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Abstract Microcracking due to thermal stresses affects the mechanical and flow properties of rocks, which
is significant for thermally dynamic environments such as volcanoes and geothermal reservoirs. Compared with
other crustal rocks like granite, volcanic rocks have a complex and variable response to temperature; it remains
unclear how thermal microcracks form and how they are affected by temperature. We heated and cooled
samples of low‐porosity basalts containing different amounts of microcracks and a porous andesite over three
cycles, whilst monitoring microstructural changes by acoustic emission (AE) monitoring and measurement of
P‐wave velocity (vP; up to 450°C) and thermal expansion coefficient (TEC; up to 700°C). During the second
and third cycles, the TEC was positive throughout and the rate of detected AE was low. In contrast to studies on
granite, wemeasured a strong and reversible increase in vPwith increasing temperature (by 15%–40% at 450°C),
which we interpret as due to microcrack closure. During the first cycle, AE and vP measurements indicated
thermal microcracking within the andesite and the basalt with a low initial microcrack density. For these
samples, strong inflexions in the TEC indicated stress relaxation during heating, preceding significant thermal
microcracking during cooling. The basalt with a high initial microcrack density underwent little microcracking
throughout all cycles. Our results and a review of the literature relate the initial microstructure to the occurrence
of thermal microcracking and explore the potentially significant influence of temperature on volcanic rock
properties.

Plain Language Summary Microcracking due to thermal stresses affects the mechanical and flow
properties of rocks, playing an important role within volcanoes and geothermal reservoirs. Volcanic rocks
exhibit a complex response to temperature, and it remains unclear how thermal microcracks form and how they
are affected by temperature. Here, we repeatedly heated and cooled samples of basalt and andesite with different
initial porosities and microcrack content over three heating/cooling cycles, whilst monitoring for laboratory‐
scale seismicity and changes in acoustic wave velocity (up to 450°C) and sample length (up to 700°C). During
the second and third cycles, we measured a strong, reversible increase in wave velocity with increasing
temperature (by up to 40% at 450°C): opposite to measurements on granite, and which we interpret as due to
crack closure during heating. During cycle one, we detect thermal microcracking within the andesite and the
basalt with a low initial microcrack population. For these samples, anomalous thermal expansion during heating
is linked to the significant thermal microcracking during cooling. In contrast, the initially highly‐microcracked
basalt underwent little microcracking throughout. We relate the initial microstructure to the occurrence of
thermal microcracking, and explore how rock properties may significantly change with temperature.

1. Introduction
Thermal microcracking influences the physical, mechanical, and transport properties of rock (e.g., C. David
et al., 1999; Griffiths et al., 2017; Homand‐Etienne & Houpert, 1989; Meredith et al., 2012), and therefore may
influence geomechanical behavior and fluid flow within thermally active zones of the subsurface. These zones
include geo‐engineering sites such as underground disposal facilities for nuclear waste (Faletti & Ethridge, 1988;
Hodgkinson et al., 1983) and geothermal reservoirs (Grant, 2013; Huenges et al., 2013; Kolditz et al., 2013;
Tomac & Sauter, 2018), as well as natural sites such as volcanoes and fault zones.

Laboratory studies have established the occurrence of microcracking in volcanic rock due to thermal stressing and
its significant consequences on rock properties, such as elastic wave velocity and permeability. For example,
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Bauer and Handin (1983) measured the thermal expansion coefficient (TEC) of three rocks (Mt. Hood andesite,
Cuerbio basalt, and Charcoal granodiorite) during heating to 800°C at a rate of 5°C/min, under confining pres-
sures of 5, 50, and 100 MPa. They found that the thermal expansion of the bulk rock sample was greater than the
sum of the individual contributions of each mineral phase, which they attributed to the opening of thermal
microcracks during heating. Jones et al. (1997) measured an increase in the permeability of Seljadur basalt
(Iceland) following heating to temperatures between 400 and 700°C and cooling (permeability increased by
around a factor of nine when heated to 700°C), coinciding with a decrease in the P‐wave (vP) and S‐wave (vS)
velocities. Jones et al. (1997) attributed these results to an increase in microcrack density. Vinciguerra
et al. (2005) measured a decrease in vP of Seljadur basalt by more than 40% following heating to 900°C and
cooling, explained by the formation of thermal microcracks. Again, for Seljadur basalt, Nara et al. (2011)
measured a permeability increase by almost three orders of magnitude and a decrease in P‐wave velocity from
5.65 to 4.33 km/s when heated to and cooled from 800°C, owing to thermal microcracking.

However, laboratory studies have also shown that thermal stressing of volcanic rock does not always result in
thermal microcracking and therefore has a variable effect on rock properties. For example, Vinciguerra
et al. (2005) measured no significant change in the vP of a basalt from Mt. Etna (Italy) from an initial value of
around 3.2 km/s following heating to 900°C and cooling. M. J. Heap et al. (2009) also found no change in the
elastic moduli of the same basalt when heated to 900°C and cooled. Vinciguerra et al. (2005) suggested that the
high pre‐existing crack density within the basalt explained the lack of further thermal microcracking during their
experiments. Eggertsson et al. (2020) found that the porosity and permeability of felsite from Krafla volcano
(Iceland) was unaffected by thermal stressing when subjected to 15 heating and cooling cycles to a maximum
temperature of 450°C. However, these same authors found that the permeability of basalt from Krafla increased
by up to an order of magnitude, explained by the absence of pre‐existing microcracks compared to the felsite
(Eggertsson et al., 2020). Mordensky et al. (2019) found that the porosity and permeability of altered andesites
from Mt. Ruapehu (New Zealand) both increased when exposed to high temperature, interpreted as a result of
mineralogical changes and thermal microcracking. Weaver et al. (2020) showed that the tensile and compressive
strength of hyaloclastite from Iceland increased, and the permeability decreased, following exposure to 600°C.
These authors interpreted these changes as a result of the dehydration of the abundant phyllosilicates found within
the matrix of the hyaloclastite, rather than due to thermal microcracking. Following exposure to high‐temperature,
no significant changes were detected either in the physical and mechanical properties of: andesites from Volcán
de Colima, Mexico (M. J. Heap et al., 2014; M. J. Heap, Coats, et al., 2018); the strength of dacites from Mt. St.
Helens, USA (Kendrick et al., 2013) and Mt. Unzen volcano, Japan (Coats et al., 2018); or the strength of basalt
from Pacaya volcano, Guatemala (Schaefer et al., 2015). Considering the above‐mentioned studies, the influence
of temperature on thermal microcracking and therefore rock properties appears to vary between different volcanic
rocks, likely depending strongly on the initial rock microstructure, and the temperature at which measurements
are made.

Beyond measurements of physical properties made before and following thermal stressing, acoustic emission
(AE; laboratory‐scale microseismicity; Lockner, 1993) monitoring is a well‐established tool for detecting and
characterizing microcracking within rock as it occurs (Abbott et al., 2006; Aker et al., 2014; Baud et al., 2004;
Fortin et al., 2006; Glover et al., 1995; Griffiths et al., 2019). Jones et al. (1997) monitored for AE during the
heating of Seljadur basalt (Iceland) to 800°C, observing a constant AE rate throughout, which they attributed to
thermal microcracking. Vinciguerra et al. (2005) reported AE monitoring data during the heating of Etna basalt
(EB) to 600°C and Seljadur basalt to 900°C, in which they observed a continuous increase in the number of AE
during heating of the Seljadur basalt, which was highly thermally microcracked upon cooling, and bursts of AE
for the EB, which underwent little microcracking. However, until recently, AE monitoring of volcanic rock has
been performed during heating, and not during cooling. M. J. Heap et al. (2014) heated and cooled five andesites
from Volcán de Colima (Mexico) to a maximum temperature of 450°C whilst monitoring AE. These authors
found that AE during cooling, interpreted as thermal cooling microcracks, can be as significant as during heating.
Building on this earlier study, Browning et al. (2016) heated and cooled two volcanic rocks (a basalt and a dacite)
to a maximum temperature of 1,100°C whilst monitoring AE. These authors detected significantly more AE
during cooling, interpreted as due to microcracking. M. Heap, Kushnir, et al. (2018) monitored AE during the
heating and cooling of tuff from Mt. Epomeo (Ischia Island, Italy) up to a maximum temperature of 700°C. M.
Heap, Kushnir, et al. (2018) detected more AE hits during heating than cooling, likely related to devolatilization
reactions. Daoud et al. (2020) heated Slaufrudalar granophyre (Iceland), an andesite from Santorini (Greece), and
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the aforementioned Seljadur basalt to temperatures up to 900°C. Thermal stressing of the Slaufrudalar granophyre
was characterized by significant AE during heating (interpreted as thermal microcracking) and for the andesite
and the microcrystalline basalt, the authors detected few AE during heating, but a significant number of AE during
cooling. Daoud et al. (2020) hypothesized that the observed AE during the cooling of the andesite and basalt was
the result of thermal cooling microcracks.

However, to monitor microstructural changes, AE monitoring alone is not sufficient. Griffiths et al. (2018)
combined AE monitoring and velocity measurements to monitor microcracking during heating and cooling of
Westerly granite (USA) samples. They suggested that many AEs recorded during cooling were not associated
with the formation of microcracks. Instead, cooling was associated with a repeatable increase in vP (Griffiths
et al., 2018). Furthermore, microstructural changes that do not involve crack extension, including any reversible
opening and closing of microcracks, may not be observed through AE monitoring. Due to these factors, and the
variability in observations of thermal microcracking in volcanic rocks, an approach combining both velocity and
AE monitoring is required to determine the influence of temperature on the microstructure of volcanic rocks.

Here, we selected three volcanic rocks, each with different initial microstructures. We selected a low‐porosity,
porphyritic basalt from Mt. Etna with 4% porosity (standard deviation of 0.5% across three samples); aphanitic
basalt from Rubble Creek in Garibaldi Provincial Park, British Columbia, Canada, with 1% porosity (standard
deviation of 0.06% across six samples); and a porphyritic andesite found within the La Lumbre debris‐flow track
at Volcán de Colima with 23% porosity (standard deviation of 1.1% across eight samples). These materials were
selected to provide a variety of porosities and initial microstructures. We heated dry samples of each rock to 450°
C, over three heating and cooling cycles under low uniaxial stress, whilst monitoring AE activity and measuring
changes in vP. To help interpret these data, three other samples, prepared from the same sample blocks, were
heated to 700°C and cooled over three cycles whilst measuring their elongation.

2. Materials
From blocks of EB, Rubble Creek basalt (RCB) and La Lumbre andesite, three cylindrical samples of each rock
(nine total) were cored for the three different heating and cooling experiments (a different sample for each
experiment): one for P‐wave velocity measurement; one for AE monitoring; and one for the TEC measurement.
For the wave velocity and AE tests, samples were 40 mm in length and 20 mm in diameter. For the TEC mea-
surements, samples were 10 mm in diameter and 20 mm in length. Samples were dried within a vacuum oven at
40°C for at least 24 hr prior to testing.

Over the past decade, several studies have focused on low‐porosity basalt fromMt. Etna: M. J. Heap et al. (2009),
Stanchits et al. (2006), Vinciguerra et al. (2005), and Zhu et al. (2016). Mt. Etna is a large and persistently active
basaltic stratovolcano at the margin separating the African and Eurasian plates (Bonaccorso et al., 2004).
Backscattered Scanning Electron Microscopy (SEM) micrographs of the basalt collected from Mt. Etna and used
in this study are shown in Figures 1a and 1b. The basalt has a porphyritic texture consisting of a completely
crystallized groundmass hosting pores and phenocrysts. Microcracks, which may be several mm in length, tra-
verse the groundmass (Figure 1a) and phenocrysts (Figure 1b). The connected porosity of the basalt was measured
to be around 4% on average (measured by helium pycnometry), and the pores (typically less than 100 microns in
diameter) are spread heterogeneously, collected in pockets (Figure 1b). These pockets form the volume between
microlites (microscopic crystals) where the groundmass is absent: a diktytaxitic texture (see for example Kushnir
et al. (2016)). As a result, the pores are lath‐shaped (Figure 1b). The size of the phenocrysts varies from a hundred
microns to several millimeters. To further characterize our materials, we measured their thermal diffusivity and
thermal conductivity at room temperature with a Hot Disk TPS 500 Thermal Constants Analyzer that utilizes the
transient plane source method (see M. J. Heap et al., 2020 for more details). The thermal conductivity and thermal
diffusivity of EB was measured to be 1.35 W/m/K and 0.65 mm2/s, respectively.

An SEM micrograph of a basalt from Rubble Creek is shown in Figure 1c. This basalt has a lower porosity of
1.06% and has an aphanitic texture consisting of a largely crystallized groundmass (similar to the well‐studied
Seljadur basalt). Rare small crystals (50–200 μm in length) can be found within the microcrystalline ground-
mass. Few pores are visible. From a qualitative assessment from a series of SEM images similar to those Figure 1,
microcracks are thinner and the microcrack density is significantly lower than for the EB (Figure 1c). The thermal
conductivity and thermal diffusivity of RCB was measured to be 1.47 W/m/K and 0.74 mm2/s, respectively.
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An SEM micrograph of the andesite from the Volcán de Colima, an andesitic stratovolcano located within the
Trans‐Mexican Volcanic Belt (Varley et al., 2019), is shown in Figure 1d (Farquharson et al., 2017). The andesite
is a porphyritic, containing phenocrysts within a partially crystallized groundmass (Figure 1d; Farquharson
et al., 2017). The andesite has the highest porosity of the three rocks, at around 23%. The andesite contains a
glassy groundmass with an abundance of microlites, unlike the basalts which are much more crystallized. The
pores within the andesite are irregularly shaped and can be as large as one millimeter across. The groundmass and
phenocrysts contain abundant thin microcracks (Figure 1d). The thermal conductivity and thermal diffusivity of
the porous andesite from Volcán de Colima was measured to be 0.81 W/m/K and 0.58 mm2/s, respectively.

Table 1 shows the mineralogical composition of the EB, La Lumbre andesite, and RCB, as determined using X‐
ray powder diffraction and a Rietveld approach (Doebelin & Kleeberg, 2015). The glass content is determined as
the sum of X‐ray amorphous phases using ZnO (20 wt.%) as an internal standard. All samples contain a significant
and similar amount of plagioclase (44–49 wt.%). The La Lumbre andesite and RCB are glass‐rich, 42 and 33 wt.
%, respectively. The EB contains no glass but has a larger proportion of crystalline phases including clinopyr-
oxene (25.1 wt.%), olivine (9.9 wt.%), and sanidine (9.3 wt.%). While the feldspathoids cannot coexist with quartz
within volcanic rock, the identification of nepheline, leucite and quartz within the EB suggests that the quartz is a
secondary mineral or xenocryst.

3. Methods
The experimental setup (Figure 2; Griffiths et al. (2018)) for passive and active acoustic monitoring at high
temperature holds a rock sample between two vertical steel pistons within a LoadTrac II servo‐controlled uniaxial

Figure 1. Microstructure of the three volcanic rocks. Backscattered scanning electron microscope micrographs of: (a) the basalt from Mt. Etna containing a microcrack
of several millimeters in length and (b) pores collected in pockets; (c) the Rubble Creek basalt; and (d) the La Lumbre andesite from Volcán de Colima (see Farquharson
et al. (2017)). Gray—groundmass; Black—void space (pores and microcracks).
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press. The sample is contained within a GSL‐1100X tube furnace (MTI
Corporation). The furnace has an 80 mm height constant temperature zone,
thus covering the entire sample length. Temperature was measured using a
thermocouple held at 1 cm from the sample surface at its mid‐height. All
reported temperatures were measured using this thermocouple. An AE
transducer is embedded within the upper piston and is kept cool, along with
the load cell, using an air‐cooling system attached around the top of the upper
piston.

3.1. Heating and Cooling Rates

Dry samples were heated to 450°C and cooled at a rate of 1°C/min, with a 2‐hr
dwell time at the peak temperature. Throughout the heating and cooling, a
uniaxial stress of 0.3 MPa was maintained on the sample. The heating rate,
selected to limit thermal gradients within the sample, is lower or in line with
those used in previous experimental studies of thermal microcracking in rock
(e.g., Browning et al., 2016; H. F.Wang et al., 1989; X.‐Q.Wang et al., 2013).
To determine the thermal gradient within the samples, we can use the
analytical expressions for the temperature change over time within an infinite
cylinder following a change in temperature at its surface (Cengel & Gha-
jar, 2010). Figure 3 shows the temperature change against distance from the
cylinder axis after a sudden 1°C increase in surface temperature. The tem-
perature change throughout the sample is given at 30, 60, 90, 120, and 180 s
following the temperature increase, assuming the thermal properties of the
RCB. We see that, following an increase in temperature of 1°C, the tem-
perature at the center of the sample has increased by almost 0.9°C after 60 s
and that thermal equilibrium is achieved after 180 s. These results confirm
that heating and cooling rates of 1°C/min are sufficiently low to consider the
samples at thermal equilibrium during the experiments presented in this
study.

Table 1
Mineralogical Composition in wt.% of the Etna Basalt, La Lumbre Andesite, and Rubble Creek Basalt as Determined Using
X‐Ray Powder Diffraction

Mineral Etna basalt La Lumbre andesite Rubble Creek basalt

Plagioclase (∼An50) 44.2 49.3 49.2

Sanidine (Na67) 9.3

Nepheline 2.7

Leucite 2.4

Clinopyroxene 25.1 2.7 1.9

Orthopyroxene 6.4

Olivine 9.9

Magnetite 4.7 1.5 1.2

F‐Apatite 1.0 0.2

Hornblende 2.0

Chlorite‐Smectite 1.0

Ankerite/Dolomite 0.3

Tridymite (low) 7.5

Quartz 0.6 0.8 0.7

Amorphous (glass) 0 42.4 32.9

Total 99.7 100.0 100.0

Figure 2. A schematic of the experimental equipment for acoustic emission
monitoring and velocity measurements, which combines a LoadTrac II
uniaxial press with a GSL 1100X tube furnace. A single acoustic sensor,
housed within the top of the upper piston is used for AE monitoring. A pair
of high‐temperature sensors, embedded within the top and bottom pistons
and in direct contact with the sample, are used for P‐wave travel time
measurements (modified from Griffiths et al. (2018)).
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As further confirmation of this analysis, we may use the method described in
X.‐Q. Wang et al. (2013) to determine the time constant, t, needed for the
thermal equilibration. This constant is given by t = r2/d, where d is the
thermal diffusivity and r is the sample radius. For the samples used in this
study (i.e. r = 1 × 10− 2 m), the thermal time constant is 153, 135, and 172 s
considering the thermal diffusivities of the EB, RCB, and La Lumbre
andesite, respectively. For the TEC measurements performed on smaller
samples (described below), the time constants are 38, 34, and 43 s for the
respective materials. These calculations are conservative due to the
assumption that all heat diffuses radially; in practice heat flows through the
faces of the cylindrical sample, leading to quicker thermal equilibration.
Thus, our imposed heating/cooling rates are close to the rates needed for
thermal equilibration of the sample.

3.2. Active and Passive Acoustic Monitoring

P‐wave velocities were measured during heating and cooling using two high‐
temperature acoustic sensors housed within each piston and in direct contact
with the opposing faces of the samples (Figure 2). The high‐temperature
sensors were the 9,215 sensors from Physical Acoustics, with a resonant
frequency of 100 kHz (52 dB) and operating frequency in the range of 80–
560 kHz. Coupling with the sample was ensured, and kept constant by, a
servo‐controlled axial stress of about 0.3 MPa. A signal generator was con-
nected to the upper transducer and programmed to emit a 200 kHz sinusoidal
pulse once every 50 ms. A National Instruments BNC 2110 acquisition card
was used to record the amplified (with a+40 dB preamplifier 2 kHz high pass
filter) voltage at the receiver transducer. The recorded voltage waveforms had
a duration of 2 ms (including a 0.05 ms pre‐trigger recording time) and
sampling frequency of 2 MHz. To increase the signal‐to‐noise ratio wave-

forms were stacked 50 times, with a waiting time of 10 s between stacks. Acquisition was performed continuously
during the three heating and cooling cycles.

Figure 4 shows the acquired waveform amplitudes with time alongside the furnace temperature. Aside from the
first heating of the RCB, where the travel time is near unchanged, the overall trend is one of decreasing wave
travel time with increasing temperature (shifting of wave amplitudes to the left at higher temperatures). The
waveform amplitudes and arrival times show little variation once the furnace temperature reaches the target
temperature, implying that the sample quickly reaches thermal equilibrium when heated and cooled at 1°C/min.

P‐wave arrival times were determined from the time shift of the P‐wave first arrivals. Using only the first 30 μs of
the recorded waveforms, cross‐correlation functions were calculated between waveforms pairs (without inter-
polation). Next, the cross‐correlation functions for each pair were interpolated using piecewise quadratic inter-
polation around their maximum, and the final time shift was taken to be the maximum of the newly interpolated
function. P‐wave velocities were calculated from the cumulative shift in P‐wave travel time, the initial P‐wave
travel time (corrected for the travel time within the sensor housing) and the initial sample lengths measured prior
to the experiments. Considering the sampling frequency of 2 MHz, sample length of 40 mm, and 0.01 mm
precision of the calipers to measure the sample length, the precision in velocity measurement is ±125 m/s for
samples with a velocity of 4,500 and ±40 m/s for velocities of 1,750 m/s.

For the AEmonitoring experiments, samples were heated to and cooled from 450°C at a rate of 1°C/min, with a 2‐
hr dwell time at the maximum temperature. A broadband AE sensor was housed facing toward the sample within
the center of the upper piston (to best capture the AE energy). The piston, which forms a continuous waveguide
and thus limits the attenuation at surface interfaces, was used to apply a servo‐controlled axial stress of about
0.3 MPa. A servo‐controlled load ensures that the stress on the sample does not change during heating and cooling
as the sample and pistons expand and contract, respectively. A micro80 miniature AE sensor (200–900 kHz
bandwidth and a 325 kHz resonant frequency) from Physical Acoustics was used in conjunction with a 1283 USB
AE Node (a single‐channel AE digital signal processor with a built‐in 26 dB preamplifier and low‐ and high‐pass

Figure 3. Evolution of the temperature profile within an infinite cylinder of
thermal diffusivity 0.74 mm2/s (that of the Rubble Creek basalt) subject to an
increase in surface temperature of 1°C. T is the temperature within the
sample and T0 is the initial sample temperature.
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analog filters 20 kHz and 1MHz, respectively). An AE “hit” was registered when the pre‐amplified voltage across
the transducer crossed the 40 dB detection threshold (with respect to a 1 μV reference voltage). The trigger
parameters of the 1283 USB AE Node were set to 400 μs for the peak definition time (the maximum time
following triggering before which the peak voltage may be determined), 400 μs hit definition time (the maximum

Figure 4. Furnace temperature and waveform amplitudes recorded during the repeated heating and cooling experiments on
samples of (a) Etna basalt, (b) Rubble Creek basalt, and (c) La Lumbre andesite.
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time between consecutive threshold crossings, above which they are considered as part of separate hits), and a
1,000 μs hit lockout time (the minimum time between consecutive hits). These parameters were selected to
correctly capture the AE produced by a Hsu‐Nielson source (pencil lead break) on the surface of the sample when
mounted in the uniaxial press. The detection threshold was adjusted to be above the mechanical and electrical
noise level of the system. When triggered, the 1283 USB AE Node also recorded the first 7 ms of each AE
waveform (7,000 time samples at 1 MHz sampling rate) with a 100 μs pre‐trigger. An AE monitoring experiment
was performed on a sample of fused quartz to ensure that no significant number of AE were recorded throughout a
heating and cooling cycle.

Although it is technically feasible to combine active and passive acoustic measurements within a single exper-
iment, the chosen methodology involves conducting separate experiments to ensure low and consistent AE
detection thresholds. This approach leverages the high sensitivity of the broadband AE sensor, which is superior
to the high temperature sensors used for active monitoring, and a cooling system to ensure a stable response.
Finally, it prevents the data loss associated with interference between active and passive measurements.

3.3. Thermal Expansion Coefficient Measurement

Measurements of the sample elongation (linear thermal expansion) with temperature were performed by
ELEMCA, France, using a TMA 402 F1 Hyperion Thermomechanical Analyzer. The analyzer is a vertical
dilatometer which measures sample elongation (linear thermal expansion) with temperature, providing the TEC
as a function of temperature. The resolution of the elongation measurement is 0.01 μm and the precision is verified
to be±0.02 μm during calibration. Measurements were performed in a helium atmosphere. Samples were first left
to stabilize at room temperature for 15 min, then heated to 700°C at a rate of 5°C/min. Samples stabilized at 700°C
for 5 min, then were cooled at 5°C/min, before a final stabilization period of 15 min at room temperature °C. This
procedure was repeated three times for each sample.

4. Results
4.1. Active and Passive Ultrasonic Monitoring During Three Heating/Cooling Cycles

Figures 5–7 show the P‐wave velocity measurements and AE rate (per 25°C) during three heating and cooling
cycles to a maximum temperature of 450°C for samples of each rock. While velocities were calculated using a
constant sample length as measured prior to each cycle, we consider the influence of sample elongation on the

Figure 5. Passive and active acoustic monitoring of Etna basalt during thermal stressing: P‐wave velocity (vP) and number of acoustic emissions detected during three
cycles of heating and cooling to a peak temperature of 450°C.
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velocity to be negligible, as the measured thermal expansion of the samples was low compared to the relative
change in travel time (<0.3% for Rubble Creek and Etna basalts, and <0.6% for the andesite at 450°C; Figure 9).

For the EB, during the first heating phase vP increased from 3,360 m/s at room temperature to 3,860 m/s at 450°C
(∼15% increase; Figure 5). The temperature for the onset of AE during heating is around 120°C, above which
about 8 AE hits were detected per 25°C. During cooling vP decreased from 3,860 m/s at 450°C to 3,290 m/s at
room temperature, resulting in a permanent decrease in vP of 70 m/s (∼2% of the initial velocity). In total, 130 AE
hits were detected during heating and 100 AE hits were detected during cooling. For cycles 2 and 3, no permanent
change in velocity was observed and fewer AE were detected than for the first cycle: 13 during heating and 43
during cooling for cycle 2; and 3 during heating and 41 during cooling for cycle 3. During cycles 2 and 3, the P‐

Figure 6. Passive and active acoustic monitoring of Rubble Creek basalt during thermal stressing: P‐wave velocity (vP) and
number of acoustic emissions (AE) detected (per 25°C) during three cycles of heating and cooling to a peak temperature of
450°C. The AE scale is cut for cycle 1, and the peak AE rate is shown in the inset graph.

Figure 7. Passive and active acoustic monitoring of La Lumbre andesite during thermal stressing: P‐wave velocity (vP) and number of acoustic emissions (AE) detected
(per 25°C) during three cycles of heating and cooling to a peak temperature of 450°C.
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wave velocity of EB increases significantly as a function of increasing temperature, from ∼3,260 m/s at room
temperature to ∼3,800 m/s at a temperature of 450°C (∼15% increase; Figure 5). However, during the repeat
cycles, no permanent changes in vP were observed.

As the RCB was heated for the first time, 7 AE hits were detected during heating (from about 300°C, and vP
decreased from 4,570 m/s at room temperature to 4,410 m/s at 170°C, Figure 6). However, during heating be-
tween 170 and 360°C, vP of the RCB was near‐constant, reaching 4,520 m/s at 450°C. During cooling, vP
remained near constant until around 250°C, at which point vP started to decrease. From 120°C to room tem-
perature there was a strong decrease in vP to 3,420 m/s (a 25% decrease from the initial value), accompanied by a
high AE rate, with 202 hits in total detected during cooling (Figure 6). Very few AE hits were detected during the
second and third cycles: 5 during cycle 2, and 3 during cycle 3. The net decrease in velocity was only 136 m/s
during cycle 2, and 35 m/s during cycle 3. Cycles 2 and 3 show large differences in vP as a function of increasing
temperature, and a similar evolution of velocity during both cycles. In cycle 3, for example, vP was 3,225 m/s at
room temperature and 3,795 m/s at a temperature of 450°C (∼38% increase; Figure 6). The permanent decreases
to vP were small following cycles 2 and 3.

For the La Lumbre andesite during the first cycle, vP increased with increasing temperature, from 2,120 to
2,760 m/s at 450°C (Figure 7). During cooling vP decreased to 1,790 m/s, significantly lower than the initial
velocity. 37 AE hits were detected during heating of cycle 1, with the onset of AE during heating occurring at
around 120°C, and above which about eight hits were detected per 25°C. 70 AE hits were detected during cooling,
in particular between 250°C and room temperature. Between cycles 1 and 2 there is a slight decrease in velocity of
about 50 m/s which occurred during the period of a few hours between the two cycles. During cycles 2 and 3, vP
increased reversibly to 2,480 m/s at 450°C, and fewer AE hits were detected than during the first cycle (37 during
heating of cycle 2 and 48 during cooling, and five during heating of cycle 3 and 44 during cooling). As for the EB
and RCB, cycles 2 and 3 show that, even in the absence of significant microcracking, vP is temperature dependent:
vP increases from 1,715 m/s at room temperature to 2,480 m/s at a temperature of 450°C (∼43% increase;
Figure 7).

Figure 8 shows the evolution of vP for all samples as a function of temperature during cycles 1 to 3. The La
Lumbre andesite has the lowest initial velocity, and the RCB has the highest initial velocity. During cycle 1 all
rocks see a hysteretic evolution of velocity with temperature, resulting in a permanent decrease in velocity
following heating and cooling, and most significant for RCB and La Lumbre andesite. The velocities of the EB
and La Lumbre andesite both increased during heating and decreased during cooling, and the velocity of the RCB
decreased during both heating and cooling. For each sample, the velocity changes with temperature during cycles

Figure 8. Evolution of P‐wave velocity (vP) of the Rubble Creek basalt, La Lumbre andesite, and Etna basalt with
temperature during three heating and cooling cycles to a peak temperature of 450°C.
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2 and 3 are near identical: the velocity increase during heating was almost
entirely reversed during cooling (Figure 8).

4.2. Thermal Expansion During Three Heating/Cooling Cycles

The TEC during heating and cooling are provided for each sample in
Figures 9–11. The values of relative length change with temperature are
provided in Figure S1.

Figure 9a shows for EB the (TEC) during heating and cooling over three
cycles to a maximum temperature of 700°C. Throughout the heating and
cooling cycles, the TEC is positive. The TEC ranges from about
0.4 × 10− 5 mm/mm/°C close to room temperature, to about 0.7 × 10− 5 mm/
mm/°C close to 700°C. The TEC values during all cooling cycles, and heating
cycles 2 and 3, are very similar. The TEC during heating of cycle 1 is
consistently greater than the values measured during heating cycles 2 and 3.
The inflexion observed during cooling at around 700°C is an artifact due to a
loss of heating control. During cooling, a transition is visible between tem-
peratures of about 600 and 500°C leading to a lower TEC.

For the RCB (Figure 9b), we observe a strong decrease in TEC during the first
cycle, where it becomes negative between about 250 and 350°C. Such
behavior is generally interpreted as stress relaxation, whereby, at sufficiently
high temperatures, internal stresses are relieved through plastic deformation
of the material. During cooling the TEC is hysteretic and does not follow the
inflexion observed during heating, remaining at around 0.5 × 10− 5 mm/mm/°
C throughout. As for the EB, TEC values during all cooling cycles, and
heating cycles 2 and 3, are very similar. Again, as for the EB, the inflexion
observed during cooling at around 700°C is an artifact due to a loss of heating
control.

For the La Lumbre andesite (Figure 9c) the TEC is about 0.4 × 10− 5 mm/mm/
°C around room temperature during the first heating cycle. This is followed
by a decrease in TEC (from around 250–450°C), and an increase and peak at
around 520°C. As for the previous samples, TEC values during all cooling
cycles, and heating cycles 2 and 3, are very similar. The values during cooling
are lower than those during the heating stage of the first cycle.

5. Discussion
5.1. Observations of Thermal Microcracking

5.1.1. Thermal Microcracking During Cooling

During cycle 1, for the EB (∼4% porosity) and La Lumbre andesite (∼23%)
we observe an increase in vP during heating (Figures 5 and 7). For the RCB
(∼1% porosity), vP is near constant throughout heating (Figure 6). For all
samples, there is little AE during heating of the first cycle (Figures 5–7). Due

to the limited number of AE and absence of a velocity decrease, we do not expect microcracking to have occurred
in the RCB during heating of the first thermal stressing cycle.

For all samples, during cooling on the first cycle, we measured a decrease in vP, leading to a net decrease over the
first cycle (Figures 5–7): large decreases in velocity were observed for the RCB (Figure 6) and La Lumbre
andesite (Figure 7), and a small decrease for EB (Figure 5). A permanent decrease in vP is an expected result of
thermal microcracking (e.g., Nara et al., 2011; O’Connell & Budiansky, 1974; Schubnel et al., 2006; Stanchits
et al., 2006). For the RCB, the strong increase in the number of AE and a large decrease in vP toward the end of the
cooling (Figure 6) also suggest that significant microcracking occurred as the sample first cooled. A permanent
decrease in vP was observed also for the La Lumbre andesite (Figure 7), indicative of thermal microcracking. For

Figure 9. Thermal expansion coefficient against temperature for (a) Etna
basalt, (b) Rubble Creek basalt, and (c) La Lumbre andesite. Measurements
were made over three heating (solid lines) and cooling (dashed lines) cycles
up to a peak temperature of 700°C.
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the EB (Figure 5), the final vP is similar to the initial value, and therefore we expect little microcracking occurred
during the first cycle. The TEC measurements (Figure 9) also provide an indication of when thermal micro-
cracking occurs. Specifically, for the La Lumbre Andesite throughout cooling, and for the RCB when cooling
from 200°C to room temperature, the thermal expansion coefficients are lower compared to the values measured
at the same temperatures during heating. This reduction in TEC during cooling is an indication of microcrack
opening, analogue to the microcrack opening observed in granite when heated (Cooper & Simmons, 1977).

Contrary to studies of thermal microcracking in granite (Griffiths et al., 2018; H. F. Wang et al., 1989; Yong &
Wang, 1980), and in particular for the RCB, here we detect a significantly greater number of AE during cooling

than during heating. M. J. Heap et al. (2014), Browning et al. (2016), and
Daoud et al. (2020) measured the output of AE during the heating and cooling
of volcanic rocks, and also found that AE activity can be significant during
cooling. Browning et al. (2016) performed AE monitoring during a single
heating and cooling cycle (to a peak temperature of 1,100°C) of a basalt from
Seljadur and a dacite from Nea Kameni (Santorini), and Daoud et al. (2020)
heated Slaufrudalar granophyre, an andesite from Santorini, and Seljadur
basalt to progressively higher temperatures (up to 700°C). These authors
found that for all rocks except the granophyre, both the AE rate and the AE
energy of hits were greater during cooling than during heating, suggesting that
thermal microcracking occurred predominantly during cooling. However, we
note that the studies by M. J. Heap et al. (2014), Browning et al. (2016), and
Daoud et al. (2020) did not also measure vP during heating and cooling, and
AE data alone should be treated with caution. For example, our data for EB
show that AE need not be associated with significant microcracking. Our
results highlight the need for simultaneous AE and vP measurements for
understanding the complex behavior of volcanic rocks during heating and
cooling cycles.

5.1.2. Absence of Microcracking During Repeated Heating and Cooling

For all samples, during the repeated heating and cooling cycles 2 and 3, we
observed a strong and reversible increase in P‐wave velocity with increasing

Figure 11. P‐wave velocity measured prior to heating as a function of
porosity for volcanic rocks from the selected studies in Table 2. Crosses are
for samples which underwent thermal microcracking when heated and
cooled, and circles are for samples which did not undergo microcracking.
Where ranges of values are given for a study, the mid‐range value is taken.

Figure 10. Passive and active acoustic monitoring of Westerly granite during thermal stressing: P‐wave velocity (vP) and number of acoustic emissions detected during
three cycles of heating and cooling to a peak temperature of 450°C (data from Griffiths et al. (2018)).
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temperature (by up 40% at 450°C; Figure 8) and only few AE (Figures 5–7). In the thermal expansion data, we
observe for each sample a positive and monotonous TEC with increasing temperature (Figure 9). The reversible
change in TEC and velocity, and the absence of significant AE, suggest that little thermal microcracking occurred
within the samples during cycles 2 and 3. Exceptions to this general trend would be during the La Lumbre
Andesite experiment, where larger numbers of AE were detected at about 150°C during cooling of cycle 2, and
near room temperature during cooling of cycle 3 (Figure 7). However, as these hits did not coincide with a change
in wave velocity, we do not interpret these AE hits as thermal microcracking. Instead, we attribute them to
localized damage observed at the sample ends, where the edges cut through large pores and weaken the rock
structure.

For all rocks studied here, the quasi‐reversible change in velocity with temperature during cycles 2 and 3
(Figure 8) is evidence that very little thermal microcracking occurred after cycle 1. This behavior is a thermal
analog to the Kaiser stress‐memory effect (Kaiser, 1953), whereby a material does not undergo further damage
when subject to mechanical stresses it has already experienced. This behavior has previously been observed in the
laboratory during the repeated thermal stressing of rocks including granite (Atkinson et al., 1984; Griffiths
et al., 2018), and manufactured materials such as concrete (M. J. Heap et al., 2013). Recently, Daoud et al. (2020)
showed for three volcanic rocks that AE activity during thermal cycling recommences only once the peak
temperature reached during a previous cycle has been exceeded—an observation in agreement with the thermal
Kaiser stress‐memory effect. For the EB, very little thermal microcracking occurred during cycle 1, perhaps due
to the extensive pre‐existing network of microcracks (Vinciguerra et al., 2005). The thermal Kaiser effect is likely
applicable to volcanic rocks more generally, as multiple studies have suggested that an initially high microcrack
content may limit thermal stress build‐up and further damage within volcanic rock (Coats et al., 2018; M. J. Heap,
Coats, et al., 2018; Vinciguerra et al., 2005).

We note that in this study and those mentioned above, the duration and number of cycles are limited, and that
thermal stress fatigue may arise over many thermal stress cycles and eventually lead to rock breakdown (Hall &
Thorn, 2014). Another potentially influencing factor is the rate of heating and cooling rate. For granite, faster
cooling (e.g., through submersion in cool water) may result in increased microcrack damage (Eggertsson
et al., 2020; Siratovich et al., 2011; Zhang et al., 2018). When cooled rapidly, the temperature gradients within the
rock result in higher thermal stresses and enhanced microcracking, even if the sample has previously been cooled
from the same temperature. For volcanic rocks, Eggertsson et al. (2020) quench‐cooled samples of basalt from
Krafla in water (from 450°C) and measured higher permeability values for these than for samples that were cooled
from 450°C in air or at a controlled rate of 5°C/min, suggesting that quench‐cooling resulted in the development
of more microcracks. Faster cooling may not always be sufficient, however: M. J. Heap, Coats, et al. (2018)
heated samples of low‐porosity andesite to 700°C and quench‐cooled them in water, resulting in no change in the
physical properties of the rock.

5.2. Structural Relaxation Leading to Thermal Microcracking During Cooling

Theoretical studies have proposed micromechanical models to explain thermal microcracking in crustal rock
(Fredrich & Wong, 1986; Meredith et al., 2001), whereby the mismatched thermal expansion between neigh-
boring grains during heating results in a build‐up of mechanical stresses and the propagation of fractures once a
certain temperature threshold is reached. Such studies have focused on the formation of microcracks within rocks
including granite, diabase, limestone, and quartzite, and their models are applicable to granular materials in which
microcracks are shorter than the grain size. In granular geomaterials, thermal microcracks formed during heating
first occur along grain boundaries and intragranular microcracks occur at higher temperatures (Fredrich &
Wong, 1986; Isaka et al., 2019). These models, which consider stress change as a function of an increase in
temperature, are not sufficient to predict the cooling‐dominated microcracking observed here (in particular for the
RCB; Figure 5).

Daoud et al. (2020) heated samples of Santorini andesite and Seljadur basalt, which have a micro‐crystallized
groundmass, over multiple heating cycles to peak temperatures of 350, 500, 700, and 900°C. These authors
observed AE mostly during cooling (more details in Table 2) once samples had been heated to a temperature
exceeding 500°C. During heating, the AE rate and AE energies were lower than during cooling—explained by
Daoud et al. (2020) as resulting from small increments in crack extension of crystal boundary cracks (within the
microcrystalline groundmass). The high energy AE during cooling is explained by these authors as the growth of
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full‐length crystal‐boundary cracks (including intracrystalline cracks) from the new nucleation and extension sites
formed during heating. As we do not observe a decrease in wave velocity of the three samples during heating
(Figure 8), it does not appear that any significant thermal microcracking occurs during the heating stage in the
three samples studied herein.

Here, to explain the significant thermal microcracking during cooling in the clearest case of the RCB, we may
look to the thermal expansion measurements (Figure 9b). The TEC of the RCB sample with heating during the
first cycle shows a strong inflexion and even becomes negative, resulting in a net shortening of the sample over
the first cycle (Figure 9b). This shortening is indicative of structural relaxation of the material, which may occur
well below the glass transition temperature (Kato et al., 2008). We suggest that, as the rock has deformed during
heating to accommodate some thermal stress, the sample is in a new structural state, and cooling tends to instead
increase the thermal stress within the rock. The build‐up of thermal stress leads ultimately to thermal micro-
cracking toward the end of cooling, as evidenced by the velocity decrease and increased AE rate (Figure 6). We do
not observe any indication of stress relaxation during the heating of EB, and an inflection in the TEC data is
present for the La Lumbre andesite, but less accentuated than for the RCB (Figure 9). This would explain the lack
of significant thermal microcracking during cooling for the EB, and more limited thermal microcracking for the
La Lumbre andesite, in comparison with the RCB.

In a study of thermal stress and microcracking during cooling, André et al. (2017) used a two‐phase model
material in which a borosilicate glass matrix contained spherical beads of alumina. This material model is a good
approximation for the RCB and La Lumbre andesite, which have large inclusions (i.e., phenocrysts) within a
glassy groundmass (Figure 1). The alumina sample was heated to the temperature of the glass transition (450°C)
and then cooled back to room temperature. During cooling, the mismatch in TEC between the matrix and in-
clusions resulted in microcracking due to a build‐up of tensile stress within the matrix. André et al. (2017) then
performed numerical simulations using a discrete element model and were able to reproduce the observed thermal
microcracking, with the onset of microcracking in the simulation occurring during cooling at 200°C. This study
supports our conclusion that thermal microcracking may occur during cooling where the sample is first heated to a
temperature where it may experience structural relaxation.

5.3. Velocity Change During Heating and Cooling

The strong increase velocity (of up to 40%; Figure 8) with increasing temperature is opposite to observations
made for granite, where wave velocity decreases with increasing temperature during repeated thermal cycling
(Griffiths et al., 2018; H. F. Wang et al., 1989). To highlight this difference, Figure 10 shows a summary of the
results of Griffiths et al. (2018), for which Westerly Granite followed the same heating and cooling procedure
over three cycles, whilst monitoring AE and measuring vP. Following cycle 1—for which the high AE rate and
irreversible velocity change are indicative of thermal microcracking—the AE rate is lower and vP decreases near
reversibly with increasing temperature. This velocity decrease during heating of cycles 2 and 3 points to a
widening of microcracks due to the mismatched expansion of grains.

Nevertheless, a velocity increase has been observed when heating basalts. Kern (1982) observed stress relaxation
of basalt when heated under a very high confining pressure of 600 MPa, concluding that the porosity within
basalts may be closed when heated under high pressures and result in increasing elastic wave velocities. Lebedev
et al. (2021) measured a slight increase in P‐wave velocity of a dry sample basalt when heated to temperatures of
up to 700°C under 600 MPa confining pressure. The velocity increase began from around 300°C. Matsush-
ima (1981) measured the vP and vS of basic and acidic igneous rocks and volcanic glasses when heated up to 900°
C at a constant stress of 1,000–2,000 MPa. The velocity increased with increasing temperature for a glassy
andesite (Sanukite) up to about 600°C and decreased at temperatures above 600°C. For basaltic glass, these
authors found that the velocity decreased throughout heating (from about 6.84 to 6.64 km/s under 1,050 MPa).

To better understand the change in velocity with temperature, we can look to the mineralogy of the materials
(Table 1) and the influence of temperature on the velocity of the main constituents. Here, all samples have be-
tween 44% and 50% plagioclase (Table 1). Kono et al. (2008) measured a reversible increase in the vP of and vS of
plagioclase (An51 ± 1) when heated to and cooled from 700°C under a confining pressure of 1 GPa. As
mentioned above, the velocity of andesite glass has been observed to increase with increasing temperature at a
pressure of 1,050MPa (Matsushima, 1981). The La Lumbre andesite contains 42.4% glass (Table 1), which could
indeed contribute to the increase in the wave velocity observed during repeated heating cycles (Figure 8).
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However, The EB contains no glass and the 32.9% glass in the RCB glass may contribute to a decrease rather than
an increase in velocity, as observed by Matsushima (1981) for basalt glass. Note that we do not observe a sig-
nificant amount of quartz in these samples (<1%, Table 1). In larger quantities, quartz could have a strong in-
fluence on the velocity (decrease with increasing temperature), and result in significant thermal microcracking
across the alpha‐beta phase transition at about 573°C (Glover et al., 1995). In summary, the velocity change of the
mineral constituents does not explain the large changes in velocity during heating observed for all samples
(Figure 8), and another explanation is required.

As the velocity decrease during heating of the granite is caused by widening of microcracks, we suggest that the
increase in velocity during heating for our volcanic rock samples is due to the closure of the microcracks—both
pre‐existing and generated during the first cycle. As both the TEC and the velocities during cycles 2 and 3 follow
the values during cooling of cycle 1, we anticipate that the crack opening during cooling of cycle 1 is almost
entirely reversed when heating. We anticipate that the difference in behavior between the two rocks—crack
widening versus crack closure—is due to differences between the grain size of the volcanic materials in this
study and the grain size of granite, relative to the length of the microcracks they host. For granite, microcracks are
most often at the length‐scale of the grains and below. Volcanic rock, on the other hand, may consist of an
amorphous glassy groundmass or a partially or completely crystallized groundmass (consisting of small crystals
called microlites) that may or may not host larger crystals (phenocrysts). Microcracks in volcanic rocks can
therefore be many orders of magnitude larger than the size of the crystals through which they pass (as seen in the
microstructure of our samples; Figure 1). (We note that other volcanic rocks, such as tuffs, can be granular and
may behave differently.) Micromechanical models of thermal stress build‐up in granite consider a crack length
lower than the grain size (e.g., Fredrich & Wong, 1986), but a better analog for volcanic rock might be a crack
within a homogeneous material. One example of such a model is that of Giannopoulos and Anifantis (2005), who
demonstrated using 2D finite element modeling how a crack within a homogeneous material may close when the
material is heated, in accordance with the observations of this study.

5.4. A Review of Thermal Microcracking Studies on Volcanic Rock

Historically, studies monitoring thermal microcracking have focused on igneous rocks, and in particular granite,
observing AE mostly during the heating stage (Griffiths et al., 2018; Todd, 1973; Yong &Wang, 1980), although
AE may also be observed during cooling in granite (Griffiths et al., 2018). In granite, the influence of temperature
on the thermal expansion of crystals, and the resulting build‐up of thermal stresses due to thermal expansion
mismatch is well studied and mostly well understood.

In volcanic rock, however, the occurrence of thermal microcracking is highly variable depending on the material.
Table 2 gives an overview of studies of thermal microcracking in volcanic rock, including measurements (at
ambient pressure and temperature) and information on the: mineralogy; porosity; vP; the presence and size of
phenocrysts; the initial microcrack characteristics; and whether microcracking was observed following thermal
stressing. Of these studies, none have measured elastic wave velocities during thermal stressing, and only a few
have monitored AE during cooling (Browning et al., 2016; Daoud et al., 2020; M. J. Heap et al., 2014). As such,
this table does not distinguish whether microcracking occurred during heating or cooling.

Of the data in Table 2, the reported pore size, presence of pre‐existing microcracks, presence of phenocrysts, and
nature of the groundmass (completely crystallized vs. partially crystallized) do not have a clear role in deter-
mining whether microcracking occurs. However, the initial porosity and vP appear to correlate with the occur-
rence of thermal microcracking. Figure 11 shows the initial vP as a function of porosity for all volcanic rocks listed
in Table 2, with symbol type indicating whether the samples underwent significant thermal microcracking when
heated and cooled. Where ranges of vP or porosity values are given for a study, the mid‐range value is taken. We
see that all volcanic rocks with both vP greater than 4,000 m/s and porosities less than 10% underwent thermal
microcracking. For P‐wave velocities lower than 4,000 m/s, the correlation between the occurrence of thermal
microcracking, vP, and porosity is less clear (Figure 11).

For the three rocks studied here, the formation of microcracks during the first heating and cooling cycle appears
related to whether the sample contains a pre‐existing network of microcracks—as suggested in previous studies
(e.g., Eggertsson et al., 2020; M. J. Heap et al., 2014; Vinciguerra et al., 2005). The RCB (this study) and the
Seljadur basalt of Browning et al. (2016) are comparable in terms of their low porosity and high initial P‐wave
velocities (Table 2), indicating a low crack density prior to heating and greater susceptibility to thermal
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microcracking. For these samples, the number of AE hits during cooling is significantly higher than during
heating: an indication that thermal microcracks formed during cooling. On the other hand, EB, which has both a
low porosity and low P‐wave velocity owing to its high concentration of microcracks (Figure 11, Table 2),
undergoes very little microcracking when heated and cooled (Table 2). This is also true for the low‐porosity
andesite measured by M. J. Heap, Coats, et al. (2018) (Table 2).

Both the La Lumbre andesite (this study) and the Nea Kameni dacite of Browning et al. (2016) contain large pores
and pre‐existing microcracks, and represent two of the most porous samples within our compiled data set
(Table 2). In both cases, AE activity is observed during the first cycle during both heating and cooling, although
mostly during cooling. This suggests that, while most microcracking occurs during cooling, the thermal stresses
during heating also results in microcracking. This may be due to a weakened structure of the rock due to the
presence of large pores. However, we note that M. J. Heap et al. (2017) found no changes in porosity, P‐wave
velocity, and permeability in a porous andesite (which contains pores and pre‐existing microcracks) exposed to
900°C. Whether or not high‐porosity rocks, which often contain pores and can also contain microcracks, undergo
thermal microcracking may depend on other microstructural parameters not considered here.

We note that for the sample selection of this study, we do not expect transformation of minerals within the studied
temperature range (see minerology in Table 1). Mineral transformation has been observed in other volcanic
materials to cause mechanical weakening (M. J. Heap et al., 2012; M. J. Heap, Kushnir, et al., 2018) and increase
permeability (Mordensky et al., 2019). For example, we note that for basalts containing zeolites, velocity has been
seen to decrease significantly when heated to beyond 350°C (Kern, 1982) due to the breakdown of zeolites
through their dehydration, resulting in increase in microcrack porosity. In this case, significant thermal micro-
cracking is expected during the heating phase. Such behavior—which may also occur for rocks containing
chlorites or clays (Kern, 1982)—was not observed for our rocks due to their absence of these minerals, but should
be accounted for when relevant.

5.5. The Consequence of Temperature Change on the Mechanical and Flow Properties of Volcanic Rock

Extrapolating from room temperature measurements made on thermally‐microcracked rock (Darot et al., 1992; C.
David et al., 1999; E. C. David et al., 2012; Griffiths et al., 2017), we anticipate that the formation of microcracks
and their opening and closing may have significant effects on a range of properties including permeability and
strength. In the rare instances where changes in physical and mechanical properties of volcanic rock have been
measured at high temperatures, measurements do indeed align with the hypothesis of microcrack closure with
increasing temperature. Coats et al. (2018) tested the strength of dome rocks from Mt. Unzen volcano at ambient
temperature both before and following heating to 900°C, and at 900°C. The authors found that heating the
samples to 900°C and cooling had no effect on their strength under ambient temperature conditions, but when
deformed in the brittle regime (at a strain rate of 1 × 10− 3 s) at 900°C, the samples were stronger. M. J. Heap,
Coats, et al. (2018) followed a similar procedure to Coats et al. (2018) but on andesitic dome rock from Volcán de
Colima. M. J. Heap, Coats, et al. (2018) attributed the increase in strength, and Young's modulus, with increasing
temperature to the closure of microcracks. These authors also found that all thermal stressing scenarios (even
quench‐cooling) resulted in no change in rock strength at room temperature, although the rock was stronger when
deformed at temperatures ranging from 400 to 700°C. Meredith and Atkinson (1985) measured an increase in the
fracture toughness of a gabbro with increasing temperature; and Duclos and Paquet (1991) showed the
compressive strength of basalt to increase from ∼340 MPa at ambient temperature to ∼450 MPa at 650°C. Gaunt
et al. (2016) measured a decrease in the permeability of a dacite by more than four orders of magnitude when
heated to 800°C, which was suggested to be caused by crack closure. Kushnir et al. (2017) attributed a decrease in
the permeability of basaltic andesites above the glass transition as due to relaxation and crack closure. Through
our multi‐physical approach, we can more confidently link the previously observed increase in the strength of
volcanic rock at high temperature to microcrack closure and, importantly, we show that this phenomenon may be
expected even at low confining pressures.

We interpret the results of our experiments as evidence of crack closure with increasing temperature, at tem-
peratures well below the glass transition where we might expect significant stress relaxation, as well as in volcanic
rock containing no glass. Whilst the physical properties of some volcanic rocks have shown little permanent
change following cyclic thermal stressing (e.g., M. J. Heap et al., 2014; M. J. Heap, Coats, et al., 2018; Kendrick
et al., 2013; Schaefer et al., 2015)—indicating that the rock was already highly microcracked—we expect that
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some of the pre‐existing microcracks will close at higher temperatures and influence rock physical properties (i.e.,
an increase in strength, Young's modulus, and a decrease in permeability).

Whilst our samples were unconfined in our experiments, we may expect wave velocities to increase with tem-
perature even at depth. Kern (1982) observed stress relaxation of basalt when heated under a very high confining
pressure of 600 MPa, concluding that the porosity within basalts may be closed when heated under high pressures
and result in increasing elastic wave velocities. In contrast to our measurements, Kern (1982) measured a negative
sample elongation with increasing temperature, that is, a bulk contraction of the rock during heating associated
with a reduction in porosity. We expect that the low aspect ratio microcracks are the easiest to close at low stresses
(as in this study) and higher aspect ratio voids may also close at higher stress (similar to Kern (1982)). In ex-
periments by Fortin et al. (2011), Stanchits et al. (2006), and Vinciguerra et al. (2005), the elastic wave velocities
of basalt fromMt. Etna were shown to continually increase with confining pressure (up to 190MPa in the study by
Fortin et al. (2011)), indicating that some high aspect ratio microcracks remained open throughout. Scheu
et al. (2006) measured an increase in the vP of a dacite fromMt. Unzen volcano from 5.11–5.48 to 5.51–5.73 km/s
when heated to 600°C under 100 MPa confining pressure, indicating that a velocity increase with temperature, as
observed here, can also be expected at depth. The diversity of microcrack populations in terms of their geometry
and propensity to closure at certain stresses and temperatures means that even at high pressure, some microcracks
still remain open that can be closed by additional thermal or mechanical stresses.

We also note that our experiments were performed on dry samples, and that fluid saturation may influence the
velocity change with temperature. Jaya et al. (2010) took water‐saturated samples of basalt and hyaloclastite
recovered from wells within alteration zones of the Krafla and Hengill geothermal fields, respectively, and
measured P‐wave velocity whilst heating them to temperatures of up to 250°C within a triaxial cell. These authors
measured a decrease in the velocity with increasing temperature, attributed to the formation of bubbles in the pore
fluid and thermal microcracks. These results are contrary to the results of this study, on dry samples, in which
velocity is seen to increase within increasing temperature. The experiments of Jaya et al. (2010) suggest that, for
temperatures of up to 250°C, water saturation may play a significant role on the evolution of velocity with
temperature.

5.6. Field‐Scale Implications for Thermal Stressing of Volcanic Rock

5.6.1. Volcanic Environments

The influence of temperature on the seismic velocity of volcanic rock is of critical importance for geophysical
monitoring of volcanoes. Temporal changes in seismic velocity may be linked to a number of factors, including
changes in confining pressure, pore fluid pressure, fluid saturation, and fluid viscosity, as well as temperature,
porosity and crack density of the host rock (Sanders et al., 1995). Seismic monitoring is used to infer changes in
the structure of volcanoes, for example, at: Mt. Etna (Brenguier et al., 2007; De Luca et al., 1997; Laigle
et al., 2000; Patanè et al., 2002; Villaseñor et al., 1998); Mt. Erebus volcano, Antarctica (Grêt, 2005); Merapi
volcano (Sens‐Schönfelder & Wegler, 2006). For example, at Volcán de Colima (from which the La Lumbre
andesite originates), Lamb et al. (2017) used coda wave interferometry of ambient seismic noise to observe an
apparent decrease in wave velocity of 0.2% prior to eruption. The velocity decrease was anticipated to be due to
fracture formation within the volcano as magma rose. The significant velocity changes with temperature observed
in this study (Figure 8) may rival changes in velocity due to the mechanical deformation in volcanic environ-
ments. For example, an increase in vP and vS of basalt fromMt. Etna as a function of increasing confining pressure
was observed by Fortin et al. (2011), from 3.1 km/s at room pressure to 5.5 km/s at 190 MPa; a velocity change of
the same order of magnitude as those observed in this study.

Crack density also affects the permeability of volcanic rock, which can ultimately contribute to whether or not gas
may escape, a factor dictating the eruptive behavior of a volcano (Eichelberger et al., 1986; Farquharson
et al., 2017; M. J. Heap et al., 2019; Melnik et al., 2005; Sparks et al., 1997). Further, as microcracks influence the
mechanical properties of rock, the influence of temperature on the geomechanics of volcanoes has implications
for magma ascent and the stability of the volcanic edifice (Coats et al., 2018; M. J. Heap & Violay, 2021).

Here, we observed a thermal Kaiser stress‐memory effect over multiple thermal stressing cycles of the volcanic
rock samples, which resulted in very limited thermal microcracking during repeated cycles (Figures 5–7). The
Kaiser effect has previously been observed at the scale of the volcano by Heimisson et al. (2015), who observed
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cyclic inflation and deflation at the surface of due to magma flow within Krafla volcano, and which only resulted
in seismicity once the maximum inflation of the previous cycles was surpassed. This suggests that cyclic thermal
stressing associated with the movement of magma may also produce a Kaiser effect on a larger scale, whereby
thermal stressing of the surrounding rock mass may only result in cracking once the rock reaches temperatures
greater (or lower) than those already experienced.

5.6.2. Geothermal Reservoirs

Geothermal reservoirs are often hosted in volcanic rock (Bertani, 2016; Grant, 2013), for example,: the Ethiopian
Rift valley (Teklemariam et al., 2000), which exploits the upflow of geothermal fluids through basaltic lavas
(Battistelli et al., 2002); sites in New Zealand such as the Rotokawa reservoir within andesitic rock (McNamara
et al., 2015; Siratovich et al., 2014); and the basaltic Krafla and Námafjall geothermal sites in Iceland (Björnsson
et al., 1977; Thór Gudmundsson & Arnórsson, 2002). Volcanic reservoirs may even host very high‐temperature
geothermal systems within which supercritical conditions may be reached (for pure water, T > 374°C,
P > 22.1 MPa, for seawater, T > 406°C, P > 29.8 MPa), offering new potential for exploiting very high enthalpy
fluids (Reinsch et al., 2017).

When injecting cool fluids into such reservoirs, temperature changes may influence rock properties including
elastic wave velocities (Figures 5–7) and, through seismic monitoring, provide valuable information on changes
within a reservoir due to fluid circulation (Calò et al., 2011; Lehujeur et al., 2017, 2018; Obermann et al., 2015;
Richter et al., 2014). As for volcanoes, it is important to understand the influence of temperature on wave velocity
to infer temperature changes within the reservoir and distinguish them from changes due to fluid pressure and
other mechanical stresses.

Injectivity at the injection well is a key parameter for geothermal reservoirs. In geothermal systems, changes in
temperature and the resulting thermal stresses may increase well injectivity through fracturing (Eggertsson
et al., 2020; Grant et al., 2013; Huenges et al., 2013; Jansen &Miller, 2017; Siratovich et al., 2011), but may also
negatively impact well stability (Bérard & Cornet, 2003). Our results suggest that temperature changes due to
injection and production may result in crack opening, ultimately reducing the strength and stiffness of the host
rock.

6. Conclusions
Samples of Rubble Creek and Etna basalts (∼1% and ∼4% porosity, respectively) and the La Lumbre andesite
(∼23% porosity) were heated and cooled over three cycles: to temperatures of 450°C whilst measuring vP and
monitoring AEs; and to temperatures of 700°C whilst measuring sample elongation.

During heating and cooling cycles 2 and 3, both vP and the sample lengths increased reversibly with increasing
temperature. We conclude that the significant increase in vP measured during heating (of up to about 40%)—
which is opposite to observations made for granite—is due to closure of microcracks with increasing temperature.

During the first cycle, we observed a higher rate of detected AE and an irreversible decrease in vP, indicating
significant microcracking in the RCB and some microcracking in the La Lumbre andesite. Additionally, for both
the RCB and La Lumbre andesite, we observed inflections in the TEC during heating, indicative of structural
relaxation. We anticipate that the subsequent cooling of the restructured material leads to an accumulation of
thermal stress and ultimately microcracking during the cooling phase. In contrast, the EB, characterized by a high
density of pre‐existing microcracks but low porosity, exhibited a quasi‐reversible increase in vP with increasing
temperature throughout all cycles. Notably, we did not observe inflections in TEC, and the AE activity remained
low, indicating minimal microcracking in this sample.

For comparison with our experimental results, we compiled data from previous experimental studies of thermal
stressing of volcanic rocks and conclude that rocks with low porosity and low initial crack densities are partic-
ularly susceptible to thermal microcracking. Our results and review of the literature highlight the influence of the
initial microstructure and thermal stress history on the occurrence of thermal microcracking within volcanic rock.

We anticipate that, owing to the contribution of microcrack closure, the influence of temperature on the physical,
mechanical and transport properties of volcanic rock may be greater than previously understood, having strong
implications for the behavior and monitoring of volcanic and geothermal systems at all depths.
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Data Availability Statement
The data files used in this paper are available at Griffiths et al. (2024).
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