker (Gudmundsson
1998) and was successively partially eroded. The tectonic
stress regime in the Esja area was complicated by the pres-
ence of both normal and strike-slip faults (Villemin et al.
1994; Tibaldi et al. 2008) and the existence of transcurrent
faulting in adjacent areas (Bergerat et al. 1990; Passerini
et al. 1997; Tibaldi et al. 2013).

The combination of centrally dipping sheets towards
a shallow intrusion made of sills stacked atop each other
was termed a ‘flower intrusive structure’ (Tibaldi and Pas-
quaré 2008) (Fig. 2c). This structure is observed elsewhere
in Iceland in the form of shallow intrusive bodies (dykes




Bulletin of Volcanology (2023) 85:73

Page7of24 73

and inclined sheets) in the lowermost portions of eroded
volcanoes.

The Stardalur laccolith is an outstanding example of
inclined sheets and dyke-sill transitions, but it is not unique;
therefore, understanding the mechanism that controlled its
emplacement is fundamental. In the Esja peninsula in south-
western Iceland, Tibaldi et al. (2008) described the pres-
ence of another ‘flower intrusive structure’ in the Thverfell
magmatic complex. In eastern Iceland, Pasquaré Mariotto
and Bonali (2021) documented a dyke feeding a succes-
sion of gently inclined sills, stacked atop each other, and
forming a half-flower intrusive structure, similar, although
much smaller, to the structure documented by Tibaldi and
Pasquaré (2008). The well-exposed basaltic Njardvik sill in
Eastern Iceland is another example of a sharp inclined sheet-
stacked sill transition. The sill is composed of at least seven
units emplaced at a mechanical interface between basalts
(top) and rhyolites (bottom) (Burchardt 2008; Burchardt
et al. 2022). Similar inclined sheets/dykes to sill transitions
have been found in other places around the globe. In Elba
Island (Italy), Westerman et al. (2015) reported sills form-
ing a multi-sheet intrusive complex accompanied by mag-
matic and magnetic textures indicative of the geometry of
the feeding system. In NW Scotland, Mathieu et al. (2015)
and Magee et al., (2012) studied a system of transgressive
inclined sheets to sills and back to cone-sheet transitions in
the Ardnamurchan sub-volcanic complex that interact with
a mechanically layered crust of metasedimentary country
rocks. In the Isle of Mull, Scotland, Stephens et al. (2017)
also reported inclined sheet-sill transitions in Loch Scridain
Sill Complex. Finally, in the Faroe Islands, Walker (2016)
documented the transgressive geometry of the Streymoy sill
in mechanically layered units composed of multiple lavas.

All the above show that the Stardalur laccolith bears a
representative geometry of dyke to sill feeding transitions
(Galland et al. 2018); hence, our modelling results can be
universally applied to other areas and shall explore how sim-
ilar geometries are mechanically possible in different stress
fields, including glacier retreat.

Finite element method (FEM) analysis

We designed FEM (models using the structural module of
the software COMSOL Multiphysics® (v5.6) (www.com-
sol.com. COMSOL AB, Stockholm, Sweden). The software
allows us to simulate elastic deformation in 2D as well as the
accumulation and distribution of stresses and strains around
dykes subject to user-defined loading conditions. COMSOL
permits the simulation of heterogeneous domains and allows
us to incorporate distinct materials with dissimilar mechani-
cal properties into our analyses.

To answer our key research questions, we have designed
the following four boundary conditions, which we applied

progressively in the models. In the beginning, we study the
effects of each boundary load separately, and in the end,
we combine them all together for our final models.

1) An overpressure (P,) boundary load

The dyke (extensional fracture) is modelled as a cavity
with a pressure boundary load applied at its margins based
on the following equation (Eq. 1):

P=— ey
n

where P is the pressure acting normal on the surface in Pa,
F, is the force per unit area in N/m?, and 7 is the normal to
the undeformed midsurface plane. The studied dykes have a
thickness in the range of 1-8 m (Tibaldi and Pasquaré 2008);
no further quantitative data were available. The estimated
overpressure for a 4 m (average thickness value) dyke when
the Young’s modulus of the crust is 5 GPa (Gudmundsson
2011) based on analytical solutions (Drymoni et al. 2020)
is approximately 30 MPa. Based on in situ tensile strength
calculations of crustal rocks (Amadei and Stephansson 1997;
Zoback 2010), the magmatic excess pressure can be between
0.5 and 9 MPa, while the highest tensile strengths on small
rock samples calculated by in situ tensile strength and lab-
oratory analysis are close to 30 MPa (Carmichael 1989;
Gudmundsson 2011 and references therein, Gudmunds-
son 2012). Previous field studies in Iceland (Gudmunds-
son 1986) and Santorini (Drymoni et al. 2020) showed that
local and regional dyke overpressure values based on dyke
aperture measurements are commonly 1-6 MPa. Here, we
used a range of values (P,=1-30 MPa) to explore the two
end-members and how different magma overpressures and
varied dyke apertures, as seen in our case study, could have
influenced the formation of the laccolith.

2) A thin elastic layer boundary load

Sill formation occurs via three mechanical processes,
namely, (1) stress barrier due to dissimilar host rock
mechanical properties, (2) elastic mismatch due to lay-
ering, and (3) Cook-Gordon debonding and delamina-
tion due to the presence of a weak mechanically dissimilar
contact (Gudmundsson 2011). We designed a soft mechan-
ical contact with material properties equal to E-=0.001
GPa, p-=2000 kg/m* and v=0.25 between the lava and
the hyaloclastite. The contact had a very low tensile and
shear strength and could progressively delaminate allow-
ing us to study the Cook-Gordon mechanism (Cook and
Gordon 1964) and especially the formation of a sill but
not the sill to laccolith transition. For the thin elastic layer
tool, we applied elastic conditions at the downside part of
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the boundary (contact). Equation 2 gives the total force per
length as a function of extension (F;) in N/m:

F, =—k,dlU,-U;—-U,) )

where k, is the spring constant per unit area in N/(mm)? as
seen in Eq. 3 which was computed by the material properties
of the contact given by Eqs. 4-6, d is the predeformation, u,
and u, are the displacements of the top and bottom bound-
ary, respectively, u,, is an optional predeformation offset that
indicates the stress-free conditions for the spring. This is
explained in the Structural’s module User’s guide, v6.0 (p.
975-977).

ky=kn®n+k(E;—n®n) 3)
- Ed-v»

" d(1+v)(1 - 2v) @
=G

ky = 4 ®)

v=E_ 6
=7 (6)

where k, is the normal stiffness in Pa which as seen in
Eq. 4 was computed by the material properties of the con-
tact, k; is the bulk modulus in Pa, E is the Young’s modulus
(elastic modulus) in Pa, d, is the thickness of the layer in
meters, G is the shear modulus in Pa, and v the Poisson’s
ratio.

3) A pressure boundary load

We added a pressure boundary load at the contact
between the surface and the hypothetical ice cap that mim-
ics the vertical (planar) normal effective pressure (force per
unit area) imposed to the crust by the presence (weight) of a
glacier (Fig. 1a) based on Eq. 7. In our models, we explore
the thinning of the glacier. The basal sliding and calving at
the glacier’s rims are not considered (Pfeffer 2007), and the
ice dynamics and changes in the ice geometry (Poinar et al.
2015) are ignored.

N=P;,-P, 7

Subject to the glacier being in a frozen state (no meltwa-
ter), water pressure is zero; hence, Eq. 7 becomes (Eq. 8)

N = pgH ®)

where p is the density of frozen ice, which is equal t0 0.917 g
/em?; g is the acceleration of gravity (9.81 m/s); and H is
the thickness of the glacier in meters. Based on Eq. 8 for a(n)
(ice) cap thickness of C,=1 km, we consider a vertical load
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equal to 9 MPa; for a C,=580 m, a vertical load of 5.2 MPa;
and for a C,=100 m, the vertical load is restricted to 1 MPa.
Although surface deformation analyses (Argus et al. 1999)
in Fennoscandia and North America show that horizontal
strains induced by crustal rebound have a maximum at the
borders of the ice cap, still the maximum vertical movement
is found at the central and thicker part of the cap (Stewart
et al. 2000). Since our models do not study ice thickness
variations between the cores and the rims of the glacier, we
apply a constant vertical load along the whole ice cap con-
tact. The same applies for the horizontal loads as seen below.

4) A horizontal boundary load (F,)

The area before the glaciation experiences extension
due to tectonic plate motion (Schilling 1973; Gudmunds-
son 1986) which is overprinted during glacial loading and
decompression (glacier unloading) (Stewart et al. 2000)
(Fig. 1b). During glacial unloading, the isostatic adjust-
ment due to glacier shrinking builds up stresses at the ice
cap margins (Peltier 1998). Similarly, in the shallow crust,
glacial stresses due to the imposed vertical load can reach up
to several tens of MPa. For example, for a 2 km thick glacier,
the local extension below the cap can reach up to 20 MPa
(Stewart et al. 2000) and can exceed the regional extension
values (Adams 1989).

Initially, we construct an extensional and a compressional
local stress field to replicate the local stress field based on
the local volcanotectonic setting and the stress field varia-
tions during the formation of the laccolith in a non-glacial
environment. We use an F, =1 MPa to replicate the exten-
sion due to spreading and an F,,, =3 MPa (similar to Dry-
moni et al. 2020) to mimic a compound compressional stress
field imposed by local faulting, previous dyke-sill emplace-
ment or higher excess pressure magma chamber values (Pas-
quare and Tibaldi 2007). In the next stage, we simulate an
extensional stress field to replicate the conditions induced
by crustal bending during glacier unloading, which reflects
the sum of the local stress field imposed by the varied glacier
load. To manifest this dynamic, local, extensional regime
during unloading, we apply an F,,=10 MPa for C,=1 km,
an F.,=5 MPa for C,=580 m, and an F,,,=1 MPa for
C,=100 m, respectively. The aforementioned boundary
loads are applied as a horizontal pressure load based on
Eq. 1 on the margins of the domain.

When the rheology of the crust is elastic, unloading may
produce fractures/joints, and especially after deglaciation,
faults can be formed due to the stress relief by the flexural
deformation of the crust (Adams 1989). Glacial isostatic
adjustment observations, however, have shown that glacier
unloading (long-term deformation) produces viscoelastic
relaxation in the crust (Jellinek and DePaolo 2003; Latychev
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et al. 2005; Geruo et al. 2013; Girona et al. 2014; Yamasaki
et al. 2018). In all our models, we hypothesize an elastic
crust, which unloads due to changes of the glacier’s vertical
load. None of that unloading is accommodated inelastically/
plastically in the models but conditionally by a local exten-
sional stress field.

We plot (i) a 2D surface that shows the distribution of
the minimum principal compressive stress (maximum ten-
sile stress) (c3) between 0 and 10 MPa, three arrow sur-
faces that model o, (red arrows), o, (green arrows), and o5
(black arrows), and a contour surface that models the von
Mises absolute (x—y plane) shear stress (t) ahead of the dyke
tip between 0 and 12 MPa, (ii) a 2D surface which shows
the distribution of displacement in the domain due to dyke
propagation in a scale of 1 (minimum exaggeration) in km.

Our interpretations expand on investigating the stress con-
centration at the dyke tip and at the lava/hyaloclastite contact
as well as its potential to delaminate if the soft mechani-
cal contact is present. We do not consider the compression
below the ice cap due to the vertical load or the deformation
at the surface. We also do not describe the shape of the gla-
cier (topographic effects, percentage of melting) or its gen-
eral geometry. We assume a maximum thickness in a total
frozen state (zero melted water) which gradually decreases
homogeneously and is the same across the glacier. No mod-
els are designed to compare the core and the margins of the
ice cap. Finally, the maximum displacement accommodated
by contact opening (delamination) in the models is meaning-
less when it comes to predicting the thickness of an actual
intrusion. The geometrical parameters that influence dyke
propagation during glacier unloading are studied in Part IT
(Drymoni et al. in review).

Field-based model setups and materials

In our study area, the Stardalur laccolith was formed at the
contact between the lavas (top layer) and the hyaloclastites
(bottom layer) (Fig. 2b). The area is subject to unroofing
down to a maximum depth of 2 km, and the thickness of the
lavais 1 km. We designed a 15 x 15 km square box based on
the field observations, and we separated it into two domains.
The bottom domain had a thickness of 12 km and repre-
sented the hyaloclastites, and the top one had a thickness of
3 km and represented the lavas. The thickness of the hyalo-
clastite is exaggerated since our models focus on the lava/
hyaloclastite mechanical contact and surface conditions but
not on the deeper stratigraphy.

We designed a 1-m-thick dyke at the centre and at around
3 km depth. We kept the location of the dyke in all our mod-
els at the same arbitrary depth that is very close to the lava/
hyaloclastite contact in a position where delamination can
mechanically occur (Rosakis et al. 2000). We applied a free
triangular mesh to the domain with a 3.03 km maximum

element size and a 0.006 km minimum element size. We
performed tests to investigate if locking the edges of the ice
cap nodes caused abnormal stress concentrations at the dyke
tip. We designed models with fixed ice cap edges and ice cap
edges without constraints, and we tested the effect of a roller
constraint. In all of the models, the displacement surface
(contact opening) was not affected by any of the applied con-
straints. Instead, although the stress surface showed minor
stress concentration around the ice cap nodes, the stress con-
ditions ahead of the dyke tip were not affected. For that rea-
son, we kept all the corners of the domain fixed, and in the
case of the ice cap, its two node edges, to avoid any rotation
effects (Geyer and Gottsmann 2010; Browning et al. 2021).

We used different material properties for the host rock
lithologies based on previous catalogues suitable for vol-
cano modelling (Gudmundsson 2011; Heap et al. 2020).
Specifically, we used E; =10 GPa for the lava deposit and
E;=1 GPa for the hyaloclastites. In the first models, we
used the normal mechanical ratio for a stiff/soft contact
(Eypp/Er ow=10/1=10) (Fig. 4a). Then, we mimicked a
very soft contact and applied a thin elastic layer load on it
with the following configurations: (1) a very soft 10 m thick
(d,) contact with stiffness (E.) equal to 0.001 GPa and (2) a
shear modulus (G) equal to 2 MPa (Fig. 4b).

Glacier studies in Iceland have estimated the maximum
(1 km) and average (500 m) glacier thickness based on sat-
ellite data and in situ field studies (Rabatel et al. 2018). We
modelled three glacier thickness scenarios for (i) C,=1 km
replicating a hypothetical maximum thickness of the Lang-
jokull glacier in the Little Ice Age, (ii) C,=580 m model-
ling its present condition (Bjornsson et al. 2006), and (iii)
C,=100 m mimicking a future scenario (Fig. 4c) (Table 1).

Results
Model results with no ice cap

We chose to model the dyke tip 0.5 km away from the con-
tact to allow comparisons between the stress barrier and
the Cook-Gordon mechanism. In Fig. 5a, the tensile stress
mostly accumulated at the stiffer lava layer and less so at
the soft hyaloclastite deposit. The shear stress concentrated
around the dyke tip and crosscut the dissimilar mechanical
contact. We observed o5 stress rotations ahead of the dyke
tip and at the mechanical contact, which could imply that
the dyke would become arrested or deflected at this point.
In contrast, in Fig. 5b, the contact was very soft (an elas-
tic thin layer load is applied), and as a result, the accumula-
tion of tensile stress in the lava layer was lower. The shear
stress concentrated ahead of the dyke tip but did not crosscut
the contact; instead, it was suppressed by the contact. An
area with low tensile stress concentration occurred between
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Fig.4 Schematic illustrations of the simplified setups modelling a
the local stress field without the ice cap, b delamination without the
ice cap, ¢ delamination with the ice cap. The red line in ¢ shows the
horizontal area (km) where the vertical (planar) load that mimics the

the tip and the soft contact where the latter delaminated
(opened) without exhibiting stress rotations (Fig. 5b). Both
of the models in Fig. 5 had the same 5 MPa overpressure in
the dyke.

We ran a suite of models to explore individually the stress
barrier mechanism in the domain. For this purpose, we moved
the dyke tip closer to the contact (0.05 km). We tested two
different overpressure values (2 MPa and 5 MPa) as well as
three different boundary conditions which were an overpres-
sure load (P,=2 MPa or 5 MPa) (Figs. 6a, d), overpressure
(P,=2 MPa or 5 MPa) and horizontal extension (F,,, =1 MPa)

Xt
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ice cap has been applied in our models. The geometry and size of the
glacier serves its graphical representation and bears no impact on the
model

loads (Figs. 6b, e), and finally overpressure (P,=2 MPa or
5 MPa) and horizontal compression (F,, =3 MPa) loads
(Figs. 6c, f). The results are shown in Fig. 6.

In models ‘a’ and ‘b’, we applied a 2 MPa and 5 MPa
overpressure load, respectively. We observed that in both
models, the tensile stress is mostly concentrated at the
stiff lava layer and less so at the soft hyaloclastite deposit.
Similarly, the shear stress in Fig. 6a developed only at the
soft deposit. When we increased the dyke’s overpressure
(Fig. 6b), the tensile stress increased proportionally, and the
shear stress was distributed equally in the domain and in the
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Table 1 A summary of all the different models presented in this study. The blue-shaded models represent tensile and shear stress surfaces, while

the yellow-shaded models represent displacement surfaces

Models

No Ice cap

With Ice cap

1. Stress barrier (normal contact) Vs Debonding &
delamination (weak contact) (Fig. 5)

1. A thinning ice cap
(normal contact, weak
contact, normal contact +
Fext, weak contact + Fex)

(Fig. 9)

2. StI‘CSS barrler (Po, Po + Fext, Po + Fcom) (Flg 6)

2. A thinning ice cap
(normal contact, weak
contact, normal contact +
Fext, weak contact + Fex)
(Fig. 10)

7)

3. Debonding & delamination (increasing P,) (Fig.

Boundary loads and studied parameters

Feom) (Fig. 8)

4. Debonding & delamination (Po, Po + Fext, Po +

Stress barrier

Fig.5 COMSOL snapshots of a 5 MPa dyke ahead of a lava/hyalo-
clastite contact showing the tensile stress (c3) as a surface distribution
and the shear stress (t) as contours around the dyke tips. a Simplified
model (normal mechanical contact) based on Fig. 4a setup. b Sim-

lava layer above. In both models, stress rotations occurred
inside the hyaloclastite layer; hence, the dyke would be
likely to arrest or deflect at the contact.

In the next model runs (Fig. 6¢, d), we applied two
boundary loads (overpressure and horizontal extension)
to replicate the stress field in extensional regimes such
as in Iceland. The models showed similar patterns with
the previous runs (Fig. 6 a, b); the extensional domain
increased the tensile and shear stress concentration around
the tip, and stress rotations formed at the contact. In the

Debonding & delamination

o; (MPa) t (MPa)
10

p-12
9
J o Uy = 10
PO 8
STy
L 7
LEEoE 8
LLEEE
LLL Il ] 6
bl | WL
Rl L Leey 5 6
4
kel 4
B
2
- 2
1
0 - 0

plified model (elastic thin layer contact) based on Fig. 4b setup. The
arrow surface shows o, (red arrows), 6, (green arrows), and o5 (black
arrows)

final run, we applied an overpressure load coupled with a
horizontal compression. With lower overpressure values
(Fig. 6e), the dyke was unlikely to propagate higher in the
succession because stress rotations occurred in the lava
layer. However, with higher overpressure values (Fig. 6f),
stress rotations appeared in both the lava and hyaloclastite
layers. The dyke in Fig. 6e could propagate and crosscut
the contact, but it may be arrested or deflected into the lava
layer. However, in Fig. 6f, the dyke could change into a
sill at the contact.
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Fig.6 COMSOL models (based on Fig. 4a simplified setup) showing
the tensile stress (63) as a surface distribution and the shear stress (t)
as contours around the dyke tips for different sets of boundary load-

In the next model runs, we increased the overpressure
of the magma and added a thin elastic layer boundary load
to explore the effect of the Cook-Gordon debonding and
delamination mechanism in the domain. We moved the tip of
the dyke to its original selected position (as seen in Fig. 5).
In Fig. 7a, the overpressure was very low (P,=1 MPa), so
no stress concentration or opening (very low tensile stress

ing conditions (overpressure (a, b), overpressure and extension (c,
d), overpressure and compression (e, f)). The arrow surface shows o,
(red arrows), 6, (green arrows), and o5 (black arrows)

concentration) was observed at the very soft contact. Simi-
larly, no 90° stress rotations occurred at the dyke tip or at
its vicinity. When we increased the overpressure to 15 MPa
(Fig. 7b), then the tensile and shear stresses accumulated
around the tip and the contact could delaminate. When we
increased the magma overpressure to 30 MPa (Fig. 7c) mod-
elling the mean value of the observed thickness range in the

Fig.7 COMSOL snapshots of a dyke close to a very soft (thin elas-
tic layer) lava/hyaloclastite contact showing the tensile stress (c3) as
a surface distribution and the shear stress (t) as contours around the
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dyke tips for varying values of overpressure. The arrow surface shows
6, (red arrows), o, (green arrows), and o5 (black arrows)
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field (4 m thickness), the tensile and shear stresses were even
higher, and the contact opening became wider.

To investigate in more detail the amount of delamination
at the contact, we plotted the displacement surfaces of the
aforementioned models (Fig. 8) for values of dyke overpres-
sure of 5 MPa, 15 MPa, and 30 MPa, respectively. We also
modelled three different boundary loading conditions simi-
lar to Fig. 6. When the overpressure was 5 MPa (Fig. 8a),
higher displacement values were accommodated inside the
soft hyaloclastite layer in contrast to the lava layer. In the
next two models (Fig. 8b and c¢), we added a second load
(horizontal extension or compression, respectively) to act
simultaneously at the domain. The model in Fig. 8b showed
that the displacement in the lava layer increased compared
to Fig. 8a and the opening (delamination) at the contact
was larger (slightly thicker) than before. However, when
the horizontal load was compressional, almost no displace-
ment existed in the lava layer and the contact could not
delaminate.

In the next suite, we first increased the overpressure of
the dyke to 15 MPa (Fig. 8d), and then we added an exten-
sional (Fig. 8e) and a compressional stress field, respectively

contact

8 9 km
P,=30 MPa |

open
-2 contact

-4 -4.Fee= 1MPa

(Fig. 8f). We observed that both layers accommodated the
same (maximum) amount of displacement in both models.
The contact delaminated clearly in both cases forming the
shape of a thicker sill than in the previous runs (Fig. 8a and
b). In the next model of this suite (Fig. 8f), low to medium
values of displacement existed in the lava layer above the
dyke tip, but here, the contact slightly delaminated accom-
modating lower displacement values.

Finally, we increased the overpressure of the dyke to
30 MPa. The models showed the conditions that favour
thicker sill formation (no width changes were observed).
Since here we are only interested in exploring the mecha-
nism that formed the Stardalur laccolith and not its geometry
and mechanical evolution, we expand those aspects in Part
IT (Drymoni et al. in review).

Model results with an ice cap
In the next model suites, we hypothesise the existence

of an ice cap resting on top of the domain (Fig. 4c). We
examine how the variable glacier thickness (vertical load)

P,=15 MPa

open
contact

open
contact

5 6 7 8 9 km 5 6 7

Fig.8 Displacement surfaces at the very soft contact (elastic thin
layer) subject to increasing values of dyke overpressure and combi-
nations of boundary loading conditions, i.e., dyke overpressure (a, d,

g), dyke overpressure and local extension (b, e, h), dyke overpressure
and local compression (c, f, i)
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Fig.9 COMSOL models showing the tensile (o3) (filled contours)
and shear (t) (line contours) stresses around a dyke that approaches
a normal lava/hyaloclastite contact (a—c, g—i) and a very soft (thin
elastic layer) contact (Ec) (d—f, j-1) subject to variable vertical load

affects the dyke propagation paths in the shallow crust and
possibly the emplacement of the Stardalur laccolith. We
modelled four scenarios, which are shown in Figs. 8 and 9:
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(glacier thickness (0.1-1 km)) and crust extension (g-1). The over-
pressure of the dyke is always 5 MPa, the location of the dyke tip is
constant, the red arrows show o, the green arrows show ,, and the
black arrows show o5. All the models include the glacial effect

i. The effect of a glacier with variable thickness
(1-9 MPa vertical load) in a layered crust (Fig. 9a—
and 10a—c).
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Fig. 10 COMSOL models showing the deformation around a dyke
that approaches a simple lava/hyaloclastite contact (a—c, g-i) and a
very soft (thin elastic layer) contact (d—f, j—1) subject to variable ver-

ii. The effect of a glacier with variable thickness
(1-9 MPa vertical load) in a layered crust that
accommodates a thin elastic layer boundary contact
(Fig. 9d—f and 10d-1).

iii. The effect of a glacier with variable thickness
(1-9 MPa vertical load) in a layered crust subject to
a local extensional regime (F,,,=3 MPa) (Figs. 9g-i
and 10g—i).

iv. ii.The effect of a glacier with variable thickness
(1-9 MPa vertical load) in a layered crust that accom-

tical load (glacier thickness (0.1-1 km)) and crust extension (g-1).
The overpressure of the dyke is always 5 MPa, and the location of the
tip remains constant. All the models include the glacial effect

modates a thin elastic layer boundary contact subject
to a local extensional regime (F,,,=3 MPa) (Figs. 9j-1
and 10j-1).

Xt

In the first scenario, we simulated a vertical load of 9 MPa
(Fig. 9a) to explore the conditions of the crust when the gla-
cier was hypothetically at its maximum thickness (C,=1 km)
in the past. We observed a high tensile stress concentra-
tion at the dyke tip and at the lava layer and stress rotations
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at the lava/hyaloclastite contact, which did not reach more
than 45°. The shear stress was distributed through the whole
domain and approached the surface. In the next run, we
reduced the thickness of the glacier (C,=580 m) (vertical
load of 5 MPa) to replicate its present state (Fig. 9b). We
observed almost 90° stress rotations at the lava/hyaloclas-
tite contact. The tensile stress showed higher concentrations
close to the contact and in the lava layer, whereas the shear
stress followed similar patterns as in Fig. 9a. Finally, we
reduced the thickness of the glacier to C,=100 m (vertical
load of 1 MPa) to address the dyking conditions in a future
scenario (Fig. 9¢c). The model showed 90° stress rotations at
the lava/hyaloclastite contact and high tensile stress at the tip
and its vicinity; however, the shear stress was mostly located
around the tip, and very low concentrations were restricted
in the middle of the lava layer.

In the next round, we modelled the same concept, but we
applied an extra boundary load: a thin elastic layer at the
lava/hyaloclastite contact. In the first model (Fig. 9d), where
the thickness of the glacier was at its maximum, the results
were similar as in Fig. 9a. High tensile stress was concen-
trated at the dyke tip and the lava layer, but lower concen-
trations occured at the very soft contact just at the front of
the dyke tip. This area of stress concentration denoted the
delaminated zone. No stress rotations were observed. The
next model (Fig. 9¢) had high tensile stress and shear stress
concentration around the tip and in the lava layer, but no
stress rotations were seen at the contact. Finally, the last
model (Fig. 9f) showed similar tensile stress values with
the previous models (Fig. 9d and e), but the shear stress was
again suppressed by the very soft contact so they could not
distribute at the lava layer.

In the third scenario, we added a horizontal boundary
load to the first concept to replicate the unloading of the
crust, which was accommodated by extension due to crustal
flexure. Our results (Fig. 9g—i) showed that the application
of the extensional stress field increased the concentration of
tensile and shear stresses at the dyke tip and the lava layer.
However, it did not alter the stress rotations at the contact,
which existed when the thickness of the glacier (C,) was
580 m (Fig. 9h) and 100 m (Fig. 91).

In the last scenario, we explored how the existence of an
extensional stress field could affect the formation of a lacco-
lith. All models (Fig. 9j—1) showed that horizontal extension
increased the accumulation of tensile and shear stresses at
the dyke tip and its vicinity without promoting any stress
rotations at the very soft contact. Interestingly, shear stress
builts up in the lava layer in all the models.

We reran the same model suites and produced 2D dis-
placement surfaces during glacier retreat (Fig. 10) for a
normal (simple mechanical ratio) (a—c, g—i) and a very soft
contact (elastic thin layer) (d—f, j—1). The models showed
that when the thickness of the glacier was at its minimum
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(Ct=100 m), then the lava layer exhibited lower displace-
ment values than the rest of the runs (Fig. 10 c, f). No dis-
placement was observed when the dissimilar contact was
modelled as a simple mechanical ratio (Fig. 10a—c). How-
ever, when the very soft contact existed, the latter delami-
nated and the displacement in the lava layer reached its max-
imum (Fig. 10d, e). Similarly, the contact opened when the
thickness of the glacier was retreating (the thickness reduced
from 580 to 100 m) (Fig. 10e, f). Subject to the existence
of an extensional stress regime (Fig. 10g-1), the displace-
ment gradually increased and the contact delaminated when
the glacier thickness decreased (Fig. 10j, k, 1). Interestingly,
with or without crust extension, the opening became wider
subject to less glacier load.

Discussion

Previous studies of the Stardalur laccolith in the field (Pas-
quare and Tibaldi 2007) have focused mostly on its structural
implications and provided insights on its possible emplace-
ment. Field studies led to the suggestion that the formation
of the observed sill-like geometries was caused by stress
rotations in response to excess magma pressure in a shal-
low magma chamber or the effect of the heterogeneous crust
(since the laccolith was emplaced at the rheological bound-
ary between dominant upper lavas and lower hyaloclastites).

Dyke-sill transitions are often produced when the local
stress field becomes compressional (Gudmundsson 1998).
This can occur at the local scale due to force imposed by
prior dyke injections, faulting, or graben subsidence. Simi-
larly, stiffness contrasts and layer thickness implications can
produce stress rotations at the dyke tips in heterogeneous
and anisotropic segments (Drymoni et al. 2020). In particu-
lar, the propagation of a dyke from a soft to a stiff layered
elastic domain can promote arrest or dyke-sill deflection
(Gudmundsson and Brenner 2004; Maccaferri et al. 2010;
Gudmundsson 2011; Drymoni et al. 2020). Yet, when a dyke
propagates from a stiff to a soft layer, arrest is also possible
at the interface with the soft layer (Forbes Inskip et al. 2020).
Finally, analogue experiments have provided evidence of
sill emplacement subject to compressive regional stresses
(Menand 2011) and rigidity contrasts (Kavanagh et al. 2006,
2018).

What mechanical processes could have formed
the Stardalur laccolith?

In this paper, we carried out a numerical study based on
the previous collected field data, and our first target was to
understand the mechanical processes that could have formed
the Stardalur laccolith. Since its emplacement occurred in
between layers of dissimilar mechanical properties, namely,
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lavas and hyaloclastites, we explored two mechanisms that
are responsible for dyke-sill transitions, namely, the stress
barrier and the Gook-Gordon debonding and delamination.

Tensile and shear stresses are seen to accumulate at the
stiff lava layer and at the vicinity of the dyke tip in all case
scenarios. Stress rotations occur mostly in the soft hyaloclas-
tite layer and at the studied contact. Since those conditions
can equally promote dyke arrest and dyke-sill emplacement,
we tested the existence of a very soft contact (thin elastic
layer) between the lava and the hyaloclastite and its ability
to delaminate. We propose that both mechanical processes
could have been accountable for the formation of a sill but
not for the Stardalur laccolith. This is because, based on
the coupled 2D tensile stress (c3) and displacement surface
models, lower overpressure values (P, <5 MPa) can promote
stress rotations and, hence, can equally promote either dyke-
arrest or dyke-sill deflection without contact opening. How-
ever, with higher overpressure values (P, >5 MPa), although
stress rotations still occur, the contact can also open and pro-
mote theoretically larger displacements, which can accom-
modate the thick stacked-sill structure. Hence, our models
have shown that high overpressure values (P,>5 MPa) and
a thin elastic layer load are necessary for the delamination
of the contact and the formation of the laccolith.

These findings are in agreement with previous stud-
ies, which investigated the emplacement of laccoliths and
the formation of space accommodated by later intrusions
above a sill. The ‘laccolith concept’ originates initially from
Gilbert (1877) and Hunt (1953) and their observations in
the Henry Mountains (Utah). Yet, field observations have
revealed mainly two mechanisms for the formation of a lac-
colith: (i) sill stacking, e.g., Henry Mountains (Johnson and
Pollard 1973), Axial Seamount (Carbotte et al. 2020), Elba
island (Westerman et al. 2015; Farina et al. 2010), Stardalur
(Tibaldi and Pasquaré 2008), (ii) magma viscosity (Matts-
son et al. 2018; Burchardt et al. 2019) (due to strain-rate
magma rheology) and host rock properties (Gudmundsson
2011; Schmiedel et al. 2017). In the latter, laccoliths can
be formed by uplifting and flexuring the overburden when
sills (repeated intrusions) gradually become thicker due to
higher overpressure conditions (Acocella 2000; Turcotte
and Schubert 2002). Similarly, our study has shown that
the Stardalur laccolith could have formed by progressive
dyke-sill transitions that occurred at the contact between a
stiff and a soft layer subject to increasing dyke overpressure
conditions. However, further numerical studies are needed
to investigate its stacked sill geometry.

Effect of dyke overpressure, local stress field,
and contact stiffness on the dyke to sill transition

We studied three different boundary loads (overpres-
sure, overpressure with extension, overpressure with

compression) to replicate the probable stress fields dur-
ing laccolith emplacement. The models have shown that
in the absence of the thin elastic layer, the hyaloclastite
becomes a temporary stress barrier subject to the over-
pressure and extension loading condition. This scenario
does not replicate the field observations because multiple
dyke injections form compressional settings (Gudmunds-
son 2020). In contrast, in compressional settings, the top
lava layer revokes dyke propagation and the dyke would
either become arrested or deflected at the contact. The
field observations instead have shown that the flower
structure formed at the lava/hyaloclastite contact and the
stacked sills were emplaced in the lava layer. Our mod-
els propose that subject to a compressional stress regime,
stress rotations could have encouraged dyke-sill transi-
tions (Fig. 6¢, f), but still the contact cannot delaminate,
although an amount of displacement is accommodated.
It is hence unlikely that a 200-400 m thick laccolith may
have been emplaced under those conditions.

We tested the same stress field scenarios with the exist-
ence of a thin elastic layer at the contact. The latter has the
ability to delaminate and accommodates slightly higher
theoretical displacements by 5% in contrast to the previous
scenario where the crustal segment can also accommodate
theoretical displacements but without contact opening.
Not all the loading scenarios encourage stress rotations,
but delamination occurs when the overpressure is higher
(P,>5 MPa) in our models. However, in compressional
regimes (Fig. 8c, f, i), delamination occurs if only the
overpressure is more than 15 MPa (P, > 15 MPa) in our
models. Instead, all the models highlight that an exten-
sional regime greatly encourages delamination, which may
imply that stress barriers and Cook-Gordon delamination
occur mainly in different stress conditions, namely, com-
pression and extension, respectively.

The Stardalur laccolith was emplaced in an area domi-
nated by an extensional regional regime associated with
plate spreading (Gudmundsson 2000). At a local scale, dur-
ing the laccolith’s emplacement, a compressional stress field
occurs due to the compressional force imposed by prior dyke
injections, some of which eventually formed sills. Based on
Pasquare and Tibaldi (2007), a compressional stress field
induced by the high excess magma pressure (P,) of the shal-
low magma chamber is rare but also likely. Those conditions
imply a local but gradually increasing compressional stress
regime while the formation of the stacked-sill structure is
progressing. Our numerical models are in agreement with
this hypothesis; however, they suggest that for a laccolith to
be formed, the dyke overpressure in every injection should
be very high (P,>15 MPa). Yet, large displacements and
contact opening can still occur in the presence of a local
extensional regime, an unlikely condition according to the
structural analysis.
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How does unloading due to glacier thinning
influence dyking in the shallow crust?

During glaciation, the shallow crust accommodates several
MPa of stresses owing to the glacier vertical load. During
glacier unloading, the crust accommodates an extensional
stress field that can exceed the regional extension and over-
prints all the previous stress regimes (Adams 1989; Stewart
et al. 2000). We explored the stress accumulation around the
dyke tip and at the contact (Fig. 9) below an ice cap. We
examined if dyke-sill transitions are encouraged in a similar
contact as the one found at Stardalur and under which loading
conditions. We tested how the rebound effect due to gradu-
ally lower vertical load (glacier thickness) encouraged stress
rotations for the case where a thin elastic layer is initially
not applied at the contact (Fig. 9a—c). Then, we examined
the delamination process when a thin elastic layer is applied
at the contact subject to crust unloading (Fig. 9d—f). Our
models have shown that stress rotations occur in the hyalo-
clastite layer and at the lava/hyaloclastite contact when the
glacier thickness decreases. The presence of an extensional
stress field when the contact is normal shows similar results
(Fig. 9g—i). However, when in the same loading conditions
the thin elastic layer is applied to the contact, stress rotations
occur neither at the hyaloclastite nor at the contact (Fig. 9j-1).
Finally, we investigated the displacement accommodated
at the contact and especially how likely it is for a lacco-
lith to form during glacier retreat. Our results show that
the contact cannot delaminate without the thin elastic layer
(Fig. 10a—c, g—i). In the opposite scenario, delamination suc-
cessfully occurs when the thickness of the glacier is gradu-
ally decreasing (Fig. 10e and f), and this outcome is even
more likely to occur when a horizontal extensional regime is
applied at the domain (Fig. 10k and ). Yet, the existence of a
moderate extensional stress field (F.,,>5 MPa) encourages
laccolith formation at the contact. Also, the delamination
geometry shows differences between the models. In detail,
the sill becomes wider when the vertical load is lower, an
observation in agreement with previous analogue models
that studied the influence of the overburden thickness to the
geometry of the laccolith (Roman-Berdiel et al. 1995).
Normally, glacier retreat enhances the generation of
magma in the shallow crust, volcanic activity, and dyking in
the long term (Gudmundsson 1986; Sigvaldason et al. 1992;
Jull and McKenzie 1996; Maclennan et al. 2002; Andrew
and Gudmundsson 2007; Pagli and Sigmundsson 2008; Sig-
mundsson et al. 2010; Geyer and Bindeman 2011; Bakker
et al. 2016; Sulpizio and Massaro 2017), as well as magma
accumulation in the short term (Hooper et al. 2011). Our
results suggest that during glacier retreat and under specific
mechanical conditions, dyke-sill interactions can still occur,
and magma may stall in the shallow crust. Finally, in all our
models, we hypothesise an elastic crust although viscoelastic
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conditions are also expected to influence the crust during
long-term deglaciation (> 100 years) (Latychev et al. 2005;
Girona et al. 2014; Sigmundsson et al. 2015; Yamasaki et al.
2018). We aim to explore the effects of a viscoelastic crust
in a future study.

The following four general scenarios all satisfy the con-
ditions for dyke to sill deflection possibly enhancing the
formation of a laccolith in (i) non-glacial and (ii) glacial
volcanotectonic settings such as that at Stardalur (Fig. 11):

1) A thin elastic layer exists, the overpressure of the dyke
is low (P,=2 MPa), and low horizontal extension is
applied (due to plate spreading) (Fig. 11a). This condi-
tion simulates the first dyke to sill deflection in Stardalur
in a non-glacial scenario.

2) A thin elastic layer exists, the overpressure of the dyke
will be very high (P,=15 MPa), and high horizon-
tal compression is applied (due to pre-existing dyke
emplacement) (Fig. 11b). This condition simulates the
subsequent dyke to sill deflection in Stardalur in a non-
glacial scenario.

3) A thin elastic layer exists, the overpressure of the dyke
will be moderate to high (P,=5 MPa), and low horizon-
tal extension is applied (due to unloading) (Fig. 11c¢).
This condition simulates a dyke to sill deflection in
Stardalur when a 1 km thick glacier, where low uplift
and bending of the crust exists, covers the area.

4) A thin elastic layer exists, the overpressure of the dyke
is moderate to high (P,=5 MPa), and a high horizontal
extension is applied (due to unloading) (Fig. 11d). This
condition simulates a dyke to sill deflection in Stardalur
when a 100 m thick glacier, where high uplift and bend-
ing of the crust exists, covers the area.

Conclusions

The soft hyaloclastite layer may be a temporary stress
barrier for an approaching dyke with a range of overpres-
sures between 2 and 5 MPa, subject to local extension
(F.=1 MPa). However, in compressional regimes, simi-
lar stress barriers occur only when the dyke overpressure
is greater than 5 MPa. On the contrary, the stiff lava layer
may become a temporary stress barrier for an approaching
dyke only when the overpressure is low (P,=2 MPa) and
horizontal compression is applied to the domain. Yet, the
existence of a very soft contact (thin elastic layer) between
the lavas and the hyaloclastites suppresses the distribution
of shear stress towards the surface.

The conditions of contact opening (delamination) are
not met when the overpressure is low (P,=5 MPa) in a
compressional domain. Delamination in compressional
regimes occurs if only the overpressure is more than 5 MPa
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Fig. 11 Schematic illustration showing the mechanical conditions
(scenarios) that promote dyke-sill transitions in volcanotectonic set-
tings without a glacier (a, b) and with a glacier (¢, d). The geometry

(P,>5 MPa). Extensional regimes encourage delamination
at the contact but also higher concentration of tensile and
shear stresses in the stiff layer and in the vicinity of the
tip. Finally, the extension due to crust flexure makes the
delamination wider and thicker when the vertical load (gla-
cier thickness) is lower.
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