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Abstract

Ignimbrites within calderas host intrusions with hazardous and/or economically significant hydrothermal systems.
The Hvítserkur ignimbrite at Breiðavík caldera, north-eastern Iceland, is intruded by basaltic dykes. The country
rock ignimbrite is generally soft and zeolite-rich, has low permeability, high porosity, and few macrofractures. How-
ever, the ignimbrite immediately adjacent to the dyke is hard, recrystallised quartz, plagioclase, and alkali feldspar,
with a low permeability and porosity and frequent macrofractures. At 1–2 m from the dyke, the ignimbrite is
hard, dominantly glassy with pervasive perlitic microfractures, has high permeability, but low porosity and fre-
quent macrofractures. A narrow zone of pervasive unlithified clay exists 2 m from the dyke. The dyke intrusion
promoted a narrow zone of welding, fracturing, and perlitisation in the ignimbrite resulting in high permeability
and focussed alteration. Our study shows how intrusions and their thermal aureoles create vertical pathways for,
and horizontal barriers to, geothermal fluid flow.
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1 Introduction

Dykes and hydrothermal systems within porous vol-
canic rocks represent a hazard related to hydrothermal
explosions [e.g. Hedenquist and Henley 1985; Bixley
and Browne 1988; Barberi et al. 1992; Bromley and
Mongillo 1994; Browne and Lawless 2001; Montanaro
et al. 2020; 2021] and a geothermal resource [e.g. Bibby
et al. 1995; Bertrand et al. 2012; Rowland and Simmons
2012; McNamara et al. 2016; Heap et al. 2020a; Spit-
tler et al. 2020]. In these systems, the fluid composi-
tion [Garden et al. 2020], matrix permeability [Saar and
Manga 1999; Heap et al. 2017a; Kushnir et al. 2018;
Mordensky et al. 2018b; Cavazos-Álvarez et al. 2020],
and fracture pathways [Rissmann et al. 2011; Heap and
Kennedy 2016; Garden et al. 2017; Mordensky et al.
2018a; Kennedy et al. 2020] within the volcanic rock
determine the type of hazard, as well as the resource
potential. However, barriers to fluid flow, such as faults
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and sheet intrusions, may also channelise or compart-
mentalise flow [Bruhn et al. 1990; Caine et al. 1996;
Evans et al. 1997; Caine and Forster 1999; Chevallier
and Woodford 1999; Cello et al. 2001; Quinao et al.
2013]. Channelisation and barriers to fluid flow can
generate locally raised pore pressures that are sufficient
to promote volcanic hazards. Possible hazards include
slope failure [e.g. Day 1996; Heap et al. 2021a; b], hy-
drothermal eruptions [Fitzgerald et al. 2014; Mayer et
al. 2015; Kennedy et al. 2020], and erratic explosive be-
haviour [Heap et al. 2019]. Resources may be geother-
mal, mineralogical, hydrological, or petroleum-based
[Bischoff et al. 2019]. However, volcanic rocks are no-
toriously variable; and even within a single type of vol-
canic rock, e.g. ignimbrites, there is huge variability in
physical and mechanical properties [Sruoga et al. 2004;
Pola et al. 2012; Wyering et al. 2014; Heap et al. 2020b;
Heap and Violay 2021], and so fluid flow is difficult to
model. As a consequence, the related hazards and re-
source potential are difficult to predict.
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Compartmentalisation occurs when fluid flow is re-
stricted to a particular area within the stratigraphy,
bounded by fluid flow barriers. It is observed in
aquifers, petroleum reservoirs, geothermal fields [e.g.
Quinao et al. 2013; Rateau et al. 2013; McNamara et al.
2016; Senger et al. 2017], and hydrothermal systems at
volcanoes [e.g. Hurwitz 2003; Delcamp et al. 2016; Ball
et al. 2018; Finn et al. 2018]; and can be driven by min-
eral precipitation associated with chemical [Farquhar-
son et al. 2019], barometric, or thermal gradients or
structural discontinuities such as faults and shear zones
[e.g. Watson et al. 2007; Árnason 2020]. Dykes are com-
mon features in volcanic environments, and dyke intru-
sion enhances the barometric, chemical, thermal, and
structural discontinuity gradients within the volcanic
host rock [Senger et al. 2017]. The composition, tem-
perature, width, and dynamic history of the dyke deter-
mines its impact on the properties of the surrounding
rocks [e.g. Kennedy et al. 2010; Schauroth et al. 2016;
Annen 2017].

The physical and thermal properties and strati-
graphic architecture of the host volcanic rock(s) influ-
ence how the dyke intrudes (i.e. initiation, propagation,
and arrest), which in turn affects compartmentalisation
and fluid flow [e.g. Kavanagh et al. 2006; Burchardt
2008; Taisne and Jaupart 2009; Burchardt et al. 2011;
Maccaferri et al. 2011; Taisne et al. 2011; Krumbholz
et al. 2014]. The intrusion of the dyke additionally in-
fluences and is influenced by the tectonic and volcanic
stress field and the structure of the volcanic plumbing
system [Gudmundsson 2002; Galland et al. 2014].

Most calderas have all the components to host hy-
drothermal systems [Stix et al. 2003]: a thick accu-
mulation of ignimbrite within the caldera, the pres-
ence of faults related to both subsidence and uplift,
and a history of intrusion by complex shallow plumb-
ing systems [Kennedy et al. 2018]. Field examples show
how intra-caldera dykes affect fracture orientation and
density [Garden et al. 2017], and ignimbrites record a
huge variation in matrix physical properties [Sruoga et
al. 2004; Heap et al. 2020a]. Several authors have at-
tempted to combine field and laboratory measurements
to make inferences on the changes in physical prop-
erties of the rock matrix and mass surrounding intru-
sions, and these are frequently complicated by local
variations in primary volcanic texture [Mordensky et
al. 2018a; b; Saubin et al. 2019]. To date, and to the au-
thors’ knowledge, there has been no systematic study
that links the fracture patterns and the physical prop-
erties within dyke-modified caldera-filling ignimbrite.
Such a study could provide a spatially and lithologi-
cally constrained model of the dyke-driven compart-
mentalisation of fluid flow.

Here, we capitalise on the exceptional exposure of
the eroded Breiðuvík caldera in the northernmost East
Fjords of Iceland. The Neogene age (23.03–2.58 Ma)
Breiðuvík caldera is located within a large volcanic
cluster in the northernmost part of the East Fjords of

Iceland [Figure 1; Burchardt et al. 2011; Berg et al.
2018; Burchardt et al. 2021]. Within the volcanic clus-
ter, effusive and explosive eruptions produced large
volumes of rhyolite as lava flows and ignimbrites. The
latter occur as voluminous caldera infill, such as at
Hvítserkur, as well as sheets that covered the landscape
at the time. Rhyolitic volcanic activity in the area was
accompanied by voluminous olivine basalt magmatism,
as seen in geological maps of the northern half of east-
ern Iceland [Óskarsson and Riishuus 2013].

The Breiðuvík caldera formed at 12.41 ± 0.28 Ma
[Berg et al. 2018] and was associated with the depo-
sition of a partly-welded, rhyolitic ignimbrite filling a
bowl-shaped depression. The maximum exposed thick-
ness of the ignimbrite within the caldera is up to 400 m.
The mountains Hvítserkur and Leirfjall expose com-
plete sections through the ignimbrite, as well as the un-
derlying basaltic lavas. The ignimbrite is overlain by
2 to 70 m-thick lake sediments that most likely origi-
nate from the erosion and deposition of the ignimbrite
outside the caldera. High whole-rock δ18O values indi-
cate that the ignimbrite was subsequently altered in a
hot spring environment in the caldera lake [Berg et al.
2018]. Olivine basalt magma intruded the Hvítserkur
ignimbrite and the overlying sediments in the form of
dykes and sills and fed eruptions in the caldera lake.
The resulting hyaloclastite breccias and pillow lavas
overlay the Hvítserkur ignimbrite and 2–3 m of lake
sediments at the top of the mountain.

The iconic southern flank of Hvítserkur superbly ex-
poses the complex network of basaltic dykes that cross-
cut the unwelded ignimbrite (Figure 1A). Since some
of the dykes can be seen to connect to vents and pil-
low breccias that were erupted into the caldera lake,
we can constrain the depth of intrusion of the dykes
to 0–300 m in the southern flank of Hvítserkur. Using
mineral geothermometry on plagioclase in some of the
dykes in the Hvítserkur ignimbrite, Gestsson [2018] de-
termined the magma temperature to be approximately
1130 ◦C, which had a pronounced effect on the ign-
imbrite in contact with the intrusions. Preferential ero-
sion of many dyke interiors has generated morpholog-
ical channels, while the adjacent thermally altered ig-
nimbrite stands out as metre-high walls that flank the
dykes and stand proud of the unaltered far-field ign-
imbrite (Figure 1B).

Our aims are to: (1) use geotechnical techniques to
characterise the impact of dyke intrusion on a) ma-
trix and b) effective fracture permeability; (2) compare
the textural characteristics and mineralogy of samples
within the thermal aureole, and (3) explore implica-
tions for subsurface fluid flow within ignimbrite-filled
calderas.
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Figure 1: [A] Location map showing the studied field area (mountains Hvítserkur and Leirfjall; East Iceland). The
ignimbrite is shown in red. [B] Photograph of Hvítserkur taken looking North illustrating the location of the studied
dyke and the relationship to the other dykes, and the ignimbrite.

2 Methods

We systematically measured rock properties in the field
and in the laboratory. In the field we surveyed Hvít-
serkur mountain using a DJI Phantom 3 drone taking
oblique photos roughly parallel to the ground surface
(∼20 to 45 degrees to the horizontal) at approximately
30 m above ground every ∼20 m. This photo mosaic al-
lowed us to create a Structure-from-Motion digital sur-
face model with a resolution on the order of 1–5 cm
using the software Agisoft Metashape Pro. From this
survey, we selected the optimal locations—based on
accessibility and continuous exposure—for sampling,
scanline mapping, and Schmidt hammer data collec-
tion.

The field location for detailed sampling was a tran-
sect on the western side of a 6 m-wide basaltic dyke
(the eastern side was not investigated in detail). The
steep and loose terrain meant the transect was divided
in two parts to avoid areas of loose rock. When com-
bined, this formed a single continuous scanline ap-

proximately perpendicular to the dyke margin (Fig-
ure 2B). Along this scanline we were able to provide
a dense array of field strength estimates, collected us-
ing a Schmidt rebound hammer. Measurements were
made with a type-L Schmidt hammer held perpendic-
ular to the rock surface, following the method defined
by Torabi et al. [2010]. The Schmidt hammer releases
a spring-driven piston onto the outcrop; the piston re-
bound can be read directly by the user. Relatively hard
surfaces yield higher rebound distances than softer sur-
faces, and this value has been shown to correlate with
the strength [e.g. Deere and Miller 1966; del Potro and
Hürlimann 2008; Kılıç and Teymen 2008; Harnett et al.
2019] and Young’s modulus [e.g. Dinçer et al. 2004] of
the rock. The relative ease of use of the Schmidt ham-
mer allowed for a high concentration of measurements,
from which we used the ten highest measurements ev-
ery 10 cm. The locations of single impacts were sepa-
rated by at least the piston diameter, to avoid inducing
damage in sites of subsequent measurement.
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Along the same transect we used a scanline to map
discontinuity characteristics, discontinuity type, dip
magnitude and dip direction, frequency, endpoint vis-
ibility, number of visible endpoints, termination type,
strike, aperture, rock type, trace length, exposure area,
and texture, infill, staining, and seepage, consistent
with other volcanic studies [e.g. Moon et al. 2005; Gar-
den et al. 2017; Mordensky et al. 2018b; Saubin et al.
2019].

We collected five ∼10 kg blocks of ignimbrite at sys-
tematic distances from the dyke margin and drilled
them to produce 20 mm-diameter cylindrical cores,
40 mm in length, suitable for physical property charac-
terisation in the laboratory (inset in Figure 2). Samples
avoided macrofractures and were oriented in the field,
although the steep terrain made this challenging. Sam-
ples were cored in two orthogonal directions (approx-
imately parallel and perpendicular to the dyke mar-
gin) to investigate whether permeability is anisotropic.
The samples were first washed with water and dried
in a vacuum-oven (at 40 ◦C) for at least 48 hours. A
helium pycnometer determined the connected skeletal
volume of the samples, and the connected porosities
were calculated using the bulk sample volume (deter-
mined using the sample dimensions). Total porosities
were calculated using the bulk sample density (deter-
mined using the sample mass and dimensions) and the
solid density (determined using the mass and volume
of a powdered sample, the latter measured using the
helium pycnometer). We measured matrix permeabil-
ity using a nitrogen benchtop gas permeameter at the
University of Strasbourg in France [Heap and Kennedy
2016] under a confining pressure of 1 MPa. Prior to
measurements of permeability, the samples were left at
1 MPa for 1 hour to allow for microstructural equili-
bration. Due to the low permeability of these samples,
we used the pulse-decay method [Brace et al. 1968].
We checked for whether the Forchheimer [Forchheimer
1901] or Klinkenberg [Klinkenberg 1941] corrections
were necessary, and applied them on a case-by-case ba-
sis (all but one of the measured samples required a
Klinkenberg correction; no samples required a Forch-
heimer correction). Details of these corrections can be
found in Heap et al. [2017b]. The experimental error
on the measurements of porosity and permeability are
�1 % and <1 %, respectively.

Mineralogical composition and textures were anal-
ysed using a combination of thin section microscopy
and X-ray powder diffraction (XRPD) analysis using
materials taken from the same blocks. Thin sec-
tions were prepared to dimensions of 25 × 47 mm,
ground to 30 µm thickness, and mounted without cover
slips. Preliminary thin section analysis using a polaris-
ing light petrographic microscope allowed phenocryst
phases to be identified and further textural analysis was
carried out using a JEOL-IT300 Scanning Electron Mi-
croscope (SEM) at the University of Canterbury in New
Zealand.

Table 1: Geological sample scanning protocol parame-
ters

Parameter Protocol

Voltage 120 kVp
Current 28

Exposure Time 250
Filter 1.96 mm Al

Reconstructed Voxel Size 0.05 mm3

Energy Thresholds 15, 35, 55, 75 keV
Projections 720 pr/rotation

Magnification 1.26
Pixel Size 0.11 mm

Resolution 150 µm

To analyse for any 3D alignment of pumices
and lithic clasts, the samples were scanned in a
MARS spectral X-ray computed tomography (CT) scan-
ner, which utilises photon-counting, energy resolving
Medipix3RX detector chips. This detector technology
has a small pixel size, 110 × 110 µm, and in paral-
lel with an X-ray source focal spot size of 70 µm can
provide a sufficient spatial resolution [De Ruiter 2015;
Panta 2015; Anjomrouz 2017]. The reconstructed voxel
size of these MARS scans is 50 µm, therefore structures
of this size within a sample are able to be resolved. The
parameters that were selected for an optimised scan-
ning protocol for geological samples are outlined in Ta-
ble 1. The scan data were processed using MATLAB
and visualised using MARS Vision [Duncan 2021].

Sample aliquots were ground for XRPD analysis us-
ing a McCrone micronizing mill with agate cylinder
elements in isopropanol. Zinc oxide (10 wt.%) was
added as an internal standard to quantify amorphous
phases. Side-loaded powder mounts were analysed us-
ing a Bruker D8 Advance Eco diffractometer (goniome-
ter radius 250 mm) with CuKα radiation (40 kV, 25 mA;
automatic divergent slit, primary and secondary sollers
of 2.5° opening) from 2 to 75° 2θ using a 1-D Lynxeye
XE-T detector. Mineral quantification was carried us-
ing the Rietveld program BGMN [Bergmann et al. 1998]
and the PROFEX graphical user interface [Doebelin and
Kleeberg 2015].

3 Results

The “country rock” beige ignimbrite is zeolite rich with
prevalent light green colouration in pumice clasts and
fractures with green alteration haloes. The ignimbrite
exposed in the 200 m of vertical exposure on the South-
facing flank of Hvítserkur contains 30 dykes across
a 530 m horizontal transect. We focus our investi-
gations on a 6 m-wide mafic dyke that is near verti-
cal and strikes NNW–SSE. The digital surface model
shows both dyke margins clearly expressed geomor-
phologically as two walls (2–3 m thick) of more resis-
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tant, black- to brown-coloured welded ignimbrite (Fig-
ure 2B). Immediately adjacent to the ignimbrite walls
of the dyke, we detected a layer of brown-coloured,
fine grained, unconsolidated clay-material forming a
20–40 cm-thick sheet parallel to the ignimbrite walls,
resembling chocolate pudding.

We completed a scanline measuring the orientation,
number and type of fractures in the ignimbrite per-
pendicular to the dyke margin on the western side
(Figure 3), which shows that, within the first 3 m of
the dyke margin in the dark, perlitised, and blue ign-
imbrite, there are 2–4 fractures per 25 cm interval. This
fractured zone can be seen in Figure 2. The number of
fractures per 25 cm interval drops to 0–2 beyond 3 m
from the dyke margin (Figure 3A). Close to the margin
of the dyke, in the dark and perlitised ignimbrite, frac-
tures (black and grey circles in Figure 3B) strike near
parallel with, or perpendicular to, the ∼NNW–SSE-
striking dyke margin (green circle in Figure 3B) and are
dominantly near-vertical, whereas the fractures strike
dominantly NNE–SSW in the blue ignimbrite and ig-
nimbrite further from the dyke (as shown in Figure 2
and the blue and yellow circles in Figure 3B), again
dominantly near vertical. These fractures in the blue
ignimbrite and ignimbrite further from the dyke are
clearly seen in the drone image of the outcrop (Fig-
ure 2). The orientation of other dykes (red diamonds in
Figure 3B) show that steeply dipping (>70°) dyke struc-
tures comprise nearly 75 % of all measured dykes and
strike NNE–SSW to NE–SW, while a minor set of shal-
low dipping sheet intrusions appears to be parallel to
the base of the caldera depression (Figure 3B). These
fractures in the blue ignimbrite and ignimbrite further
from the dyke are clearly seen in the drone image of the
outcrop (Figure 2).

Our Schmidt hammer transect across the rhyolitic ig-
nimbrite away from the contact with the basalt shows
that rebound values within the first 1.2 m of dark ign-
imbrite are mostly between 20–35 (Figure 4). Schmidt
rebound values decrease to about 15 between 1.2 and
2 m from the dyke. At distances >2 m from the dyke
margin, the rebound values decrease further, to be-
tween 5 and 10 (Figure 4). The low number of data
points beyond 2 m is due to the rock being too soft to
register a rebound value on the Schmidt hammer (i.e.
<10). The vertical layer of unconsolidated chocolate-
brown fine-grained clay with the texture of chocolate
pudding was too soft to measure with the Schmidt
hammer at a distance of about 2.8 m.

The laboratory analyses were performed on samples
prepared from blocks that were collected where possi-
ble from the outcrop. These blocks allowed us to char-
acterise the mineralogy, textures and physical proper-
ties of the ignimbrite at various distances from the dyke
margin to complement and inform the field results. The
XRPD results (Table 2) show that the ignimbrite sam-
ple collected closest to the dyke (45 cm) has recrys-
tallised at high temperature to quartz and feldspars,

with no glass or zeolites present. Microstructurally,
the sample shows ash-sized pumice fragments resem-
bling fiamme (Figure 5A), characteristic of welded ig-
nimbrites, but there is no sample scale orientation of
the larger pumices visible on CT scans of any sample.
For example, the sample of dark ignimbrite with weld-
ing textures is shown in Figure 6 and shows an ab-
sence of lapilli-sized pumice or lithic clast alignment.
The SEM images (Figure 5A) reveal that the original
pumice shapes have lost vesicularity and crystallised to
form quartz and feldspar. Lithic clasts present show
no alignment and contain higher percentages of mafic
minerals. At a distance of 205 cm from the dyke, but
still forming part of the dark wall or thermally altered,
more erosion-resistant ignimbrite, the sample contains
52 wt.% glass. Potentially some of this glass could be
opal-A/cristobalite. However, SEM analysis indicates
that it looks like glass (Figure 5B), and some pumiceous
textures and lithic clasts can be seen, but large parts
of the sample are dominated by distinctive curved per-
litic cracks (Figure 5B). Original pumiceous textures
are difficult to distinguish, due to compaction and per-
litic fracturing. Porosity is only present in the perlitic
cracks and open cracks around larger clasts which, in
some areas, have recrystallised locally forming silica
polymorphs (Figure 5B).

Samples from distances of 305–705 m from the dyke
margin have similar mineralogy and textures. They dis-
play a range of distinct clast colours representing lithic
clasts and lapilli sized pumices with varying amounts
of alteration and porosity. These samples predomi-
nantly comprise zeolites (37–49 wt.%) and glass (25–
37 wt.%). Glass shards show original bubble wall mor-
phologies with no evidence of welding (Figure 5C–
E), and the interior of these larger shards/ash-sized
pumice fragments frequently show vug-like zeolites
that have grown into cavities. Such cavities are the
dominant type of porosity and occur within the ash ma-
trix, rather than the larger pumices. As a result, these
samples are significantly more porous than the densely
compacted samples closer to the dyke. In some areas,
the zeolites have formed spheroidal recrystallisation
cores to glass shards. Microfractures radiate from re-
crystallised pumice zeolite spheroids and crosscut the
matrix but do not penetrate into the lithic clasts (Fig-
ure 5C).

The porosity and permeability data from the labo-
ratory illustrate how the microstructures seen in the
SEM can influence the physical properties of the ign-
imbrite. Figure 7A–B show laboratory-measured con-
nected porosity and permeability as a function of dis-
tance from the dyke (data available in Table 3). Close
to the dyke (0.45 m from the margin, in the recrystal-
ized dark ignimbrite), the porosity of the sample is very
low (0.01–0.03) and permeability is too low to measure
with our experimental set up (<10−18 m2), consistent
with the lack of pores and microfractures seen in our
microstructural analyses (Figure 5A). At 2.05 m from
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Figure 2: [A] Structure from motion photogrammetry reconstruction (orthophoto) of an oblique view (from the
East) of the field site at Hvítserkur (East Iceland). [B] Study area with sample and scan line locations marked.
Orientations of some fractures are highlighted by dotted white lines. Photographs of examples of the 20 mm-
diameter cylindrical samples prepared for the laboratorymeasurements (inset): VK5 and VK3 zeolitized ignimbrite
samples, VK2 blue ignimbrite, VK4 perlitised ignimbrite, and VK6 dark ignimbrite.

the dyke margin, in the perlitised dark ignimbrite, the
porosity is ∼0.07 and the permeability increases, but
is quite variable, from ∼ 4 × 10−17 to ∼ 3 × 10−16 m2.
This permeability increase coincides with the occur-
rence of perlitic cracks seen in our microstructural
analyses (Figure 5B). Additionally, the CT scans show
a significant porosity around larger lithic clasts and
dense pumice lapilli (Figure 6). Porosity increases to
about 0.15 at a distance of 3.05 m from the dyke in
the blue fractured ignimbrite sample, accompanied by
a decrease in permeability, to ∼ 5 × 10−18 m2. This de-
crease in permeability is the result of a decrease in mi-
crofractures and an increase in vugs, as revealed by our
microstructural work (Figure 5). The vugs present in

these samples are seen in the ash-sized pumices (Fig-
ure 5C–E). The porosity increases again at a distance
of 4.55 m from the dyke, in the normal zeolitized ign-
imbrite, to about 0.2, again accompanied by a decrease
in permeability, to ∼ 1.5 × 10−18 m2. Porosity and per-
meability are consistent for the two sample locations
>4 m from the dyke, showing a similar trend as the
consistent Schmidt hammer rebound values at these lo-
cations (Figure 4).

Except for sample VK6, permeability decreases non-
linearly as a function of increasing connected porosity
(Figure 7C), unlike many previous studies that show a
non-linear permeability increase with increasing con-
nected porosity [e.g. Farquharson et al. 2015]. As out-
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Table 2: Quantitative phase analysis for the rocks collected as a function of distance from the dyke (VK6, VK4,
VK7, VK2, VK3, and VK5; see Figure 2 derived from X-ray powder diffraction analyses.

Sample number

VK6 VK4 VK7 VK2 VK3 VK5

Field description of sample Dark
Dark Chocolate Blue Zeolitized Zeolitized

perlitised pudding ignimbrite ignimbrite ignimbrite

Distance from dyke (cm) 45 205 280 305 455 705

M
in

er
al

co
nt

en
t

(w
t.

%
)

Amorphous phases (glass) 0 52 17 10 17
Sanidine 44 4 4 5 4

Plagioclase 22 20 17 16 14 8
Quartz 27 3 3 3 3 2
Biotite 2 < 1 < 1 < 1 < 1

Magnetite, Ilmenite 2 1 < 1 1 < 1
Clinoptilolite-Heulandite 20 52 49 53

Opal-CT 8 7 17 15
Smectite 2 11 60

Table 3: Summary of the laboratory data (connected porosity and permeability) collected for this study. The
experimental error on the measurements of porosity and permeability are�1 % and <1 %, respectively. Samples
were either samples cored approximately perpendicular to dyke margin (X-direction) or approximately parallel to
dyke margin (Y-direction).

Sample Distance from dyke margin (m) Orientation Connected porosity Permeability (m2)

VK6 0.45 X 0.02 < 10−18

VK6 0.45 X 0.02 < 10−18

VK6 0.45 Y 0.03 < 10−18

VK6 0.45 Y 0.01 < 10−18

VK4 2.05 X 0.07 1.37× 10−16

VK4 2.05 X 0.06 3.61× 10−17

VK4 2.05 Y 0.07 3.43× 10−16

VK4 2.05 Y 0.07 2.02× 10−16

VK2 3.05 X 0.16 -
VK2 3.05 X 0.15 7.88× 10−18

VK2 3.05 Y 0.14 5.02× 10−18

VK2 3.05 Y 0.14 3.95× 10−18

VK3 4.55 X 0.21 1.82× 10−18

VK3 4.55 X 0.19 2.66× 10−18

VK3 4.55 Y 0.21 1.50× 10−18

VK3 4.55 Y 0.20 1.46× 10−18

VK5 7.05 X 0.19 1.31× 10−18

VK5 7.05 X 0.15 2.13× 10−18

VK5 7.05 Y 0.20 1.15× 10−18
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Figure 3: [A] Fracture spacing data recorded at scan-
line intersection binned every 25 cm to illustrate frac-
ture density as a function of distance from the dyke
margin. [B] Stereographic lower hemisphere, equal area
projection of fracture orientations planes in the differ-
ent rock types including comparison to the orientation
of the dyke investigated in this study and other dykes in
Hvítserkur measured in the field.

lined here, this initially counterintuitive relationship
has a microstructural explanation, based on the par-
titioning of the void space (i.e. the relative propor-
tions of microcracks and pores). Figure 7 shows that
there is no systematic difference between the porosity
and permeability of samples cored in the two orthog-
onal directions (X-direction, perpendicular to margin;
Y-direction, parallel to margin), indicating that there is
essentially no matrix permeability anisotropy in these
materials. This is consistent with the lack of anisotropy
revealed by the CT (Figure 6). Nonetheless, we do
note that the permeability of the samples at the dyke
margin are slightly, but consistently, more permeable
in the Y-direction than in the X-direction (Figure 7B).
This could be related to the microtextural alignment
of glass shards seen in Figure 5A. However, we have
been cautious in our interpretations of this permeabil-
ity anisotropy due to uncertainty in the exact orienta-
tion of the samples, which were oriented in challenging
conditions.

Figure 4: Schmidt hammer rebound values measured
as a function of distance from the dyke margin. Sym-
bol colours as in previous graph, and note many values
were taken between 3 and 8 m from the dyke and all
were below the detection limit of the Schmidt hammer.
The Schmidt hammer rebound value is linked to rock
strength and stiffness [e.g. Dinçer et al. 2004]. However,
we prefer to show the rebound values here, rather than
use empirical relationships that may invite error.

4 Results summary

Our data show that ignimbrite field and laboratory
properties vary systematically with distance from a
six m-wide sub-vertical basaltic dyke, echoing the ge-
omorphological expression (Figure 8). Within the first
metre of the dyke margin, there are twelve fractures per
metre in our ignimbrite scanline and the rock is charac-
terised by high Schmidt rebound hammer values, low
porosity and low permeability. These rocks contain a
completely recrystallised groundmass of quartz, pla-
gioclase, and alkali feldspar.

At 1–2.05 m from the dyke margin, there are about
nine fractures per metre, and Schmidt hammer re-
bound values decreases, while laboratory permeability
values show anomalously high permeability (10−16 m2)
for its relatively low porosity (0.07); the SEM image of
this sample showed pervasive perlitic microfractures,
while a dominantly glassy texture was recorded by
XRPD analysis.

At 2–3 m from the intrusion, the ignimbrite appears
blue and contains 12 fractures per metre (i.e. 3 frac-
tures per 25 cm), Schmidt hammer rebound values
were low or below detection, and despite a relatively
high porosity, laboratory permeability measurements
are lower than in the lower porosity ignimbrite closer
to the dyke. The ignimbrite at this distance from the
dyke contains about 38 wt.% zeolite.

At distances >3.05 m, the fracture spacing is lower
(4–5 fractures per metre) and the rock had unmeasur-
ably low Schmidt hammer values. The ignimbrite re-
mains zeolite rich (37–49 wt.%) and has a generally
high porosity of 0.15–0.2 and relatively low laboratory
permeability values.
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Figure 5: Scanning electron microscope (SEM) textures showing a transition from dense and glass-dominated
ignimbrite close to the dyke to the zeolite and vug-dominated ignimbrite greater than 3m from the dykemargin. [A]
Dark welded ignimbrite (VK6), [B] perlitised dark ignimbrite (VK4), [C] blue ignimbrite (VK2). Images [D] and [E] are
both the beige country rock ignimbrite from 455 cm from the dykemargin (VK3) shown at differentmagnifications.
Image [F] is the also the beige country rock ignimbrite, but at 705 cm from the dyke margin (VK5).

Figure 6: X-ray computed tomographic images showing shapes of lithic clasts and pumices in 3D (shown in green)
on the sample scale of the dark ignimbrite (same sample rotated by 90° through each subsequent image). The
lapilli and coarse ash show no obvious alignment in any of the samples. Here, we show the dark welded ignimbrite
(VK6) with no strong alignment of the larger clasts despite the microscopic flattened textures locally seen in the
glass shards of the thin section.
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Figure 7: Laboratory measurements of connected
porosity [A] and permeability [B] as a function of dis-
tance from the dyke margin. [C] Laboratory measure-
ments of permeability as a function of connected poros-
ity. Black symbols – samples cored in the X-direction
(approximately perpendicular to dyke margin). White
symbols – samples cored in the Y-direction (approxi-
mately parallel to dyke margin). The samples with the
lowest porosity, 0.45 m from the dyke margin, were too
low to be measured in our permeameter (�10−18 m2),
indicated by the arrow. The experimental error on the
measurements of porosity and permeability are �1 %
and <1 %, respectively, and so the error is encapsulated
by the symbol size. Data available in Table 3.

Figure 8: Summary of key results showing conceptu-
alised relative results of each lithology, the height of the
red area shows an approximation of the relative magni-
tude of the key variables as they change with distance
from the dyke (in meters) at Hvítserkur mountain (East
Iceland).

5 Discussion

Our results show that the six-metre-wide basaltic dyke
carried sufficient thermal energy to significantly affect
the mineralogical and physical properties of the ign-
imbrite to a distance of between 2 and 3 m. These
physical properties are manifest in the geomorpholog-
ical expression of the 2 m-thick walls of ignimbrite re-
sistant to erosion either side of the dyke (Figure 2).
These walls have high Schmidt hammer rebound values
(approximation of hardness, strength, and stiffness),
more fractures, and recrystallised quartz and feldspar
and/or glassy welded textures. Between 2 and 3 m
from the dyke margin there exists a zone with more
macro-fractures (Figure 2B, Figure 3A) but with simi-
lar Schmidt hammer rebound values than the far-field
ignimbrite (Figure 4).

Notably, the zeolite phases that constitute roughly
half of the weight of the far-field ignimbrite (>3 m
from the dyke margin), are a common mineral in ig-
nimbrites in Iceland [Walker 1960]. However, the
intra-caldera ignimbrites in this study have distinc-
tively high δ18O indicating secondary alteration and
low temperature alteration that excludes simple mete-
oric exchange [Berg et al. 2018]. An interpretation of a
locally elevated thermal gradient and low-temperature
hydrothermal system is supported by pervasive pres-
ence of zeolite, and the presence of lake sediments
within the caldera [Berg et al. 2018]. Our assumption
for the model below is that the majority of the zeoliti-
zation occurred before the local dyke intruded, consis-
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tent with previous studies [Berg et al. 2018]. Therefore,
dissolution cavities and zeolite growth (Figure 5) in the
ignimbrite [e.g. Sruoga et al. 2004; Heap et al. 2020a]
are responsible for the relatively high porosity and rel-
atively low hardness/stiffness in the three ignimbrite
samples furthest from the dyke (Figures 4 and 7).

Our interpretation is that when the dyke intruded
through the ignimbrite, the heat from the basalt in
the 0–2 m closest to dyke caused the glass in the ash
shards and pumice lapilli in the ignimbrite to cross the
glass transition (Tg) and deform, a process similar to
welding, which is common in many large pumiceous
ignimbrites [e.g. Quane et al. 2009; Wadsworth et al.
2019; 2021]. Although the temperature and water con-
tent are not available to constrain Tg, it is likely to be
700 ± 100 ◦C [Krafla rhyolite; Castro et al. 2008]. Weld-
ing and sintering can help to reduce porosity and in-
crease strength and Young’s modulus [Vasseur et al.
2013; Heap et al. 2015], as seen in our Schmidt ham-
mer measurements (Figure 4).

In a typical welded ignimbrite, shards and pumice
lapilli are flattened horizontal to the surface of the
Earth and perpendicular to gravity [Wolff and Wright
1981; Walker 1983]. Compaction and porosity loss
via surface tension are also possible without creating
strong fabrics [Kennedy et al. 2016]. Our hand sam-
ples did not show evidence of strong fabrics (Figure 5).
Additionally, in some welded ignimbrites, flow can oc-
cur post deposition and subject the deposit to pure
and/or simple shear, thereby elongating deformable
particles and generating a rheomorphic texture [Wolff
and Wright 1981].

The cooling rate of the ignimbrite affects solidifica-
tion processes and the generation of fractures, and a
complex interplay can occur between crystallisation,
the glass transition and sub solidus and/or vapour
phase crystallisation. Closest to the dyke in the
dark welded ignimbrite, the highest temperatures and
longest timescales of temperatures above Tg allowed for
quartz and feldspar recrystallisation. In the dark perli-
tised ignimbrite and dark ignimbrite within 2 m of the
dyke, textural evidence shows glass deformed as ash
shards can be seen locally flattened. Beyond 2 m from
the dyke, there is no evidence of deformed glass shards
and temperatures must have been below Tg.

The macro-fracture sets measured in the field in
the dark ignimbrite have some similarity to those pre-
served at the margins of rhyolitic intrusions [e.g. Saubin
et al. 2019]. Fractures closest to the dyke are gener-
ally parallel with the dyke NNW–SSE, and are therefore
likely related to expansion during heating followed by
cooling contraction [e.g. Lamur et al. 2018], or are sim-
ilar to the NE–SW regional trend. Our field results re-
port orthogonal cooling joints had not fully developed,
although the blue ignimbrite 2–3 m from the dyke mar-
gin has a well-developed fracture set with orientations
clustered NE–SW as well as NNW–SSE, and on the
other side of the dyke similar fractures can be seen with

mirror orientations. The direction of these fractures
may be related to stresses during dyke propagation to
the surface similar to relationships seen at the mar-
gins of dykes and sills in other areas of Iceland [Saubin
et al. 2019]. Farther than 3 m from the dyke mar-
gin, the fractures trend more dominantly NNE–SSW.
The presence of these macro-fractures suggests that
the rock-mass permeability (outcrop to edifice scale) is
likely characterised by a permeability anisotropy not
captured in our hand specimen scale laboratory matrix
permeability measurements (Figure 7), as discussed in
Vasseur and Wadsworth [2019], which varies with dis-
tance from the dyke margin.

The margin of the glassy wall has developed perli-
tised micro-cracks, seen in our microstructural work
(Figure 5). Water content gradients and compositions
are not available to constrain the timescale of perlitic
fractures that were found in the sample 2.05 m from
the dyke; however, an approximation could be gained
from comparison to the temperature and time window
indicated by von Aulock et al. [2013]: ∼400 ◦C and
on a timescale of days. Hydration is also necessary in
the development of perlitic cracks [e.g. Denton et al.
2009]. Therefore, the hydrothermal system may have
been pervasively migrating inwards towards the glassy
barrier of the dyke. The glassy textures in the wall
of welded ignimbrite were preserved despite this lo-
cally high permeability facilitated by the perlitic mi-
crocracks. This observation implies fluid flow has not
occurred extensively within these glassy rocks, as pro-
longed exposure of volcanic glass to geothermal flu-
ids results in zeolite and clay alteration [e.g. Denton
et al. 2009; 2012]. However, adjacent to this layer is
the smectite-rich layer (represented by the “chocolate
pudding” sample) that is extensively altered, losing all
strength.

We suggest that micro-fractures from extensive perli-
tisation and the intersection of NNW-SSE dyke-parallel
and NE-SW macro-fractures facilitated fluid flow and
alteration in the area of the smectite-rich layer that
resembles chocolate pudding. Similar association be-
tween alteration and perlitisation and fluid flow have
been seen at geothermal fields [Giorgetti et al. 2006]. To
facilitate this complete alteration and disaggregation,
this heavily fractured dyke-parallel sheet must have ex-
perienced sustained fluid flow. In contrast, the majority
of the ignimbrite away from the dyke is heavily zeoli-
tized with a high porosity, but low macro- and micro-
fracture density, resulting in relatively low matrix and
rock mass permeability, implying fluid flow was highly
restricted to the affected rock masses immediately ad-
jacent to the dyke. Although not investigated here, it
is worth noting that the dyke itself is highly fractured
and eroded and may have been an additional vertical
channel for fluid flow [e.g. Spacapan et al. 2020].

The zeolites appear to have been entirely thermally
decomposed within the near-dyke samples. Thermo-
gravimetric studies of the thermal stability of zeo-
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lites have shown that both clinoptilolite and heulan-
dite undergo irreversible dehydration at temperatures
of around 300 ◦C [Cruciani 2006], although dehydra-
tion temperatures are sensitive to grainsize and en-
vironmental humidity. The vast majority of clinop-
tilolite dehydration occurs at <300 ◦C [Feldman et al.
2020]. Heulandite undergoes a structural collapse on
heating above a threshold that varies between 175–
360 ◦C, depending on its composition, and this man-
ifests as a thermal contraction, with a volume reduc-
tion of up to 26 % accompanying thermally-driven de-
hydration [Cruciani 2006]. We suggest that the in-
ferred 1130 ◦C crystallisation temperature of the dyke
[Gestsson 2018] was sufficient to decompose zeolites,
destroy porosity and generate melt sufficient for both
welding and recrystallisation. However, we cannot dis-
count some additional retrograde zeolite formation as
the dyke cooled.

The welding process reduced the porosity and sam-
ple matrix permeability of the host ignimbrite nearest
the dyke. At the outer margin of the alteration zone,
where the thermal window is appropriate for perliti-
sation [von Aulock et al. 2013], the porosity remains
lower than the far-field porosity while sample matrix
permeability is three orders of magnitude higher than
the far-field sample matrix permeability. Our physi-
cal property and mineralogical data can constrain the
thermal gradient around the dyke. The plagioclase-
melt equilibrium thermobarometer of Putirka [2008]
constrained the temperature of the dyke to be 1130 ◦C
[Gestsson 2018]. Our data show that the temperature
within the 2 m closest to the dyke was sufficient for
ductile shard deformation on the timescale of dyke em-
placement and therefore at a temperature above the
glass transition for this rhyolite on this timescale. The
zeolites appear ubiquitous at distances >205 cm from
the dyke margin and were identified as clinoptilolite-
heulandite indicating a temperature <300 ◦C [Kirov et
al. 1979; Feldman et al. 2020]. However, the thoroughly
altered smectite sheet and the presence of smectite in
the dark perlitised ignimbrite indicate that, following
local heating from the dyke, the newly created perme-
ability associated with the micro- and macro-fractures
allowed prolonged exposure to fluid flow at tempera-
tures elevated above the geothermal gradient, although
below 100 ◦C. Nevertheless, further smectite chemistry
and more knowledge of the fluid chemistry would be
necessary to constrain the temperature range required
for their formation [Kloprogge 1999].

6 Implications and Conclusions

Most large silicic magma chambers associated with
calderas have bi- or multimodal magma chemistries
[Troll 2002; Kennedy et al. 2018], and basaltic dykes
and sills have been evoked within many magmatic sys-
tems [e.g. Leonard et al. 2002]. Caldera magma sys-

tems also frequently host active or fossil geothermal
systems [Garden et al. 2020] or epithermal mineral re-
sources [Nadeau et al. 2015; Heap et al. 2020a]. Our
study shows the thermal effects of basaltic dykes on the
properties of host ignimbrite produces spatially chang-
ing permeability and porosity and has implications for
sub-vertical (dyke-parallel) planes of high permeability
adjacent to parallel planes of low permeability.

We interpret the following sequence of events: (1)
the ignimbrite was deposited, and buried to a suffi-
cient depth and temperature to allow zeolitization from
warm (<300 ◦C) fluids permeating through pathways
between and around pumice clasts in various states of
dissolution and recrystallisation (Figure 5D–F). Volu-
metric changes during zeolite crystallisation may have
additionally created microfractures (Figure 5E). (2) A
locally focussed basaltic dyke swarm intruded (ori-
ented NNE–SSW to NE–SW) into the ignimbrite; one of
which was the 6-meter-wide dyke investigated in this
study. This dyke melted the ignimbrite within 1 m,
causing welding and densification to create an imper-
meable layer. 1–2 m away from the dyke, the glass was
preserved but formed cracks during cooling that cre-
ated hydrated perlitised microfractures. (3) This verti-
cal zone of perlitic microfractures and macrofractures
adjacent to the dense impermeable barrier then acted
as a vertical structure that prevented the lateral flow of
fluids from the country rock ignimbrite, but facilitated
vertical flow of warm hydrothermal fluids (<100 ◦C).
This fluid circulation completely alteration the most
fractured perlitic ignimbrite to a vertical sheet of clay.
We envisage similar processes occurring within the ig-
nimbrite associated with the rest of the dykes at Hvít-
serkur (Figure 1B).

This allows us to create a conceptual compartmen-

Figure 9: Conceptual diagram of the dyke at Hvítserkur
mountain (East Iceland) and its thermal aureole. Also
provided is our interpretation of the fluid flow zone. The
width of the thermal aureole is about 3 m.
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talised hydrothermal model controlled by the dykes
where vertical macro- and micro-fractured permeable
planes with low porosity are adjacent to vertical “im-
permeable” planes approximately 1 m wide within a
porous but low permeability ignimbrite. The result is
a conceptual model where fluid can be highly chan-
nelised into vertical pathways <1 m in width (Fig-
ure 9). Our evidence for this is seen by the verti-
cal plane of strengthless and completely disaggregated
smectite parallel to the very hard and low-permeability
welded ignimbrite. Modellers of fluid flow within vol-
canoes and geothermal systems should be aware of the
potentially common occurrence of such vertical chan-
nels for, and barriers to, fluid flow in ignimbrites in-
truded by dykes. If we assume that other dykes have
the same physical properties as the studied dyke, then
fluid flow through the ignimbrite body would have
been disrupted in every direction, although it is likely
that more vertical compartments (and channels) could
have possibly formed parallel to the majority of sub-
vertical dykes.

The implication of barriers and channels is a hy-
drothermal/geothermal system that is highly compart-
mentalised with the potential for localised convective
regions where permeability allows fluid flow. This
is consistent with the role of igneous intrusions in
petroleum migration. For example, some studies de-
scribe examples of intrusions that act as both barriers
and channels, compartmentalising horizontal flow and
either extending or blocking vertical flow [Rateau et al.
2013; Senger et al. 2017]. Three-dimensional seismic
surveys also emphasise the importance of considering
the 3D structure of the intrusion and subsequent com-
partments [Senger et al. 2013]. Similarly, 3D views of
dykes from seismic imaging illustrate the role of seg-
mentation in dykes [Magee and Jackson 2020], which is
also evident in field exposures [e.g. Brown et al. 2007]
and can be seen at Hvítserkur (Figure 2A). Addition-
ally, compartments within hydrothermal systems with
relatively thin (i.e. 1 m) seals have implications for hy-
drothermal explosions [e.g. Kennedy et al. 2020; Mon-
tanaro et al. 2020]. A blockage may allow overpressure
to develop within a hydrothermal system, encouraging
explosive behaviour [e.g. Heap et al. 2019] and exac-
erbating slope instability [e.g. Heap et al. 2021b]. An
investigation of the influence of compartmentalisation
in 3D on regional fluid flow using large-scale modelling
could be a fruitful area of future research.

We conclude that: (1) basaltic dykes can drive
welding over 2–3 m in an ignimbrite creating a low-
permeability dense glassy rock with 7–12 macrofrac-
tures per metre. (2) Towards the margin of this welded
zone, perlitisation can locally create a micro-fracture
network that facilitates a zone of high permeability. (3)
The lack of alteration in this perlitised zone, in contrast
to the completely altered cohesionless vertical zone im-
mediately adjacent to it, implies that fluid flow oc-
curred dominantly adjacent to the perlitised zone. (4)

Our data, which also provide a unique dataset where
porosity negatively correlates with permeability, high-
light how fluid flow can be compartmentalised by al-
teration and micro-fracturing resulting from dyke em-
placement, and that generally accepted porosity and
permeability relationships may not be appropriate for
these rock masses.
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