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Abstract

Strain localisation structures, such as shear fractures and compaction bands, can have a
strong influence on outgassing, and this the eruptive style, of volcanoes. In this study, we aim
to develop a better understanding of strain localisation in porous volcanic rocks, using X-ray
tomography images of samples of porous andesite (porosity = 0.26) acquired before and after
deformation in the brittle and ductile regimes. These 3D images have been analysed to provide
3D measures of porosity of the samples. Furthermore, digital volume correlation (DVC) of the

images before and after triaxial deformation has been used to quantify the tensor strain fields.
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The porosity structure of the undeformed andesite consists of a large, interconnected porosity
backbone alongside many smaller, unconnected pores. Following deformation, porosity
profiles of the samples show localised dilation (porosity increase) and compaction (porosity
reduction) within the samples deformed in the brittle and ductile regimes, respectively. The
porosity profiles are consistent with incremental divergence (volumetric strain) and curl (used
as an indicator of shear strain) fields calculated from the DVC. These fields show that strain
localisation in the sample deformed in the brittle regime manifested as ~1 mm-wide,
dilatational shear fracture orientated at an angle of 40-45° to the maximum principal stress.
Pre- and post-deformation permeability measurements show that permeability of the sample
deformed in the brittle regime changed from 3.9 x 102 to 4.9 x 1012 m?, which is presumed
to be related to the shear fracture. For the sample deformed in the ductile regime, strain
localised into ~1 mm-thick, undulating compaction bands orientated sub-perpendicular to the
maximum principal stress with little evidence of shear. Data suggest that these bands formed
during large stress drops seen in the mechanical data, within high-porosity zones within the
sample and, in particular, within the large, interconnected porosity backbone. Pre- and post-
deformation permeability measurements indicate that inelastic compaction decreased the
permeability of the sample by a factor of ~3. The data of this study assist in the understanding
of strain localisation in porous volcanic rocks, its influence on permeability (and therefore
volcanic outgassing), and highlight an important role for DVVC in studying strain localisation

in volcanic materials.

1 Introduction
Evidence for the localisation of strain in volcanoes and volcanic rocks is abundant. Lava
domes are pervasively fractured (e.g., Anderson and Fink, 1990; Watts et al., 2002; Hale and

Wadge, 2008; Bull et al., 2013; Darmawan et al., 2018). An impressive example of a lava dome
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fracture is the 200 m-long and 40 m-wide fracture that formed within the dome at Merapi
volcano (Indonesia) following an explosion in 2013 (Walter et al., 2015). Lava spines are
extruded along gouge rich conduit-margin faults (e.g., Iverson et al., 2006; Cashman et al.,
2008; Kennedy and Russell, 2012; Hornby et al., 2015; Lamb et al., 2015; Ryan et al., 2018,
2020). The spines extruded at Mt St Helens (USA) from 2004 to 2008, for example, were
mantled by a 1-3 m-thick layer of cataclasites, breccias, and gouge (e.g., Cashman et al., 2008).
Ash-filled fractures within conduits and lava domes—called tuffisites—record episodes of
brittle deformation, magma fragmentation, and outgassing (e.g., Tuffen et al., 2003; Castro et
al., 2014; Saubin et al., 2016; Farquharson et al., 2016a; Gardner et al., 2018; Heap et al.,
2019a). Faults are also commonly observed in sequences of volcanic rock (e.g., Gudmundsson,
2011; Holland et al., 2006; Walker et al., 2013; Bubeck et al., 2018) and localised compaction
features have been observed in outcrops of tuff (e.g., Wilson et al., 2003; Okubo, 2014;
Cavailhes and Rotevatn, 2018). Furthermore, volcanic rocks can contain flow bands, defined
by differences in the abundance and/or preferred orientation of crystals and/or pores (e.g.,
Tuffen et al., 2003; Rust et al., 2003; Castro et al., 2005; Gonnermann and Manga, 2005), that
form as magmas deform on their way to the surface.

Strain localisation also plays an important role in governing the behaviour of volcanoes.
For example, the permeability of a volcanic edifice is thought to exert control over whether a
volcano erupts effusively or explosively (e.g., Eichelberger et al., 1986; Mueller et al., 2008;
Cassidy et al., 2018) and fractures can serve to increase the permeability of volcanic rock (e.g.,
Nara et al., 2011; Walker et al., 2013; Farquharson et al., 2016b; Heap and Kennedy, 2016).
Strain localisation can also negatively influence the stability of volcanic structures (e.g.,
Voight, 2000; Lagmay et al., 2000), the collapse of which can result in the formation of
destructive and deadly pyroclastic density currents (e.g., Glicken, 1996; Cole et al., 1998;

Komorowski et al., 2013).
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The failure mode of volcanic rock depends, to a first order, on the confining pressure
(i.e. depth) and the porosity of the rock: low pressure and low porosity favour brittle
deformation and high pressure and high porosity favour shear-enhanced compaction (e.g., Zhu
et al.,, 2011; Heap et al., 2015a). In volcanic rocks, strain localises into shear and tensile
fractures in the brittle regime (e.g., Benson et al., 2007; Heap and Kennedy, 2016; Zhu et al.,
2016). At relatively high effective pressures, laboratory studies have shown that inelastic
compaction in volcanic rocks can either be distributed, termed “cataclastic flow” (e.g., Zhu et
al., 2011), or localised into bands (e.g., Loaiza et al., 2012; Adelinet et al., 2013; Heap et al.,
2015a). Both cataclastic flow and the formation of compaction bands, planar deformation
features characterised by a lower porosity than the surrounding host rock, are often considered
as ductile behaviour. Laboratory experiments have shown that shear (Fortin et al., 2011;
Walker et al., 2013; Farquharson et al., 2016b) and tensile fractures (e.g., Nara et al., 2011;
Heap and Kennedy, 2016; Eggertsson et al., 2020) involve dilatancy and can increase the
permeability of volcanic rock by many orders of magnitude. Rare studies on the influence of
compaction bands on the permeability of volcanic rock have shown that they can decrease

sample permeability by up to about one order of magnitude (Heap et al., 2015a; Farquharson

etal., 2017).
Microstructural analysis on laboratory-deformed samples have highlighted that the
dilatant fracture of volcanic rocks involves a complex interplay between microcracks, pores,

and phenocrysts (e.g., Zhu et al., 2016). Fractures are seen to emanate from pores and propagate
through both groundmass and phenocrysts (e.g., Zhu et al., 2011; Heap et al., 2014; Heap et
al., 2015a; Zhu et al., 2016; Coats et al., 2018). Tensile fractures in andesite were found to be
more tortuous as a function of increasing porosity (Heap and Kennedy, 2016). Benson et al.
(2007) imaged the growth of a shear fracture in a low-porosity basalt from Mt Etna (Italy) using

acoustic emission, a technique used to monitor the locations of microcrack formation and
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growth (Lockner, 1993). These authors found that the fracture, which formed an inclined plane
within the sample, propagated from the lower right-hand to the upper left-hand part of the
sample. The shear fracture grew at a speed of ~4 mm.s™, at its leading edge, and ~2 mm.s™, at
its centre; this is considerably slower than the shear fracture growth speed for granite (Benson
et al., 2007). McBeck et al. (2019) studied shear fracture formation in the same low-porosity
basalt using digital volume correlation (DVC) techniques and found that strain localisation
processes started before the peak stress and was proceeded by phase of compaction. However,
studies aimed at exploring shear fracture formation in porous volcanic rocks using techniques
other than microscopy are currently absent.

Compared to our understanding of compaction band formation in porous sedimentary
rocks, our understanding of this process in volcanic rocks is embryonic. Compaction bands
were first documented in sandstone (Hill, 1989; Mollema and Antonellini, 1996) and later in
carbonate (Cilona et al., 2014; Rotevatn et al., 2016) formations. Field, laboratory, and
numerical studies have shown that subtle differences in microstructural attributes, such as grain
size distribution, can promote or inhibit the development of compaction bands in granular
materials (Wang et al., 2008; Cheung et al., 2012). Compaction bands formed in laboratory
deformation experiments typically have a thickness of 2-4 grains, are oriented sub-
perpendicular to the maximum principal stress, initiate at one side of the sample and propagate
to the other, are associated with intense grain crushing and pore collapse, and their growth is
marked by an uptick in acoustic emission activity (e.g., Baud et al., 2004; Louis et al., 2006;
Fortin et al., 2006; Townend et al., 2008; Charalampidou et al., 2011; Heap et al., 2015b; Baud
et al., 2015; Huang et al., 2019; Shahin et al., 2019). Compaction bands have also been found
in porous tuffs (Cavailhes and Rotevatn, 2018) and laboratory studies on volcanic rocks have,
so far, observed compaction bands in porous basalt (Adelinet et al.,, 2013), porous

trachyandesite (Loaiza et al., 2012), porous andesite (Heap et al., 2015a, 2017), and porous
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dacite (Heap et al., 2016). The compaction bands observed in these laboratory studies on
volcanic rocks have shown some geometric similarities with those observed in sedimentary
rocks. However, because the studied rocks were all lavas (i.e. non-granular), the compaction
bands formed in these samples were planes of collapsed pores connected by microcracks that
formed sub-perpendicular to the maximum principal stress. It is likely therefore that the
geometry of compaction bands in volcanic rock depends on the distribution of pores within the
sample (as discussed in Heap et al., 2015a).

In this study, we selected a porous andesite from Volcan de Colima (Mexico) for which
extensive sets of petrophysical and mechanical data were recently published (e.g., Heap et al.,
2017). We first used X-ray Computed Tomography (CT) to detail the complexity of the void
space within the andesite. CT has been used to study the topology of the pore space of simple
rocks such as Fontainebleau sandstone (Lindquist et al., 2000) and more microstructurally
complex porous carbonates (Bauer et al., 2012; Ji et al., 2012). Although the microstructure of
andesites and basalts has been studied using CT (e.g., Song et al., 2001; Jamtveit et al., 2014;
Pola et al., 2012; Bubeck et al., 2017; Schipper et al., 2017), studies on volcanic rocks are
generally biased towards high-porosity (> 0.5) scoria and pumice (e.g., Polacci et al., 2006;
Zandomeneghi et al., 2010; Degruyter et al., 2010; Baker et al., 2011; Voltolini et al., 2011;
Giachetti et al., 2011; Pardo et al., 2014). CT has also been used to study porosity loss by
viscous sintering in granular materials (Wadsworth et al., 2017, 2019).

In this work, our main objective is to use 3D image data from CT to better understand
the development of strain localisation in andesite deformed in the brittle and ductile regimes.
Previous studies showed that CT imaging, even with limited resolution, could reveal shear
bands in laboratory deformed sandstone (see, for example, Bésuelle et al., 2003). However,
imaging failure in complex rocks such as shales or compaction localisation in sandstone

typically requires image analysis (e.g., Louis et al. 2006; Lenoir et al., 2007). For example,
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digital image correlation techniques were used to investigate strain localisation in sedimentary
rocks (e.g., Louis et al., 2007; Dautriat et al., 2011; Ji et al., 2015; Tudisco et al., 2015; McBeck
et al., 2018; Renard et al., 2017, 2019). Recently, digital volume correlation (DVC) was used
to study failure in low-porosity basalt from Mt Etna using in situ X-ray synchrotron
microtomography (McBeck et al.,, 2019). However, such high-resolution imaging (6.5
um/voxel) can only be performed on very small samples (the sample deformed in the study of
McBeck et al. (2019) was a 3.7 mm-diameter cylinder) and therefore is ill-suited to capture
porosity development in the vast majority of porous volcanic rocks, which often contain pores
above 1 mm in diameter (e.g., Shea et al., 2010; Heap et al., 2014). Here, we perform DVC on
X-ray images of porous andesite deformed in both the brittle and ductile regimes to study the
development of shear fractures and compaction bands in porous volcanic rock. To avoid issues
with large pores, we used a standard laboratory sample size (20 mm-diameter cylinders) and

therefore a lower imaging resolution (23 um/voxel) than McBeck et al. (2019).

2 Material characterisation and methods

The block of andesite used for this study was collected from within a debris-flow track
(“La Lumbre”) on the flanks of Volcan de Colima (Mexico; Figure 1a). Volcan de Colima is
an active andesitic stratovolcano located in the Trans-Mexican Volcanic Belt (Varley et al.,
2019; Figure 1a). This block of andesite is the same as that used for the study of Heap et al.
(2017), and similar to those used in recent uniaxial and triaxial deformation studies (Lavallée
et al., 2013; Kendrick et al., 2013; Heap et al., 2014, 2015a). Heap et al. (2017) showed the
brittle-ductile transition for the studied andesite occurs at an effective pressure (confining
pressure minus the pore fluid pressure) between 20 and 30 MPa and that it forms compaction
bands when deformed at high pressure, and so it is an ideal material for this study. The andesite

has a porphyritic texture that contains phenocrysts of plagioclase and pyroxene and irregularly-
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shaped pores (with radii from a couple of tens of microns to ~500 um) within a glassy
groundmass (that contains abundant microlites) (Figure 1b shows a backscattered scanning
electron microscope (SEM) image). The andesite also contains abundant microcracks (Figure
1b).

Two cylindrical samples, 20 mm in diameter and 40 mm in length, were prepared from
the block and dried in a vacuum-oven at a temperature of 40 °C for at least 48 hours. The
connected porosity of these samples was then calculated using the bulk sample volume and the
skeletal volume measured by a helium pycnometer. Their total porosity was calculated using
the skeletal density of the block (calculated using the mass and volume, measured using the
pycnometer, of a powdered aliquot of the block) and the bulk sample density. The permeability
of the two samples was then measured under a confining pressure of 1 MPa using a benchtop
gas (nitrogen) permeameter (see Heap and Kennedy, 2016). The samples were first left at 1
MPa for 1 hour to ensure microstructural equilibrium. Volumetric flow rates (measured using
a gas flowmeter) were then measured for six pore pressure differentials (measured using a pore
pressure transducer) to calculate permeability using Darcy’s law and to check if Forchheimer
or Klinkenberg corrections were required.

X-ray tomography images were made of the samples at the the 4D Imaging Lab at Lund
University (Sweden) using a ZEISS Xradia 520 Versa 3D X-ray microscope. Tomography,
with cubic voxels of side length 23 um, were acquired before and after triaxial deformation.
Figure 2 presents a 2D vertical slice extracted from the 3D image volume of sample LL3, which
shows the features (pores and phenocrysts) observed in the SEM image (Figure 1b). Figure 2
also shows a histogram of the X-ray attenuation coefficient for the CT image volume as a
function of grey level, where 0 (lowest attenuation) and 255 (highest attenuation) correspond
to black and white, respectively. The two peaks at a grey level of ~13 and ~63 correspond to

the porosity (macropores) and the glassy groundmass, respectively (Figure 2). Values of grey
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level above that of the groundmass (> ~80) correspond to the denser plagioclase phenocrysts
and values of grey level between the two main peaks correspond to pixels that contain both
groundmass and porosity (microporosity) (Figure 2). A 3D image of the porosity structure can
also be generated using these X-ray images (Figure 3). Figure 3a shows a 3D image that
highlights all of the porosity (each connected pore is shown in a different colour) within one
of the samples (sample LL3). The large, dark blue-coloured pore represents the porosity
backbone of the sample (Figure 3a). The pores unconnected to this backbone, of which there
are many (> 8000), are best observed when this large connected pore is removed from the
image (Figure 3b). The porosity structure of the porous andesite studied can, therefore, be
considered to consist of a large, interconnected porosity backbone alongside many, smaller
unconnected pores (Figure 3). Figure 3c shows the equivalent pore radius distribution for the
unconnected pores. We measure no pores with a radius below 75 um, which is likely a function
of the voxel size (23 um/voxel). Indeed, pores with a radius < 75 um are seen in the SEM
image of the studied material (Figure 1b). The majority of the unconnected pores detected in
the X-ray images have a radius between 100 and 200 um (Figure 3c) and the average pore
radius is 126 pm.

Prior to deformation in the triaxial press, performed at the University of Strasbourg
(France), both samples were vacuum-saturated in deionised water and wrapped in a thin (<< 1
mm) copper jacket. The thin copper jacket helps to protect the integrity of the sample during
unloading. The samples were inserted into a Viton® rubber sleeve and placed inside the
pressure vessel. The confining and pore fluid pressure were then slowly increased using servo-
controlled confining and pore fluid pressure pumps, respectively, to the chosen pressure (either
20 or 60 MPa for the confining pressure and 10 MPa for the pore fluid pressure). We assume
herein a simple effective pressure law where the effective pressure is equal to the confining

pressure minus the pore fluid pressure. The samples were then left overnight at the target
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effective pressure to ensure microstructural equilibration. The samples were subsequently
deformed with an axial compression at an axial strain rate of 10~ s~1. During deformation we
recorded axial load and displacement, which were converted to axial stress and strain using the
sample dimensions, and the change in sample porosity (monitored by the pore fluid pump).
During deformation, the confining and pore fluids pressures were held constant by the servo-
controlled pumps. Sample drainage during deformation was ensured by the high permeability
of the studied material (> 10-'> m?; Heap and Wadsworth, 2016). The sample deformed at an
effective pressure of 10 MPa was unloaded at a strain rate of 10-° s immediately following
the large stress drop typically associated with the formation of a macroscopic shear fracture.
The sample deformed at an effective pressure of 50 MPa was unloaded following deformation
to an axial strain of 0.015. These samples were then dried completely in a vacuum-oven and
re-scanned, as described above. The sample deformed at an effective pressure of 50 MPa was
then re-saturated, deformed again at the same conditions to an axial strain of 0.015 (total axial
strain = 0.028), carefully unloaded, dried, and then scanned a third time (Figure 4b). Finally,
the permeability of the deformed samples was re-measured using the above-described method.

The magnitude and spatial distribution of the volumetric and distortional strain
components were calculated using the TomoWarp2 DVC code (Tudisco et al., 2017) using the
tomography images acquired before and after the triaxial deformation. We calculated the
divergence and curl fields by matching voxel constellations between the sequential X-ray
image acquisitions. Negative and positive divergence corresponds to compaction and dilation,
respectively, and negative and positive curl corresponds to left-lateral and right-lateral
rotations, indicative of shear strain, respectively. We used Moran’s I coefficient (Moran, 1948)
to determine the spatial localisation of the incremental strain populations (e.g., Zhang and Lin,
2016; Thompson et al., 2018; McBeck et al., 2019). We refer the reader to Tudisco et al. (2017)

and McBeck et al. (2019) for more information on the DVC technique.
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3 Results

3.1 Porosity and permeability data

The connected porosities, determined form the CT data, of samples LL5 and LL3 were 0.256
and 0.262, respectively. The skeletal density of the block was measured to be 2669 kg/m?,
which yields total porosities for LL5 and LL3 of 0.261 and 0.269, respectively, and isolated
porosities of 0.006 and 0.005, respectively. The intact permeabilities of samples LL5 and LL3
were 3.87 x 1012 and 4.74 x 10-12 m?, respectively. Following deformation, the permeabilities

of samples LL5 and LL3 were 4.90 x 1012 and 1.45 x 1012 m?, respectively.

3.2 Mechanical data

The stress-strain curves and porosity reduction curves for both samples (LL5 and LL3)
are shown in Figure 4. The mechanical data for the sample deformed at an effective pressure
of 10 MPa (LL5) are typical for a rock sample deforming in compression in the brittle regime
(e.g., Brace et al., 1966; Scholz, 1968). A peak stress can be observed in the stress-strain data
at ~93 MPa, which is followed by a stress drop (Figure 4a). The porosity data show that the
rock first compacted. Then the rate of compaction slowed above the stress required for the
formation and propagation of microcracks, termed C’ (at ~30 MPa; Figure 4c). Compaction
and dilation were balanced at a differential stress of ~70-80 MPa (corresponding to an axial
strain of ~0.005 and a porosity decrease of ~0.0025). Above this stress, the rock entered a phase
of net dilation (Figure 4c). Porosity was increased by 0.001 during this phase and, at the end
of the loading part of the experiment, the porosity of the sample had been reduced by 0.0015

(Figure 4c). The porosity of the sample decreased during the unloading part of the experiment
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and the final, total porosity change of the sample (i.e. at the point of the second scan) was a
reduction of 0.0021 (Figure 4c).

The mechanical data for the sample deformed at an effective pressure of 50 MPa are
typical for porous andesite deforming in compression in the ductile regime (e.g., Heap et al.,
2015a; Heap et al., 2017). A large stress drop (> 70 MPa) can be seen in the stress-strain data
for the first loading-unloading experiment, after which the stress increases (Figure 4b). The
porosity data show that the rock compacted throughout the experiment (Figure 4d). At the end
of the first loading-unloading experiment (i.e. at the point of the second scan), the sample had
lost a porosity of 0.01 (Figure 4d). During the second loading-unloading experiment, we note
another large stress drop during the loading stage, of about 40 MPa (Figure 4b). At the end of
the second loading-unloading experiment (i.e. at the point of the third scan), the sample had

lost a porosity of 0.019 (Figure 4d).

3.3 Porosity profiles before and after deformation

Figure 5 shows porosity profiles along the length of the samples deformed in the brittle
(LL5) and ductile (LL3) regimes before and after deformation. The porosity was taken as all
the voxels with a grey level lower than the middle of the trough following the first peak in X-
ray attenuation (corresponding to the macropores) within the sample (indicated in Figure 2).
Although this approach underestimates the porosity, as micropores smaller than the voxel size
are not captured, it provides data for the intact and deformed samples that can be confidently
compared. The sample edges were excluded from this analysis.

The porosity profiles of the sample deformed in the brittle regime show that, following
deformation, the porosity of the sample notably increased (by almost 0.01) between ~25 to ~30
mm distance along the sample length (Figure 5a). The average porosity of the sample

determined using this technique increased from 0.128 to 0.130 following deformation. The
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porosity profiles for the sample deformed in the ductile regime show that, following the first
round of deformation (see Figure 4c), the porosity of the sample was largely unchanged (Figure
5b). The average porosity of the sample increased slightly following the first round of
deformation, from 0.150 to 0.153. In contrast, the mechanical data indicate that the sample was
compacting during this stage (Figure 4d). Following the second round of deformation, the
porosity between ~25 to ~33 mm distance along the sample length decreased by up to 0.04,
and the average porosity of the sample decreased from 0.153 to 0.147 (Figure 5b). As discussed
above, this method underestimates the porosity because it does not capture the microporosity.
For example, the connected porosity of LL5 and LL3 prior to deformation was measured to be

0.256 and 0.262, respectively.

3.4 Digital volume correlation (DVC)

The strin fields derived from the DVC are presented in Figure 6, as vetical slices
through the 3D volumes of divergence (volumetric strain) on the left-hand-side and curl
magnitude (proxy for shear strain) on the right-hand-side. The DVC for the sample deformed
in the brittle regime (LL5), shows clear evidence of strain localisation (Figure 6a). The feature,
orientated at an angle of 40-45° to the maximum principal stress with a width of ~1 mm, is a
volume characterised by elevated dilation and shear (Figure 6a). The remainder of the sample
(i.e. outside the localisation feature) is characterised by dilation and low shear (apart from the
bottom left and top right of the sample) (Figure 6a). The first loading-unloading experiment in
the ductile regime does not show clear localisation features (Figure 6b). In contrast to the
mechanical data, which show that the sample experienced compaction (Figure 4d), the DVC
maps show that the sample is characterised by distributed dilation and low shear strain (Figure
6b). The second loading-loading experiment in the ductile regime shows clear evidence for

strain localisation (Figure 6¢). The feature, orientated sub-perpendicular to the maximum
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principal stress with a thickness of ~1 mm, is a volume characterised by compaction and very
little shear (Figure 6c). The remainder of the sample (i.e. outside the localisation feature) is
characterised by compaction (apart from the bottom left of the sample and adjacent to the

compaction feature) and high shear (Figure 6c).

4 Discussion
Based on their geometrical attributes, we interpret the angled dilatational plane and the
sub-horizontal compaction plane in the brittle and ductile regimes as a dilatational shear band

and a compaction band, respectively.

4.1 Shear fractures in porous volcanic rocks

The shear fracture within the porous andesite sample is oriented at an angle of 40-45°
to the maximum principal stress (Figure 6a), formed within a high-porosity zone of the sample
(Figure 5a), has a width of ~1 mm (Figure 6a), and is characterised by an increase in porosity
(Figure 5a and Figure 6a). Our permeability data show that the permeability of the sample was
higher after deformation which we attributed to the shear fracture.

Shear fracture formation in low-porosity rocks, such as granite, results in dilation and
large increases to sample permeability (e.g., Mitchell and Faulkner, 2008). Shear bands in high-
porosity sandstone, however, can either be dilatant or compactant (e.g., Bésuelle, 2001) and
often? result in reduction of sample permeability (e.g., Zhu and Wong, 1997). Laboratory
studies have shown that shear fractures in basalt and andesite can increase sample permeability
by three orders of magnitude (Farquharson et al., 2016b); however, the experiments of
Farquharson et al. (2016b) were restricted to samples with initial porosities < 0.15. Experiments
on sandstones show that decreases to sample permeability are seen following brittle failure

when the initial porosity is > 0.15, interpreted as a result of a dramatic increase in void space
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tortuosity due to microcracking (Zhu and Wong, 1997). However, it was unclear whether a
porous volcanic rock (porosity > 0.15), with a microstructure characterised by an amorphous
glassy groundmass that hosts pores (compared to the granular microstructure presented by
sandstone), would also exhibit a decrease in sample permeability following brittle failure. Our
new data show that a shear fracture that formed in an andesite with an initial porosity of ~0.26
at low effective pressure was associated with localised dilation (i.e. porosity increase) (Figures
5a and 6a) and a net increase in dilation, and thus, perhaps, local porosity, throughout the
sample (Figure 6a). A small increase in permeability (from 3.87 x 102 to 4.90 x 10'*? m?)
was also observed following the formation of a dilatant shear fracture; this relatively small
increase is considered to be the consequence of the high initial permeability of the sample:
fractures in laboratory samples exert a much greater influence on the permeability of low-
porosity, low-permeability volcanic rocks (e.g., Heap and Kennedy, 2016). We note that
compactional shear bands may form in this andesite at higher effective pressures, but below
the pressure at which the brittle-ductile transition has been observed previously (between 20
and 30 MPa; Heap et al., 2017), which may result in reduction of sample permeability. Further,
systematic laboratory experiments are now required to investigate the impact of shear bands
(both dilational, as studied here, and compactional shear bands that form at higher effective

pressures) on strain-localisationhrand the permeability of porous volcanic rocks.

4.2 Compaction bands in porous volcanic rocks

Our porosity analysis data (Figure 5b) and DVC data (Figure 6b) show that there was
a net increase in porosity following the first round of deformation of the sample deformed in
the ductile regime. These data are in conflict with our mechanical data, which show that the
sample compacted during deformation (Figure 4d). The reason for this discrepancy is that the

compaction band that formed following the first round of deformation was located at the top
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of the sample (Figure 7) and was therefore not included in the porosity (Figure 5b) or DVC
analyses (Figure 6b). During the second round of deformation, however, we see clear evidence
for a compaction band in both the porosity data (Figure 5b) and the DVC analyses (Figure 6c).
There are, therefore, two compaction bands in the sample following the second loading-
unloading experiment. The formation of these compaction bands likely occurred during the
two large stress drops (associated with porosity reduction) seen in the mechanical data (Figures
4c and 4d), as previously observed during compaction band formation in sandstones (Baud et
al., 2004). This hypothesis is also supported by the fact that the compaction band formed during
the first loading-unloading cycle did not increase in thickness following the second round of
deformation.

The thickness of the compaction band formed during the second round of deformation
(imaged with the porosity and DVC analysis) is ~1 mm (Figure 6¢) and, as a result of its
undulating geometry (tortuosity = 1.48), affects a zone that is ~8 mm wide (Figure 5b; Figure
6¢). The porosity profile data show that this compaction band formed within the most porous
part of the sample (Figure 5b). We further note that the number of unconnected pores in the
sample following the second round of deformation, and their average radius and radius
distribution, were very similar to the undeformed sample. For example, the average pore radius
was 126 um in both cases. These data suggest that the compaction band formed within the
large, interconnected porosity backbone of the sample (shown in blue in Figure 3a).

A compaction band thickness of ~1 mm is larger than seen in porous sandstones, where
compaction bands are typically only 500-600 um in thickness (two to four grains-thick; e.g.,
Tembe et al., 2008; Baud et al., 2012). Compaction band thicknesses of 1-3 mm have been
observed in previous experimental studies on porous basalt (Adelinet et al., 2013), porous
trachyandesite (Loaiza et al., 2012), porous andesite (Heap et al., 2015a, 2017), and porous

dacite (Heap et al., 2016). The magnitude of stress drops seen in the mechanical data (Figure
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4b), which are much larger than those seen in experiments on sandstone, are likely the result
of this difference in compaction band thickness. Because compaction bands in lavas form as a
result of cataclastic pore collapse, it follows that the thickness of the compaction bands that
form in these materials will be close to the pore diameter, the largest of which is > 1 mm in the
studied lavas. We suggest that, because the compaction band in our andesite formed within the
most porous part of the sample (Figure 5b) and the zone that also likely contains the largest
pores, the thickness of compaction bands in lava will likely approach the diameter of the largest
pore. Experiments on volcanic rocks that contain greatly different pore sizes are now required
to explore this hypothesis.

Compaction bands in sandstones require a homogeneous grain size distribution (e.g.,
Wang et al., 2008; Cheung et al., 2012). Within this narrow grain size distribution, compaction
bands in sandstones have been characterised as either discrete or diffuse, where discrete bands
propagate from one side of the sample to the other and diffuse bands are the result of the
development of several small discrete bands (e.g., Baud et al., 2004). Sandstones that form
discrete compaction bands are typically more microstructurally homogenous than those that
form diffuse compaction bands (e.g., Louis et al., 2007). It is surprising therefore, given the
complex nature of the pore structure in the studied andesite (Figures 1b and 3), that compaction
bands form in this microstructurally complex and heterogeneous material, and also that they
appear to propagate from one side of the sample to the other, rather like a discrete compaction
band (Figure 6¢). Although the compaction bands that form in lavas are similar to discrete
compaction bands, discrete compaction bands in sandstones, such as those that develop in
Bentheim sandstone (e.g., Vajdova et al., 2003; Baud et al., 2004; Stanchits et al., 2009), are
characterised by a low tortuosity. By contrast, the tortuosity of the compaction band imaged
here (Figure 6¢), and that of bands formed in previous studies (Loaiza et al., 2012; Adelinet et

al., 2013; Heap et al., 2015a, 2016, 2017), is significantly higher. Because the compaction band



425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

imaged in this study formed in the zone of highest porosity (Figure 5b), the tortuosity of the
band was therefore governed by the shape of porosity backbone from one side of the sample to
the other within this zone (the band can only exist where there are pores). Since this porosity
network is unlikely to be planar from one side of the sample to the other in such porous volcanic
rocks (e.g., Figure 3a), compaction bands in porous volcanic rocks are very likely to present
tortuous geometries, as observed here (Figure 6¢) and in other studies (e.g., Heap et al., 2015a).

Compaction bands in sandstone can reduce sample permeability by 2-3 orders of
magnitude (e.g., Vajdova et al., 2004; Baud et al., 2012). The strain required to achieve this
reduction in permeability depends on how much strain is required to form an efficient barrier,
and more strain is required in sandstones that develop diffuse compaction bands compared to
those that develop discrete compaction bands (e.g., Vajdova et al., 2004; Baud et al., 2012).
Therefore, if compaction bands in lavas are discrete, they should significantly reduce
permeability at low axial strain. However, compaction bands in lavas influence sample
permeability much less than compaction bands in sandstones. Measurements showed that the
permeability of sample LL3 was only reduced by a factor of ~3 following deformation to an
axial strain of 0.03. Heap et al. (2015a) showed that permeability of another andesite from
Volcéan de Colima was reduced by a factor of ~3 at an axial strain of 0.015 and by about one
order of magnitude at an axial strain of 0.045. Farquharson et al. (2017) also showed that axial
strains > 0.015 are required for permeability reductions of an order of magnitude. It is clear
that compaction bands in porous lavas do not form as efficient of a barrier to fluid flow as those
that form in some sandstones, a difference likely related to the complex nature of the well-
connected porosity structure in these porous rocks (e.g., Figure 3a). Systematic laboratory
experiments are now required to further investigate compaction localisation in porous volcanic

rocks and its influence on permeability.
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4.3 Volcanological implications

A detailed understanding of strain localisation and its influence on permeability in
volcanic rocks is important because permeability is considered to influence volcanic character
(e.g., Eichelberger et al., 1986; Mueller et al., 2008; Cassidy et al., 2018; Heap et al., 2019b)
and dome and flank stability, the collapse of which can generate pyroclastic density currents
with potentially dire humanitarian and economic consequences (e.g., Cole et al., 1998;
Komorowski et al., 2013). Our study shows that, unlike porous sandstones (e.g., Zhu and
Wong, 1997), the permeability of high-porosity volcanic rocks increases following shear
fracture formation at low effective pressure. An increase in the permeability of edifice-forming
rocks could increase the efficiency of outgassing (e.g., Collinson and Neuberg, 2012), thus
promoting effusive volcanic behaviour. Importantly, brittle deformation in porous lavas (at low
effective pressure) may not be associated with decreases to permeability, as seen for sandstones
of similar porosity (e.g., Zhu and Wong, 1997). In the ductile regime (i.e. at a depth between 1
and 1.5 km), compaction bands will form within high-porosity zones and result in the
compaction of the well-connected, porosity backbone, which supports high permeability.
Therefore, although compaction bands in volcanic rocks are tortuous, a factor that may limit
the extent to which they reduce permeability (compared to sandstones; Vajdova et al., 2004;
Baud et al., 2012), they are associated with reduction of permeability (as seen in previous
laboratory studies: Heap et al., 2015a; Farquharson et al., 2017). A decrease in the permeability
of edifice-forming rocks could decrease the efficiency of outgassing (e.g., Collinson and
Neuberg, 2012), thus promoting explosive volcanic behaviour. Finally, we note that
compaction bands in volcanic edifices will also create permeability anisotropy.
The present study also highlights that DVC is an effective tool to understand strain localisation
in porous volcanic rocks, data which can assist in our understanding of the influence of strain

localisation on the permeability of porous volcanic rocks. DVC on a wide range of volcanic
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rocks (characterised by different pore sizes and shapes), coupled with laboratory measurements

of permeability, offers an exciting avenue for future research.

5 Conclusions

To better understand strain localisation in porous volcanic rocks, we performed porosity
and DVC analyses on X-ray computed tomography images of porous andesite deformed in the
brittle and ductile regimes. These analyses reveal that strain localisation in a sample deformed
in the brittle regime manifested as a ~1 mm-wide, dilatational shear fracture orientated at an
angle of 40-45° to the maximum principal stress. For a sample deformed in the ductile regime,
strain localised into ~1 mme-thick, undulating compaction bands orientated sub-perpendicular
to the maximum principal stress with little evidence of shear. These compaction bands likely
formed following stress drops seen in the mechanical data and formed within the zone of
highest porosity, i.e.g, within the large, interconnected porosity backbone of the sample. Shear
fracturing in the brittle regime and the formation of compaction bands in the ductile regime
were seen to result in an increase and decrease in sample permeability, respectively. Our study
also highlights that x-ray tomography combined with DVC can provide greater insight into
deformation and strain localisation in porous volcanic rocks, the importance of which is
emphasised by their impact on, for example, permeability and, therefore, outgassing and

eruption style (effusive or explosive).
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Figure 1. (a) Image from GoogleEarth© showing Volcan de Colima (height = 3820 m),
Mexico. The block of andesite used for this study was collected in the “La Lumbre” debris
flow track and is indicated by the white arrow. Inset shows a map of Mexico showing the
location of Volcan de Colima (the red triangle). (b) Backscattered scanning electron

microscope image of the studied andesite. The porosity is shown in black.

Figure 2. Histogram of the grey-scale values of the x-ray tomography data for sample LL3.
The grey-scale indicates the relative X-ray attenuation coefficient, where 0 is black (lowest
attenuation) and 255 is white (highest attenuation) Inset: 2D vertical slice extracted from the
3D x-ray tomography image of the undeformed LL3 andesite sample. (Cubic voxels of width

=23um.)

Figure 3. Porosity structure. (a) 3D image of an undeformed andesite sample (LL3), created
using the X-ray image slices (23um/voxel), showing the porosity structure. Each connected
pore is shown in a different colour. (b) The same 3D image shown in panel (a), but with the
large, connected pore (coloured dark blue in panel (a)) removed. (¢) Histogram showing the

distribution of pore radii for the unconnected pores shown in panel (b).

Figure 4. Mechanical data. (a) Stress-strain curve for the sample (LL5) deformed at an
effective pressure of 10 MPa (in the brittle regime). (b) Stress-strain curve for the sample (LL3)
deformed at an effective pressure of 50 MPa (in the ductile regime). (c) Porosity reduction as
a function of axial strain for the sample (LL5) deformed at an effective pressure of 10 MPa (in

the brittle regime). (d) Porosity reduction as a function of axial strain for the sample (LL3)
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deformed at an effective pressure of 50 MPa (in the ductile regime). The positions of the X-ray

scans are indicated on the stress-strain curves.

Figure 5. Porosity profiles. (a) Porosity as a function of sample length (sample LL5) before
and after deformation at an effective pressure of 10 MPa (in the brittle regime). (b) Porosity as
a function of sample length (sample LL3) before and after one and two rounds of deformation

(see Figure 4b) at an effective pressure of 50 MPa (in the ductile regime).

Figure 6. Digital volume correlation data. (a) Divergence (volumetric strain) and curl (proxy
for shear strain) for the sample (LL5) deformed at an effective pressure of 10 MPa (in the brittle
regime). (b) Divergence (volumetric strain) and curl (shear strain) for the sample (LL3)
following the first round of deformation (see Figure 4c) at an effective pressure of 50 MPa (in
the ductile regime). (b) Divergence (volumetric strain) and curl (shear strain) for the sample
(LL3) following the second round of deformation (see Figure 4c) at an effective pressure of 50

MPa (in the ductile regime).

Figure 7. 2D vertical slices extracted from the 3D tomography data volume of the intact LL3
sample and the same sample following the first round of deformation at an effective pressure
of 50 MPa (in the ductile regime). This image shows the compaction band at the top of the
sample that was missed by the porosity and DVC analyses. The lower image shows a zoomed

image in which collapsed pores are highlighted by white arrows.
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