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ABSTRACT
Geothermal exploration targets large magmatic intrusions as heat sources because of their size, longevity, and amount of stored
energy, but as shallow volcanic plumbing systems comprise numerous smaller intrusions, their geothermal potential warrants
consideration. Here, we evaluate the geothermal impact of dykes and sills on caldera-infill rocks. We present geological data
and geothermometry on intrusions in the eroded Breiðuvík caldera in Northeast Iceland, which serves as an analogue to the
active, and geothermally exploited, Krafla volcano. These data inform 2D finite element models of dyke and sill intrusions that
consider heat transfer in porous media. Our results indicate that small intrusions create considerable thermal anomalies in their
immediate vicinity. These anomalies are larger-magnitude and longer-lasting for individual thick sills and dykes, but networks
of smaller sills and dykes emplaced close in time and space can create more widespread thermal anomalies that may be viable
economic targets for decades after their emplacement.

ÁGRIP
Jarðhitarannsóknir miða oftast að því að finna stór kvikuinnskot sem hitagjafa í jarðhitakerfum vegna lengd storknunartíma og
magni af orku. Grynnri hluti kvikuflutningskerfa eldfjalla samanstendur af fjölda minni kvikuinnskota sem gefur tilefni til frekari
rannsókna á þeim sem hitagjafa. Þessi rannsókn metur áhrif lóðréttra (gangar) og láréttra (sillur) kvikuinnskota á jarðhitakerfi í
öskjum. Jarðfræði og efnasamsetning kvikuinnskota í Breiðuvíkur eldstöðinni, sem er rofin megineldstöð staðsett á norðaustur-
hluta Íslands, er kynnt og notuð sem hliðstæða við jarðhitakerfið í Kröflu sem í dag er nýtt til orkuframleiðslu. Gögnin eru notuð
í tvívíð reiknilíkön af kvikuinnskotum sem áætla varmaflutning í gropnu bergi. Niðurstöður rannsóknarinnar benda til þess að
minni innskot valdi umtalsverðu hitafráviki í sínu næsta umhverfi. Slík frávik eru hærri og langlífari fyrir einstaka þykkari innskot.
Kerfi af fjölda minni innskota mynduð nærri í tíma og rúmi geta framkallað umfangsmeiri hitafrávik sem gætu verið raunhæf til
jarðhitavinnslu áratugum eftir myndun innskotana.

KEYWORDS: Geothermal energy; Magmatic intrusion; Sill; Dyke; Caldera volcano; Numerical modelling.

1 INTRODUCTION
In Iceland, where geothermal power is the main source of pri-
mary energy used by society [Orkustofnun - National Energy
Authority of Iceland 2021], caldera volcanoes and other vol-
canic structures are exploited for geothermal energy. Along-
side widespread use of geothermal water for heating, electric-
ity is produced in geothermal power plants located in high-
temperature geothermal fields, where heat originates from up-
per crustal magmatic intrusions [Arnórsson et al. 2008]. Cur-
rently, exploration and exploitation of supercritical geother-
mal resources above shallow level magmatic intrusions has the
potential to become an even more efficient way of energy pro-
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duction [Scott et al. 2015]. Geothermal and scientific drilling in
high-temperature geothermal areas testifies to the existence of
both large (km-scale) and small (metre- to tens-of-metres scale)
magmatic intrusions [Fridleifsson and Elders 2005; Reinsch et
al. 2017]. The setting of these intrusions is usually complex.
The intrusions are often hosted within caldera volcanoes that
have seen multiple stages of activity, including the construc-
tion of an eruptible volcanic plumbing system, characterised
by eruptions that vary in size and style, and experience (par-
tial) destruction/collapse of the volcanic edifice and the un-
derlying plumbing system during caldera formation, as well
as rejuvenation with renewed intrusive and extrusive activ-
ity [Kennedy et al. 2018]. As a result, calderas are complex
patchworks of different rock types, structures, and intrusions.
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Typical caldera-filling rock types may comprise lava flows,
pyroclastic deposits, lacustrine sediments, and even subglacial
deposits. Needless to say, the physical properties of these di-
verse rock types, such as porosity and permeability, differ con-
siderably, as revealed in previous laboratory studies [e.g. Far-
quharson et al. 2015; Schaefer et al. 2015; Heap et al. 2017;
2020c]. Furthermore, these rocks are also affected by caldera
collapse–related and/or tectonic faulting [e.g. Burchardt and
Walter 2010], and are invaded by magmatic intrusions, driv-
ing hydrothermal alteration and mineralisation [e.g. Morden-
sky et al. 2018; Heap et al. 2020a; Kennedy et al. 2022]. Typi-
cal intrusion types in calderas include cryptodomes/laccoliths,
cauldron-subsidence plutons, and magmatic sheet intrusions,
such as dykes and sills [Kennedy et al. 2018]. As a result of
the abundant magmatic activity, and the variety of structural
and lithological barriers and reservoirs that favour the collec-
tion and availability of hot fluids, calderas are ideal sites for
mineral and geothermal exploration [e.g. Wohletz and Heiken
1992; Stix et al. 2003; Garden et al. 2017] with high tempera-
tures possible in a variety of stratigraphic and structural set-
tings [Garden et al. 2020].
Geothermal areas in Iceland have been modelled numeri-
cally to simulate the behaviour of the systems during geother-
mal production [e.g. Björnsson 1999; Björnsson et al. 2003;
Gunnarsson et al. 2011]. However, such models frequently
exclude the heat source of the geothermal field, the solidifying
intrusions themselves. These intrusions are instead assumed
to be out of the depth range of the models and the heat source
compensated by adjusting the boundary conditions of the bot-
tom layer (heating the entire model bottom) [e.g. Karaoğlu et
al. 2019]. Although this assumption often works for practical
purposes, in reality, magmatic intrusions reach well into the
depth range of geothermal fields, as evident from events where
geothermal wells were either used as magma pathways (e.g.
during the Krafla Fires) [Larsen et al. 1979] or when compara-
tively shallow boreholes intersected molten intrusions [Elders
et al. 2011; 2014]. In studies where the heat source is included
in numerical models, fluid flow around magma bodies mostly
addresses pluton geometries on the scale of several kilometres
[e.g. Hayba and Ingebritsen 1997; Eldursi et al. 2009; Annen
2017], which is not representative for shallow geothermal sys-
tems where the majority of intrusions are far smaller-volume
dykes and sills [cf. e.g. Kennedy et al. 2018]. Hence, geother-
mal modelling needs to account for the local nature of shallow
magmatic heat sources [Gunnarsson and Aradóttir 2015].
This study is based on a two-stage approach: firstly, we
derive geologically relevant parameters for the size, temper-
ature, and distribution of small intrusions in caldera settings.
Specifically, we use the eroded Breiðuvík caldera in North-
east Iceland and the active Krafla volcano in northern Iceland
as field examples. Krafla is of particular interest due to its
high potential for the exploitation of supercritical geothermal
fluids [e.g. Elders et al. 2014; Scott et al. 2015]. We combine
the geological observations with the results from laboratory
permeability experiments on samples from Krafla by Eggerts-
son et al. [2020] to set up 2D finite element models that ex-
plore the influence of small, shallow intrusions on fluid flow
through porous media at depths too shallow to expect super-

critical fluid. More specifically, we compare the impact of sev-
eral small magmatic intrusions with that of larger intrusions.
We show that networks of small intrusions emplaced at shal-
low depths and close in time and space may be viable targets
for geothermal prospection. Our conclusions support sugges-
tions that small intrusions may already be fuelling successful
geothermal extraction sites [cf. Saubin et al. 2021].

2 GEOLOGICAL SETTING
We selected two field areas to extract geologically relevant ob-
servations and data on geothermal systems in caldera settings,
an eroded caldera volcano (Breiðuvík) that allows insight into
subsurface structures and an active caldera volcano (Krafla)
with ongoing geothermal exploration and exploitation.

2.1 Breiðuvík volcano
The Neogene Breiðuvík volcano is part of a larger cluster
of caldera volcanoes in the northern eastfjords of Iceland
(Figure 1) [Burchardt 2008; Berg et al. 2014; Burchardt et
al. 2022; Kennedy et al. 2022]. Large volumes of rhyolitic
lavas cover basaltic lava flows that together form the volcano
flanks. During an ignimbrite-forming eruption, an approxi-
mately 4 × 6 km large collapse caldera formed and was first
filled with ~300–400 m of ignimbrite (Figure 1). Following
the establishment of a caldera lake, the caldera depression
was subsequently filled during the emplacement of subaque-
ous basaltic hyaloclastites and pillow breccias, before being
covered by subaerial basaltic lavas. Numerous dykes and sills
cut through the ignimbrite and lake sediments in the land-
mark Hvítserkur mountain [Kennedy et al. 2022] and the neigh-
bouring Leirfjall. Some of the dykes connect to the overlying
hyaloclastites and lavas through volcanic vents (for details see
Section 4.1).

2.2 Krafla volcano
Krafla is an active volcano in the North Volcanic Zone of
Iceland (Figure 1). It comprises an extensive fissure swarm
most recently active in the historical Mývatn Fires (1724–
29 CE) and Krafla Fires (1975–84 CE) eruptions, together with
a 10 × 18 km collapse caldera that is mainly filled with basaltic
deposits [e.g. Ármnannsson et al. 1987; Mortensen et al. 2015;
Kennedy et al. 2018]. While fractures associated with the
fissure swarm extend 60–70 km from the caldera, eruptive
fissures are confined to the nearest 7 km [Hjartardóttir et al.
2012], and the fissure swarm comprises clusters of ~3 m-wide
dykes [Paquet et al. 2007]. Volcanic activity at Krafla has been
predominantly bimodal, producing basaltic lava flows, hyalo-
clastites and tuffs, as well as rhyolitic pyroclastic deposits and
domes. Geothermal exploration, syn- and post-eruptive mon-
itoring, and scientific drilling of Krafla volcano provide an
exceptionally detailed view of the shallow volcanic plumb-
ing system that comprises some larger active magma bodies,
as well as countless small intrusions [Thordarson and Larsen
2007; Kennedy et al. 2018; Árnason 2020]. The active geother-
mal fields at Krafla are primarily hosted within basaltic lavas
and hyaloclastites, some rhyolitic ignimbrites and, at depth,
gabbroic and doleritic intrusions [Ármnannsson et al. 1987;
Eggertsson et al. 2020]. Of critical relevance to this project is
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Figure 1: Geological map of the Breiðuvík caldera, East Iceland showing the location of the mountains Hvítserkur and Leirfjall.
Background satellite image from Google Earth. The inset shows a map of Iceland with the location of the active volcanic zones
(VZ in the N, W, and E) in dark grey shading, as well as the location of Krafla volcano and Breiđuvík caldera map. Map modified
from Burchardt et al. [2022].

that, despite the recent basaltic volcanism, there is now am-
ple evidence for shallow intrusions of rhyolite that were still
molten in 2009 [Elders et al. 2011], and derive from partial
melting of older basaltic formations [Jónasson 1994; Árnason
2020; Saubin et al. 2021].

3 METHODS
In order to produce numerical models that are informed by
observations and measurements from nature, we employ a
multi-method approach to estimate input parameters. The
geometry of the numerical models is based on field mapping,
photogrammetry, and virtual outcrop mapping. The host-

rocks for the model are chosen based on geological setup of
the Breiðuvík and Krafla calderas. Model temperatures are
derived from mineral chemistry analysis and geothermome-
try, and model rock properties are estimated from laboratory
permeability experiments performed on rocks from Krafla by
Eggertsson et al. [2020].

3.1 Geological and virtual outcrop mapping

To inform the geometric setup of our numerical models, we
mapped and sampled dykes and sills in Breiðuvík caldera in
northeast Iceland. Mapping included the on-site measurement
of intrusion orientations and thicknesses. We identified the
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main host-rock types, intrusion shapes, and looked for evi-
dence of former hydrothermal circulation. We sampled repre-
sentative intrusions, as well as two host-rock types (ignimbrite
and lacustrine sediments). We used an Unmanned Aerial Ve-
hicle (UAV; DJI Phantom 3 Pro) to capture aerial photographs
of the steep-sided outcrops. 3D virtual outcrop models were
then produced from these photographs using the software
Agisoft Photoscan (now known as Metashape∗) [Kennedy
et al. 2022]. Ground control points were not used due to field
constraints, and the resultant digital surface model is refer-
enced using the GPS unit built into the UAV, with horizontal
accuracy of ±5 m. Mapping of the outlines of the intrusion
was performed using the LIME software [Buckley et al. 2019].
The mapped features of the interpreted 3D outcrops were pro-
jected onto a vertical cross-section with MOVE 2017.2™†. The
relative proportion of intrusions in the section was then de-
termined using the widely used image analysis open-source
software ImageJ.

3.2 Mineral chemistry analysis and geothermometry
To provide an estimate of emplacement temperature of the
magmatic intrusions in Breiðuvík caldera and to choose re-
alistic modelling input temperatures, we analysed the min-
eral chemistry of samples from the intrusions. The analysis
was performed at Uppsala University (Sweden) using the field
emission source JEOL JXA-8530F Hyperprobe. The condi-
tions for analysis were 15 kV accelerating voltage and 10 nA
probe current with 10 s on peak and 5 s on lower and up-
per background. The detection limit for major elements is
90 ppm, and minor or trace elements, including Mn, Cr, and
Ni, are not detected below 135 ppm. The beam diameter was
set to 5 μm for feldspars and 1 μm for olivine and pyroxene.
Uncertainties in element concentration were determined from
analyses of Smithsonian Institute mineral standards. Higher
element concentration gives lower uncertainties, therefore ele-
ments with concentration ≥10 wt.%, which are typically SiO2,
Al2O3, MgO, and CaO have uncertainties of ≤1.5 % s.d. Ele-
ments with concentrations between 5 and 10 wt.% and 2 and
5 wt.% have analytical uncertainties ≤2.2 % s.d. and ≤4.5 %
s.d., respectively. Analytical uncertainties of up to 10 % s.d.
apply for minor elements with concentration between 0.2 and
1.5 wt.% [Barker et al. 2015]. Pyroxene Mg# was estimated
using the following equation:

Mg# =
Mg

Mg + Fetot
(1)

using the molecular proportions of Mg and Fe.
We used geothermometry on the same samples to acquire
the input temperature of magmatic intrusions for the numer-
ical modelling. Chemical analyses of elongated feldspar crys-
tals, commonly <500µm long and <100 μm wide, were used
as input data for the plagioclase-melt equilibrium thermo-
barometer of Putirka [2008]. The thermobarometer requires
an equilibrium test to find appropriate mineral-melt pairs.
Whole-rock data of samples from the Holmar formation in
eastern Iceland were used as melt composition for this study
∗https://www.agisoft.com
†https://www.mve.com/

[Óskarsson and Riishuus 2013] (Supplementary Material 1).
Exchange of anorthite and albite is the deciding parameter
for the equilibrium test. The mineral-melt pairs need to equal
𝐾𝐷[Ab-An] = 0.28±0.11 if 𝑇 > 1050 °C but 𝐾𝐷[Ab-An] = 0.1±0.05
if 𝑇 < 1050 °C to be counted in equilibrium. Mineral-melt
pairs that met these requirements were then used for ther-
mobarometric calculations. Equation 24a from Putirka [2008]
was used for temperature estimates, which has standard error
of estimation (SEE) of ±36 °C, and Equation 25a for pressure
estimates, which has SEE of ±3.8 kbar. The H2O content of
the whole-rock basalt is needed for the thermobarometer, and
0.4 wt.% was assumed as a minimum for shallow Icelandic
basalts [Nichols et al. 2002; Lehmann et al. 2007], although at
depths >100 m this value can also be higher depending on the
level of H2O saturation [cf. Schopka et al. 2006].

3.3 Numerical Modelling
Numerical models were built using the commercially available
COMSOL Multiphysics v5.6 software‡. The software pack-
age uses the finite element method to solve the equations for
heat transfer and fluid flow in porous media. The heat trans-
fer module includes both conduction and convection. The
fluid flow is modelled using Darcy’s law with the assumption
of a thermal equilibrium between the fluid and the porous
medium. The host-rock around the intrusions is assumed
to be homogeneous, porous, and saturated with pure water.
Phase changes of the fluid (e.g. boiling) are not modelled. No
recharge or outflow of water is assumed in the model do-
main. The bottom boundary is assigned a constant temper-
ature, and set as impermeable with respect to fluid flow [cf.
e.g. Hayba and Ingebritsen 1997]. For simplicity, intrusions
are introduced as hot liquid bodies in the models with a tem-
perature defined by our thermometry results. For details see
Section 5 and Appendix D.
Every model domain was divided into up to 11,000 trian-
gular elements. The size of elements in each model varies
in three different domains depended on the geometry of the
intrusions and the type of host-rock in the model. Detailed
information about the meshes is provided in Appendix B. All
models were run for a total of 3 × 109 s (ca. 60 years), a
duration that was determined empirically based on test mod-
els. The computational time steps in each model run were
adjusted by the software and depend on an error tolerance,
i.e. the error of calculations in each time step remains below
a certain tolerance (1 in 1 million in the case of our models).

4 SMALL INTRUSIONS IN TWO CALDERA SETTINGS
4.1 Geological observations in the Breiðuvík caldera and in-

trusion density
Our detailed mapping and sampling of Breiðuvík caldera iden-
tified three main rock units filling the caldera that are in-
truded by numerous basaltic intrusions. The rock units are a
>300 m-thick rhyolitic ignimbrite that is mostly unwelded in
the outcrops we mapped for this study and best exposed in the
mountain Hvítserkur (Figure 2A). We also identified a succes-
sion of at least 70 m of lacustrine sediments overlying the ign-
‡https://www.comsol.com
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imbrite that had been previously mapped as hyaloclastite tuff
and are best exposed in the mountain Leirfjall [Vogler 2014]
(Figure 2B, D). These sediments are mostly silicic in com-
position and comprise sandstones, siltstones, and mudstones
with diverse sedimentary features that include cross-bedding,
graded bedding, ripple marks, desiccation cracks, and water
escape structures, together with organic matter. On top of
Hvítserkur, basaltic pillow breccias and hyaloclastites overlie
a <2 m thick sedimentary succession and grade upwards into
subaerial basaltic lava that forms the present-day mountain
top (Figure 2A). These observations indicate that the caldera
lake was mostly shallow and was eventually filled entirely by
erupting basalt [Burchardt et al. 2022].
Numerous sills and dykes, as well as some agglomerate-
filled vents, cut the ignimbrite and the lacustrine sediments
(Figure 2). From our virtual outcrops, we calculated the pro-
portion of intrusions to be ca. 30 % in Leirfjall (Appendix
C). Sills range in thickness from <1 to 40 m, while dykes
range in thickness from centimetres to ~10 m. Notably, we
observed numerous examples of intrusions cross-cutting each
other, without any change to the trajectory or geometry of the
younger intrusion (Figure 2C). However, there are also exam-
ples of intrusions that change direction to follow alongside
other intrusions (Figure 2C), forming clusters with some host-
rock in between intrusions or even merging into one intru-
sion (e.g. Figure 2D). The thickest intrusion in the Breiðuvík
caldera is a 40 m-thick sill that likely consists of four or more
individual sills (Figure 2D). The different units in this sill be-
come mappable due to differences in erosion, but in the field,
no chilled margins between units can be identified.
Within both the ignimbrite and the sedimentary rocks, we
found evidence of the thermal impact of the intrusions, as well
as geothermal activity that was likely related to heat transfer
from the intrusions (Figure 3). Close to the intrusions, the ig-
nimbrite is often black, welded, and discoloured (Figure 3A
and B) [Kennedy et al. 2022]. Notably, textural analyses of this
welded ignimbrite shows a range of thermally driven textural
responses with complex implications for porosity and perme-
ability [Kennedy et al. 2022]. Nevertheless, the welded portion
is more resistant to weathering than the unaffected, unwelded
ignimbrite and the dykes themselves, and so the dykes are of-
ten flanked by walls of black ignimbrite (Figure 3A). Notably,
these ignimbrite walls are absent for some dykes where only
some centimetres of the ignimbrite are affected, but can be
up to about 1 m thick for others. Discoloured ignimbrite (be-
tween centimetres and tens of metres from the intrusion) and
discolouration associated with fractures extending for several
metres from intrusions into the ignimbrite provide evidence
for the circulation of hydrothermal fluids.
Sedimentary rocks near intrusions are metamorphosed to
hornfels and appear black, densified, and more resistant to
weathering than those further away from the intrusions (Fig-
ure 3C). For instance, there is a 3 m-thick zone of hornfels
metamorphosed sedimentary rocks above the largest sill on
Leirfjall (Figure 4A), and thermal metamorphism of the un-
derlying 1 m of sediment, including localised melting and
subsequent rheomorphic deformation. Above the sill and the
hornfels-metamorphosed sediments, discoloured sedimentary

layers, mineral veins, as well as discolouration along veins,
indicate alteration due to hydrothermal circulation associated
with the intrusions (Figure 3D and E).
In summary, contact metamorphism and hydrothermal al-
teration of the host-rocks adjacent to the intrusions range in
thickness from a few cm to several metres. However, es-
tablishing a correlation between intrusion thickness and the
thickness of the contact metamorphic aureole will require a
dedicated study.

4.2 Petrography, mineral chemistry, and geothermometry

4.2.1 Petrographic sample description

We collected samples of two representative dyke rock types
from Leirfjall with different field visual characteristics, here-
after referred to as dyke A and B. Dyke A is less resistant
to weathering than B and produces round weathering sur-
faces, while dyke B is resistant to weathering and has a blocky
appearance (Figure 4A). In the outcrop, both dykes appear
to crosscut the largest sill, and dyke B cuts dyke A (Fig-
ure 4A). Dyke A includes opaque minerals both as euhedral
phenocrysts and in the groundmass (Figure 4B). Phenocrysts
of opaque minerals are up to 1 mm in length and, together
with opaque phases in the groundmass, they make up about
40–50 % of the sample. In addition to the opaque minerals,
plagioclase laths up to 1 mm long constitute about 20 % of
the sample. Pyroxene microlites, less than 0.1 mm in length,
are evenly scattered around the sample in lower amounts than
plagioclase and opaque minerals. In contrast, the groundmass
of dyke B is dominated by elongated plagioclase crystals and
overgrowing phenocrysts of euhedral olivine and pyroxene
(Figure 4C). In addition, there are few larger (1–3 mm in di-
ameter) phenocrysts of euhedral plagioclase in dyke B.
Samples collected from the largest sill in Leirfjall (Figure 4A)
have a crystalline groundmass and a porphyritic texture (Fig-
ure 4D) similar to dyke B. Prismatic plagioclase crystals make
up about 30–40 % of the groundmass. The size range of the
plagioclase crystals is narrow, and the longest are about 0.5
mm. Pyroxene crystals are scattered throughout the ground-
mass in between the plagioclase crystals. The rest of the
groundmass is composed of opaque minerals and microcrys-
tals. Fractured olivine phenocrysts exist in most samples in
low amounts and occupy up to about 5 % of some of the sam-
ples. Most of the olivine phenocrysts are of similar size and
reach a diameter of approximately 1 mm.
We also collected samples from the host-rocks to the mag-
matic intrusions, including ignimbrite and lake sediments.
The Hvítserkur ignimbrite contains pumice clasts that are sev-
eral mm to <10 cm in size in a sub-millimetric matrix of glassy
material (Figure 4E, F). Samples of the sedimentary host-rock
collected next to magmatic intrusions are thermally altered
by the intrusion and extremely fine grained with grain sizes
of ≤0.1 mm (Figure 4G), implying that no or insignificant tex-
tural coarsening occurred during metamorphism. Sediments
collected further away from the intrusion display larger grain
sizes where the largest grains are about 0.5 mm, indicating
that intrusions may have preferably invaded fine-grained host-
rocks. The coarser-grained sedimentary rocks contain plagio-
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Figure 2: Virtual outcrops produced from images taken by a UAV (drone) of the mountains [A] Hvítserkur and [B] Leirfjall with
stratigraphy indicated with arrows, contacts between stratigraphic units are indicated by orange dashed lines, and yellow lines
outline the intrusions. This mapping was performed using the software LIME [Buckley et al. 2019]. Dykes are mostly sub-vertical,
while sills are sub-horizontal. Location of photographs in this study are indicated by white/grey boxes). [C] UAV image of dykes
in ignimbrite in Hvítserkur (see location in [A]) with interpretation of the margins of individual dykes indicated by yellow lines.
Note that dykes tend to either cluster or crosscut each other. [D] Drone image of intrusions in lake sediments in Leirfjall (see
location in [B]) with interpretation indicated by yellow lines. Note the range of intrusion thicknesses and that the thickest sill is
composed of several intrusive units.
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Figure 3: Field photographs of observations that indicate geothermal activity associated with dykes and sills in the study area.
Photograph locations are indicated in Figure 2. [A] View of dykes and a vent in ignimbrite in Hvítserkur. Note that dykes are
flanked by a contact aureole of black, glassy looking ignimbrite cm to m thick, as well as discoloured ignimbrite. Red lines
outline the affected ignimbrite. Dotted lines indicate the width of ignimbrite affected by the dyke in the foreground. See people
for scale. The unaffected paler ignimbrite is seen in the background. [B] Example of two adjacent dykes in Hvítserkur flanked
by glassy and discoloured ignimbrite. Dotted lines indicate the width of ignimbrite affected by the two marked dykes. The solid
lines indicate the width of the dykes. See person for scale. The unaffected paler ignimbrite is seen in the background. [C]
Hornfels of lacustrine sedimentary rock located 3 m above the thickest sill in Leirfjall. Tape measure is 0.2 m long. [D] Network
of mineral veins in mudstone located within 10 m above the thickest sill in Leirfjall. Tape measure is 0.5 m long. [E] Localised
veins of greenish discolouration of mudstone occur in the 10 m above the thickest sill in Leirfjall. Glove for scale.
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Figure 4: UAV photo of intrusions in Leirfjall and photomicrographs of thin sections of intrusions and host-rocks in the study
area. [A] Photograph, taken by the UAV, of the southwestern part of the summit of Leirfjall showing basaltic intrusions in layered
caldera-lake sediments. White patch below dyke A is snow. Scale varies with perspective. The main features are outlined in
yellow. [B] Thin section image of dyke A. Plag = plagioclase. Cross-polarised light. [C] Thin section image of dyke B. Ol = olivine,
cpx = clinopyroxene. Cross-polarised light. [D] Thin section image of a sample from the thickest sill in Leirfjall. Cross-polarised
light. [E] Thin section image of Hvítserkur ignimbrite displaying a pumice fragment in a matrix of glass shards. Plane-polarised
light. [F] Thin section image of Hvítserkur ignimbrite displaying a mafic enclave (left middle) in a matrix of glass shards. Ves
= vesicle. Plane-polarised light. [G] Thin section image of hornfels mud-siltstone sampled above the thickest sill in Leirfjall.
Plane-polarised light.
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clase with both needle-like and tabular shapes in a matrix of
indistinguishable material.

4.2.2 Mineral chemistry analysis

Spot analysis of samples of the magmatic intrusions was per-
formed on four different minerals: feldspar, olivine, pyroxene,
and iron-titanium oxides (see Supplementary Material 1 for
complete analytical results). For an estimation of the intrusion
temperature, we analysed 117 groundmass feldspar crystals
with major element totals between 98 and 101 wt.%. Most of
the analysed feldspars are elongate with long axes <500µm
and short axes between 10 and 100µm. The anorthite content
of the feldspars ranged from An37 to An74 with an average of
An64 (Figure 5A). In a few cases, the size of feldspar crystals
allowed comparison of the core and rim compositions of the
crystal. In general, feldspars are normally zoned, with lower
anorthite contents towards their rims.

Analysed pyroxene crystals were phenocrysts with crys-
tal sizes >0.1 mm and in many cases overgrown by feldspar
needles (see e.g.Figure 4B). The same range of acceptable an-
alytical total was used for pyroxene crystals as for feldspar
(98–101 wt.%), resulting in 39 accepted analyses. The aver-
age composition is Wo40En39Fs21, with maximum and min-
imum values of Wo42En47Fs29 and Wo32En29Fs15, respec-
tively. Mg# of the pyroxenes range from 50 to 76 % with
an average value of 65 %. The pyroxene crystals show nar-
row compositional ranges, but pyroxenes in the dykes have
slightly lower Ca and higher Fe and Mg than those in the sills
(Figure 5B).

The diameter of analysed olivine crystals ranges from ap-
proximately 0.1 to 0.5 mm. Most of these crystals are fractured
with elongated feldspars infilling the fractures (Figure 4B, C).
Olivine rims are irregular, indicating resorption.

4.2.3 Geothermometry

According to the 𝐾𝐷[Ab-An] equilibrium test, 88 % (103 out of
117 data points) of the plagioclase crystals were in equilibrium
with the chosen whole-rock data (see Appendix A) [Óskarsson
and Riishuus 2013] and therefore used for the geothermometry
(Figure 6). Temperature values from the thermometry calcu-
lations ranged from 1120 to 1139 °C with an average value
of 1130 °C (Figure 6). We therefore used 1130 °C as the ini-
tial temperature of the magmatic intrusion in the numerical
models. Pressures were not used as model input parameters
because the error associated with the geobarometers is high
(SEE = ±3.8 kbar). Instead, the intrusion depths in the mod-
els (ca. 1–1.5 km) are based on geological constraints from
the Krafla caldera, i.e. small sheet intrusions are abundant at
shallow depths [Scott et al. 2015; Kennedy et al. 2018].

5 MODEL SETUP BASED ON CONSTRAINTS FROM THE
GEOLOGY OF BREIÐUVÍK AND KRAFLA CALDERAS

As this study aims to use geologically informed numerical
models, this section will explain how we set up the models
based on constraints we derive from our field examples.

5.1 Model geometry
The geometry of our numerical models is informed by our
field observations from Breiðuvík and previous scientific and
geothermal exploration at Krafla caldera [cf. Weisenberger et
al. 2015; Árnason 2020]. We chose the model dimensions and
intrusion depths according to borehole depths into geothermal
systems in Krafla [e.g. Árnason 2020], while intrusion geome-
tries and dimensions are based on observations in Breiðuvík,
albeit strongly simplified to account for a feasible model reso-
lution and to test our research question regarding the geother-
mal potential of small intrusions. The models are 2D, 2500 m-
wide and 1500 m-high/deep to avoid boundary effects (Fig-
ure 7). Intrusions were placed on the left side of the model.
This left side is defined as a vertical symmetry plane, which
allows us to save computational resources by modelling only
half of the domain.
The shape of intrusions is highly simplified compared to
nature, as host-rock contacts are assumed to be planar and
intrusion ends rounded. The thickness of the intrusions is
either 40 m or 5 m, based on the thickness of major intru-
sions observed in the Breiðuvík caldera (see Section 4.1). To
test whether one large intrusion has the same effect on the
geothermal circulation as several smaller ones, we designed
models with either a single 40 m-thick sill/dyke or eight 5 m-
thick sills/dykes with 10 m spacing (Figure 7), i.e. the cumula-
tive thickness of the thin intrusions is equal to the thickness of
the thick intrusion. These intrusion arrays represent the clus-
ters of parallel intrusions observed in the Breiðuvík caldera.
The length of the intrusions in the models is kept constant at
500 m to ensure comparability. Hence, the four different in-
trusion arrays modelled are: a) a single, thick sill, b) eight thin
sills, c) a single, thick dyke, and d) eight thin dykes (Figure 7).

5.2 Model temperatures
The initial temperature of the host-rock was set to follow a
vertical temperature gradient of 200 ◦C km−1 in the top 1 km
to simulate a high-temperature (i.e. high-enthalpy) geother-
mal system. Below a depth of 1 km, the initial temperature of
the host-rock was assumed to be 200 °C, because temperature
profiles from high temperature areas show a tendency towards
more stable temperatures around 1 km depth [Arnórsson et al.
2008]. The initial pressure in the system was defined as hydro-
static. The surface temperature at the top boundary was set
to 0 °C and pressure to 1 atm (101,325 Pa). In order to achieve
a stable background temperature distribution, including the
development of hydrothermal convection in the host-rock, we
ran the models for 109 s (31.7 years) before adding the intru-
sion(s).
The intrusions are introduced instantaneously with an ini-
tially uniform temperature of 𝑇 = 1130 °C. We neglect thermal
convection in the intrusions as its extent and significance is
still debated [Marsh 1989; Eichelberger 2020]. Given the nearly
isothermal conditions and the small spatial extent of the con-
vective layer, convective heat transport is generally low, and
purely conductive heat transport provides a good estimate of
the total heat transport (as evidenced by a Nusselt number
around unity; see Figure 9 in Marsh [1989]). For details see
Appendix D.
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Figure 5: Results from mineral chemistry analysis of dykes (red circles and orange squares) and sills (blue triangles) collected
from Leirfjall. [A] Compositional classification of feldspars. [B] Compositional classification of pyroxenes.
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Figure 6: Results from equilibrium test and thermobarome-
try for plagioclase mineral in three representative intrusions
(dykes and sills) in Leirfjall.

Table 1: Permeability of the magmatic intrusions that changes
linearly as a function of temperature [cf. Hanson and Barton
1989; Foumier 1991; Hayba and Ingebritsen 1997; Gerdes et al.
1998].

Temperature 𝑇 [°C] Permeability 𝑘 [m2]

360 1.55 × 10−16
500 1 × 10−17
750 5 × 10−18
900 1 × 10−22

Since we consider the intrusions to be impermeable at
temperatures above the solidus, we set permeability to
1 × 10−22m2 at 𝑇 > 900 °C [e.g. Gerdes et al. 1998]. The per-
meability then increases linearly with decreasing temperature
to account for e.g. fracture formation in the intrusion (see Ta-
ble 1) [cf. Foumier 1991; Hayba and Ingebritsen 1997].

5.3 Host-rock properties

The rocks hosting the intrusions in our study areas include
basaltic lavas, hyaloclastites, ignimbrites, and lacustrine sedi-
ments (see Section 4.1) [Mortensen et al. 2014; Eggertsson et
al. 2020]. Each of these rock types is known to have a wide
range of physical and mechanical properties [e.g. Schaefer et
al. 2015; Eggertsson et al. 2020; Heap et al. 2020a; Weaver et
al. 2020; Di Muro et al. 2021; Heap and Violay 2021], due to
composition, eruption type and style, and alteration, amongst
other factors [as discussed by Heap and Violay 2021]. It is also
of note that the response of volcanic rocks to thermal stimu-
lation is complex and temperature-dependent [Mordensky et
al. 2019; Kennedy et al. 2022]. Similarly, lithologically distinct
host-rocks are known to respond differently to thermal stress-
ing from intrusions [Saubin et al. 2019]. The thermal proper-
ties (the thermal conductivity and heat capacity) of our model
host-rocks are listed in Table 2 and considered to be constant
for the following reasons: preliminary modelling in prepara-
tion of this study revealed that permeability is the principal
parameter controlling fluid flow in the host-rock surrounding
small intrusions, and the fact that the effect of the thermal
properties is minor to negligible in our models in contrast to
the complex thermo-chemical changes seen in the field and
in experiments [Siratovich et al. 2015; Mordensky et al. 2019;
Eggertsson et al. 2020].
Based on the results of these preliminary, exploratory mod-
els, we therefore chose to use two simplified host-rock types
only (Table 2): one with low permeability and one with high
permeability [cf. Árnason 2020]. The low-permeability host-
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Figure 7: Sketches of the model geometries with intrusions in red and host-rock in grey. Yellow circles mark the locations of
temperature measurements in Figure 10. Note that the drawings are not exactly to scale to allow visibility of small features.
1 atm = 101,325 Pa.

rock represents rocks such as dense basaltic lava, welded ign-
imbrite, and mudstone, while the high-permeability host-rock
represents rocks such as vesicular lavas, hyaloclastite, and
sandstone. Permeability values for the host-rocks are based
on laboratory experiments performed on rocks from Krafla
volcano by Eggertsson et al. [2020]. To account for the effect
of overburden pressure on host-rock permeability, we use the
empirical results of permeability as a function of effective pres-
sure by Eggertsson et al. [2020] as a starting point. The per-
meability variations with effective pressure observed by Eg-
gertsson et al. [2020] can be fitted to an exponential function,
which we converted to variations with depth assuming litho-
static conditions for the host-rock and hydrostatic conditions

for the pore fluids (Figure 8 and Appendix D). The resulting
host-rock permeabilities are similar to the ones assumed by
Árnason [2020] (high-permeability rock with a permeability of
4.9 × 10−14 m2, and low-permeability rock with a permeabil-
ity of 9.8 × 10−16 m2).

As our model host-rocks are based on laboratory exper-
iments, the two basic rock models for permeability cannot
account for fractures larger than the scale of the laboratory
samples (>mm to 2–3 cm), which can considerably increase
the permeability of a rock mass [e.g. Ebigbo et al. 2016; Hobé
et al. 2018; Saubin et al. 2019] (see Section 6.2). In order to in-
vestigate the possible effect of fractures, we introduce a third
host-rock type with elevated permeability (“super-high perme-
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ability”). As long as there are several interconnected fractures
and the flow through the fractures is laminar, the Darcy flow
model of porous flow is applicable. Of course, it is possi-
ble that the geothermal flow is strongly controlled by a sin-
gle, large fracture, which would lead to strongly localised and
anisotropic flow. However, as we do not have any such data
about the host-rock in the study area and as we did not ob-
serve any large veins, we deem it most appropriate to model
fractured rock units in terms of isotropic Darcy flow with in-
creased permeability.
The combination of the four intrusion geometries and three
host-rock permeabilities results in a total of 12 numerical mod-
els, as listed in Table 3.

Figure 8: Permeability as a function of depth for the three
model host-rocks, one with high, one with low, and one with
super-high permeability. The functions are derived from fitting
exponential functions to the empirical values derived by Eg-
gertsson et al. [2020]. See also Appendix D, Figure D3, D4, D5,
D6, and D7

.

Our modelling results show the cooling of all intrusions,
as well as the effect of the intrusions on the temperature field
in the surrounding rock (Figure 9). Regarding the temperature
effect on the host-rock, we observe that conductive heat trans-
port is dominant in all models with low-permeability host-
rocks, while heat from the intrusions in the models with high
and super-high permeability host-rocks triggers vigorous con-
vection above the intrusions.
Cooling of the intrusions at their tips is on the order of
decades (Figure 10). While all intrusions experience a rapid
loss of heat by several hundred degrees immediately after
emplacement, cooling considerably slows down within one
to five years. The single large intrusions cool on longer
timescales than the arrays of small intrusions, with the single
dyke cooling slowest in both the low- and high-permeability
models. The single dyke low permeability (1D-LOW) model
displays a temperature stabilisation between 700 and 600 °C

for the three decades after emplacement, a similar rapid drop
and stabilisation is seen with the array of eight dykes (8D) and
eight sills (8S) in low permeability host-rocks stabilising at a
temperature between 450 and 500 °C and between 350 and
400 °C, respectively (Figure 10). The single large sill displays
a more continuous heat loss and stabilises only after more
than 20 years at temperatures above 400 °C. The arrays of
small intrusions experience a considerably higher initial heat
loss than the large intrusions and their temperatures stabilise
at about 50 to 150 °C below the large intrusions for all model
host-rocks. Generally, the lower the host-rock permeability,
the slower the intrusions cool. However, three decades after
emplacement, all intrusions are still considerably above the
background temperature (Figure 10).
The temperature field of the models highlights that all in-
trusions create a narrow thermal aureole by heating their im-
mediate surroundings within the modelled time (Figures 9
and 11). Here, we define the thermal aureole as the area in the
host-rock in which temperatures are increased with respect
to the background geotherm due to the presence of the intru-
sions, but excluding the plumes of hot fluid rising above the
intrusions in some models. The width of the thermal aureole
is primarily controlled by the host-rock permeability, with the
widest aureoles for the low permeability host-rock (Figure 11).
In those models, the thermal aureole is approximately 12 % of
the sill width (60 m) for the single sill, and increasingly wider
for the sill array (ca. 80 m), single dyke (ca. 100 m), and dyke
array (ca. 110 m). The relationship of the aureole widths is the
same for the high and super-high permeability host-rocks (1S
< 8S < 1D < 8D), but absolute widths are much smaller, i.e.
approximately 5 to 50 m for the high permeability models and
1 to 25 m for the super-high permeability models. Notably,
in the models with super-high permeability, temperatures in
the thermal aureole drop beneath the background temperature
because of the downwelling of cold water (Figure 11).
Our models also highlight that the intrusion geometry has
some influence on how intrusions cool. While dykes cool from
their upper tip downwards, sills cool from their lateral ends
inwards. Heating of the host-rock in between intrusions in the
arrays creates a common thermal areole for the entire array
within the first years after intrusion emplacement. Once the
rock between the thin intrusions is heated, the array acts as
one heat source and the rapid cooling of the array slows down
considerably (cf. Figure 10). Interestingly, the intrusion arrays
create wider thermal aureoles than the single, thick intrusions
in all models (Figure 11). The observation that dykes create
wider thermal aureoles than sills may be explained by the
position of the thermal plumes above the intrusions and the
prolonged upward transport of hot water along the dykes from
greater depths (cf. Figure 9).

6 DISCUSSION
6.1 Discussion of geological observations

Our observations from Breiðuvík caldera and previously doc-
umented geological information from Krafla stress the com-
plexity of caldera volcanoes as hosts of geothermal reservoirs.
Not only do calderas contain a multitude of different host-
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Table 2: Overview of rock physical properties used in the modelling performed for this study. In order to simplify the model input
parameters, we use three rock types only, i.e. a low-permeability, a high-permeability, and a super-high permeability host-rock.
Densities are based on a bulk dry density that assumes a solid matrix density of 2900 kg m−3. Porosities are derived from the
range of rocks measured by Eggertsson et al. [2020], thermal conductivity is from Robertson and Peck [1974] and based on dry
basalt; heat capacity from Heap et al. [2020b].

Host-rock (HR) type Solid-rock density
[kg m−3] Porosity Permeability at the

Earth’s surface [m2]
Thermal Conductivity

[Wm−1 ◦C]
Heat Capacity
[J kg−1 ◦C]

Low permeability HR 2850 0.03 1.32 × 10−15 1.75 1050
High permeability HR 2850 0.28 7.31 × 10−14 1.75 1050
Super-high
permeability HR 2850 0.35 10−12 1.75 1050
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Figure 9: The modelled temperature field ca. 30 years after intrusion. Note that a 600 m-wide section of the models is shown
only. The colour scale focusses on the temperature range interesting for geothermal exploration. Temperatures above 300 °C
do occur. See Table 3 for a list of all models. See text for description.

rocks at various stages of alteration and fracturing, they are
also intruded by a complex network of variably sized intru-
sions. Our geological investigations of Breiðuvík caldera pro-
vide qualitative and quantitative constraints on dyke and sill
networks cutting through diverse host-rocks. Similar relation-

ships for caldera intrusions are well documented by geother-
mal and scientific drilling at Krafla caldera [e.g. Mortensen et
al. 2015; Weisenberger et al. 2015] and elsewhere in Iceland
[e.g. Saubin et al. 2019; Liotta et al. 2020]. Equivalent con-
straints on intrusion geometry and spacing derive from stud-
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Figure 10: Cooling of the intrusions in all models, measured 20 m from the tip of the (top) sill and (middle) dyke (see locations
in Figure 7). Measurement point was chosen for comparability. Colour refers to intrusion geometry (where blue and red curves
refer to dykes and sills, respectively), line style refers to host-rock permeability. See Table 3 for explanation of the model names.
Time is given relative to the onset of intrusion, in years. The fluctuations in temperature for models 8D-SHI and 8S-SHI between
25 and 30 years is due to the downwelling of cold plumes in the geothermal system.

Table 3: List of the numerical models performed for this study,
indicating their intrusion geometry (dyke or sill), number of in-
trusions (one or eight), and the host-rock (high, low, or super-
high permeability).

Model ID Geometry Host-rock

1S-Low Single thick sill Low-permeability
1S-Hi High permeability
1S-SHi Super-high permeability
8S-Low Eight thin sills Low-permeability
8S-Hi High permeability rock
8S-SHi Super-high permeability

1D-Low Single thick dyke Low-permeability
1D-Hi High permeability
1D-SHi Super-high permeability

8D-Low Eight thin dykes Low-permeability
8D-Hi High permeability
8d-SHi Super-high permeability

ies of dykes and fractures associated with fissure swarms in
the active and eroded rift zones of Iceland [e.g. Paquet et al.
2007; Hjartardóttir et al. 2012] and other eroded volcanoes in
Iceland and worldwide [e.g. Walker 1999; Khoei et al. 2015;
Karaoğlu et al. 2016; Burchardt et al. 2018; Mordensky et al.
2018; Bazargan and Gudmundsson 2019; 2020; Ruz et al. 2020;
Satow et al. 2021].

Notably, our field investigations highlight examples of
cross-cutting intrusions that do not change trajectory and the
clustering of individual intrusions (see Section 4.1). The for-
mer observation is generally accepted as evidence of complete
solidification of the earlier emplaced intrusion, while the lat-
ter is interpreted as evidence for the interaction of intrusions
emplaced in a rapid manner [cf. Burchardt 2008; Chanceaux
and Menand 2014]. Clustering of intrusions in the same dyke
swarm has also been documented by Paquet et al. [2007] and
attributed to weakening of the host-rock by hydrothermal al-
teration or dyke emplacement. In Iceland, rifting episodes,
such as the Mývatn and Krafla fires in Krafla [Einarsson 1991;
Buck et al. 2006; Sturkell et al. 2008] and the currently ongo-
ing activity on the Reykjanes peninsula highlight that several
sheet intrusions can be emplaced in the same volcanic system
within weeks to years [Cubuk-Sabuncu et al. 2021; Hobé et al.
2021].
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Figure 11: Cooling of the intrusions and heating of the host-rocks along temperature profiles through the models at 1020 m
depth during different time steps after intrusion, in years. [A]–[D] Temperature along the profile at different time steps. [E]–[F]
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Our geological observations also highlight that small mag-
matic intrusions can cause contact metamorphism and circu-
lation of geothermal fluids in fracture networks in their imme-
diate surroundings (e.g. Figure 3). The thickness of thermal
aureoles we observed in the field were similar to, or thinner
than, the intrusion thickness. The lack of extensive melting

of the host-rocks in the aureole indicates that temperatures
were lower than those achieved in the numerical models. This
seeming mismatch can be explained by the shallow depth of
our field area (<400 m). In the models, the temperature field
is a sum of the intrusion heat and the background geothermal
gradient at depths of up to 1500 m. Therefore, the tempera-
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tures in the models are not temperatures we expect to have
occurred in the field examples.
Quantitative mapping of intrusion networks like the one in
Breiðuvík caldera highlight the complexity of such geological
systems regarding intrusion geometry, dimensions, interaction
with each other, pre-existing structures, and the host-rock(s).
While this complexity will necessitate further investigation to
explore the geothermal viability range, the modelling results
indicate that geothermal production would already be viable
for these baseline cases. By informing and validating our nu-
merical models with geological information, these baseline
cases will thus reduce exploration risks and open up possi-
bilities for exploiting shallow intrusions

6.2 Model limitations and potential for future studies

Although the numerical models presented in this study are
partially constrained by field observations of intrusion geome-
tries and dimensions, laboratory permeability measurements
[Eggertsson et al. 2020], and geothermometry estimates from
intrusions as presented in this study, the models remain highly
simplified approximations of natural systems. Permeability
can range over several orders of magnitude in a single rock
type such as ignimbrite, especially in hydrothermal environ-
ment [Heap et al. 2019; Kennedy et al. 2022]. The model ge-
ometry of intrusions, as well as the homogeneity of the host-
rocks, are oversimplified. As evident from our own observa-
tions in the field, intrusion geometries and networks are much
more complex, e.g. including dykes, sills, and other intrusion
geometries with different thickness and different spacing in
the same outcrop. Moreover, intrusions have complex three-
dimensional shapes that would yield more complex cooling
patterns when modelled in 3D. Our models provide a first
approximation of the thermal impact of small intrusions, and
moving towards more complex, 3D scenarios requires care-
ful sensitivity studies of all involved parameters. Future 3D
modelling can then also take into consideration different ori-
entations of intrusions and other features, as indeed, fractures
within Krafla caldera are aligned along a number of different
orientations that are not parallel with the main fissure swarm
[Hjartardóttir et al. 2012]. This contrasts with the more uni-
form orientation and dimensions of fractures and dykes as-
sociated with Krafla and other fissure swarms [e.g. Paquet et
al. 2007; Hjartardóttir et al. 2012; Ruz et al. 2020]. Nonethe-
less, the predominant fissure-parallel N to NNE orientation
of fractures opening within the Krafla caldera in the 1975–
1984 rifting episode indicates that the local caldera-related
stress field does not always strongly influence dyke orienta-
tions [Hjartardóttir et al. 2012], and so temporal changes in
caldera-related stress fields must also be an important factor.
We modelled the instantaneous emplacement of intrusions
even in the arrays, corresponding to cases where successive
intrusions have insufficient time to completely cool before the
next intrusion is formed. Our field observations (cross-cutting
relationships) and observations of rifting episodes, such as the
nine-year-long Krafla Fires [e.g. Einarsson 1991; Buck et al.
2006; Sturkell et al. 2008], provide indirect and direct evidence
for emplacement of sheet intrusions within the same array
over periods of months to years. A successive emplacemet of

several intrusions should have a strong effect on the nature
and longevity of temperature anomalies in their surroundings
[cf. Annen 2011; Annen 2017], as well as influencing the lo-
cal stress field [Paquet et al. 2007]. Further systematic analysis
of the spacing of fossil dissected intrusions [e.g. Paquet et al.
2007; Ruz et al. 2020] and the timing of intrusion events during
instrumentally observed rifting episodes [e.g. Björnsson et al.
1979; Ágústsdóttir et al. 2016] will provide useful new con-
straints.
The use of an exponential function fitted to laboratory per-
meability data for Krafla rocks with low and high permeability
by Eggertsson et al. [2020] allowed us to estimate the perme-
ability of rocks at depth (Figure 8). The values from the Eg-
gertsson et al. [2020] study cover intact rocks, as well as rocks
with fractures on the scale of laboratory investigations (mm to
a few cm). The range of permeabilities we chose to derive the
permeability as a function of effective pressure therefore cov-
ers sample-scale fractures. However, large-scale fractures are
known to significantly increase the equivalent permeability of
a volcanic rock mass [e.g. Heap and Kennedy 2016; Hobé et al.
2018]. The inclusion of fractures in the models is problematic
as no representative elementary volume exists for fractured
rock. We therefore explored the influence of an increased per-
meability due to fractures by introducing a model host-rock
with super-high permeability (one order of magnitude higher
than the high permeability host-rock). Nevertheless, fracture
networks need further investigation as they provide preferen-
tial flow-paths, and can produce large ranges of permeability
values due to multi-pathing, especially near the percolation
threshold [e.g. Ebigbo et al. 2016; Hobé et al. 2018, and ref-
erences therein]. The potential healing or sealing of fractures
represents an additional complication. We therefore neglect
the influence of fractures beyond the simple permeability in-
crease observed in Eggertsson et al. [2020]. Because of this,
our results can both be based on underestimated or overesti-
mated permeabilities of our host-rocks, which can result in an
under- or overestimation of the modelled cooling timescales.
As a result of our approach, the effect of host-rock perme-
ability decreases with depth in our models. However, we as-
sume constant values for the thermal properties of the model
host-rocks. Since porosity likely decreases as a function of
depth [e.g. Wyering et al. 2014], it is likely that, for example,
the thermal conductivity of volcanic rocks will also increase
as a function of increasing depth [see, e.g. Heap et al. 2020a].
With more data, future modelling could also account for the
depth dependence of thermal properties.
Furthermore, our geological observations and other studies
highlight the influence of host-rock layering in the emplace-
ment of intrusion [e.g. Mathieu et al. 2015]. As discussed above,
it is well established that lithological changes can introduce
variations in host-rock properties that can influence fluid flow
and associated heat transport, which is why future modelling
also needs to address these parameters.
Considering that our models are strongly simplified and
that there are near limitless possibilities to expand the in-
vestigated parameter space, we would like to stress that our
models simply aim to investigate the effect of the intrusions
as heat sources and to compare larger, single intrusions with
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arrays of smaller intrusions. In nature, geothermal reservoirs
would require further components, such as reservoir and cap
rocks. For instance, separation of fluid circulation into shal-
low and deep thermal regimes at Vítismór-Leirbotnar within
the Krafla geothermal system has been attributed to either a
clay-rich cap rock or depth-dependent permeability [Árnason
2020], and more refined modelling of formation permeability
with depth and position is required.

6.3 Implications for the geothermal potential of small intru-
sions in active caldera volcanoes: small intrusions, big
effects

Our geologically informed models highlight that even intru-
sions much smaller than the normally considered plutons
cause a locally significant increase of the sub-surface temper-
ature, and this temperature increase occurs within decades
following emplacement. Still, this timescale remains highly
relevant to Krafla (where the last magmatic intrusions spanned
1975–1984 with still active magma bodies in 2009) and other
frequently-active volcanic-geothermal systems. In fact, the
high temperatures encountered by boreholes in Krafla indi-
cate a potential proximity to recent sheet intrusions [Saubin
et al. 2021].
Not surprisingly, our model results indicate that larger in-
trusions provide more heat to their surroundings for a longer
time. However, the limited extent of the thermal aureole
makes them a difficult target for drilling, in particular in the
case of the dykes that have low thicknesses. The models also
show that despite the faster cooling of arrays of small intru-
sions, such networks, and their thermal aureole, can act as
significant heat sources for several decades following their
emplacement. In fact, the magmatic-hydrothermal interac-
tions triggered by the emplacement of several sheet intrusions
may explain thermal anomalies measured several years prior
to eruptions (thermal unrest) [Girona et al. 2021].
As highlighted by our field examples, the Breiðuvík and
Krafla calderas, such networks of small intrusions are abun-
dant at shallow depths. Our models also highlight that several
small intrusions forming close to each other in time and space
may afterwards act as a single heat source once the rock be-
tween intrusions is heated, as the intrusion array distributes
the heat over a larger area, and the cooling of the outer intru-
sions buffers the cooling of the inner intrusions. The thermal
anomaly created by such an array of near-contemporaneous
small intrusions could be larger in area than that of a sin-
gle thicker intrusion, and the larger thermal aureole around
the arrays implies that higher volumes of water are heated
by these arrays compared to the single intrusions. Moreover,
in nature, the presence of both sills and dykes in the same
array likely increases the thermal anomaly compared to the
scenarios modelled in this study. Hence, a network of dykes
and/or sills emplaced during a single rifting event may pro-
vide sufficient heat to be economically exploitable for electric-
ity production from water heated >250 °C. While all modelled
scenarios would provide sufficient heat for energy production,
the intrusion arrays would be more efficient at producing high
volumes of water at optimal temperatures for electricity pro-
duction.

We suggest costs and risks of geothermal projects could
be reduced in many aspects by exploiting networks of sheet
intrusions at shallow depths. Higher resolution exploration
methods should be used to improve resource assessment and
drill targeting and thus reducing risk. Boreholes to shallow
intrusions would be much cheaper than deep boreholes as
drilling costs grow exponentially with depth. Increased flow-
rates can be achieved due to higher permeabilities at shallow
depths, thus allowing faster heat extraction. A power plant
could thus target multiple intrusions individually. Wells that
stop producing high enough temperatures for direct electricity
production (ca. <150 °C) could still be used in multiple ways:

1. Super-heating the fluids using another source
[Borsukiewicz-Gozdur 2010] would still allow electricity
production (e.g. mixing of >300 °C fluids with 150 °C fluids
or through burning biomass to get temperatures relevant for
electricity production);

2. Cascade heating [Rubio-Maya et al. 2015] would allow
direct heat usage until temperatures reduce to ~18 °C;

3. Reinjection of geothermal fluids produced elsewhere
could allow extraction without the need of an additional in-
jection well;

4. Energy storage (heat and other sources); and

5. CO2 sequestration.

A system of multiple wells connected to shallow heat sources
at different temperatures thus reduces risk as it allows for flex-
ibility. This is especially true if added to an existing system
based on a larger heat source, as most of the required systems
would already be in place.
Our results provide vital information for future geothermal
exploration or research-driven magma drilling endeavours
such as the Krafla Magma Testbed (KMT) [Eichelberger 2019].
Prior to significant investment in infrastructure, such projects
will require reliable geophysical identification of magma body
locations and dimensions, in order to constrain the intruded
volume and nature of the host-rock, and thus estimate the
lifetime of potentially useful heat output. Small intrusions are
admittedly hard to identify with the current geophysical meth-
ods [cf. Rooyakkers et al. 2021]. However, in the case of dyke
intrusions identified by real time monitoring, additional con-
straints on dyke widths, which are a key influence on thermal
longevity, may derive from geodetic data [e.g. Sigmundsson et
al. 2014] and passive seismic data [Cubuk-Sabuncu et al. 2021;
Hobé et al. 2021]. In case of sills or sill arrays, horizontal
drilling may be preferred, as the geometry of sills implies that
they may act as permeability barrier. Once the challenges of
intrusion identification have been overcome, abundant small
intrusions at shallow depths in active caldera volcanoes could
become a worthwhile target for future geothermal exploration.
In particular, small intrusions emplaced into low-permeability
host-rocks, such as dense basalt lava, cool slowly because heat
transfer to the host-rock is dominated by conduction. Natural
permeability enhancement from the intrusion [Mordensky et
al. 2018] or induced via mechanical hydrofracturing [e.g. Sir-
atovich et al. 2015] or chemical stimulation [e.g. Farquharson
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et al. 2019] could herald efficient heat extraction from small
intrusions in such host-rocks.

7 CONCLUSIONS
We analysed the geothermal potential of small magmatic sheet
intrusions in caldera settings by studying the eroded Breiðuvík
caldera in Eastern Iceland and its exposed network of solidi-
fied sheet intrusions as an analogue for the active Krafla vol-
cano, Northeastern Iceland. Sheet intrusions of various sizes
(up to 40 m thick) and geometries (dykes and sills) occur in
networks that make up about 30 % of the outcrop. Field ev-
idence suggests some of the intrusion arrays in the outcrops
were emplaced over short time spans (months to years), and
the host-rocks show signs of former geothermal activity.
Together with geothermometric estimates of the intrusion
temperature in Breiðuvík sills and dykes, we used these mea-
surements and our observations to model cooling and heat
transport in 2D numerical models that simulated fluid flow
in porous media. With respect to the geothermal potential
of such intrusions, the results of these models indicate that
although single, large intrusions have a stronger thermal im-
pact on the surrounding rocks, networks of contemporaneous
small intrusions may heat up a larger area in the subsurface,
which implies larger volumes of high-temperature fluids. All
models show that the intrusion-related thermal anomalies re-
main for decades, for all model host-rocks. Large volumes of
>250 °C fluids may thus be available for extraction for sev-
eral decades after the emplacements of intrusions. Given that
borehole costs increase and geophysical imaging resolution
decrease with depth, and that networks of small intrusions
occur abundantly at shallow depth in active caldera volca-
noes, shallow intrusions should be considered as a target for
geothermal exploration.
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APPENDIX A

Table A1: Whole rock composition from Óskarsson [2015] used for the equilibrium test. Water content is based on Nichols et al.
[2002].
Whole rock
sample SiO2 TiO2 Al2O3 FeOt MnO MgO CaO Na2O K2O P2O5 H2O

Anhydrous
total

MSR11-010 49.5 2.7 14.6 13.8 0.2 4.6 8.5 3.3 1.1 0.5 0.4 98.8

APPENDIX B
The numerical model domain is subdivided into 11,000 triangular elements (see examples in Figures B1 and B2). We defined
three domains with different mesh resolutions: The finest mesh size ensures the highest resolution in, and immediately around,
the intrusion(s) to better calculate the heat equation, the second finest mesh is defined in the domain around and above the
intrusions to sufficiently resolve the temperature field and fluid transport caused by the intrusion. The mesh concentration
inside the intrusion depends on the minimum element size and maximum element size which is different in single thick
intrusions and the thin intrusions.

Figure B1: Mesh geometry in the models with a single thick sill.
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Figure B2: Mesh geometry in the models with eight thin sills.

APPENDIX C

Figure C1: Cross section through Leirfjall mountain based on a 3D reconstruction of the subsurface geology. The proportions of
intrusions was calculated in ImageJ.
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APPENDIX D
The entire model domain is governed by Darcy flow through
pores in a non-deforming rock matrix.
The Darcy flow law is given by

u = − 𝑘
µ
(∇𝑝 + ρ 𝑓 g) (D1)

where u is the Darcy velocity vector, 𝑘 is the permeability, µ
is the viscosity of the pore fluid, 𝑝 is the pore fluid pressure,
ρ 𝑓 is the pore fluid density, and g is the gravity vector. For a
complete description of the mechanical aspects of fluid flow,
the Darcy velocity is coupled with a statement of conservation
of mass,

φ
𝜕ρ 𝑓

𝜕𝑡
+ ∇ · (ρ 𝑓 u) = 0 (D2)

where φ is the porosity, which is generally variable in space
but constant in time.
In our model, the fluid flow is entirely driven by density
differences due to differences in temperature
and pressure. The evolution of the temperature field is dic-
tated by energy conservation,

(ρ𝑐𝑝)eff
𝜕𝑇

𝜕𝑡
+ ρ 𝑓 𝑐𝑝u · ∇𝑇 = ∇ · (𝑘 ′eff∇𝑇) (D3)

where 𝑐𝑝 is the specific heat, 𝑇 is temperature, and 𝑘
′ is ther-

mal conductivity. The subscript “eff” refers to effective prop-
erties of the combined fluid-solid medium. They are defined
as

(ρ𝑐𝑝)eff = φρ 𝑓 𝑐𝑝, 𝑓 + (1 − φ)ρ𝑠𝑐𝑝,𝑠 (D4)

and
𝑘
′
eff = φ𝑘

′
𝑓 + (1 − φ)𝑘 ′𝑠 (D5)

where subscript 𝑓 stands for fluid properties, and subscript 𝑠
stands for properties pertaining to the solid rock matrix. Use
of the energy equation as stated above implies that the temper-
ature of the pore fluid is everywhere in equilibrium with the
surrounding rock matrix. Given the low fluid interstitial ve-
locities and the small spatial scale of the pore spaces, thermal
diffusion between fluid and solid is expected to be fast relative
to the timescales of the large-scale convective flow, and hence
the assumption of local thermal equilibrium is justified even
in the regions of relatively fast Darcy flow.
The basaltic dykes and sills are intruded in mostly liq-
uid form. The initial intrusion temperature, which is based
on thermobarometry, is 𝑇 = 1130 °C. This temperature is
just below the liquidus temperature computed from MELTS
[Ghiorso and Sack 1995], which is T liq = 1145 °C. As the en-
thalpy of fusion is released over the temperature range be-
tween the liquidus and the solidus, a common practice is to
include the enthalpy of fusion in the heat capacity [e.g. Han-
son and Barton 1989]. In most models, we assume a linear
solidification rate between liquidus and solidus, which leads
to addition of a constant to the specific heat over that tem-
perature range. Following Hanson and Barton [1989], we use
for these models T liq = 950 °C and Tsol = 1150 °C. The en-
thalpy of fusion is L = 375kJ kg−1 [Hanson and Barton 1989].
The specific heat is thus increased from the standard value of
cp0 = 1050 J kg−1 K to cp = 2925 J kg−1 K over the tempera-
ture range 950 °C < T < 1150 °C. With one model, we test the
effect of the assumption of linear solidification by using the
melting function 𝑓 (𝑇) as derived from MELTS. For this model,
the specific heat is computed using

𝑐𝑝 = 𝑐𝑝0 + 𝐿
𝑑𝑓

𝑑𝑇
. (D6)
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Figure D1: Melting functions versus temperature. Most models use the linear melting function (dashed line). In order to evaluate
the sensitivity to this approximation, we also ran one model with the melting function calculated using MELTS (solid line). This
melting function was calculated at a pressure of 300 MPa for the composition specified in Table A1. For comparison, we also
show the melting function for the same composition, but without water (dash-dotted line); this melting function was not used in
the model runs.

Figure D2: Specific heat as function of temperature. The solid line is based on the melting function f(T) from MELTS using the
partly wet composition. The dashed line is based on the linear melting assumption. Note that both models use the same value
of the enthalpy of fusion L, and hence the areas under the two curves are equal. By comparison with the dry melting curve in
Figure D1, it is observed that the sharp peak of the specific heat function at 885 °C as well as the elevated values up to 970 °C
are due to the presence of water.
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Figure D3: Initial geotherm with dT/dz = 200 °C in the upper 1000 m, and leveling out to a constant temperature of T = 200 °C
below a depth of 1100 m, with a smooth transition in between.

Figure D4: Permeability of magmatic intrusions as a function of temperature as used in the numerical models. Above the solidus
(T > 900 °C), intrusions are assumed to be impermeable, and the permeability is set to a low value of k = 10−22 m2. Between
T = 500 °C and T = 900 °C, permeability is assumed to decrease linearly with increasing T from a value of k = 10−17 m2 to a value
of 10−22 m2 [Hanson and Barton 1989; Hayba and Ingebritsen 1997]. Between T = 360 °C and T = 500 °C, permeability is taken to
decrease linearly from k = 10−16 m2 to k = 10−17 m2 with increasing T due to fracture formation in the intrusions [Foumier 1991;
Hayba and Ingebritsen 1997].
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Figure D5: Density of water as a function of temperature for 3 different linear geotherms. Geotherm 1 starts at the surface
(1 atm) and 100 °C and ends at a depth of 1500 m and 600 °C. Geotherm 2 starts at 1 atm and 100 °C and ends at 1500 m depth
and 400 °C. Geotherm 3 starts at 1 atm and 0 °C and ends at 1500 m depth and 400 °C. Data from Parry et al. [2000], using the
MATLAB functions published by Mikofski [2013].

Figure D6: Specific heat capacity of water as a function of temperature for the same 3 geotherms as in Figure D5. Data from
Parry et al. [2000].
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Figure D7: Thermal conductivity of water as a function of temperature for the same 3 geotherms as in Figure D5. Data from
Parry et al. [2000].

Figure D8: Dynamic viscosity of water as a function of temperature for the same 3 geotherms as in Figure D5. Data from Parry
et al. [2000].
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Table D1: Permeability functions derived from empirical values from Eggertsson et al. [2020] assuming hydrostatic conditions.
Exponential function equation: 𝑘 (𝑧) = 𝑎1 exp (−𝑎2𝑧) + 𝑎3; 𝑧Min = 0 m, 𝑧Max = 1500 m.

𝑎1 𝑎2 𝑎3

High permeability Basalt 9.6490 × 10−14 1.8524 × 10−4 -
Low permeability Basalt 1.5631 × 10−15 1.1302 × 10−4 -
High permeability Ignimbrite 1.0731 × 10−13 1.0806 × 10−3 -
Low permeability Ignimbrite 2.0234 × 10−15 1.1868 × 10−3 -
Fractured fit 1.1594 × 10−13 0.0621 2.2527 × 10−13
Fracture network (super-high permeability) 8.3731 × 10−13 0.0621 1.6269 × 10−13

Figure D9: Exponential permeability functions shown in Table D1 compared to the experimental permeability as a function of
effective pressure data for intact and fractured basalts from Eggertsson et al. [2020]. Conversion to depth was done assuming
hydrostatic conditions. The super-high permeability models (fracture network) use a shifted curve corresponding to a fractured
basalt (fractured fit).The shift has the curve start at 1 × 10−12 at 0 m depth.
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