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d Institut Universitaire de France (IUF), Paris, France
e Department of Geoscience and Engineering, Technical University Delft, Delft, Netherlands

A R T I C L E I N F O

Keywords:
Magma mush
Outgassing
Magma fracture
Cavitation
Sandfell laccolith
Permeable network

A B S T R A C T

Volcanic and magmatic outgassing mechanisms can determine eruptive behavior of shallow silicic magma
bodies. Most outgassing mechanisms proposed take place along conduit margins, where the highest strain rates
drive ascending magma to brittle failure. However, these mechanisms do not account for outgassing large vol-
umes of magma away from the conduit walls. Here, we present a continuum of porosity preserved in the
microcrystalline rhyolitic Sandfell laccolith, Eastern Iceland. Three stages in the continuum are described: porous
flow bands, pore channels, and fracture bands. These deformation features are present throughout the entire
exposed volume of the Sandfell laccolith in meter-long band geometries, ranging from mm- to dm-scale thick-
ness, and interlayered with coherent, undeformed rhyolite. Using microstructural analytical methods and
drawing on the result of previous experimental studies, we show that emplacement-related deformation induced
strain partitioning around a crystal content of 45 % that resulted in the segregation of melt-rich and melt-poorer
flow bands. Subsequent deformation induced by continued magma emplacement caused strain partitioning in the
melt-rich flow bands. Depending on strain rate, different types of deformation features developed, through
dilation or porosity redistribution (porous flow bands), cavitation (pore channels), or tensile fracture (fracture
bands). Porous flow bands have permeability values ~4 orders of magnitude higher than undeformed rhyolite.
Pore channels and fracture bands have much larger length scales, and so permeability increases dramatically in
those systems. Hence, the abundance and interconnectivity of deformation features preserved in the Sandfell
laccolith provided an efficient outgassing mechanism for the bulk of the intrusion. Outgassing due to viscous-
brittle magma deformation during magma emplacement should therefore be considered for crystal-rich
magmas, e.g., during effusive lava dome extrusion.

1. Introduction

Degassing and outgassing of silicic magma in the shallow Earth’s
crust are key processes that affect the explosivity of volcanic eruptions
because the efficiency with which volatiles move through and leave
magma largely controls the pressure within the volcanic plumbing sys-
tem (Colombier et al., 2022; Jaupart and Allègre, 1991; Rust et al.,
2004). In that sense, if the magma does not adequately release and expel
volatiles as they are exsolving during magma ascent, the explosive po-
tential of the system increases (Eichelberger et al., 1986).

Exsolving volatiles in silicic magmas like rhyolites, trachytes, and
dacites usually gather in bubbles. Still, the high viscosity of these
magmas inhibits bubbles from merging and migrating through
buoyancy-driven fluid flow (Sparks, 2003). Crystallization past a critical
packing fraction will also restrict bubble expansion and inhibit bubble
migration (Oppenheimer et al., 2015). Inhibited bubble merging and
migration while pore pressure increases within the bubbles can lead to
bulk magma fragmentation, and ultimately, cataclysmic eruptions (e.g.
Alidibirov and Dingwell, 1996; Papale, 1999). However, permeable
networks can develop within silicic magma that provide escape for
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pressurized exsolved volatiles, through bubble coalescence (Giachetti
et al., 2019; Okumura et al., 2009) or fracturing (Heap et al., 2019;
Kushnir et al., 2017; Okumura et al., 2010; Shields et al., 2014). Bubble
coalescence and fracturing are two end members of outgassing mecha-
nisms that are reached when viscosity and strain rates are either low
enough for bubble coalescence, or high enough for the magma to frac-
ture. In this study, we investigate the transition from bubble coalescence
to fracturing, preserved in a solidified rhyolite intrusion.

Magma fracturing is a phenomenon known to take place extensively
in the eruptive conduit and sub-volcanic environment of intermediate to
silicic volcanoes (Benson et al., 2012; Gonnermann and Manga, 2003;
Kushnir et al., 2017; Lamur et al., 2019; Lavallée et al., 2008; Tuffen
et al., 2008). Tuffisites are remnants of the fracturing process, typically
found along the edges of eruptive conduits both in the magma and
extending outward into the host rock (Heap et al., 2019; Heiken et al.,
1988; Unwin et al., 2021). Tuffisites testify to brittle deformation-driven
outgassing of magma under high strain rates. However, outgassing is
restricted to the surface area of the magma fracture (Castro et al., 2012;
Heap et al., 2019), and therefore the bubbles within a large volume of
the ascending magma remain pressurized.

In this study, we explore both viscous and brittle processes within a
shallow rhyolite intrusion that are not localized to the host rock con-
tacts. These deformation processes left traces within the bulk of the
intrusion, which we describe and compare to published experimental
works that contain identical textures to those in the natural setting of
this study. We compiled these textural interpretations and present a
model for deformation accommodating magmatic volatile transport
throughout the magma volume, not just the host rock contacts. Detailed
field observations and the broader context of shallow magma emplace-
ment are addressed in the companion article (Witcher et al., 2024).
Together both articles aim to shed light on permeability development
within a shallow crustal silicic magma intrusion, allowing for pressur-
ized magmatic volatiles to move through and exit the magma without
erupting.

Here we focus on the microstructural analysis of the deformation
features observed at the Sandfell laccolith in Eastern Iceland (Fig. 1).
Specifically, we explore how the observed types of permeability formed
and what rheological state the magma was in at the time. We then
discuss different degassing and outgassing mechanisms for silicic
magmas and their role for volcanic hazards.

1.1. Rheology

The mechanical behavior of magma is dictated by the contribution of
its three components: solid crystals, gas-filled bubbles, and liquid sili-
cate melt. Silicate melt rheology has been studied at length (Alidibirov
and Dingwell, 1996; Dingwell and Webb, 1989; Hess and Dingwell,
1996; Webb and Dingwell, 1990), showing that silicate melt is a strain
rate-dependent viscoelastic liquid: at low strain rates silicate melt flows
viscously, but locks up and fractures like a solid when its relaxation time
is exceeded by a critical deformation timescale (Dingwell, 1996;
Wadsworth et al., 2018). Viscosity controls the relaxation time, and is in
turn controlled by temperature and silica content as well as the magma’s
crystal and volatile content (Cordonnier et al., 2012; Giordano et al.,
2004; Hess et al., 2001; Lejeune et al., 1999; Okumura et al., 2016).
While an increase in crystals generally raises the magma’s viscosity
(Okumura et al., 2016), an increase in dissolved volatiles decreases the
viscosity (Hess and Dingwell, 1996). For this reason, silica-rich magmas
(like rhyolite, dacite, and trachytes) and crystal-rich magmas are driven
towards viscoelastic behavior and brittle failure at lower stresses
compared to silica-poor and crystal-poor magmas (Cordonnier et al.,
2012). The presence of bubbles in suspension affects magma rheology
depending on the gas volume fraction, but more on bubble shape
(Birnbaum et al., 2021; Llewellin et al., 2002; Mader et al., 2013; Rust
et al., 2003). In general, bulk viscosity decreases with increasing bubble
fraction except when surface tension forces are dominating and keep the

bubble in a relaxed spherical shape, whereby it behaves as a rigid par-
ticle (Llewellin et al., 2002; Rust and Manga, 2002).

Magmas proportionally rich in crystals (55–70 %) are referred to as
‘crystal mush’, and have been suggested as the typical state of magma
stored in the Earth’s crust (Marsh, 2004; Sparks et al., 2019a). How the
crystal mush behaves is under investigation, particularly its physical
properties in order to better seismically image mush (Parmigiani et al.,
2014; Paulatto et al., 2022; Sparks et al., 2019b), and determine how
melt can travel through mush deeper in the Earth’s crust (Holness, 2018;
Katz et al., 2006; Pistone et al., 2015; Van Der Molen and Paterson,
1979; Walte et al., 2011; Zimmerman and Kohlstedt, 2004). Mush has
been compared to a granular material containing a high volume fraction
of solid particles (Zorn et al., 2020). Mush erupted at the Earth’s surface
in the form of lava domes (Allan et al., 2017; de Silva, 1989; Holness and
Bunbury, 2006; Tait, 1988), as well as remnants of mushes in intrusions
exposed at the surface (Marsh, 2004; Petford et al., 2020), have provided
textural insights that have helped constrain mush dynamic theories.
Numerical modeling (Carrara et al., 2024; Katz et al., 2006) and
deformation experiments on the other hand (Holtzman et al., 2003;
Kohlstedt et al., 2010; Pistone et al., 2015; Shields et al., 2014) have
begun to disentangle the melt-migration behavior of mush in the deep
crust and degassing/outgassing mechanisms of mush at shallower
crustal levels. Together, studies of mush-derived rocks, models, and
experiments highlight that as magma crystallizes and changes from a
melt-dominated material to a crystal mush, its rheology changes—that
is, its bulk response to applied shear (Dingwell and Webb, 1989).
Increasing crystal fraction inhibits viscous flow, especially once there
are more solid crystals than liquid melt (Champallier et al., 2008; Cor-
donnier et al., 2012). If the magma is continuously sheared during
crystallization, deformation features will change depending on the
crystallinity of the magma. Microscopic porosity among crystals within
deformation features serve as tracers of the magma’s changing rheology
during deformation.

However, there is a general lack of observations of crystal mush
behavior between the eruptive environment and deep storage zones.
This is where more observations of crystal-rich magma are needed,
particularly with respect to outgassing mechanisms. Such observations
will also be useful to further constrain experimental results in natural
and synthetic materials. Here we use micro-textural analyses to describe
a range of magma-deformation features formed during the emplacement
of a shallow rhyolite intrusion, interpret them based on results from
experimental studies, and discuss the implications for magma rheology,
degassing, and outgassing.

2. Geological setting and previous work

Iceland straddles the mid-Atlantic spreading center, and is rifting
towards the NNW and SSE at an average rate of 2 cm/yr within its rift
zones (Fig. 1a, inset) (Sigmundsson et al., 2020). The rifting orientation
has been generally consistent for the last ~20 Ma (Martin et al., 2011)
and, as a result, the oldest rocks in Iceland are preserved on the eastern
and far-western coasts (Burchardt et al., 2022). Eastern Iceland is
punctuated by large volcanic complexes that consist of a central vol-
cano, its eruptive deposits, and various associated intrusions like dykes,
sills, and laccoliths (Burchardt et al., 2022; Walker, 1974). Generally,
silicic magmatism is restricted to the central volcanoes (Walker, 1966).

The Sandfell laccolith lies in the south end of Fáskruðsfjörður,
Eastern Iceland, and is a cryptodome of the extinct Reydarfjördur central
volcano (Gibson, 1963; Hawkes and Hawkes, 1933). Field mapping
concluded that the timing of the laccolith’s intrusion was during the
fourth eruptive phase of the Reydarfjördur volcano (Gibson et al., 1966)
and recent U–Pb dating of zircons identified an absolute age of Sandfell
of 11.7 Ma (Martin and Sigmarsson, 2010; Padilla et al., 2015). The
Sandfell laccolith consists of a fine-grained, phenocryst-poor (<5 % sub-
mm sized plagioclase) rhyolite with a silica content of 74 wt% (Martin
and Sigmarsson, 2010). Despite the uniform composition, several
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Fig. 1. Location and photographs of the Sandfell laccolith, modified from Witcher et al. (2024). a) Map view of the entire laccolith, the regional location indicated
with an arrow in inset. Structural domains indicated in pink, defined by the mapped distribution of deformation marked with dots, scale found in b). Light-shaded
areas have more viscous deformation, dark-shaded areas have more brittle deformation. Bands within dark areas are interpreted to represent emplacement-related
faults. b) Schematic cross section of A-A’ showing the large-scale strain localization recorded by the different deformation types (schematic drawings in circles; see
Table 1 for details). c & d) Outcrop photos of fracture bands and cooling joints. e) & f) Example of pore channels in the exposed plane (e) and cross-section (f). g)
Cross-sectional exposure of a large fracture band. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article).
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interior structural domains with a unique deformation history could be
identified within the main body of the laccolith, suggesting the laccolith
was constructed through the amalgamation of several pulses of magma
(Fig. 1a & b) (Witcher et al., 2024).

Mattsson et al. (2018) were the first to report on the remarkable
fracture network preserved in the Sandfell laccolith: bands of domi-
nantly tensile, uniformly spaced fractures are preserved in outcrop,
termed ‘fracture bands’ (Fig. 1c & d). Fracture bands are concentrically
stacked between layers of coherent (unfractured) rhyolite, and range in
thickness from cm- to dm-scale. The length of fracture bands varies;
sometimes they pinch out in less than one meter, sometimes they span
meters in a planar fashion, and other times they undulate and join
neighboring fracture bands, thickening and overtaking the coherent
magma layers such that there is more fractured than coherent rock in a
single outcrop.

Mattsson et al. (2018) concluded the fractures formed in the
magmatic state and were caused by inflation-related stresses. They
qualitatively attributed the preservation of the fractures in outcrop to
the dehydration of fractured melt upon fracture formation. Further, they
noted concentrated vesicles in the fracture bands compared to unfrac-
tured rhyolite at outcrop scale, implying the fractures played a role in
magma degassing. Based on detailed investigation of the fracture bands
and other features, such as flow bands and bubbles in Sandfell, Witcher
et al. (2024) identified the followingmesoscale structures in outcrop and
hand samples: 1) flow banding with alternating bands of porous and
non-porous rhyolite, 2) vertically aligned pores within flow bands,
termed ‘pore channels’, 3) “small” fracture bands, 4) “large” fracture
bands, and 5) breccia (Table 1). It is the distribution of these deforma-
tion features that outlines the different structural domains (Fig. 1a & b;
Witcher et al., 2024). Here, we focus on the corresponding micro-
structures to investigate the origin and implications for magma de-
and outgassing.

In this study, we define a pore as a discrete void within the material.
The types of porosity will be described using the following terms: bubble,
a spherical pore formed by the expansion of gas within a liquid (unde-
formed aspect ratio between length l and width w: l/w = 1); vesicle, a
preserved bubble within rock (smooth walls, ellipsoidal shape, l/w ≈ 1);
and fracture, the result of mechanical failure through dominantly brittle

deformation (planar, jigsaw-fit walls, l/w≫1). If a pore type does not fall
under the category of vesicle or fracture, it is referred to simply as a
‘pore’.

3. Methods

We employ the following methods to closely investigate 1) the range
of pore geometries, and 2) the properties of the magma at the time of
pore formation. Samples were collected from the field during campaigns
in 2018, 2019, and 2021. Given that analytical sample preparation was
only feasible on rocks recording deformation stages 1–3, in this study,
we focus on flow bands, pore channels, and small fracture bands. A
summary of the methods and the motivation for each method can be
found in Table 2.

We prepared thin sections and first used optical petrography to
analyze pore geometry. We then turned to scanning electron microscopy
(SEM) to investigate fracture and pore geometry, mineralogy, and
groundmass deformation in more detail. We took porosity and perme-
ability measurements of flow-banded samples, measuring permeability
parallel and perpendicular to the flow band plane to quantify any
preference of fluid flow. To characterize the connection of fractures
within fracture bands, we employed micro-computed tomography (μCT)
and scanned fracture band samples in 3D. The mineralogy of fracture
fillings and rhyolite groundmass was identified with the electron
microprobe (EMP) and Raman spectroscopy, as well as Ti-content in
quartz for geothermometry. We describe each method in more detail
below.

3.1. Thin section microscopy

Standard polished thin sections were prepared at Precision Petro-
graphics laboratories in Langley, Canada, and ERZ Labor in Freiberg,
Germany. Blue epoxy was used in some thin sections to highlight
porosity. The thin sections were observed and described using trans-
mitted light and scanning electron microscopy (SEM).

Table 1
Range of deformation features found in outcrop at the Sandfell laccolith, and
their defining characteristics. Fracture bands (large) and breccia are excluded
from this study, but present in outcrop and described in more detail in Witcher
et al. (2024).

Feature name: Defining characteristics in hand sample: Figure reference:

Porous flow
bands

• Parallel bands of mm-thickness
• Tan color against grey rhyolite Fig. 2b
• Visibly more porous, both in cross section
and when the flow band plane is exposed

Pore channels

• Vertically elongated pores within the flow
band
• Oriented perpendicular to flow band plane Fig. 1e, f
• Tensile in appearance: widest at center and
pinch out at tips Fig. 2c

• Shape controlled by flow band thickness

Fracture
bands

• Sharp, planar fractures of cm- to dm-
thickness
• Oriented perpendicular to the band they
form

Fig. 1c, d, g

• Uniform size and spacing Fig. 2d, e
• <5 cm thick and/or 1 fracture set
Not described in this study, but present at the
Sandfell laccolith:

Fracture
bands
(large)

Same appearance as fracture bands, only
larger; ≥5 cm thick and/or > 1 fracture set
within single band

Fig. 2f

Breccia Indistinguishable bands with similarly
oriented fractures, or complete cataclasite

N/A

Table 2
List of methods and research questions to be addressed by each method.

Method Research question addressed by method Results:

Optical
petrography

Is there a difference in magmatic texture inside vs
outside the fracture band?

Sec. 4.1

How are pores interacting with crystals?
SEM imaging What does the groundmass texture look like? Sec. 4.1

What do the pore walls and tips look like?
FOAMS How do the size distributions of flow band pores &

pore channels compare?
Sec. 4.3

vesicle analysis Can we quantify the difference in pore shape between
textures?

EMP (mineral
ID)

What is the groundmass mineralogy? Sec. 4.2

Is there interstital glass between microlites?
Raman
spectroscopy

Is the silica within
pores cristobalite
(vapor-deposited)?

Is there a difference
between groundmass and
pore-filling silica?

Sec. 4.2

CL imaging Are the silica crystals
zoned?

EMP (Ti-in-
quartz)

At what temperature
did the silica
crystallize?

Porosity &
permeability

Is the undeformed rhyolite permeable? Sec. 4.1

Are the flow bands permeable?
μCT scans How do the fracture bands look in 3D? Sec. 4.1

How connected are the fractures within a fracture
band?
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3.2. Scanning electron microscopy (SEM) and electron microprobe
analysis (EMPA)

We used a FE-EPMA Jeol JXA-8530F Hyperprobe at Uppsala Uni-
versity, Sweden, to take backscattered electron (BSE) images, and to
measure relative element abundance through energy dispersion spec-
troscopy (EDS) point analyses. Settings of the EMP and analytical
standards are described in more detail in (Barker et al., 2015). Wave-
length dispersive spectroscopy (WDS) measured the chemical compo-
sition with a 5–10 μm electron beam. BSE images have a resolution of
1280 × 960 pixels. Analysis of the acquired BSE images was performed
in ImageJ FIJI, thresholding different greyscale values to highlight the
silica grains.

BSE images were also segmented using the Weka tool (Arganda-
Carreras et al., 2017) to isolate pores with an area greater than 0.001
mm2 (at 0.44 μm/pixel) for shape analysis, and pores with more than 20
pixels for size distribution plots following Marsh (1988), substituting
pores for crystals. Pore shape properties were analyzed using the FOAMS
software from Shea et al. (2010) to get vesicle size distribution (VSD).
Equivalent object size fractions (L) are defined as the diameter of a
sphere equivalent to the long axis of the pore. We assumed spherical
shapes of the pore channels to account for their larger size than the pores
within porous flow bands. The pore channels’ elongation is accounted
for in volume fraction size distributions, where elongation is defined as
ε = (a − b)/(a+ b), where a is best-fit ellipse semi-long axis and b is
semi-short axis. Elongation ε = 0 means perfectly circular and ε =

1 means extremely elongated (Shea et al., 2010). We analyzed two data
sets comprised of even- and odd-numbered BSE images, since there was
overlap of the images in sequence. The closeness of the resulting curves
shows the consistency of the analyses.

To give an approximation of the crystallization temperature of quartz
within the Sandfell rhyolite fractures and groundmass, we performed
WDSmeasurements of Ti in quartz on 30 μm-thick polished thin sections
with a 25 nm-thick carbon coating. Measurements were performed with
a Jeol JXA-iSP100 electron probe micro-analyzer at the University of St.
Andrews, Scotland, with a beam radius of 15 μm, peak counting times of
200 s and background counting times of 100 s. Measurements were run
at 20 kV acceleration voltage and a beam current of 70 nA. Therefore,
only large quartz crystals and phenocrysts could be analyzed for Ti
content. Ti detection limit for the measurements was 13 ppm with a
measurement error (1σ) ranging up to 50 % (±6.5 ppm). Eight quartz
crystals were analyzed for Ti content with a total of 36 measurements.
We used the average Ti content of all the measurements for the Ti-in-
quartz geothermometer following Wark and Watson (2006). A TiO2
activity value of 0.7 was applied, following thermodynamic modeling in
felsic magmas (Carter et al., 2021; Ghiorso and Gualda, 2013). Mono-
chromatic Cathodoluminescence (CL) images of quartz crystals in the
groundmass and pores were taken with the JEOL JXA isp-100 EMPA
operated at 15 kV accelerating voltage with an attached CLi detector in
5120 × 3840 resolution. Brightness and contrast were optimized to
distinguish internal features within silica crystals.

3.3. Microcomputed tomography (μCT)

The thin section slabs were scanned at Delft University of Technology
(the Netherlands) using a Phoenix Nanotom X-ray micro-tomograph
(model 180NF), with a beam energy of 180 kV and a resolution of
22.5 μm/voxel. Using Avizo © software (version 10) all scans were
processed to segment pore volume and fracture fill material versus
groundmass. In the scans used for this study, the quality was sufficient to
use thresholding without any data filters. Three segmentation categories
were used, where the rest was attributed the label of ‘matrix’. The
fracture-filling material could be separated between high intensity (i.e.
high density) material andmedium intensity material, versus open space
(i.e. dark voxels). After each thresholding step, small (>50–500 voxels;
size chosen depending on the results of each segmentation) clusters of

isolated voxels (‘islands’) were removed. Once the segmentation was
completed to satisfaction, we created the colorized scans where nearby
connected voxel clusters have the same color, and retrieved volumes
associated with each thresholding category.

3.4. Raman spectroscopy

We determined the polymorph of silica present in the groundmass
and pores of the rhyolite by using Raman spectroscopy on selected
grains in polished thin sections. The Raman scattering experiments were
performed at the Department of Earth Sciences, Uppsala University,
using a self-built micro-Raman system. The DPSS laser (Cobolt Samba,
532.42 nm) was used as the excitation source in the backscattering ge-
ometry. The laser beam was focused down to a spot size of ~2–4 μm on
the sample surface by a 20× long-working distance objective (Nikon CF
Plan, 20×/0.35). The Rayleigh line was blocked by two holographic
notch filters (Semrock). A single-stage, high-throughput imaging spec-
trometer (HoloSpec f/1.8i, Kaiser Optical Systems, Inc.) was used to
analyze the scattered light, collected by the CCD detector (Newton,
Andor Technology, 1600× 400 pixels, TE-cooled to − 55 ◦C). The system
was calibrated using fluorescence lines of a neon lamp. The spectral
resolution of the system was around 4 cm− 1 and the accuracy estimated
from the calibration procedure was around 2 cm− 1. The Raman spectra
were collected in the range 150–1700 cm− 1 at room temperature,
applying 10 mW of the laser power. The spectral acquisition time varied
between 30 and 120 s.

3.5. Porosity & permeability measurements

Cores with 1-cm diameter were drilled parallel and perpendicular to
flow bands. The samples were first vacuum-dried at 40 ◦C for at least 48
h. The connected porosity of each sample was then calculated using the
skeletal volume measured by a helium pycnometer (AccuPyc II from
Micromeritics) and the bulk sample volume was measured using digital
callipers. Permeability was measured for each sample using a benchtop
gas (nitrogen) permeameter (see Farquharson et al., 2016; Heap and
Kennedy, 2016) for a schematic diagram of the device). Permeability
measurements were performed at ambient temperature and under a
confining pressure of 1 MPa using either the steady-state method (for
high-permeability samples) or the pulse-decay method (for low-
permeability samples). For the steady-state experiments, steady-state
volumetric flow rates were measured (using a gas flowmeter) for six
different pore pressure differentials (measured using a pressure trans-
ducer). Pulse-decay measurements were performed by monitoring the
decay of a pressure differential from an upstream reservoir with a fixed
volume over time (measured using a pressure transducer). These data
were used to calculate permeability using Darcy’s law (all the relevant
equations can be found in Heap et al., 2017). When necessary, the data
were corrected using the Klinkenberg or Forchheimer corrections.

4. Results

4.1. Rhyolite textures

As shown by Witcher et al. (2024), the top 140 m of the Sandfell
laccolith consists of four units representing successively emplaced
magma batches. These magma batches do not differ in composition, and
all of them exhibit magmatic flow banding. Witcher et al. (2024)
demonstrated that flow banding resulted from strain during magma
emplacement, based on detailed analyses of the orientation of flow
banding. While the different deformation features (Table 1) show a
complex distribution pattern related to the emplacement of the Sandfell
laccolith (Fig. 1; Witcher et al., 2024) and distinct textural character-
istics, the groundmass remains mostly consistent (Fig. 2). The ground-
mass is largely composed of euhedral alkali feldspar microlites (<20 μm
long) (Fig. 2a) with interspersed poikilitic quartz aggregates, identified

T. Witcher et al. Journal of Volcanology and Geothermal Research 461 (2025) 108278 

5 



Fig. 2. Back-scattered electron (BSE) image of groundmass (a) and thin section scans representing each deformation stage (b-f). Short axis of thin sections is ca. 2.5
cm. See color scale of the frames in Fig. 1b). a) BSE image of groundmass. Quartz grains are mid-grey (labelled), microlites are light grey, mafic oxides are white and
residual melt is the dark grey phase between microlites. b) Flow banded rhyolite; flow bands defined by higher vesicularity. pl = plagioclase phenocrysts. Dark
staining is from Fe-rich weathering. c) Pore channels; elongated pores oriented perpendicular to flow band, aligned with some regularity. Blue epoxy highlights
empty space. d) Fracture band example; band of tensile fractures uniform in length, width, and spacing. No visible change in groundmass texture at this scale. e)
Fracture band example; larger band containing more widely open fractures with mineral fillings. Dark material is Fe-rich oxides. f) Example of fracture band
containing multiple fracture sets, indicating it would be classified as a ‘large’ fracture band (Table 1). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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with Raman spectroscopy as α-quartz (Supp. Mat. 1). These quartz ag-
gregates are termed ‘groundmass quartz’ when they are lined with
microlites, and ‘pore-filling quartz’ when they are euhedral within a
pore. Quartz aggregates occur preferentially in porous flow bands, flow
bands with pore channels, and fracture bands. Microlites are often
fractured and encased in the groundmass quartz (Fig. 2a). Quartz (with
or without microlite inclusions) is rarely fractured. Small (~10 μm)

euhedral titanomagnetite crystals occur throughout the groundmass.
Filling the remaining space between microlites is a phase with a darker
greyscale on the BSE image than quartz. This phase is often fractured
into polyhedrons (similar to mud cracks; Fig. 2a) and interpreted to be a
vitreous material that was once residual melt; no quantifiable mea-
surements could be taken due to exposures being less than 5–10 μm,
which was the diameter of the electron beam. Millimeter-scale,

Fig. 3. BSE images of porous flow bands (see Fig. 2b for locations), and thresholded images highlighting different phases in red. a) Porous flow band, outlined with
dashed lines. Black is void space, mid-grey is quartz, light grey is alkali feldspar microlites, and white is Fe-rich oxides. b) Same image as a) with quartz highlighted in
red. c) Quartz-thresholded image of a porous flow band with microlite inclusions in the quartz between porosity in the flow band. d) Porous flow band with a vesicle
and developing pore channel. Same color scale as a). pl = plagioclase phenocryst. e-g) Thresholded images of (d) highlighting quartz, pores, and vitreous material
(melt) phases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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commonly broken euhedral to subhedral plagioclase phenocrysts make
up ~5 vol% of the rhyolite.

Porous flow bands (Fig. 2b) are defined as bands with high porosity
with respect to the coherent rhyolite layers in between them (see Section
4.1.1). Pore channels refer to the elongate pores that are confined and
oriented sub-perpendicular to the flow bands (Fig. 2c; see Section 4.1.2).
Within fracture bands, fractures range in thickness from 1 to 25 cm
(Fig. 2d, e; 1c, d, g; see Section 4.1.3). The size of the fractures does not
appear to correlate with the presence of mineral fillings: while smaller
fractures tend to contain no or little fracture fillings (Fig. 2d), larger
fractures adjacent to each other can range from filled to entirely open
(Fig. 2e). Generally, the fractures are confined to the flow bands and do
not extend into the surrounding, coherent layers of rhyolite (Fig. 2d-f).
The surrounding groundmass tends to not vary between the fracture
bands (Fig. 2c), but fracture bands may be bounded by a darker rim
within the groundmass along the upper and lower boundaries of the
fracture band (Fig. 2d). In the following sub-sections, we will describe
the textures associated with each of these deformation features.

4.1.1. Porous flow bands
BSE imaging of the flow bands highlights alternating layers charac-

terized by changes in porosity (in black in Fig. 3), as well as the con-
centration and size of aggregates of poikilitic quartz grains (in red in
Fig. 3b, c& e). Area calculations on thresholded images (Fig. 3) resulted
in quartz making up ~28 % of the area within porous flow bands,
compared to ~15 % of the area in the surrounding groundmass (Fig. 3).
In the porous flow bands, large pores (~100 μm) occur between the
quartz grains and exhibit sub-circular to irregular geometries (Fig. 3).
Microcrystals are commonly encased within the groundmass quartz
aggregates and almost always line the margins of quartz grains within
the porous flow bands (Fig. 3a-c). In contrast, the ‘pore-filling quartz’ is
free of microlites (Fig. 3b). Microporosity (<10 μm) is dispersed

throughout the porous flow band between microlites, as well as the
vitreous material interpreted as interstitial melt (Fig. 3d, lower right
panel). Some segments of a porous flow band have less porosity in the
form of smaller or fewer pores. Rare circular vesicles with smooth edges
occur within the porous flow bands (e.g., Fig. 3d). The vesicle shape is in
contrast to that of elongated pores that avoid quartz aggregates
(Fig. 3d).

4.1.2. Pore channels
Pores that are elongated and oriented roughly perpendicular to flow

banding are classified as pore channels (Fig. 4; 2c). Pore channels
typically have much larger pores (100–1000 μm along the longest axis)
than porous flow bands (Fig. 4a; 2). Euhedral ‘pore-filling quartz’ (as
described in Section 4.1.1; Fig. 4b & c; Supp. Mat. 2) occurs more
frequently within the pore channels compared to the porous flow bands
(e.g. Fig. 4a-c; 5b & c). Area calculations on thresholded images (Fig. 4)
resulted in quartz making up ~22 % of the area within the pore channel
flow band as compared to ~13 % of the area in the surrounding
groundmass. Between the large, elongated pores in the pore channels,
microporosity resembles the textures described for porous flow bands
(Fig. 4a & b; compare Section 4.1.1 and Fig. 3) with prevalent dikty-
taxitic texture (Fig. 4d). The vitreous material (melt) between microlites
is observed to host fragments of various mineral clasts, e.g. inside a ~ 50
μm pore (Fig. 4e). Along with the clast fragments are variably deformed
vesicles near the margin towards the microlites (indicated by the red
arrows in Fig. 4e & f).

4.1.3. Fracture bands
Fractures within fracture bands have a dominantly brittle appear-

ance (Fig. 2c & d), with high aspect ratios (l/w≫1), and often en echelon
configurations within the fracture band (Fig. 2e). In addition to their
morphology, fractures are also significantly longer (>1 cm) than mm-

Fig. 4. BSE images of pore channels (see Fig. 2c for locations). a) Cluster of elongated pores, development of brittle fractures on the right. Black is void space, dark
grey is interstitial melt, mid-greys are quartz and alkali feldspar microlites, and white is Fe-rich oxides. b) BSE and quartz-thresholded image of an elongated pore
bisected by quartz grains rooted in the groundmass. Color scale is the same as in a). c) Same image as a) with quartz highlighted in red; microlite-rich groundmass
quartz and microlite-free euhedral pore-filling quartz are labelled. d) Diktytaxitic texture in the groundmass. e) Close-up of groundmass and pores filled with broken
clasts of oxides (white) and groundmass minerals suspended in melt, with red arrows pointing to deformed bubbles. f) Close-up of melt + microcryst texture, red
arrows point to bubbles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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scale pore channels and porous flow bands (Fig. 2). Like the pore
channels, the long axis of the fractures is oriented perpendicular to flow-
banded fabric of the groundmass (e.g. Fig. 2d & e).

No strong correlation is observed between size, shape, or distribution
of quartz in the groundmass relative to fractures (Fig. 5a & b). Fracture
tips are forked and grade into the groundmass rather than appearing

sharp or blunt (Fig. 5a - d). More specifically, fracture tips are seen to
extend into the groundmass through channels filled with vitreous ma-
terial (melt) that avoids the groundmass quartz (Fig. 5e & f, inset). En
echelon configurations of fracture tips are common in the fractures (e.g.
Fig. 5e& f). The vitreous phase is also found surrounding euhedral pore-
filling quartz protruding into the fractures (Fig. 5g). Fracture walls can

Fig. 5. BSE images of fractures within fracture bands, and thresholded images with quartz highlighted in red. Contrast has been enhanced to better visualize the
groundmass. Black is void space, and white is Fe-rich oxides. a) Forked fracture tip grading into groundmass (see Fig. 2e for location). cal = calcite, Fe and Mn = iron-
and manganese-rich phases. Flow band outlined with a dashed line. b) Same as image (a) thresholded to highlight quartz. c) Small and large fractures containing melt
filaments resembling bubble walls (red arrows).d) Doubly-forked tip of large fracture (right), and smaller fracture (left). e) and f) Fracture tip (see Fig. 2e for location)
showing en-echelon steps, avoiding the quartz (highlighted in f). Inset shows melt phase thresholded, fracturing avoids quartz. g) Pore-filling quartz surrounded by
the melt phase. h) Fracture walls showing diktytaxitic texture. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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be straight and smooth or gradational, similar to the tips, grading from
open space, through diktytaxitic texture, and into microlites suspended
in vitreous material (Fig. 5g & h). Smaller fractures occur next to larger
ones (left fractures in Fig. 5c & d), exhibiting undulating and jigsaw-fit
walls, and occasionally remnants of melt filaments that resemble bubble
walls (red arrows in Fig. 5c).

4.2. Mineral analysis

As mentioned in Section 4.1, Raman spectroscopy identified quartz
in both the groundmass (Fig. 2a) and protruding into void space in pore
channels and fractures (pore-filling quartz: Fig. 4; fractures: Fig. 5). We
measured the Ti-content in quartz of both settings to estimate crystal-
lization temperatures following Wark and Watson (2006). Both quartz
types yielded temperatures of 718 ± 60 ◦C (more details in Supp. Mat.
3). Importantly, crystallization temperatures and crystal structure of the
groundmass and pore-filling quartz are identical.

CL images of quartz grains reveal compositional growth zones in the
groundmass and pore-filling quartz (Fig. 6). Pore-filling quartz is var-
iably zoned with no microlite inclusions in the bulk of the crystal, with
an increasing number of microlite inclusions closer to the pore edge
(Fig. 6a). Groundmass quartz contains microlite inclusions throughout
the grain, with no preference to specific compositional zones (Fig. 6b).

4.3. Porosity characterization

Cores prepared perpendicular to flow bands yielded connected
porosity (φ) and permeability (k) values of φ = 0.08 and k = 6.86 ×

10− 18 m2 (Fig. 7a), while cores prepared parallel to flow bands yielded
φ = 0.22 and k= 2.05× 10− 14 m2 (Fig. 7b). Hence, there is a preference
(by several orders of magnitude) for fluid flow aligned parallel to flow
bands.

Vesicle size distribution (VSD), cumulative vesicle number densities
(CVND), and pore shape analyses of porous flow bands and pore chan-
nels are plotted in Fig. 8. For porous flow bands, the VSD curves are
convex after sizes of L = 0.12 mm, whereas the VSD curves for pore
channels are concave and reach higher L values (Fig. 8a). The CVND plot
shows both flow band pores and pore channels decreasing in size line-
arly, before the flow band pores abruptly drop in number at size frac-
tions log(L) = − 0.7 (Fig. 8b). Volume fraction size distribution plots for
flow bands (Fig. 8c) and pore channels (Fig. 8d) both show a Gaussian
distribution, with a steep drop in ε = 0.75 among the pore channels
(Fig. 8d).

μCT imaging of fracture bands (Fig. 9) shows that fractures are
significantly longer in the direction parallel to the opening (thickness)
compared to the direction perpendicular to the opening (compare
Fig. 9b & a). In both orientations the fractures terminate along a
boundary invisible at this resolution/to this method. Individual frac-
tures exhibit a ‘stretched penny’ shape, as well as higher porosity be-
tween fractures than in the unfractured groundmass (Fig. 9c). There is
clearly a ‘primary’ fracture set that comprises the largest fractures in
both length and aperture, separated by a ‘secondary’ fracture set that is
smaller, and often oriented slightly oblique to the primary set (Fig. 9a &
b). Fractures are variably filled with different minerals, as depicted by
the range of greyscales within each fracture (Fig. 9a & b). No systematic
pattern of mineralization was observed, and the fractures within this
sample were calculated to be 80 % filled, with 20 % void space (Fig. 9d).

Through greyscale thresholding, we calculated the connectivity of
each phase within the fractures. The results show that, at this scale,
primary fractures are isolated from each other unless joined via

Fig. 6. Cathodoluminescence images of poikilitic pore-filling (a) and ground-
mass (b) quartz. Compositional growth zones and microlite inclusions
are labelled.

Fig. 7. Photographs of flow-banded cylindrical core samples, the porosity and
permeability of which were measured a) perpendicular to flow banding and b)
parallel to flow banding.
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secondary fractures (Fig. 9c-e). This shows that individual fractures
intersected a higher proportion of magma along one primary direction,
and communication between fractures within a fracture band was
limited to one or two neighbors (Fig. 9d). Hence, connectivity of the
fractures would have favored fluid flow along the long axis of the frac-
ture planes, rather than crossing between fractures within the same
fracture band.

5. Discussion

5.1. Viscous to brittle deformation of a crystal mush

The microstructures described in this study outline a continuum of
deformation features (from lowest to highest degree of deformation:
porous flow bands, pore channels, and fracture bands; Table 1). Based on
significant overlap in their characteristics, we conclude that they are
preserved snapshots representing different stages of the same process:
pore channels are found partially developed within porous flow bands
(Fig. 3d), and remnants of porous flow bands are evident between the
established pore channels (Fig. 2c& 4a). Furthermore, pore channels are
arranged in a band orientated perpendicular to their long axis (Fig. 2c),
similar to fracture bands (Fig. 2d & e). For these reasons, we propose a
conceptual model that explains the described features as the result of
sustained deformation applied to flow-banded magma when the magma
was a ductile mush (Fig. 10). We will now discuss the magma rheology
evolution based on published experimental work, our hypothesis for
how the deformation features formed, and implications for magma
outgassing in the Sandfell laccolith.

The sparse (~5 modal%), mm-scale euhedral plagioclase pheno-
crysts (Fig. 2) represent the earliest evidence of the Sandfell magma’s
evolution, indicating pre-emplacement plagioclase crystallization with a
low nucleation rate and high growth rate (Fig. 10 bottom circle). In

contrast, the abundant microlites of alkali feldspar and iron oxides of the
groundmass (Fig. 2a) formed during subsequent crystallization with
high nucleation rates and low growth rates, which corresponds to a high
degree of undercooling (Mollo and Hammer, 2017).

The concentration of groundmass quartz within the porous flow
bands indicates the segregation of the magma into silica-richer and
silica-poorer flow bands (Fig. 10 second circle from the bottom). Flow
bands in magma have been suggested to form as a result of mechanical
deformation (Gonnermann and Manga, 2005; Schall and van Hecke,
2010). While it is no longer possible to determine the conditions of flow
band formation in the Sandfell laccolith, deformation experiments show
that around a crystal fraction of 45 to 55 %, melt-rich shear bands
separate from magma (Pistone et al., 2012). The separation of the melt
from the crystalline magma during shear would then naturally imply a
compositional separation between melt- and silica-richer bands among
more crystalline and silica-poorer bands. This compositional separation
is expressed in terms of significant variations in quartz content between
porous/pore channel and non-porous flow bands. The orientations of
flow bands are shown in Witcher et al. (2024) to reflect the progressive
change in growth mode of the Sandfell laccolith from the earliest, sill-
like magma batch to the later doming and establishment of a trap-
door fault along the northern margin. This observation rules out the
occurrence of cryptic magma fragmentation during emplacement that
has been proposed for volcanic conduits by Wadsworth et al. (2022)
since such flow-band orientations would not have been preserved
through the process of fragmentation. Experiments on flow banded
magma have shown that the flow bands richer in melt remain at a lower
bulk viscosity, given the absence of crystals (Kohlstedt et al., 2010). We
therefore infer that the melt-rich flow bands at Sandfell localized
continued shear.

The high concentration of quartz grains between the pores in porous
flow bands, and the occurrence of larger pores exclusively between

Fig. 8. Pore shape analysis plots for flow bands and pore channels following Shea et al. (2010). a) Vesicle size distribution (VSD) plot Number density (Nv) against
object size (L). b) Cumulative vesicle number density (CVND) plot; Log number density of pores larger than 20 μm against log(L). c) Volume fraction size distribution
for flow bands (n = 425) and (d) pore channels (n = 311). Elongation parameter is such that 0 = circular and 1 = extremely elongated.

T. Witcher et al. Journal of Volcanology and Geothermal Research 461 (2025) 108278 

11 



quartz grains, while smaller pores occur between the microlites (Fig. 3),
indicate that the quartz aggregates and the microlites are key compo-
nents in the formation of the porous flow bands. Typically, vesicles (that
is, the solidified remnant of gas bubbles expanded within liquid) have
smooth walls and spherical or ellipsoidal shapes (e.g., Fig. 3d). Pores
within the viscous flow bands are dominantly irregular in shape and
have rough walls, lined with euhedral and broken microlites (Fig. 2b).
This texture has been produced in deformation experiments of microlite-
rich synthetic magma, where a low degree of shear strain (γ = 0.4)
reoriented microlites and drove them into the bubble, destroying the
smooth bubble wall (cf. Laumonier et al., 2011).

Based on analyses presented by Shea et al. (2010), and assuming the
porosity within flow bands originated from bubble expansion, one
argument for the development of flow band porosity is through the
coalescence and/or collapse of bubbles. This would explain the concave
tapering of the CVND curve at a larger size fraction and the normal
elongation distribution (Fig. 8b & c). This is supported by the observa-
tion that in thin sections some areas of a porous flow band are vesicle-
poor while others are vesicle-rich (e.g., Fig. 3d); variations in strain
would likely promote coalescence in some areas and bubble collapse in
others. Our observations agree with the deformation experiments of
Laumonier et al. (2011), which show that bubbles migrated through the
microlitic groundmass from areas of low strain towards areas of high
strain.

We envisage porosity development in microlite-rich Sandfell magma
under shear stress a viable process to explain the textures of the porous

flow bands (Figs. 3 & 10) in addition to bubble collapse. Critical soil
mechanics describes the phenomenon of pore formation in the presence
of rigid particles (Schofield and Wroth, 1968) and has been applied to
magma rheology (Caricchi et al., 2007; Rutter et al., 2006). In fact, the
textures in the porous flow bands resemble those of dilation bands in
granular materials where stable solid-solid contact between grains can
transmit tensile strain leading to void formation (Du Bernard et al.,
2002; Gourlay and Dahle, 2007; Meylan et al., 2010; Petford et al.,
2020). The solid-solid contacts—in case of the rhyolite magma, the
microlites lining the quartz grains—can locally fracture (Fig. 3) (Forien
et al., 2011), while the bulk system is behaving plastically (Petford et al.,
2020). The reorganizing of the rigid particles—here, the quartz
grains—then promotes a volume increase by pore formation at the
points of maximum tensile stress. Hence, we envisage that porous flow
bands formed in a similar way to dilation bands when the magma had
crystallized to at least ϕc = 0.7 (Petford et al., 2020), and behaved as a
poro-elastic mesh.

In granular materials, dilation band thickness increases with total
strain (Sakaie et al., 2008) until a critical thickness, dictated by the
granular material properties, is reached (Ries et al., 2007). This could
explain why the Sandfell porous flow bands are of such regular thickness
and spacing (e.g., Fig. 2a): The porous flow band thicknesses in the
Sandfell laccolith are likely the result of the response of the magma’s
crystal fraction to strain, whereas the crystal fraction is a function of the
earlier separation into flow bands (see above; Fig. 10 II & III).

Dilation of a poro-elastic mesh—in this case, microlite-rich

Fig. 9. Slices of μCT-scanned fracture band sample (thin section block of sample shown in Fig. 2e), in ZY plane (a) and ZX plane (b). Greyscale is the same as BSE
images: black is void, white is Fe-oxides, dark grey is groundmass and mid-greys are mineral fillings. Primary and secondary fracture sets are indicated with white
and light blue arrows, respectively. c, d) Connectivity of phases calculated from the scan, each color represents a connected phase. 20 % of the fracture volume is
open space, 80 % is filled. e) 3D image of fracture band with groundmass removed, colored by connectivity. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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magma—creates an increase in void volume between grains, and the
associated negative pore pressure draws in nearby fluid (melt or gas)
(Petford et al., 2020). The abundance of the interstitial melt phase in the
porous flow bands (Fig. 3b) and pore channels (Fig. 4d) supports this
argument. Dilation banding is a process that entails strain softening and
results in concentrating continued applied stress (Gourlay and Dahle,
2007). A phenomenon often associated with dilation banding is cavi-
tation, a process in ductile solids by which preexisting defects propagate,
commonly at a solid particle interface, causing the material to ‘tear’ and
form a cavity (Farquharson et al., 2016).

The cavitation is a response to a pressure drop which overcomes the
cohesion or tensile strength of the material (Gruzdkov and Petrov,
2008). Most research on cavitation has been done in metallurgy
(Nicolaou and Semiatin, 2007; Rappaz et al., 1999; Tanaka and Higashi,
2004) but it is increasingly discussed as a deformation mechanism in
crystal-rich magmas (Farquharson et al., 2016; Furukawa and Uno,
2015; Petford et al., 2020; Smith et al., 2001).

Considering the mechanism of dilation banding and cavitation, we
argue that the pore channels observed in the Sandfell laccolith formed in
the following way (Fig. 10 IV): within the porous flow band plane, stress
associated with magma intrusion created pressure differentials among
the quartz grains and their immediate surroundings. These pressure
contrasts were sufficient to propagate the dilated pores via cavitation,

and the increasingly densely packed microlites suspended in melt tore
away from the larger quartz grains, propagating in the direction of the
maximum principle stress (Fig. 4a). Pores continued to grow sub-parallel
to the largest principle compressive stress (σ1) direction and opened
parallel to the lowest principal compressive stress (σ3) direction (as
shown in experiments by Van Der Molen and Paterson, 1979). The pore
channels have a convex size distribution (Fig. 8d) and a decline in pores
with ε > 0.7. Their cumulative volumetric number densities decrease
linearly with size fraction (Fig. 8b). Based on Shea et al. (2010), pro-
cesses consistent with these trends are ‘continuous/accelerating nucle-
ation and growth’. Rather than bubbles increasing in volume by
expanding, we argue that this trend is the result of the pores becoming
stretched through cavitation.

As mentioned above, the pore space created by cavitation caused a
pressure gradient which would have drawn in local fluids like residual
melt (Koenders and Petford, 2000; Petford et al., 2020; Van Der Molen
and Paterson, 1979). This likely accounts for some of the microlite-free,
sub- to euhedral quartz within the elongated pores (Fig. 4b & 5e), often
at the tips (Fig. 4b; 5d, inset) and, to varying degrees, rooted to anhedral
quartz in the groundmass with more microlite inclusions (Fig. 4c & 6a).
Since this sub- to euhedral, pore-filling quartz is identical to the
groundmass quartz in terms of crystal structure (Raman; Supp. Mat. 1)
and crystallization temperature (TitaniQ; Supp. Mat. 3), we envisage

Fig. 10. Conceptual model of the porosity development in the Sandfell laccolith, explaining the observed textures as a result of either different strain rates or in-
cremental strain applied to a flow-banded, crystal-rich magma. Color scale follows the thresholded BSE images in Figs. 3–5. Permeability and outgassing potential
increases with increasing deformation.
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quasi-simultaneous crystallization of groundmass quartz and pore-
filling quartz, which, by definition, includes pore formation. Further
evidence for decompression within the pore channels and fracture bands
are the microbubbles preserved in the melt phase near some pore
channels (e.g., Fig. 4e & f) and larger bubbles (<40 μm) inside smaller
fractures (e.g., Fig. 5g).

Our samples testify to a continuous transition from porous flow
bands to pore channels to fracture bands (Fig. 10 incremental strain
paths). Conceivably, fracture bands may have also formed by cavitation,
as proposed by Smith et al. (2001) for the porosity features in dacite lava
domes (see Fig. 5d in Smith et al., 2001) that exactly resemble the
fracture bands in the Sandfell laccolith. However, while we acknowl-
edge the likely role of cavitation in the formation of the pore channels, as
discussed above, the fracture bands in the Sandfell laccolith (and also
those in Fig. 5d of Smith et al., 2001) have a significantly more brittle
appearance, as evidenced by en echelon arrays (Figs. 2e; 5c & d), and
their higher aspect ratios (compare Fig. 2c with 2d & f). We, therefore,
propose that there was a transition from ductile cavitation to brittle
fracturing during the formation of the fracture bands (Fig. 10 V). As
described by Raayai-Ardakani et al. (2019), cavitation and fracturing
processes are closely related in soft materials, and pore expansion can
abruptly switch between fracture-dominated and cavitation-dominated
depending on strain rate. Incremental growth via cavitation and sud-
den, rapid growth via fracturing likely operated in tandem to form the
deformation features seen in the Sandfell rhyolite (incremental strain
paths in Fig. 10). The formation of fractures with very high aspect ratios
and minimal porosity between fractures (like those in Fig. 2d) may have
resulted from a high initial strain rate, which would have driven the
viscous, crystal-rich magma to brittle failure without viscously
deforming first (high strain rate path in Fig. 10). In that sense, strain rate
is a key parameter in determining what type of deformation will take
place in microcrystalline mush as well as in pure silicate melt.

To approximate the conditions required to develop fractures within
the viscous crystalline rhyolite of Sandfell, we consider the 1991–1995
lava dome eruption on Unzen. Unzen lava dome samples exhibit cavi-
tation textures closely resembling those in the Sandfell laccolith (Smith
et al., 2001). Dacitic magma extruded endogenously in the second half
of the Unzen eruption in 1993 for ~600 days (Nakada et al., 1995).
Ascent rates (u) and conduit radii (L) were calculated by Noguchi et al.
(2008) to be ~0.002 ms− 1 and ~ 5 m, respectively, at the peak of the
1993 dome-building phase. Wadsworth et al. (2018) use these param-
eters to estimate an average strain rate 〈γ̇〉 imparted on the magma,
given by 〈γ̇〉 = u/L. With this, we can approximate that a strain rate of
〈γ̇〉 = 4× 10− 4 s− 1 deformed the magma as it extruded from the conduit.
Strain rates at this order of magnitude have been shown experimentally
to viscously ‘tear’ dome lavas from Santiaguito (Guatemala) in tension
at ~750 ◦C (Hornby et al., 2019), which also aligns with the crystalli-
zation temperature of pore-filling quartz in the Sandfell rhyolite. While
〈γ̇〉 is a general approximation, it proves that deformation timescales
required to initiate cavitation and fracture in intruding mushy magma
are conceivable for conditions applicable to the formation of the Sand-
fell laccolith. Endogenous dome growth, such as at Sandfell, also creates
a radially compressive stress environment that would localize pure shear
on heterogeneities associated with separate magma pulses within the
dome.

As the Sandfell magma degassed and developed porosity, local loss in
volatiles of the remaining melt near the pores would have lowered the
glass transition temperature (Tg) of the remaining melt (Hess and
Dingwell, 1996). As a result, the onset of brittle behavior in the degassed
melt near the pores would have been reached at lower strain rates than
the melt further from the pores (Webb and Dingwell, 1990). Continued
emplacement-related stresses applied to the magma would have excee-
ded the strength of the melt phase at these degassed zones.

To further account for the brittle fracturing within bands, specifically
the termination of fractures at the band margins, the higher porosity of

porous flow bands (with and without pore channels) caused a decrease
in tensile strength compared to the more crystalline, less porous magma
outside the flow band (cf. Heap et al., 2021). When the tensile strength
was exceeded within the band, either from rapidly applied stress or
gradual compression and shear, the material failed along existing
weaknesses. As a consequence, fractures propagated vertically through
the pores either by tensile fracturing or a combination of cavitation and
fracturing. The fracture tips found in the Sandfell laccolith are branched
and have gradational (diktytaxitic) edges (Fig. 5). Similar morphologies
have been experimentally produced by Oppenheimer et al. (2015) by
injecting gas into golden syrup with >55 % solids in suspension. Sup-
pose we assume a comparable mechanism in the Sandfell rhyolite
magma. In that case, the exsolved volatiles would have contributed to
the fractures’ propagation by pressurizing the open pores in a densely
packed microcrystalline groundmass.

This mechanism resembles what has been suggested for the forma-
tion of tuffisites, where magma fracturing draws in volatiles and melt
fragments (ash) into the developing fracture (Unwin et al., 2021). We
therefore envisage that tuffisites may start in the same way as the
fractures in the Sandfell laccolith, evidenced by the observed micro-
scopic tuffisite textures (Fig. 4e). However, tuffisite propagation in the
magma and into the host rock, driving melt fragmentation into ash
particles, and subsequent viscous healing (Tuffen et al., 2003; Tuffen
and Dingwell, 2005) indicate a higher melt fraction, higher strain rates,
and potentially higher volatile contents creating higher internal pressure
in tuffisites compared to Sandfell.

Regarding the stress regime during the formation of the deformation
features described in this study, Witcher et al. (2024) showed that the
Sandfell laccolith was constructed by the successive emplacement of
several magma batches, resulting in different structural domains (see
also Fig. 1). To account for the consistently microcrystalline texture, we
infer for the Sandfell magma at the time of formation of the deformation
features: Each magma batch likely had time to cool enough to develop
into a microcrystalline mush before the next magma-batch injection. At
the same time, each new batch intrusion would exert stress on previ-
ously emplaced magma mush and the surrounding rocks.

As all the deformation features except porous flow bands have
distinct tensile characteristics (the width of the fractures and pores is
widest in the center and pinches out at the tips; e.g., Figs. 2c, e; 4a, b; 5a;
6), and are oriented ~90◦ to the band they are forming in (Fig. 2c-e),
compression seems the likely dominant stress regime at the time of pore
channel and fracture band formation. Antithetic Riedel shears occur at a
maximum of 75◦ to the shear plane, and tension gashes occur at 45◦

(Dresen, 1991; Schmocker et al., 2003). We can therefore rule out that
the tensile features within the Sandfell rhyolite are Riedel structures.
While there was likely a component of simple shear, pure shear from
compression was the dominant stress regime linked to intrusion infla-
tion. The brittle transition from pore channels to fracture bands may
likely have initiated more fractures between elongated pores (as the
fractures are more closely spaced than the pore channels), but stress
shadows kept a minimum distance between fractures.

In summary, there was a rheological contrast early on in the Sandfell
rhyolite’s emplacement caused by the segregation of melt into flow
bands within an increasingly microcrystalline mush. The cessation of
magma batch intrusion allowed time for continued crystallization and
cooling, at slower rates within the melt-rich shear bands compared to
the bulk rhyolite. The shear bands contained melt enriched in silica,
which resulted in a higher concentration of quartz among the microlites.
Before the magma reached complete solidification, another batch of
magma was injected below and imparted stress upon the now-mushy
rhyolite. The stress localized within the softer material of the early
flow bands, resulting in a range of deformation features that created
porosity and permeability that could not extend out into the material of
the stronger and more tightly packed crystalline rhyolite. If strain rates
were high enough to exceed the tensile strength of the stronger mush,
fractures could propagate and possibly join over- and underlying
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rheologically softer bands, with or without developed porosity (e.g.,
Fig. 2d).

5.2. Magma de- and outgassing in the Sandfell laccolith

In the following, we will discuss how the development of a perme-
able network of pores and fractures within the crystal mush of the
Sandfell laccolith influenced magma de- and outgassing.

It has been shown that magma ascending through the volcanic
conduit has the greatest chance of outgassing adjacent to the conduit
walls, where large degrees of simple shear are applied to the magma
(Benson et al., 2012; Burgisser and Gardner, 2004; Colombier et al.,
2022; Gonnermann and Manga, 2009; Lavallée et al., 2012; Okumura
et al., 2010; Okumura and Sasaki, 2014; Saubin et al., 2016; Tuffen and
Dingwell, 2005). As a consequence, tuffisites may form near the conduit
walls, but heal quickly after they form (Farquharson et al., 2017;
Wadsworth et al., 2021). Hence, magma outgassing is limited in space
(to the conduit walls) and time (to the duration before tuffisite healing),
so a significant volume of magma at the center of the conduit struggles to
outgas during ascent. Still, ascending silicic magma is not always
behaving explosively (e.g., during spine extrusion or laccolith intru-
sion), indicating that another, complementary mechanism for magma
outgassing is needed.

In this study, we show that bulk outgassing of large volumes of silicic
magma can be achieved through viscous to brittle deformation. In the
Sandfell laccolith, extensive fracturing took place within most of the 0.6
km3 of rhyolite at ~500 m depth, at a considerable distance from the
host rock (Witcher et al., 2024). Even at strain rates associated with
effusive dome growth (≤ 10− 4 s− 1; Section 5.1), the stress applied to the
bulk of the Sandfell magma was sufficient to dilate, cavitate, and frac-
ture as laccolith growth continued. The result of the near-solidus
deformation was a permeable network with the potential for magma
outgassing. In other words, permeability-enhancing brittle deformation
in our model is within the bulk of the magma, and not restricted to the
highly strained zone at the interface between the magma and the host
rock.

Porous flow bands developed by one (or both) of the following
mechanisms: 1) growth of bubbles within a melt-rich shear zone, which
was subsequently dismantled from shearing of the microlite-rich
groundmass. 2) Quartz crystallized within the melt-rich shear zone,
and dilation-induced porosity developed from the expansion of quartz-
quartz contacts under shear. Both mechanisms facilitate degassing of
the surrounding melt, and porosity was connected enough to allow fluid
flow (k = 2.05× 10− 14 m2, Section 4.3). Dilation banding would have
drawn in fluids from the surrounding crystalline network, further
degassing the magma.

As pore channels developed through cavitation, nearby pores were
assimilated, which would have increased the connectivity of porosity
(Figs. 3d& 4a). The increasing pore volume had a negative pore pressure
which would have drawn in more fluids from the surroundings,
including the melt between microlites and creating the diktytaxitic
textures (Figs. 4d& 5g). The oriented traces of pore channels seen in the
exposed planes in outcrop (Fig. 1d) testify to the enhanced outgassing
potential compared to the porous flow bands because connectivity is
apparent at the macro scale. Evidence for fluids moving through the
pore channels is provided by the euhedral-zoned quartz growing in the
pore space (Figs. 5e & 6a). Consistency between pore-filling and
groundmass Ti-in-quartz geothermometry results (718± 60◦C) leads us
to conclude the migrating fluids were magmatic in origin, as opposed to
a much cooler (<300 ◦C) hydrothermal fluid later precipitating the pore-
filling quartz.

The onset of fracture formation would have significantly increased
the magma’s outgassing abilities through the increasing surface area of
the pore (fracture) and the connection of over- and underlying softer
bands. More coherent magma was affected by open fractures—and more

quickly—than pore channels and flow bands. This would have acceler-
ated the degassing of melt into the fractures, as shown by the preserved
bubbles in the melt filling a fracture (Fig. 5g), and then aided outgassing
through the increasingly anastomosing network of fracture bands.
Fracture bands evolved the pore channel geometries into exaggerated
‘stretched pennies’ (Fig. 9). Given the minor connectivity between
fractures in the same fracture band (at mm scale; Fig. 9c-e), permeability
must have been anisotropic within a fracture band, preferring the long
axis direction of each fracture, which, with the limited connectivity
between fractures, can extend for several meters (Witcher et al., 2024).

In outcrop, single-set fracture bands up to 20 cm thick are observed
(Fig. 1g), as well as fracture bands containing more than one fracture set
(Fig. 2e). The higher surface area of large fracture bands and more
complex porosity formed by multi-set fracture bands further increases
their outgassing potential. Fracture bands of these types can occur in
proximity, with interlayered coherent magma diminishing until only
lenses remain. Outcrops like these are categorized as ‘breccia’ in the
companion field study (Witcher et al., 2024) and represent the highest
potential for outgassing preserved in the rhyolite. As proposed by
Witcher et al. (2024), these large fracture bands and breccia are part of
the continuum of deformation features observed in the Sandfell lacco-
lith. However, the size and properties of samples of large fracture bands
and breccia forced us to exclude them from this study. Still, the results of
this study on porous flow bands to small fracture bands lead us to infer
that large flow bands and breccia form by continued brittle deformation
of the crystal mush, controlled by its rheology, crystal interactions,
strain rate and finite strain applied through shearing of the sub-solidus
magma (Fig. 10).

While the Sandfell laccolith was emplaced at ~500 m depth, the
textures observed here have also been described in crystal-rich lava
domes (in Japan: Unzen, Daisen, Yakedake; Smith et al., 2001) and other
shallow laccoliths (in Argentina: Cerro Alquitrán; Galland et al., 2023,
and Cerro Bayo; Burchardt et al., 2019). We propose that deformation-
induced outgassing can take place during late-stage magma emplace-
ment, in areas not restricted to the volcanic conduit. Sub-solidus con-
ditions (high crystal fraction) can enable the development of permeable
networks in a large volume of the intrusion that facilitate outgassing.
Preservation of the permeable fracture network in the andesitic Cerro
Alquitrán allowed bitumen to seep to the surface from depth (Galland
et al., 2023), further exemplifying the potential in fracture bands for
fluid transport.

In the case of the Sandfell laccolith, the low-deformation end-
members (mm-scale porous flow bands) grade into larger, cm-scale pore
channels, which grade into even larger, cm-dm-scale fracture bands. In
outcrop, fracture bands can be so densely overlapping that coherent
rhyolite only exists as lenses among the fractures. These brecciated
zones are associated with large-scale magmatic structural domains that
localized stress caused by magma batch emplacement, and also repre-
sent the highest potential for outgassing of the newly intruded magma.
Hence, the mechanism of magma outgassing observed at Sandfell pro-
vides a means to efficiently outgas large volumes of magma that is not
restricted in space and time.

6. Conclusions

The Sandfell laccolith in Eastern Iceland hosts a network of defor-
mation features throughout its microcrystalline rhyolite. Here we have
studied the microstructures of porous flow bands, elongated pore
channels, and fracture bands to characterize the pore geometries and
estimate the rheology of the magma at the time of their formation. Our
results suggest all types of deformation features formed when the
magma was in a microcrystalline mush state.

The evolution of magma rheology during ascent and successive
magma batch emplacement would have recorded deformation through
viscous (crystal-poor: flow bands, sheared bubbles), ductile (crystal-
rich; dilation and cavitation), and brittle manners (crystal lock up and
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fracture). The resulting textures of each material response would have
continued to localize applied stress, which would have increased the
degree of deformation within the magma, further localized stress, and
ultimately affected the emplacement dynamics of the entire laccolith.

Hence, with this case study, we demonstrate that it is the complex
material properties of the magma that control both the response to
emplacement-related stresses and the outgassing of volatiles. The simi-
larities between shallow laccoliths and lava domes regarding geometry,
composition, and low confining pressure allow for comparison between
the two environments. We can therefore apply these outgassing mech-
anisms to viscous effusive lava domes, and contribute incremental
development of porosity throughout the bulk of the magma as a po-
tential outgassing source versus limited to shear along conduit walls.
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