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Abstract Most studies of thermally induced cracking in rocks have focused on the generation of cracks
formed during heating and thermal expansion. Both the nature and the mechanism of crack formation
during cooling are hypothesized to be different from those formed during heating. We present in situ
acoustic emission data recorded as a proxy for crack damage evolution in a series of heating and cooling
experiments on samples of basalt and dacite. Results show that both the rate and the energy of acoustic
emission are consistently much higher during cooling than during heating. Seismic velocity comparisons
and crack morphology analysis of our heated and cooled samples support the contemporaneous acoustic
emission data and also indicate that thermal cracking is largely isotropic. These new data are important for
assessing the contribution of cooling-induced damage within volcanic structures and layers such as dikes,
sills, and lava flows.

1. Introduction

We present a generic study on the fracture development during heating and cooling of volcanic rocks, which is
important as most studies to date have focused only on the heating part of a heating and cooling cycle [e.g.,
Fredrich and Wong, 1986; Richter and Simmons, 1974; Simmons and Cooper, 1978; Meredith et al., 2001;
Vinciguerra et al.,, 2005]. A notable exception is the work of Bruner [1979, 1984] who modeled fracturing induced
during the cooling and stress relaxation associated with unroofing of granite intrusions. Crustal segments host-
ing active (and therefore hot) magma chambers and associated intrusions experience complex stress regimes,
commonly generated by a combination of regional tectonic forces and local the fluid pressures of magma
chambers and intrusions (dikes, inclined sheets, and sills) [Gudmundsson, 2012]. While changes in stress around
magma chambers have been widely studied [e.g., Gudmundsson, 2006], thermal stresses have received much
less attention. Any thermal stressing produces damage in rocks [David et al,, 1999]. While we do not attempt
to specifically model volcanic systems, the thermal stresses generated in such systems, like mechanical stresses,
are likely to be generated cyclically [Heap et al., 2013b] through new, hot magma received from time to time by
the chamber and repeated intrusion and extrusion of magma. Such cyclicity may gradually produce additive
rock damage, pushing the magma chamber toward failure, that is, rupture [Browning et al., 2015]. In addition,
the joints and fractures formed during this process also contribute to the formation of magma paths
[Gudmundsson, 2011]. However, it is also possible that annealing and healing of fractures may occur at high
temperatures between the main thermal-stress events. Some non-double couple earthquakes have been inter-
preted as being due to cooling and extension-fracture development (or formation) (columnar joints) related to
the contraction of intrusions (e.g., thick sills) as well as large magma chambers [Miller et al., 1998]. Non-double
couple earthquakes have also been related to cooling and contraction of rocks due to fluid injection at geother-
mal sites [Julian et al., 2010]. Targeted injection of cool fluids is a technique employed by the geothermal indus-
try to force rapid contraction of the host rock around a borehole and force preexisting cracks to dilate and
reopen or to form new extension fractures [Brudy and Zoback, 1999; Kitao et al., 1990]. The aim is to increase
reservoir permeability and fracture surface area and thereby enhance the efficiency of the geothermal system.
In addition to these processes, it is likely that cooling-related fractures increase the permeability and rate of
degassing of magma in shallow conduits [Tuffen and Dingwell, 2005; Tuffen et al., 2003] as well as at the
surface in viscous domes and lava flows [Cabrera et al., 2011; Gaunt et al., 2016].

When subjected to a change in temperature a rock mass will fracture when the thermal stresses generated by
expansion or contraction of individual grains in contact with other grains reach the tensile or shear strength
of the material. In the absence of thermal shock or high thermal gradients, thermal stresses are generated by
two main mechanisms: (1) mismatch in thermal expansion coefficients between different minerals and
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(2) thermal expansion anisotropy within single minerals. Hence, even in a monomineralic rock where the indi-
vidual grains are randomly oriented stress will build up between grains on heating or cooling as they expand
or contract by different amounts and in different directions. In a polymineralic rock the situation is exacer-
bated. In all the experiments reported here, samples were heated and cooled at low controlled rates so as
not to induce thermal shock or high thermal gradients.

Here we report results from a series of experiments using a new apparatus designed to allow acoustic emis-
sions (AEs) to be monitored during cracking associated with expansion and contraction of thermally treated
cores of volcanic material. These experiments are used to test ideas on the magnitude and frequency of
cracking due to thermal stresses, with a direct comparison between expansive and contractive stresses.
Acoustic emissions, ultrasonic wave velocities, and microcrack analyses are used as proxies for understanding
likely fracture modes. One difficulty when studying cooling-induced cracking in the laboratory is that the rock
samples must necessarily be heated first so that post mortem studies will show a pattern of cracks generated
partly during the heating and partly during the cooling part of the cycle. We therefore provide contempora-
neous measurements of AE which act as a proxy for the number and relative size of microcracks. This data set
is complemented by static measurements of ultrasonic wave velocities and microcrack image analysis of
rocks both preheat and postheat treatments. The results presented form a generic study of thermal crack
damage and are important over a range of volcanic environments and magmatic processes. Here, however,
we focus primarily on the general process and mechanics of the thermal stressing.

1.1. Sample Characterization and Preparation

Two fine-grained igneous rock specimens were selected for the thermal stressing tests. An intrusive basalt from
SW Iceland, Seljadalur basalt (SB), which has been widely used in rock physics studies [e.g., Vinciguerra et al., 2005]
and whose chemical and mechanical properties are well known. SB is a sill of tholeiite basalt dominated by an
intergranular matrix of plagioclase, granular pyroxene, and iron oxides. Partially oriented plagioclase is found
along with a rare abundance of augite, olivine, and an interstitial glass phase. SB has a density of
2900 kg/m* + 10 kg/m>, a mean grain size of ~80 um, and an initial porosity of ~4%. The second specimen is a
high-silica extrusive dacite lava from the 1939-1940 Reck flow on Nea Kameni (NKD), Santorini [Pyle and Elliott,
2006]. The dacite lavas of Nea Kameni are petrophysically well studied [e.g., Barton and Huijsmans, 1986]; how-
ever, remarkably little work has been conducted on the mechanical properties of Santorini’s recent lavas. NKD
is a glass-bearing dacite with a density of 2200 kg/m? + 10 kg/m>, a fine-grained groundmass hosting ~ 500 um
phenocrysts of plagioclase and an initial porosity of ~10%. NKD has a porphyritic texture dominated by plagio-
clase, pyroxene, iron oxides, and rare sanidine. Since the dacite lava is extrusive it has undergone a cooling history
very different from that of the basaltic sill. Core samples with a diameter of 25 mm and a length of 70 mm were
prepared from both rock types with their end surfaces ground flat and parallel using a surface grinder.

1.2. Experimental Apparatus and Calibration

Core samples were held within a purpose-built testing jig manufactured from 310 steel alloy capable of
sustaining temperatures up to 1100°C without significant corrosion. The jig is ~1 m in length and comprises
a series of rods and springs to hold the sample under constant end-load within the central, uniform tempera-
ture section of a Carbolite CTF12/75/700 tube furnace while allowing for expansion and contraction, as
illustrated in Figure 1. The central rods act as acoustic waveguides and are of sufficient length to enable
the AE transducer to be located outside the furnace where it remains cool. The external springs allow the cen-
tral rods to move in response to sample expansion and contraction during heating and cooling while also
allowing a uniform contact between the waveguide and sample to be maintained throughout the experi-
ments. Temperature was controlled by a multistage programmable temperature controller via a signal fed
from a thermocouple within the furnace. Sample temperature was measured by a second thermocouple
attached directly to the sample surface. All experiments were conducted at ambient pressure.

Prior to conducting any thermal cracking experiments on the samples, we ran a series of calibration experi-
ments to quantify the thermal gradient within the samples and the level of acoustic noise generated by the
testing jig. Using two thermocouples, we were able to establish that the temperature difference across
our samples was ~1°C at a heating rate of 1°C/min, and using a noncracking glass sample, we found that
the AE “noise” was less than 1% of that generated using our rock samples (see supporting information for
further details).
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Figure 1. Experimental arrangement used for thermal stressing experiments. The 1 m stainless steel jig assembly clamps
the sample centrally within the constant temperature zone of the furnace while allowing for expansion and contraction.
The central rod acts as an acoustic wave guide with an AE recording transducer clamped to one end.

2. Methodology

In all thermal stressing tests, samples were heated at constant rates of either 1 or 8°C/min in order to investigate
the effects of different heating rates. After heating to a predetermined maximum temperature, the samples
were then held at that temperature for 30 min, more than sufficient to allow for temperature equilibration (sup-
porting information). Samples were then cooled at one of two rates, either a constant controlled rate of 1°C/min
or the natural cooling rate (which varies as a function of temperature above ambient). In order to capture
dynamic crack growth and nucleation events during our thermal stressing tests we record contemporaneous
acoustic emissions (AEs). A Panametrics V103 piezoelectric P wave transducer was attached to the end of one
of the steel wave guides. The received signal was then passed through a preamplifier and recorded using a
Vallen AMSY-5 acoustic emission analyzer connected to a PC. For each AE hit, we record both the arrival time
and the full waveform. The arrival times are used to calculate the hit rate, which can be used as a proxy for
the contemporary rate of cracking. The area under the envelope of each discrete waveform provides a measure
of the energy of each AE hit, which acts as a proxy for the relative size of the associated increment of crack
extension (see Cox and Meredith [1993] for a detailed description of the AE recording method and analysis).

3. Results
3.1. AE and Thermal Cracking

In Figure 2 we plot AE energy and temperature as a function of time for both SB and NKD and at two heating
rates, 1°C/min and 8°C/min, respectively. In every test, both the AE hit rate and the energy were notably
higher during the cooling part of the thermal treatment cycle than during the heating part of the cycle
(Figure 2 and Table 1). The onset of sustained output of AE occurs at a very similar temperature of around
800°C during cooling in all experiments. Although SB produces a significantly higher rate of AE energy output
at higher heating and cooling rates, this effect is less apparent for NKD. The lowest AE rates occur consistently
during the hold periods at maximum temperature, which suggests that thermal equilibration is reached and
that any thermal stress is therefore minimized.

In Table 1 we provide a quantitative comparison of the AE statistics. Specifically, we compare the number of
AE hits and the hit rate, together with the AE energy and energy rate, for both rock types during a 1°C/min
heating and cooling cycle. This is a useful comparison, because both the heating and the cooling parts of
the cycle have the same duration in these tests. By contrast, a direct comparison of AE data for tests at higher
heating rates and the natural cooling rate is not meaningful because the duration of the cooling phase is
much greater than the heating phase. In each case in Table 1, it is clear that, significantly, more AE is gener-
ated during cooling than during heating.

3.2. Acoustic Wave Velocities and Crack Distribution

Radial P wave velocity (Vp) as a function of azimuth is reported in Figure 3 alongside crack distribution maps.
The P wave velocity for as-received Seljadalur basalt (SB) is 5.52 + 0.12 km/s and for Nea Kameni Dacite (NKD)
is 5.29+0.04 km/s. The variation with azimuth is very small, and both materials are essentially isotropic.
Following heat treatment of SB to 1100°C and NKD to 800°C, the P wave velocities decreased substantially
for all samples along all azimuths so that the isotropy was maintained. Velocity decreases are most significant
in SB where Vp dropped by around 45% to a mean value of 3.03 +0.17 km/s. For NKD, the decrease was smal-
ler but still significant; by around 21% to a mean value of 4.15+0.10 km/s.
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Figure 2. Acoustic emission energy and temperature over time for two rock types (Seljadalur Basalt, SB, and Nea Kameni
Dacite, NKD) and two different heating (1°C/min and 8°C/min) and cooling rates (black dashed lines). Red indicates AE
generated during the heating phase, and blue indicates AE generated during the cooling phase.
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Figure 3. SEM image and measured crack distribution map from an as-received, nonheat treated SB basalt sample, and
NKD dacite. SEM image and measured crack distribution map from an experimentally heat-treated basalt sample to
1100°C (SB-PHT) and dacite to 800°C (NKD-PHT). Radial P wave velocities for SB and NKD are indicated for as received (solid
line) and postheat treatment (dashed line) samples.
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Table 1. Acoustic Emission Hits, Hit Rates, Energy, Energy Rates, and Energy/Hit (E) for a 1°C/min Heating and Cooling
Test on Seljadalur Basalt (SB) and Nea Kameni Dacite (NKD)?

Heating/Cooling Rate = 1°C/min  Total Hits  Hit Rate (min~")  Total Energy (AU)  Energy rate (min~")  E(AU)

SB heating 2 0.04 8.0x10° 04 19
SB cooling 6166 6.45 3.8x10° 3.9x 102 62
NKD heating 1310 1.60 25x10* 30 19
NKD cooling 8573 9.02 1.0x 10° 1.0x10° 117

?Italicized text indicates acoustic emissions recorded during heating. Bold text indicates acoustic emissions recorded
during cooling.

Crack distributions were mapped and analyzed from SEM imagery, from the same core of both as-received
and heat-treated samples. As-received SB samples exhibited an abundance of preexisting microcracks that
were generally evenly distributed throughout the samples. The cracks ranged in length from approximately
25 um to 150 pm. Heat treatment appeared to substantially increase the total number of cracks but did not
significantly increase their average length. Cracks were essentially isotropically oriented and distributed
homogeneously throughout. The total number of cracks in SB increased by around 42% following heat
treatment, while for NKD the increase was lower at around 20%. Clearly, the SEM images provide only a
two-dimensional view of a three-dimensional problem, so we consider the recorded increases to represent
a minimum change. They also do not allow us to discriminate between cracks generated during heating
and cooling. Furthermore, the as-received and heat-treated crack distributions were measured on different
samples, so the data need to be interpreted with caution due to natural sample variability.

Nevertheless, both the ultrasonic wave velocity and the image analysis data act to support our contempora-
neous AE data and show that significant cracking occurs as a result of thermal stressing.

4, Discussion

Most studies dealing with thermal cracking in rocks have concentrated on cracking during heating [e.g.,
Richter and Simmons, 1974; Simmons and Cooper, 1978; Fredrich and Wong, 1986; Meredith et al., 2001;
Vinciguerra et al., 2005]. A few studies have presented anecdotal evidence of substantial cracking during cool-
ing [e.g., Heap et al., 2013a; Mollo et al., 2013] and one [Bruner, 1979, 1984] modeled fracturing induced by the
cooling and unroofing of granite intrusions.

As we noted earlier, a major problem when studying cooling-induced cracking in the laboratory is that the rock
samples must necessarily first be heated. All post-test samples therefore necessarily exhibit cracking that was
generated partly during the heating phase and partly during the cooling phase of the experiment. Hence, com-
parative pre-test and post-test measurements on thermally treated samples, such as ultrasonic wave velocities
and image analysis, are inherently unable to discriminate between heating-induced cracks and cooling-
induced cracks. We therefore use the AE output, which is measured contemporaneously with temperature
during both heating and cooling, as our primary data source for monitoring the evolution of thermal cracking.

In order to highlight the differences between heating-induced and cooling-induced microcracking, we pro-
vide a comparison between the number and average energy of AE hits generated during both the heating
and the cooling phases of tests conducted at heating and cooling rates of 1°C/min on samples of both SB
and NKD in Table 1. We find that the vast majority of AE energy results from thermal cracking generated dur-
ing the cooling phase rather than during the heating phase; 99.8% for SB and 97.5% for NKD. As for SB, not
only are there 147 times as many hits during the cooling phase as during the heating phase, but their average
energy is also more than 3 times greater, resulting in a total AE energy that is approximately 500 times higher.
The implications are that many more cracks were generated during cooling and, also, that their average size
is larger. A similar, although less spectacular, result is seen for NKD, where the number of hits during cooling is
6.5 times higher, while their average energy is 6 times greater; resulting in a total AE energy that is about 40
times higher. So, the key questions are the following: (1) why is there so much more cracking generated dur-
ing cooling than during heating and (2) what are the mechanisms responsible?

4.1. Mechanical Processes Responsible for Thermal Cracking

In the absence of thermal shock, thermal cracking is generated by thermal expansion anisotropy within
single-mineral phases and thermal expansion mismatch between different mineral phases. Meredith et al.
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[2001] studied the microscopic origin of thermal cracking and quantified the thermal stresses produced by
thermal expansion anisotropy using neutron diffraction to analyze the thermal strains generated within
the crystallites of a pure quartzite during heating. They measured the thermal strains induced in the quartzite
and compared them with the thermal strains induced in a quartz powder produced by comminution of the same
rock. Each grain in the unconstrained quartz powder was free to expand fully, whereas each grain in the quartzite
was partially constrained by the expansion of its neighboring grains. This internal self-constraint leads to a large
thermal strain deficit in the quartzite in the high-expansion (a axis) direction and a small thermal strain excess in
the low-expansion (c axis) direction. These strain differences are maintained by the generation of anisotropic
thermal stresses. Thermal cracking, evidenced by a large burst of AE activity, commenced around 190°C when
the induced thermal stress exceeded a value close to the tensile strength of the quartzite. The mechanism
responsible for the thermal cracking is thus considered to be tensile fracturing due to high compressive stresses
along the a axes of quartz grains, aided by small, orthogonal tensile stresses along their c axes.

Fredrich and Wong [1986] studied thermal cracking during heating of three crustal rocks, two of which are
polymineralic (Westerly granite and Frederick diabase). They explained their data using a fracture mechanics
model that took account of both thermal expansion anisotropy and thermal expansion mismatch. In the
granite, grain boundary cracking occurred over a relatively narrow temperature range; commencing at
100° to 165°C, with a substantial proportion cracked by 250°C (and all cracked by 500°C). Most of these cracks
terminated at geometrical discontinuities along the grain boundaries. Intragranular cracks were seen to
grow at similar rates to the grain boundary cracks up to 250°C but then at a much higher rate above this
temperature. These cracks initiated at grain boundaries and propagated approximately normal to them until
terminating at some point within the grain interior (i.e., before becoming transgranular cracks). Thermal
cracking in the diabase required significantly higher temperatures, with very little cracking below 500°C
and significant crack densities only observed in samples heated above 1000°C. It was not possible to quantify
the relative contributions of grain boundary versus intragranular cracking in this rock.

Inclusion models are commonly used for the analysis of thermal cracking. Most early studies [e.g., Evans, 1974;
1978; Johnson et al., 1978; Wang and Heard, 1985] considered spherical inclusions for mathematical conveni-
ence. One problem is that while there are no sharp corners on a sphere, observations of Fredrich and Wong
[1986] show that many thermal cracks nucleate from and terminate at geometrical discontinuities. Their model
therefore considers the effect of a homogeneous temperature increase on the internal stress field of an angular
inclusion embedded within an effective medium. Many complicated geometries could be analyzed, but Fredrich
and Wong [1986] concluded that a relatively simple square inclusion captured all the key features. They
obtained analytical solutions for the mode-I (tensile) stress intensity factor of microfractures in close proximity
to the square inclusion as a function of normalized crack length (crack length divided by inclusion edge length)
for both thermal expansion anisotropy and thermal expansion mismatch. For thermal expansion anisotropy,
their analysis showed that crack growth was inherently stable with the stress intensity factor peaking at normal-
ized crack lengths of about 0.2 for grain boundary cracks and about 0.3 for intragranular cracks. For thermal
expansion mismatch, they found that intragranular cracking ceased at normalized crack lengths greater than
about 0.3, but that grain boundary cracking was inherently unstable, with the stress intensity factor increasing
for all crack lengths. Such cracks are therefore predicted to propagate along the whole grain boundary and only
terminate at a geometrical discontinuity (the corner of the square inclusion in their model).

As noted earlier, Bruner [1979, 1984] modeled fracturing induced by the unroofing of granite intrusions. His
analysis is expected to predict unstable cracking under all conditions (as noted by Fredrich and Wong [1986]).
This may be because, in considering unroofing, his analysis inherently considers both cooling and depressur-
ization. We therefore consider that the most appropriate scenario within which to interpret our data is that of
Fredrich and Wong [1986] with the signs changed to take account of both heating and cooling.

Considered within this framework, our observations suggest that the low AE energy generated during heat-
ing, within an overall compressional regime, is likely associated with small increments of extension of preex-
isting grain boundary cracks and the growth of a relatively small number of new, intragranular microcracks.
By contrast, the very high AE energy generated during cooling, within an overall tensile regime, is likely asso-
ciated with the formation of a significant number of full-length, tensile grain boundary cracks plus significant
increments of limited intragranular crack growth (especially at the highest temperatures). Our interpretation
of the contemporaneous AE data is supported by the complementary measurements and observations on
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preheat and postheat treated rocks that show substantially reduced seismic velocities and increased num-
bers and lengths of cracks in postheat-treated samples.

We therefore suggest that earlier studies which analyzed thermal cracking only occurring during the heating
phase [e.g., Jones et al., 1997] substantially overestimate the thermal crack damage induced by heating and
substantially underestimate the amount of thermal damage induced during cooling. We propose that the
amount of crack damage induced during cooling differs between our two rock types because of their
different cooling histories following emplacement. Extrusive lavas such as NKD experience faster cooling
and significant degassing which results in the development of vesicles and an extensive microcrack network.
Thermal treatment has thus less noticeable effect than that experienced in rocks formed in an intrusive envir-
onment, such as SB. The difference between damage generated during the heating phase and the cooling
phase can be explained in terms of the overall state of stress within the sample. It is well known that the ten-
sile strength (T,) of materials is substantially lower than the compressive strength (o.), where T,~0.10, [e.g.,
Gudmundsson, 2011]. It is therefore much easier for cracks to form in the overall tensile regime created during
cooling and contraction as oppose to the overall compressive regime created during heating and expansion.

4.2. Scaling of Experimental Data to Natural Conditions

Laboratory AE signals obey a power law relationship with source dimension (increment of crack growth), just
as field scale seismicity does; permitting similar statistics to be used to describe them both [Main, 1992;
Hatton et al., 1994]. Thus, although AE and seismic signals are very different in absolute values of frequency
and magnitude, they can be linked through frequency-length scaling [Aki and Richards, 1980], which offers a
robust method to assess the equivalence of physical processes between laboratory experiments and natural
events. In particular, Burlini et al. [2007] demonstrated that AE waveforms generated by thermal cracking dur-
ing laboratory experiments had remarkably similar spectrograms to those generated during low-frequency
volcanic events [McNutt, 2000]. Further studies have also shown that these scaling relationships hold for a
wide range of deformation processes, including volcanic long-period seismicity [Benson et al., 2008] and seis-
mic tremor [Burlini et al.,, 2009] in spite of the very different temperature rates; suggesting that the same
underlying physical processes are operative. For our experimental samples, the thermal cracking events dur-
ing cooling have a dominant frequency of ~1 MHz for crack increments from ~82 to 500 pm (from microstruc-
tural measurements of cracks in SB and NKD, respectively). In nature, low-frequency volcanic events are
reported to have dominant frequencies of 1-5 Hz associated with fracture lengths of hundreds to 1000 m
[McNutt, 2000; Burlini et al.,, 2007]. In consideration that dominant frequencies of seismic events (f) scale
inversely with source dimension (d) [Aki and Richards, 1980], we may write d¢/d| = f|/fr, where the subscripts
L and F denote measurements at the laboratory and field scale, respectively. Comparing our laboratory data
with the typical frequency and size of low-frequency volcanic events, we obtain fi/fr=2-10x10° and
dr/d, = 6-40 x 10°, indicating agreement between the laboratory and field cases within a factor of 3 to 4 over
6 orders of magnitude. Of course, it would be better if we were able to compare our laboratory results directly
with data from natural thermal cracking events, but no such comparable data are available in the literature.
However, if we consider natural cases such as columnar jointing or cooling cracks in the surface layers of lava
flows, dimensions in the range 0.2-20 m are commonly reported [e.g., Budkewitsch and Robin, 1994]. Hence,
we might anticipate associated seismicity with frequencies from about 10 Hz to about 1 kHz. We therefore
consider it a priority for further research on this subject to measure simultaneously the crack length and
frequency of associated seismic signals generated during natural thermal cracking events on volcanoes.

5. Conclusions

Our measurements and observations show that heating and resultant thermal expansion in volcanic rocks
acts to extend preexisting microcracks by only small increments or nucleate a relatively small number of
new microcracks. By contrast, contraction during cooling from high temperature encourages the growth
and extension of many more and larger, predominantly tensile, microcracks.

The results suggest that there is far more cracking during cooling than during heating. This is reflected in
contemporaneous acoustic emission data that show substantially higher AE rates and energies during cool-
ing than during heating. These high AE rates commence shortly after the onset of cooling and continue
throughout the cooling phase. Evidence from ultrasonic wave velocities and microstructural analysis shows
that thermal cracking is isotropically distributed. This is expected because thermal stresses are by nature
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isotropic. Furthermore, cooling and contraction generates an overall tensile stress which encourages crack
formation and growth because rocks are weaker in tension than compression.

These findings have important implications for the study of the cooling of volcanic rocks in a range of differ-
ent settings. It is already well known that extrusive lava flows such as those on Mt. Etna contain substantially
more crack damage than intrusive rocks, as noted from their lower P wave velocities [Vinciguerra et al., 2005].
Our observations show clearly that very significant amounts of crack damage are likely to be generated dur-
ing the emplacement and subsequent cooling of volcanic rocks, with implications for permeability and asso-
ciated movements of crustal fluids.
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