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Time-dependent brittle deformation is a fundamental and pervasive process operating in the Earth's upper
crust. Its characterization is a pre-requisite to understanding and unraveling the complexities of crustal
evolution and dynamics. The preferential chemical interaction between pore fluids and strained atomic bonds
at crack tips, a mechanism known as stress corrosion, allows rock to fail under a constant stress that is well
below its short-term strength over an extended period of time; a process known as brittle creep. Here we
present the first experimental measurements of brittle creep in a basic igneous rock (a basalt from Mt. Etna
volcano) under triaxial stress conditions. Results from conventional creep experiments show that creep strain
rates are highly dependent on the level of applied stress (and can be equally well fit by a power law or an
exponential law); with a 20% increase in stress producing close to three orders of magnitude increase in creep
strain rate. Results from stress-stepping creep experiments show that creep strain rates are also influenced by
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triaxial the imposed effective confining pressure. We show that only part of this change can be attributed to the
llz/?saét purely mechanical influence of an increase in effective pressure, with the remainder interpreted as due to a
t. Etna

reduction in stress corrosion reactions; the result of a reduction in crack aperture that restricts the rate of
transport of reactive species to crack tips. Overall, our results also suggest that a critical level of crack damage
is required before the deformation starts to accelerate to failure, regardless of the level of applied stress and
the time taken to reach this point. The experimental results are discussed in terms of microstructural
observations and fits to a macroscopic creep law, and compared with the observed deformation history at Mt.
Etna volcano.

time-dependent deformation

© 2011 Elsevier B.V. All rights reserved.

1. Introduction Stress corrosion is a process by which strained atomic bonds at
crack tips react preferentially with the chemically active pore fluid;
commonly water or some aqueous solution in the upper crust. This

allows cracks to propagate at much lower stresses than would

The presence of a fluid phase in cracks within rock is known to
have both a mechanical and a chemical influence on deformation

characteristics. Mechanically, pressurized pore fluids reduce all the
applied normal stresses equally and thus allow rocks to fail at lower
applied differential stress (0;-03, henceforth termed ‘Q’) than would
otherwise be the case (Jaeger et al., 2007; Terzaghi, 1943). Chemically,
the presence of a pore fluid phase reduces the surface free energy as
the result of the absorption onto the internal pore surfaces (Andrade
and Randall, 1949; Orowan, 1944; Rehbinder, 1948), and also
promotes time-dependent, subcritical crack growth, of which stress
corrosion is the most important mechanism in the Earth's brittle
upper crust (Anderson and Grew, 1977; Atkinson, 1984a, 1984b;
Atkinson and Meredith, 1987; Costin, 1987).
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otherwise be expected (Freiman, 1984; Hadizadeh and Law, 1991;
Michalske and Freiman, 1982). Crack propagation rates are controlled
by the level of stress intensity at crack tips (a function of both applied
stress and crack length), and will increase as cracks extend even under
a constant stress.

Double-torsion fracture mechanics experiments have provided
much information on the growth of tensile macrocracks in rock by the
process of stress corrosion (see Atkinson, 1984a, 1984b; Atkinson and
Meredith, 1987 for reviews). However, whilst many studies have
concentrated on quartz-rich rocks such as sandstones and granites, only
very few studies have reported measurements on basic igneous rocks
such as basalts, dolerites and gabbros (Meredith and Atkinson, 1983,
1985; Swanson, 1984; Waza et al., 1980) and intermediate igneous
rocks such as andesites (Jeong et al., 2007; Nara and Kaneko, 2005; Nara
et al, 2010). All of these studies demonstrate that subcritical crack
propagation occurs in basic and intermediate rocks in the presence of
water. In particular, Meredith and Atkinson (1985) and Nara and
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Kaneko (2005) showed that the rate of crack growth increased with
increasing partial pressure of water or water vapor. The most widely
used and accepted theory relating the rate of crack growth to the stress
concentration at the crack tip during stress corrosion is Charles' power
law (Charles, 1958), which has been used to describe virtually all
experimentally determined data for geological materials (see Atkinson,
1984a, 1984b; Meredith and Atkinson, 1983; Swanson, 1984). However,
exponential forms, such as the Charles-Hillig-Wiederhorn theory
(Hillig and Charles, 1965; Wiederhorn and Bolz, 1970), have so far
been shown to describe creep behavior equally as well over the range of
data achievable in the laboratory (see Costin, 1987; Heap et al., 2009a;
Lawn, 1993; Lockner, 1993; Ngwenya et al., 2001).

Whilst the overwhelming majority of experimental data on stress
corrosion cracking in basic rocks have been derived for single, tensile
cracks propagating under ambient pressure conditions, the behavior of
bulk rock deforming subjected to compressive stresses remains poorly
understood. To date, studies on quartz-rich rocks loaded in triaxial
compression have demonstrated that samples can deform and eventu-
ally fail under a constant Q over extended periods of time; a phenomenon
known as brittle creep (for sandstones see Baud and Meredith, 1997,
Heap et al., 2009a, 2009b; Lockner and Byerlee, 1977; Ngwenya et al.,
2001; Tsai et al., 2008; Yang and Jiang, 2010; for granites see Fujii et al.,
1999; Katz and Reches, 2004; Kranz, 1980; Kranz et al., 1982; Kurita et al.,
1983; Lockner, 1993; Lockner and Byerlee, 1986; Maranini and
Yamaguchi, 2001; Wu and Thomsen, 1975). Rocks deforming in this
manner generally exhibit trimodal creep behavior when strain is plotted
against time; (1) primary or transient, decelerating creep, (2) secondary,
constant strain-rate creep, and (3) tertiary, accelerating creep. A physical
basis for this trimodal behavior has been provided by an empirical
constitutive law based on Arrhenius reaction rate equations (Lockner,
1998), mean field damage mechanics modeling that invokes a two stage
process: (1) a phase of strain hardening involving distributed crack
damage, and (2) a phase of strain softening involving crack interaction
and coalescence (Heap et al., 2009a; Main, 2000), finite element
modeling (Armitrano and Helmstetter, 2006), and viscoelastic damage
rheology modeling (Hamiel et al., 2006).

However, the occurrence of time-dependent, brittle creep in basic
igneous rock, such as basalt, remains unreported. This demands new
investigation, especially since stress corrosion has been invoked as a
potential mechanism responsible for the time-dependent precursory
cracking, ground deformation and accelerating seismic activity within
volcanic edifices that commonly precedes volcanic eruptions (Chastin
and Main, 2003; Cornelius and Scott, 1993; Kilburn, 2003; Kilburn and
Voight, 1998; Main, 1999; McGuire and Kilburn, 1997; Voight, 1988,
1989). It has been postulated that the final stages of magma ascent are
controlled by the slow fracture of the rock between the magma body
and the surface (Kilburn, 2003; McGuire and Kilburn, 1997; Smith and
Kilburn, 2010). High stresses, caused by magma overpressure and dyke
intrusion, promote the initiation and slow propagation of cracks within
the surrounding rock. At a critical crack density, i.e. when cracks can
interact and coalesce, the rate of cracking accelerates until the country
rock ‘fails’, thus forming a new pathway for magma to reach the surface.
This acceleration in cracking is evidenced by an acceleration in the
number of volcano-tectonic (VT) seismic events recorded at volcanoes
(e.g. Palano et al., 2009; Smith and Kilburn, 2010). Time-dependent
brittle creep, driven by stress corrosion cracking, is a primary candidate
for facilitating this precursory slow fracture. The detailed understanding
of this process in volcanic rocks could therefore improve volcanic
eruption forecasting and hazard mitigation.

We therefore present results from the first experimental study of
brittle creep in a porphyritic, intermediate alkali basalt, the most
representative lithology for intraplate and oceanic island volcanism
(Wilson, 1989). Our chosen test material is a well-characterized basalt
(see Benson et al., 2007, 2008; Heap et al., 2009¢; Stanchits et al.,
2006; Vinciguerra et al., 2005) that forms a significant proportion of
the lava flow pile comprising the upper part of the edifice of Mt. Etna

volcano, a large stratovolcano situated near the eastern (Ionian) coast
of Sicily (Italy). Additionally, Mt. Etna volcano represents a near-ideal
candidate for our study: (1) Over the last 20 years, new technological
developments and denser monitoring networks have provided one of
the highest quality volcanological, geophysical and geochemical data
sets for any volcano in the world (Bonaccorso et al., 2004). Mt. Etna
therefore provides the highest potential for the comparison of field
data and new laboratory data. (2) The shallow lava flow basalts
present at Mt. Etna (0-2 km) are commonly porous and highly
permeable (Vinciguerra et al, 2005) due to their fractured, and
sometimes scoriaceous nature. The volcano therefore hosts a large
reservoir of water (Ogniben, 1966), an essential prerequisite for
subcritical crack growth by stress corrosion. (3) The edifice at Mt. Etna
is considered structurally unstable and susceptible to flank collapse
(Walter et al., 2005). Indeed, there is a continuous large-scale ESE
seaward sliding of its eastern flank (e.g. Bonforte and Puglisi, 2003,
2006; Borgia et al., 1992, 2000; Palano et al., 2008, 2009; Rust et al.,
2005). This movement is accompanied, and accelerated, by repeated
episodes of brittle deformation, monitored in terms of ground
deformation and seismicity (of variable duration, from days to
months), linked to the intrusion of magma (Allard et al., 2006).
Crucially, no direct evidence for a décollement surface, driving large-
scale deformation, has been found up to now. This suggests that the
time-dependent deformation of edifice-forming rocks could play a
role in assisting the observed large-scale deformation.

We first introduce the investigated material and explain the
experimental techniques. We then present results from constant
strain rate experiments and conventional brittle creep experiments,
before showing the influence of effective confining pressure on brittle
creep in our basalt samples using stress-stepping creep experiments.
Finally, we show microstructural observations of cracking during
creep deformation, the results of fitting a macroscopic creep law to
the experimental data, and a comparison with observed temporal
deformation data from Mt. Etna volcano.

2. Material investigated

The material used throughout this study was a lava flow basalt
from Mt. Etna volcano, collected from the southern flank of the
volcano (see Fig. 1 in Heap et al, 2009c). It is a porphyritic,
intermediate alkali basalt, the most representative lava flow basalt
found at Mt. Etna (Tanguy et al, 1997). It has a bulk density of
2.86 g cm™ >, a connected porosity of 4.2% and is composed of crystals
of feldspar (25%), pyroxene (8.5%) and olivine (4%) within a fine-
grained groundmass (~60%) of the same materials. The physical
properties of EB are summarized in Table 1.

The ‘as-collected’ Etna basalt (hereinafter called EB) contains an
extensive pre-existing network of isotropically distributed micro-
cracks considered to be of thermal origin and resulting from rapid
cooling of the lava flow (Vinciguerra et al., 2005). This has resulted in
anomalously low P-wave velocities at ambient pressure of
3.28 kms~ ' for dry samples of EB, and an anomalously high
permeability of 0.25x10~'>m? measured at 30 MPa effective
pressure (Vinciguerra et al., 2005). All samples were taken from a
similar block of EB to that used in Heap et al. (2009c). Samples were
cored to a diameter of 40 mm, cut to a length of 100 mm and ground
flat and parallel to within40.02 mm. Samples were then vacuum-
saturated with distilled water for 48 h prior to experimentation.

3. Experimental methodology

All experiments were performed under drained conditions in the
large volume servo-controlled triaxial rock deformation apparatus in
the Rock & Ice Physics Laboratory (RIPL) at University College London.
Axial strain was monitored continuously using LVDT displacement
transducers, and porosity change was measured continuously by
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Table 1
The physical properties of Etna basalt.
Effective confining Reference
pressure
(MPa)
Porosity (%) 0 42 This study
Density (g cm®) 0 2.86 This study
Dry P-wave velocity (kms~') 0 3.28 This study
Wet P-wave velocity (kms™') 0 5.24 This study
Dry S-wave velocity (kms™!) 0 1.87 This study
Wet S-wave velocity (kms~!) 0 2.15 This study
Dry Vp/Vs ratio 0 1.75 This study
Wet Vp/Vs ratio 0 2.58 This study
Dry dynamic Young's 0 25.2 This study
modulus (GPa)
Wet dynamic Young's 0 33.8 This study
modulus (GPa)
Dry dynamic Poisson's ratio 0 0.26 This study
Wet dynamic Poisson's ratio 0 0.41 This study
Static Young's modulus (GPa) 10 17.9 This study
20 19.1 This study
30 21.1 This study
Permeability (m?) 10 0.55x107 '  Vinciguerra
et al. (2005)
20 0.25x10~ '  Vinciguerra
et al. (2005)
30 0.175x10~ ' Vinciguerra
et al. (2005)

means of a servo-controlled pore fluid volumometer. Acoustic
emission (AE) output was recorded using two PZT-5A transducers
(3 mm in diameter and with 1 MHz longitudinal resonant frequency)
mounted on steel inserts embedded within the rubber sample jacket,
and stored by a Vallen AMSY-5 AE recording system. The change in
sample porosity and the cumulative output of AE energy (the summed
areas under each waveform) during deformation were recorded, in
addition to axial strain, as different proxy measures of the change in
“damage” during sample deformation. Porosity change records the
total change in crack and pore volume; whether that is the closure of
pre-existing cracks and pores during compaction or the opening of
new cracks during dilatancy. By contrast, cumulative AE energy
responds only to the growth of new, dilatant cracks. A full description
of the experimental configuration can be found in Heap et al. (2009a).
The values of applied stress in our study were also corrected for the
increase in sample cross-sectional area during deformation.

A series of constant strain rate experiments were first performed at a
strain rate of 1.0x107°s~! under effective confining pressures
(calculated as the confining pressure minus the pore fluid pressure,
henceforth termed ‘Peff’) of 10, 30 and 50 MPa (obtained by applying
confining pressures (Pc) of 30, 50 and 70 MPa with a constant pore fluid
pressure (Pp) of 20 MPa), in order to ascertain the short-term peak
stress (0p) and how it varies with Peff. This is necessary because oy, is
later used to guide the level of differential stress (Q) to be applied in
constant stress (creep) experiments. Subsequently, conventional brittle
creep experiments were conducted at constant, pre-determined values
of Q that were fixed percentages of o, (see Baud and Meredith, 1997;
Heap et al., 2009a, 2009b). Samples were first loaded to the pre-
determined Q at a constant stressing rate of 5 MPa/min. The loading
was then stopped, and the samples allowed to deform under constant
Q (held constant using a servo-controlled pressure intensifier) until
failure occurred after an extended period of time. It is important to
perform such conventional creep experiments in order to ascertain if
EB exhibits the classical type of trimodal creep behavior observed in
other, primarily quartz-rich, rocks (Baud and Meredith, 1997; Heap
etal., 20093, 2009b; Lockner and Byerlee, 1977; Ngwenya et al., 2001;
Tsai et al., 2008; Yang and Jiang, 2010). The experimental protocol is
illustrated in Fig. 1, for an experiment performed under a Peff of
30 MPa and pre-loaded to 84% of o, (329 MPa) prior to creep. The
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Fig. 1. Strain-time and stress-time plot from a conventional creep experiment on EB
illustrating the experimental protocol. The experiment is divided into two phases: an
initial constant stressing rate phase and a constant stress (creep) phase. The inset
shows a zoomed-in view of the constant stress phase. The three creep phases (primary,
secondary and tertiary) are labeled on the inset.

inset in Fig. 1 shows a plot of axial strain against time for the creep
phase of the experiment. It clearly exhibits the type of trimodal
behavior that has previously been shown to characterize brittle
creep, and in particular an apparently constant strain rate during the
extended phase of secondary creep.

While the type of conventional creep experiment described above
provides high quality data, they commonly take a long time and provide
only a single value of constant strain rate during secondary creep.
However, previous work on creep in porous sandstones has demon-
strated that it is possible to obtain multiple creep strain rates from a
compound, stress-stepping creep experiment on a single sample, and
thus improve experimental efficiency. In these experiments, stress
steps, usually in the range 5 to 7 MPa, were imposed after the sample
had undergone approximately 0.015-0.05 mm of axial shortening
(equivalent to 0.015-0.05% axial strain) during secondary creep (for
full details of the experimental procedure, see Heap et al., 2009a).

We therefore performed conventional creep experiments to
ascertain if EB exhibits classic creep behavior over the whole range
of applied pressure and stress conditions, and to investigate the
influence of Q on time-to-failure. We subsequently ran stress-
stepping creep experiments to investigate the influence of Q and
Peff on creep strain rates. We report the results of these experiments
in the following section.

4. Results
4.1. Constant strain rate experiments

Results from the constant strain rate experiments at different
values of Peff are shown in Fig. 2. In each case, the stress-strain curves
(Fig. 2a) exhibit the typical shape for rock deformed under triaxial
compression. An initial hardening phase is followed by a pseudo-
elastic phase and then a roll-over to the peak stress (0,,). Peak stress is
followed by a short phase of strain softening that leads to dynamic
failure, marked by a rapid stress drop and formation of a shear fault.

Lett. (2011), doi:10.1016/j.epsl.2011.04.035

Please cite this article as: Heap, M.]., et al., Brittle creep in basalt and its application to time-dependent volcano deformation, Earth Planet. Sci.



http://dx.doi.org/10.1016/j.epsl.2011.04.035

600

T T T

différentiél strless

50011 pp = 20 MPa
£§=10x10°5s"
400f 1

50 MPa

300+ 1

200+ 1

Differential stress (MPa)

100+ 1
Peff = 10 MPa 30 MPa a

0 1 L 1

0.2

sample porosity change
50 MPa ]

0.1F 30 MPa
Peff = 10 MPa

Sample porosity change (%)

10000

so00f =~ AE energy

8000

50 Mpa
Peff = 10 Mpa 30 Mpa

7000
6000 -
5000
4000 F
3000 F
2000 F

% AE energy (arbitrary units)

1000

0 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Axial strain (%)

Fig. 2. Results from three triaxial compression experiments on EB conducted at constant
strain rate but different effective confining pressures. Changes in the three proxies for crack
damage within the rock are shown: (a) axial strain, (b) porosity change and (c) cumulative
AE energy output (the area under each waveform). Experimental conditions are indicated
on the figure. D’ marks the onset of dilatancy dominance. Peff—effective confining
pressure; Pp—pore fluid pressure.

The data also show that increasing Peff results in significant increases
in both 0, and the axial strain at dynamic failure. The experiments
yielded oy, values of 291, 387 and 504 MPa at values of Peff of 10, 30
and 50 MPa, respectively. This is consistent with results reported in
Benson et al. (2007) which gave a o, value of 475 MPa for water
saturated EB at a Peff of 40 MPa.

The porosity change curves (Fig. 2b) show that sample deforma-
tion is initially dominated by compaction (porosity reduction due to
closure of pre-existing cracks and pores) with dilatancy (porosity
increase due to opening of new cracks) becoming more important in
the later stages of deformation. The onsets of dilatancy dominance
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(i.e. the points where dilatant crack opening exceeds compactive
crack closure), that correspond to the minima in the porosity change
curves, are marked as D’ for each value of Peff on Fig. 2b. Interestingly,
not only does the position of D’ migrate to higher axial strain with
increasing Peff (like 0p), but the stress at which it occurs also remains
an essentially constant proportion of o, (63 4 2%). Whilst we would
expect time-dependent brittle creep to occur at any stress level above
that for the onset of dilatancy, our previous experience (Heap et al.,
20093, 2009b) has demonstrated that D’ marks the practical lower
limit for studying brittle creep over realistic time scales in laboratory
experiments. We therefore conducted all our creep experiments at
values of Q at or beyond that equivalent to this point.

These observations are also reflected in the AE data shown in
Fig. 2c. The AE energy rate is very low during the compactive phase of
deformation and starts to increase as dilatant cracking becomes
dominant. There is then a dramatic acceleration during the rollover to
peak stress that continues right up to the point of dynamic failure. This
has previously been interpreted as due to the coalescence of dilatant
microcracks to form the macroscopic shear fault (e.g. see Benson et al.,
2007). Our AE energy rate data are entirely consistent with that
interpretation.

4.2. Conventional brittle creep experiments

Plots of axial strain against time for different values of constant Q
are shown in Fig. 3a to d. All curves exhibit the type of trimodal
behavior that characterizes brittle creep deformation. In all cases, the
deformation is characterized by an initial phase of decreasing strain
rate (primary creep), followed by an extended phase of apparently
constant strain rate (secondary creep) and finally by a phase of
accelerating strain rate (tertiary creep) that leads to localized shear
failure (see Section 4.2 for details).

In order to ascertain if the strain rate during secondary creep was
indeed constant we plotted the first derivatives of the strain-time
curves (i.e. strain rates against time). An example of one such plot is
shown in Fig. 4, and demonstrates that there is indeed an extended
period of constant strain rate between the decelerating and
accelerating creep phases. The creep strain rates during secondary
creep (hereinafter simply referred to as the ‘creep strain rate’) were
subsequently calculated from these constant strain rate portions of
the creep curves and are given on Fig. 3. At this point we note that,
while secondary creep proceeds at constant strain rate, it is not strictly
a ‘steady-state’ process as has previously been claimed by many
previous authors (e.g. Ngwenya et al., 2001; Yang and Jiang, 2010).
Instead, it is clear from both the porosity change (Fig. 3e to h) and
acoustic emission (Fig. 3i to 1) curves that the state of damage in our
samples is increasing systematically throughout the secondary creep
phase.

The strain-time curves indicate that small changes in Q resulted in
very large changes in both the creep strain rates and the times-to-
failure (listed in Table 2). For example, for a Q of 375 MPa (97% of 0},)
the time-to-failure was close to 4 min and the calculated creep strain
rate was 2.7x107 s~ !, Reducing Q by only a small amount to
357 MPa (92% of o) resulted in an increase in the time-to-failure to
about 25 min and a decrease in strain rate to 4.1x10~7 s~ !, Further
reducing Q to 329 (85% of 0,) and 304 MPa (79% of 0p) altered the
times-to-failure and strain rates to 270 and 4400 min and 4.0x 108
and 2.4x10~2s~ !, respectively (Fig. 3a-d). In summary, reducing Q
by a little under 20% resulted in an increase in time-to-failure and a
decrease in creep strain rate of close to three orders of magnitude.

Porosity change and cumulative AE energy, used as proxies for
accumulating damage within the sample, also exhibit trimodal
behavior in all cases (Fig. 3e-1). However, we note that for the pore
volume change curve at the lowest applied stress (Q =304 MPa;
Fig. 2h) there is a much greater contribution to the total porosity
change during the primary creep phase than for the experiments at

Lett. (2011), doi:10.1016/j.epsl.2011.04.035

Please cite this article as: Heap, M.],, et al., Brittle creep in basalt and its application to time-dependent volcano deformation, Earth Planet. Sci.



http://dx.doi.org/10.1016/j.epsl.2011.04.035

axial strain axial strain axial strain axial strain
EAnc EB-40-15Z EB-40-14Z EB-40-16Z
PECB:;?D]:; Pc = 50 MPa Pc = 50 MPa Pc = 50 MPa
Pp = 20 MPa Pp = 20 MPa Pp = 20 MPa Pp = 20 MPa
Q = 375 MPa Q = 357 MPa Q = 329 MPa Q = 304 MPa

sample porosity change | sample porosity change sample porosity change sample porosity change

I AE energy £ AE energy

>
e
=
O
r
m
=
v
s
m
n
7]

—
ja)
]
S
o
jut
2
=
g
2
k=}
s
2
=
g
]
<3
3
%
Q.
2}
]
o
o
g
2
3
4
IN)
IS
2
=
=
é
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Fig. 4. Plot of strain rate against time (so-called “bathtub” plot) for conventional creep
experiment EB-40-14Z run at a Q of 329 MPa (85% of 0p). The curve shows an extended
period between decelerating and accelerating creep that yielded a constant secondary
creep strain rate of 40x 10~ 851,

higher Q. In fact, the porosity appears to remain essentially constant
during the whole of the secondary creep phase. In all cases, the
tertiary creep phase is characterized by accelerations in all three
damage proxies (the onset of tertiary creep phase is marked by
dashed horizontal lines in Fig. 3).

4.3. Stress-stepping brittle creep experiments

The influence of Q on creep strain rates was also investigated via
stress-stepping experiments at a Peff of 30 MPa. Samples were first
loaded to D’ at a constant stressing rate of 5 MPa/min, as shown in
Fig. 1. The loading was then stopped and samples allowed to deform
under a constant Q until they had undergone approximately
15-50 um of axial shortening (equivalent to 0.015-0.05% axial strain).
Following this, Q was increased by a small increment (5 to 7 MPa,
equivalent to 2 to 3% of 0,) and the process repeated until the sample
eventually failed after a number of phases of creep. This method
allowed creep strain rate data in the range 10~ ° to 10" ®s~! to be
determined over 5 or 6 creep increments.

The relation between creep strain rate and differential stress (from
both conventional and stress-stepping creep experiments) and time-to-
failure and differential stress (from conventional creep experiments) are
plotted on semi-log axes in Fig. 5a and b, respectively. Analysis of the
experimental results show that creep strain rates can be described
equally well by either a power law or exponential relation: strain rate =
(8.97x10~8)Q*? or strain rate = (1.84 x 10~ '8)e®'? and time-to-failure
by either: time-to-failure=1.7Q 32 or time-to-failure =459~ %12
(see Fig. 5). However, since both relations fit equally well, we cannot
discriminate between them over the range of data achieved in our
experiments; a problem previously noted in Bonnet et al. (2001). Our

Table 2
Experimental conditions, resultant creep strain rates and times-to-failure for the four
reported conventional brittle creep experiments in Fig. 3.

Sample Applied creep Applied creep Resultant creep Time-to-
stress stress strain rate failure
(MPa) (% of o) (s (min)
EB-40-16Z 304 78 24x107° 4400
EB-40-14Z 329 85 40x10~8 270
EB-40-15Z 357 92 41x1077 25
EB-40-17Z 375 97 2.7x107° 4.5

a le-5 T T T .
Etna basalt *
Pc = 50 MPa
o~ le-6f|pp = 20 MPa 3
w ] ]
2 g
+—
© le-7F Power law 4
L - y = (8.97 x 1083235 3
.% o® R? = 0.994
=
t  le-8F o g Exponential 1
8 y = (1.84 x 10718)g0-09574x
@ [ ] R? = 0.995
O le-9t E
O Stress-stepping creep experiment
@® Conventional creep experiments
le-10 4 . . .
300 320 340 360 380 400
Differential stress (MPa)

b 10000 T T T T

Power law
y = 1.652x7 3197
R? = 0.997

1000}

Exponential
y = 4,59¢0-0928x
R? = 0.995

10¢

Time-to-failure (minutes)
o
o

1
300 320 340 360 380 400
Differential stress (MPa)

Fig. 5. (a) Semi-log plot of creep strain rate against differential stress (Q) from both
conventional creep experiments (filled circles) and stress-stepping creep experiments
(hollow squares). (b) Semi-log plot of time-to-failure against differential stress for the
four conventional creep experiments shown in Fig. 3. Experimental conditions are
displayed on the figures. Pc—confining pressure; Pp—pore fluid pressure. The power
law and exponential law fits to the experimental data are given on the figure. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

data also show that the strain rates measured in stress-stepping creep
experiments are entirely consistent with those from conventional creep
experiments (Fig. 3) under the same conditions.

Since stress-stepping is more experimentally efficient (as dis-
cussed above), we have used this technique to investigate the effect of
varying the effective confining pressure on creep strain rates. Stress-
stepping experiments were run at Peff values of 10, 30 and 50 MPa
(whilst maintaining a constant Pp of 20 MPa). The results are
presented in Fig. 6, again plotted on semi-log axes. The results
illustrate the sensitivity of brittle creep to even modest changes in
Peff. As Peff is increased, creep strain rates are shifted to much lower
values for the same level of Q. This observation is entirely consistent
with the results from our constant strain rate experiments (Fig. 2)
which showed that the strength of EB increased significantly with
increasing Peff. However, the increase in strength seen in the constant
strain rate experiments as Peff was increased from 10 to 50 MPa was
only about 75%, while Fig. 6 shows that the decrease in creep strain
rate over the same Peff interval is multiple orders of magnitude.
Furthermore, the gradients of the lines in Fig. 6, describing the relation
between creep strain rate and Q, also decrease significantly as Peff is
increased. Again, the data can be described equally well by either a
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Fig. 6. Semi-log plot of creep strain rate data from stress-stepping experiments performed at effective confining pressures of 10 (solid squares), 30 (solid circles) and 50 MPa (solid
triangles). Peak stress data from constant strain rate experiments (Fig. 2) are also plotted as open symbols at the appropriate strain rate. Experimental conditions are displayed on the
figure. The power law and exponential law fits to the experimental data (for 10 and 50 MPa only, the fits for the 30 MPa data are shown on Fig. 5a) are given on the figure.

power or exponential law, with the governing equations and R®
values given on Fig. 6.

4.4. Microstructural observations

We performed an additional conventional creep experiment in
order to investigate the level of microcracking during secondary
creep. In this experiment, a sample of EB was allowed to deform under
a Q of 316 MPa until a significant proportion of secondary creep had
elapsed, with care taken to ensure that the deformation was stopped
prior to the onset of accelerating tertiary creep. After the desired
amount of deformation had been achieved, the sample was carefully
unloaded and removed from the apparatus. It was then impregnated
with epoxy resin and cut in order to obtain thin sections for
microstructural imaging using a field-emission scanning electron
microscope (FESEM). For comparison, similar thin sections were
prepared from (1) undeformed material and (2) a sample that had
been taken to failure after tertiary creep under the same value of Q.
Photo-micrographs from all three samples are shown in Fig. 7.

Fig. 7a, b and c¢ shows photomicrographs of the undeformed
material. The microcracks seen in the images illustrate the pervasive
nature of the pre-existing microcrack damage in the EB used in this
study, just as reported in previous studies on the same material
(Benson et al., 2006; Fortin et al., 2011; Vinciguerra et al., 2005). Long,
low aspect ratio microcracks are observed to have propagated
thorough both the fine-grained matrix and larger crystals (Fig. 7a
and c). In particular, many olivine phenocrysts are highly fractured
(Fig. 7b).

Fig. 7d shows a composite photomicrograph of the sample from the
experiment that was stopped after a significant proportion of
secondary creep (as shown in the inset Fig. 7e). Here, a significant
proportion of the pre-existing microcracks have propagated and
started to coalesce into longer cracks. However, we consider that the
majority of this deformation is more likely to have occurred during the
>2% axial strain imposed on the sample during the constant stress rate
loading to reach the 316 MPa creep stress than during the 0.02% axial
strain accumulated during the creeping portion of the experiment.

Photomicrographs from the sample taken to failure after tertiary
creep are shown in Fig. 7f, g and h. Fig. 7f shows a section of the

macroscopic shear fault that traversed the sample during failure (also
shown in full in Fig. 7i), and Fig. 7g and h shows zoomed-in images
from that section. We observe that the majority of the deformation is
localized, with deformation-induced microcracking only found adja-
cent to the macroscopic fault plane. Indeed, Fig. 7h shows that only a
few millimeters from the fault the microstructure appears essentially
the same as that of the undeformed material.

While these observations are helpful in gaining a qualitative
understanding of how the deformation progresses, we are forced to
conclude that, taken together: (1) the pervasive network of pre-
existing microcracks, (2) the small proportion of the total strain that is
accumulated during creep relative to the initial, constant stress rate
loading, and (3) the localized nature of the deformation during
tertiary creep to failure, all militate against a unique quantitative
interpretation of these microstructures. Similarly, Fortin et al. (2011)
systematically measured the crack density of undeformed and failed
samples of EB before and after constant strain rate deformation
experiments. They found no significant variation in crack density
between the different samples, but some indication of an increase in
crack alignment in the deformed (failed) samples, in agreement with
our observations reported above.

5. Discussion

5.1. Creep strain rates, damage levels and the influence of effective
confining pressure

In this study, we have shown that water saturated basalt from Mt.
Etna volcano exhibits trimodal brittle creep behavior when held
under a constant Q that is a high proportion of op,. Both creep strain
rates (Figs. 5a and 6) and times-to-failure (Fig. 5b) are shown to be
strongly dependent on the level of Q (and can be equally well
described by either a power or an exponential law), as previously
observed for brittle creep in sandstones (Baud and Meredith, 1997;
Heap et al., 2009a, 2009b; Ngwenya et al., 2001).

We note from our conventional creep data that the value of total
axial strain at the onset of tertiary creep (marked by dashed horizontal
lines on Fig. 3) is essentially the same (2.214-0.01%) regardless of Q and
the three orders of magnitude difference in the length of time required
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Fig. 7. FESEM photomicrographs of thin sections of EB taken: (1) in the undeformed state, (2) after a significant amount of secondary creep, and (3) after macroscopic failure. Inset in
(2) shows the strain-time curve for the experiment, with the filled circle indicating the point at which the experiment was stopped and the dashed line indicating the projected path

to failure. Inset in (3) shows the failed sample and an undeformed sample for comparison.

to reach this point (from 4 min to over 4000 min). This is true, even
though 96% of the total strain is accumulated during the initial constant
stress rate loading and only 4% during the creep deformation. Similarly,
we also note that all three proxy measures of damage (axial strain,
porosity change and cumulative AE energy) accumulate very similar
values during primary and secondary creep (again marked by dashed
horizontal lines in Fig. 3); axial strain of 0.10 & 0.02%, porosity change of
0.1540.05 and cumulative AE of 2400+ 300 units. Taken together,
these observations suggest that a critical level of damage is required to
initiate the onset of acceleration to failure (tertiary creep). This is
consistent with observations of the same phenomenon in previous
experimental studies of brittle creep in other rocks (Baud and Meredith,
1997; Heap et al., 20093, 2009b; Kranz and Scholz, 1977).

Results from stress-stepping creep experiments have illustrated
that even a modest increase in Peff result in very large decreases in
creep strain rates, for any given Q. These decreases can only be
partially explained by the known increase in strength (op) with
increase in Peff as shown in Fig. 2. At Peff values of 10, 30 and 50 MPa,
the o, values were 291, 387 and 504 MPa respectively, and these
values have been added to Fig. 6 (open symbols) at the appropriate
strain rate of 107°>s~! for comparison. Fig. 6 shows that, while
substantial changes in creep strain rate can be attributed to the purely
mechanical influence of changing Peff (e.g. the inhibition of tensile
crack growth); this can by no means explain all of the observed
changes. We see that the shift along the differential stress axis is
greater for the creep data than for the constant strain rate data. Similar
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to Heap et al. (2009a), we suggest that the larger than expected
changes in strain rate are due to changes in the rate of water-rock
chemical reactions at the different effective pressures. Any decrease in
crack aperture at higher Peff will inhibit the transport of reactive
species to the crack tips, thus inhibiting the rate of stress corrosion
cracking. Conversely, any increase in crack aperture at lower Peff will
enhance transport and thus enhance the rate of cracking. These
observations are consistent with previously published observations of
creep in granite and sandstone (Kranz, 1980; Ngwenya et al., 2001).

Also evident in Fig. 6 is that the creep strain rate-Q curves show a
decrease in gradient as Peff is increased. The reason for this decrease is
not clear, but is likely to result from a combined chemical and
mechanical effect. Further investigation would require comparative
measurements on both dry and saturated samples over the same
range of Q and strain rate. We note, however, that very similar
changes in the gradients of creep strain rate-Q curves were seen
during brittle creep of sandstone, as reported by Heap et al. (2009a).

5.2. Macroscopic creep law

Macroscopic creep laws are necessary if we wish to extrapolate our
laboratory data in an attempt to understand the process of brittle creep
in rocks at the time-scales and strain rates that are typical of large scale
deformation in the crust. Recently, Heap et al. (2009a) demonstrated
that the mean-field damage mechanics model of Main (2000) was able
to reproduce the strain-time curves from their creep experiments on
sandstone. This model invokes a two stage process: (1) strain hardening
that involves distributed crack damage, and (2) strain softening that
involves crack interaction and coalescence. The strain rate associated
with process (1) is expected to decrease as a power-law function of
time, and hence this signal will dominate in the early stage of
deformation. The strain rate associated with process (2) is expected to
accelerate as a power-law function of time and hence dominate in the
later stage of deformation. In this scenario, secondary (constant strain
rate) creep emerges simply as an extended balance between these two
competing processes. The evolution of total strain () with time, for
instantaneous loading to the creep stress, is consequently a sum of these
two accelerating and decelerating power-law rate functions and shown
by Main (2000) to be:

Q) = 0 +t/T)" + 0y (1-t/57) (1)

where the amplitudes Q; and Qy; represent primary and tertiary creep
components respectively, T is the characteristic transient timescale
associated with primary creep, tyis the asymptotic failure time and m
and v are positive power law exponents.

Rigorous statistical fitting of such a two-component power-law
model with six parameters to experimental creep strain data is a
challenging problem in non-linear statistical inference and beyond
the scope of the current paper. Additionally, the model requires
further development in order to accommodate the finite time of
loading to the creep stress at constant stress rate in our experiments,
and this is the subject of current work. Here, therefore, we fit a single
power-law model to the final one third of the strain data from each of
our four conventional creep experiments (Fig. 3), since this
encompasses all of the accelerating (tertiary) phase, where process
(2), strain softening, is expected to dominate. For these phases of the
experiments, the evolution of strain rate with time is expected to be
approximated by:

dQ/dt = k(l—t/tf> . 2)
where k is the strain rate at t=0 and p =1+ v. We apply a maximum

likelihood fit, using a generalized linear regression model to the strain
rate data, assuming a Gaussian error structure. The maximum-

likelihood fit minimizes bias in the inversion. The fit to strain rate,
instead of fitting the model to total or cumulative strain, is consistent
with the assumptions of independent or uncorrelated data inherent in
the regression technique (Greenhough et al., 2009). Gaussian error
structure is a priori consistent with the qualitative pattern of the
scatter on the data in Fig. 5. We define the failure time () as the time
of maximum strain rate.

Power law plots of strain rate as a function of time before failure
(tg—t) from the maximum-likelihood model (with 95% confidence
limits) are shown in Fig. 8, together with the experimental data (solid
symbols). The distribution of data points about the model fits is, a
posteriori, generally consistent with assumption of a Gaussian error
structure. Overall, there is no evidence for any strain rate dependence of
the tertiary creep exponent, implying a single underlying process that is
independent of strain rate within the three orders of magnitude studied
here. More remarkably, the exponent p =1 + v has a mean value of close
to 1.04+£0.3. This value is consistent with accelerating power-law
exponents observed in analogous natural systems such as tectonic
seismicity rates (e.g. Bufe and Varnes, 1993; Hainzl et al., 1999) and
seismicity and strain rates before volcanic eruptions (e.g. Kilburn and
Voight, 1998; Voight, 1988). This apparent universality is remarkable,
given the range of spatial and temporal scales involved. Regional
tectonic strain rates in active zones are on the order of 10~ 1> s~!
(Ekstrom and England, 1989; Whitten, 1956; Wood, 1973), compared to
10~ 8 s~ for the slowest of our laboratory tests, and occur on scales of
hundreds of km rather than a few cm. This implies a universality of
scaling across 7 orders of magnitude in both space and time.

Apart from their intrinsic interest, volcano-tectonic settings are
useful in examining scaling relations for constitutive rules of brittle-
field rock deformation because the strain rates are higher, and involve
a less dramatic extrapolation from laboratory rates. Although highly
variable, typical deformation rates at volcanic edifices are on the order
of 10~ "' s~ ! and faster (see Takada, 1994 and references therein) on
objects a few km in diameter, i.e. only three orders of magnitude in
time and five in space compared with the slowest laboratory tests
presented here.

5.3. Is brittle creep an important process at active basaltic volcanoes?

Our experimental results have shown that basalt undergoes brittle
creep at pressures and strain rates expected to exist within volcanic
edifices. Further, this combination of material and environment
appears ideal for the occurrence of geologically fast rates of stress
corrosion cracking. Firstly, edifice-forming basaltic rocks commonly
contain a high density of pre-existing crack damage (e.g. see Heap
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Fig. 8. Maximum-likelihood power-law fits to the accelerating phases of strain for the
conventional creep experiments shown in Fig. 3, together with their 95% confidence
limits.
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et al., 2009c; Vinciguerra et al., 2005), providing both multiple stress
concentration sites for the nucleation of crack growth and multiple
pathways for fluid transport to crack tips. Secondly, and somewhat
related to the first point, the rocks are also commonly porous and
highly permeable (Vinciguerra et al., 2005). For this reason volcanic
edifices commonly host large reservoirs of water, an essential
prerequisite for stress corrosion cracking. Finally, although the
influence of temperature on time-dependent brittle creep in basalt
was not specifically addressed in this study, it is well-known that
stress corrosion reactions are significantly enhanced at elevated
temperatures, as would be the case with circulating magmatic fluids
(Driesner and Geiger, 2007; Meredith and Atkinson, 1985; Michalske
and Bunker, 1987; Michalske and Freiman, 1982; Waza et al., 1980).

Seismic activity and subsequent strain release recorded between
1993 and 2005 at Mt. Etna volcano are presented in Fig. 9 (after Allard
et al., 2006) and are seen to display temporal characteristics
comparable with the phases of primary, secondary and tertiary
creep observed in our laboratory experiments (Fig. 3). Strain release is
seen to accelerate prior to either dyke intrusion (January 1998) or
eruption (July 2001). Afterwards, the strain release decelerates before
reaching a steady rate. This brittle deformation, interpreted as due to a
step increase in stress caused by magma intrusion (Palano et al.,
2009), consists of ground deformation of the order of tens of
centimeters and the occurrence of swarms of thousands of earth-
quakes, with magnitudes up to 4.5. After a period of time, strain
release accelerates again and another dyke intrusion/eruption occurs.
Although this volcanic example involves only the seismic component of
strain (and does not therefore take into account aseismic creep on faults,
and aseismic dike opening, e.g. Baer and Hamiel, 2010; Baer et al., 2008;
Grandin et al., 2009; Wright et al., 2006), we believe it is indicative of the
wider pattern of deformation. Firstly, Voight (1988) showed that both
strain rate and energy release rate before volcanic eruptions can be
observed to follow similar accelerating trends. Secondly, our experi-
ments show that strain-rate and seismic AE rate follow very similar
trends (Fig. 3).

The lava piles at Mt. Etna are pervasively fractured at all scales.
While meso- and macroscopic faults are usually very important for
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driving large-scale deformation, combined GPS and radar interfer-
ometry (InSAR) measurements at Mt. Etna indicate that deformation
is not restricted to large fault systems (e.g. see Palano et al., 2008); nor
do they identify a large décollement surface. This suggests that the
large-scale deformation must be, to some degree, accommodated by
the time-dependent deformation of the edifice-forming rocks, rather
than the simple reactivation of pre-existing faults or fractures. We
also note that it is now well-established that fracturing is a scale-
invariant process across many orders of magnitude. Fracture scaling,
using the well-known size-frequency scaling relation of Aki and
Richards (2002) has previously been applied successfully to labora-
tory AE and fracture data on basalt under a range of experimental
conditions. For example, Burlini et al. (2007) applied this technique to
high temperature fracture and dyke penetration, and Benson et al.
(2008) applied it to long-period seismicity associated with rapid fluid
flow in fractures, over 5 orders of magnitude. It should not be
surprising that creep laws obtained in the laboratory scale directly to
volcano settings (e.g. Voight, 1988) since, stress corrosion constitutive
laws for the microscopic process, rheological laws for the mesoscopic
behavior of bulk rock, and a simple fracture percolation law near the
macroscopic percolation threshold (which accounts in the simplest
way for structural and material heterogeneity), are all consistent with
power-law acceleration to failure (Main, 1999). This implies that the
constitutive laws reflect the statistical physics of sub-critical processes
rather than solely the underlying cause. They would therefore be
expected to have the same constitutive laws (exponential or inverse
power law acceleration) albeit with different exponents. Neverthe-
less, stress corrosion is an important known microscopic process in
rock deformation, and is enabled by the high pore pressures, high
temperatures, and low loading rates expected within a volcanic
edifice. The material strengths obtained in our laboratory experiments
would be an upper bound to the failure stresses for a much
larger object such as a volcanic edifice which itself is subject to near
critical constant or very slowly varying (i.e. ‘creep’) stresses due to a
combination of high pore pressures (low normal stresses) and high
slope angles (high shear stresses). We would therefore expect
different processes to operate on different scales, and here we
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Fig. 9. Deformation at Mt. Etna volcano between January 1993 and July 2005 (after Allard et al., 2006). Seismic event rate is shown in red, and cumulative strain release is shown in
gray. The January 1998 dyke intrusion and the July 2001 eruption are also indicated. Earthquake event rate is shown by the red bars, and cumulative strain release is shown by the
shaded (gray) area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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emphasize the microscopic one, while accepting that renormalization
to larger scale is likely to involve changes in the distribution
exponents.

However, we would urge caution in applying our laboratory
deformation results directly to time-dependent deformation of
volcanoes. In the laboratory we are able to control the stress, the
confining pressure and the pore fluid pressure and chemistry
precisely on a relatively homogeneous and isotropic sample. By
contrast, all of these parameters, as well as temperature, are likely to
be spatially heterogeneous within any large volcanic edifice. This
means that the time-dependent material response to stress is likely to
be much more complex in a volcano than that in a laboratory sample.
Volcano deformation is more likely to comprise an aggregate of
deformation on different heterogeneous elements, each undergoing
brittle creep, but with different material properties and subject to
local stress, temperature and pore fluid conditions. Nevertheless, the
underlying process of time-dependent brittle creep is likely to be an
important deformation mechanism operating in all stressed, basaltic
volcanic edifices and therefore should be taken into account when
assessing their deformation state and stability.

6. Conclusions

1. We have shown that a basalt from Mt Etna undergoes time-
dependent brittle creep when held at a Q that is a high proportion of
0p. All three classic creep phases, primary (decelerating), secondary
(steady-rate) and tertiary (accelerating), were observed.

2. Both creep strain rates and times-to-failure are shown to be highly
dependent the level of Q (and can be equally well described by a
power law or an exponential law).

3. We note from our conventional creep data that the values of
damage at the onset of tertiary creep are essentially similar
regardless of Q and the three orders of magnitude difference in the
length of time required to reach this point (from 4 min to over
4000 min). These observations suggest that a critical level of
damage is required to initiate the onset of acceleration to failure
(tertiary creep).

4. Results from stress-stepping creep experiments have demonstrat-
ed that even modest increases in Peff result in very large decreases
in creep strain rates, for any given Q. We suggest that only part of
this change can be attributed to the purely mechanical influence of
an increase in pressure, the remainder is interpreted as due to a
reduction in stress corrosion reactions, a result of a reduction in
crack aperture that restricts the rate of transport of reactive species
to crack tips.

5. A generalized linear regression power-law model, fit to the final
one third of the strain data from each of our four conventional
creep experiments, suggests that there is no evidence for any strain
rate dependence of the tertiary creep exponent, implying a single
underlying process.

6. Seismic activity and subsequent strain release recorded between
1993 and 2005 at Mt. Etna volcano is seen to display temporal
characteristics comparable with the phases of primary, secondary
and tertiary creep observed in our laboratory experiments. We
therefore propose that the underlying process of time-dependent
brittle creep is likely to be an important deformation mechanism
operating in all stressed, basaltic volcanic edifices.
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