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Abstract The failure mode of porous rock in compression—
dilatant or compactant—is largely governed by the overlying
lithostatic pressure and the pressure of pore fluids within the
rock (Wong, Solid Earth 102:3009-3025, 1997), both of
which are subject to change in space and time within a volca-
nic edifice. While lithostatic pressure will tend to increase
monotonously with depth due to the progressive accumulation
of erupted products, pore pressures are prone to fluctuations
(during periods of volcanic unrest, for example). An increase
in pore fluid pressure can result in rock fracture, even at depths
where the lithostatic pressure would otherwise preclude such
dilatant behaviour—a process termed pore fluid-induced
embrittlement. We explore this phenomenon through a series
of targeted triaxial experiments on typical edifice-forming
andesites (from Volcan de Colima, Mexico). We first show
that increasing pore pressure over a range of timescales (on
the order of 1 min to 1 day) can culminate in brittle failure of
otherwise intact rock. Irrespective of the pore pressure
increase rate, we record comparable accelerations in acoustic
emission and strain prior to macroscopic failure. We further
show that oscillating pore fluid pressures can cause iterative
and cumulative damage, ultimately resulting in brittle failure
under relatively low effective mean stress conditions. We find

Editorial responsibility: A. Gudmundsson

P4 Jamie Farquharson
farquharson@unistra.fr

Laboratoire de Déformation des Roches, Equipe de Géophysique
Expérimentale, Institut de Physique de Globe de Strasbourg (UMR
7516 CNRS, Université de Strasbourg/EOST), 5 rue René Descartes,
67084 Strasbourg cedex, France

Facultad de Ciencias, University of Colima, Colima 28045, Mexico

that macroscopic failure occurs once a critical threshold of
damage is surpassed, suggesting that only small increases in
pore pressure may be necessary to trigger failure in previously
damaged rocks. Finally, we observe that inelastic compaction
of volcanic rock (as we may expect in much of the deep
edifice) can be overprinted by shear fractures due to this
mechanism of embrittlement. Pore fluid-induced embrittle-
ment of edifice rock during volcanic unrest is anticipated to
be highest closer to the conduit and, as a result, may assist in
the development of a fractured halo zone surrounding the
conduit, potentially explaining commonly observed near-
conduit outgassing at many active volcanoes. Further, rock
embrittlement at depth may create transient outgassing path-
ways by linking fracture networks near the edifice to larger-
scale regional fault systems. Our experimental results affirm
that pore pressure fluctuations associated with volcanic unrest
may play a crucial role in dictating the evolution of a volcanic
system.

Keywords Andesite - Mechanical deformation - Pore
pressure - Brittle, inelastic compaction - Volcanic edifice -
Volcan de Colima

Introduction

The capacity for magma to exsolve volatiles and outgas
during ascent through a volcanic conduit or dyke exerts a
crucial influence on the style, magnitude, and duration of
volcanic eruptions (e.g. Jaupart 1998; Edmonds et al.
2003; Taisne and Juapart 2008). Efficiently outgassed
magmas are often erupted in effusive events which, des-
pite their ability to cause substantial and permanent infra-
structural and property damage, are generally non-fatal
(e.g. Auker et al. 2013). In contrast, magmas which
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cannot outgas sufficiently will be oversaturated in vola-
tiles, potentially resulting in the buildup of pressure and
catastrophic explosive eruptions (e.g. Melnik et al. 2005;
Diller et al. 2006). Thus, the potential for outgassing
through the conduit (e.g. Edmonds et al. 2003;
Nicholson et al. 2013; Plail et al. 2014; Shields et al.
2014), through a fractured zone around the conduit (e.g.
Rust et al. 2004; Lavallée et al. 2013; Gaunt et al. 2014),
and into the edifice host rock (e.g. Jaupart 1998) are all
important considerations with respect to the volatile bud-
get of a volcano, and the attendant implications for erup-
tive behaviour. Research into edifice rock deformation is
therefore required to improve our understanding of the
mechanisms underpinning the style and dynamics of vol-
canic eruptions.

It has long been acknowledged that pore fluids and pore
fluid pressure have a significant function in faulting pro-
cesses (Hubbert and Rubey 1959; Rubey and Hubbert
1959; Johnson and McEvilly 1995; Baud et al. 2000;
Faulkner and Rutter 2001; Vinciguerra et al. 2004;
Paterson and Wong 2005; Ougier-Simonin and Zhu 2013)
and slope stability, usually in the context of mass movement
and slope failure (e.g. Day 1996; Voight and Elsworth
1997; Donnadieau et al. 2001; Jousset et al. 2013). The
mechanical behaviour and failure mode of rocks are
governed by their physical properties (such as porosity
and pore size) and the local the effective pressure (P.z)
(e.g. Wong and Baud 2012). The effective pressure acting
on arock is a function of the confining pressure (equivalent
to the lithostatic pressure) surrounding it, and the pore fluid
pressure within it (P, and P, respectively). Inelastic strain
accumulation at low effective pressure often results in di-
latant failure (macroscopically “brittle” behaviour, i.e. frac-
ture generation), whereas a compactant failure mode—
where the deforming material experiences inelastic porosity
loss during deformation—is typically observed at high ef-
fective pressures (e.g. Wong and Baud 2012). Both of these
failure modes have been observed in previous experimental
studies on volcanic rocks in which the pore fluid pressure
was kept constant and experiments were performed at dif-
ferent confining pressures (e.g. Kennedy et al. 2009;
Zhu et al. 2011; Loaiza et al. 2012; Adelinet et al. 2013;
Heap et al. 2014a, 2015a, c). However, the effective pres-
sure will decrease if pore pressure increases and therefore
rock embrittlement—the transition from an elastic or
compactant regime to dilatant (i.e. macroscopically brittle)
failure—can occur if the pore pressure is increased
sufficiently.

In a volcanological context, deviations from the equilibri-
um pore pressure have been thought responsible for the me-
chanical deformation of volcanic edifices (e.g. Nishi et al.
1996; Caricchi et al. 2011; Jousset et al. 2013; Sisson and
Power 2013). Within a volcanic system, edifice rocks are
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typically fluid-saturated (Day 1996). This multiphase medium
is often subject to significant thermal and mechanical stresses
(e.g. Roman et al. 2004; Costa et al. 2007) which offer a range
of processes by which pore fluid pressure may increase. For
example, source vents of explosive eruptions are often
plugged by variably fractured lava domes or choked conduits
(e.g. Voight et al. 1999; Johnson and Lees 2000; Diller et al.
2006). As long as volatile disequilibrium exists, a gas phase will
continue to exsolve from the magma, allowing pore pressure to
build beneath the plug (Lensky et al. 2004). Further, solidifica-
tion or crystallisation of conduit magma, thermal expansion of
fluids, and hydrothermal circulation can all affect edifice pore
fluid volume in an open system (e.g. Voight and Elsworth 1997;
Sisson and Bacon 1999); as such, we suggest that sustained
increases in pore pressure are probably a common occurrence
within the edifice of a volcanic system. The cyclic or episodic
nature of many volcanic processes is similarly well documented:
cycles in outgassing, seismicity, and explosive eruptions have
been detected at numerous volcanic systems, often reflected in
contemporaneous geophysical data, highlighting the inflation
and deflation of the edifice (Denlinger and Hoblitt 1999;
Watson et al. 2000; Michaut et al. 2013; Yokoo et al. 2013;
Anderson et al. 2015; Heimisson et al. 2015). This fact is
significant, as it suggests that cyclic processes in the con-
duit, such as the movement of gas aggregates or “slugs”
(James et al. 2004; De Lauro et al. 2012), the ascent of
vesicularity-stratified magma (Voight et al. 1999), or tran-
sient plugging events (Johnson and Lees 2000), may bring
about oscillatory volumetric deformation of the edifice.
Correspondingly, we may expect oscillation of pore fluid
pressures in the edifice over a range of timescales.

Evidence for deviations in edifice pore fluid pressure

Direct field evidence for magmagenic fluctuations in pore
fluid pressure is rare, but does exist. For example, two magma
intrusion events at Krafla, Iceland (September 1977 and
July 1978), were associated with transient increases in country
rock pore pressure measured at a proximal geothermal well.
During the first event, an increase of 0.76 MPa was recorded
(4300 m from the intrusion); during the latter, an increase of
0.36 MPa was recorded approximately 9300 m from the in-
trusion (Sigurdsson 1982; Elsworth and Voight 1992;
Elsworth et al. 1996). Shibata and Akita (2001) report water
level changes in wells proximal to Usu Volcano, Japan,
interpreted as a direct result of volumetric expansion of the
magma chamber, and subsequent intrusion of magma into the
edificial fracture network. A similar interpretation is used to
explain water pressure changes measured near Kilauea,
Hawai’i (Hurwitz and Johnson 2003). Hydraulic head chang-
es of a few centimetres in these latter examples reflect tran-
sient pore pressure increases on the order of 0.001 MPa
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(hydraulic head is directly related to the pressure head ¥,
which in a confined well can be described by = P,/pg,
where prand g are the fluid density and acceleration due to
gravity, respectively). Further quantitative and qualitative ex-
amples are highlighted by Newhall et al. (2001), who estimate
that pore fluid pressures in confined volcanic systems may rise
by as much as several tens of megapascal as a result of
magmagenic thermomechanical pressurisation. Further,
hydrofractures—where the pore fluid pressure exceeds the
confining pressure and results in brittle failure of rock—have
also been inferred in volcanic systems from field observations
and chemical analysis (e.g. Heiken et al. 1988; Gudmundsson
et al. 2008), a testament to the high pore fluid pressures that
can accumulate in rock adjacent to the conduit and intrusions.

As magmatic intrusions and ascent comprise the predomi-
nant source of thermal and mechanical stresses within a vol-
canic structure, thus, we expect the rates and magnitudes of
increases in pore pressure, and their impact on rock mechan-
ical behaviour and failure mode, to be correspondingly highest
near to the conduit and intrusive magmatic bodies (for exam-
ple, pore fluid pressure has been estimated to increase with
temperature at a rate of around 1-2 MPa°C™': Knapp and
Knight 1977). Indeed, recent work (e.g. Rust et al. 2004;
Lavallée et al. 2013; Gaunt et al. 2014) has argued the exis-
tence of a “halo” surrounding the conduit that comprises in-
tensely fractured magma or edifice rock, through which mag-
matic gases—primarily steam—can readily outgas. Strain
modelling (Young and Gottsmann 2015) indicates that this
assumption is necessary to explain recent syneruptive volu-
metric strain data recorded at Soufriére Hills Volcano
(Montserrat). Further, a recent study by Strehlow et al.
(2015) employs finite element analysis to model the
poroelastic responses of a saturated volcanic edifice system
to subsurface magmagenic strain. These studies emphasise the
importance of understanding the hydromechanical interac-
tions between the porous edifice and magma chambers, con-
duits, and intrusions.

Field evidence from Volcan de Colima illustrates that sub-
surface magmagenic strain is reflected in the degree of fuma-
rolic outgassing from the upper flanks of the edifice. Figure 1
shows previously unpublished thermal emission data along a
transect on the upper edifice of the volcano, for three dates
with varying volcanic activity. Airborne thermal surveillance
has previously proved to be a useful tool to establish variations
in the emplacement of domes at Volcan de Colima, as well as
variations in fumarole temperature and heat flux (Hutchison
et al. 2013), whilst the monitoring of fumarole temperatures
from fixed ground vantage points has also contributed in the
understanding of the evolution of eruptive activity (Stevenson
and Varley 2008). In Fig. 1, we infer peaks above the back-
ground temperature (in the range of 0-20 °C) to represent
fumarole emission. Notably, during a period of minimal erup-
tive activity—July 2012—just one active emitting fumarole

was registered in the transect. In January 2013, effusive activ-
ity was occurring, but extruding at a low rate and confined
within a deep crater. The increase in activity relative to
July 2012 is evident in the appearance of a second fumarole,
at a greater distance from the crater rim. Finally, the high-
temperature fumaroles observed in February 2015 reflect
higher rates of extrusion and correspondingly more vigorous
outgassing from the flanks of the volcano. Thus, we can cor-
relate the ascent of strain-inducing bodies (gas or magma)
with increases in gas flux from the edifice (e.g. Harris and
Maciejewski 2000), in turn associated with increases in pore
fluid pressure.

Distal from volcanic conduits, larger-scale regional fault
systems have also been observed to vent magmatic gases
(e.g. Heiligmann et al. 1997; Giammanco et al. 1998). A study
by Varley and Taran (2003) showed that fault architecture near
Volcan de Colima did not comprise a constant pathway for
magmatic gas species. However, anomalous radon (Varley
and Taran 2003) and boron (Taran et al. 2000) measurements
around the edifice could suggest that transient pathways are
formed at some depth, temporarily allowing gases to escape
from the volcanic system. Further, long-period (LP) seismic
events, characterised by transient seismic signals lasting tens
of seconds with periods less than or equal to two seconds
(Lahr et al. 1994; Chouet 1996; Neuberg 2000), have been
recorded in abundance in many volcanic environments, such
as Volcan de Colima, Mexico (e.g. De Lauro et al. 2012; Boué
et al. 2015), and Merapi, Indonesia (e.g. Jousset et al. 2013).
LP events have been interpreted as shear fracture events
(e.g. Neuberg et al. 2006; Varley et al. 2010; Thomas and
Neuberg 2012), slow-rupture failure of edifice-forming
material (e.g. Harrington and Brodsky 2007; Bean et al.
2014), or the resonance of fluid-filled fractures (Lahr
et al. 1994; De Lauro et al. 2012).

Despite the evidence described above, there is a paucity of
experimental studies on the impact of fluctuating pore fluid
pressures on the mechanical behaviour and failure mode of
volcanic rocks, and the attendant implications for outgassing
and volcanic edifice stability. For example, the potential for
the existence of fractures in deeper parts of the edifice—where
we would expect predominantly compactant behaviour (Heap
et al. 2015a)—means that there must be a mechanism of em-
brittlement which can occur under stress conditions which
would otherwise preclude brittle behaviour. We present herein
an experimental study designed to investigate the process of
pore fluid-induced embrittlement in porous volcanic rocks.

Materials and methods
Our samples were taken from a block of porous andesite

(block C8, as described in Heap et al. 2014a, 2015a) collected
from the 1998 block-and-ash flow deposits of Volcan de
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Fig. 1 Temperature recorded along a transect from the crater rim of
Volcan de Colima down the uppermost part of the edifice (i.e. parallel
to the principal slope direction) using a Jenoptik VarioCam with
640 x 480 pixel resolution (sensitive in the 7.5-14 pum wavelength
band). Data were acquired from light aircraft overflights of the volcano
on three dates: a 02 July 2013, b 19 January 2013, and ¢ 04 February
2015. Flights were in the early morning in each case, in order to avoid the

Colima. Situated in the Trans-Mexican volcanic belt, this an-
desitic stratovolcano is one of the most active volcanoes in
North America, regularly producing both effusive and explo-
sive products (e.g. Varley et al. 2010; James and Varley 2012).
Although the material was collected from Volcan de Colima,
the attendant discussions and conclusions are more widely ap-
plicable to stratovolcanoes with comparable eruption styles and
cycles, such as Soufriére Hills Volcano (Montserrat), Lascar
(Chile), Ruapehu (New Zealand), or Merapi (Indonesia).
Right cylinders were cored from the block, with a diameter of
20 mm and a nominal length (precision-ground) of 40 mm. The
block contains 59.9+ 1.0 wt% SiO, (determined by X-ray fluo-
rescence, see Heap et al. 2014a) and is thus representative of
historical eruptive products (Luhr 2002; Savov et al. 2008). C8
andesite contains a high phenocrystal fraction (over 0.5: esti-
mated through image analysis of scanning electron microscope
photomicrographs), comprising plagioclase, clinopyroxene,
and orthopyroxene within a glassy and microlitic groundmass.
A subsample of nine cores was selected in order to minimise
variations in connected (water) porosity (¢), which ranges from
0.16 to 0.18, determined using the triple-weight Archimedes
method (see Guéguen and Palciauskas 1994).

Prior to all deformation experiments, samples were vacuum
saturated with distilled water. For the triaxial experiments, a
simple effective pressure law is used, whereby P y=P.— P,
where « is the Biot-Willis coefficient, a poroelastic constant
assumed herein to be equal to 1. Whilst we acknowledge that
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effects of solar heating, and surface features were used in order to ensure
consistency of viewing geometry, pixel size, and field of view. Each time
period corresponds to a different level of effusive activity. Arrows
highlight peaks above the average background temperature range,
indicating the presence of fumaroles. Panel d shows the transect on a
typical thermal image, and e is a true-colour photograph from
approximately the same vantage

a could be slightly <I for our andesite (see Appendix A), for
the relatively small range of effective pressures imposed in
this study, the effect of a#1 is negligible and inconsequential
in terms of our discussion. Confining and pore pressures were
increased slowly, to ensure the sample suffered no damage,
and were not subjected to an effective pressure above that
targeted for each given experiment. In each test, the samples
were left in the triaxial press overnight, so as to achieve mi-
crostructural equilibrium prior to deformation.

Other than in extreme proximity to the conduit, host rock in
a volcano will rarely be above the glass transition temperature
of'its melt phase. Whilst we acknowledge that some processes
and mechanisms will be enhanced even at temperatures below
this threshold (such as subcritical crack growth: Brantut et al.
2013), all our tests were carried out at room temperature.
Given that Volcan de Colima summits around 3850 m a.s.L
(Mueller et al. 2013), our experiments were performed at con-
fining pressures between 0 and 40 MPa (Table 1). The bulk
density p,, of volcanic rock at Volcan de Colima has been
observed to vary significantly (e.g. Mueller et al. 2011;
Farquharson et al. 2015; Lavallée et al. 2016), the majority
of erupted products falling in a density range between around
2000 and 2500 kg m > (Heap et al. 2015a; Lavallée et al.
2016). Lithostatic pressure can be approximated by p,gz,
where g and z are acceleration due to gravity and depth, re-
spectively. Accordingly, the imposed pressures used through-
out this study are well within a volcanically relevant pressure
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Table1 Summary of experimental conditions and results. P, P, and P,are confining, pore, and effective pressures, respectively. op is the peak stress

of brittle failure samples; C’ is the onset of dilatant microcracking; C* is the onset of shear-enhanced compaction

Sample Porosity P, Initial P, P, increase P, at failure op [MPa] C’ [MPa] C* [MPa]
[MPa] [MPa] rate [MPa sfl] [MPa]

C829 0.16 0 0 - 35.7 18.1 -

C8 14 0.16 15 10 - 5 73.5 29.8 -

C813 0.16 20 10 - 10 91.1 44.2 -

C832 0.16 40 10 - 30 - - 103.0

C812 0.17 40 10 5.0x107"! 0.4 60.0° - -

C803 0.16 40 10 5.0x1072 1.0 60.0° - -

C827 0.16 40 10 5.0x107° 1.3 60.0° - -

C828 0.16 40 10 5.0x107 49 60.0° - -

C831 0.18 40 10 5.0x107° 12.4 60.0* - -

C834 0.16 40 10 5.0x1072 30 - - 92.1

4 Experiments were performed under load-control; differential stress Q is maintained at 60 MPa throughout

domain, representing depths in the edifice from 0 m down to
around 16002000 m.

Acoustic emissions (AE) during sample deformation are
associated with microcracking (Lockner 1993). In order to as-
sess microstructural damage, AE was monitored throughout the
experiments with a piezoelectric transducer attached to the top
of the upper piston, and the signal processed by AEwin soft-
ware. AE energy is displayed herein in arbitrary units: AE hits
were recorded if signal amplitude was greater than 40 dB;
“energy” simply represents the root-mean-square of the re-
ceived waveform. Note that we present these data in arbitrary
units (root-mean-square of the waveform divided by 10°) as the
values are not directly comparable with those recorded using
different experimental or field setups: we use AE here as a tool
to understand the onset and extent of microcracking during our
experiments. Axial strain was measured using a displacement
transducer mounted to the top of the axial piston and stress was
monitored by a load cell. Confining and pore pressures were
measured and regulated using servo-controlled actuators. See
Heap et al. (2014b) for a schematic of the triaxial press.

Two types of test were performed: constant strain rate and
constant differential stress experiments. For both types of ex-
periment, the initial target confining and pore pressures were
first applied to the sample (except in the case of the uniaxial
experiment which was deformed in a water bath at atmospher-
ic pressure). During the constant strain rate experiments, an
axial load was applied at a constant strain rate of 10> s~ until
the sample failed. During the tests, the pore and confining
pressures were maintained constant by correcting for pressure
excursions using two intensifiers (actuators); the recorded
movement of the pore pressure actuator as it compensates
for sample deformation yields the pore volume change (nor-
malised to give the change in porosity A¢). As the initial
porosity ¢ is known, we can thus monitor porosity during
deformation (i.e. ¢+ A¢). With increased differential stress,

anegative A¢ is indicative of compactant (porosity-reducing)
behaviour, whereas A¢ >0 means that the behaviour is dilat-
ant (porosity-increasing).

During the constant differential stress experiments, a con-
stant differential stress O and confining pressure were main-
tained: following microstructural equilibration at the chosen
effective pressure, the axial load was increased at a constant
rate of 107> s~ ' until the differential stress was equal to
60 MPa (a value within the poroelastic domain, as guided by
our previous constant strain rate tests). Samples were left over-
night (for a minimum of 16 h) under constant differential
stress. Since the rock is within the poroelastic domain, zero
axial and volumetric deformation of the sample was recorded
during this time. Pore pressures were then increased at servo-
controlled rates (5.0 x 1071, 5.0x1072, 5.0x1073, or
5.0x10* MPas ") from a starting value of 10 MPa. A further
test was performed where a sample was held under a constant
confining pressure and differential stress and the pore pressure
was oscillated at regular intervals. In a final test, pore pressure
was increased in a sample undergoing constant strain rate
deformation in the compactant regime. Drainage in our exper-
iments was assured at the implemented deformation and pore
pressure increase rates by performing a supplementary exper-
iment (see Appendix B), a consequence of the high initial
porosity and permeability (around 3.0 x 10~'* m*: Heap
et al. 2014a). All of the experiments reported in this study
are summarised in Table 1.

Results
Constant strain rate with constant pore pressure

Figure 2a shows the stress-strain curves for each of the con-
stant strain rate tests. A different behaviour can be observed

@ Springer
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Fig. 2 Mechanical data for andesites from Volcan de Colima deformed
under a constant strain rate. Stress as a function of axial strain for all tests
are shown in a. The orientations of the principal stresses (o, 02, 03) are
also shown with respect to our cylindrical samples. b The change in
porosity during deformation for each sample from an initial value of
¢= 0.16 (except the uniaxial test, where this change cannot be
monitored). ¢ Example of a test where failure is in the brittle regime, in
a sample deformed at an effective pressure of 5 MPa. Peak stress (op) and
residual post-failure stress (o) are indicated, as is a threshold C°, which

for those deformed at effective pressures of 0, 5, and 10 MPa
compared to the sample deformed at an effective pressure of
30 MPa. This distinction is further highlighted in the curves of
porosity against axial strain, shown in Fig. 2b. Notably, we
observe dilatant behaviour in the samples deformed at an ef-
fective pressure of 10 MPa and lower, whereas the 30 MPa
sample compacted monotonously throughout the experiment.
Figure 2c shows an example of the first type of failure mode
(brittle/dilatant), showing differential stress and cumulative
acoustic emission energy as a function of axial strain (both
curves are independent proxies for damage in the sample). In
each of the dilatant experiments (i.e. P,z=0, 5, or 10 MPa), an
initially convex slope can be observed in the stress-strain
curves, typical of the closure of pre-existing microcracks
aligned approximately perpendicular to the direction of load-
ing. As can be observed in Fig. 2b, this corresponds to an
initial decrease in porosity with the initial closure of
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Axial strain [%]

represents the onset of microcracking. Cumulative acoustic emission
(AE) data are also shown, plotted in arbitrary units (refer to text for
explanation). Note that the onset of AE in ¢ corresponds with C’.
Equivalent data are shown in d for a sample which failed through
compaction (at an effective pressure of 30 MPa). In this case, failure is
marked by C* (the onset of shear-enhanced compaction), the point where
the stress-strain curve deviates from linear behaviour. This point is also
associated with the onset of AE activity

microcracks. C* (shown in Fig. 2¢) defines the onset of dilat-
ant microcracking (Wong et al. 1997), after which point the
rate of compaction decreases. Samples subsequently
underwent axial splitting (P,;=0 MPa), or shear fracturing
(P.s=35, 10 MPa), following peak stresses (op) of 35.7, 73.5,
and 91.1 MPa, respectively (Table 1). The rate of acoustic
emissions accelerates significantly prior to sample failure, in-
dicating an increase in the rate of microcracking events as
brittle failure is approached (Fig. 2c).

When deformed at an effective pressure of 30 MPa, a dif-
ferent failure mode is observed. The sample responds in a
purely compactant manner, associated with monotonously de-
creasing porosity with increasing strain (Fig. 2b), and the
capacity of the material to deform to a substantial strain with-
out failing (Fig. 2d). We refer to this mode of failure as
compactant. The onset of inelastic deformation (shear-
enhanced compaction) is termed C* (Wong et al. 1997,
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Wong and Baud 2012) and is indicated on Fig. 2d. After C*
(which occurred at a differential stress of about 103 MPa in the
experiment of Fig. 2d), the differential stress plateaus at
around 120 MPa, punctuated by small stress drops. During
compactant deformation, we do not observe a distinct accel-
eration in the AE rate, rather—and as shown in Fig. 2d—there
is a relatively steady and progressive accumulation of damage
throughout the experiment. Notably, the cumulative AE ener-
gy is over an order of magnitude higher than that recorded in
the brittle tests (e.g. Fig. 2¢) indicating that significantly more
damage has been accumulated by the sample, in agreement
with previous studies on porous rocks (Wong et al. 1997).

Increasing pore pressure under constant differential stress

During periods of volcanic unrest and magma ascent in
an open system, intact rock in the edifice will likely be
subjected to positive excursions in pore pressure (e.g.
Heiken et al. 1988; Day 1996). The second suite of
tests therefore explores the effect of increasing pore
pressure whilst maintaining a constant differential stress
and confining pressure (comparable to the lithostatic
pressure) on the sample (see Fig. 3 for an example).
In each of these tests, despite the order of magnitude
differences in pore pressure increase rate (pore pressure
was increased at servo-controlled rates of 5.0x107",
5.0%x107% 5.0x107, or 5.0x10™* MPa s '), increasing
pore pressure ultimately culminated in shear fracturing.
A photograph (and interpretative sketch) of one of the
fractured samples is provided in Fig. 3. Notably, these
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Fig. 3 Example of a sample under a constant differential stress where
pore pressure was increased monotonously until failure. Time represents
the time elapsed since the initiation of pore pressure increase. Pore
pressure is increased (in this case, at a rate of 5.0 x 10> MPa s ') from
10 towards 40 MPa (the confining pressure, maintained constant
throughout). Failure is manifested by the drop in differential stress, and
a rapid acceleration in cumulative AE. The sample (post-failure) is
shown, along with an interpretive sketch of the fault. P, =pore pressure,
P_.=confining pressure, P,;= effective pressure, and QO = differential
stress

faults are characteristically identical to those resulting from
the conventional compressive tests under a constant strain rate
(the tests of the preceding section). Brittle failure was
achieved on the order of 1, 10, 100, and 1000 min, at effective
pressures of 0.4, 1.0, 1.3, and 4.9 MPa, according to the pore
pressure increase rates of 5.0 % 1071, 5.0x1072, 5.0x 1073,
and 5.0x 107 MPa s ', respectively (Table 1). In each case,
failure (defined by the large stress drop) was precursed by an
acceleration of the AE energy rate, an example of which is
provided in Fig. 3, and is comparable—both in terms of shape
and magnitude—to the AE activity observed during the brittle
constant strain rate tests (Fig. 2¢). Despite the large variation
(4 orders of magnitude) in pore pressure increase rate, when
the time is normalised to the time-to-failure, as in Fig. 4, we
see that the acceleration behaviour in strain observed prior to
failure is essentially the same.

Pore pressure oscillation under constant differential stress

Positive pore pressure excursions within a volcanic system
may not always culminate in the generation of macroscopic
fractures but can increase the level of damage within the edi-
fice. To assess this concept, a further test was performed where
a sample was held under a constant confining pressure and
differential stress and the pore pressure was oscillated at reg-
ular intervals. Starting with confining and pore pressures of 40
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Fig. 4 Inelastic strain as a function of normalised time (time as a
proportion of time-to-failure) for four samples where pore pressure was
increased at the set rates (5 x 101,5%x102,5%x10°3, 5% 10 * MPa sfl).
The main figure shows the accelerating portion of the strain-time curve.
The full curves are shown in the inset
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and 10 MPa, respectively, pore pressure was increased at a rate
of 5.0x10% MPa s ' until 20 MPa, then decreased back to
10 MPa at the same rate. This process was iterated three times,
whilst AE was monitored, before increasing the pore pressure
to 25 MPa and repeating the process. Finally, pore pressure was
increased to 30 MPa, after which the sample failed via a shear
fracture. Figure 5 shows the imposed pore pressures for this
test, and the accompanying acoustic emission data, given here
as the AE rate. We observe that peaks in pore pressure are
associated with increases in the rate of acoustic emissions. In
detail, we notice that large increases in the rate of AE activity
correspond to the point at which the pore pressure is increased
to a value higher than that previously applied to the rock
(marked by the arrows on Fig. 5). In contrast to the experiments
of the previous section where pore pressure was achieved at
relatively low effective pressures (<5 MPa), this sample failed
at an effective pressure of approximately 12.4 MPa.

Pore pressure increase during constant strain rate
deformation

Whereas the experiments in the two preceding sections are
analogous to the impact of the infiltration of pore fluids into
otherwise intact rock at a constant stress, this section addresses
positive pore fluid excursions in concert with ongoing
compactive deformation. This scenario was imposed on a
sample by deforming at an effective pressure of 30 MPa
(P.=40 MPa and P,=10 MPa) and a strain rate of 107°s7,
conditions that were maintained until the sample reached
3.5 % axial strain. At this strain, and during the deformation
of the sample, pore pressure was increased at a rate of
5.0x107> MPa s™' to 35 MPa (i.e. P,;z=5 MPa).
Deformation was arrested at an axial strain of 5 %. The goal
here was to instigate brittle deformation in a sample deforming
in the compactant regime. The mechanical data for this exper-
iment indicate that, after C*, the sample underwent shear-
enhanced compaction, and deformation followed a similar
path to the compactant experiment shown in Fig. 2d. During

this period, porosity decreased consistently with increased ax-
ial strain (monitored using the pore pressure intensifier). The
imposed increase in pore pressure propagated a dilatant shear
fracture, accompanied by a significant stress drop (to a level
comparable to the post-failure residual stress oy of Fig. 2b:
P.y=5 MPa). Beyond 3.5 % axial strain, the there is a brief
period where the induced volumetric strain is negligible.
However, very quickly following the initiation of pore
pressure increase, the compactant behaviour occurring
due to the constant strain rate deformation is overcome
by the dilatant behaviour induced by the increasing pore
fluid pressure. Once the pore pressure had reached 35 MPa,
it was maintained at this level, during which time the sam-
ple continued to dilate. The response of the confining pres-
sure pump affirms that by the end of the experiment, the
sample had gained volume (i.e. porosity) relative to its
initial condition. Thus, the sample underwent both
compactant and dilatant (brittle) deformation, manifest by
barrelling of the sample overprinted by a shear fracture
(as shown in the photograph and interpretative sketch
in Fig. 6).

Discussion
Operative micromechanical processes

Previous work (e.g. Kennedy et al. 2009; Zhu et al. 2011;
Loaiza et al. 2012; Adelinet et al. 2013; Heap et al. 2015a, c)
has shown that triaxial deformation of porous volcanic rocks
can culminate in one of two failure modes—dilatant (macro-
scopically brittle) or compactant—both of which are governed
by different dominant microstructural processes. Brittle failure
arises due to the formation and growth of dilatant microcracks
which coalesce into a macroscopic fracture through the sam-
ple, either as an axial split (in the case of unconfined rock) or a
shear fracture (under confining pressure). Failure in this
manner can be seen in Fig. 3 (inset); the acceleration in AE
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Fig. 5 Pore pressure and AE rate for a sample where pore pressure was
oscillated throughout the test. Peaks in the pore pressure cycling are
associated with rapid increases in the AE rate. Brittle failure occurs as
the pore pressure is increased from 25 to 30 MPa. Dashed lines and
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arrows indicate where surges in AE rate are observed when pore
pressure is increased to a previously unseen level. Refer to text for
discussion
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Fig. 6 Pore pressure increase under constant strain rate deformation. The
stress-strain curve shows that the sample failed in a compactive manner
(as in Fig. 2a, d). The strain rate of 107 s~ was maintained, and after the
sample had been subject to 3.5 % axial strain, the pore pressure was
increased from 10 to 35 MPa. The photograph shows the sample post-
failure, with an interpretive sketch illustrating the fault. The sample has
undergone both barrelling (compaction) and shear fracture (dilation). AE
is also shown: whilst the pore pressure is maintained at 35 MPa, there is a
negligible amount of AE accumulated

in this figure is also indicative of the process of dilational
microcracking. Contrastingly, compactant deformation of vol-
canic rocks has been shown to be governed by cataclastic pore
collapse which can be cither diffuse (e.g. Zhu et al. 2011; Heap
etal. 2015c) or localised (e.g. Loaiza et al. 2012; Adelinet et al.
2013; Heap et al. 2015a). Compaction localisation in andesite
is thought to be associated with small drops in axial
stress (Heap et al. 2015a); given that the same rock
type was used in this study and that of Heap et al.
(2015a), we anticipate that the stress drops discernible
in Fig. 2d are coincident with the formation of bands of
collapsed pores.

Stress paths and failure modes of edifice-forming andesite

Compiled data from this study and that of Heap et al. (2015a)
have been plotted in order to map the failure envelope for
andesites from Volcan de Colima, on axes of differential stress
0 and effective mean stress P, determined by P= (o +203)/3
— P, (where o, is axial pressure, and o3 is the confining pres-
sure). The failure envelope, shown in Fig. 7a, is defined in the
brittle field by differential stress at failure, i.e. the peak stress
(op); in the compactive field, failure (yield) is defined at the
threshold C*, the onset of shear-enhanced compaction
(Table 1). A further margin can be delineated by differential
stress at C’, the onset of dilatant microcracking. The failure
envelope therefore defines the conditions in P-Q stress space
whereat these andesites are inelastically deformed or other-
wise (Wong et al. 1997), for a strain rate of 107 s~ '. At
stresses outside the failure envelope, the rock will have under-
gone mechanical failure. Between the brittle envelope and that
defined by the onset of microcracking, samples are damaged
but have not undergone macroscopic failure. Finally, the por-
tion of the graph described by the damage envelope and the

compactive failure envelope are conditions under which the
rocks are intact, whereby any deformation imposed on the
sample is nominally elastic (recoverable).

The brittle envelope shows that differential stress at failure
is a linear function of the effective mean stress, in agreement
with the Mohr-Coulomb failure criterion. A previous study on
the failure modes of porous andesite (Heap et al. 2015a) sug-
gests that the yield cap is similarly close to linear in the
compactant regime, due to the combination of microcracks
and pores comprising the total porosity (Heap et al. 2015a;
also discussed in Zhu et al. 2010 for limestones containing
micro- and macroporosity). This is contrast to typical yield
caps for porous sandstones, for example, which tend to be
elliptical (e.g. Wong and Baud 2012).

Figure 7b—d shows the stress paths of samples for the three
types of experiment in which the pore pressure was increased
until brittle failure, as described previously (i.e. the tests of
Figs. 3, 5, and 6). The trajectory of each stress path is simply
the differential stress and calculated effective mean stress for
each timestep during the corresponding experiments. In each
case, the initial stress path (shown by the dotted line) begins at
a differential stress of zero (Q =0) and an effective mean stress
determined by the initial pore and confining pressures im-
posed on the sample. In Fig. 7b, the path moves from this
point to a differential stress of 60 MPa and an effective mean
stress of 50 MPa as the samples are deformed triaxially. The
differential stress is then maintained constant as pore pressure
is increased as described previously. In these cases, the stress
path (solid line) moves horizontally from an intact condition
towards the y-axis, until failure (Fig. 7b). We observe that,
irrespective of the pore pressure increase rate (5.0x 10™" to
5.0x107* MPa s "), the samples fail at (or very close to) the
brittle failure envelope. This is in agreement with the inelastic
strain rate data (Fig. 4), from which we can infer that, at least
on timescales from approximately 1 min to 1 day, the process
of embrittlement appears essentially rate-independent. At this
scale, any influence of time-dependent processes such as
stress corrosion cracking (physicochemical deformation: see
Brantut et al. 2013 for a review) cannot be decoupled from the
natural variability of our samples.

In Fig. 7c, the initial stress path is identical to that in
Fig. 7b. However, in this case, the pore pressure is cycled until
sample failure (as shown in Fig. 5). Again, we observe that the
stress path moves horizontally towards the y-axis, but sample
failure is initiated beneath the brittle envelope. The corre-
sponding cumulative acoustic emission data—a proxy for
the amount of damage accumulated by the sample—for the
constant differential stress experiments shown in Fig. 7b, c are
comparable. This remarkable similarity (shown in Fig. 8) in-
dicates that failure will occur when a threshold amount of
damage has accumulated, regardless of the rate of pressure
increase. This is a similar observation to those made during
experiments designed to investigate the time dependency of
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Fig. 7 a Compiled experimental data from this study in the stress space
(differential stress Q as a function of effective mean stress P). Closed
symbols indicate brittle experiments (P of 10 or lower), and open
symbols show compactant experiments. The mode of failure we would
observe in each regime of the diagram is illustrated by the cartoons:
cracking and brittle failure, compaction, and intact rock. The slopes of
the brittle failure and damage envelopes are described by O=1.9614P +
13.207 and Q=1.3992P+9.4652, respectively. b—d Pore pressure-
embrittled samples in the context of this envelope (symbols are omitted
for clarity). In each case, the dotted line represents the initial triaxial
loading of the sample, to the point in the experiment when the pore
pressure was increased. The subsequent stress path is shown by the solid

rock deformation (e.g. Kranz and Scholz 1977; Baud and
Meredith 1997), whereby the final stage of deformation oc-
curs when a critical threshold in event number or energy is
surpassed, independent of the stress on the sample (we ob-
serve failure in these porous andesites when the cumulative
energy under the recorded waveform—in the arbitrary units
defined previously—is between 2 x 10" and 2 x 10%).

Finally, Fig. 7d shows the stress path of the experiment
shown in Fig. 6, in which the pore pressure was increased
during constant strain rate deformation, as described in the
preceding section. The sample deforms poroelastically before
passing C* (i.e. the onset of shear-enhanced compaction) dur-
ing constant strain rate triaxial deformation. Since the sample is
deformed to a differential stress higher than C*, the sample
reaches a stress-state above the compactive yield envelope.
Following the onset of pore pressure increase, the stress con-
dition of the sample changes such that it moves along a path
towards the brittle envelope (as shown in Fig. 7d); a shear
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line. In b, samples were brought to failure by increasing the pore pressure
monotonously at different rates (5 1071, 5x 1072, 5x 1073, and
5x10~* MPa s '), under constant differential stress. In these cases, all
the samples fail on or near to the brittle failure envelope. In ¢, the iterative
increase of the pore pressure resulted in sample failure well within the
failure envelope. Finally, in d, the sample was deformed triaxially at an
effective pressure of 30 MPa until it failed in the compactant regime (the
point where it crosses the compactant yield cap). The stress path from the
onset of pore pressure increase indicates that the sample transited into the
brittle regime, generating a shear fault at some (unknown) point on this
path

fracture develops as the sample moves along this path (as
shown in the photograph of Fig. 6).

Volcanic edifice embrittlement
Outgassing and eruptive behaviour

Our experiments show that pore pressure increase can cause
otherwise intact rock—or rock deforming in a compactant
manner—to fail through brittle faulting. The mode of failure
of porous edifice-forming rocks is of importance due to the
consequent effect on edifice permeability. Work by Heap et al.
(2015a) shows that a throughgoing tensile fracture in porous
andesite can increase permeability, whereas compactant defor-
mation can result in reduced permeability. In an open system,
pore pressure increases could therefore result in an increase of
edifice permeability, due to the embrittlement induced by
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Fig. 8 Cumulative acoustic energy (cumulative energy under the
received waveform, given in arbitrary units) against time, showing the
five samples which were brought to failure from an intact stress condition
via pore pressure increase: four at different monotonous rates (5 x 10",
5x1072, 5%x1073, 5x107* MPa s '), and one by oscillating the pore
pressure at 5x 10> MPa s ' (marked by an asterisk). Arrows indicate
the failure time of each sample. Notably, all samples fail once a given
threshold of damage has been accumulated, represented in our
experiments by ~150 arbitrary units of AE energy

these positive excursions. Improved open system outgassing
associated with increasing permeability can preclude the
buildup of pressure in a volcano, fostering effusive—rather
than explosive—activity (e.g. Woods and Koyaguchi 1994;
Jaupart 1998). Hence, the propensity for fracture generation
within the edifice may well be a critical parameter in limiting
explosivity and bridling volcanic hazard at a given site.
Figure 9 illustrates potential outgassing mechanisms
arising through pore fluid-induced embrittlement. Note that
the colour scale is illustrative and arbitrary: any deviation
from equilibrium pore pressure—and indeed the equilibri-
um pressure—rests on several parameters (porosity, tem-
perature, stress regime, and so on) which are poorly
constrained within the edifice. Modelling the absolute
magnitudes of pore pressure deviations around the conduit
is not the focus of this contribution, other than in a qual-
itative sense. In the first scenario (Fig. 9a—c), pore pres-
sure in the edifice host rock is increased due to an as-
cending point source of thermal or mechanical stress, for

example, by a migrating magma batch or gas slug
(Fig. 9a) or a magmatic intrusion (Fig. 9b). Close to a
conduit or dyke, where we anticipate thermal and mechan-
ical stresses to be highest, we expect the greatest rates and
magnitudes of pore pressure increase (as represented in
Fig. 9a—). As a result, and as inferred from our experi-
ments, rock embrittlement (brittle failure) is likely to cre-
ate a fracture network proximal to the conduit. In our
scenario, in the wake of the ascending body, the process
of pore fluid-induced embrittlement would therefore leave a
fractured zone or halo surrounding the conduit (Fig. 9a—c). If
sufficient fractures are generated to constitute a pathway for
volatiles, then outgassing can occur (as in Fig. 9c, d), thus
mitigating the buildup of pressure beneath a viscous plug or
dome, and enhancing lateral outgassing as shown in Figs. 1
and 9e. Indeed, annular outgassing is also predicted for Mono
Craters, USA (Rust et al. 2004), Mount St. Helens, USA
(Gaunt et al. 2014), and observed at Santiaguito Volcano,
Guatemala (e.g. Lavallée et al. 2013). We propose that the
appearance of new fumaroles during unrest (or renewed
outgassing at closed or sealed fumaroles), as we infer from
our thermal emission data (Fig. 1), may be explained by this
fracture wake process.

We anticipate that much of the edifice at greater depths will
be undergoing inelastic compaction due to the increased
lithostatic pressure of accumulating eruptive products (see
Heap et al. 2015a). Compactant deformation may also result
from stress perturbations associated with periods of volcanic
activity (e.g. Gerst and Savage 2004; Roman et al. 2004).
Significantly, fracture generation in the deep edifice, as a con-
sequence of pore pressure embrittlement, could offset the de-
crease in permeability associated with deformation in a
compactant regime (Heap et al. 2015a). Thus, transient or
sustained pore pressure increases at depth can in fact bring
about mechanical behaviour typically expected in the
shallower parts of the edifice, effectively transiting the rock
from a compactant to a dilatant regime. Shear fault formation
in a sample which has already experienced a degree of inelas-
tic compaction (as in our experiment in Fig. 6) illustrates that
pore fluid-induced embrittlement can encompass all regions in
the edifice, even where the lithostatic pressure would other-
wise preclude brittle behaviour. Indeed, fluid-induced embrit-
tlement has been posited at even greater depths (of the order of
tens of kilometres beneath the surface) in deep magmatic sys-
tems (e.g. Power et al. 2004; Sisson and Power 2013) and
subduction environments (e.g. Shiina et al. 2013).

As sketched in Fig. 91, the formation of deep pore pressure-
induced fractures may serve to forge pathways for exsolved
volatiles by connecting the near-conduit fracture network with
regional fault systems. Thus, this deep-edifice embrittlement
mechanism could explain anomalous magmatic gas measure-
ments (for example, as observed at Volcan de Colima: Taran et
al. 2000; Varley and Taran 2003) and the ubiquity of LP
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Fig.9 a Cartoon ofa plugged volcanic system. Note that the colour scale P> -

is for illustrative purposes only: these do not correspond to any measured
or modelled values. At a given depth, volatiles will exsolve into a discrete
gas phase. From a to b, the gas phase aggregates and ascends, increasing
pore fluid pressure within the edifice due to thermal and mechanical
stresses. In b, pore pressure-induced fractures initiate in the shallow
edifice, creating a fracture network in the wake of the gas slug
(equivalently, the ascent of a magmatic body could influence pore fluid
pressures in the same manner). Propagation and coalescence of these
fractures connect pathways for gases, allowing outgassing around the
dome c¢. d A cross-sectional schematic of the uppermost region of the
edifice and dome, illustrating how iterative pore pressure-induced embrit-
tlement could create a pervasively fractured halo around the conduit,
comprising many pathways for gas escape. e Shows outgassing through
the permeable dome structure at Volcan de Colima, taken in July 2014
(photo credit: Josh Greenwood). Also discernible is outgassing at discrete
points in the edifice proximal to the dome. f Pore pressure-induced
embrittlement in the deeper edifice could permit outgassing, by creat-
ing—albeit transiently—pathways from near the volcano and regional
fault structures

seismic events recorded at many active volcanoes (e.g. Varley
et al. 2010; Jousset et al. 2013; Boué¢ et al. 2015). Outgassing
of magmatic volatiles through larger-scale regional fault sys-
tems is also supported by field studies of other volcanic sys-
tems (e.g. Heiligmann et al. 1997; Giammanco et al. 1998).
An increase in edifice permeability through deep fracturing is
however likely transient, resting on the initial permeability
and porosity of the system, duration and magnitude of pore
pressure deviation, and the capacity for fractures to close or
heal. Fracture closure can occur simply due to the overlying
lithostatic pressure (e.g. Nara et al. 2011), and fracture healing
could occur as a result of hydrothermal mineral precipitation
(e.g. Edmonds et al. 2003) or the hot isostatic pressing of
fragmented material within fractures (e.g. Kolzenburg et al.
2012).

Edifice stability and seismicity

Pore pressure fluctuations can directly increase the density of
fractures within the edifice, resulting in a subsequent decrease
in edifice integrity, particularly if fractures are propagated at or
proximal to a structurally critical point (Elsworth et al. 1996;
Lagmay et al. 2000; Thomas et al. 2004; Gudmundsson 2011).
In the case where even relatively small overpressures can de-
velop (e.g. when the pore pressure is 0.5 MPa greater than the
confining/lithostatic pressure), rock strength has been shown
numerically to be reduced by about an order of magnitude
(Heap et al. 2015b). Further, decompression events,
compromising flank or dome stability (e.g. Collinson and
Neuberg 2012), may be triggered if pore pressure-induced
fractures can access overpressurised magma. Indeed, it has
been shown experimentally (Lavallée et al. 2011; Benson et
al. 2012) that magma fragmentation can be a direct conse-
quence of wall rock failure. In turn, this suggests that positive
pore pressure excursions and host rock embrittlement close to
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array of hazards, ranging from relatively harmless rockfalls
(e.g. Mueller et al. 2013) to partial flank collapse and the
instigation of pyroclastic density currents (Day 1996; Reid et
al. 2000; Watters et al. 2000).

During the pore pressure oscillation experiment, we
notice that each increase in pore pressure to a previously
unseen level is coincident with a surge in AE rate
(Fig. 5). This is in agreement with the Kaiser “stress-
memory” phenomenon, whereby damage (i.e. new
microcracking) only occurs once a threshold level of
stress—equivalent to the previous maximum stress im-
posed on the material—is exceeded (Kaiser 1953; see
also Lavrov 2003 for a review). This effect has been
observed in cyclic stressing experiments on volcanic rock
(Heap et al. 2009; Kendrick et al. 2013). Moreover, a
recent study (Heimisson et al. 2015) proves—through
the analysis of contemporaneous geodetic and seismic
data—the occurrence of the Kaiser effect at the kilometre
scale within the Krafla caldera, Iceland. In our experi-
ments, the observation of this phenomenon indicates that
there is also a complex stress-memory effect associated
with repeated oscillations in pore fluid pressure in the
edifice. Eventually, iterative damage of the edifice rock
by pore pressure excursions may result in brittle failure
due to the cumulative effect of discrete microcracking
events over time (as in Figs. 5 and 8). Whether subject
to a constant pore pressure increase or iterative transient
increases, our data indicate that, for a given porosity,
failure and embrittlement of edifice rocks will occur after
a threshold amount of damage is accumulated, irrespec-
tive of the pore pressure increase rate. This suggests that
if the rock has previously accumulated a large amount of
damage (i.e. close to the threshold amount), then only a
relatively small increase in pore pressure would be nec-
essary to trigger failure.

Further, it is reasonable to assume that pore fluid-
induced embrittlement will contribute to the seismic re-
cord as suggested by Nishi et al. (1996), evidenced by
the AE activity associated with sample damage in our
experiments (Figs. 2, 3, 5, and 8). Recent studies (Palo
et al. 2009; Petrosino et al. 2011) identify LP events both
in the shallow edifice of Volcan de Colima (i.e. 1 km
depth or less) and in deeper edifice regions (up to 4 km)
and suggest that these typically arise from a non-
repeating source. Whilst this style of seismic activity is
often observed to coincide with explosive activity (e.g.
Hagerty et al. 2000; Arciniega-Ceballos et al. 2003), this
is not always the case (e.g. Kumagai et al. 2002;
Petersen et al. 2006). Whether long-period seismicity at
volcanoes is a result of shear fracturing (e.g. Neuberg
et al. 2006; Varley et al. 2010; Thomas and Neuberg
2012), slow-rupture failure of volcanic materials (e.g.
Harrington and Brodsky 2007; Bean et al. 2014), or the

resonance of fluid-filled cracks (e.g. Lahr et al. 1994;
Neuberg 2000; Benson et al. 2008; De Lauro et al.
2012), we note that these interpreted mechanisms are
all generally congruent with embrittlement as outlined
in this study: a seismogenic process which is anticipated
to occur throughout the edifice. We note that the cou-
pling of fluid migration and brittle fracturing processes
could yield complex seismic signals comprising both
short- and long-period frequency elements.

Conclusion

The effective pressure imposed on a rock, a factor important in
dictating its mechanical response and failure mode, can be
decreased by an increase in the pore pressure. This process
is anticipated throughout volcanic edifices, especially in the
thermally and mechanically stressed region proximal to the
conduit. Through a suite of triaxial experiments on andesitic
rocks—designed to explore the influence of pore pressure
excursions on the failure mode of the rocks within a volcanic
edifice—we show that brittle failure (fracturing) can be in-
duced in an otherwise intact rock by simply increasing the
pore pressure. Increasing the pore pressure at different rates,
ranging from 5x 10" to 5% 10™* MPa s yields comparable
AE and strain acceleration behaviour relative to time-to-fail-
ure, and samples fail at equivalent effective pressures. Over
the timescales of our experiments—on the order of 1 min to
1 day—-conclusive evidence for time-dependent processes
(such as stress corrosion) was not seen. Cumulative damage
due to pore pressure oscillation can cause failure under stress
conditions well below the short-term strength of the rock, with
failure the result of accumulating a threshold amount of dam-
age. As a result, failure occurs at a relatively higher effective
pressure in this case. We further show that pore pressure-
induced embrittlement can occur in rock deforming in the
compactant regime, indicating that fracture generation
can occur in regions of the edifice where brittle defor-
mation would be precluded otherwise. Thus, pore fluid-
induced embrittlement is likely to occur not only in shal-
low (low confining pressure) regions of the edifice under
a constant differential stress but also in regions that are
deeper or closer to the conduit, where the rock is liable
to be deforming in a compactant manner. Magma frag-
mentation, fluid migration, flank destabilisation, and as-
sociated seismicity are all potential effects of this pro-
cess. Nonetheless, by increasing the fracture network
throughout the edifice, particularly in the rock surround-
ing the conduit, pore pressure excursions may serve to
locally increase permeability and in turn improve lateral
outgassing within volcanic systems, promoting effu-
sive—rather than explosive—activity.
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Appendix A: Effective pressure law for andesite

Any loading of a saturated porous medium is defined by the
stress components o;; and the pore fluid pressure P,.
Moreover, if the poromechanical response of said medium to
an applied stress coincides with that of the stress difference
0~ aP,0;, then the latter quantity is referred to as the effec-
tive stress o;;. In particular, if the coefficient « is unity, then the
quantity o;;— P,0;; corresponds to Terzaghi’s formulation, of-
ten called “Terzaghi’s effective stress” or “Terzaghi’s
principle” (Terzaghi 1923; Baud et al. 2015). For elastic de-
formation, the effective stress law can be derived from the
linear theory of poroelasticity (Berryman 1992; Wang 2000)
with the effective stress coefficient given by the Biot-Willis
coefficient o, whereby 0<a<1 (Biot 1941; Paterson and
Wong 2005). For inelastic deformation and failure, o can be
determined experimentally.

In conventional triaxial deformation experiments, this sim-
ple effective stress law is defined in terms of an effective
pressure, whereby Pp=P.—aP,; P,rand P, being the effec-
tive and confining pressures, respectively. Simply put, in the
case where a=1, the stress regime on a sample deformed at
respective confining and pore pressures of 10 and 15 MPa
would be identical to that imposed with confining and pore
pressures of 100 and 105 MPa, respectively (the effective
pressure would be 5 MPa in both cases). In contrast, if the
volumetric response of the fluid and solid constituents are
unequal and o<1, then the stress regimes in the two scenarios
will differ. In essence, this means that the measured failure
stress of a sample would be different in each scenario, all other
parameters being equal. There exists a paucity of data on this

coefficient for the failure of porous rocks, largely due to the
natural variability between samples, which makes its determi-
nation often challenging and sometimes quite impossible.

Since we present triaxial experiments at different pressures
in this study, it is important to verify that the effective pressure
coefficient does not differ significantly from unity in porous
andesites. We therefore performed a series of constant strain
rate triaxial tests at the same nominal effective pressure ac-
cording to Terzaghi’s principle (i.e. Pzif o= 1), but imposing
different confining and pore pressures. In an attempt to mini-
mise sample variability, we selected samples that contained
the same connected porosity. The experimental conditions
and differential stress at failure are given in Table 2.

Herein, we calculate « as the value that equalises the ratio of
minimum and maximum peak stresses (op, and opp,) and the
ratio of the corresponding effective pressures (P and Pyp):
_ Pera

opb effb

Opa

~0.73 (A1)

which occurs when av=0.98, a value comparable to that
determined recently by Baud et al. (2015) for Bleurswiller
sandstone. However, we note that the natural variability in
strength of these andesites is high: samples A5-09 and A5-11
were deformed under identical experimental conditions, yet there
is a discrepancy of 18.68 MPa between their differential stresses
at failure. Given the level of natural heterogeneity in these an-
desites (a result of their complex and variable microstructure)—
and indeed, in other intrusive and extrusive igneous rocks—we
highlight that our data are not sufficient to state conclusively that
the effective pressure coefficient differs significantly from unity
in these materials. Nevertheless, although we cannot constrain
the exact value of the Biot-Willis coefficient in these andesites,
this pilot study does confirm that the true value is not likely to
differ significantly from unity. As such, the use of Terzhagi’s
principle of effective pressure in our tests is a valid assumption.

Appendix B: Sample drainage

Ifthe deformation of a sample proceeds at a rate faster than the
response time of the pore pressure intensifier/volumometer,
the experiment is considered “undrained”. In such a scenario,

Table 2 Porosity, pressure

conditions, and differential stress Sample Porosity P, P, Py=P.— aP, Peak differential
at failure for porous A5 andesite. stress op [MPa]
P, P, and P correspond a=1 a=0.9794
respectively to the pore,
confining, and effective pressures ~ A5-09 0.09 55 60 5 6.13 138.87
and are all given in MPa AS-11 0.09 55 60 5 6.13 157.55

A5-13 0.09 105 110 5 7.16 177.61

AS5-17 0.09 10 15 5 5.21 128.83
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Fig. 10 Schematic of the setup used to test sample drainage. When the
upstream valve is open, pore pressure within the sample can be increased
or decreased by the intensifier (10). If the downstream valve is open, then
the pore pressure circuit is fully connected. However, when (9) is open
and (8) closed, the pressure response measured at (6) depends on whether
or not the sample is fully saturated

the tips of fast growing dilatant microcracks would not be
fluid-saturated; this not only provides an underestimate of
the porosity change during deformation but also influences
the mechanical behaviour of the rock. Sample drainage was
an important consideration in the experiments presented here-
in because we are interested in the mechanical response of a
rock as pore pressure is increased. If our experiments were
undrained, there would be a discrepancy between the pore
pressure we expect in the rock, and the pore pressure within
the rock. This would further complicate matters by creating a
heterogeneous pore pressure distribution within the sample. In
order to assess whether our samples were drained (i.e. fully
saturated) during all the experiments, the setup shown in Fig.
10 was used. This experimental setup allows the increase
or decrease of pore pressure using an intensifier whilst
monitoring both up- and downstream pressure. When the
downstream valve (8 in Figure 10) is closed, any pressure
deviation measured by the downstream transducer (6 in
Figure 10) must first have flowed through the sample. By
servo-controlling the upstream pore fluid pressure and mon-
itoring the downstream pressure, we can thus determine
whether the sample is drained at different pressure increase
rates. Pore pressure was oscillated between 10 and 20 MPa,
whilst confining pressure was maintained at 40 MPa.
Pressure was cycled at incrementally faster rates, from an
initial value of 5.0x 107> MPa s'!, to a final rate of
5.0x10"" MPa s '. If the sample were undrained, we
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Fig. 11 Mechanical data from a triaxial experiment designed to examine
sample drainage in porous andesitic rock (sample C8). a Graph of pore
pressure against time showing the monitored upstream (red dotted curve)

pressure as a function of changing downstream (black dotted curve)
pressure. b Graph of pore pressure rate against time showing the
(absolute) rate of pore pressure change during the experiment
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would expect to see a delay in the response of the down-
stream pressure relative to the upstream pressure. However,
as shown in Figure 11, no delay can be seen. This indicates
that the permeability of these porous andesites is sufficient-
ly high to preclude sample desaturation, even at significant-
ly high rates of pore pressure increase.
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