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Abstract
Lava domes are unstable components of volcanic edifices that can experience multiple eruptive phases
and collapses. During these cycles, dome rocks undergo various degrees of fracturing due to stresses
during emplacement and subsequent cooling-induced contraction. Fractures directly influence gas
escape, pressure accumulation, fragmentation, brecciation and abrasion. Here, we use X-ray micro-
tomographic data obtained on a dacite from a block-and-ash flow deposit from the 1990–1995 eruption
of Mt Unzen (Japan), and simulate pore-controlled fracturing in the 3D volume through a watershed-type
image analysis. We explore the combined role of fractures and pore size distribution on pore
connectivity and permeability, using two different starting pore networks: (1) macro-porosity surrounded
by micro-pores and (2) macro-pores only. We quantify the influence of fracture number density and width
on the evolution of pore connectivity with porosity for the two pore networks, and use Lattice Boltzmann
simulations to quantify the porosity-permeability relationships of the virtually cracked rocks. Our results
show that connectivity and permeability increase rapidly as a result of cracking in crystal-rich dome
rocks, and that the initial pore geometry and size distribution have an important control on the impact of
fracturing on connectivity and permeability. Whilst connectivity depends mostly on fracture number
density, permeability is more sensitive to fracture width. Combining measurements of connectivity and
permeability may be key when assessing the extent and mode of fracturing in volcanic edifices such as
lava domes. We discuss the implications of our results for the stability and eruptive style of silicic lava
domes.

Introduction
Dome-building eruptions are a complex expression of hybrid, effusive to explosive volcanism at the
Earth’s surface. They are characterized by frequent and rapid shifts in eruptive style that make them
highly unpredictable and hazardous (e.g., Druitt et al. 2002; Calder et al. 2015). The evolution of a lava
dome is commonly accompanied by multiple episodes of endogenous and exogenous growth, explosive
events and gravitational collapses (Kaneko et al. 2002). This multifaceted behavior is strongly influenced
by the thermal and rheological evolution of ascending magma (Melnik and Sparks 1999), the rheological
and mechanical response of lavas and rocks in the dome (Lavallée et al. 2008; Harnett et al. 2019), and
the efficiency of gas release through the dome and edifice (Mueller et al. 2008; Farquharson et al. 2016).

Gas escape or entrapment in lava domes depends mostly on the permeability of the porous networks at
different scales (Klug and Cashman 1996; Saar and Manga 1999; Mueller et al. 2005; Rust and Cashman
2011). Pores consist of a complex assembly of (i) gas bubbles formed in hot magma during
decompression and stalling at shallow depths, (ii) their vesicle remnants in quenched lavas, (iii) micro- to
macro-fractures in either lavas or rocks, and (iv) intergranular void space between fragments in
brecciated or pyroclastic domains (Gardner et al. 1999; Blower 2001; Colombier et al. 2017). The porous
network is transient and constantly evolves via volatile exsolution and resulting bubble nucleation,
growth, coalescence and collapse (e.g., Sparks 1997; Burgisser et al. 2020), shear (Okumura et al. 2008,
2013; Lavallée et al. 2015; Gonnermann et al. 2017), brittle-fracturing and fracture-healing (e.g., Tuffen et
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al., 2003; Kushnir et al., 2017; Lamur et al. 2019), viscous or solid-state sintering in fragmented and
brecciated domains such as tuffisite veins or localized shear zones (e.g., Kendrick et al. 2016; Ryan et al.
2018; Unwin et al. 2021) and hydrothermal alteration (e.g., Ball et al., 2015). The timing and extent of
these processes relies strongly on the extant pressure, temperature and deformation rate (e.g., Coats et
al. 2018; Colombier et al. 2020; Ryan et al. 2020) which drive the generation and destruction of
permeable pathways (e.g. Lavallée et al 2021).

The process by which porosity is created or destroyed dictates its connectivity, evolution and the related
percolation threshold (the critical porosity at which the transition from closed-to open-system degassing
occurs; Colombier et al. 2017). In lava domes, porosity-enhancing processes such as vesiculation (with
or without shear) and fracturing are compensated by porosity-reducing processes such as bubble
collapse, sintering, fracture sealing/ healing and crystallization from a vapor-phase (Vasseur et al. 2013;
Horwell et al. 2013; Kendrick et al. 2016; Colombier et al. 2017; Lamur et al. 2019). In crystal-rich dome
rocks, complex bubble-crystal interactions during vesiculation, deformation and outgassing create
preferential interconnected pore pathways promoting gas migration and porosity redistribution (e.g.,
Laumonier et al. 2011; Oppenheimer et al. 2015; Colombier et al. 2020; Saito et al. 2025). These
processes modulate the porosity of dome rocks such that porosity rarely exceeds 0.5, and commonly
exhibit a bimodal distribution (Mueller et al. 2011 and references therein). Several studies have pointed
to a shift in the porous architecture across this porosity range with dense dome rocks having
microstructures that are more fracture-dominated than more vesicular dome rocks (e.g., Coats et al.
2018).

Fracturing is a crucial contributor to the development of connected, permeable pore networks (Okumura
et al. 2010; Kushnir et al. 2017; Lamur et al. 2017). Fracture initiation and propagation in volcanic rocks
are strongly influenced by the presence of pre-existing pores and crystals (Heap et al. 2014; Ündül et al.
2015). In a poorly-connected or even isolated pore network formed by vesiculation or bubble collapse,
fractures can cause the system to cross the percolation threshold, even at very low porosities
(Colombier et al. 2017). Once pore connectivity is achieved, variations in fracture width can then strongly
modify permeability (Lamur et al. 2017). Whilst it is viable to experimentally determine the influence of
the width of a single fracture on permeability, it has historically been challenging to explore the width of
more complex fracture networks in equal detail. To overcome this, here we use X-ray micro-tomography
and simulate pore-controlled fracturing through a watershed-type image analysis, in which we explore
the combined role of fractures and pore size distribution on porosity, pore connectivity and tortuosity of
crystal-bearing dacite from Mt. Unzen volcano (Japan). We then use Lattice Boltzmann simulations to
quantify the impact of the virtual fracture networks on permeability. Finally, we discuss the implications
for a broad range of processes associated with dome-forming eruptions.

Methods

a) X-ray micro-tomography and image processing
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For this study we used a dacitic dome rock from a block-and-ash flow (hereafter BAF) deposit formed
during the 1990–1995 eruption of Mt Unzen (Japan). This eruption was characterized by repeated
episodes of exogenous and endogenous dome growth, frequently leading to gravitational collapse
causing the formation of block and ash flows (e.g., Sato et al. 1992; Yamamoto et al. 1993; Ui et al.
1999). A dense, porphyritic dacite with a porosity of 0.12 was selected. Compared to density and
porosity distributions of the dome and block and ash flow deposits at Unzen (Kueppers et al. 2005;
Scheu et al. 2006), this rock is representative of the denser end-member of the eruption. A cylinder of 26
mm diameter and 13 mm height was cored from the rock. X-ray computed tomography was performed
using GE Phoenix X-ray CT v|tome|x s 240 (TUM, Garching), at 110 kV and 110 µA. A 0.1 mm Copper filter
was used to remove any beam hardening. 1440 projections were captured with an exposure time of
1000 ms, and reconstruction was done using the Ge proprietary software giving a reconstructed voxel
resolution of 16.4 µm.

The reconstructed 3D volume was subsequently analysed in Avizo (v2022.2, Thermo Fisher Scientific). A
rectangular region of interest of 15.01 mm x 16.19 mm x 12.38 mm = 3010 mm3 volume (Fig. 1a) was
cropped from the data. This volume of interest was close to 1000 times the volume of the largest pore
and crystal (~ 50 and 73 mm3, respectively). This volume is smaller than, but still comparable to, the
sizes of samples previously used for laboratory measurements of petrophysical and rock mechanical
properties of Unzen dacites (e.g., Mueller et al. 2005; Kueppers et al. 2006; Scheu et al. 2008; Coats et al.
2018; Kendrick et al. 2021). The dacite has similar macroscopic characteristics as previously described
for Unzen BAF samples; that is, abundant phenocrysts (mostly plagioclase with amphibole) frequently in
contact with macro-pores (Saito et al. 2025), surrounded by a groundmass consisting of glass,
microlites and microporosity (e.g., Nakada and Motomura 1999; Coats et al. 2018; Kendrick et al. 2021).
The pixel size of 16 µm achieved in the XCT measurements does not resolve very fine microporosity nor
thin vesicle walls, yet enabled us to resolve populations of macro-and micro-pores with a bimodal
distribution.

In what follows we use the terms pore, pore size distribution and micro- or macro-porosity to refer to
either vesicles or diktytaxitic voids that are difficult to distinguish in such highly crystalline dome rocks
(e.g., Kushnir et al. 2016). When referring to porosity and pore connectivity after introducing the fracture
network, these terms and values also encompass fractures.

We segmented our sample using manual binarization in the segmentation editor of the Avizo software
(Fig. SM1b in the Online Resource). A first segmentation approach (hereafter S1) consisted of including
all pores (i.e., both macro- and micro-porosity) using a simple thresholding binarization (using grayscale
values of 0 to 16 in the masking module of the segmentation editor in Avizo, as these values yielded the
best visual result). Total porosity (φ) was then measured by dividing the volume of pores by the domain
volume. Following this step, we separated pores into (i) those connected to the exterior of the sample
(hereafter referred to as connected pores or porosity) and (ii) individual pores or pore clusters not
connected to the exterior (hereafter isolated pores or isolated porosity) (Fig. SM1c in the Online
Resource). In this study, our definition of pore connectivity (C) is analogous to that obtained using
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Helium pycnometry in the laboratory (e.g., Colombier et al. 2017) and is therefore comparable to
measurements of connected porosity commonly obtained on Unzen dacites from previous studies
(Mueller et al., 2005; Kueppers et al., 2006; Coats et al. 2018; Kendrick et al. 2021). For S1, this approach
yielded a starting pore network that was highly interconnected and permeable. We note the presence of
a branching network of fractures connecting both micro- and macro-pores in this initial volume for S1.

In a second segmentation method (S2), we performed an erosion step of 2 pixels to remove micro-
porosity, followed by a dilation of 2 pixels to restore the full size of macro-pores and a remove islands
module with a threshold of 30 voxels (Figs. 1b&c). This yielded a macro-porous network with slightly
lower connectivity, and produced an initially impervious volume (i.e. no permeable pathways across the
sample length in any direction). The micro-porosity is thus defined by the difference between
segmentations S1 and S2.

As connectivity assessment is likely affected by thresholding artefacts related to partial volume effect
(e.g., Ketcham and Carlson 2001) and our manual segmentation method, we also used a separate object
module with a marker extent of 1 to produce a third segmented pore network S3. This step caused a
separation of pores within clusters, allowing us to remove the effect of a large interconnected pore
cluster. This maintained a similar porosity to S1, with a much lower connectivity.

These different segmentation steps produced 3 synthetic volumes representing different porous
networks (Fig. SM2 in the Online Resource); S1 with macro-pores surrounded by clusters of micro-pores,
S2 with only macro-pores and S3 in which pore clusters (including macro- and micro-pores) were
separated. We then analysed the pore size distributions for both macro- and micro-pores for S1, S2 and
S3. These segmentation and basic quantification analyses were followed by our virtual fracture
modelling.

b) Virtual fracturing
Fracture propagation in natural samples is dominated by the stress concentrations caused by macro-
porosity (Heap et al. 2014). We propagated virtual fractures in our starting volumes (S1 and S2)
following segmentation using the binarized pore networks and the Separate Objects module of Avizo
(Fig. SM1 in the Online Resource). This module is a simple separation tool based on the watershed
principle in which fractures propagate based on irregularities (Van Helden et al. 2024). To control the
fracture number density we reduce the pores available for fracturing using an erosion step of 9, 6, 3, 2, 1,
or 0 pixels applied on the starting binarized porous networks (without distinction of isolated and
connected pores) with (i) all porosity (S1) and (ii) macro-porosity only (S2). This step caused different
degrees of shrinking of the pores initially present in the volume (Fig. SM1 in the Online Resource).
Fractures were generated within the solid phase without distinction between phenocrysts and the glassy,
microlite-rich groundmass. It is noteworthy that individual fractures also propagate through both
phenocrysts and groundmass in natural Unzen samples (e.g., Coats et al. 2018; Kendrick et al. 2021),
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although phenocrysts add complexity in the fracture propagation geometry which is simplified in our
model.

The number density of fractures formed depended upon the extent of the erosion step; for extensive
erosion (e.g., shrinking of each pore by 9 pixels) only a few macro-pores remained in the volume and a
low fracture number density was thus achieved during propagation between the pores, whilst on the
contrary high fracture number density was created between pores subjected to low erosion. After each
cracking event, any pore volume that was removed in the previous erosion step was replaced in the
volume using a OR IMAGE module (Fig. SM1h in the Online Resource). From this point, the connected
and isolated fractions of all pores (macro-pores, micro-pores if present initially, and newly formed
fractures) were segmented and porosity and connectivity were calculated again (Fig. SM1i in the Online
Resource).

For each simulated fracture network, with an initial fracture width of 1 pixel, we then increased the
fracture width by dilation to 3, 5 or 7 pixels (corresponding to widths of 16, 48, 80 and 112 µm,
respectively). Fracture number density was calculated on one 2D slice selected in the same position for
all volumes with a fracture width of 16 µm (1 pixel) and an Auto Skeleton module was used to determine
the total number of segments in the skeleton (i.e., the medial axis of the porous network). Dividing this
number of segments by the pore-free area yielded the fracture number density in mm− 2. All these steps
were performed on S1 and S2, whereas a single erosion step (i.e., a single fracture number density) and
a single crack width (16 µm) were explored for S3 (Table 1) to quantify the impact of a lower starting
pore connectivity.

c) Lattice Boltzmann simulations
Palabos is an open-source parallel C + + library based on the Lattice Boltzmann Method (LBM) and is
widely used as a fluid flow simulator across the fluid dynamics and geoscience communities (see Latt et
al. 2021 for more information). It has been extensively calibrated and validated for pore-scale
simulations. The method discretizes the pore space into a regular lattice of fluid nodes, where packets of
fluid mass are propagated and undergo collisions according to a D3Q19 lattice arrangement where D3

stands for the number of dimensions of space and Q19 represents the number of discrete velocity

vectors for the directions in which fluid particles can move. A pressure gradient of 10− 2 Pa·m− 1 was
applied, and the fluid density and dynamic viscosity were set to 1.2047 kg·m− 3 and 1.8205×10− 5 Pa·s,
respectively (values corresponding to air at ambient pressure and temperature conditions). These
parameters yield a dimensionless pressure gradient of ~ 4×10− 9 in lattice units, ensuring that the flow
remains within the laminar regime. We simulated fluid flow in each direction through the sample pore
space and, during each simulation, the volume-averaged fluid velocity was computed every 50 iteration
steps. Convergence (i.e., when the flow reaches steady state) is assumed when the norm of the volume-
averaged fluid velocity changes by less than 10− 5 for two consecutive evaluations spaced 50 iterations
apart. This criterion ensures that the simulation achieves a steady state before termination. Permeability
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(k) is then computed from the resulting steady-state fluid velocity and the applied pressure gradient
using Darcy’s law.

As permeability is rather isotropic in our sample and because the simulations were computationally
challenging due to the domain size, we only measured permeability in the x and z directions.
Permeability was measured for two fracture widths (16 and 112 µm) and two fracture number densities
(erosion steps of 1 and 9 pixels) for both S1 and S2, as well as on the starting porous network before
cracking for S1 (9 samples in total) (Table 2). We measured surface area and tortuosity (τ) of the
connected pore network for the same volumes on which permeability was measured. Surface area was
measured using the label analysis module of Avizo which yields the voxel surface area that is then
converted to a surface area in m². Quantification of tortuosity first involved skeletonization of the
connected pore network. A Dijkstra’s algorithm was then used to compute the shortest path for each
node of the skeleton located at the two extremities of the connected pore network in a given direction
(e.g., Fu et al. 2021). The geometric tortuosity was then calculated in all directions as the ratio of the
average shortest path to the Euclidian distance (i.e., length of the sample in the given direction in the
region of interest).

Results
a) Existing porous network of the starting material

Porosity of the initial volume is ~ 0.12, of which ~ 0.07 is macro-porosity and ~ 0.05 is micro-porosity
(Fig. 1; Table 1). The pore-free phenocryst content is 0.18, which is slightly lower than previous estimates
for Unzen dacites (e.g., 0.23–0.28 in Nakada and Motomura 1999), likely due to an underestimation
caused by limited contrast between plagioclase and glass in our XCT imaging.

The pore size distributions are overall bimodal with a population of macro-pores and a population of
micro-pores (Fig. 2). We observe a peak at a few millimeters for macro-porosity and a main mode at a
few tens to hundreds of microns for micro-porosity, as constrained by our segmentation methodology
following visual observations. The peak at very large sizes for micro-porosity corresponds to the
presence of an inter-connected network of individual pores (Fig. SM3). Such a highly connected pore
cluster is common in the analysis of volcanic rocks using XCT (e.g., Valdivia et al. 2022) and may be an
artefact as connectivity is highly sensitive to thresholding, and the blurred interface between micro-pores
and groundmass (partial volume effect; Ketcham and Carlson 2001) and the rather coarse resolution
used in our study prevents an accurate quantification of initial connectivity. Applying an automated pore
separation algorithm during segmentation in S3 caused isolation of micro-pores (and thereby the
disappearance of the large connected cluster) and a reduction in the number of macro-pores larger than
~ 2.5 mm (Fig. 2). Segmentation S1 has a high starting connectivity of Ci=0.84. Removing micro-porosity
completely only reduced connectivity of the macropores to an initial value of Ci=0.81 for S2, but caused
the transition from a permeable to impermeable pore network. Separating all pores using segmentation
S3 yielded a significantly lower initial pore connectivity Ci=0.32 (Table 1).
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b) Virtual fracturing

We produce a variety of virtual fracture networks that increase the sample connectivity, with increasing
fracture density when separating domains using ever smaller pores (Fig. 3). We note the similarity
between branching fracture networks obtained by virtual cracking and those formed during rock
mechanics testing (supplementary material in Coats et al. 2018). When increasing fracture number
density and width, we see a concomitant increase in porosity and connectivity of the porous network
(Figs. 3, 4 and 5). The increase in porosity largely results from the increase in fracture width and is
impacted to a lesser degree by fracture number density. The increase in connectivity is instead mostly
influenced by the fracture number density, although increasing fracture width also increases connectivity
by (i) adding volume to the connected fraction and (ii) increasing the likelihood of intersecting micro-
pores.

For the highest fracture number density, fractures connect all pores present in the initial volume (i.e., the
case when no erosion was performed) resulting in a connectivity of 1 (Fig. 5). We note that adding more
fractures to such a volume would result in increasing porosity while following a horizontal trend with C = 
1. At a constant fracture number density while increasing fracture width, we observe a more pronounced
change in porosity with also a slight increase in connectivity (Fig. 5b). In the S3 porous network in which
all the pores were initially separated, with the same porosity as S1, but lower initial connectivity, cracking
causes an abrupt increase in connectivity from Ci=0.32 to C = 0.89 (Fig. 5a).

The change in connectivity ΔC and change in porosity Δφ with fracture number density are different for
the porous networks S1 (all porosity) and S2 (macro-porosity only) (Fig. 6). ΔC increases more efficiently
and at a lower fracture number density in the presence of macro-pores only (S2) compared to a system
with both macro- and micro-pores (S1) (Figs. 6). This is because micro-pores will contribute longer to the
isolated fraction during our virtual cracking as (i) they require a higher number density (i.e., less erosion)
to contribute to the initial fracture propagation and (ii) they have a lower probability of intersection with a
fracture after virtual cracking.

Surface area of the connected pore network increases overall from 0.01152 m² before cracking up to a
maximum of 0.03254 m² after cracking (Fig. 7a), whereas tortuosity drops in all directions from ~ 1.68
(in the absence of fractures) down to a minimum value of 1.04 after cracking (Fig. 7b, Table 2).
Permeability increases with porosity during increase in fracture number density and fracture width in
both x and z directions (Fig. 7c). Although the simulations did not reach stable flow conditions for the
starting material S1, its permeability is estimated at around 10− 13-10− 14 m² based on the minimum

volume-averaged fluid flow velocity reached. Permeability after virtual cracking is in the range of 10− 12-
10− 10 m² (Fig. 7c). At a given fracture number density, increasing fracture width from 16 to 112 µm
causes an increase in permeability by more than one order of magnitude. For S2 (macro-porosity only),
cracking causes the transition from impermeable conditions to high permeabilities up to 10− 10 m².

Discussion
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a) Implications for petrophysical properties and outgassing

Our virtual fracture propagation model in a 3D porous network of a dacite from a block and ash flow at
Unzen volcano quantifies the impact of pore size distribution (macro- vs. micro-porosity) on the link
between petro-physical rock properties (porosity, connectivity, tortuosity and permeability) and
fracturing. Our results show that fracturing in crystal-rich dome rocks increases connectivity and
permeability, as seen in previous observational and experimental studies (e.g., Mueller et al. 2005;
Colombier et al. 2017; Kushnir et al. 2017; Lamur et al. 2017). Fracturing hence acts in combination with
other processes such as extensive shearing (Lavallée et al. 2021) and vesicle clustering around crystal
frameworks (Saito et al. 2025) to favor permeable gas escape at Unzen and other crystal-rich lava
domes. Colombier et al. 2017 discussed that pore connectivity of volcanic rocks strongly depends on
fracture number density and size, and that cracking may promote a low percolation threshold by
connecting isolated bubbles in an impermeable network. This was verified in the virtual cracking of the
initially impermeable S2 and S3 networks (Figs. 5, 6 & 8). Our modelled porosity-connectivity
relationships compare well with trends observed in natural samples at Unzen, consistent with the
importance of cracking in natural intermediate crystal-rich effusive lavas (Fig. 8). Permeability-porosity
evolution of the virtual samples falls within the upper range of natural Unzen dacites (Fig. 9; Mueller et
al. 2005; Kendrick et al. 2021). The model may modestly overestimate permeability compared to the
natural samples due to (i) the relatively high fracture width used in the virtual samples compared to their
natural counterparts – a limitation of the image resolution and/or (ii) a lower localized tortuosity of our
simplified virtual fractures, with the absence of natural asperities that would otherwise increase surface
roughness and friction, decreasing permeability in the simulations (Fig. 7). There is also the possibility
that the high fracture number density and high permeability samples are not an artifact of the virtual
cracking model, but rather evade a survivorship bias present within the natural samples, in which very
highly fractured rocks would disaggregate either in the field or during sample preparation precluding
measurements of their permeability. Although these samples may not survive into the lab setting, highly
fractured samples may contribute to outgassing pathways in the natural setting, and would be very
sensitive to changes in confining or effective pressure (Lamur et al. 2021) under processes such as
ascent, collapse-driven unloading, increased vapor pressure, or pore water pressure from precipitation or
hydrothermal circulation.

The initial pore size distribution has a strong impact on fracture propagation and connectivity and
permeability. Networks with only macropores (S2) show a higher increase in connectivity at a given
fracture number density compared to networks with both macro- and micro-pores (S1) (Figs. 5, 6). This
is because micro-pores contribute more easily to the isolated pore fraction and require more fractures to
become interconnected. The impact of initial connectivity on cracking for a given pore network is
illustrated by the comparison between S1 (Ci=0.84) and S3 (Ci=0.32) (Fig. 5). After initial cracking, both
pore networks reach a similar connectivity of C = 0.90 and C = 0.89, respectively (Fig. 5). This shows that
fractures have a larger effect on final connectivity than initial vesicle/ void connectivity in fracture-rich
samples. In addition, networks with only macro-pores (S2) also display a slightly higher permeability at a
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given porosity and fracture width (Fig. 7c). We attribute this to (i) the higher connectivity for S2
compared to S1 and (ii) the likely higher average pore throat resulting from removal of micro-porosity.

In nature, the size and number of pores modify fracture propagation, with macro-fractures preferentially
connecting larger macro-pores and micro-fractures rather connecting micro-porosity. The different
trends observed in φ-C and φ-k trends for Unzen rocks reflect a complex interplay of different initial
porosity and connectivity, variable pore size distribution and variable number of micro- vs. macro-
fractures.

Fractures have a different influence on pore connectivity (here defined as in pycnometry where pores
connected to the exterior contribute to connectivity without necessarily being percolating pathways)
than permeability. Our dataset suggests that connectivity for a given pore network depends mostly on
fracture number density, whereas permeability is in turn more sensitive to fracture width (Figs. 5, 6 and
7). Combining both measurements of connectivity and permeability may be a key to assess the degree
and mode of fracturing in volcanic edifices such as lava domes. In addition, connectivity trends observed
here confirm that the percolation threshold in magma/lavas/volcanic rocks can be very small when
cracking occurs through an initially isolated pore network (Colombier et al. 2017).

b) Permeability models applied to fractured lava dome rocks

We can compare our virtual crack model to previous permeability models applied to lava dome rocks.
The Kozeny-Carman model has frequently been used in volcanology to yield simple relationships
between porosity and permeability (e.g., Klug et al., 2002; Rust and Cashman, 2004; Farquharson et al.
2015), as well as other factors such as tortuosity. Following Costa (2006), permeability k can be written
as follows:

Where c is an empirical geometrical parameter, Φ is connected effective porosity (i.e., the fraction of
pores connected from one side of a sample to the other), av is the specific surface area (the surface area
of the connected pores divided by the solid volume) and τ is the geometric tortuosity. The only unknown
in our virtual crack model is the geometrical constant c, which depends on pore geometry. For geometric
context, the analytical values of c for an ideal straight tube and a flat plane are 4 and ~ 2.67, respectively
(Torquato 2002). We therefore can quantify c in directions x and z (i.e., those for which permeability was
measured) during cracking and related increase in fracture number density, as a function of fracture
properties (width and number density) and for both S1 and S2 (Fig. 7d). For small fracture widths (16
µm), we observe a continuous increase of c during cracking from nearly zero up to values of ~ 1.5–2.5.
For thicker fractures (112 µm), c first reaches a maximum value of ~ 4.5–5.5 for S2 and S1, respectively,
and then decreases down to ~ 3-4.5 with further increase in fracture number density. The initial increase
of c corresponds to a simplification of the average pore geometry during cracking, whereas the

k =
c ∗ Φ

3

8 ∗ av
2 ∗ τ ∗ (1 − Φ )

2
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subsequent decrease for large fracture width may be due to a higher complexity of fracture geometry at
higher number density due to tighter branching and important fracture overlap (e.g., Fig. 3).

Farquharson et al. (2015) previously discussed that the Kozeny–Carman relation may not adequately
capture the microstructural complexity of volcanic rocks as it fails to predict connectivity. We note that
the role of connectivity and microstructural complexity are directly integrated in our model as they
influence the evolution of permeability, specific surface area, porosity and the geometric constant c
during fracturing.

c) Implications for mechanical failure and eruptive processes

Our present model may shed light on the role of pore size distribution and cracking on mechanical
properties of dome rocks. Several studies discussed the effect of porosity, pore size and pore
heterogeneities on fracture propagation and consequences for mechanical properties (e.g., Heap et al.,
2014; Vasseur et al., 2015; Wadsworth et al., 2025). Pore connectivity may contribute to the strength and
Young’s Modulus of volcanic rocks (Harnett et al., 2019; Lavallée and Kendrick, 2021). Our study extends
these previous findings and allows us to link petro-physical properties of dome rocks to a controlled
network of virtual fractures and the effect of textural properties of volcanic rocks on these relationships.
Pore size distribution has been shown to have a strong influence on fracture propagation and
subsequently on connectivity and permeability, even at a narrow range of low porosities used in our
model, and we propose that this may contribute to explain the broad range of failure response to stress
observed in low porosity dome rocks at Mt. Unzen and other volcanoes worldwide.

In natural dome lavas/rocks, the increase in connectivity and permeability during fracture propagation
and coalescence may lead to macroscopic failure and transition to a granular medium. This failure can
be localized and non-explosive (e.g., brecciation in the conduit; Stasiuk et al. 1996; Tuffen et al. 2003) or
may in turn result in explosive magma fragmentation (Gonnermann and Manga 2003; Kueppers et al.
2006). Fracture width, connectivity, permeability, stress conditions and gas pressure within pores will
determine whether (i) the rock will stay cohesive or not during cracking, and (ii) the granular fragments
will be ejected explosively from the vent (i.e., pyroclasts), and thereby modulate the transition between
effusive and explosive processes. This transition to granular media caused by fracturing is also critical
to understand the effects of long-term deformation (Hirakawa et al. 2018) and cooling on potential
collapse at Unzen volcano (Shi et al. 2018). In addition, our model may have implications for processes
occurring not only in the dome but also during transport following explosive or gravity-driven collapse.
The characteristics of the fracture network within blocks generated during partial dome collapse and
subsequent abrasion in pyroclastic flows control ash generation (Miyabuchi, 1999; Scheu et al. 2008;
Kueppers et al. 2012) with important implications for secondary hazards related to co-PDC ash plumes
generated at Unzen volcano and elsewhere (Watanabe et al. 1999; Engwell and Eychenne 2016).

d) Further considerations
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Our model captures the effect of pore geometry and size distribution on the fracture propagation
direction (and ultimately their geometry). However, the effect of pores on fracture propagation is more
complex and can affect the fracture width population (Wadsworth et al. 2025) which is not represented
in our model. Phenocrysts will also exert a strong control on fracture nucleation and propagation. In
natural dome rocks, this is shown by polymodal fracture width and number density populations (Calder
et al. 2015; Coats et al. 2018).

Finally, further work is necessary to generalize beyond the single sample explored in this work. Although
we varied the pore size distribution by removal of the micro-porosity (i.e., S1 vs. S2), we expect a higher
variability in pore populations for natural Unzen dacites and dome rocks in general. In such a case,
cracking would create a unique pathway for each sample on a connectivity-porosity or permeability-
porosity plot (Figs. 8 and 9).

Conclusion
Fractures play a key role in regulating the permeability and strength of lavas/rocks emplaced during
dome-building eruptions. Our virtual cracking model highlights the influence of textural features of lava
dome rocks on fracture formation and related petro-physical properties. We were able to link pore size
distribution-controlled fracture propagation and consequences for porosity, connectivity, tortuosity and
permeability evolution. Our study showed that the tendency of fractures to exploit micro-porosity,
approximated by removing micro-porosity from the fracture generation, has a strong control on fracture
number density and connectivity evolution. Fracture number density and width and their consequences
for connectivity and tortuosity all contribute to modify the permeability increase during cracking. In lava
domes, the interplay between fracturing and other pore-changing processes such as fragmentation,
sintering, vesiculation, collapse and others must be considered to understand (i) permeable transfer
through dome edifices and (ii) the transition between ductile and brittle behavior, both being primary in
controlling the hazards associated with lava domes. Fractures are formed at different length- and
timescales in a dome and influence eruptive processes spanning from effusive emplacement, collapse
and explosive events and long-term cooling and hydrothermal activity in the edifice. Our approach is a
first step in modelling the role of fractures at the scale of effusive and explosive dome rocks usually
studied in the laboratory. Future work may be needed to upscale these results to the architecture and
lifespan of silicic lava domes during long-term mechanical and thermal stress.
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Figure 1

Sample volume renderings showing all phases (a), phenocrysts and micro-phenocrysts (b), macro-
porosity (c) and micro-porosity (d).
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Figure 2

Pore size distributions in the segmented XCT of the Unzen dome rock. Volume fraction distribution (left
panel) and Cumulative pore number densities (PND; right panel) are shown for the segmentations S1
(a,b), S2 (c,d) and S3 (e,f). Pore size distribution for S1 consists of a combination of macro-pores and
micro-pores (a,b). These are shown separately because a large portion of micro-pores are, in reality,
connected to macro-pores. The spike at high equivalent diameter for micro-pores corresponds to the
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existence of a large interconnected pore cluster (see Fig. SM3 in the Online Resource). Pore size
distribution for S2 was obtained after removal of micro-porosity, so that S2 consists of only macro-pores
(c,d). Separation of all pores in S3 (e,f) causes a disappearance of pore clusters in both macro- and
micro-pore populations.

Figure 3
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2D slices of the 3D volumes generated before and after virtual fracturing. a) Initial grayscale image. b)
Initial connectivity (green: connected pores and purple: isolated pores) prior to virtual fracturing. c to j)
Evolution of the pore network during increase in fracture number density (top to bottom) at a given width,
and increase in fracture width (left to right) at a given number density.

Figure 4

3D volume renderings of pore connectivity for segmentations S1 and S2 before and after virtual
fracturing. Green colors represent interconnected pores and purple represents isolated pores. a to c)
Increasing porosity and connectivity during (a to b) initial virtual fracturing and (b to c) increasing
fracture number density and width in segmentation S1. d to f) Increasing porosity and connectivity
during (d to e) initial virtual fracturing and (e to f) increasing fracture number density and width in
segmentation S2. The numbers (1, 2, 25, 26, 27 and 50) indicate the volumes generated by segmentation
and virtual fracturing as shown in Table 1.
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Figure 5

Porosity-connectivity evolution during virtual cracking for (a) segmentations S1, S2 and S3, and (b) a
zoom in S1 showing the effect of fracture number density (colored lines) and width (grey dashed lines)
on porosity-connectivity relationships. Note the strong influence of fracture number density on
connectivity at a given width, while fracture width increases both porosity and connectivity at a given
number density.
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Figure 6

The relationship between (a-b) change in connectivity ΔC and (c-d) change in porosity ΔΦ during
cracking as a function of fracture number density and fracture width (symbols) for segmentation S1
(left) and S2 (right). Note the differing scales in x axis, with significantly higher fracture number density
required to increase connectivity for S1 compared to S2.
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Figure 7

The evolution of surface area (a), tortuosity (b) and permeability (c) as a function of porosity during
virtual fracturing. The empirical geometrical parameter c obtained using a modified version of the
Kozeny-Carman equation combining surface area, tortuosity and permeability (Costa, 2006) was
quantified for the different simulations (d). The arrows are for guidance only and indicate porosity
increase during cracking and increase in fracture number density for a given segmentation (S1 vs. S2)
and fracture width.
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Figure 8

Comparison between modelled porosity-connectivity trends and a compilation of data on natural and
experimental Unzen dacites (data from Mueller, 2005; Coats et al., 2018 and Kendrick et al., 2021).
Each type of grey marker for the natural Unzen dacites includes data from several samples cored from
the same block. Inset illustrates how cracking and vesiculation processes can influence porosity-
connectivity trends.
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Figure 9

Permeability-porosity relationships for the virtual and natural Unzen samples (shown in grey). Data on
natural Unzen dacites correspond to unconfined and localized permeability measurements on Unzen
dacitic blocks by Kendrick et al., (2021). For higher readability, permeability is only shown in the x
direction for the virtual samples in this figure. The blue shaded area illustrates the onset of permeability
(i.e., the approximate percolation threshold) during cracking for the S2 segmentation (macro-porosity
only). Note that the modelled permeability-porosity relationships obtained for different fracture widths
using the model of Lamur et al. (2017) were calculated assuming connected porosity instead of total
porosity.
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