Response to editor comment:
"Inelastic compaction and permeability evolution in volcanic rock"

Dear editor,

Please find attached the revised version of our manuscript Inelastic compaction and permeability
evolution in volcanic rock. We are pleased with the constructive suggestions from the reviewers
which, although minor, have helped to further improve the paper. Below we outline the changes
made to the manuscript (in green). Our responses to the editor comments are given in bold below.

We believe that we have addressed all of the comments in a satisfactory manner, and hope that you
will consider our improved article for publication in Solid Earth. The revised manuscript and
supplementary files are attached after the comment responses.

Yours sincerely,

Jamie Farquharson, on behalf of P. Baud, and M. J. Heap.
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The paper deals with the basic problem of volcanology, in particular the evolution of porosity
and permeability of volcanic rock under inelastic compaction. Implications on magmatic
degassing and occurrence of an explosive eruption are discussed. The study draws conclusions
from laboratory experiments.

The paper is worth publishing after minor revisions.

Minor observations

P2L32 The authors could provide other references on volcanic cases of detection of inelastic
compaction to enhance the importance of the their study.

We agree that further references would be useful here. We now include the following
paragraph:

"To date, physical property data for volcanic materials at depth has been obtained
predominantly by researchers assessing the suitability of volcanic deposits for
hydrocarbon or geothermal energy exploitation. For example Chen et al. (2016, 2017)
investigated volcanic sequences in the Junggar Basin in western China, in order to
determine their suitability as gas and petroleum reservoirs. At both sites, the authors
note a general decrease in porosity with depth; for example, Chen et al. (2016) reporta
decrease of porosity from ~0.30 to <0.10 between the surface and 1000 m depth. Often,
the interpretation of logging data from volcanic materials (e.g. Millett et al., 2016) is non-
trivial due to the variable quality of density logs, and variations in the relationship
between density and porosity with depth, alteration, or the intersection of distinct facies
(Li etal., 2009), as well as gaps in the stratigraphic record due to incomplete core
recovery. An example of a study with an excellent degree of core recovery—99.7 %—is
reported by Jonsson and Stefansson (1982): these authors calibrate porosity and density
data obtained by the Iceland Research Drilling Project from a borehole cored
continuously to a depth of 1919 m near Reydarfjordur in Iceland. To combat small-scale
variability arising from the intersection of discrete geological units, Jénsson and
Stefansson (1982) calculate a running average of porosity and density against depth.
Notably, the average porosity decreases from 0.13 at 400 m depth to 0.06 at 1200 m
depth, corresponding to an increase in bulk rock density of approximately 200 kg m-3."

P4L1 Which is the standard deviation or the experimental error for the estimated value of the
mean of p,? The same for all experimental data that are reported further in the paper.
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Powder density p, (a.k.a. skeletal density or particle density) is determined by measuring
the volume of a quantity of powdered rock of known mass. Using helium pycnometry, we
measure the volume ten times or until the results of five successive runs are within a
given tolerance of each other (whichever occurs first). In the case of the LLB powder
presented herein, the standard deviation of our measurements was 0.0003 g cm-3.
Ultimately this gives a value of 2653 + 0.17 kg m-3. We have now updated this accordingly
in the text. Similarly, errors in porosity measurements are a function of the iterated
volume measurements as well as potential error in the measurement of sample length
and diameter. We now address this explicitly in the text:

"In detail, helium pycnometry is used to determine the solid volume Vs of each sample,
which subsequently allows the calculation of the connected gas porosity $\phi$ as
described. Automated measurements of Vs were performed iteratively until five
consecutive measurements yielded results within a range of 0.01 % of the sample
volume, so precision of the pycnometer measurements is high (< 0.005 cm3). A greater
degree of error arises when manually measuring the sample dimensions, required in
order to determine pv. Repeat measurements allowed an estimation of error in the
length and diameter, which typically amount to < 0.05 cm3 in terms of volume. Adopting
the notation that €, is the error on the porosity calculation and that €, and €, are the
independently calculated errors for measurements of Vs and V, then the propagated
error can be approximated by:

€, z ey z 05 0.5
€= (\v—) t|5 ;€= (ex+€5)
¢ [(V—VS) (V) ] = (&t e)

Values for €4 are generally < 0.005 for the samples described herein. As such, probable

error on connected gas porosity measurements is low, and always contained within the
symbol size when plotted graphically.”

We now also include an appendix (after comments by Reviewer 1), which details the
methods used to measure permeability, the corrections applied, and the sources of error
in the permeability data. The text now reads: "The appendix contains further details on
the determination of permeability, the application of corrections for inertial effects, and
the sources and sizes of potential error in the measurements."”

P4L11-31 I expect that temperature plays a major role in determining the inelastic behaviour of
rock .Which is the temperature of the samples during the experiments? Is it compatible with the
depths corresponding to the different confining pressures applied?

Samples were deformed at room temperature. Certainly in a natural volcanic setting
there will be influences of temperature on rock strength that are not accounted for here
(for instance, the closure of cracks driven by thermal expansion). Nevertheless, recent
work (Heap et al,, 2017) shows that the influence of temperature during compaction is
negligible as long as the rock is below its glass transition temperature (i.e. subsolidus). In
the same paper, the authors show that host rock material must be in extreme proximity
to the conduit in order to be transiently molten (Heap et al., 2017 show that the Tg
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isotherm only migrates on the centimetric scale for heating and cooling of the magma
column over timescales of days to months).

We now acknowledge this point in the text:

"Samples were all deformed at room temperature. We note that in natural volcanic
environments there may be some influence of temperature on rock strength (due, for
instance, to the closure of cracks driven by thermal expansion). Nevertheless, a recent
study by Heap et al. (2017) shows that the influence of temperature on the physical and
mechanical properties of andesite may not be significant at temperatures below the glass
transition Tg. Importantly, this study showed that the failure mode and underlying
microstructural mechanism driving ductile behaviour (cataclastic pore collapse) did not
change below Tg, which is itself largely restricted to the magma conduit and rock in the
immediate vicinity. This is in agreement with previous studies by Vinciguerra et al.
(2005) and Heap et al. (2014), both of which noted only negligible changes in microcrack
density and porosity after thermally stressing volcanic materials. These authors attribute
this phenomenon to the high initial crack density resulting from the complex thermal
histories of volcanic rocks. "

P5L4 The verbs "are be" should be corrected, maybe only "are".
Agreed. This typo has now been corrected.
P5L10 Equation (2) should be explained in more details, or a reference for it must be given.

Essentially, Equation (2) is an extension of the relation between area A, volume V and
length L (i.e. A = V /L), whereby we account for the change in pore volume after
deformation. For clarity we now present the equation as follows (the accompanying text
has also been updated accordingly):
o
lpost

where V,,, is the post-deformation volume and L,,; is the mean sample length after

Apost = Is ]X
P 1- (p— &)

Vpost

deformation.
This formulation of V,,,; may be equivalently shown as
Vpost =Vs+ (P XVp)+ (6¢p; X Vp)

where V}, is the "bulk” volume of the sample after deformation (i.e. both the solid and
void parts) and ¢ and d¢; are void fractions. We choose to present it in the fashion above
as we do not have to include another additional variable (V).
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In the following revised manuscript, new text is blue and underlined, and deleted text is red and
struck-through.
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Abstract. Active volcanoes are mechanically dynamic en-
vironments, and edifice-forming material may often be sub-
jected to significant amounts of stress and strain. It is un-
derstood that porous volcanic rock can compact inelastically
s under a wide range of in sifu conditions. In this contribu-
tion, we explore the evolution of porosity and permeability
— critical properties influencing the style and magnitude of
volcanic activity — as a function of inelastic compaction of
porous andesite under triaxial conditions. Progressive axial
10 strain accumulation is associated with progressive porosity
loss. The efficiency of compaction was found to be related
to the effective confining pressure under which deformation
occurred: at higher effective pressure, more porosity was lost
for any given amount of axial strain. Permeability evolution
15 is more complex, with small amounts of stress-induced com-
paction (< 0.05, i.e. less than 5 % reduction in sample length)
yielding an increase in permeability under all effective pres-
sures tested, occasionally by almost one order of magnitude.
This phenomenon is considered here to be the result of im-
20 proved connectivity of formerly isolated porosity during tri-
axial loading. This effect is then overshadowed by a decrease
in permeability with further inelastic strain accumulation, es-
pecially notable at high axial strains (> 0.20) where samples
may undergo a reduction in permeability by two orders of
2s magnitude relative to their initial values. A physical limit
to compaction is discussed, which we suggest is echoed in
a limit to the potential for permeability reduction in com-
pacting volcanic rock. Compiled literature data illustrate that
at high axial strain (both in the brittle and ductile regimes),
a0 porosity <-¢ and permeability k tend to converge towards in-
termediate values (i.e. 0.10 < ¢ < 0.20; 10714 <k <10713
m?). These results are discussed in light of their potential
ramifications for impacting edifice outgassing — and in turn,
eruptive activity — at active volcanoes.

1 Introduction

Active volcanoes are inherently high-strain environments
(e.g. Omori et al., 1920; Mogi, 1958; Dzurisin, 2003).
Magma is a constantly developing multi-phase medium, and
as it migrates through the crust, vesiculating and crystallis-
ing along the way, it can impart significant mechanical stress
on the surrounding edifice rock (e.g. Sparks, 1997; Voight
et al., 1998; Denlinger and Hoblitt, 1999; Clarke et al., 2007;
Heimisson et al., 2015). Deeper in the crust, magma chamber
deformation can pressurise conduit and dyke systems above,
in turn displacing the edifice (e.g. Melnik and Sparks, 1999,
2005; Wadge et al., 2006). Much of the edifice is likely to be
fluid-saturated (e.g. Day, 1996; Delcamp et al., 2016), a func-
tion of permeability, permeability anisotropy, and heat flux
(Hurwitz et al., 2003; Finn et al., 2007): migration of fluids
can serve to adjust the in situ stress conditions and influence
the short-term failure strength of edifice-forming rocks (e.g.
Farquharson et al., 2016a). Moreover, the continued loading
of the edifice due to iterative emplacement of erupted ma-
terial will serve to increase the overburden (i.e. the confin-
ing pressure) in any given region of the edifice (e.g. Heap
et al., 2015a). It is generally understood that all volcanoes
deform under their own weight to some extent (Shteynberg
and Solov’yev, 1976; Dieterich, 1988; van Wyk de Vries and
Borgia, 1996), driven largely by gravitational spreading and
substratum flexure (van Wyk de Vries and Matela, 1998),
which indicates that the local and far-field stresses opera-
tive in a volcanic edifice will evolve over time. Further, the
overlying stress may be influenced by loading and unloading
of volcanoes by ice, for example, either seasonally or due
to longer-scale climatic variations (e.g. Sigmundsson et al.,
2010).

Thus, edifice-forming volcanic rock may be subjected
to a range of stress and-strain—conditions over time. This
is an important consideration, as the response of rock
to imposed stress can have a significant impact on its
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fluid transport properties. In particular, permeability — the
capacity of a material to transmit fluids through intercon-
nected pore space — is a critical property in the context
of volatile loss and pressure dissipation. The expansion
of exsolved gas species which occurs as volatile-laden
magma approaches the surface of the Earth can generate
overpressures in the magma: the kinetic engine that typically
drives explosive fragmentation (e.g. Sparks, 1978). If the
permeability of a volcanic system (including the edifice) is
10 high, volatiles may be-effeetively—siphoned-out—of-escape
from the magma and the propensity for explosive behaviour
reduced; on the other hand, low system permeability
could promote pressure bulld up and violent eruptlve actlv—
ity{e-g: H a A
15 Ww&s@m@&my

o

Volcanic rock can either dilate or compact in response
to an applied differential stress or a change in pore pres-
sure. Dilatant brittle failure comprises an increase in poros-
ity through the formation, growth, and coalescence of stress-
induced fractures (e.g. Fortin et al., 2011). In compression,
this culminates in an axial split or shear fracture. On the
other hand, an overall reduction in porosity can be brought
about by homogeneous or localised inelastic compaction.
25 In Yakuno basalt, Shimada et al. (1989) showed that duc-
tile deformation was associated with distributed microcrack-
ing, granulation, and pore occlusion. The underlying physical
mechanism — cataclastic pore collapse — is described in detail
by Zhu et al. (2010), and has since been interpreted in triaxi-
ally deformed tuff (Zhu et al., 2011; Alam et al., 2014; Heap
et al., 2015b), basalt (Adelinet et al., 2013; Zhu et al., 2016),
andesite (Heap-et-al;201+5a)(Heap et al., 2015a, 2017), tra-
chyandesite (Loaiza et al., 2012), and dacite (Heap et al.,
2016). This micromechanism can be distributed (e.g. Zhu et
a5 al., 2011; Heap et al., 2015b) or localised (e.g. Loaiza et al.,
2012; Adelinet et al., 2013; Heap et al., 2015a) in the form
of bands of compacted pores. The predisposition for strain
localisation in volcanic rock has been suggested as a func-
tion of stress nucleation around equant porosity (Adelinet et
al., 2013), due to preferential alignment of pores (Loaiza et
al., 2012), or along pre-existing planes of weakness such as
zones of ameeboid pores (pores that are rounded but highly
irregular in shape) or microfractures (Heap et al., 2015a).

While manifestations of inelastic compaction tend not
ss to be immediately obvious in the field (unlike fractures,

which are ubiquitous at all scales in volcanic environments),

abundant indirect evidence for this process exists. Bulk rock
density tand-reeiprocatly,roek—porosityr-has-and porosity
have been estimated during scientific drilling projects — in
so concert with gravimetric and other geophysical data — at,
for example, Campi Flegrei, Italy (Barberi et al., 1991) and

Mount Unzen (Sakuma et al., 2008). These studies highlight

a predictable decrease in porosity with increasing depth,

supported in either case by a general increase in ultrasonic
ss wave velocities with increasing depth, indicative of a
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reduction in porosity with increasing lithostatic pressure.

This-observation-To_date, physical property data at depth
in_volcanic materials has been obtained predominantly by
researchers assessing the suitability of volcanic deposits for
hydrocarbon or geothermal energy exploitation. For example
Chen et al. (2016, 2017) investigated volcanic sequences in
the Junggar Basin in western China, in order to determine
their_suitability as gas and petroleum reservoirs, At both
sites, the authors note a general decrease in porosity with
depth; for example, Chen et al. (2016) report a decrease
of porosity_from ~0.30 to <0.10 between the surface
V@N@gmemmmmm
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data from volcanic materlals . Millett et al., 2016) is
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nd variations in the relatlonshl between density an
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facies (Lietal,, 2009), as well as gaps in the stratigraphic
record due to incomplete core recovery. An example of
a study with an excellent degree of core recovery—99.7
Jo—is reported by Jonsson and Stefdnsson (1982): these
authors calibrate porosity and density data obtained by the
Iceland Research Drilling Project from a borehole cored
continuously to a depth of 1919 m near Reydarfjorour
in_Iceland. To combat smallscale variability arising
Jonsson and Stefdnsson (1982) calculate a running average
of porosity and density against depth. Notably, the average
porosity decreases from 0.13 at 400 m depth to 0.06 at 1200
m depth, corresponding to an increase in bulk rock density
of approximately 200 kg m™?,

The observation that porosity tends to decrease with
increasing depth is borne out by experimental deforma-

tion studies, which show that the propensity for compac-
tant — rather than dilatant — behaviour of volcanic rock is
intrinsically linked to the confining pressure under which
the sample is deformed (e.g. Shimada et al., 1989; Heap
et al., 2015a; Zhu et al., 2016), as well as being heavily
reliant on its initial porosity (Heap et al., 2015a; Zhu et
al., 2016) and other factors such as temperature (Vielay-et
alteration (Siratovich et al., 2016). In detail, high effective
pressures and/or high initial porosity promote ductile be-
haviour, whereas dilatant brittle failure is favoured in low-
porosity volcanic rock deformed under a range of effec-

tive pressures. For an in-depth study regarding the influence
of effective pressure and porosity on the failure mode of
andesite, the reader is referred to Heap et al. (2015a).

While pre-failure permeability has been explored
in plutonic (Zoback and Byerlee, 1975; Kiyama et
al., 1996; Mitchell and Faulkner, 2008) and volcanic
(Faoro et al.,, 2013) rocks, studies of post-failure per-

meability change have been generally limited to in-
vestigations
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brittle failure in compression of low- to intermediate-
porosity volcanic rock and the influence of progressive
stress-induced dilation (Farquharson et al., 2016b). Per-

meability was found to increase with ongoing strain
accumulation under triaxial conditions. With regards to the
influence of inelastic compaction, research has yielded both
decreases (Zhu and Wong, 1997; Baud et al., 2012) and
10 increases (Xiaochun et al., 2003) in the permeability of
porous sandstone. Alam et al. (2014) investigated the per-
meability evolution of welded tuff from Shikotsu (Hokkaido
Prefecture, Japan), finding that permeability decreased
monotorousty—monotonically with triaxial compression
15 (both in the dilation and compaction regimes) and that
the rate of permeability decrease was tied to the effective
pressure under which deformation was performed. Pilot
experiments on porous andesite — described in Heap et
al. (2015a) — also indicate permeability loss as a result
20 of inelastic compaction. Building on the work of these
studies, this contribution investigates the response of the
physical properties of volcanic rock — i.e. porosity and
permeability — as a function of inelastic compaction under
conditions anticipated in volcanic environments. Using

2 a simplified geometry, we use a layered flow model to
discuss permeability reduction as a function of compaction

localisation. We then expound these results in light of the
potential influence of edifice rock compaction on volcanic
activity.

o

» 2 Materials and methods
2.1 Sample preparation and deformation

To assess the influence of inelastic compaction on volcanic
rock permeability, a porous andesite from Volcdn de Colima
(Mexico) was used. The construction history, geomorphol-
ogy and eruptive style of Volcan de Colima make it a useful
analogue for other active andesitic stratovolcanoes around
the world, such as Gunung Merapi (Indonesia), Ruapehu
(New Zealand), Volcan Rincon de la Vieja (Costa Rica),
Santa Maria (Guatemala), Tungurahua (Ecuador) and many,
s many more. Core samples were prepared from a block of an-
desite approximately 1 m?, collected in May 2014 from the
La Lumbre debris-flow track (barranca) on the south-western
flank of the volcano. The andesite — "LLB" — is a vesicular
porphyritic andesite containing subhedral phenocrysts and
ss microphenocrysts, of unknown age. Bulk geochemical anal-
ysis is given in Table 1.
This andesite was chosen because its relatively high initial
connected porosity ¢ means that it can be deformed in the
ductile regime under pressure conditions relevant to a vol-

so canic edifice fand-easily-attainable-in-thelaberatory: Heapet
al—20+5a)-(Heap et al., 2015a). Ten sample cores were pre-

3

&

pared with a diameter of 20 mm, and were ground flat and
parallel to a nominal length of 40 mm. Samples were dried
in a vacuum oven for at least 48 hours, and the following

steps carried out {adopting-the-protocol-of Farquharsonetal:
201+6b)(adopting the protocol of Farquharson et al., 2016b):

1. Physical properties (porosity, permeability) were mea-
sured,

2. Samples were saturated, then deformed triaxially in
compression under a set effective pressure to a given
degree of axial strain,

3. Samples were unloaded, dried for 48 hours, and their
permeability was re-measured.

Each of these stages are described in more detail hereafter.
Helium pycnometry was used to measure the bulk and pow-
der densities of LLB samples (p;, and p,,, respectively), whilst
measurements of sample dimensions allow the calculation of
the bulk volume V, and in turn the volumetric mass density
po- In turn, porosity (connected ¢, total ¢, and unconnected
¢,,) can be calculated:

¢ = (ﬂbpvpv> (1a)
P (%) (1b)
bu =t — ¢ (Ic)

where a mean-value of 2653 & 0.17 kg m—? is used for pr-

Lp: An detail, helium pycnometry is used to determine the
solid volume V;; of each sample, which subsequently allows
the calculation of the connected gas porosity ¢ as described.
Automated measurements of V, were performed iteratively
until five consecutive measurements yielded results within
a range of 0.01% of the sample volume, so_precision of
the_pycnometer measurements is_high (< 0.005_cm?). A
greater degree of error arises when manually measuring the
sample dimensions, required in order to determine p,,. Repeat
measurements allowed an estimation of error in the length
and diameter, which typically amount to < 0.05 cm? in terms
of volume. Adopting the notation that ¢, is the error on the
porosity calculation and that ¢, and e, are the independently

calculated errors for measurements of V and V., then the

ropagated error can be approximated by:
€, 2 €y 2
(V —V, ) + (V)

Values for ¢ are generally < 0.005 for the samples described
herein. As such, probable error on connected gas porosity
measurements_is low, and always_contained within_the
symbol size when plotted graphically.

Gas permeability was measured under steady-state con-
ditions with a confining pressure of 1 MPa using the setup

€4 =@ X ;ez:<e§+e§>§ 2)
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Table 1. Major element (oxide) composition, determined via X-ray fluorescence analysis. All values are given in weight percent (wt. %).

SiOq Al2O3 Fe203 MnO MgO CaO NazO
61.260 17.330 5.745 0.100 3.725 5.505 4.455
+0.270 +£0.070 +£0.085 +£0.001 40295 +£0.025 =£0.015
K20 TiOq P,05 Cr203 V205 NiO LOI
1.505 0.565 0.200 0.020 0.015 0.004 0.185
+0.035 +0015 +£0.020 £0.005 +£0.005 +£0.001 =£0.215

SiO2 = Silicon dioxide; AloO3 = Aluminium oxide; Feo O3 = Iron oxide; MnO = Manganese(IT) oxide;
MgO = Magnesium oxide; CaO =Calcium oxide; Naz O = Sodium oxide; K2 O = Potassium oxide;
TiO2 = Titanium oxide; P2O5 = Phosphorus pentoxide; CroO3 = Chromium(III) oxide; V205 =
Vanadium(V) oxide; NiO = Nickel(II) oxide; LOI = loss on ignition.

described in 2?Farquharson et al. (2016¢). Where necessary,

a correction was applied to the measured permeability val-
ues to account for turbulent flow (see Forchheimer, 1901),
the effects of which can become non-negligible when mea-
suring the permeability of high-porosity media. Appendix A

contains further details on the determination of permeability,
the application of corrections for inertial effects, and the

sources and sizes of potential error in the measurements.
Samples were then encased in a copper foil jacket (which

serves to retain bulk sample cohesion after deformation), sat-
urated with distilled water, and loaded into the triaxial de-
formation rig at Université de Strasbourg (see —Figure 1).
Throughout deformation we assume a simple effective stress
law, whereby the effective confining pressure p.r; experi-
enced by a sample is a function of the confining pressure p,
around the sample and the pressure of pore fluid p, within
the sample, such that p. s = p. — - p,. Recent experimen-
tal work (Farquharson et al., 2016a) shows that o = 1 is a
reasonable assumption for porous andesite.

For each test, the confining and pore pressures were
increased slowly until a targeted effective pressure (i.e.

hydrostatic pressurisation). Note that pressure is_only
controlled within the connected porous network (i.e. ).
However, we assume_that_any_influence of incomplete
sample saturation is_negligible, due to the relatively small

volume of isolated porosit in these andesites (see
Table 2). Assuming a pycnometry-derived value for bulk

density p, of approximately 2100 kg m~3, the imposed
effective pressures of 10, 30, 50, and 70 MPa are analogous
to depths ranging from the upper 500 m of the edifice to
greater than 3 km in depth (given that p. o py - g2, where
g and % are surface gravitational acceleration and depth,
respectively). The sample would then be left overnight to
allow microstructural equilibrium. During the deformation
experiments, a differential stress was introduced in the
direction of the sample axis by advancing an axial piston
(see —Figure 1) under servo-control, such that the sample
is subjected to a constant strain rate of 1075 s=! —(note

4«0 specified). We note that — on the edifice-scale — absolute

3

20

25

3

S

3!

&

strain_rates resulting from magma migration and edifice
displacement_are generally of the order of 1077 s~" or
lower, for example as estimated from borehole strainmeters:
Linde et al, (1993), or_from spaceborne interferometry:
Massonnet et al. (1995). However, strain and strain rates
are undoubtedly highly variable throughout active volcanic

the international standard in rock mechanics Kovari et al., 1983; Ulusa

comparable to shear rates inferred to occur along
conduit _margins _ by _ Rustetal. (2003). __Similarly,
Cashman et al. (2008) estimate _strain _rates _of 3 - 8
x_107°_s”! for_the formation of fault gouge at
Mount_St_Helens (USA). Most importantly, a_strain
rate of 107° s”! ensures that our samples are_drained

i.e. the product of the Darcy timescale and the strain rate is <Gesl: Heap .

Confining pressure and pore pressure Were Servo-
controlled throughout the experiments. During hydro-
static and nonhydrostatic loading, the response of the
pore fluid pump reflects variations in pore volume
(see Read et al., 1995), which — normalised to the initial
sample volume — corresponds to the porosity change §¢Ag.
For a porous material, 6¢-A¢ can be considered equal to
the volumetric strain. Indeed, the response of the confin-
ing pressure pump provides an independent estimation of
the volumetric strain, found to be in perfect agreement with
the inferred d¢é— — is)—A¢
(see Baud et al., 2014, for details). When this differential 6¢
Ad¢ is positive it signifies dilation (an increase in poros-
ity) and when it is negative, it indicates compaction (a de-
crease in porosity). Deformation was allowed to continue
for different amounts of axial strain accumulation — sam-
ple shortening relative to its original length (e¢) — then un-
loaded. The strain recovered during the unloading phase is
subtracted from the total axial strain ¢; to give the inelastic
(non-recoverable) strain accrued by the sample (g;). Simi-
larly, the elastic porosity change recovered during unloading
is subtracted from the porosity change at ¢, to give the in-
elastic porosity change 6¢7;A¢;. Samples were subseguently
vacuum-dried once again and gas permeability re-measured.
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Samples were all deformed at room temperature. We note
that in_natural volcanic environments there may be some
influence of temperature on rock strength (due, for instance,
to_the closure of cracks driven by thermal expansion).
Nevertheless. a recent study by Heap et al. (2017) shows that
the influence of temperature on the physical and mechanical
properties of andesite may not be significant at temperatures
below the glass transition Tj,. Importantly, this study
showed that the failure mode and underlying microstructural
mechanism_driving _ductile behayiour (cataclastic pore
collapse) did not change below T}, which is itself largely
restricted to the magma conduit and rock in the immediate
vicinity. This is_in agreement with previous studies

by Vinciguerra et al. (2005) and Heap et al. (2014), both of

which noted only negligible changes in microcrack densit
and porosity after thermally stressing volcanic materials.
These authors attribute this phenomenon to the high initial

crack density resulting from the complex thermal histories

2.2 Post-deformation permeability

It has been shown in recent studies

Measuring permeability requires that the sample dimen-
sions, specifically length and cross-sectional area, are be
well constrained. Prior to initial measurements of permeabil-
ity, sample dimensions are measured accurately using digi-
tal callipers. However, aftermechanieal-deformation-samples
are often barrelled and thus non-cylindrical after mechanical
deformation, making their mean radii nontrivial to deter-
mine. Assuming that the solid volume V; remains constant
throughout deformation, then the post-deformation volume
is equal to the sum of solid volume, the initial peresitypore
volume, and the pore volume change after deformation. The
post-deformation cross-sectional area A5+ can therefore be
determined such that

Ve v, uEs
PO T T [+ 0] 2t | T—(6+Agy) | e |1
| ——
3)

where V). is the post-deformation volume and [, is the
mean sample length after deformation.

{fe-eNaraetal5204b-(e.g. Vinciguerra et al., 2005; Nara et al., 291 IR Ralts

the permeability of fractured volcanic materials is influenced
by the effective pressure under which it is measured:
permeability tends to decrease with increasing effective
pressure. As such, we acknowledge the limitation that
post-deformation measurements do not represent the per-
meability under the deformation conditions sensu stricto.
Nevertheless, we choose to measure permeability under
the conditions described above for a host of reasons. In-

vestigations towards determining peroelastic-eonstant-a—for
the influence of effective pressure on properties (including
permeability) other than rock strength indicate that this
eoefficient—their evolution with pressure may differ as a
function of porosity, pore geometry, and other factors;
;_which is to say that e—for—ene—the effective pressure

coefficient for a given rock property may not be the same as
the Biot-Willis coefficient « for-a-second-property-(Bernabé

et al., 1986). Given the lack of constraint on e-the effective
pressure effect for the permeability of volcanic rocks,
permeability is measured at the lowest possible confining
pressure (1 MPa, rather than at "in sifu" pressures) and
without imposing a differential stress, in order to allow
comparison within and between sample sets (indeed, we
compare our data with compiled literature data in Sect.
4.1). This procedure also avoids the potential for creep
— a mechanism of time-dependent deformation whereby
sub-critical crack growth induces damage and possibly even
failure at stresses below the short-term strength of the rock

Table 2 gives the deformation conditions (peysyr, €¢, €7€;)
for each test, as well as pre- and post-deformation values
of porosity and permeability. Mechanical data for all exper-
iments — performed under a range of effective pressures to
differing amounts of strain — is shown in Figure 2a, plot-
ted as differential stress against axial strain. In each case,
the stress-strain curve is concave upwards in the initial phase
of sample loading (1 in Figure 2a inset), which is followed
by a period of linear elastic behaviour (2). Beyond a crit-
ical stress state (3), termed C* (Wong et al., 1997), the
sample is no longer deforming poroelastically (i.e. addi-
tional differential stress causes inelastic compaction: this is
known as "shear-enhanced" compaction). This threshold —
the compactive yield stress — signals the onset of shear-
enhanced compaction. Thereafter (4), the material may con-
tinue to accommodate approximately the same amount of
stress, or accumulate additional stress (a phenomenon known
as strain-hardening), where the stress-strain curve tends up-
wards post-failureand-the-sample-strengthens-with-inereasing
strain. In many of the samples, the stress-strain curve is vari-
ably interposed by stress drops. This-The compactant be-
haviour is illustrated in Figure 2b: porosity tends to decrease
monotonously with increasing axial strain, and the net poros-
ity change is always negative. The trend of progressive com-
paction differs in one experiment (LLB-13): after a threshold
strain the trajectory of the porosity change curve becomes

{e-g-Brantutetal;2013; Heap-etal;2015¢)-(e.g. Heap et al., 20 IplgsBiuat{indicdti}f) dBntion). This phenomenon is discussed

as well as precluding other phenomena such as stress re-
laxation that may arise when measuring permeability under
triaxtal-conditionsa differential stress.

in Sect. 4.2. Figure 3a shows the inelastic change in sam-
ple porosity as a function of inelastic axial strain. The ini-
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Figure 2. (a) Differential stress versus axial strain for all experi-
ments. Inset: close-up of an experiment (sample LLB-7) highlight-
ing different stages of deformation (refer to text for explanation).
(b) Porosity change as a function of axial strain for all tests. Effec-
tive pressure at which deformation was performed is indicated by
the line colour.

0.19 and 0.23 (see Table 2), which invariably decreased af-
ter accumulating strain in the ductile regime. The minimum
porosity change was -0.005, for a sample deformed under an
effective pressure of 10 MPa to an inelastic strain of 0.006
5 (@ 0.6% reduction in sample length). The maximum change

in porosity was -0.074, for a sample deformed at an effec-
tive pressure of 50 MPa to an inelastic strain of 0.174 (i.e.
a 17.4% reduction in sample length). For a given amount
of inelastic strain, the volume of porosity lost through com-
paction is dependent on the effective pressure: more efficient
compaction is evident at higher effective pressures. Figure 3b
shows post-deformation permeability k. as a function of in-
elastic axial strain. At low strains (< 0.05), sample perme-
ability tends to increase, from around 5 x 1073 m? to as
high as 3.71 x 1072 m? (almost an order of magnitude).
This behaviour overlies a general trend of permeability de-
crease with increasing strain: at higher strains (0.06 - 0.24)
permeability can decrease relative to its original value by as
much as two orders of magnitude. The largest decrease (sam-
ple LLB-13) was from 4.84 x 1072 m? to 5.51 x 10~ m?
after an inelastic strain accumulation of 0.233.

4 Discussion
4.1 Microstructural controls on permeability evolution

The underlying micromechanical mechanism driving inelas-
tic compaction in volcanic rocks has been shown to be cat-
aclastic pore collapse (Zhu et al., 2011; Heap et al., 2015a;
Zhu et al., 2016). Figure 4 illustrates this process by showing
images of an intact and a deformed sample. Figure 4a is a
backscattered scanning electron microscope image of an as-
collected sample of LLB andesite, whereas the images in Fig-
ure 4b and 4c (from the same sample suite) are of a samples
that has accumulated high strain (> 0.20) under an effective
pressure of 30 MPa. The undeformed sample (-Figure 4a) is
pervasively microcracked, with highly ameeboid pores rang-
ing from < 10 um to around 80 um in diameter. Cataclastic
pore collapse involves intense microcracking, which devel-
ops in a concentric damage zone around a pore. As the pro-
cess of cataclasis — progressive fracturing and comminution
— continues, fragments can spall into the void space, thus re-
ducing porosity (Zhu et al., 2010). Figure 4b clearly shows
abundant fractures created during triaxial deformation, both
within the groundmass and crystals. In many areas, frag-
ments have been comminuted to the micron-scale. In these
samples, as observed in previous experimental studies of vol-
canic rock (Loaiza et al., 2012; Adelinet et al., 2013; Heap et
al., 2015a), cataclastic pore collapse is localised in the form
of bands traversing the sample.

The occurrence of these—banrds—compaction bands in
andesite has been shown to correspond to periodic stress
drops (Heap et al., 2015a), which are abundant in the me-
chanical data of Figure 2a. Our experimental data (-Figure 2b
and Figure 3a) shows—show that cataclastic pore collapse
progressively reduces the porosity of these andesites. If we

assume that compaction is perfectly localised in our samples,

we can consider a compaction band-bearing sample as a
layered medium where the band of porosit is embedded
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Table 2

pes&-de%ormaﬁer%ﬁerme&b%%wSamples were deformed under an

Physwal property data and deformatlon condltrons for each sample Wﬂﬁee&ed«pere%&y—{meeﬁﬂeeted—pem&ﬁy—&hd

effectrve pressure peyy until a total target strain e, then unloaded to

determine the inelastic strain ;. Similarly, ¢-A¢; indicates total porosity change after unloading. p.sy is determined by subtracting a

constant p;,, value of 10 MPa from the confining pressure p.).

Sample ¢  —budy_ pess [MPa] €t € §6rAp; o+ + Adi ko [m?] ke [m?]

LLB-6 021 0.01 10 0.010 0.006  -0.005 0.21 3.80 x 107" 438435 x 107"
LLB-7 023 0.01 10 0.030 0.026  -0.017 0.21 483 x 107" 3743.63 x 1072
LLB-1 021  <0.01 10 0.060 0.055  -0.020 0.19 501 x 107" 337329 x 107 *?
LLB-10 0.22 0.01 30 0.030 0.025  -0.021 0.20 524 x 107" 356347 x 107"
LLB-9 022 0.01 30 0.060 0.054  -0.040 0.18 497 x 1071 4+62-1.55 x 1073
LLB-13 022 0.01 30 0.240 0233  -0.055 0.16 484 x 107'* 55511 x 107
LLB-3  0.19 0.01 50 0.030 0.024  -0.019 0.18 531 x 107" 5265.09 x 107*?
LLB-11 022 0.01 50 0.060 0.054  -0.045 0.18 503 x 107" 429122 x 107*?
LLB-5 021 0.01 50 0.180 0.174  -0.074 0.13 432 x 1071 3443.17 x 107
LLB-14 023 0.01 70 0.060 0.054  -0.048 0.18 470 x 107" 427118 x 10712

¢ = connected porosity; ¢, = unconnected porosity; p y 5 = effective pressure; €4 =
P+ Ag;

is to say, a sample of porosity ¢). The intact material must
have a pore_volume Vi’ of & x (Lintact X Apast), where
Lintact 18 the overall length of the sample that is undamaged
s (post — W), Where wy_is the width of the compaction

band. The deformed sample contains a pore volume Vi
of ¢+ Ay X (Lpast X A . From this, we can relate the

compaction band porosity ¢ to the width of the compaction
band:

P
v |V H @
Apost wy

Solutions for and w, are non-unique (moreover, a

greater_value of wy could be a function of one wide
band or a_number of discrete, relatively thinner bands),
but we can impose a lower bound on of zero, and

is an_upper bound equal to the post-deformation porosity of
the sample: 0 < ¢y < (¢ + Ad;). Assuming the compaction
band porosity noted by Heap et al. (2015a) (~0.10) is typical
for compacted andesite, then Equation 4 yields compaction
band widths of between 1.63 and 23.57 mm (i.e. between

20 4 and 70 % of the overall sample length). We note that the
lower end of this range is in line with the observations of
Heap etal. (20152).

We note that porosity loss is seemingly tied to the effective
pressure under which compaction occurs (as observed in pre-

25 vious studies concerned with triaxial rock deformation, e.g.
Wong et al., 1997; Baud et al., 2006; Heap et al., 2015a): for

a given ameunt-of-increment of inelastic strain, the porosity
lost by a sample is always-greater at a higher effective pres-
sure. This phenomenon is true both for total porosity change

a0 (-Figure 2b) and for inelastic porosity loss (-Figure 3a), which
is to say that the inelastic compaction factor ¢/e-Ad;/e;

target (total) axial strain; €; =
= post-deformation porosity; ko = initial permeability; k. = post-deformation permeability.

inelastic axial strain; A ¢, = inelastic porosity change;

always decreases as effective pressure increases (Baud et al.,
2006).

While the mechanism of cataclastic pore collapse is gov-
erned by the pore sizes (e.g. Zhu et al., 2010, 2011), it has
also been demonstrated that the local stress field around a
pore increases as a function of the incumbent confining pres-
sure (Zhu et al., 2010). A elassie-study of fault gouge for-
mation in sandstone (Engelder, 1974) shows that fault-zone
fragments are smaller when generated at higher confining
pressures, and a similar effect (albeit less pronounced) was
noted by Kennedy et al. (2012), who investigated fault gouge
formation in dacitic dome rock. We-suggest-It is reasonable
to assume that cataclasis may become more efficient as the
local stress field increases in line with the confining pres-
sure; in turn, a finer distribution of fragments will more read-
ily occlude the pores around which they develop. Whether a
change in the mean fragment size generated during cataclas-
tic pore collapse underlies the observed evolution of $¢:/=;
A¢; /e; remains open to a targeted microstructural study.

Nevertheless, we can interrogate Equation 4 to glean an idea
of the effect of ¢, and wy, at different effective pressures and

Figure 5 shows the calculated wy for our experimental
data as a function of inelastic axial strain. Values of wy
are calculated using Equation 4, using values of ¢, of 0.20,
0.15, 0.10. and 0.05. At relatively higher imposed values of
¢, (0.20 and 0.15: Figure Sa, Sb), many of the resulting

values of wy, /I are non-physical (i.e. wy/l % 0 or wy/l

However, at lower imposed values of ¢, (0.10 and 0.05: Fig-
ure 5c, 5d), values fall between 0 and 1. Moreover, there
appears to be a systematic effect of peyr. with deformation
under relatively higher effective pressure yielding a higher
ratio of wy/I - hence, a thicker compaction band — for any

35

40

45

50

55

60

65



J. L. Farquharson: Inelastic compaction and permeability evolution in volcanic rock

a 024
2 10 MPa
30 MPa
0.22 Per @ 50 MPa
® 70 MPa
@) intial value O
0207 ©
O (@)
_e_ .
>0187 @ ©
£ 1
e J
5 ]
0 0.16 7] @)
0.14
] e
0.127]
O¢ T T T T
0 0.05 0.10 0.15 0.20 0.25
Inelastic axial strain ¢;
b 0 0.05 0.10 0.15 0.20 0.25
10.11 = 1 1 1 1
e
1 ©
€10"2; ¢
< ]
z @3 °
3 3 o
@
q’ -
g e
(0]
o 1013
1 2 10 MPa ©
] 30 MPa
1P ® 50MmPa ®
_ ® 70 MPa
intial value ©
104

Figure 3. Change in physical properties after accumulating inelastic
axial strain. (a) Pre- and post-deformation porosity (the latter calcu-
lated by ¢—+-d¢7¢ 4 Ag;) versus inelastic strain. Effective pressure
is indicated by the symbol colour. (b) Pre- and post-deformation
gas permeability as a function of the inelastic strain accumulated
by each sample. Effective pressure is indicated by colour as in
panel (a); note, however, that the value of pess corresponds to
deformation, whereas permeability was measured in each case at
pers = 1 MPa.

As would be expected (e.g. Zhu and Wong, 1997),
permeability reduction follows the same general trend

Figure 4. Backscattered scanning electron microscope images of
LLB andesite, showing as-collected (a) and post-deformation (b
- ¢) microstructure. Void space appears as black. Dense (metal-
rich) phenocrysts appear as white or light grey within a darker grey
groundmass. Both (b) and (c) are images of LLB-13, which was
taken to beyond both C* and C*'. Cataclastic pore collapse asso-
ciated with shear-enhanced compaction is shown in (b), while (c)
shows part of the dilatant shear zone marking the transition from
shear-enhanced compaction to dilation.
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using values of compaction band porosity of
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(—Figure 3b) as porosity reduction (—Figure 3a), with
samples accumulating high strains showing a correspond-
ingly large reduction in permeability. Hewever—Notably,

there appears to be an influence of the effective pressure
under_which_the sample was deformed and the change
in_permeability for a given increment of axial strain. A
difference in measured post-deformation permeability .
may be due to (1) a variation in characteristic grain size, or
o features_with respect to_the sample length, as described
above. Moreover, one may imagine that these two factors
(characteristic grain size, band thickness) operate in tandem
to_reduce permeability as effective pressure increases. To
test this_theory, we again model the deformed samples as
152 layered medium, such that discrete_bands of uniform
permeability k, and thickness w;, are embedded in a medium
of permeability ko (see Figure 6a). A similar approach
has_previously been adopted by Vajdovaetal. (2004) and
Baud et al. (2012) to_model the permeability of sandstones
2 containing __experimentally-induced _compaction _ bands.
Fluid _flow _through this simplified geometry may

then be modelled by assuming conservation of mass
e.g. Freeze and Cherry, 1979), such that:

3

-1

_ wy \ ko _
b = ko X [(Z)<k 1)+1

Variables ke, ko and [ are already constrained, allowing us
to solve for combinations of wy, and k. If we assume that a
compaction band comprises a granular bed (Figure 6a inser),
we can relate its permeability ky, to surface area s in the
following manner after Martys et al. (1994), who determined
w a universal scaling of permeability of a system of packed

&)

2!

a

0.05 0.10 0.15 0.20
Inelastic axial strain ¢;

Figure 5. Calculated sample length ratio wy /1 as a function of inelastic axial strain accumulation £;. Values of wj, calculated from Equation 4

0.05 0.10 0.15 0.20
Inelastic axial strain &;

0 0.05 0.10 0.15 0.20 0
Inelastic axial strain ¢;

= 0.05 (d). Shaded area indicates range of

spheres:
2(1—9¢%) .
ky = ( 2¢ )(bf (6)
S
where = — O, and = 4.2

the value of

@ represents the percolation threshold, taken here as 0.03.
orosity within a compaction band (i.e. the porosit
of the granular layer with permeability A, and width

(e.g. Wadsworth et al., 2016):

3(1—¢y)

r

s(r) @)

where 7 is the monodisperse particle radius. Note that in
reality, the porosities assumed within the compaction bands
here are not compatible with a_monodisperse packing of
spheres. Nevertheless, this greatly simplified approach gives
an_indication of the relative influence of the difference
constituent parameters 7, ¢y, and wp.

The assumed geometry is_illustrated in Figure 6a,
including_the corresponding values of permeability and
porosity for each layer. Figure 6b highlights the effects of
changing either the characterisitic particle (i.e. grain) radius
or_the compaction band porosity. Notably — for a given
porosity —a change in particle radius of 1 order of magnitude
results in a change in compaction band permeability of 2
orders of magnitude. At relatively high initial porosities, a
reduction in porosity by a given volume (for example, from
0.20 to 0.15) has little influence on Ay, On the other hand,
absolute volume (for example, from 0.10 to 0.05) exerts a
much_greater influence over A, (in_this case, a reduction

is thought to be related to the initial grain geometry: Wac
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by over 2 orders of magnitude). However, the bulk sample
permeability (the equivalent permeability) depends not only
on the porosity of the compaction band but also its width.
Figures 6c — 6f show the equivalent permeability for different
values of ¢, for changing values of wy/I: the ratio of the
band width to the overall length of the sample. Curves are
modelled by combining Equations 5, 6. and 7, using the
particle radii 7 (noted on each figure panel) and a value of
ko = 5.0 x 10717 m?. As there are multiple non-unique
solutions for ¢y, and wy, we show model results for a range
of potential ¢}, values in panels 6c¢ to 6f.

Evidently, the variation in_our experimental data (for
example, the difference between k. of samples deformed
under different effective pressures) is not explained b
is_very sensitive to the characteristic grain radius, the
tradeoff between ¢, and w, is more important in controlling
the bulk sample permeability (k). Importantly, however,
idealising the geometry of a compaction band in terms of
a monodisperse particle size distribution cannot accurately
represent its complex porous network. More accurate values
of and s (and hence, a better prediction of k;, and k)
may be acheived by adopting a polydisperse particle size
distribution_or by imposing a non-spherical characteristic

An_evident weakness of employing the simple layered
medium model outlined above is that we assume that the only

operative mechanism is porosity- and permeability-reducing.
However at low strains, there is no one-to-one relation-

ship between permeability and porosity after deforma-
tion. Rather, permeability tends to increase moderately
at inelastic axial strains less than around 0.05 (ie. a
5% shortening in sample length): while initial values of

ermeability tended to be around 5 x 107!% m?2, the
measured post-deformation permeability was often greater

than 10~'2 m? after accumulating a small amount of axial
strain (Table 2). A similar phenomenon was also observed by

Loaiza et al. (2012), who noted that permeability of Agores
trachyandesite increased beyond a critical stress state during
hydrostatic pressurisation. This critical stress — known as P*:
Zhang et al. (1990) — signals the onset of lithostatic inelas-
tic compaction; Loaiza et al. (2012) show that stress-induced
cracks coalesce between collapsed pores during hydrostatic
compaction, improving connectivity and, in turn, increasing
permeability. Prior to deformation, the samples of porous an-
desite used in our experiments — LLB — contained an isolated
porosity of 0.01, on average (-Table 2).

Similar to the mechanism posited by Loaiza et al. (2012),
we suggest that distributed microcracking during the ini-
tial stages of ductile deformation serves to interconnect
this isolated porosity, creating efficient pathways for fluid
flow. Meehanteal-The mechanical data of all the exper-
iments (—Figure la) exhibit intermittent stress drops —
even in the instances where permeability was observed
to increase relative to the initial value — which suggests

11

that compaction localisation in these andesites does little
in—the—way—of forming—a—not necessarily equate to the

formation of an effective barrier to fluid flow. Loaiza et
al. (2012), Adelinet et al. (2013)and—Heapetal-(20+5a),
Heap et al. (20152), and Heap et al. (2016) each examine mi-
crostructure of compaction bands formed in porous vol-
canic rocks (trachyandesite, basalt, andesite, and dacite,
respectively). In all cases, they—the bands are irregular in
shape and thickness, but do not necessarily constitute a con-
tiguous surface of collapse pores (i.e. a layer of reduced

porosity). Their—charaeteristie—tortuesity-This is supported
by the results from a recent study by Baud etal. (2019),
which examined compaction band-bearing sandstones using
X-ray computed tomography. The authors show that when
compaction_bands _are formed in a rock with porosity
homogeneous _porosity; consequently the bands do_not
comprise efficient permeability barriers in three dimensions.
Notably, the _porosity of the andesites deformed in_our
study exhibit marked heterogeneity in_terms of porosity,
pore_shape. and pore size distribution (Figure 4a). The
characteristic_tortuosity of compaction bands formed in

heterogeneous volcanic material — and the fact that the re-
duction in porosity relative to the host sample is remarkably

less than observed in sandstones (Baud et al., 2012) — may
explain the lack of an obvious observed influence on sam-
ple permeability in this study. Thus, counter-intuitively, small
amounts of stress-induced compaction may actually increase
permeability in volcanic materials. At higher strains how-
ever, this effect is overtaken by the global reduction in sample
porosity, which serves to decrease the mean flow path aper-
ture and forces fluids to travel through more tortuous routes.

4.2 A limit to compaction and permeability reduction

Porosity exerts a first order control on the brittle-ductile tran-
sition of porous rocks (e.g. Wong and Baud, 2012): high
porosity fosters ductile behaviour in response to an applied
differential stress whereas dilatant brittle behaviour is antici-
pated in low-porosity materials. If a high-porosity volcanic
rock undergoes progressive compaction, it will eventually
achieve a porosity low enough to respond in a dilatant fash-
ion. The critical stress state at this transition is known as C*
has been previously described in sedimentary materials (e.g.
Schock et al., 1973; Baud et al., 2000; Vajdova et al., 2004;
Baud et al., 2006; Regnet et al., 2015), and recently in an-
desite from Volcédn de Colima (Heap et al., 2015a). As antic-
ipated, beyond a threshold stress-strain accumulation, sam-
ple LLB-13 exhibits a transition from compactant deforma-
tion to dilatant behaviour (highlighted by the arrow in Fig-
ure 1b). In volcanic rock — at the sample-scale — this is char-
acterised by significant shortening and barrelling of the sam-
ple (a consequence of the high strains required to achieve
and exceed C*') and the generation of an-extensive-a dilatant
shear zone (Heap et al., 2015a), characteristically similar to
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lotted are data from this study (Table 2), where values of wj, are calculated after Equation 4. Note that of the ten k., wy /I data pairs from

this study, not all are plotted on each of the panels (c) to (f). This is because certain combinations of ¢, and w; yield non-physical values

(Equation 4). Refer to text for further discussion.

highly strained fault zones observed in volcanic rock (Far- ing shown in Figure 4b, and the dilatant-shear zone shown in
quharson et al., 2016b). Figure 4 illustrates these separate detail in Figure 4c. As well as inhibiting net compaction, the s
mechanisms, with evidence of cataclastic pore collapse be- transition to dilatant behaviour after a critical stress thresh-
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old may well constitute a limit to permeability reduction. In-
deed, Regnet et al. (2015) observed that the permeability of
an oolitic limestone increased when deformed triaxially be-
yond C*, to a level greater than its original value. This sug-
gests that the volumetric increase associated with continued
deformation after this critical stress state is linked to the gen-
eration of an efficient flow path for transmitted fluids. The
concept of a limit to porosity and permeability reduction is
supported by compiled data shown in Figure 7, and suggests
that for a volcanic rock of given initial porosity, there is a lim-
ited range of strain-induced subsolidus k—¢ states in which
it can exist: one cannot compact indefinitely without promot-
ing dilatant mechanisms.

Figure 7 compiles data from this study with that of Far-
quharson et al. (2016b) and Heap et al. (2015a). Farquhar-
son et al. (2016b) performed triaxial experiments on low-
and intermediate-porosity volcanic rocks (basalt from Mount
Etna, Italy, and andesites from Volcdn de Colima and Ku-
mamoto, Japan), exploring the evolution of physical prop-
erties as a function of stress-induced dilation. Heap et al.
(2015a) performed compaction experiments comparable to
those described in this study, with pre- and post-deformation
permeability being assessed for two samples of San Anto-
nio (C8) andesite from Volcdn de Colima. Notably, data for
porosity (-Figure 7a) and permeability (—Figure 7b) of all
samples tends to converge towards intermediate values with
ongoing strain accumulation. For this set of samples, an ini-
tial porosity range of 0.05 - 0.23 reduces to values between
0.07 and 0.19 after an axial strain of 0.05, and thereafter to a
range of 0.08 to 0.17 after an axial strain of 0.10. A sim-
ilar trend can be observed in the permeability data, albeit
with appreciably more scatter. Assuming that stress-induced
fracture and compaction are common in active volcanic en-
vironments, this phenomenon of convergence towards in-
termediate values (i.e. 0.10 < ¢ < 0.20; 10714 <k <1073
m?) might partially explain why the modal porosity of large
datasets of edifice-forming material tends to fall between
0.10 and 0.20 (e.g. Mueller et al., 2011; Bernard et al., 2015;
Farquharson et al., 2015; Lavallée et al., 2017).

4.3 TImplications for volcanology

Our experimental results highlight that permeability evolu-
tion during stress-induced compaction may be complex, but
an overarching trend of decreasing permeability is antici-
pated, especially if volcanic rock can compact to relatively
high amounts of strain (i.e. > 0.06). This section examines
these results in a broader context: if we can expect permeabil-
ity of edifice-forming rocks to vary due to porosity, effective
pressure and stress, then what influence does this have on
volcanic activity?

Due to different histories of degassing, ascent, and erup-
tion processes for different volcanic ejecta and effusive prod-
ucts (e.g. Mueller et al., 2011), heterogeneous edifice poros-
ity may arise over time. Volcan Rincon de la Vieja, for ex-

ample, exhibits contrasting flank compositions as tephra is
predominantly deposited on the western side due to the pre-
vailing trade winds, whereas dense lava flows have been his-
torically concentrated to the north and south (Kempter et al.,
1996). Similarly, Volcan Casita (Nicaragua) is composed pri-
marily of pyroclastic units on the southwest (again a conse-
quence of the prevailing wind direction), whilst the majority
of relatively denser lava flows extend to the east because of
an asymmetric crater morphology (van Wyk de Vries et al.,
2000). Indeed, geophysical surveys of active and historically
active volcanoes indicate that significant variations in density
(and hence, porosity) may be a common feature of stratovol-
canic edifices worldwide. For example, Tiede et al. (2005)
use gravimetric inversion to explore edifice density at Gu-
nung Merapi, identifying a relatively low density unit on the
western flank. These authors calculate an average porosity of
0.21 for this unit: a high value compared to the average ed-
ifice porosity of around 0.15 determined by Setiawan et al.
(2002) and the range of 0.05 to 0.10 estimated by Commer et
al. (2005) for the region directly below the Merapi summit.
These values are generally consistent with measured labo-
ratory values of porosity for Merapi samples (Le Pennec et
al., 2001; Kushnir et al., 2016). Similar contrasts in density
have been inferred from gravimetric studies of several other
volcanic regions such as Mauna Loa, Hawai’i (Zucca et al.,
1982), Campi Flegrei, Italy (Cubellis et al., 1995), Cordén
Caulle, Chile (Septlveda et al., 2005), and in the Central Vol-
canic Complex of Tenerife, Spain (Gottsmann et al., 2008).

In agreement with previous experimental studies (Loaiza
et al., 2012; Adelinet et al., 2013; Zhu et al., 2016), the data
presented here show that relatively porous edifice rock is
prone to compact, even under low effective pressure (i.e. at
shallow depths), whereas Heap et al. (2015a) and Farquhar-
son et al. (2016b), for example, show that volcanic rocks with
a low initial porosity will preferentially dilate when subject
to stress. Thus one or other of these two processes will be
dominant in different regions of a volcanic edifice. If we take
Gunung Merapi as an example, the relatively porous west-
ern flank should compact — if subject to an imposed dif-
ferential stress — in the shallow edifice; on the other hand,
the denser regions will fracture near the surface but facili-
tate compaction at depth by increasing the overlying litho-
static pressure for a given depth (i.e. the effective confining
pressure). Accordingly, permeability reduction should oc-
cur over time and with increased strain in the western por-
tion of the edifice, whereas permeability of the other flanks
should increase. This is in agreement with the broad trend
of outgassing observed at Gunung Merapi: quiescent out-
gassing occurs through and around the central vent, as well
as through fumarole fields located to the east, southeast, and
south of the main crater (Le Cloarec et al., 2003), while fu-
marole fields are absent to the west of the crater.

This field evidence underscores the importance of the spa-
tial distribution of edifice rock with differing physical and
mechanical properties in terms of the evolution of permeabil-
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ity and outgassing routes in volcanic systems. Highly porous
edifice rock may constitute an effective means of passive
outgassing during periods of eruptive quiescence; when sub-
ject to stress, however — for example as a result of shallow
s fluid migration (e.g. Denlinger and Hoblitt, 1999; Clarke et
al., 2007) or deep-seated magma chamber deformation (e.g.
Melnik and Sparks, 2005; Wadge et al., 2006) — its perme-
ability will tend to decrease. In turn, this may hinder out-
gassing and promote explosive activity. However, as our data
10 show (-Figure 3b), low amounts of inelastic strain may ac-
tually increase permeability, possibly by connecting isolated
porosity. In this case, stress-induced compaction may yield a
temporary increase in permeability and flank outgassing, be-
lying a longer-term trend of permeability reduction. This im-
15 plies that the spatial and temporal distribution of fumaroles
and the vigour with which they outgas may contain impor-
tant information regarding subsurface strain accumulation:
in a quiescent system, changes in the volume of passive out-
gassing of magmatic gas species may reflect stress-induced
20 compaction, portending a build-up of pressure and potential
explosive activity.

5 Conclusions

Volcanic rock of relatively high porosity (i.e. > 0.20) can
compact as a function of inelastic strain accumulation. We
2s performed a series of triaxial deformation experiments on
a suite of porous andesite in order to explore the influence
of stress-induced compaction on porosity and permeability
evolution. The efficiency of compaction was found to be
a function of the effective pressure under which deforma-
a0 tion occurred: at higher effective pressure, a greater vol-
ume of porosity was lost for any given amount of inelastic
strain, reflecting the reduction in the inelastic compaction
factor as a function of increasing effective pressure. We sug-
gest that the associated underlying physical mechanism is
ss progressively more efficient pore occlusion through cata-
clastic pore collapse at higher confining pressures, possibly
due to enhanced communution. By modelling a simple

sample geometry where a compaction band is represented
by a packed granular bed, we show that the permeability
« reduction within a discrete compaction band is sensitive to
compaction band has a variable influence on its permeability,
with changes in band porosity becoming ever more important
as porosity decreases. However, the overall trade-off between
« the width and porosity of a compaction band are far more

important that grain size in controlling fluid flow throughout
the bulk of a sample. At low strains (< 0.05), compaction

tends to result in a moderate increase in permeability (not
accounted for in our model), which we suggest is a result
so of increased pore connectivity due to distributed microcrack-
ing. This effect is outweighed by progressive compaction at
higher strains, resulting in a general trend of decreasing per-

meability with ongoing inelastic compaction. There exists a
physical limit to compaction, which we suggest is echoed in a
limit to the potential for permeability reduction in a deform-
ing sample. Compiled data show that at high strain, porosity
and permeability tend to converge towards intermediate val-
ues (i.e. 0.10 < ¢ < 0.20; 10714 < k <1073 m?). Field ev-
idence from the literature emphasises the importance of un-
derstanding the physical and mechanical properties of rock in
active volcanic environments, in particular the evolution in a
rock’s capacity to effectively transmit magmatic volatiles.

6 Data availability

Data are presented in Table 1 and 2 in the text, or are avail-
able on request to the corresponding author.

Appendix A: Measuring permeability

The constitutive equation governing fluid transport in porous
and granular media was originally derived from experiments
performed by Henry Darcy in the 1850s on the flow of water
at different levels through sand. Since Darcy’s work (1856),
the theoretical framework of fluid transport—which is based
on Newton’s second law—has been well established and
expanded, such that flow of gas through a porous medium
may be given thus:

~kA (b —Pa
0, = (P lp)
L

where 1 is the fluid viscosit is the volumetric flow

rate, A is the cross-sectional area available for flow and !

is the distance over which fluid flow occurs (i.e. the sample
length). In a fluid transport system, flow is driven towards
of horizontal flow, this may be described by a differential
between a region of relatively high pressure pj to_one
of relatively lower pressure p,: a pressure differential or
pressure drop Vp. Equation Al is valid for all porous
media as long as flow is laminar (two cases of non-laminar
flow_are discussed hereafter). While this expression is
sufficient for the case of laminar (or ’streamline”) flow,
when_considering an_ideal compressible gas_measured
under_atmospheric_conditions, it becomes convenient to
present gas permeability kgq in_the following manner
(Klinkenberg, 1941; McPhee and Arthur, 1991):
Qv,ul *Patm

kgas = W (A2)

(AL)

where . 18 the atmospheric pressure at which (), is

measured, and the driving pressure is given as a product
of the differential pressure Vp and the mean pressure
over the sample p. The mean pressure p is determined
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by the upstream and downstream pressures p, and p,

such that p = + 2. Under ambient conditions is

equal to the atmospheric pressure pgim, and py is equal

0. VP +t Pom. The mean pressure therefore simplifies to
s D= (VR 4 2Patm ) (2.

Herein, gas permeability was measured using a
steady-state_permeameter using the setup described in
Farquharson et al. (2016¢). The apparatus is a commercial
benchtop permeameter from Vinci Technologies, modified

10 by incorporating interchangeable El-Flow volumetric mass
flowmeters (from_Bronkhorst) to measure the volumetric
flow rate of gas at the downstream end of the experimental
samples. Gas permeability was measured using nitrogen as
the permeant (pore fluid). A confining pressure of 1 MPa

15 was applied radially to the sample, in order to ensure that
1o leakage occurred along its margins during measurement.
The sample was then left under this confining pressure for 1
hour, to allow for any necessary microstructural equilibrium.
Gas would then be flowed through the sample, whilst the

20 volumetric_flow rate @, and the pressure differential Vp
across the sample were continuously monitored by means
of customised data acquisition system and a LabVIEW

The pressure of gas entering the sample could be adjusted

»s using a regulator attached to the permeant gas bottle. By
altering the flow of gas, a range of different values of Vp
was imposed across the samples (typically between 0.001
and 0.2 MPa). Once steady-state flow was achieved, the
volumetric_flow rate was noted. Thus with knowledge of

w the gas viscosity and sample dimensions, permeability could
be calculated using Equation A2. However, two scenarios
can necessitate that post-measurement corrections need to be
applied to the calculated values due to inertial effects: flow
turbulence or gas slippage.

% Al Non-laminar flow 1: Turbulence

Forchheimer (1901) conducted fluid flow experiments

through porous media, noting that the relationship between
the pressure differential Vp and the volumetric flow rate
becomes nonlinear at high fluid velocities due to flow

40 no longer being laminar. To account for this turbulence, an
inertial term, here denoted ¢, must be introduced, such that;

(A3)

where k¢, is the Forchheimer-corrected permeability value,
and kyqs_is the as-measured value. In this scenario, the

«s measured gas permeability would be lower than the true
corrected) permeability, as turbulence induces resistance to

fluid flow.

A2 Non-laminar flow 2: Gas slippage

In his seminal 1941 paper, Klinkenberg showed that as the
path of the permeant gas—the distance travelled between
consecutive molecular collisions—interactions between the
gas molecules and the pore (or crack) walls serve to reduce
resistance to flow. Simply put, during liquid laminar flow,
the layer of molecules adjacent to the pore (or crack) walls is
velocity due to molecular diffusion (slip”). This slippage
results in a higher flow rate at any given pressure differential
for a_gas than a liquid. Accordingly, the permeability
measured using a_gas would be artificially higher than if

determined using a liquid.
The relationship of Klinkenber:

thus:

1941) is_incorporated

b
kgas =kp| 1+ 5 (A4)

where kgqs is the as-measured permeability calculated
from gas flow experiments (note that in cases where a
Forchheimer correction has been applied as in Equation A3,
Eqqs s substituted by ks, in Equation A4), p is the mean flow
pressure of gas in the system, b is the Klinkenberg parameter
(which_depends on both the gas used but also_the pore
structure), and Ay is the Klinkenberg-corrected permeability

value,

In the absence of inertial effects, plottin against
the driving pressure (i.e. Vpp) yields a linear relationship.
Deviations from linear behaviour indicate that one or both
of the inertial phenomena described above are influencing
the_calculated permeability. In_practice, the corrected
permeability can be calculated using the slope and intercept
of graphs of Q, against kg, and p_! against ko In the
main body of the text measured permeability, corrected for
turbulence and/or gas slippage when necessary, is always
presented as k. Figure Al shows example data from volcanic
rocks _which_exhibit laminar flow, turbulence, and gas
slippage, respectively. The effects of inertial flow, especially
in_the case of gas slippage tends to be slight, although
non-negligible.

A3 Permeability and experimental error

Sources of error in the permeability measurements include
the sample dimensions, and the resolution of the pressure
transducer and flowmeters. As mentioned, permeability is
determined as a function of the — Vpp curve, which is
a series _of points fit by a simple linear regression (when
flow is laminar). The respective precision of the transducer
and flowmeter is thus encompassed by the coefficient of
determination of the regression line (ie. its 72 value). If
the data are unaffected by turbulence or gas slippage, then
1’ is_generally greater than 0.99. If flow_is nonlaminar,
r” tends to be appreciably lower, and the permeability is
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determined using Equation A3 or_A4 as appropriate. Repeat
measurements_suggest_that experimental error is always
engirdled by the symbol size when plotted graphically.
Figure Al shows flowrate and pressure data obtained
during _steady-state permeability measurements on_three

volcanic samples. For the first example, Figure Ala - ¢, flow

is laminar, as evident from the linear relation between the

volumetric flowrate (Q,,) and the driving pressure (Vpp).
Accordingly, the reciprocal permeability (k) versus Q,
is negative and nonlinear, as is the measured permeability
kgas against the reciprocal mean pressure p~ " In the second
example, flow is_turbulent, and the data in Figure Ald
are_nonlinear. Applying the correction derived from Fig-
ure Ale (Equation A3) yields Figure Alf, where the data
are randomly distributed about the mean (no Klinkenberg
correction is_necessary). Finally, the data shown in Fig-
ure Alg - h highlight that a Klinkenberg correction is
necessary (Equation A4). However, the correction is very
slight, as indeed often tends to be the case in volcanic rocks
(as_opposed to “tight” materials such as granite). For the
LLB data presented in Table 2, Forchheimer corrections were
applied to the raw values where appropriate. Permeability

values were affected only slightly, increasing by a factor of
between 1.03 to 1.41.
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Abstract. Active volcanoes are mechanically dynamic en-
vironments, and edifice-forming material may often be sub-
jected to significant amounts of stress and strain. It is un-
derstood that porous volcanic rock can compact inelastically
s under a wide range of in sifu conditions. In this contribu-
tion, we explore the evolution of porosity and permeability
— critical properties influencing the style and magnitude of
volcanic activity — as a function of inelastic compaction of
porous andesite under triaxial conditions. Progressive axial
10 strain accumulation is associated with progressive porosity
loss. The efficiency of compaction was found to be related
to the effective confining pressure under which deformation
occurred: at higher effective pressure, more porosity was lost
for any given amount of axial strain. Permeability evolution
15 is more complex, with small amounts of stress-induced com-
paction (< 0.05, i.e. less than 5 % reduction in sample length)
yielding an increase in permeability under all effective pres-
sures tested, occasionally by almost one order of magnitude.
This phenomenon is considered here to be the result of im-
20 proved connectivity of formerly isolated porosity during tri-
axial loading. This effect is then overshadowed by a decrease
in permeability with further inelastic strain accumulation, es-
pecially notable at high axial strains (> 0.20) where samples
may undergo a reduction in permeability by two orders of
2s magnitude relative to their initial values. A physical limit
to compaction is discussed, which we suggest is echoed in
a limit to the potential for permeability reduction in com-
pacting volcanic rock. Compiled literature data illustrate that
at high axial strain (both in the brittle and ductile regimes),
a0 porosity ¢ and permeability k tend to converge towards in-
termediate values (i.e. 0.10 < ¢ < 0.20; 10714 <k <1073
m?). These results are discussed in light of their potential
ramifications for impacting edifice outgassing — and in turn,
eruptive activity — at active volcanoes.

1 Introduction

Active volcanoes are inherently high-strain environments
(e.g. Omori et al., 1920; Mogi, 1958; Dzurisin, 2003).
Magma is a constantly developing multi-phase medium, and
as it migrates through the crust, vesiculating and crystallis-
ing along the way, it can impart significant mechanical stress
on the surrounding edifice rock (e.g. Sparks, 1997; Voight
et al., 1998; Denlinger and Hoblitt, 1999; Clarke et al., 2007;
Heimisson et al., 2015). Deeper in the crust, magma chamber
deformation can pressurise conduit and dyke systems above,
in turn displacing the edifice (e.g. Melnik and Sparks, 1999,
2005; Wadge et al., 2006). Much of the edifice is likely to be
fluid-saturated (e.g. Day, 1996; Delcamp et al., 2016), a func-
tion of permeability, permeability anisotropy, and heat flux
(Hurwitz et al., 2003; Finn et al., 2007): migration of fluids
can serve to adjust the in situ stress conditions and influence
the short-term failure strength of edifice-forming rocks (e.g.
Farquharson et al., 2016a). Moreover, the continued loading
of the edifice due to iterative emplacement of erupted ma-
terial will serve to increase the overburden (i.e. the confin-
ing pressure) in any given region of the edifice (e.g. Heap
et al., 2015a). It is generally understood that all volcanoes
deform under their own weight to some extent (Shteynberg
and Solov’yev, 1976; Dieterich, 1988; van Wyk de Vries and
Borgia, 1996), driven largely by gravitational spreading and
substratum flexure (van Wyk de Vries and Matela, 1998),
which indicates that the local and far-field stresses opera-
tive in a volcanic edifice will evolve over time. Further, the
overlying stress may be influenced by loading and unloading
of volcanoes by ice, for example, either seasonally or due
to longer-scale climatic variations (e.g. Sigmundsson et al.,
2010).

Thus, edifice-forming volcanic rock may be subjected to
a range of stress conditions over time. This is an important
consideration, as the response of rock to imposed stress can
have a significant impact on its fluid transport properties. In
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particular, permeability — the capacity of a material to trans-
mit fluids through interconnected pore space — is a critical
property in the context of volatile loss and pressure dissipa-
tion. The expansion of exsolved gas species which occurs
as volatile-laden magma approaches the surface of the Earth
can generate overpressures in the magma: the kinetic engine
that typically drives explosive fragmentation (e.g. Sparks,
1978). If the permeability of a volcanic system (including the
edifice) is high, volatiles may escape from the magma and
10 the propensity for explosive behaviour reduced; on the other
hand, low system permeability could promote pressure build-
up and violent eruptive activity, a concept underlying numer-
ous studies in volcanology (for example Eichelberger et al.,
1986; Woods and Koyaguchi, 1994; Rust et al., 2004; Ed-
1s monds and Herd, 2007; Mueller et al., 2008, 2011; Nguyen
et al., 2014; Okumura and Sasaki, 2014; Gaunt et al., 2014).
Volcanic rock can either dilate or compact in response
to an applied differential stress or a change in pore pres-
sure. Dilatant brittle failure comprises an increase in poros-
ity through the formation, growth, and coalescence of stress-
induced fractures (e.g. Fortin et al., 2011). In compression,
this culminates in an axial split or shear fracture. On the
other hand, an overall reduction in porosity can be brought
about by homogeneous or localised inelastic compaction.
25 In Yakuno basalt, Shimada et al. (1989) showed that duc-
tile deformation was associated with distributed microcrack-
ing, granulation, and pore occlusion. The underlying physical
mechanism — cataclastic pore collapse — is described in detail
by Zhu et al. (2010), and has since been interpreted in triaxi-
ally deformed tuff (Zhu et al., 2011; Alam et al., 2014; Heap
et al., 2015b), basalt (Adelinet et al., 2013; Zhu et al., 2016),
andesite (Heap et al., 2015a, 2017), trachyandesite (Loaiza
et al., 2012), and dacite (Heap et al., 2016). This micromech-
anism can be distributed (e.g. Zhu et al., 2011; Heap et al.,
a5 2015b) or localised (e.g. Loaiza et al., 2012; Adelinet et al.,
2013; Heap et al., 2015a) in the form of bands of compacted
pores. The predisposition for strain localisation in volcanic
rock has been suggested as a function of stress nucleation
around equant porosity (Adelinet et al., 2013), due to pref-
erential alignment of pores (Loaiza et al., 2012), or along
pre-existing planes of weakness such as zones of amoeboid
pores (pores that are rounded but highly irregular in shape)
or microfractures (Heap et al., 2015a).
While manifestations of inelastic compaction tend not to
45 be immediately obvious in the field (unlike fractures, which
are ubiquitous at all scales in volcanic environments), abun-
dant indirect evidence for this process exists. Bulk rock
density and porosity have been estimated during scientific
drilling projects — in concert with gravimetric and other geo-
physical data — at, for example, Campi Flegrei, Italy (Barberi
et al., 1991) and Mount Unzen (Sakuma et al., 2008). These
studies highlight a predictable decrease in porosity with in-
creasing depth, supported in either case by a general increase
in ultrasonic wave velocities with increasing depth, indica-
ss tive of a reduction in porosity with increasing lithostatic pres-
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sure. To date, physical property data at depth in volcanic ma-
terials has been obtained predominantly by researchers as-
sessing the suitability of volcanic deposits for hydrocarbon
or geothermal energy exploitation. For example Chen et al.
(2016, 2017a) investigated volcanic sequences in the Junggar
Basin in western China, in order to determine their suitabil-
ity as gas and petroleum reservoirs. At both sites, the authors
note a general decrease in porosity with depth; for example,
Chen et al. (2016) report a decrease of porosity from ~0.30
to <0.10 between the surface and 1000 m depth. Often, the
interpretation of logging data from volcanic materials (e.g.
Millett et al., 2016) is non-trivial due to the variable qual-
ity of density logs, and variations in the relationship between
density and porosity with depth, alteration, or the intersection
of distinct facies (Li et al., 2009), as well as gaps in the strati-
graphic record due to incomplete core recovery. An example
of a study with an excellent degree of core recovery—99.7
%—is reported by Jénsson and Stefdnsson (1982): these au-
thors calibrate porosity and density data obtained by the Ice-
land Research Drilling Project from a borehole cored con-
tinuously to a depth of 1919 m near Reydarfjordur in Ice-
land. To combat small-scale variability arising from the inter-
section of discrete geological units, Jénsson and Stefdnsson
(1982) calculate a running average of porosity and density
against depth. Notably, the average porosity decreases from
0.13 at 400 m depth to 0.06 at 1200 m depth, corresponding
to an increase in bulk rock density of approximately 200 kg
m~3,

The observation that porosity tends to decrease with in-
creasing depth is borne out by experimental deformation
studies, which show that the propensity for compactant —
rather than dilatant — behaviour of volcanic rock is intrinsi-
cally linked to the confining pressure under which the sample
is deformed (e.g. Shimada et al., 1989; Heap et al., 2015a;
Zhu et al., 2016), as well as being heavily reliant on its ini-
tial porosity (Heap et al., 2015a; Zhu et al., 2016) and other
factors such as temperature (Violay et al., 2012, 2015; Heap
et al., 2017) and alteration (Siratovich et al., 2016). In detail,
high effective pressures and/or high initial porosity promote
ductile behaviour, whereas dilatant brittle failure is favoured
in low-porosity volcanic rock deformed under a range of ef-
fective pressures. For an in-depth study regarding the influ-
ence of effective pressure and porosity on the failure mode
of andesite, the reader is referred to Heap et al. (2015a).

While pre-failure permeability has been explored in plu-
tonic (Zoback and Byerlee, 1975; Kiyama et al., 1996;
Mitchell and Faulkner, 2008) and volcanic (Faoro et al.,
2013) rocks, studies of post-failure permeability change have
been generally limited to investigations into sedimentary and
synthetic materials (e.g. Mordecai and Morris, 1970; Peach
and Spiers, 1996; Zhu and Wong, 1997; Regnet et al., 2015).
However, a recent study explored brittle failure in compres-
sion of low- to intermediate-porosity volcanic rock and the
influence of progressive stress-induced dilation (Farquhar-
son et al., 2016b). Permeability was found to increase with
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ongoing strain accumulation under triaxial conditions. With
regards to the influence of inelastic compaction, research has
yielded both decreases (Zhu and Wong, 1997; Baud et al.,
2012; Chen et al., 2017b) and increases (Xiaochun et al.,
2003) in the permeability of porous sandstone. Alam et al.
(2014) investigated the permeability evolution of welded tuff
from Shikotsu (Hokkaido Prefecture, Japan), finding that per-
meability decreased monotonically with triaxial compression
(both in the dilation and compaction regimes) and that the
rate of permeability decrease was tied to the effective pres-
sure under which deformation was performed. Pilot experi-
ments on porous andesite — described in Heap et al. (2015a)
— also indicate permeability loss as a result of inelastic com-
paction. Building on the work of these studies, this contri-
bution investigates the response of the physical properties of
volcanic rock — i.e. porosity and permeability — as a func-
tion of inelastic compaction under conditions anticipated in
volcanic environments. Using a simplified geometry, we use
a layered flow model to discuss permeability reduction as a
function of compaction localisation. We then expound these
results in light of the potential influence of edifice rock com-
paction on volcanic activity.

2 Materials and methods
2.1 Sample preparation and deformation

To assess the influence of inelastic compaction on volcanic
rock permeability, a porous andesite from Volcdn de Colima
(Mexico) was used. The construction history, geomorphol-
ogy and eruptive style of Volcdn de Colima make it a useful
analogue for other active andesitic stratovolcanoes around
the world, such as Gunung Merapi (Indonesia), Ruapehu
(New Zealand), Volcan Rincon de la Vieja (Costa Rica),
Santa Marfa (Guatemala), Tungurahua (Ecuador) and many,
many more. Core samples were prepared from a block of an-
desite approximately 1 m?, collected in May 2014 from the
La Lumbre debris-flow track (barranca) on the south-western
flank of the volcano. The andesite — "LLB" — is a vesicular
porphyritic andesite containing subhedral phenocrysts and
microphenocrysts, of unknown age. Bulk geochemical anal-
ysis is given in Table 1.

This andesite was chosen because its relatively high initial
connected porosity ¢ means that it can be deformed in the
ductile regime under pressure conditions relevant to a vol-
canic edifice (Heap et al., 2015a). Ten sample cores were
prepared with a diameter of 20 mm, and were ground flat
and parallel to a nominal length of 40 mm. Samples were
dried in a vacuum oven for at least 48 hours, and the follow-
ing steps carried out (adopting the protocol of Farquharson
et al., 2016b):

1. Physical properties (porosity, permeability) were mea-
sured,

2. Samples were saturated, then deformed triaxially in
compression under a set effective pressure to a given
degree of axial strain,

3. Samples were unloaded, dried for 48 hours, and their
permeability was re-measured.

Each of these stages are described in more detail hereafter.
Helium pycnometry was used to measure the bulk and pow-
der densities of LLB samples (pp, and pj,, respectively), whilst
measurements of sample dimensions allow the calculation of
the bulk volume V, and in turn the volumetric mass density
po- In turn, porosity (connected ¢, total ¢;, and unconnected
¢.,) can be calculated:

(b:(/)bp—vpv) (1a)
=1 (Z—Z) (1b)
Pu=0¢t—¢ (1c)

where a value of 2653 + 0.17 kg m~3 is used for p,. In de-
tail, helium pycnometry is used to determine the solid vol-
ume V; of each sample, which subsequently allows the cal-
culation of the connected gas porosity ¢ as described. Auto-
mated measurements of Vs were performed iteratively un-
til five consecutive measurements yielded results within a
range of 0.01% of the sample volume, so precision of the
pycnometer measurements is high (< 0.005 cm?). A greater
degree of error arises when manually measuring the sample
dimensions, required in order to determine p,,. Repeat mea-
surements allowed an estimation of error in the length and
diameter, which typically amount to < 0.05 cm?® in terms
of volume. Adopting the notation that ¢, is the error on the
porosity calculation and that ¢, and €, are the independently
calculated errors for measurements of V; and V, then the
propagated error can be approximated by:

(727) + ()

Values for €4 are generally < 0.005 for the samples described
herein. As such, probable error on connected gas porosity
measurements is low, and always contained within the sym-
bol size when plotted graphically.

Gas permeability was measured under steady-state con-
ditions with a confining pressure of 1 MPa using the setup
described in Farquharson et al. (2016c). Where necessary, a
correction was applied to the measured permeability values
to account for turbulent flow (see Forchheimer, 1901), the
effects of which can become non-negligible when measuring
the permeability of high-porosity media. Appendix A con-
tains further details on the determination of permeability, the
application of corrections for inertial effects, and the sources
and sizes of potential error in the measurements.
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Table 1. Major element (oxide) composition, determined via X-ray fluorescence analysis. All values are given in weight percent (wt. %).

SiOq Al2O3 Fe203 MnO MgO CaO NazO
61.260 17.330 5.745 0.100 3.725 5.505 4.455
+0.270 +£0.070 +£0.085 +£0.001 40295 +£0.025 =£0.015
K20 TiOq P,05 Cr203 V205 NiO LOI
1.505 0.565 0.200 0.020 0.015 0.004 0.185
+0.035 +0015 +£0.020 £0.005 +£0.005 +£0.001 =£0.215

SiO2 = Silicon dioxide; AloO3 = Aluminium oxide; Feo O3 = Iron oxide; MnO = Manganese(IT) oxide;
MgO = Magnesium oxide; CaO =Calcium oxide; Naz O = Sodium oxide; K2 O = Potassium oxide;
TiO2 = Titanium oxide; P2O5 = Phosphorus pentoxide; CroO3 = Chromium(III) oxide; V205 =
Vanadium(V) oxide; NiO = Nickel(II) oxide; LOI = loss on ignition.

Samples were then encased in a copper foil jacket (which
serves to retain bulk sample cohesion after deformation),
saturated with distilled water, and loaded into the triaxial
deformation rig at Université de Strasbourg (see Figure 1).

s Throughout deformation we assume a simple effective stress
law, whereby the effective confining pressure p. s experi-
enced by a sample is a function of the confining pressure p.
around the sample and the pressure of pore fluid p, within
the sample, such that p.¢s = p. — a - p,. Recent experimen-

10 tal work (Farquharson et al., 2016a) shows that o« = 1 is a
reasonable assumption for porous andesite.

For each test, the confining and pore pressures were in-
creased slowly until a targeted effective pressure (i.e. hydro-
static pressurisation). Note that pressure is only controlled

15 within the connected porous network (i.e. ¢). However, we
assume that any influence of incomplete sample saturation
is negligible, due to the relatively small volume of isolated
porosity ¢, in these andesites (see Table 2). Assuming a
pycnometry-derived value for bulk density p;, of approxi-

20 mately 2100 kg m~—3, the imposed effective pressures of 10,
30, 50, and 70 MPa are analogous to depths ranging from
the upper 500 m of the edifice to greater than 3 km in depth
(given that p, o pp - g2, where g and Z are surface gravi-
tational acceleration and depth, respectively). The sample

s would then be left overnight to allow microstructural equi-
librium. During the deformation experiments, a differential
stress was introduced in the direction of the sample axis by
advancing an axial piston (see Figure 1) under servo-control,
such that the sample is subjected to a constant strain rate of

20 107% s~1 (note that hereafter "strain" refers to axial strain
unless otherwise specified). We note that — on the edifice-
scale — absolute strain rates resulting from magma migration
and edifice displacement are generally of the order of 10~7
s~ or lower, for example as estimated from borehole strain-

ss meters: Linde et al. (1993), or from spaceborne interferome-
try: Massonnet et al. (1995). However, strain and strain rates
are undoubtedly highly variable throughout active volcanic
systems. The chosen strain rate for these experiments (the
international standard in rock mechanics Kovari et al., 1983;
40 Ulusay and Hudson, 2007) is comparable to shear rates in-

ferred to occur along conduit margins by Rust et al. (2003).
Similarly, Cashman et al. (2008) estimate strain rates of 3
-8 x 107° s! for the formation of fault gouge at Mount
St Helens (USA). Most importantly, a strain rate of 1075
s~! ensures that our samples are drained (i.e. the product
of the Darcy timescale and the strain rate is < 1: Heap and
Wadsworth, 2016).

Confining pressure and pore pressure Wwere Servo-
controlled throughout the experiments. During hydrostatic
and nonhydrostatic loading, the response of the pore fluid
pump reflects variations in pore volume (see Read et al.,
1995), which — normalised to the initial sample volume —
corresponds to the porosity change A¢. For a porous ma-
terial, A¢ can be considered equal to the volumetric strain.
Indeed, the response of the confining pressure pump provides
an independent estimation of the volumetric strain, found to
be in perfect agreement with the inferred A¢ (see Baud et
al., 2014, for details). When this differential A¢ is positive it
signifies dilation (an increase in porosity) and when it is neg-
ative, it indicates compaction (a decrease in porosity). Defor-
mation was allowed to continue for different amounts of axial
strain accumulation — sample shortening relative to its origi-
nal length (¢;) — then unloaded. The strain recovered during
the unloading phase is subtracted from the total axial strain €
to give the inelastic (non-recoverable) strain accrued by the
sample (¢;). Similarly, the elastic porosity change recovered
during unloading is subtracted from the porosity change at
€¢, to give the inelastic porosity change A¢;. Samples were
vacuum-dried once again and gas permeability re-measured.
Samples were all deformed at room temperature. We note
that in natural volcanic environments there may be some in-
fluence of temperature on rock strength (due, for instance,
to the closure of cracks driven by thermal expansion). Nev-
ertheless, a recent study by Heap et al. (2017) shows that
the influence of temperature on the physical and mechanical
properties of andesite may not be significant at temperatures
below the glass transition 7. Importantly, this study showed
that the failure mode and underlying microstructural mecha-
nism driving ductile behaviour (cataclastic pore collapse) did
not change below T, which is itself largely restricted to the
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Figure 1. Schematic of triaxial deformation apparatus, including confining pressure p., pore pressure p,, and axial pressure pq, circuits.
Detail of sample assemblage is shown inset. (a) axial piston; (b) "blank" endcap; (c) sample; (d) copper foil jacket; (e) nitrile jacket; (f)
pore fluid distributor endcap. Directions of major o1 and minor o3 principal stresses are as shown, such that 01 > o2 = 03. Not to scale.
Numbered valves allow various parts of each circuit to be used at any given time.
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magma conduit and rock in the immediate vicinity. This is in
agreement with previous studies by Vinciguerra et al. (2005)
and Heap et al. (2014), both of which noted only negligible
changes in microcrack density and porosity after thermally
stressing volcanic materials. These authors attribute this phe-
nomenon to the high initial crack density resulting from the
complex thermal histories of volcanic rocks.

o

2.2 Post-deformation permeability

It has been shown in recent studies (e.g. Vinciguerra et al.,
10 2005; Nara et al., 2011) that the permeability of fractured
volcanic materials is influenced by the effective pressure un-
der which it is measured: permeability tends to decrease with
increasing effective pressure. As such, we acknowledge the
limitation that post-deformation measurements do not repre-
1s sent the permeability under the deformation conditions sensu
stricto. Nevertheless, we choose to measure permeability un-
der the conditions described above for a host of reasons. In-
vestigations towards determining the influence of effective
pressure on properties (including permeability) other than
rock strength indicate that their evolution with pressure may
differ as a function of porosity, pore geometry, and other fac-
tors; which is to say that the effective pressure coefficient
for a given rock property may not be the same as the Biot-
Willis coefficient o (Bernabé et al., 1986). Given the lack of
25 constraint on the effective pressure effect for the permeabil-
ity of volcanic rocks, permeability is measured at the lowest
possible confining pressure (1 MPa, rather than at "in sifu"
pressures) and without imposing a differential stress, in or-
der to allow comparison within and between sample sets (in-
a0 deed, we compare our data with compiled literature data in
Sect. 4.1). This procedure also avoids the potential for creep
—a mechanism of time-dependent deformation whereby sub-
critical crack growth induces damage and possibly even fail-
ure at stresses below the short-term strength of the rock (e.g.
ss Heap et al., 2011; Brantut et al., 2013) — as well as preclud-
ing other phenomena such as stress relaxation that may arise
when measuring permeability under a differential stress.
Measuring permeability requires that the sample dimen-
sions, specifically length and cross-sectional area, are well
s constrained. Prior to initial measurements of permeability,
sample dimensions are measured accurately using digital cal-
lipers. However, samples are often barrelled and thus non-
cylindrical after mechanical deformation, making their mean
radii nontrivial to determine. Assuming that the solid volume
s Vs remains constant throughout deformation, then the post-
deformation volume is equal to the sum of solid volume, the
initial pore volume, and the pore volume change after defor-
mation. The post-deformation cross-sectional area A5+ can
therefore be determined such that

1
3
x [lpost‘| ( )

2

=3

Vs
50Apost: [1(¢+A¢i)
N—————

Vpost

where V4 is the post-deformation volume and I, is the
mean sample length after deformation.

3 Results

Table 2 gives the deformation conditions (pesy, &¢, €;) for
each test, as well as pre- and post-deformation values of
porosity and permeability. Mechanical data for all experi-
ments — performed under a range of effective pressures to
differing amounts of strain — is shown in Figure 2a, plot-
ted as differential stress against axial strain. In each case,
the stress-strain curve is concave upwards in the initial phase
of sample loading (1 in Figure 2a inset), which is followed
by a period of linear elastic behaviour (2). Beyond a critical
stress state (3), termed C™* (Wong et al., 1997), the sample
is no longer deforming poroelastically (i.e. additional dif-
ferential stress causes inelastic compaction: this is known
as "shear-enhanced" compaction). This threshold — the com-
pactive yield stress — signals the onset of shear-enhanced
compaction. Thereafter (4), the material may continue to ac-
commodate approximately the same amount of stress, or ac-
cumulate additional stress (a phenomenon known as strain-
hardening), where the stress-strain curve tends upwards post-
failure. In many of the samples, the stress-strain curve is
variably interposed by stress drops. The compactant be-
haviour is illustrated in Figure 2b: porosity tends to decrease
monotonously with increasing axial strain, and the net poros-
ity change is always negative. The trend of progressive com-
paction differs in one experiment (LLB-13): after a threshold
strain the trajectory of the porosity change curve becomes
positive (indicating dilation). This phenomenon is discussed
in Sect. 4.2. Figure 3a shows the inelastic change in sam-
ple porosity as a function of inelastic axial strain. The ini-
tial samples contained connected porosities ranging between
0.19 and 0.23 (see Table 2), which invariably decreased af-
ter accumulating strain in the ductile regime. The minimum
porosity change was -0.005, for a sample deformed under an
effective pressure of 10 MPa to an inelastic strain of 0.006
(a 0.6% reduction in sample length). The maximum change
in porosity was -0.074, for a sample deformed at an effec-
tive pressure of 50 MPa to an inelastic strain of 0.174 (i.e.
a 17.4% reduction in sample length). For a given amount
of inelastic strain, the volume of porosity lost through com-
paction is dependent on the effective pressure: more efficient
compaction is evident at higher effective pressures. Figure 3b
shows post-deformation permeability k. as a function of in-
elastic axial strain. At low strains (< 0.05), sample perme-
ability tends to increase, from around 5 x 1073 m? to as
high as 3.71 x 107'2 m? (almost an order of magnitude).
This behaviour overlies a general trend of permeability de-
crease with increasing strain: at higher strains (0.06 - 0.24)
permeability can decrease relative to its original value by as
much as two orders of magnitude. The largest decrease (sam-
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Figure 2. (a) Differential stress versus axial strain for all experi-
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(b) Porosity change as a function of axial strain for all tests. Effec-
tive pressure at which deformation was performed is indicated by
the line colour.
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Table 2. Physical property data and deformation conditions for each sample. Samples were deformed under an effective pressure pe s s until
a total target strain &4, then unloaded to determine the inelastic strain ¢;. Similarly, A¢; indicates total porosity change after unloading. pe ¢
is determined by subtracting a constant p,, value of 10 MPa from the confining pressure p.).

Sample o bu  Pess [MPa] et € Adi O+ Aoy ko [m?] ke [m?]

LLB-6 0.21 0.01 10 0.010 0.006 -0.005 0.21 3.80 x 107 435x 10713
LLB-7  0.23 0.01 10 0.030 0.026 -0.017 0.21 483 x 10713 3.63 x 10712
LLB-1 021 <0.01 10 0.060 0.055 -0.020 0.19 501 x 10713 329 x 1073
LLB-10 0.22 0.01 30 0.030 0.025 -0.021 0.20 524 x 10713 347 x 10712
LLB-9 022 0.01 30 0.060 0.054 -0.040 0.18 497 x 10713 155 x 10713
LLB-13 022 0.01 30 0.240 0.233  -0.055 0.16 484 x 10712 511 x 107
LLB-3  0.19 0.01 50 0.030 0.024 -0.019 0.18 531 x 10713 5.09 x 10713
LLB-11 022 0.01 50 0.060 0.054 -0.045 0.18 5.03x 10713 1.22x 10712
LLB-5 021 0.01 50 0.180 0.174 -0.074 0.13 432 x 10713 317 x 107+
LLB-14 0.23 0.01 70 0.060 0.054 -0.048 0.18 470 x 10713 1.18 x 10712

¢ = connected porosity; ¢,, = unconnected porosity; p s 5 = effective pressure; € = target (total) axial strain; ; = inelastic axial strain; A¢; =
inelastic porosity change; ¢ + A¢; = post-deformation porosity; ko = initial permeability; k. = post-deformation permeability.

4 Discussion
4.1 Microstructural controls on permeability evolution

The underlying micromechanical mechanism driving inelas-
tic compaction in volcanic rocks has been shown to be cat-
aclastic pore collapse (Zhu et al., 2011; Heap et al., 2015a;
Zhu et al., 2016). Figure 4 illustrates this process by showing
images of an intact and a deformed sample. Figure 4a is a
backscattered scanning electron microscope image of an as-
collected sample of LLB andesite, whereas the images in Fig-
ure 4b and 4c (from the same sample suite) are of a samples
that has accumulated high strain (> 0.20) under an effective
pressure of 30 MPa. The undeformed sample (Figure 4a) is
pervasively microcracked, with highly amceboid pores rang-
ing from < 10 um to around 80 pum in diameter. Cataclastic
pore collapse involves intense microcracking, which devel-
ops in a concentric damage zone around a pore. As the pro-
cess of cataclasis — progressive fracturing and comminution
— continues, fragments can spall into the void space, thus re-
ducing porosity (Zhu et al., 2010). Figure 4b clearly shows
abundant fractures created during triaxial deformation, both
within the groundmass and crystals. In many areas, frag-
ments have been comminuted to the micron-scale. In these
samples, as observed in previous experimental studies of vol-
canic rock (Loaiza et al., 2012; Adelinet et al., 2013; Heap et
al., 2015a), cataclastic pore collapse is localised in the form
of bands traversing the sample.

The occurrence of compaction bands in andesite has been
shown to correspond to periodic stress drops (Heap et al.,
2015a), which are abundant in the mechanical data of Fig-
ure 2a. Our experimental data (Figure 2b and Figure 3a)
show that cataclastic pore collapse progressively reduces the
porosity of these andesites. If we assume that compaction is
perfectly localised in our samples, we can consider a com-
paction band-bearing sample as a layered medium where the

band of porosity ¢y is embedded within an "intact” host with
the initial rock properties (which is to say, a sample of poros-
ity ¢). The intact material must have a pore volume Vfb of
& X (Lintact X Apost), Where liniaer is the overall length of
the sample that is undamaged ({05 — wy), Where wy, is the
width of the compaction band. The deformed sample con-
tains a pore volume Vf of ¢+ Api X (Ipost X Apost). From
this, we can relate the compaction band porosity ¢; to the
width of the compaction band:

)

Solutions for ¢, and w; are non-unique (moreover, a greater
value of w;, could be a function of one wide band or a num-
ber of discrete, relatively thinner bands), but we can impose
a lower bound on ¢; of zero, and an upper bound equal
to the post-deformation porosity of the sample: 0 < ¢ <
(¢4 Ag;). Assuming the compaction band porosity noted
by Heap et al. (2015a) (~0.10) is typical for compacted an-
desite, then Equation 4 yields compaction band widths of be-
tween 1.63 and 23.57 mm (i.e. between 4 and 70 % of the
overall sample length). We note that the lower end of this
range is in line with the observations of Heap et al. (2015a).

We note that porosity loss is seemingly tied to the effec-
tive pressure under which compaction occurs (as observed
in previous studies concerned with triaxial rock deformation,
e.g. Wong et al., 1997; Baud et al., 2006; Heap et al., 2015a):
for a given increment of inelastic strain, the porosity lost by
a sample is greater at a higher effective pressure. This phe-
nomenon is true both for total porosity change (Figure 2b)
and for inelastic porosity loss (Figure 3a), which is to say that
the inelastic compaction factor A¢;/e; always decreases as
effective pressure increases (Baud et al., 2006).

While the mechanism of cataclastic pore collapse is gov-
erned by the pore sizes (e.g. Zhu et al., 2010, 2011), it has
also been demonstrated that the local stress field around a
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J. L. Farquharson: Inelastic compaction and permeability evolution in volcanic rock 9

Figure 4. Backscattered scanning electron microscope images of
LLB andesite, showing as-collected (a) and post-deformation (b
- ¢) microstructure. Void space appears as black. Dense (metal-
rich) phenocrysts appear as white or light grey within a darker grey
groundmass. Both (b) and (c) are images of LLB-13, which was
taken to beyond both C* and C*'. Cataclastic pore collapse asso-
ciated with shear-enhanced compaction is shown in (b), while (c)
shows part of the dilatant shear zone marking the transition from
shear-enhanced compaction to dilation.

pore increases as a function of the incumbent confining pres-
sure (Zhu et al., 2010). A study of fault gouge formation in
sandstone (Engelder, 1974) shows that fault-zone fragments
are smaller when generated at higher confining pressures,
and a similar effect (albeit less pronounced) was noted by
Kennedy et al. (2012), who investigated fault gouge forma-
tion in dacitic dome rock. It is reasonable to assume that cat-
aclasis may become more efficient as the local stress field
increases in line with the confining pressure; in turn, a finer
distribution of fragments will more readily occlude the pores
around which they develop. Whether a change in the mean
fragment size generated during cataclastic pore collapse un-
derlies the observed evolution of A¢;/e; remains open to a
targeted microstructural study. Nevertheless, we can interro-
gate Equation 4 to glean an idea of the effect of ¢, and wy, at
different effective pressures and axial strains.

Figure 5 shows the calculated wy, for our experimental data
as a function of inelastic axial strain. Values of wy, are calcu-
lated using Equation 4, using values of ¢, of 0.20, 0.15, 0.10,
and 0.05. At relatively higher imposed values of ¢, (0.20 and
0.15: Figure 5a, 5b), many of the resulting values of wy /I are
non-physical (i.e. wy /1 # 0 or wy /1 £ 1). However, at lower
imposed values of ¢ (0.10 and 0.05: Figure 5c, 5d), values
fall between 0 and 1. Moreover, there appears to be a system-
atic effect of p. s, with deformation under relatively higher
effective pressure yielding a higher ratio of wy/l — hence, a
thicker compaction band — for any given amount of inelastic
axial strain accumulation.

As would be expected (e.g. Zhu and Wong, 1997), per-
meability reduction follows the same general trend (Fig-
ure 3b) as porosity reduction (Figure 3a), with samples ac-
cumulating high strains showing a correspondingly large re-
duction in permeability. Notably, there appears to be an in-
fluence of the effective pressure under which the sample
was deformed and the change in permeability for a given
increment of axial strain. A difference in measured post-
deformation permeability k. may be due to (1) a variation
in characteristic grain size, or (2) a variation in the thickness
of compaction localisation features with respect to the sam-
ple length, as described above. Moreover, one may imagine
that these two factors (characteristic grain size, band thick-
ness) operate in tandem to reduce permeability as effective
pressure increases. To test this theory, we again model the
deformed samples as a layered medium, such that discrete
bands of uniform permeability k; and thickness w;, are em-
bedded in a medium of permeability kg (see Figure 6a). A
similar approach has previously been adopted by Vajdova et
al. (2004) and Baud et al. (2012) to model the permeabil-
ity of sandstones containing experimentally-induced com-
paction bands. Fluid flow through this simplified geometry
may then be modelled by assuming conservation of mass
(e.g. Freeze and Cherry, 1979), such that:

1
Wy ko
ke = ko % [(—l ) <_kb —1) +1
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Figure 5. Calculated sample length ratio wp /1 as a function of inelastic axial strain accumulation &;. Values of wy, calculated from Equation 4
using values of compaction band porosity of ¢, = 0.20 (a), ¢, = 0.15 (b), ¢, = 0.10 (c), and ¢, = 0.05 (d). Shaded area indicates range of

physical values of wy /1.

Variables k., kg, and [ are already constrained, allowing us
to solve for combinations of wy, and kj. If we assume that a
compaction band comprises a granular bed (Figure 6a inset),
we can relate its permeability k; to surface area s in the fol-
lowing manner after Martys et al. (1994), who determined
a universal scaling of permeability of a system of packed
spheres:

2(1—-¢7)

52

o

ky = ¢! ©)
where ¢* = ¢p — ¢, and f = 4.2 (the value of f is thought

10 to be related to the initial grain geometry: Wadsworth et al.,
2016). ¢. represents the percolation threshold, taken here
as 0.03. Note that the characteristic porosity is taken as the
porosity within a compaction band ¢y (i.e. the porosity of the
granular layer with permeability k; and width wp). In turn,

15 we can relate s to a characteristic grain size (e.g. Wadsworth
et al., 2016):

3(1—¢y)

r

s(r)

where r is the monodisperse particle radius. Note that in real-
ity, the porosities assumed within the compaction bands here
20 are not compatible with a monodisperse packing of spheres.
Nevertheless, this greatly simplified approach gives an indi-
cation of the relative influence of the difference constituent
parameters 7, ¢, and wy,.
The assumed geometry is illustrated in Figure 6a, includ-
25 ing the corresponding values of permeability and porosity
for each layer. Figure 6b highlights the effects of chang-
ing either the characterisitic particle (i.e. grain) radius or the
compaction band porosity. Notably — for a given porosity —
a change in particle radius of 1 order of magnitude results
% in a change in compaction band permeability of 2 orders
of magnitude. At relatively high initial porosities, a reduc-
tion in porosity by a given volume (for example, from 0.20

)

to 0.15) has little influence on k;. On the other hand, when
the porosity is low, a change in porosity of the same abso-
lute volume (for example, from 0.10 to 0.05) exerts a much
greater influence over k; (in this case, a reduction by over
2 orders of magnitude). However, the bulk sample perme-
ability (the equivalent permeability) depends not only on the
porosity of the compaction band but also its width. Figures
6¢ — 6f show the equivalent permeability for different values
of ¢y, for changing values of wy,/I: the ratio of the band width
to the overall length of the sample. Curves are modelled by
combining Equations 5, 6, and 7, using the particle radii r
(noted on each figure panel) and a value of ky = 5.0 x 10713
m2. As there are multiple non-unique solutions for ¢, and
wp, we show model results for a range of potential ¢, values
in panels 6¢ to 6f.

Evidently, the variation in our experimental data (for ex-
ample, the difference between k. of samples deformed under
different effective pressures) is not explained by a systematic
evolution of r. This suggests that while k; is very sensitive
to the characteristic grain radius, the tradeoff between ¢, and
wp 1s more important in controlling the bulk sample perme-
ability (k.). Importantly, however, idealising the geometry of
a compaction band in terms of a monodisperse particle size
distribution cannot accurately represent its complex porous
network. More accurate values of ¢, and s (and hence, a bet-
ter prediction of k;, and k.) may be acheived by adopting a
polydisperse particle size distribution or by imposing a non-
spherical characteristic particle shape, for example.

An evident weakness of employing the simple layered
medium model outlined above is that we assume that the only
operative mechanism is porosity- and permeability-reducing.
However at low strains, there is no one-to-one relationship
between permeability and porosity after deformation. Rather,
permeability tends to increase moderately at inelastic axial
strains less than around 0.05 (i.e. a 5% shortening in sam-
ple length): while initial values of permeability tended to be
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Figure 6. Model geometry and results. (a) Deformed sample may be thought of as a granular bed (with permeability ks and porosity ¢p)
within a sample matrix with permeability ko and porosity ¢ + A¢;. Inset highlights the characterisitc grain radius that governs surface area
(Equation 7). (b) The permeability of a compaction band composed of packed spheres as a function of sphere radius and bed porosity. Note
that in reality, porosities < 0.26 would require a polydisperse packing of spheres, or a granular bed composed of non-spherical grains. (c) —
(f) Modelled equivalent permeability k. of a compaction band-bearing sample, plotted against the ratio of compaction band width relative
to the overall sample length (ws /1), for compaction band porosities of ¢» = 0.20 (c), ¢» = 0.15 (d), ¢» = 0.10 (e), and ¢» = 0.05 (f). Also
plotted are data from this study (Table 2), where values of w;, are calculated after Equation 4. Note that of the ten k., w /I data pairs from

this study, not all are plotted on each of the panels (c) to (f). This is because certain combinations of ¢, and w; yield non-physical values
(Equation 4). Refer to text for further discussion.

around 5 x 10713 m2, the measured post-deformation per-
meability was often greater than 10712 m? after accumulat-
ing a small amount of axial strain (Table 2). A similar phe-

nomenon was also observed by Loaiza et al. (2012), who
noted that permeability of Acores trachyandesite increased
beyond a critical stress state during hydrostatic pressurisa-
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tion. This critical stress — known as P*: Zhang et al. (1990) —
signals the onset of lithostatic inelastic compaction; Loaiza et
al. (2012) show that stress-induced cracks coalesce between
collapsed pores during hydrostatic compaction, improving
connectivity and, in turn, increasing permeability. Prior to
deformation, the samples of porous andesite used in our ex-
periments — LLB — contained an isolated porosity of 0.01, on
average (Table 2).

Similar to the mechanism posited by Loaiza et al. (2012),
we suggest that distributed microcracking during the initial
stages of ductile deformation serves to interconnect this iso-
lated porosity, creating efficient pathways for fluid flow. The
mechanical data of all the experiments (Figure 1a) exhibit in-
termittent stress drops — even in the instances where perme-
ability was observed to increase relative to the initial value
— which suggests that compaction localisation in these an-
desites does not necessarily equate to the formation of an ef-
fective barrier to fluid flow. Loaiza et al. (2012), Adelinet
et al. (2013), Heap et al. (2015a), and Heap et al. (2016)
each examine microstructure of compaction bands formed
in porous volcanic rocks (trachyandesite, basalt, andesite,
and dacite, respectively). In all cases, the bands are irregu-
lar in shape and thickness, but do not necessarily constitute a
contiguous surface of collapse pores (i.e. a layer of reduced
porosity). This is supported by the results from a recent study
by Baud et al. (2015), which examined compaction band-
bearing sandstones using X-ray computed tomography. The
authors show that when compaction bands are formed in a
rock with porosity clusters, their path is more tortuous than in
material with homogeneous porosity; consequently the bands
do not comprise efficient permeability barriers in three di-
mensions. Notably, the porosity of the andesites deformed in
our study exhibit marked heterogeneity in terms of porosity,
pore shape, and pore size distribution (Figure 4a). The char-
acteristic tortuosity of compaction bands formed in hetero-
geneous volcanic material — and the fact that the reduction in
porosity relative to the host sample is remarkably less than
observed in sandstones (Baud et al., 2012) — may explain the
lack of an obvious observed influence on sample permeabil-
ity in this study. Thus, counter-intuitively, small amounts of
stress-induced compaction may actually increase permeabil-
ity in volcanic materials. At higher strains however, this ef-
fect is overtaken by the global reduction in sample porosity,
which serves to decrease the mean flow path aperture and
forces fluids to travel through more tortuous routes.

4.2 A limit to compaction and permeability reduction

Porosity exerts a first order control on the brittle-ductile tran-
sition of porous rocks (e.g. Wong and Baud, 2012): high
porosity fosters ductile behaviour in response to an applied
differential stress whereas dilatant brittle behaviour is antici-
pated in low-porosity materials. If a high-porosity volcanic
rock undergoes progressive compaction, it will eventually
achieve a porosity low enough to respond in a dilatant fash-

ion. The critical stress state at this transition is known as C*/
has been previously described in sedimentary materials (e.g.
Schock et al., 1973; Baud et al., 2000; Vajdova et al., 2004;
Baud et al., 2006; Regnet et al., 2015), and recently in an-
desite from Volcan de Colima (Heap et al., 2015a). As antic-
ipated, beyond a threshold stress-strain accumulation, sam-
ple LLB-13 exhibits a transition from compactant deforma-
tion to dilatant behaviour (highlighted by the arrow in Fig-
ure 1b). In volcanic rock — at the sample-scale — this is char-
acterised by significant shortening and barrelling of the sam-
ple (a consequence of the high strains required to achieve and
exceed C*') and the generation of a dilatant shear zone (Heap
et al., 2015a), characteristically similar to highly strained
fault zones observed in volcanic rock (Farquharson et al.,
2016b). Figure 4 illustrates these separate mechanisms, with
evidence of cataclastic pore collapse being shown in Fig-
ure 4b, and the shear zone shown in detail in Figure 4c. As
well as inhibiting net compaction, the transition to dilatant
behaviour after a critical stress threshold may well consti-
tute a limit to permeability reduction. Indeed, Regnet et al.
(2015) observed that the permeability of an oolitic limestone
increased when deformed triaxially beyond C*, to a level
greater than its original value. This suggests that the volu-
metric increase associated with continued deformation after
this critical stress state is linked to the generation of an effi-
cient flow path for transmitted fluids. The concept of a limit
to porosity and permeability reduction is supported by com-
piled data shown in Figure 7, and suggests that for a vol-
canic rock of given initial porosity, there is a limited range of
strain-induced subsolidus k—¢ states in which it can exist:
one cannot compact indefinitely without promoting dilatant
mechanisms.

Figure 7 compiles data from this study with that of Far-
quharson et al. (2016b) and Heap et al. (2015a). Farquhar-
son et al. (2016b) performed triaxial experiments on low-
and intermediate-porosity volcanic rocks (basalt from Mount
Etna, Italy, and andesites from Volcian de Colima and Ku-
mamoto, Japan), exploring the evolution of physical prop-
erties as a function of stress-induced dilation. Heap et al.
(2015a) performed compaction experiments comparable to
those described in this study, with pre- and post-deformation
permeability being assessed for two samples of San Anto-
nio (C8) andesite from Volcan de Colima. Notably, data for
porosity (Figure 7a) and permeability (Figure 7b) of all sam-
ples tends to converge towards intermediate values with on-
going strain accumulation. For this set of samples, an ini-
tial porosity range of 0.05 - 0.23 reduces to values between
0.07 and 0.19 after an axial strain of 0.05, and thereafter to a
range of 0.08 to 0.17 after an axial strain of 0.10. A sim-
ilar trend can be observed in the permeability data, albeit
with appreciably more scatter. Assuming that stress-induced
fracture and compaction are common in active volcanic en-
vironments, this phenomenon of convergence towards in-
termediate values (i.e. 0.10 < ¢ < 0.20; 10714 <k <1013
m?) might partially explain why the modal porosity of large
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datasets of edifice-forming material tends to fall between
0.10 and 0.20 (e.g. Mueller et al., 2011; Bernard et al., 2015;
Farquharson et al., 2015; Lavallée et al., 2017).

4.3 Implications for volcanology

Our experimental results highlight that permeability evolu-
tion during stress-induced compaction may be complex, but
an overarching trend of decreasing permeability is antici-
pated, especially if volcanic rock can compact to relatively
high amounts of strain (i.e. > 0.06). This section examines
these results in a broader context: if we can expect permeabil-
ity of edifice-forming rocks to vary due to porosity, effective
pressure and stress, then what influence does this have on
volcanic activity?

Due to different histories of degassing, ascent, and erup-
tion processes for different volcanic ejecta and effusive prod-
ucts (e.g. Mueller et al., 2011), heterogeneous edifice poros-
ity may arise over time. Volcidn Rincon de la Vieja, for ex-
ample, exhibits contrasting flank compositions as tephra is
predominantly deposited on the western side due to the pre-
vailing trade winds, whereas dense lava flows have been his-
torically concentrated to the north and south (Kempter et al.,
1996). Similarly, Volcan Casita (Nicaragua) is composed pri-
marily of pyroclastic units on the southwest (again a conse-
quence of the prevailing wind direction), whilst the majority
of relatively denser lava flows extend to the east because of
an asymmetric crater morphology (van Wyk de Vries et al.,
2000). Indeed, geophysical surveys of active and historically
active volcanoes indicate that significant variations in density
(and hence, porosity) may be a common feature of stratovol-
canic edifices worldwide. For example, Tiede et al. (2005)
use gravimetric inversion to explore edifice density at Gu-
nung Merapi, identifying a relatively low density unit on the
western flank. These authors calculate an average porosity of
0.21 for this unit: a high value compared to the average ed-
ifice porosity of around 0.15 determined by Setiawan et al.
(2002) and the range of 0.05 to 0.10 estimated by Commer et
al. (2005) for the region directly below the Merapi summit.
These values are generally consistent with measured labo-
ratory values of porosity for Merapi samples (Le Pennec et
al., 2001; Kushnir et al., 2016). Similar contrasts in density
have been inferred from gravimetric studies of several other
volcanic regions such as Mauna Loa, Hawai’i (Zucca et al.,
1982), Campi Flegrei, Italy (Cubellis et al., 1995), Cordén
Caulle, Chile (Sepilveda et al., 2005), and in the Central Vol-
canic Complex of Tenerife, Spain (Gottsmann et al., 2008).

In agreement with previous experimental studies (Loaiza
et al., 2012; Adelinet et al., 2013; Zhu et al., 2016), the data
presented here show that relatively porous edifice rock is
prone to compact, even under low effective pressure (i.e. at
shallow depths), whereas Heap et al. (2015a) and Farquhar-
son et al. (2016b), for example, show that volcanic rocks with
a low initial porosity will preferentially dilate when subject
to stress. Thus one or other of these two processes will be

13

dominant in different regions of a volcanic edifice. If we take
Gunung Merapi as an example, the relatively porous west-
ern flank should compact — if subject to an imposed dif-
ferential stress — in the shallow edifice; on the other hand,
the denser regions will fracture near the surface but facili-
tate compaction at depth by increasing the overlying litho-
static pressure for a given depth (i.e. the effective confining
pressure). Accordingly, permeability reduction should oc-
cur over time and with increased strain in the western por-
tion of the edifice, whereas permeability of the other flanks
should increase. This is in agreement with the broad trend
of outgassing observed at Gunung Merapi: quiescent out-
gassing occurs through and around the central vent, as well
as through fumarole fields located to the east, southeast, and
south of the main crater (Le Cloarec et al., 2003), while fu-
marole fields are absent to the west of the crater.

This field evidence underscores the importance of the spa-
tial distribution of edifice rock with differing physical and
mechanical properties in terms of the evolution of permeabil-
ity and outgassing routes in volcanic systems. Highly porous
edifice rock may constitute an effective means of passive
outgassing during periods of eruptive quiescence; when sub-
ject to stress, however — for example as a result of shallow
fluid migration (e.g. Denlinger and Hoblitt, 1999; Clarke et
al., 2007) or deep-seated magma chamber deformation (e.g.
Melnik and Sparks, 2005; Wadge et al., 2006) — its perme-
ability will tend to decrease. In turn, this may hinder out-
gassing and promote explosive activity. However, as our data
show (Figure 3b), low amounts of inelastic strain may ac-
tually increase permeability, possibly by connecting isolated
porosity. In this case, stress-induced compaction may yield a
temporary increase in permeability and flank outgassing, be-
lying a longer-term trend of permeability reduction. This im-
plies that the spatial and temporal distribution of fumaroles
and the vigour with which they outgas may contain impor-
tant information regarding subsurface strain accumulation:
in a quiescent system, changes in the volume of passive out-
gassing of magmatic gas species may reflect stress-induced
compaction, portending a build-up of pressure and potential
explosive activity.

5 Conclusions

Volcanic rock of relatively high porosity (i.e. > 0.20) can
compact as a function of inelastic strain accumulation. We
performed a series of triaxial deformation experiments on
a suite of porous andesite in order to explore the influence
of stress-induced compaction on porosity and permeability
evolution. The efficiency of compaction was found to be a
function of the effective pressure under which deformation
occurred: at higher effective pressure, a greater volume of
porosity was lost for any given amount of inelastic strain,
reflecting the reduction in the inelastic compaction factor
as a function of increasing effective pressure. We suggest
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that the associated underlying physical mechanism is pro-
gressively more efficient pore occlusion through cataclastic
pore collapse at higher confining pressures, possibly due to
enhanced communution. By modelling a simple sample ge-
ometry where a compaction band is represented by a packed
granular bed, we show that the permeability reduction within
a discrete compaction band is sensitive to the characteristic
grain size. The effect of the porosity of a compaction band
has a variable influence on its permeability, with changes in
10 band porosity becoming ever more important as porosity de-
creases. However, the overall trade-off between the width and
porosity of a compaction band are far more important that
grain size in controlling fluid flow throughout the bulk of a
sample. At low strains (< 0.05), compaction tends to result
15 in @ moderate increase in permeability (not accounted for in
our model), which we suggest is a result of increased pore
connectivity due to distributed microcracking. This effect is
outweighed by progressive compaction at higher strains, re-
sulting in a general trend of decreasing permeability with
20 ongoing inelastic compaction. There exists a physical limit
to compaction, which we suggest is echoed in a limit to the
potential for permeability reduction in a deforming sample.
Compiled data show that at high strain, porosity and perme-
ability tend to converge towards intermediate values (i.e. 0.10
5 < ¢ < 020; 10714 <k <10713 m?). Field evidence from
the literature emphasises the importance of understanding the
physical and mechanical properties of rock in active volcanic
environments, in particular the evolution in a rock’s capacity
to effectively transmit magmatic volatiles.

o

s 6 Data availability

Data are presented in Table 1 and 2 in the text, or are avail-
able on request to the corresponding author.

Appendix A: Measuring permeability

The constitutive equation governing fluid transport in porous
ss and granular media was originally derived from experiments
performed by Henry Darcy in the 1850s on the flow of water
at different levels through sand. Since Darcy’s work (1856),
the theoretical framework of fluid transport—which is based
on Newton’s second law—has been well established and ex-
panded, such that flow of gas through a porous medium may
be given thus:

Qv _ —kA (pb ;pa)
7

4

S

(A)

where p is the fluid viscosity, @, is the volumetric flow rate,
A is the cross-sectional area available for flow and [ is the
ss distance over which fluid flow occurs (i.e. the sample length).
In a fluid transport system, flow is driven towards the region
of lowest potential energy: in the special case of horizontal

flow, this may be described by a differential between a region
of relatively high pressure p;, to one of relatively lower pres-
sure p,: a pressure differential or pressure drop Vp. Equa-
tion A1 is valid for all porous media as long as flow is lami-
nar (two cases of non-laminar flow are discussed hereafter).
While this expression is sufficient for the case of laminar
(or "streamline") flow, when considering an ideal compress-
ible gas measured under atmospheric conditions, it becomes
convenient to present gas permeability kg4 in the following
manner (Klinkenberg, 1941; McPhee and Arthur, 1991):

_ Qupl - Patm

Fyos = = s (A2)

where puim,, is the atmospheric pressure at which @, is mea-
sured, and the driving pressure is given as a product of the
differential pressure Vp and the mean pressure over the sam-
ple p. The mean pressure p is determined by the upstream and
downstream pressures py, and p, such that p = (py + pg)/2.
Under ambient conditions, p, is equal to the atmospheric
pressure Paim, and pp is equal to Vp+ patm,. The mean pres-
sure therefore simplifies to p = (Vp + 2paim ) /2.

Herein, gas permeability was measured using a steady-
state permeameter using the setup described in Farquhar-
son et al. (2016¢). The apparatus is a commercial benchtop
permeameter from Vinci Technologies, modified by incorpo-
rating interchangeable El-Flow volumetric mass flowmeters
(from Bronkhorst) to measure the volumetric flow rate of gas
at the downstream end of the experimental samples. Gas per-
meability was measured using nitrogen as the permeant (pore
fluid). A confining pressure of 1 MPa was applied radially to
the sample, in order to ensure that no leakage occurred along
its margins during measurement. The sample was then left
under this confining pressure for 1 hour, to allow for any
necessary microstructural equilibrium. Gas would then be
flowed through the sample, whilst the volumetric flow rate
@, and the pressure differential Vp across the sample were
continuously monitored by means of customised data acqui-
sition system and a LabVIEW program written for this pur-
pose.

The pressure of gas entering the sample could be adjusted
using a regulator attached to the permeant gas bottle. By al-
tering the flow of gas, a range of different values of Vp was
imposed across the samples (typically between 0.001 and 0.2
MPa). Once steady-state flow was achieved, the volumetric
flow rate was noted. Thus with knowledge of the gas viscos-
ity and sample dimensions, permeability could be calculated
using Equation A2. However, two scenarios can necessitate
that post-measurement corrections need to be applied to the
calculated values due to inertial effects: flow turbulence or

gas slippage.

Al Non-laminar flow 1: Turbulence

Forchheimer (1901) conducted fluid flow experiments
through porous media, noting that the relationship between
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the pressure differential Vp and the volumetric flow rate @,
becomes nonlinear at high fluid velocities due to flow no
longer being laminar. To account for this turbulence, an iner-
tial term, here denoted ¢, must be introduced, such that:

11
kfo B kgas

=1 Qu (A3)

where ky, is the Forchheimer-corrected permeability value,
and kg, is the as-measured value. In this scenario, the mea-
sured gas permeability would be lower than the true (cor-
rected) permeability, as turbulence induces resistance to fluid
flow.

A2 Non-laminar flow 2: Gas slippage

In his seminal 1941 paper, Klinkenberg showed that as the
characteristic pore size or aperture approaches the mean free
path of the permeant gas—the distance travelled between
consecutive molecular collisions—interactions between the
gas molecules and the pore (or crack) walls serve to reduce
resistance to flow. Simply put, during liquid laminar flow,
the layer of molecules adjacent to the pore (or crack) walls is
static. However, for gases this molecule layer has a nonzero
velocity due to molecular diffusion ("slip"). This slippage re-
sults in a higher flow rate at any given pressure differential
for a gas than a liquid. Accordingly, the permeability mea-
sured using a gas would be artificially higher than if deter-
mined using a liquid.

The relationship of Klinkenberg (1941) is incorporated
thus:

b
kgas = kkl (1 + _>
p

where kgqs iS the as-measured permeability calculated
from gas flow experiments (note that in cases where a Forch-
heimer correction has been applied as in Equation A3, kg
is substituted by ky, in Equation A4), p is the mean flow
pressure of gas in the system, b is the Klinkenberg param-
eter (which depends on both the gas used but also the pore
structure), and ky; is the Klinkenberg-corrected permeability
value.

In the absence of inertial effects, plotting (), against the
driving pressure (i.e. Vpp) yields a linear relationship. De-
viations from linear behaviour indicate that one or both of
the inertial phenomena described above are influencing the
calculated permeability. In practice, the corrected permeabil-
ity can be calculated using the slope and intercept of graphs
of Q, against k.., and p~' against kg,. In the main body
of the text measured permeability, corrected for turbulence
and/or gas slippage when necessary, is always presented as
k. Figure A1 shows example data from volcanic rocks which
exhibit laminar flow, turbulence, and gas slippage, respec-
tively. The effects of inertial flow, especially in the case of
gas slippage tends to be slight, although non-negligible.

(A4)

A3 Permeability and experimental error

Sources of error in the permeability measurements include
the sample dimensions, and the resolution of the pressure
transducer and flowmeters. As mentioned, permeability is
determined as a function of the @), — Vpp curve, which is
a series of points fit by a simple linear regression (when flow
is laminar). The respective precision of the transducer and
flowmeter is thus encompassed by the coefficient of determi-
nation of the regression line (i.e. its 72 value). If the data are
unaffected by turbulence or gas slippage, then 2 is gener-
ally greater than 0.99. If flow is nonlaminar, 72 tends to be
appreciably lower, and the permeability is determined using
Equation A3 or A4 as appropriate. Repeat measurements
suggest that experimental error is always engirdled by the
symbol size when plotted graphically.

Figure A1 shows flowrate and pressure data obtained dur-
ing steady-state permeability measurements on three vol-
canic samples. For the first example, Figure Ala - ¢, flow
is laminar, as evident from the linear relation between the
volumetric flowrate (Q,) and the driving pressure (Vpp).
Accordingly, the reciprocal permeability (k‘g_als) versus Q.
is negative and nonlinear, as is the measured permeability
kgqs against the reciprocal mean pressure p~*. In the second
example, flow is turbulent, and the data in Figure Ald are
nonlinear. Applying the correction derived from Figure Ale
(Equation A3) yields Figure Alf, where the data are ran-
domly distributed about the mean (no Klinkenberg correc-
tion is necessary). Finally, the data shown in Figure Alg - h
highlight that a Klinkenberg correction is necessary (Equa-
tion A4). However, the correction is very slight, as indeed
often tends to be the case in volcanic rocks (as opposed to
"tight" materials such as granite). For the LLB data presented
in Table 2, Forchheimer corrections were applied to the raw
values where appropriate. Permeability values were affected
only slightly, increasing by a factor of between 1.03 to 1.41.
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