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measurements for porous (porosity = 0.03-0.6) andesites before (i.e., intact) and after failure in tension
(i.e., the samples host a throughgoing tensile fracture). The permeability of the intact andesites increases
with increasing porosity, from 2 x 10717 to 5 x 10~!! m2. Following fracture formation, the permeability

Keywords: of the samples (the equivalent permeability) falls within a narrow range, 2-6 x 10~!! m?, regardless of
volcano their initial porosity. However, laboratory measurements on fractured samples likely overestimate the
outgassing equivalent permeability due to the inherent scale-dependence of permeability. To explore this scale-
porosity dependence, we first determined the permeability of the tensile fractures using a two-dimensional
eq“i"&;,le“t permeability model that considers flow in parallel layers. Our calculations highlight that tensile fractures in low-
upscaling

porosity samples are more permeable (as high as 3.5 x 10~2 m?2) than those in high-porosity samples
(as low as 4.1 x 10719 m?), a difference that can be explained by an increase in fracture tortuosity with
porosity. We then use our fracture permeability data to model the equivalent permeability of fractured
rock (with different host rock permeabilities, from 10~17 to 10~!! m2) with increasing lengthscale. We
highlight that our modelling approach can be used to estimate the equivalent permeability of numerous
scenarios at andesitic stratovolcanoes in which the fracture density and width and host rock porosity
or permeability are known. The model shows that the equivalent permeability of fractured andesite
depends heavily on the initial host rock permeability and the scale of interest. At a given lengthscale,
the equivalent permeability of high-permeability rock (10~'2 to 10~!1 m?) is essentially unaffected by
the presence of numerous tensile fractures. By contrast, a single tensile fracture increases the equivalent
permeability of low-permeability rock (<10~ m?) by many orders of magnitude. We also find that
fractured, low-permeability rock (e.g., 10~17 m?) can have an equivalent permeability higher than that of
similarly fractured rock with higher host rock permeability (e.g., 10~1° m2) due to the low-tortuosity
of fractures in low-porosity andesite. Our modelling therefore outlines the importance of fractures
in low-porosity, low-permeability volcanic systems. While our laboratory measurements show that,
regardless of the initial porosity, the equivalent permeability of fractured rock on the laboratory scale is
2-6x 10711 m2, the equivalent permeability of low-permeability rock is significantly reduced as the scale
of interest is increased. Therefore, due to the scale-dependence of permeability, laboratory measurements
on pristine, low-permeability rocks significantly underestimate the equivalent permeability of fractured
volcanic rock. Further, measurements on fractured rock samples can significantly overestimate the
equivalent permeability. As a result, care must be taken when selecting samples in the field and when
using laboratory data in volcano outgassing models. The data and modelling presented herein provide
insight into the scale-dependence of the permeability of fractured volcanic rock, a prerequisite for
understanding outgassing at active volcanoes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction
* Corresponding author. Extension fractures (tensile fractures and hydrofractures) are
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cal (e.g., Heiken et al., 1988) and thermal stresses (e.g., Aydin
and DeGraff, 1988) inherent to these environments and the low
tensile strength of rock (strength in tension is typically an or-
der of magnitude lower than compressive strength; Jaeger et al.,
2007). Extension fractures commonly seen within volcano en-
vironments include: microscopic cooling fractures (e.g., Heap et
al., 2014), macroscopic polygonal cooling fractures in lavas and
lava domes (e.g., Aydin and DeGraff, 1988; Sporli and Rowland,
2006), hydrofractures and tuffisites (e.g., Knapp and Knight, 1977;
Heiken et al., 1988; Stasiuk et al, 1996; Sparks, 1997; Tuffen
and Dingwell, 2005; Kolzenburg et al., 2012; Castro et al., 2014),
crease structures (e.g., Anderson and Fink, 1992), lava dome frac-
tures that form due to a combination of subsurface overpres-
sures and regional stresses (such as that formed following the
2013 explosion at Mt. Merapi, Indonesia; Walter et al., 2015), and
large crevasses/fissures (e.g., Gudmundsson, 2011; Fitzgerald et al.,
2014). In many cases, magma fragmentation in conduits is dom-
inated by extension fractures with a wide range of orientations
(Kennedy et al., 2005). Extension fractures form due to the high
overpressures generated by exsolving magmatic fluids, the ther-
mal expansion of pore fluids, and/or the magmatic stresses (hy-
drofractures; e.g., Knapp and Knight, 1977; Heiken et al., 1988;
Benson et al., 2012) or simply as a result of the tensile stresses
exceeding the local tensile strength (tensile fractures; e.g., see the
experiments presented in Lavallée et al., 2012). Both mechanisms
require that, if the temperature exceeds the glass transition of the
melt phase Tg, strain rates are high enough to exceed the struc-
tural relaxation timescale of the melt (Dingwell and Webb, 1990).

The extension fractures outlined above occur on a wide range
of scale, from the microscale (Fig. 1a shows a back-scattered scan-
ning electron photomicrograph of a cooling microcrack within
one of the andesite samples of this study) to the hand sample
or laboratory-scale (Fig. 1b shows a photograph of a block col-
lected from Volcin de Colima (Mexico) containing a tensile frac-
ture; inset shows a cylindrical laboratory sample (20 mm in di-
ameter and 40 mm in length) prepared from the block) to the
meso- or outcrop-scale (Fig. 1c shows columnar cooling fractures
at Mt. Ruapehu, New Zealand) to, finally, the macroscale (Fig. 1d
shows the fissure exposed following the 2012 eruption from the
Te Maari vent at Mt Tongariro, New Zealand). Once formed, ex-
tension fractures principally perform two functions at active vol-
canoes: (1) they reduce the structural stability of the volcano
and lava dome (e.g., Voight, 2000) and, (2) they act as pathways
for fluids. The ease with which exsolved magmatic gases can es-
cape the conduit—governed by the permeability of the rock and
magma—is thought to impact volcanic explosivity (as discussed
by many authors, e.g., Eichelberger et al., 1986; Sparks, 1997;
Mueller et al., 2005; Melnik et al., 2005; Edmonds and Herd, 2007;
Lavallée et al., 2013; Castro et al., 2014). Extension fractures in
particular are considered to be a key component in facilitating the
outgassing of the conduit magma (e.g., Castro et al., 2014). Indeed,
overpressure-driven fractures can propagate to considerable dis-
tances and are thought to form efficient fluid pathways (Heiken
et al., 1988; Gudmundsson et al., 2002).

Laboratory studies designed to measure the impact of tensile
fracture formation on permeability are few, especially for volcanic
rocks. Well-constrained laboratory measurements have shown that
sample-scale tensile fractures increase permeability of very low-
porosity basalt (porosity <0.05) and porous andesite (porosity =
0.17-0.18) by many orders of magnitude (Nara et al., 2011) and
by a factor of almost two (Heap et al, 2015a), respectively. The
few number of studies, and the discrepancy between measure-
ments performed on rock with different porosity (Nara et al., 2011;
Heap et al, 2015a), highlight the need for systematic labora-
tory studies to better understand the influence of tensile frac-
tures on the permeability of variably-porous volcanic rock. How-

Fig. 1. A voyage through scales. (a) A microscopic cooling fracture in one of the
andesites of this study (sample R10). The fracture, seen here to cut through a
glassy groundmass containing microlites, is only a few microns wide. (b) A hand- or
laboratory-scale block (roughly 20 x 20 x 20 cm) of andesite from Volcan de Colima
(Mexico) containing a fracture. The fracture is a couple of mm wide. Inset shows
a cylindrical laboratory sample cored from the block shown (20 mm in diameter
and 40 mm in length). (c) Macroscopic polygonal columnar cooling fractures in an
outcrop at Mt. Ruapehu (New Zealand). Photo credit: Ben Kennedy. (d) Aerial pho-
tograph of the large fissure formed following the 2012 eruption from the Te Maari
vent at Tongariro (New Zealand). Photo credit: Tetsuo Kobayashi.
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Fig. 2. Intact microstructure. Back-scattered electron microscope images of some of the andesites of this study, arranged from low to high porosity. (a) Image of sample R3
(“altered lava”). A microporous pocket and a microcrack are labelled on the image. The inset shows a zoomed-in image of one of the microporous pockets; diktytaxitic
microtextures and “fish-scale” cristobalite are labelled on the inset. (b-e) Images of samples R6, R8, R10, and R14 (“lavas”). A pore and a microcrack are labelled on each of
the images. (f) Image of sample R17 (“scoracious”). A pore and pore coalescence are labelled on the image.

ever, while well-constrained laboratory measurements offer con-
siderable insight, it is well known that permeability exhibits a
scale effect (Brace, 1984; Clauser, 1992; Neuman, 1994). Labora-
tory measurements on pristine samples do not account for meso-
and macroscale fractures (Figs. 1c and 1d) and therefore under-
estimate the equivalent permeability of rock (e.g., Clauser, 1992).
Similarly, laboratory measurements on samples containing hetero-
geneities (such as fractures and layering; Fig. 1b) will likely under-
or overestimate the equivalent permeability of rock depending on
whether the feature(s) serves as a barrier to flow or a conduit for
flow, respectively. The extrapolation of laboratory data to larger
scales is an outstanding challenge in volcanology. Currently, such
extrapolations for fractured volcanic rock are hampered by the
paucity of well-constrained laboratory data.

Our aim here is to explore upscaling in fractured andesites us-
ing a new laboratory dataset. We first present new laboratory mea-
surements of permeability for a suite of variably-porous (porosity
= 0.03-0.6) andesites before and after the formation of a macro-
scopic tensile (extension) fracture. We use these data to extract
the permeability of the fractures, which are then used to ex-
plore the role of lengthscale on the equivalent permeability of
rock using a two-dimensional model that considers flow in par-
allel layers. A grasp of the scale-dependence of the permeability
of fractured volcanic rock is a prerequisite for understanding and
modelling outgassing at active volcanoes (e.g., Collombet, 2009;
Collinson and Neuberg, 2012).

2. Materials and methods

A suite of variably porous andesites was selected for this study.
The andesite blocks (roughly 10 x 10 x 10 cm in size) were col-
lected on the northern flank of Mt. Ruapehu—an active stratovol-
cano at the southern end of the Taupo Volcanic Zone (TVZ) in
New Zealand’s North Island—and are all part of the Whakapapa
Formation, the youngest of the units that comprise the present-
day edifice (Hackett and Houghton, 1989). Although the materials

are sourced from the edifice of Mt. Ruapehu, the data presented
in this study are likely applicable to other active andesitic strato-
volcanoes, such as Volcdn de Colima, Soufriére Hills (Montserrat),
Merapi, Santa Maria (Guatemala), and Tungurahua (Ecuador). Fif-
teen blocks were collected in total: four “altered lavas”, ten “lavas”,
and one “scoracious” sample (using the classification scheme of
Farquharson et al., 2015). We note that none of the blocks con-
tained fractures visible to the naked eye. The microstructure of
samples selected to best represent the measured range in poros-
ity is presented in Fig. 2. We find that the porosity in the low-
porosity (0.03-0.04) altered sample is not distributed through-
out the sample, but exists as pockets of microporosity commonly
sandwiched between crystals (Fig. 2a). This microporous texture—
termed diktytaxitic (Kushnir et al., 2016 and references therein)—is
associated with cristobalite (a high-temperature, low-pressure sil-
ica polymorph; Deer et al., 1992), identifiable by its characteristic
fish-scale texture (Deer et al., 1992) (see inset in Fig. 2a). Photomi-
crographs of the lava samples show that the increase in porosity
is coupled with an increase in the pore diameter; the lava samples
are also pervasively microcracked (Figs. 2b—e). The microstructure
of the scoracious sample is characterised by a bimodal distribution
of sub-equant pores, with peaks at diameters of about 100 pm and
500 um (Fig. 2f). The scoracious sample also shows evidence of
bubble coalescence (Fig. 2f).

Two cylindrical samples, 20 mm in diameter and precision-
ground flat and parallel to a nominal length of 20 mm (length to
width ratios lower than one are not recommended for laboratory
permeability measurements), were prepared from each of the fif-
teen blocks collected (apart from sample R15, for which there is
only one sample). 29 samples were prepared in total: 8 altered
lava samples, 19 lava samples, and 2 scoracious samples (using
the classification scheme of Farquharson et al., 2015) (see Tables 1
and 2). The connected porosity of each sample was measured us-
ing a helium pycnometer. Their initial, pre-fracture gas (nitrogen)
permeability was measured using a benchtop steady-state perme-
ameter (Figs. 3a and 3b). All measurements were conducted under



142 M.J. Heap, B.M. Kennedy / Earth and Planetary Science Letters 447 (2016) 139-150

gas flowmeter @
pressure transducer @

@ valve %

permeant gas (N,)

confining

K =

1 OO

@ J@@ intact fractured

(c) (@) permeant inlet

actuator
piston

(2) upstream endcap

(3 spreader plate

(@) pressure vessel

(®) confining fluid inlet
(®) 20 x 20 sample

(@ viton jacket
downstream endcap
(© permeant outlet

LVDT hemispherical

l bottom plate ‘

Fig. 3. Schematics of the experimental apparatus. (a-b) Schematic diagrams (not to
scale) of the benchtop permeameter. Inset in panel (b) shows a schematic of an
intact sample and a fractured sample showing the geometry of the fracture plane.
(c¢) Schematic diagram (not to scale) of the uniaxial load frame used to deform the
samples.

a confining pressure of 1 MPa. Flow rate measurements were taken
(using either a low- or high-flow gas flowmeter, depending on the
permeability of the sample) under several pressure gradients (typ-
ically from 0.05 to 0.2 MPa, equating to flow rates between 0.2
and 400 ml/min) to determine the permeability using Darcy’s law
and to assess the need for the Klinkenberg or Forchheimer correc-
tions, which were applied on a case-by-case basis. The samples
were then double-wrapped in tape and loaded diametrically in
compression (at a constant displacement rate of 0.004 mm/s) until
tensile failure using a servo-controlled uniaxial load frame (Fig. 3c).
The samples were unloaded following the formation of the first
macrofracture (a throughgoing tensile fracture in each case) and
their post-fracture permeability was measured using the same pro-
cedure described above. The plane of the throughgoing fracture
was oriented parallel to the direction of fluid flow (see inset in
Fig. 3b). While the fracture experiments yielded a load at failure,
indirect tensile strengths are not reported here because the diam-
eter of our samples does not meet the recommended minimum
requirement (54 mm) of the International Society of Rock Mechan-
ics (Ulusay and Hudson, 2007). All experiments and measurements
were conducted on dry samples (dried in a vacuum oven at 40°C
for a minimum of 48 h) at room temperature.

3. Results

Measured values of intact (pre-fracture) permeability are plot-
ted as a function of connected porosity in Fig. 4a. Intact perme-
ability ko increases as connected porosity increases (Fig. 4a). In
detail, permeability was measured to be between 1-2 x 10716
and 2 x 10717 m? at the lowest porosities of 0.03-0.04 and to
be about 5 x 10~!! m? at the highest porosity of 0.6 (Fig. 4a;
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Fig. 4. Laboratory measurements. (a) Intact permeability (ko) as a function of con-
nected porosity. (b) Equivalent permeability (k.) of the fractured samples as a func-
tion of initial connected porosity. Experimental error is captured by the symbol size.

Tables 1 and 2). A single power law cannot describe the porosity-
permeability trend on the log-linear graph of Fig. 4a: permeabil-
ity increases significantly as porosity is increased from 0.03 to
about 0.18-0.19, while the increase in permeability between a
porosity of about 0.18-0.19 and 0.6 is modest. The permeability
of the samples following the formation of a macroscopic tensile
fracture—termed here the equivalent permeability k. (Renard and
de Marsily, 1997)—is plotted as a function of initial connected
porosity in Fig. 4b. The equivalent permeabilities of all the frac-
tured samples fall within a narrow range, 2-6 x 10~11 m?2, regard-
less of the initial porosity (Fig. 4b; Tables 1 and 2).

4. Discussion
4.1. Porosity-permeability relationships

The nonlinearity in the porosity-permeability trend of vol-
canic rock has been considered by some authors to be well cap-
tured by a single power law model (e.g., Mueller et al., 2005).
Recently however, Bayesian Information Criterion (BIC) analysis
has revealed that the porosity-permeability trend for some vol-
canic materials is better described by two or more discrete power
law models that intersect at so-called “porosity changepoints”
x* (Farquharson et al.,, 2015; Heap et al., 2015b; Kushnir et al.,
2016). These changepoints are thought to exist due to microstruc-
tural differences between high- and low-porosity volcanic mate-
rials. For example, low-porosity rocks (below about 0.15) often
contain a poorly-connected or tortuous network of pores, and flu-
ids are often obliged to travel through narrow microcracks that
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Table 1

143

Summary of the laboratory data collected for this study below the microstructural changepoint. AL—“altered lava”; L—“lava”. Fracture permeabilities were calculated using
Equation (2). The intact area Ajpeqcr used in Equation (2) was taken as the sample area A (calculated using the sample width W) minus the fracture area Agyqcpre (calculated

using the fracture length and a fracture width of 0.25 mm).

Sample Sample Connected Confining Pre-fracture Post-fracture Fracture Fracture
width W porosity pressure permeability ko permeability k. length permeability k¢
(mm) (MPa) (m?) (m?) (mm) (m?)
R1 T1 (AL) 20.00 0.043 1 2.63x 10" 6.10 x 10~ 20.87 1.75 x 1072
R1 T2 (AL) 19.99 0.041 1 2.74 x 107" 5.08 x 1071 20.55 3.10 x 1079
R2 T1 (AL) 19.99 0.038 1 1.09 x 10~16 2.34x 10711 2112 1.39 x 1072
R2 T2 (AL) 20.00 0.031 1 523 x 10717 3.31x 107" 20.52 2.03x 1079
R3 T1 (AL) 20.00 0.047 1 3.87 x 10" 2.46 x 10~ 21.06 1.47 x 1072
R3 T2 (AL) 19.99 0.048 1 3.96 x 1017 3.56 x 10~ 20.97 2.13x 1079
R4 T1 (AL) 20.01 0.046 1 1.87 x 10716 451 x 10~ 20.59 2.76 x 1079
R4 T2 (AL) 20.01 0.045 1 7.65 x 10717 5.75 x 10711 20.73 3.49 x 1079
R6 T1 (L) 20.00 0.038 1 7.92 x 10717 1.97 x 10~11 21.67 1.14 x 1072
R6 T2 (L) 20.00 0.047 1 1.11 x 10716 3.83 x 107! 20.72 2.32x 1077
Table 2

Summary of the laboratory data collected for this study above the microstructural changepoint. L—“lava”; S—*“scoracious”. Fracture permeabilities were calculated using
Equation (2). The intact area Ajntqce used in Equation (2) was taken as the sample area A (calculated using the sample width W) minus the fracture area Afyqcure (calculated

using the fracture length and a fracture width of 0.25 mm).

Sample Sample Connected Confining Pre-fracture Post-fracture Fracture Fracture
width W porosity pressure permeability ko permeability ke length permeability k¢
(mm) (MPa) (m?) (m?) (mm) (m?)

R7 T1 (L) 20.01 0.193 1 132 x 1071 3.70 x 101 20.96 1.44 x 107°
R7 T2 (L) 20.00 0.188 1 6.71 x 10712 482 x 101 2147 2.44 x 1079
R8 T1 (L) 20.02 0.155 1 1.62 x 101> 1.94 x 10711 21.77 1.12 x 1079
R8 T2 (L) 20.02 0.162 1 3.34x 10713 2.20 x 10711 21.32 1.30 x 1072
R9 T1 (L) 20.01 0.157 1 9.21 x 10716 2.95x 1071 22.68 1.64 x 107°
R9 T2 (L) 20.01 0.156 1 7.35 x 10717 2.97 x 10711 2111 1.77 x 1072
R10 T1 (L) 20.01 0.134 1 6.71 x 10716 1.62 x 10711 2137 9.53 x 10710
R10 T2 (L) 20.02 0.163 1 1.62 x 10715 2.56 x 10711 21.46 1.50 x 1072
R11 T1 (L) 19.99 0.169 1 433x107 1 2.79 x 10711 21.81 1.60 x 1072
R11 T2 (L) 20.00 0.165 1 4.60 x 10712 3.37 x 10711 2147 1.97 x 1072
R12 T1 (L) 20.02 0.187 1 6.85 x 10712 221 x 1071 22.09 8.76 x 10710
R12 T2 (L) 20.03 0.178 1 1.19 x 10712 3.99 x 10711 21.88 223 x 1079
R13 T1 (L) 19.98 0.293 1 2.89 x 10712 2.81x 1071 22.05 1.44 x 107°
R13 T2 (L) 20.00 0.287 1 1.98 x 10711 2.80 x 10711 2227 4.82x 10710
R14 T1 (L) 20.01 0.384 1 3.89 x 10712 3.20 x 10711 22.96 1.54 x 107°
R14 T2 (L) 19.99 0.316 1 3.97 x 10711 492 x 101 23.59 5.45 x 10710
R15 T1 (L) 19.99 0.319 1 2.72 x 10711 3.86 x 1071 21.72 6.86 x 10710
R17 T1 (S) 20.00 0.600 1 2.74 x 10711 4.40 x 10~ 2333 9.21 x 10710
R17 T2 (S) 19.97 0.618 1 2.25x 10711 2,95 x 10~ 22.58 4.11 x 10710

connect the pore network (Heap et al., 2014; Farquharson et
al., 2015; Kushnir et al., 2016). Moderate- to high-porosity rocks
(above about 0.15), by contrast, often contain a well-connected
network of large pores and channels (Rust and Cashman, 2004;
Wright et al., 2006; Farquharson et al., 2015; Kennedy et al., 2015;
Kushnir et al.,, 2016). The break-in-slope in the data presented in
Fig. 4a also suggests a changepoint porosity, which was calculated
using BIC analysis to be at a porosity of 0.19 (Fig. 5a). Data from
the altered lavas, and low-porosity lava sample R6, were excluded
from our BIC analysis. Kushnir et al. (2016) also found that an-
desites containing porosities below 0.05 do not align with a model
containing two power laws. In our data, while these low-porosity
samples could indicate the presence of another porosity change-
point at a porosity between 0.11-0.15 (with the data described
by a power law with a low exponent), we highlight that most
of these samples contain complex microstructures due to low-
pressure, high-temperature alteration (Fig. 2a; Kushnir et al., 2016)
and that we have insufficient data to draw firm conclusions. The
existence of a changepoint in the rocks presented here is inter-
preted as a change in void space connectivity at a porosity of 0.19,
the same conclusion drawn by previous authors (Farquharson et
al., 2015; Heap et al., 2015b; Kushnir et al., 2016). This interpreta-
tion is supported by microstructural observations: rocks below the
changepoint contain few pores and a pervasive microcrack network
(thought to be a consequence of their cooling history, as previously

inferred for similar edifice-forming andesites; Heap et al. (2014))
(Figs. 2b-d), while rocks above the changepoint contain a dense
network of large pores (Figs. 2e-f).

4.2. Modelling the equivalent permeability of rock containing tensile
fractures

A fundamental model for flow through a fracture is the parallel
plate model, which assumes that the fracture walls are smooth,
parallel plates separated by a fracture of width h. The derivation
of this model yields an exact solution for fracture permeability k¢
(Zimmerman and Bodvarsson, 1996):

h2

Constraining the width of our experimental fractures is challeng-
ing however. While the width of the fractures varies little between
different samples of varying porosity (Figs. 5b and 5c), a frac-
ture within a particular sample can vary from ~0.1 to ~0.6 mm
(Fig. 5c). Further, our permeability measurements were conducted
at a confining pressure of 1 MPa, and therefore the crack width
associated with the permeability measurement may be lower than
that depicted in Figs. 5b and 5c. Additionally, fracture width may
vary along its plane. Since we cannot well constrain our fracture

(1)
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Fig. 5. (a) Microstructural changepoint. Log-log plot of intact permeability (ko) as a function of connected porosity (i.e., the data of Fig. 4a). Best-fit slopes provided by
the Bayesian Information Criterion (BIC) method are also shown (see text for details). The power law exponent for each of the slopes is provided next to the relevant
curve. The colour of each data point corresponds to the classification of the sample (using the classification scheme of Farquharson et al., 2015). White—lava. Grey—altered
lava. Black—scoracious. The porosity changepoint x* is labelled on the figure, those points above and below the changepoint lie in the grey and white zones, respectively.
(b) Examples of the tensile fractures formed in the experimental samples (top—photograph of the end face of the sample; bottom—schematic diagram of the sample with the
main fracture indicated), ordered from low to high porosity. (c) Magnified images of two of the fractures shown in panel (b), the least and most tortuous fracture. (d) Model
setup for the determination of fracture permeability using Equation (2) (see text for details). Surface in question is indicated in grey. ko = intact permeability, k; = fracture
permeability, and k, = equivalent permeability. (e) Fracture tortuosity as a function of initial connected porosity.

widths at our experimental pressure, we will assume a conser-
vative and constant fracture width of 0.25 £ 0.1 mm for all of
the fractures. Assuming a constant h of 0.25 4+ 0.1 mm, Equa-
tion (1) yields a fracture permeability of 2.08 x 1078 + 8.33 x
1012 m?, Inspection of our experimental samples reveals how-
ever that the assumption of smooth, parallel fracture walls is in-
valid (Fig. 5c). Generally speaking, rough-walled fractures are less
permeable than fractures with smooth walls (e.g., Brown, 1987;
Thompson and Brown, 1991; Zimmerman et al., 1992). Better es-
timations of the permeability of fractures with more realistic ge-
ometries are possible using the contact surface area of the fracture
surfaces (Zimmerman and Bodvarsson, 1996). However, and due to
the difficulty in measuring the contact surface (especially under a
confining pressure), we adopt here a different approach that inter-
rogates our new experimental dataset.

If we consider the permeability of a sample containing a frac-
ture as an equivalent permeability (ke ), we can extract the fracture
permeability (ks) using the following two-dimensional model that
considers flow in parallel layers (a fracture between two layers of
host rock):

_ Ake — Ajntact - ko

kf (2)

A fracture

Where kg is the intact permeability and A is the area of the sample
end face. A can be subdivided into the area of fracture (Afqcture)

and the area of intact rock (Aintact). The model setup is shown
in Fig. 5d. ko and k. were measured for each rock, and we de-
termine A using the measured sample diameter (Tables 1 and 2).
Calculating Afiqcrure Tequires the length and width of each fracture.
While we assume a fixed value of fracture width (0.25 £ 0.1 mm)
for this calculation (see reasoning above), we note that the frac-
ture length, which varies between the samples (Figs. 5b and 5c¢),
will not be modified upon the application of a 1 MPa confin-
ing pressure. The fracture length, which was measured on the
end face of each sample (Figs. 5b and 5c; Tables 1 and 2), also
defines a fracture tortuosity. If we plot fracture tortuosity as a
function of the initial connected porosity we find that the tortuos-
ity of a tensile fracture increases as the initial connected porosity
is increased (Fig. 5e). The path of tensile fractures in the higher
porosity samples is influenced by the distribution of large diame-
ter pores; in our samples, pore size tends to increase with porosity
(see Figs. 2b-d). In the low-porosity samples, the stress field is
not perturbed by the presence of large pores and the fracture is
much straighter as a result (Figs. 5b and 5c). We highlight that our
model assumes that the fracture area and tortuosity at the end
face of the sample is representative of the internal geometry of
the fracture in a particular sample. The intact area Ajper used in
Equation (2) was simply taken as the sample area A minus the
fracture area Afqcrre (all of the values required for the calcula-
tion of ks are provided in Tables 1 and 2). Fracture permeability
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k¢ (determined using Equation (2)) is plotted as a function of ini-
tial connected porosity and fracture tortuosity in Figs. 6a and 6b,
respectively (the error bars account for the anticipated variability
of the fracture width, 0.25+ 0.1 mm). Our data show that fracture
permeability decreases as the initial connected porosity (Fig. 6a) or
tortuosity increases (Fig. 6b). Our calculated fracture permeabilities
are all lower (some by a couple of orders of magnitude) than that
predicted using Equation (1) for smooth, parallel fracture walls.

Using our fracture permeability data (Tables 1 and 2), we can
model the equivalent permeability of a given length of rock (with
chosen host rock permeability) containing a 0.25 mm-wide tensile
fracture using the following one-dimensional relation:

(Wintact - ko) + (Wracture - kg)
ke = 3)
w

Where W is the total rock width considered, which is subdi-
vided into the width of the fracture Wfqcmre and the width of
the intact rock wipeer. The model setup is provided as an inset
in Fig. 7a. Since fracture permeability decreases with increasing
initial connected porosity (Fig. 6a), values of k¢ for a given host
rock permeability were determined using the empirical power law
relationship between the initial permeability and fracture perme-
ability. Our model not only allows us to consider a single fracture:
we can increase the number of fractures in a given length of rock
by increasing Wycrure accordingly. We can now explore the in-
fluence of lengthscale on the equivalent permeability of fractured
andesitic rock.

There are a few important upscaling considerations however.
(1) Although increasing Wfyqcrure also allows us to increase the
width of the fracture(s), we highlight that this extrapolation may
not be appropriate. First, it is unclear whether heterogeneities on
the mm-scale (pores and/or crystals) will influence the tortuos-
ity of wider fractures; the tortuosity of larger fractures is likely
a product of meso- or macro-scale heterogeneities. Second, an in-
crease in fracture width will likely lead to changes in flow inertia.
As a result, the upscaling of laboratory data to wide fissures (e.g.,
Fig. 1d) will likely require further consideration. Therefore, we re-
strict our modelling to rock containing one or more 0.25 mm-wide
tensile fractures. (2) Fractures observed in the field are often wider
than 0.25 mm (e.g., Gudmundsson, 2011). While this may restrict
our upscaling discussion to short lengthscales for shallow rock
(fluid flow at long lengthscales are likely controlled by fractures
wider than those modelled herein), we highlight that wide frac-
tures may not exist at depth unless they are propped open by, for
example, high pore fluid pressures (e.g., Rust et al., 2004). There-
fore, while the relevance of discussing lengthscales up to 100 m

may be brought into question for subsurface fluid flow (or for
zones where wide fractures are propped open), upscaling to long
lengthscales (~100 m) may be relevant for the equivalent perme-
ability of fractured rock at depths where the lithostatic pressure
inhibits the presence of wide fractures.

If we consider a 10 m length of rock (Fig. 7a), we find that the
increase in equivalent permeability with number of tensile frac-
tures (i.e., fracture density) depends heavily on the permeability
of the host rock. We also highlight that these modelled equiva-
lent permeabilities differ considerably from the laboratory mea-
surements of equivalent permeability, which were all in the range
2-6 x 10711 m? (Fig. 4b). The modelled curves in Fig. 7a show
that the equivalent permeability of a 10 m length of rock is essen-
tially unaffected by fractures when the host rock permeability is
between 10~'3 and 10~!! m?2; by contrast, the addition of a sin-
gle tensile fracture in low-permeability rock (between 10~'5 and
10~17 m?) increases the equivalent permeability by many orders
of magnitude.

Counterintuitively, the equivalent permeability of fractured an-
desite does not decrease as the host rock permeability is decreased
below 1013 m2. This is a consequence of the porosity depen-
dence of the fracture permeability: fracture permeability increases
as initial porosity/permeability is decreased due to the reduction in
fracture tortuosity (Fig. 6). As a result, the equivalent permeability
when the host rock has a permeability of 10~17 m? (highlighted
in blue) is higher than that for the modelled curve at 10~'6 m?,
which is higher than that for the 107> m? curve, and so on
(Fig. 7a). The equivalent permeability of the 10~17 m? curve (high-
lighted in blue) is also higher than the 10~'4 m? curve at five
fractures and above (Fig. 7a).

Another way to consider the influence of lengthscale on the
equivalent permeability is by increasing the considered lengthscale
for a rock containing a fixed fracture number, as in Fig. 7b for a
single 0.25 mm-wide fracture. We emphasise that this figure is
for illustrative purposes only; in nature rock is increasingly likely
to contain more than one fracture as the lengthscale is increased.
Further, we highlight that our model assumes that lengthscale is
shorter than the macrofracture spacing (and therefore may not be
relevant for shallow rock at long lengthscales). The equivalent per-
meability of rock containing a single 0.25 mm-wide fracture is high
(~10~"" m?) when the length considered is within the range of
laboratory samples (the grey zone in Fig. 7b), regardless of the
initial host rock permeability (as was the case for our laboratory
measurements of equivalent permeability, see Fig. 4b). As the scale
of interest increases from that considered in the laboratory (gen-
erally up to 100 mm), the equivalent permeability decreases by
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Fig. 7. (a) Equivalent permeability (k.) of a 10 m length of rock with host rock per-
meabilities from 107 to 10~'! m? as a function of the number of tensile fractures
(modelled using Equation (3)). Each fracture is 0.25 mm wide. Fracture permeabil-
ity for each host rock was determined through the power law relationship between
host rock permeability and fracture permeability. The modelled curve for a host rock
permeability of 10717 m? is highlighted in blue. The inset in panel (a) shows an ex-
ample of the modelled geometry. (b) Equivalent permeability (k) of rock containing
one 0.25 mm-wide fracture with increasing lengthscale (up to 100 m). Modelled
curves (using Equation (3)) are for rock with host rock permeabilities from 10~7
to 10~ ! m2. Fracture permeability for each host rock was determined through the
power law relationship between host rock permeability and fracture permeability.
The laboratory scale (0 to 0.1 m) is labelled on the graph. Modelled curve for a host
rock permeability of 10717 m? is highlighted in blue. Inset shows a schematic dia-
gram indicating the shift of the curves with increasing/decreasing fracture density,
width, and tortuosity. (c) The maximum depth of a downward-propagating tensile
fracture as a function of the tensile strength of the host rock, modelled for dif-
ferent host rock densities (from 1800 to 2700 km/m?) using Equation (4) (from
Gudmundsson, 2011). (For interpretation of the references to colour in this figure,
the reader is referred to the web version of this article.)

one or more orders of magnitude when the permeability of the
host rock is 10712 m? or lower (Fig. 7b). The equivalent perme-
ability of andesite containing one fracture, as modelled here for a
lengthscale up to 100 m, is not simply a function of the host rock
permeability. As discussed above, this is a result of the porosity
dependence of tortuosity and therefore fracture permeability (for
emphasis we again highlight the 10~17 m? curve in blue). Despite
the somewhat illustrative scenario, we highlight that the equiva-
lent permeability of a 100 m of rock is greatly influenced by one
0.25 mm-wide fracture (Fig. 7b).

We emphasise that the curves of Fig. 7b will shift towards
higher equivalent permeabilities in the likely scenario where the
number or width of fractures increases (and/or the fracture tortu-
osity decreases) with increasing lengthscale. By contrast, equiva-
lent permeabilities will be lowered if the fracture density and/or
width are decreased (and/or the fracture tortuosity is increased).
This is summarised in the schematic diagram presented as an in-
set in Fig. 7b. As discussed above, it is increasingly likely that
more fractures will be encountered at longer lengthscales. Sim-
ilarly, wide fractures may also be encountered as lengthscale is
increased, particularly for shallow rock or rock containing elevated
pore pressures (e.g., Rust et al, 2004). Therefore, in a shallow
volcanic system, the curves will be significantly shifted to higher
equivalent permeabilities at long lengthscales (although we are un-
able to use our experimental data to explore the influence of wider
fractures, the permeability of wider fractures will be higher, see
Equation (1)). As the considered depth is increased, or pore pres-
sure decreased, the increasing lithostatic pressure will decrease
fracture width, and the curve will be shifted to lower equiva-
lent permeabilities, even at long lengthscales. A final considera-
tion is fracture tortuosity or roughness. The ability of a fracture
to close at depth depends on the roughness of the fracture sur-
face: straight or smooth fractures close more readily than rough
fractures (Gavrilenko and Guéguen, 1989). Rough fractures, which
could be expected for high-porosity materials, may therefore hold
the potential to remain open at depth.

The approach here demonstrates how laboratory-measured per-
meabilities can be used to better approximate equivalent (i.e., “up-
scaled”) permeabilities. To emphasise, if we imagine a rock out-
crop (host rock permeability = 1.0 x 10717 m?2) that contains 15
fractures (0.25 mm-wide) over a length of 10 m, the equivalent
permeability of the rock outcrop, using a k; of 2.18 x 1072 m? (de-
termined using the power law relationship between the initial per-
meability and fracture permeability), is estimated using the model
presented herein to be 8.2 x 10~13 m2. Collecting samples for lab-
oratory measurements would therefore yield an underestimate of
the permeability is the sample is pristine (the permeability of this
sample would be 1.0 x 10~17 m?) or an overestimation if the sam-
ple (length = 0.02 m) contains one throughgoing fracture (the
equivalent permeability of this sample would be 2.7 x 101! m?2).

4.3. Implications for volcanic systems

The data presented herein show that a tensile fracture will have
a permeability of between 10~1° and 10~° m?, depending on the
initial porosity of the rock (Fig. 6a; Tables 1 and 2): fractures in
low-porosity rock are more permeable (as high as 3.5 x 10~9 m?)
than those formed in high-porosity rock (as low as 4.1 x 10710 m?)
due to their low tortuosity. Modelling these data shows that, at
longer lengthscales, fractures greatly influence the equivalent per-
meability of rock with a low-permeability, but do not significant
affect the equivalent permeability of rock with a high-permeability
(Figs. 7a and 7b). In detail, fractured, low-permeability rock can
have an equivalent permeability higher than that of similarly frac-
tured rock with higher host rock permeability (Figs. 7a and 7b)
due to the porosity dependence of tortuosity and therefore fracture
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permeability (Fig. 6). As a result, fractures in low-porosity, low-
permeability materials—such as those at Chaitén volcano (Chile)
(Castro et al., 2014)—will increase the equivalent permeability by
many orders of magnitude. By contrast, tensile fractures in the
porous materials at Volcan de Colima (Lavallée et al., 2016) may
only increase the equivalent permeability by a factor of two or
three. These data and modelling highlight an extremely important
role for tensile fractures in diffusing explosive behaviour at sys-
tems dominated by low-porosity, low-permeability materials.

We note that the outgassing lifespan of these fractures depends
on, amongst others, their depth and the temperature at which they
reside. First, tensile fractures can partially close as a result of the
overburden pressure. Nara et al. (2011) show that the permeability
of a low-porosity (porosity <0.05) sample containing a macro-
scopic tensile fracture can be reduced by about an order of mag-
nitude as the effective pressure is increased from 5 MPa (equiva-
lent to a lithostatic depth of a couple of hundred m) to 50 MPa
(depth ~2 km). Importantly, these data show that the fracture
is not completely closed even at 90 MPa (depth of ~3.5-4 km).
As discussed above, straight or smooth fractures close more read-
ily than rough fractures (e.g., Gavrilenko and Guéguen, 1989). Our
study has shown that tensile fractures can be more tortuous in
high-porosity andesites (Fig. 6a). Therefore, we surmise that the
decrease in permeability (from 5 to 50 MPa) for fractured porous
materials would be less than the order of magnitude decrease in
permeability seen for the low-porosity sample of Nara et al. (2011).
Future experimental studies should focus on the role of confining
pressure on the permeability of variably-porous rocks containing
tensile fractures. Second, if the fracture resides at a temperature
above Tg it can heal through the viscous sintering of the frac-
ture surfaces or of any fragmental material within the fracture
(Quane et al., 2009; Vasseur et al., 2013; Wadsworth et al., 2014;
Heap et al, 2015b). However, Heap et al. (2015b) recently sug-
gested that the slow strength recovery of sintering material could
keep the conduit margins permeable through repeated fracturing.
Fracture sealing/healing below Tg could occur as a result of hy-
drothermal mineral precipitation (Figs. 8a and 8b show sulphur
deposits at active fumaroles at the edge of the lava dome at Vol-
can de Colima and hydrothermal precipitation within fractures at
Whakaari volcano (New Zealand), respectively; see also Edmonds
et al,, 2003) or hot isostatic pressing (Kolzenburg et al., 2012).
Therefore, either a fracture remains open and creates a pathway
for fluids (which may depend on the continuous flow of fluids;
Rust et al., 2004) or, and perhaps more likely, the fracture is tran-
sient and allows a “pulse” of volatiles to leave the system before
succumbing to time-dependent healing or sealing by one or more
of the mechanisms described above.

We also highlight here some of the constraints for extension
fracture propagation. First, the length (vertically and laterally) of
a propagating extension fracture can also be compromised by the
presence of pre-existing discontinuities such as joints, faults, dykes,
and layering (e.g., Warpinksi and Teufel, 1987; Renshaw and Pol-
lard, 1995; Gudmundsson and Brenner, 2002). Second, downward-
propagating tensile fractures will convert to a normal fault once
the following relation has been satisfied (Gudmundsson, 2011):

dmax = E (4)
rE
Therefore, if one assumes a typical bulk density (o = 2400 kg/m?)
and tensile strength (o; =3 MPa) for porous andesite (Lavallée et
al., 2016), then the maximum penetration depth for a downward-
propagating tensile crack dpngx would be 375 m (where g is the
acceleration due to gravity). Once a tensile fracture converts to a
shear fault, its influence on permeability will be likely governed
by the porosity of the host rock (shear fractures in high-porosity
rock can reduce permeability (e.g., Zhu and Wong, 1997), while

shear fractures can increase the permeability of low-porosity rock
(e.g., Mitchell and Faulkner, 2008). Large sub-vertical tensile frac-
tures that propagate down from the surface are a common feature
of andesitic lava domes (Fig. 8e shows a fracture adjacent to the
dome at Santa Maria); other examples of large lava dome fractures
exist at Merapi (Walter et al., 2015) and Soufriére Hills (Watts et
al.,, 2002). However, we note that weak dome material could re-
sult in much lower penetration depths (as modelled in Fig. 7c);
while there is a general paucity in tensile strength data for volcanic
rocks, Heap et al. (2012) have shown that high porosity (porosity
= 0.5) volcanic rocks can have an indirect tensile strength as low
as 0.45 MPa. We further note that laboratory tensile strength mea-
surements likely overestimate “rock mass” tensile strength (e.g.,
Schultz, 1996). Shallow penetration depths could provide a limit
to the outgassing potential of these fractures and their ability to
act as conduits from pressurised magma to the surface.

The permeable pathways formed by tensile fractures do not
only allow exsolving volatiles to escape, but also permit the ingress
of fluids. These fluids may be sourced from the magma, the hy-
drothermal system, or from the Earth’s surface (glaciers or lakes).
This can have two, not necessarily mutually exclusive, effects. First,
if the fluids are cooler than the host material, the hot host rock
cools and contracts adjacent to the fracture resulting in the for-
mation of additional tensile fractures perpendicular to the cooling
surface (i.e., the fracture) (e.g., Forbes et al., 2012). Many spec-
tacular examples of this process exists at Mt. Ruapehu, where
smaller secondary columns formed on the side of large primary
cooling columns due to the rapid ingress of water (Fig. 8d; Sporli
and Rowland, 2006; Conway et al., 2015). Second, the circulation
of hot hydrothermal fluids can encourage the hydrothermal alter-
ation of the host rock and/or further tensile fracturing through
the build-up of fluid overpressures. Since hydrothermally-altered
rocks are generally weaker than pristine rock (Pola et al., 2014,
Wyering et al, 2014; Heap et al, 2015c), alteration can also
lead to further fracturing. Examples of intense hydrothermal al-
teration and mineral precipitation can be seen in the fractured an-
desites at Pinnacle Ridge on Mt. Ruapehu (Figs. 8f and 8g; Hackett
and Houghton, 1989) and in fractured lavas at Whakaari volcano
(Fig. 8b; Heap et al., 2015c).

5. Concluding remarks

The permeability of a volcanic system is expected to impact ex-
plosivity: low-permeability rocks and magma can allow the pore
pressure to build to that preparatory for an explosive eruption (e.g.,
Sparks, 1997; Melnik et al., 2005), while high-permeability rocks
and magma will permit outgassing, compaction, and encourage
quiescence (Kennedy et al, 2015). Extension fractures at volca-
noes are expected to play an important role in outgassing (e.g.,
Stasiuk et al., 1996; Castro et al., 2014), although laboratory per-
meability data on volcanic rocks are scarce (e.g., Nara et al.,, 2011;
Heap et al., 2015a). Our experimental and modelling approach of-
fers some novel insights. First, we find here that, irrespective of
the initial porosity, a single fracture in a laboratory sample (in
which the fracture plane is parallel to the flow direction) will re-
sult in a permeability of between 2-6 x 10~!'! m2. Second, that
the permeability of a fracture is influenced by the initial poros-
ity and pore size of the rock: the more heterogeneous the rock,
the more tortuous the resultant tensile fracture, and the lower the
fracture permeability. Third, when these data are used to model
the equivalent permeability of fractured rock, we find that equiva-
lent permeability depends heavily on the scale of interest and the
initial permeability of the host rock. Our modelling highlights that
the equivalent permeability of a low-permeability rock is greatly
increased upon the formation of a single fracture, while the equiv-
alent permeability of high-permeability rock is largely unaffected
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Fig. 8. Field photographs. (a) Photograph of sulphur deposits near a fumarole next to the dome at Volcan de Colima (Mexico) on March 2012 (photo credit: Jamie Farquharson).
Photograph of the highly fractured and altered host rock at Whakaari volcano (New Zealand) (photo credit: Ben Kennedy). (c) Photograph of large fractures in the andesite
of the Whakapapa Formation (Ruapehu, New Zealand) (photo credit: Ben Kennedy). Chris Conway for scale. (d) Photograph of column-on-column cooling fractures in the
andesite of the Whakapapa Formation (Ruapehu) (photo credit: Ben Kennedy). Stan Mordensky for scale. (e) Photograph of the lava dome at Santa Maria (Guatemala) in 2012
(photo credit: Ben Kennedy). (f) View of Pinnacle Ridge on Mt. Ruapehu (New Zealand) (photo credit: Michael Heap). (g) Photograph of the highly fractured and altered host
rock at Pinnacle Ridge (photo credit: Ben Kennedy).

by the presence of many fractures. We also find that fractured,
low-permeability rock (e.g., 10~17 m?) can have an equivalent per-
meability higher than that of similarly fractured rock with higher
host rock permeability (e.g., 10~'> m?) due to the porosity de-
pendence of fracture tortuosity and therefore permeability. The
modelling therefore highlights an important role for extension
fractures in outgassing low-porosity and low-permeability volcanic
systems. While our laboratory measurements show that, regard-
less of the initial porosity, the equivalent permeability of fractured
rock on the laboratory scale is 2-6 x 10~!! m?2, the equivalent
permeability of low-permeability rock containing a single frac-

ture is significantly reduced as the scale of interest is increased.
We find that this role of lengthscale on equivalent permeabil-
ity diminishes for high-permeability rocks. In summary, due to
the scale-dependence of permeability, laboratory measurements
on pristine rocks significantly underestimate the equivalent per-
meability of a fractured volcanic system, and measurements on
fractured rocks can significantly overestimate the equivalent per-
meability. As a result, care must be taken when selecting represen-
tative samples from the field for laboratory experiments and input
parameters for volcano outgassing models (e.g., Collombet, 2009;
Collinson and Neuberg, 2012). We highlight that our modelling
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approach can be used to estimate the equivalent permeability of
numerous scenarios at andesitic stratovolcanoes in which the frac-
ture density and width and host rock porosity or permeability are
known.
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