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Abstract We present results from a series of thermal stressing experiments that used three igneous rocks
of different composition, grain size, and origin and contemporaneously recorded acoustic emissions
(AEs) with changing temperature. Samples were subjected to both a single heating and cooling cycle and
multiple heating/cooling cycles to different peak temperatures. The vast majority of thermal crack damage is
generated during heating in the coarser‐grained (quartz rich) rock but during cooling in the two
finer‐grained (quartz poor) rocks. Our AE results also demonstrate the presence of a temperature‐memory
effect, analogous to the Kaiser stress‐memory effect observed during cyclic mechanical loading, but
only in the coarser‐grained rock. We suggest that the total amount of crack damage induced during either
heating or cooling is dependent on the mineral composition and, most importantly, the grain size and
arrangement, as well as the maximum temperature to which the rock was exposed. We use our
laboratory‐scale results to suggest ways in which crustal‐scale geophysical data may need to be reinterpreted
to provide more accurate estimates of total, accumulated damage and the approach to macroscopic
failure in crustal segments hosting magma chambers and geothermal reservoirs.

Plain Language Summary We present results from a series of laboratory thermal stressing
experiments using three igneous rocks of different composition, grain size, and origin: a Granophyre
(SGP) from the Slaufrudalur pluton in Iceland, an Andesite from Santorini, Greece (SA), and a Basalt from
the Seljadalur region of Iceland (SB), in which acoustic emissions (AEs) were recorded at the same time
as the temperature of the samples was experimentally increased or decreased. Samples were subjected to
both a single heating and cooling cycle and multiple heating and cooling cycles to different peak
temperatures. The vast majority of thermal crack damage was generated during heating in the larger‐grained
SGP but during cooling in the smaller‐grained SA and SB. Our AE results demonstrate the presence of a
temperature‐memory effect in SGP, analogous to the Kaiser stress‐memory effect observed during cyclic
mechanical loading, but no similar effect is observed in either SA or SB. We suggest that the total amount of
crack damage is dependent on the mineral composition and, most importantly, the grain size and
arrangement, as well as the maximum temperature to which the rock was exposed. The results should
be considered in models that consider the distribution of damage in cyclically thermally stressed regions
such as crustal segments hosting geothermal reservoirs and/or magmatic intrusions.

1. Introduction

Volcanic and geothermal systems commonly experience complex cyclic stressing resulting from the
mechanical loading of regional tectonics or local fluid movements (Gudmundsson, 2006). While the role
of cyclic mechanical stressing is still not fully understood, substantial work has beenmade to investigate this
problem in volcanic settings (Heap et al., 2009, 2010; Heimisson et al., 2015). However, another important
but much less well‐studied process in these systems is that of cyclic thermal stressing. For example, brittle
materials such as rocks commonly exhibit a stress memory effect, or so‐called Kaiser effect, when cyclically
deformed through mechanical loading (Browning et al., 2018; Holcomb, 1993; Kaiser, 1953; Lavrov, 2001,
2003; Lockner, 1993). This effect has been shown both in laboratory‐scale rock samples (e.g., Browning et
al., 2018; Heap et al., 2009) and also on the scale of kilometers regionally in parts of Iceland (Heimisson
et al., 2015). Manifestation of the Kaiser effect is most commonly discerned through monitoring the
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output of microseismicity or acoustic emissions (AEs) as a proxy for induced crack damage. In the laboratory
rock deformation experiments of Lockner (1993) and Heap et al. (2009), it was noted that AE only com-
menced on any loading cycle once the maximum stress in the preceding cycle was reached or exceeded.
Browning et al. (2017) expanded on this observation to suggest that it is not the individual stress state that
controls the AE onset level but instead the crack damage state, and hence, the Kaiser effect is actually a
damage memory effect rather than a stress memory effect. Browning et al. (2018) used a true‐triaxial appa-
ratus to extend this observation further and suggest that materials can exhibit multiple damage memories
depending on the relative orientations of the principal stresses and also the stressing history. As such,
mechanical cyclic loading is relatively well studied and understood. By contrast, however, damage processes
related to temperature cycling have received significantly less attention and are therefore less well under-
stood. Hence, the processes that operate during cyclic thermal stressing remain enigmatic, and the sparse
observations from cyclic thermal stressing experiments that have been performed to date remain inconclu-
sive (e.g., Heap et al., 2013). The problem is further compounded by the paucity of geophysical data related to
cyclic thermal damage in natural crustal settings. Hence, while cyclic thermal damage likely contributes to
natural seismicity in regions that experience temperature changes, the nature of the cyclic crack damage
forming processes remains enigmatic. Studies of single‐cycle thermal cracking experiments that have
combined laboratory data with modeled geothermal reservoirs have however shown that thermal damage
can significantly change both the physical and transport properties of rocks (i.e., Sepúlveda et al., 2020;
Siratovich et al., 2015). These changes, which are cyclic in nature, may therefore influence both failure
related processes and the interpretation of seismic or modeled data.

Historically, the vast majority of studies of thermal cracking in rocks have concentrated primarily on the
heating cycle (Meredith et al., 2001; Richter & Simmons, 1974; Simmons & Cooper, 1978; Vinciguerra
et al., 2005) and so could only deduce thermal cracking during heating and not during cooling. However,
more recent studies of thermal cracking in poly‐crystalline rocks have presented evidence to suggest that
substantial amounts of thermal cracking are generated during cooling (Browning et al., 2016; Castagna
et al., 2018; Heap et al., 2013; Mollo et al., 2013). In contrast, the thermal stressing experiments of
Griffiths et al. (2018), where ultrasonic velocities and acoustic emissions were recorded both during the
heating and cooling of Westerly Granite samples, suggest that most thermal crack damage was generated
during heating and that changes in seismic codas during cooling resulted from grain sliding and rearrange-
ment and not from further thermal cracking. It is therefore important to reconcile these apparently contra-
dictory observations.

Here we report results from a suite of thermal stressing experiments on three different igneous rocks,
conducted under identical conditions and using the same experimental arrangement. The rocks were chosen
because they represent a range of different mineralogies and microstructures. The experiments were
designed to test ideas on the magnitude and frequency of thermal cracking during both heating and cooling,
as well as during cyclic thermal stressing. As such, we performed both single‐cycle heating and cooling
experiments and multiple‐cycle heating and cooling experiments. We made contemporaneous measure-
ments of AE output throughout each experiment, with the AE acting as a proxy for the relative size and
number of microcracks formed during thermal stressing.

2. Experimental Material

Three intrusive igneous rocks were selected for our thermal stressing tests (Figure 1). A coarse‐grained gran-
ophyre from the Slaufrudalur pluton in Eastern Iceland (SGP) (Browning et al., 2016; Burchardt et al., 2012),
a bimodal grain‐sized andesite from Santorini (SA), and a finer grained basalt from the Seljadalur region of
SW Iceland (SB). SGP is an intrusive granophyre from a pluton, with an initial porosity of around 2%
(Browning et al., 2016). The microstructure of SGP is dominated by >1 mm interlocked quartz grains. SA
is an intrusive andesite from a dyke, with a relatively high initial porosity of around 13%, comprised of
primarily open vesicular pores with some preexisting microcracks that primarily emanate from vesicle
boundaries. The microstructure of SA comprises large (>0.5 mm) plagioclase crystals embedded within a
much finer‐grained matrix of plagioclase and pyroxene. SB is an intrusive, tholeitic basalt (a sill), with an
initial porosity of around 4% (Browning et al., 2016; Vinciguerra et al., 2005). Its microstructure is dominated
by an intergranular matrix of plagioclase, granular pyroxene, and iron oxides. Partially oriented plagioclase
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is also found, along with a rare abundance of augite, olivine, and an interstitial glass phase. The SB used in
this study was very similar to that used by Nara et al. (2011) and Vinciguerra et al. (2005) who both report the
absence of visible preexisting microfractures. We also could not observe preexisting microfractures in our
starting material.

3. Experimental Setup

Core samples, measuring 25 mm in diameter by 65 mm in length, were held within a purpose‐built heating
jig manufactured from 310 stainless steel alloy, capable of sustaining temperatures up to 1100°C without sig-
nificant corrosion. The jig is approximately 1 m in length and comprises a series of rods and springs to
hold the sample under constant end‐load within the central, uniform temperature section, of a Carbolite
CTF12/75/700 tube furnace while allowing for expansion and contraction (Figure 2) (see also
Browning, 2015; Browning et al., 2016; Castagna et al., 2018). The central rods act as acoustic waveguides
and are of sufficient length to enable the AE transducer to be located outside of the furnace where it remains
cool. The external springs allow the central rods to move in response to sample expansion and contraction
during heating and cooling and therefore maintain a uniform contact throughout the experiments.
Temperature was monitored by a thermocouple placed on the sample surface and controlled using a
calibrated thermocouple contained within the tube furnace. All experiments were conducted at
ambient pressure.

4. Experimental Protocol

Below, we present results from two suites of thermal stressing tests. In the first suite, samples of each rock
type were individually subjected to a single heating and cooling cycle to a maximum temperature of
900°C. In these tests, the samples were heated at a rate of 1°C/min, held at the maximum temperature for
30 min, and then cooled at a natural cooling rate that did not exceed 1°C/min. In the second suite, samples
were subjected to multiple heating and cooling cycles to peak temperatures of 350°C, 500°C, 700°C, and

Figure 1. The three materials studied (a) granophyre from eastern Iceland (SGP), (b) andesite from Santorini, Greece (SA), and (c) basalt from Seljadalur Iceland
(SB). SGP is dominated by >1 mm interlocked quartz grains, whereas SA has a very fine‐grained Plg/Px matrix with larger (>0.5 mm) plagioclase crystals
embedded. SB consists of plagioclase laths within a finer‐grained matrix of Ol/Px crystals.

Figure 2. Schematic diagram of the experimental arrangement used for the cyclic thermal stressing experiments (modified after Browning et al., 2016).
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900°C (all at a constant rate of 1°C/min on heating and a natural cooling rate of <1°C/min). The samples
were held at each peak temperature for 30 min, which was found to be sufficient time for thermal equilibra-
tion (see Browning et al. [2016] for further details). In order to capture dynamic crack growth and nucleation
events during the tests, we recorded acoustic emissions contemporaneously during each test using a
Panametrics V103 piezoelectric Pwave transducer attached to one end of the wave guide. The signal was pre-
amplified and recorded using a Vallen AMSY‐5 acoustic emission analyzer. The preamplifier was set with a
fixed gain of 30 dB and a detection threshold of 40 dB. Importantly, the settings of the AE instrumentation
were identical for all tests so that the AE data are comparable between tests. Arrival times were used to
calculate the AE hit rate, which we use as a contemporaneous measure for the rate of cracking. The area
under the envelope of each discrete waveform is used to measure the relative energy associated with each
AE hit which we use as a proxy to estimate the relative size of crack growth increments. Additionally, we
also measured the P wave velocities of our rock samples prior to and after each heating and cooling cycle
(the data are provided in the supporting information). Together, these measurements provide insights into
the total amount of crack damage formed during the combined heating and cooling cycles.

5. Results
5.1. Single Heating and Cooling Cycle Tests

In Figure 3, we plot the cumulative number of AE hits, energy output, and temperature as functions of time
for thermal stressing tests on each rock type heated to 900°C and then cooled back to ambient temperature in
a single cycle. In the test on Slaufrudalur Granophyre (SGP), both the cumulative number of AE hits and the
AE energy output are notably higher during the heating phase than during the cooling phase (Figures 3a and
3d). In total, some 83,000 AE hits were recorded, and over 72,000 (87%) of these were generated during the
heating phase (Table 1). We observe comparable results for the output of AE energy (88% generated during
the heating phase) and also note that the AE energy per hit is very similar for hits generated in both the
heating and cooling phases (Table 1).

By contrast, the output of AE for both Santorini Andesite (SA) and Seljadalur Basalt (SB) is much greater
during the cooling phases than during the heating phases (Figures 3b, 3c, 3e, and 3f and Table 1). For SA,
a total of just over 7,000 AE hits are generated during the whole test, with over 90% being generated during
the cooling phase (Table 1). Similarly, well over 90% of the AE energy is generated during this phase.
However, we also note that the AE energy per hit is higher by about a factor of four for the AE hits generated
during cooling than for those generated during heating. A similar pattern is observed for SB, with over 90% of
the 6,000 recorded AE hits and over 90% of the AE energy being generated during the cooling phase
(Table 1). Once again, we note that the AE energy per hit is significantly higher (by approximately a factor
of 2) for hits generated during the cooling phase.

5.2. Multiple Heating and Cooling Cycle (Thermal Cycling) Tests

In Figure 4, we present results from the suite of multiple cycle, thermal cycling tests on each rock type. In
these tests, each sample was subjected to four heating and cooling cycles to successively increasing peak tem-
peratures of 350°C, 500°C, 700°C, and 900°C. Again, we plot cumulative AE hits and AE energy output
against temperature and as functions of time. However, we also mark, for each rock type, the onset of AE
output during each of the heating phases where AE was generated. In the test on SGP (Figures 4a and
4d), we observe essentially no AE output during either the heating or cooling phases of the first cycle to a
temperature peak of 350°C. By contrast, during the second heating cycle, we observe the onset of significant
AE output around 380°C, which continues at a relatively constant rate until the temperature peak of 500°C is
reached. We then observe essentially zero AE output during the cooling phase of this cycle (Figures 4a and
4d). We also note that during the third heating cycle the AE output recommenced at 500°C, significantly
higher than the onset temperature of 380°C in the previous cycle. Significantly, this corresponds both to
the maximum temperature in the previous cycle and the point at which AE output ceased during that cycle.
This observation suggests the presence of a “temperature‐memory” effect, analogous to the Kaiser stress
memory effect reported in numerous studies of cyclic mechanical loading of rocks (Browning et al., 2018;
Holcomb, 1993; Lavrov, 2001, 2003; Lockner, 1993). The AE output continued to increase steadily until
the temperature peak of 700°C was reached. A relatively small amount of AE output occurred during the
very earliest part of the cooling phase but ceased after that, with essentially nothing being recorded
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during the remainder of the cooling phase. A similar pattern of activity was observed during the final cycle,
with the heating being essentially aseismic until a temperature of 680°C was reached. This is close to the
previous maximum temperature and also corresponds to the temperature at which AE ceased during the
cooling phase of the previous cycle. This observation therefore adds further support to the idea of a
temperature‐memory effect in SGP. We again observed very little AE output during the initial phase of
cooling from the maximum temperature of 900°C, but we did observe a significant output of AE at
temperatures below 500°C, during the final phase of cooling in this cycle. In total, around 50,000 AE hits
were generated over the four cycles of heating and cooling; somewhat fewer than the >80,000 generated
during heating to the same maximum temperature during a single cycle (Figure 3a and Table 1).

The results from the thermal cycling tests on both SA (Figures 4b and 4e) and SB (Figures 4c and 4f) were
very similar to each other but quite different from those for Slaufrudalur Granophyre, although all three
rocks were exposed to identical thermal cycling to the same set of peak temperatures. During the thermal
cycling test on SA we recorded no significant AE during the first two cycles of heating and cooling to peak
temperatures of 350°C and 500°C. The first onset of AE output occurs around 600°C during the heating
phase of the third cycle, but both the number of hits and the energy are rather low. Significantly more AE
is generated during the phase of cooling from the temperature peak of 700°C. During the final cycle, we
again observe an AE onset at the same temperature of 600°C during the heating phase, and the output
continues up to the maximum temperature of 900°C. Again, we observe that the great majority of the AE
output, both in terms of the number of hits and the energy, is generated during the phase of cooling from
the maximum temperature. In fact, more than 75% of the AE hits and more than 85% of the AE energy were
generated during this single, final cooling phase. Furthermore, the observation that the AE onsets during the

Table 1
Summary of AE Outputs (Cumulative AEHits, Cumulative AE Energy and Energy/Hit) Generated During the Heating and
Cooling Phases of the Single Thermal Cycling Tests on Slaufrudalar Granophyre (SGP), Santorini Andesite (SA), and
Seljadalur Basalt (SB)

Rock (phase) ∑ AE hits ∑ AE energy Energy/hit

SGP (Heating) 72,428 87% 10.1 × 106 88% 139
SGP (Cooling) 10,873 13% 1.34 × 106 12% 123
SA (Heating) 517 7% 0.03 × 106 2% 58
SA (Cooling) 6,745 93% 1.32 × 106 98% 198
SB (Heating) 468 7% 0.06 × 106 6% 121
SB (Cooling) 5,292 93% 1.06 × 106 94% 200

Figure 3. Cumulative acoustic emission hits generated during heaing (in red) and cooling (in blue) from 900°C in the three rock types, (a) Slaufrudalar
Granophyre (SGP), (b) Santorini Andesite (SA), and (c) Seljadalur Basalt (SB) with acoustic emission hit energy recorded in (d)–(f). NOTE: Order of
magnitude difference in AE totals between SGP (a and d) and SA/SB (b, c, e, and f).
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third and fourth heating phases occurred at the same temperature suggests that there was no manifestation
of any temperature‐memory effect in the Santorini Andesite.

A broadly similar pattern of activity is observed in the thermal cycling test on SB. We observe no AE output
during either the heating or cooling phases of the first cycle to a temperature peak of 350°C. The first onset of
AE output commenced around 500°C, very close to the temperature peak in the second cycle. As for SA, we
note that the AE onsets for SB commence at the same temperature of 500°C during the heating phases of
both cycles three and four. This again suggests that SB, just like SA, exhibits no manifestation of any
temperature‐memory effect. Also like SA, we note that significantly more AE output was generated during
the cooling phase of each cycle than during the heating phases, with approximately 90% of the AE hits and
90% of the AE energy being generated during the single, final phase of cooling from 900°C.

By contrast with SGP, the total number of AE hits generated during the four cycles of the thermal cycling
tests on both SA and SB was broadly similar to the total number generated during the single cycle tests
(differences of around 6%) (Figures 3b and 3c and Table 1).

We also measured radial P wave velocities (Vp) on all of the as received rocks and repeated the measure-
ments after each heating and cooling cycle (supporting information). The change in Vp following heat treat-
ment was most notable in SGP where the initial average velocity of 4.8 km s−1 decreased with every
temperature step to a minimum of 1.7 km s−1 after the highest temperature of 900°C, a change of 64%.
Similarly, SB also experienced decreases in Vp with each temperature step, starting at 5.4 km s−1 and
decreasing to 3.6 km s−1, a change of 33%. The change in Vp for SA was less but still significant, decreasing
from 4.6 to 4.3 km s−1, a change of 7%.

6. Discussion

Our experimental results demonstrate clearly that the AE behavior of SGP during thermal stressing is fun-
damentally different from that of both SA and SB, whereas the patterns of behavior of SA and SB are essen-
tially the same. This occurs even though all three rocks were subjected to identical heating and cooling
regimes to identical peak temperatures using the same experimental apparatus. Since we use the output
of AE in these experiments as a proxy for the generation of thermal crack damage within our samples, the
results suggest that the pattern of thermal crack damage generated during heating and cooling of SGP,
SA, and SB is also very different. One apparently obvious way that could normally be used to verify this,
at least qualitatively, would be via post mortem microstructural analysis of the crack fabrics. However, as
we have noted previously (Browning et al., 2016), a major problem when studying thermal cracking induced
by both heating and cooling is that we can only observe a palimpsest of the data because any cracking

Figure 4. Cumulative AE hits (a–c) and AE energy (d–f) generated during multiple cyclic heating (in red) and cooling (in blue) to peak temperatures of 350°C,
500°C, 700°C, and 900°C in Slaufrudalar Granophyre (SGP), Santorini Andesite (SA), and Seljadalur Basalt (SB), respectively. Orange dots indicate the onset
of AE output in each cycle where significant AE was generated. Note the order of magnitude difference in the scale of cumulative AE hits between SGP
(a) and SA/SB (b and c).
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induced during heating is overwritten by the cracking induced during cooling. This issue becomes even
more dominant where multiple heating and cooling cycles are involved. It is therefore impossible to discri-
minate at what point during the tests the cracks were generated from any postmortem analysis. Similarly,
our pretest and posttest measurements of P wave velocities can be used to discern the total amount of
induced thermal crack damage during any test but cannot be used to distinguish between damage induced
during the heating part and damage induced during the cooling part of any cycle. Reliable interpretation is
therefore dependent on analysis of the AE data which is recorded contemporaneously with changes in tem-
perature in real time.

First, as noted above, the total number of AE hits and level of AE energy generated during the heating of SGP
to 900°C and cooling back to ambient temperature is about an order ofmagnitude higher than for either SA or
SB (Figure 3 and Table 1). This implies thatmuchmore thermal crack damage is generated in SGP than SA or
SB during these single cycle heating and cooling tests. Second, the very different proportions of AE generated
during the heating and cooling phases for the different materials (Table 1) suggest that most thermal crack
damage is generated during the heating phases in SGP and during the cooling phases in SA and SB. Third,
we note that the AE energy per hit was essentially the same for both the heating and cooling phases of the
test on SGP (Table 1). The AE energy for any hit is defined as the area under the amplitude‐time envelope
and is therefore ameasure of the size of the hit (Cox &Meredith, 1993). This implies, therefore, that themean
size of the thermally induced cracks in both phases was also essentially the same for SGP. By contrast, for
both SA and SB, the AE energy per hit was significantly higher during the cooling phase than during the heat-
ing phase, implying that, not only were more cracks generated during cooling than during heating in these
rocks but also that their average size was larger. Finally, in our thermal cycling tests, we observe a tempera-
ture‐memory effect in SGP, whereby newAE output (and, hence, new crack growth) only commences when
the peak temperature in the previous cycle is equaled or exceeded (Figure 4a). By contrast, no such tempera-
ture memory was observed during the cyclic tests on either SA or SB; rather, AE output commenced at the
same temperature during each heating phase (Figures 4b and 4c).

Our complementary measurements of Pwave velocities are broadly consistent with this interpretation of the
AE data. As noted earlier, we measured the P wave velocities of our all of our “as received” samples before
testing and then measured them again after each heating and cooling cycle to 350°C, 500°C, 700°C, and
900°C (details are given in the supporting information). For SGP, the mean P wave velocity decreased by
64%, from 4.8 to 1.7 km s−1 after heat treatment to 900°C. We measured a smaller decrease of 33% for SB
from 5.4 to 3.6 km s−1. Finally, the mean velocity in SA decreased by only about 7%, from 4.6 to 4.3 km s−1.
Most noticeably, the reductions in the P wave velocities demonstrate that significantly more thermal crack
damage is induced in SGP than in either SA or SB over the same temperature range. The differences in P
wave velocity change between SA and SB can be explained by the materials different initial porosities. SA
has a very high initial porosity of 13%, whereas SB has a lower initial porosity of 4%. Hence, in the high
porosity SA, even a substantial amount of thermal crack damage will not increase the porosity (i.e., total void
volume) significantly. The change in P wave velocity following heat treatment responds to the relative
change in total void volume. In a high porosity rock, it is therefore possible to get a high level of AE output
generated by thermal cracking without significantly changing the P wave velocity. Vinciguerra et al. (2005)
showed that the Pwave velocity of Icelandic basalt with an initial porosity of around 1% decreased by around
40% after heating to 900°C, whereas the P wave velocity of basalt from Mt. Etna, with a porosity >2% and a
very high initial crack density, decreased be less than 1% after heating to the same temperature. It is there-
fore not at all surprising that our samples of SA, with an initial porosity of around 13%, showed only a
marginal decrease in P wave velocity after thermal treatment.

So, how can we explain the apparently contradictory observations of a temperature memory effect in SGP
but none in SB and SA? Given that the sample dimensions were identical, the experimental protocols were
identical and all tests were conducted using the same experimental apparatus, we look to the compositions
of the three different rocks.

SGP is a tightly packed, coarse‐grained rock with a microstructure dominated by interlocking quartz grains.
It is well known that the thermal expansion coefficients of quartz are highly anisotropic, with the a axis
value being around 1.6 times the c axis value at ambient temperature (Nye, 1957), and increasing with
temperature to around 1.75 at 270°C (Meredith et al., 2001). It therefore seems reasonable to suggest that
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the thermal expansion anisotropy is likely to be around 2 at least for the temperatures of this study. Meredith
et al. (2001) reported that, for heating of a quartz‐rich rock with randomly oriented grains, the expansion of
each grain is partially constrained by the attempted expansion of its neighboring grains; and termed this the
internal self‐constraint. This self‐constraint leads to thermal strain deficits in the high‐expansion a direction
and small thermal strain excesses in the low‐expansion c direction, maintained by the generation of aniso-
tropic thermal stresses. They therefore concluded that the mechanism responsible for thermal cracking in
quartz‐rich rocks is most likely to be splitting of individual grains due to the compressive stress generated
along their a axes, aided by the small tensile stress generated along their c‐axes, during heating.
Conversely, the low level of cracking that occurs during cooling of SGP is likely associated with grain rea-
lignment and sliding and some extension of preexisting thermal cracks during contraction, as suggested
by Griffiths et al. (2018).

These explanations are entirely consistent with the main features of the AE data generated in SGP in this
study; the great majority of cracking occurring during heating rather than cooling, and the occurrence of
a temperature‐memory effect. There have been relatively few studies of the effect of thermal cycling on crack
growth in quartz‐rich rocks, but Atkinson et al. (1984) performed such experiments on samples of Westerly
granite. Their AE results demonstrated that the great majority of cracking occurred during heating rather
than during cooling and also confirmed the earlier observations of Johnson et al. (1978) and Yong and
Wang (1980) of a temperature‐memory effect equivalent to the Kaiser stress‐memory observed during cyclic
mechanical loading. Essentially, the cracks that are generated by the thermal stresses during heating close
(essentially elastically but with some realignment and sliding) during cooling and then reopen during
reheating. Only when the previous maximum temperature is exceeded do the thermal stresses again become
high enough to induce new crack growth.

By contrast, the microstructure of SA comprises large angular plagioclase crystals embedded within a much
finer‐grained matrix, while SB comprises smaller, partially oriented plagioclase crystals in a finer‐grained
matrix with an interstitial glass phase. We simplify this for both SA and SB by considering the phenocrysts
as acting as elastic inclusions within an essentially homogeneous matrix. We can then follow the same ana-
lysis as Browning et al. (2016) and apply the model of Fredrich andWong (1986) which analyses the effect of
temperature changes on the stress field around an angular inclusion embedded within an essentially homo-
geneous matrix. Specifically, they obtained solutions for the tensile stress intensity factors for microfractures
within and adjacent to such inclusions, taking account of both thermal expansion anisotropy within grains
and thermal expansion mismatch between grains of different minerals. Their overall conclusions were that
(1) for thermal expansion anisotropy, crack growth was inherently stable with both intragranular and grain
boundary cracks only growing to lengths between 0.2 and 0.3 of the inclusion length before arresting, and (2)
for thermal expansion mismatch, intragranular cracks again stabilized around 0.3 of the inclusion length,
whereas grain boundary cracks were inherently unstable and were predicted to propagate along the whole
length of the inclusion, only terminating at a geometrical discontinuity (the end of the inclusion).

Our results therefore suggest that the sparse and low energy AE events generated in SA and SB during heat-
ing are likely due to small increments of extension of preexisting grain boundary cracks and the growth of
relatively small numbers of new, intragranular cracks, within an overall compressional regime. By contrast,
the numerous and higher energy AE events generated during cooling are likely due to the growth of large
numbers of full‐length grain boundary cracks together with a significant number of intragranular cracks
of more limited extent, within an overall tensile regime. The same conclusions were drawn by Browning
et al. (2016) when applying the Fredrich and Wong (1986) model to single heating and cooling cycle tests
on Seljadalur basalt and Nea Kameni dacite. Since our interpretation is that very few and only partial, cracks
are induced during heating in SA and SB, large numbers of potential crack nucleation and extension sites
remain. It is therefore not surprising that cracking can recommence at these sites at the same onset tempera-
ture (and same thermally induced stress) in subsequent heating phases during multiple thermal cycling tests
(Figures 4b and 4c).

As noted above, like the AE data, the P wave velocity data also show that significantly more thermal crack
damage is induced in SGP than in either SA or SB during temperature cycling. However, while the AE
output was very similar for both SA and SB, we observe a significantly smaller reduction in P wave velocity
for SA (7%) than for SB (33%). While this may initially appear counterintuitive, it is entirely as expected and
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can be simply explained by the very different porosities of SA and SB. SA has an initial porosity of 13% and a
P wave velocity of 4.6 km s−1, while SB has a much lower porosity of only 4% and a comparably higher P
wave velocity of 5.4 km s−1. Therefore, the same amount of induced extra void space, in the form of thermal
crack damage, would be expected to have a commensurately larger effect on the P wave velocity of the
low‐porosity SB than on that of the high‐porosity SA. Similar complexities in thermal cracking characteris-
tics in volcanic rocks have been documented by Griffiths (2018) and also explained through differences in
the preexisting damage and initial porosities.

6.1. Implications for Cyclic Thermal Stressing and Damage in the Crust

Our results have implications for the deformation response of crustal segments that host magma chambers.
Over the lifetime of any magma chamber, the surrounding country rock is likely to experience multiple
cycles of both mechanical and thermal stressing. Such stresses are initially generated by magma
emplacement, whereby accommodation of any new volume of magma elevates the level of normal (mechan-
ical) stress and generates thermal stress by transfer of heat from the magma to the country rock
(Gudmundsson, 2006). Over time, the magma chamber may cool and deflate, thus reducing the level of nor-
mal stress and inhibiting further mechanical damage (Heap et al., 2010) but continuing to generate thermal
stress and thermally induced damage. We have shown that the extent of thermal damage during cooling is
highly dependent on the microstructure of the rock, whereby coarse‐grained, quartz‐rich rocks, such as
granophyre will experience relatively low amounts of thermal damage during cooling, while finer grained,
quartz‐poor rocks, such as basalt and andesite, experience much higher levels. Any such cooling and defla-
tion of the chamber is likely to be punctuated by further periods of magma replenishment and chamber
inflation. This highly cyclical behavior leads to repeated occurrences of both mechanical and thermal stres-
sing of the surrounding country rock.

It has previously been shown that many crustal rocks exhibit a Kaiser stress‐memory effect when cyclically
mechanically loaded (Heap et al., 2010; Holcomb., 1993; Lavrov, 2003). The occurrence of a Kaiser effect
has profound implications for the interpretation of remotely monitored seismic data and understanding
the approach to failure of stressed crustal segments and, in the case of volcanic systems, eventual eruption.
That is because the induced damage is cumulative over all cycles, while seismicity only records the contem-
porary damage generated during the current cycle. Therefore, reliance on seismicity alone is likely to severely
underestimate the total accumulated damage and, hence, the proximity to failure. Likemechanically induced
damage (Benson et al., 2020), thermally induced damage is also known to alter rock properties such as
strength and stiffness (Heap et al., 2013; Kendrick et al., 2013; Siratovich et al., 2015). Hence, thermal crack-
ing is also likely to influence both the amount of deformation in volcanic settings and the eventual onset of
failure. However, to date there has been no dedicated geophysical study focused on the relative contributions
of thermal damage andmechanical damage to the failure process, although seismic events related to the cool-
ing of magmatic systems have been interpreted (Miller et al., 1998). Nevertheless, Browning et al., (2016)
raised the potential for a quantitative link between laboratory‐scalemeasurements and crustal‐scale observa-
tions by comparing the frequencies of laboratory AE signals (~1MHz) with those of natural seismic signals at
volcanoes (~1–5 Hz) and the relative fracture lengths at both scales through the well‐established frequency‐
length scaling law of Aki andRichards (1980). Hence, it remains a priority in physical volcanology tomeasure
simultaneously the fracture length and frequency associated with seismic signals generated during thermal
cracking events in crustal segments hosting volcanoes or geothermal reservoirs. Furthermore, the interpreta-
tion of natural seismicity within the context of failure forecasting models (e.g., Bell et al., 2011) may need to
be amended, depending on whether the region of study demonstrates a temperature memory effect or not,
which, as our results have demonstrated, is at least partially controlled by rock type.

7. Conclusion

We suggest that the total amount of crack damage induced in a rock during either heating or cooling is
related to the mineral composition and most importantly the grain size and arrangement, as well as the
maximum temperature that the rock has previously experienced. Hence, the apparently contradictory obser-
vations of Browning et al. (2016) and Griffiths et al. (2018) are not contradictory at all. Their observations of
different patterns of cracking in different rocks appear simply to reflect the different responses of rocks with
different mineralogies and microstructures to different thermal stressing regimes. We therefore suggest that
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it is important to take these differences into consideration in any analysis of the evolution of crack damage
processes in igneous rocks that host geothermal reservoirs or magma chambers/intrusions and hence experi-
ence cyclic changes in both stress and temperature. A priority should be to identify natural thermal memory
effects in crustal rocks as such processes influence the interpretation of seismic and modeled data.

Data Availability Statement

Supporting data are included in an supporting information file and may be obtained from J. B. (email:
jbrowning@ing.puc.cl) or from the NERC geoscience data center (NGDC) (https://doi.org/10.5285/
54a2032d‐b626‐43ad‐8aa6‐eb52ad7ff7ec).
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