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Abstract Tomonitor both the permanent (thermalmicrocracking) and the nonpermanent (thermo-elastic)
effects of temperature on Westerly Granite, we combine acoustic emission monitoring and ultrasonic
velocity measurements at ambient pressure during three heating and cooling cycles to a maximum
temperature of 450°C. For the velocity measurements we use both P wave direct traveltime and coda wave
interferometry techniques, the latter being more sensitive to changes in S wave velocity. During the first
cycle, we observe a high acoustic emission rate and large—and mostly permanent—apparent reductions in
velocity with temperature (P wave velocity is reduced by 50% of the initial value at 450°C, and 40% upon
cooling). Our measurements are indicative of extensive thermal microcracking during the first cycle,
predominantly during the heating phase. During the second cycle we observe further—but reduced—
microcracking, and less still during the third cycle, where the apparent decrease in velocity with
temperature is near reversible (at 450°C, the P wave velocity is decreased by roughly 10% of the initial
velocity). Our results, relevant for thermally dynamic environments such as geothermal reservoirs, highlight
the value of performing measurements of rock properties under in situ temperature conditions.

1. Introduction

The influence of temperature on the physical andmechanical properties of rock is of interest to many areas of
Earth science and engineering, and at a wide range of scales. In granite, the thermal expansion of minerals
results in the build-up of thermal stresses during heating and may lead to thermal microcracking (Kranz,
1983). Thermal microcracking has been shown to increase porosity (Chaki et al., 2008; C. David et al., 1999;
Nasseri et al., 2007; Reuschlé et al., 2003; X.-Q. Wang et al., 2013), increase permeability (Chaki et al., 2008;
Glover et al., 1995; Jones et al., 1997; Meredith et al., 2012; X.-Q. Wang et al., 2013), and reduce uniaxial
strength (Nasseri et al., 2007) and stiffness (E. C. David et al., 2012; Walsh, 1965).

Fredrich and Wong (1986), for example, studied the micromechanics of thermal cracking in three crustal
rocks, includingWesterly Granite, in which—throughmicroscopic observation of a suite of thermally stressed
samples—they found that thermal microcracking occurs from temperatures within the range of 100–165°C
and found that all crystal boundaries were cracked in the granite heated to 500°C. Using a 2-D square inclu-
sion model, they link these threshold temperatures for thermal microcracking to the thermal expansion mis-
match between the inclusion and the surrounding material. In another study of thermal microcracking in
granite, Thirumalai and Demou (1973) measured the thermal dilation of two granites (Halecrest and
Charcoal) during cyclical heating and cooling. They observed a permanent dilation of the granites following
the first cycle, due to an increase in thermal microcrack porosity. However, they found the magnitude of
microcracking with subsequent cycles to be much diminished, with no permanent dilation following the
third heating/cooling cycle.

In the laboratory, a common technique to detect microcracking is acoustic emission (AE) monitoring. AE are
transient elastic waves produced during microcrack extension, and AE monitoring has been applied to
thermal microcracking in granite (Chen et al., 2017; Glover et al., 1995; Jones et al., 1997; Siratovich et al.,
2015; Todd, 1973). For example, Glover et al. (1995) heated La Peyratte granite at 1°C/min to 900°C while
monitoring AE and observed an onset of AE at around 80°C, and a spike in the AE rate at 573°C. Around
573°C corresponds to the temperature of the alpha/beta transition of quartz at room pressure, which is
accompanied by a marked thermal expansion, thus increasing thermal stresses and leading to further ther-
mal microcracking. Todd (1973) also used AE monitoring to study the influence of multiple heating and cool-
ing cycles (to a maximum temperature of 300°C) on Westerly Granite. Todd (1973) observed AE mostly as
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the unheated rock was heated for the first time; very few AE were observed during cooling or during
repeated thermal stressing cycles. Another example of AE monitoring during cooling (which we note are
rare in the literature) is a study by Browning et al. (2016), who monitored thermal microcracking in volcanic
rocks (a basalt and a dacite). Browning et al. (2016) found the vast majority of AE to occur during cooling,
which they attribute to thermal microcracking, underlining the merit for further study of AE monitoring
during cooling.

The P (pressure) wave and S (shear) wave ultrasonic velocities of rock (herein vP and vS, respectively) are par-
ticularly sensitive to microcracking and have been shown to permanently decrease when the build-up of
thermal stresses leads to thermal microcracking (Chaki et al., 2008; C. David et al., 1999; Johnson et al.,
1978; Jones et al., 1997; Nasseri et al., 2007). C. David et al. (1999) found the vP of La Peyratte granite to
decrease from roughly 5.5 to 3.7 km/s when heated to 450°C and cooled back to room temperature. The
same thermal stressing procedure was applied by Nasseri et al. (2007) to Westerly Granite, following which
they observed a decrease in vP from roughly 4.5 to 3.0 km/s. There is, however, a lack of direct wave velocity
measurements performed above room temperature in the literature. Examples include Zappone and Benson
(2013), who measured vP and vS of a metapelite from the southern Alps in northern Italy during heating to
750°C under high confining pressures of 200, 300, and 400 MPa, revealing the temperature of the quartz
α/β transition. To examine the influence of temperature on the matrix velocity of rock, Kern (1982) measured
vP and vS of samples of various rocks under a high confining pressure of 600 MPa and temperatures of up to
600°C. Confining pressure was applied with the aim of closing all microcracks, and the wave velocities were
seen to decrease with increasing temperature. H. F. Wang et al. (1989) measured vP of Westerly Granite during
heating to 300°C and cooling under confining pressures of 7, 28, and 55 MPa, finding vP to decrease with
increasing temperature, from ~4.5 km/s at room temperature to ~3.4 km/s at 300°C. H. F. Wang et al.
(1989) found that for all confining pressures vP decreased during heating and increased during cooling,
returning to the velocity of the unheated rock.

Grêt et al. (2006) used another method, coda wave interferometry (CWI), to measure the influence of tem-
perature on the wave velocity of Elberton Granite when heated to 90°C. CWI is a technique to infer small
changes in wave velocity from assessments of small relative delays in multiply scattered waves using high-
resolution cross correlations of waveforms (Snieder, 2002, 2006). Grêt et al. (2006) observed increasing time
delays during heating, corresponding to an apparent decrease in wave velocity. Between 70 and 90°C they
observed a strong nonlinear decrease in the apparent velocity with temperature, a result of thermal micro-
cracking. During a second heating and cooling cycle, they observed a reversible thermo-elastic response of
the waveforms to temperature. CWI, however, has yet to be used to monitor changes in rock microstructure
resulting from thermal microcracking when heated to and cooled from higher temperatures.

Here we use a new approach, combining AEmonitoring, measurements of vP, and CWI to monitor microstruc-
tural changes in Westerly Granite during three heating and cooling cycles to a maximum temperature of
450°C. Through repeated heating and cooling cycles, we quantify the influence of the irreversible (thermal
microcracking) and reversible (thermo-elastic deformation) changes in microstructure on the velocity
of granite.

2. Materials and Methods
2.1. Materials

We selected Westerly Granite (from Rhode Island, USA) for this study as its physical and mechanical proper-
ties are well known, near isotropic (Lockner, 1998), and have been shown to exhibit permanent changes—
through thermal microcracking—when heated (Nasseri et al., 2007; Nasseri, Schubnel, et al., 2009; H. F.
Wang et al., 1989; Yong & Wang, 1980). Westerly Granite has a mineralogical composition in volumetric frac-
tion of 27% quartz, 36% microcline, 30% plagioclase, 6% phyllosilicates, and 1% others, and a mean crystal
size of 0.75 mm (Meredith & Atkinson, 1985). We show a backscattered scanning electron microscope
(SEM) micrograph of a thin section of Westerly Granite in Figure 1. Labeled are grains of quartz (Qtz), micro-
cline (Mc), plagioclase (Pl), and phyllosilicate (here biotite, Bt).

We cored three cylindrical samples of Westerly Granite in the same orientation and precision-ground their
end-faces flat and parallel (diameter of 20 mm and a nominal length of 40 mm). Samples were oven-dried
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at 40°C in-vacuo for at least 48 hr prior to experimentation. We assume
that the granite block is sufficiently homogeneous and isotropic
(Lockner, 1998) and that the influence of thermal stressing is suffi-
ciently repeatable to compare measurements on different samples
cored from the same block.

2.2. Experimental Procedure
2.2.1. Experimental Setup
The experimental setup (Figure 2)—designed specifically for acoustic
measurements at high temperature—consists of a LoadTrac II servo-
controlled uniaxial press, in which a rock sample is held between two
vertical pistons made from heat resistant stainless steel (grade 310). A
GSL-1100X tube furnace (MTI Corporation), which has a constant tem-
perature zone of 80 mm in length, surrounds the sample. A custom-
built air-cooling system is attached around the top of the upper piston
to avoid exposing the AE transducer embedded within the upper
piston and the load cell to potentially-damaging high temperature.
2.2.2. Thermal Load
In each experiment, a sample is subject to three heating and cooling
cycles, at rate of 1°C/min, with a dwell time of 2 hr at the maximum

temperature of 450°C. The maximum temperature is limited by the operating range of the acoustic transdu-
cers within the furnace (Figure 1). We performed in situ measurements of P wave traveltime and CWI on the
first Westerly Granite sample, and for a second sample we monitored AE. During both experiments, the fur-
nace temperature was recorded at 10 mm from the sample surface. During the first experiment (the velocity
measurements), we also recorded the temperature at the center of the sample using a thermocouple (of
diameter 1.5 mm) inserted through a 1.7 mm hole drilled radially, halfway along the sample length. A third
granite sample was subject to the same thermal stress cycling procedure, and we performed “static” mea-
surements of vP and vS at room temperature using a separate dedicated device before and after each cycle,
for comparison with our in situ measurements.

2.3. Measurements
2.3.1. P wave Velocity
For the in situ vPmeasurements we used two acoustic sensors, a source
and receiver, housed within each piston (Figure 2). The sensors were in
direct contact with opposing faces of the granite sample and coupling
was ensured, and kept constant by, a servo-controlled axial force of
100 N (~0.3 MPa) on the sample (coupling otherwise oscillates drama-
tically as the pistons thermally expand and contract). The sensors were
S9215 high-temperature sensors from Physical Acoustics, which have a
resonant frequency of 100 kHz (52 dB) and an operating frequency
range of 80–560 kHz. During the three heating and cooling cycles, a sig-
nal generator connected to the upper transducer emitted a 200 kHz
sinusoidal pulse every 50 ms and simultaneously triggered a National
Instruments BNC 2110 acquisition card to record the preamplified
(+40 dB preamplifier with a flat response above 2 kHz) voltage across
the receiving transducer. Each recorded waveform was 2 ms in
duration: 4,000 samples at a sampling rate of 2 MHz, including a pre-
trigger recording time of 0.05 ms. The acquisition was repeated 50
times in succession, and the 50 recorded waveforms were stacked to
increase the signal-to-noise ratio. We set a waiting time of 10 s between
stacks, and acquisition continued throughout the three heating and
cooling cycles.

To calculate the shift in P wave arrival time, we spliced the first 30 μs of
the recorded waveforms and calculated the cross-correlation functions
(in the frequency domain) between pairs of waveforms throughout the

Figure 2. Schematic of the experimental setup for acoustic emission monitoring
and velocity measurements. The setup consists of a LoadTrac II uniaxial press
and a GSL 1100X tube furnace. For AE monitoring, a single acoustic sensor is
embedded within the top of the upper piston. For CWI and P wave traveltime
measurements, a pair of high-temperature sensors are in direct contact with
opposing ends of the sample.

Figure 1. Backscattered scanning electron microscope micrograph of unheated
Westerly Granite. Labeled are grains of quartz (Qtz), microcline (Mc), plagioclase
(Pl), and phyllosilicate (here biotite, Bt).
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experiment. Next, in the time domain, we performed a piecewise quadratic interpolation of each cross-
correlation function around its maximum, and we calculated the time shift at the maximum of the newly
interpolated cross-correlation function. We calculated the cumulative shift in P wave arrival time with experi-
ment time to obtain the time shift with respect to the initial waveform.

At room temperature, and on a separate, dedicated, and calibrated setup, wemade static measurements of vP
and vS at ambient pressure and temperature, both before and following heating and cooling. We used two
pairs of piezo-transducers in contact with opposing faces of the sample (each pair oriented either parallel
or perpendicular to the sample length for P wave and S wave, respectively), with one emitting an ultrasonic
wave (excited by a sinusoidal pulse: 700 kHz for P wave and multiple frequencies within the range of
100–500 kHz for S wave), and the other receiving. The velocities were calculated from the direct wave arrival
times observed on an oscilloscope. Using the static vPmeasurement of the unheated granite prior to heating
and the shift in P wave arrival time measured during heating and cooling, we calculated vP during the
entire experiment.
2.3.2. Coda Wave Interferometry (CWI)
CWI considers an ultrasonic wave that becomes scattered and reflected multiple times by the boundaries of,
or the heterogeneities within a medium (Snieder et al., 2002). The resulting waveform at a given location is
the contribution of many scattered waves that have traveled along different raypaths. Following changes
in the medium—which include velocity changes, the displacement of scatterers due to thermal or mechan-
ical deformation, and the development of new scatterers—the traveltime of these scattered waves becomes
delayed (Snieder, 2006). In the case of a velocity perturbation, Snieder (2002) showed that the shift in travel-
time of the wave is proportional to the time traveled (equation (1)) and therefore may be significantly greater
than the delay we observe in the direct arrivals.

δv
v
¼ � δt

t
(1)

The scattered waves arrive later or earlier following a change in velocity, and the resulting waveform
becomes elongated (apparent decrease in velocity) or compressed (apparent increase in velocity) in time.
For a given velocity change, the ratio between time shift and traveltime is constant (equation (1)): the stretch-
ing of the waveform increases with increasing traveltime as later arrivals have traveled for longer at the
new velocity.

There are two main methods used in CWI to calculate the relative time shift between waveforms. The first—
and original—method involves calculating the cross-correlation function between the twowaveforms in win-
dows centered at different traveltimes (Poupinet et al., 1984; Snieder et al., 2002). The lag of the maximum of
each cross-correlation function provides the time shift for a given traveltime, and their linear regression yields

the relative time shift, δtt . However, a potential problem with this method is that it approximates the time shift

as a constant within each window (Larose & Hall, 2009).

The second approach for calculating δt
t—and the method used herein—is the stretching method, whereby

we apply an array of relative time shifts to the first waveform and we select the value of δt
t for which the

stretched first waveform correlates most with the second (Larose & Hall, 2009; Sens-Schönfelder & Wegler,
2006). Following Larose & Hall (2009), we use a spline interpolation in the time domain to stretch each
waveform, noted hk, onto a series of new time vectors t(1 � a), where a is a value of the relative time shift,
δt
t . We then calculate the cross-correlation function (in the frequency domain), between a reference waveform

h0 and the shifted waveform hk[t(1 � a)], and the relative time shift is equal to the value of a for which the
peak of the cross-correlation function is maximal, noted ak, 0 (T is the length in time of the waveforms, here
0.5 ms).

In our experiments, the correlation between the reference waveform, h0, and subsequent waveforms, hk,
deteriorates with temperature due to the strong perturbation of the medium. To counter this, we calculate
instead the relative time shift ak, k � 1 between consecutive waveforms hk and hk � 1. In this case, a scaling
factor is required to infer the relative time shift with respect to the reference waveform, ak, 0 (equation (2)).
The scaling factor is a function of the previous relative time shifts ai, i � 1.

ak;0 ¼ ∏k
i¼1 ai;i�1 þ 1

� �� 1 (2)
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With our limited sampling of the wavefield, we cannot clearly identify
the wave path, which mostly contribute to the coda. Here as the wave-
length is of the same order of magnitude as the sample dimensions, we
expect that the coda is dominated by surface waves traveling around
the cylindrical sample (as concluded by Grêt et al., 2006, under similar
experimental conditions). It is also possible that multiple-reflected
waves contribute to the coda, as the pulse wavelength is slightly less
than the sample dimensions.

2.3.3. Calibration of the Acoustic Sensors
It is important to account for apparent time shifts due to external biases
of the experimental procedure, including whether the response of the
acoustic sensors is sensitive to temperature. Zhang et al. (2013) applied
CWI to the mechanical deformation of concrete and, to quantify the
influence of fluctuations in ambient temperature on the relative time
shift, they simultaneously performed CWI on a second, un-stressed
concrete sample. Zhang et al. (2013) calculated the relative time shift
from the two experiments to isolate the influence of mechanical defor-

mation on δt
t .

Here we performed both CWI and vP measurements on a sample of
fused quartz (with the same dimensions as the granite samples). We

expected to see a low time shift in both the direct P wave and CWI measurements due to the low changes
in vP and vS with temperature (measured to increase by ~2% and ~3%, respectively, when heated to
450°C; Fukuhara and Sanpei, 1994), and because of the low thermal expansion coefficient of fused quartz.
Regarding the influence of thermal expansion, if we assume that the relative time delay is equal to the rela-
tive elongation of raypaths, which is in turn equal to the linear thermal expansion coefficient of fused quartz,

we find a low δt
t of 5.4 × 10�7/°C. Any deviation from these relative time shifts is expected to originate from

external factors, including the sensor response, which must be corrected for when measurements are made
using the same experimental apparatus on rock samples of the same geometry.

We observed an increase in vP of the fused quartz sample by around 2.7% at 450°C (similar to the ~3%
increase measured by Fukuhara and Sanpei, 1994). However, we measured a positive relative time shift using
CWI (~1.5 × 10�4/°C; Figure 3), indicating an apparent decrease in the CWI wave velocity with temperature
(equation (1)) significantly greater than that due to the linear thermal expansion coefficient of quartz. We
expect that the observed relative time shift (Figure 3) may be due to wave scattering/reflection within the
steel casings of the sensors, and sensitivity of the electro-elastic response of the piezo-ceramic transducers
to temperature. The signal we measured for the fused quartz sample contains all these possible influences,
which we correct for in the measurements made on the granite sample. Note that we expect the hysteresis
of the relative time shift with respect to furnace temperature (Figure 3) to be due to the temperature of the
acoustic sensors, which is lower during heating and higher during cooling.

Figure 4 shows the Westerly Granite sample temperature with time (Figure 4a) and the amplitudes in grey-
scale of the first 0.5 ms of the recorded waveforms (Figure 4b), which we used for both CWI and vP measure-
ments. In Figure 4c, we show the samewaveforms but stretched by applying themean relative time shift with
temperature measured on the sample of fused quartz (Figure 3), to illustrate the relative time shift correction.

2.3.4. Acoustic Emission (AE) Monitoring
For AE monitoring, a single broadband AE sensor is housed facing toward the sample within the center of the
upper piston (Figure 2) to best capture the AE energy. To test this configuration, we simultaneously recorded
the AE produced by a Hsu-Nielsen lead break source—a 0.5 mm diameter 2H pencil lead of approximately
3 mm in length broken by pressing it against the surface of the granite sample—using two identical sensors,
one within the piston (as in Figure 2) and one adjacent, attached to the outside of the piston (details of the AE
acquisition are described in the paragraph below). We observed a greater amplitude and improved fre-
quency content using the AE sensor embedded within the piston. The piston, acting as a continuous wave-
guide (thus avoiding problems associated with attenuation at surface interfaces), applied a servo-controlled
load of 100 N (~0.3 MPa) on the sample to ensure a constant coupling between the sensor and the sample.

Figure 3. The CWI relative time shift per °C with temperature (averaged over
intervals of 10°C) calculated from waveforms recorded over five cycles of
heating and cooling of a fused quartz sample. The black solid line represents the
mean relative time shift with temperature with which we calibrated CWI
measurements made on the Westerly Granite sample.
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Without the servo-controlled load, the coupling oscillates dramatically as the pistons deform with
temperature, ultimately influencing the AE detection threshold.

The AE sensor was a micro80 miniature sensor from Physical Acoustics, which has a bandwidth of
200–900 kHz and a resonant frequency of 325 kHz. The sensor was connected to a 1283 USB AE Node: a
single-channel AE digital signal processor with a built-in 26 dB preamplifier and integrated analogue low-
and high-pass filters (set to 20 kHz and 1 MHz, respectively). When the preamplified voltage across the
transducer crossed the 40 dB detection threshold (with respect to a 1 μV reference voltage), an AE “hit”
was registered, and the system then counted the subsequent number of oscillations across the voltage
threshold (also known as ring-down counts). The AE trigger system parameters were set to 400 μs peak
definition time (the time following detection within which the peak voltage—and therefore the AE
amplitude—may be determined), 400 μs hit definition time (the maximum 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 (lead break) on the surface of the granite sample, which produces an
AE hit of amplitude 79 dB. 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 pretrigger. Studying the waveforms,
we postprocessed the AE data to remove any hits resembling electrical spikes, which corresponded to all hits
that had both an amplitude greater than 55 dB and a number of ring-down counts lower than 60. For com-
parison, genuine AE hits of more than 55 dB in amplitude had a mean number of ring-down counts of 460.
The number of discounted hits corresponded to 105 out of 596, 45 out of 137, and 43 out of 89 AE hits over
the course of the first, second, and third cycles, respectively.

3. Results
3.1. P wave Velocity

Table 1 shows the measurements of vP and vS made at room temperature on a thermally stressed
Westerly Granite sample using a separate dedicated setup. Before heating, vP was 4.89 km/s, decreasing to

Figure 4. CWI during three heating and cooling cycles. (a) Westerly Granite sample temperature against experiment time. (b) The first 0.5 ms of the original recorded
waveforms with experiment time. (c) The first 0.5 ms of the stacked waveforms with experiment time shifted by the relative time shift measured on the sample of
fused quartz. A waiting time of 10 s was set between stacks. The white lines illustrate the stretching of the waveform with time, by applying the noncalibrated
and calibrated cumulative time shifts measured with CWI to four distinct initial arrival times.
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2.95 km/s following the first heating and cooling cycle. Wemeasure smaller decreases, from 2.95 to 2.77 km/s,
and finally to 2.71 km/s following the second and third cycles, respectively (Table 1). We measure a decrease
in vS from 2.7 km/s before heating to 2.2 km/s following the third cycle (Table 1).

Figure 5a shows the in situ measurements of vP against sample temperature during each heating and cooling
cycles. The initial value of vP (“vP preheat” in Figure 5a) is the value measured using a separate calibrated
device at room temperature prior to heating (4.97 km/s), which is then recalculated taking in to account
the measured traveltime shift during heating and cooling. As the sample is first heated to 50°C, vP initially
shows a slight increase (Figure 5a). Between 100 and 450°C vP shows a continuous decrease to 2.50 km/s
at 450°C. During cooling, vP recovers to 3.01 km/s, resulting in a permanent net decrease of 1.96 km/s over
the first cycle. A similar permanent decrease in vP following a single heating/cooling cycle is also observed
in our room temperature measurements on another thermally stressed sample of Westerly Granite (Table 1)
and in the literature: (Nasseri et al., 2007) measured at room temperature a similar decrease in vP of
Westerly Granite when heated to 450°C from 4.5 to 3.0 km/s. Agreement with these standard room tempera-
ture measurements adds veracity to our in situ measurement method.

During the second cycle, the in situ vP decreases from 3.01 to 2.44 km/s at 450°C and increases back to
2.90 km/s upon cooling (0.11 km/s net decrease; Figure 5a). Finally, during the third cycle, vP decreases to
2.42 km/s at 450°C, returning to 2.85 km/s upon cooling (0.05 km/s net decrease; Figure 5a). The vP of the sam-
ple was remeasured using a separate device following all cycles (black circle in Figure 5a), which is the same
as the final value of vP calculated from the cumulative time shift.

3.2. Coda Wave Interferometry

We calculated the relative time shift between the first 0.5 ms of consecutive waveforms (Figure 4b) using the
stretching method (Larose & Hall, 2009; Sens-Schönfelder & Wegler, 2006) as described previously, before
correcting for the relative time shift measured on the fused quartz sample (Figure 3). The calibrated and non-
calibrated cumulative CWI time shifts for all three cycles are shown in Figure S1 of the supporting informa-
tion. In Figures 4b and 4c, the white solid lines illustrate the stretching of the waveform during heating
and cooling by applying the noncalibrated and calibrated CWI time shifts, respectively, to four distinct initial
arrival times. We see that these lines follow the shift in the peaks and troughs of the waveforms. Overall, we
observe an elongation of the waveforms during heating and a compression during cooling—a positive and
negative relative time shift respectively—corresponding to an apparent decrease in velocity with increasing
temperature (equation (1)).

Figure 5b shows the calibrated relative time shift per °C, δtt , averaged over a 10°C increase/decrease in sample

temperature during each cycle. As the rock is heated for the first time, the relative time shift is initially nega-
tive (Figure 5b), corresponding to an apparent increase in velocity with temperature up until 60°C. Between
60 and 150°C the relative time shift is positive and increases linearly with sample temperature. Above 150°C,
the time shift is constant with temperature, remaining roughly between 5 × 10�4/°C and 7.5 × 10�4/°C.
Measurements of relative time shift are greater in amplitude than thosemeasured on the sample fused quartz

sample (~1.5 × 10�4/°C; Figure 3). During cooling, δtt remains positive between 440 and 400°C, before becom-

ing negative and showing a linear decrease as the sample cools (an apparent increase in velocity). The ampli-
tude of the relative time shift during cooling remains below 4 × 10�4/°C, lower than during heating. Overall,

we find similar values to those of Grêt et al. (2006)— δt
t of between 2 × 10�4/°C and 6 × 10�4/°C—when they

heated and cooled Elberton Granite to a maximum temperature of 90°C, confirming our approach.

Table 1
P Wave and S Wave Velocities, Measured Before and Following the Heating/Cooling Cycles to 450°C, and Number of Detected
AE Hits During Heating and Cooling of Each Cycle

vP (km/s) vS (km/s) AE hits during heating AE hits during cooling

Un-heated 4.89 2.7 - -
Heated to 450°C 2.95 - 224 267
2× heated to 450°C 2.77 - 19 73
3× heated to 450°C 2.71 2.2 22 24
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In the following cycles the relative time shift is initially positive during heating (apparent decrease in velocity),
at around 2 × 10�4/°C throughout cycle 2 and 3.5 × 10�4/°C during cycle 3 (Figure 5b). The time shift
decreases with temperature, remaining lower than during the first cycle between 150 and 450°C. During

the cooling phase of cycles 2 and 3, the relative time shifts are very similar. Initially close to zero, δtt increases

to around 2.5 × 10�4/°C at 420°C and then decreases during the rest of each cooling phase, becoming nega-
tive at around 300°C. This corresponds to an acceleration of the apparent wave velocity as the granite cools.

Regarding the influence of deformation on traveltime, we can apply the same calculation as for the fused
quartz, equating the relative time shift due to the relative elongation of raypaths to the linear thermal

Figure 5. Measurements made during three heating/cooling cycles of Westerly Granite to amaximum temperature of 450°C. (a) Pwave velocity: the circles represent
vP measurements made at room temperature before (open) and after heating (filled). The lines represent vP against sample temperature during heating (solid) and
cooling (dashed), calculated from the cumulative shift in P wave arrival time with temperature and the initial vP of the unheated rock, measured prior to heating
(4.97 km/s). Error (shaded grey) is equal to the precision of the initial vPmeasurement. (b) CWI: the relative time shift per °C (averaged over 10°C intervals) against sample
temperature. The error bars represent the potential variability, equal to two standard deviations from the mean of the relative time shifts measured on the fused quartz
sample (Figure 3). (c) AE monitoring: the bars show the number of AE hits in bins of 10°C against sample temperature during heating and cooling.
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expansion coefficient of roughly 1.2 × 10�5/°C (19–300°C; Heard &
Page, 1982). The relative time shift due to thermal expansion is there-
fore likely small in comparison to our measurements (Figure 5b).

3.3. Acoustic Emission (AE) Monitoring

The total number of AE hits recorded during the first heating/cooling
cycle (491) is greater than during the second (92) and third (46) cycles
(Table 1). Figure 5c shows the number of AE hits against sample tem-
perature in intervals of 10°C. We observed no significant variation in
the amplitude or energy of AE hits during heating and cooling, and
therefore, we report only the number of detected AE. The sample tem-
perature was not recorded during the AE monitoring experiment to
avoid noise from friction between the thermocouple and the sample.
Instead, we calculate the sample temperature from the furnace tem-
perature, and the sample and furnace temperatures measured during
the CWI experiment. During the first heating cycle (Figure 5c), we begin
to observe AE once the sample temperature exceeds 70°C, reaching a
peak AE rate at 110°C. We see an increase in AE activity at around
250°C, and a second, larger increase between 310 and 450°C. During
cooling, we record roughly the same number of AE hits as during heat-
ing (267 compared to 224; Table 1), and the AE rate is constant with
temperature (Figure 5c). During the second cycle, the AE rate is lower
overall than during the first cycle (Figure 5c) (with the exception of
the larger number of hits as the sample reaches room temperature).
During the third cycle, we record even fewer AE hits during both heat-
ing and cooling (Figure 5c).

4. Discussion
4.1. Thermal Microcracking
4.1.1. Onset of Thermal Microcracking
As we heat the Westerly Granite sample for the first time, we observe a
slight increase in vP and an increase in the CWI apparent velocity up
until a sample temperature of roughly 60°C. From 70 °C we detect AE
(Figure 5c) as a result of thermal microcracking, a threshold consistent
with previous observations: 70–130°C in Westerly Granite (Bauer &
Johnson, 1979; Hall & Bodnar, 1989; Johnson et al., 1978; Yong &
Wang, 1980). The onset of AE marks the start of a significant decrease
in vP from 4.97 to 2.50 km/s at 450°C (Figure 5a), and an increase in

the CWI relative time shift (Figure 5b). We continue to record AE throughout heating (Figure 5c), as previously
observed in experiments on granite (Glover et al., 1995; Johnson et al., 1978), and we link the simultaneous
velocity decrease and AE hits to the creation and propagation of thermal microcracks. Figure 6 shows SEM
micrographs of an unheated sample of Westerly Granite, and a sample heated to and cooled from 450°C.
Qualitatively, we observe more microcracks—both intragranular (through grains) and intergranular (along
grain boundaries)—within the heated granite than within the unheated granite. We expect that in our case,
thermal microcracking results from the build-up of mechanical stresses due to the differential thermal
expansion of neighboring crystals rather than due to thermal gradients within the sample. Following the
calculation of X.-Q. Wang et al. (2013), assuming a thermal diffusivity of granite of 10�6 m2/s, the time
constant for thermal equilibrium in our samples of radius 10 mm (the characteristic length) is 100 s. We
assume that the thermal gradient within the sample is therefore negligible when heating and cooling at a
rate of 1°C/min.
4.1.2. (Thermal) Kaiser Memory Effect
During cooling of the first cycle, we observe an increase in wave velocity (e.g., vP increases from 2.5 to
3.0 km/s; Figures 5a and 5b), which we attribute to the closure of microcracks as crystals contract.

Figure 6. Backscattered scanning electron microscope micrographs of samples
of Westerly Granite both (a) unheated and (b) heated to 450°C and cooled.
Labeled are grains of quartz (Qtz), microcline (Mc), plagioclase (Pl), phyllosilicate
(biotite, Bt), and intergranular and intragranular microcracks.
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Following the first heating/cooling cycle, we heated the granite a second time (examples of repeated thermal
stressing; e.g., Todd, 1973, and Yong andWang, 1980, are rare in the literature). AE hits, observed from around
80°C, are far less frequent than during the first cycle (Table 1 and Figure 5c). From the beginning of heating
we measure an immediate decrease in vP, which continues throughout heating from 3.01 km/s at room
temperature to 2.44 km/s at 450°C (Figure 5a) and, in the CWI measurements, a positive relative time shift
(Figure 5b). This suggests that crystals are not as tightly interlocked as in the unheated granite and may
expand owing to the presence of new microcracks along grain boundaries following the first cycle
(Homand-Etienne & Houpert, 1989). During cooling of cycle two, vP increases from 2.44 to 2.90 km/s
(Figure 5a). The 0.11 km/s permanent decrease in velocity—also seen in our benchtop measurements of vP
at room temperature on another sample (Table 1)—is evidence of further microcracking (albeit much
reduced) during the second cycle. Thermal microcracking during repeated heating cycles is in conflict with
the Kaiser memory effect (Kaiser, 1953) whereby, to sustain damage, a material must be subject to stresses
greater than those it has already experienced. The Kaiser memory effect has previously been observed
during the thermal stressing of rock and concrete (Choi et al., 2005; Heap et al., 2013; Yong & Wang, 1980;
Zuberek et al., 1998). We suggest that thermal microcrack formation during the second cycle may be due
to remnant stresses within the granite following the first cycle. As the granite is heated for the third time,
AE begins later still, at around 100°C, and we observe fewer AE than during the previous two cycles
(Table 1 and Figure 5c). We measure a decrease in vP from 2.90 to 2.42 km/s (Figure 5a) during heating
and an increase from 2.42 to 2.85 km/s during cooling—0.05 km/s less than before heating. Again, these
values are similar to our room temperature vP measurements on another Westerly Granite sample
(Table 1). During the third cycle, as the velocity change is almost entirely recovered, owing to the
reversible opening and closing of microcracks, we expect very little thermal microcracking to have
occurred. Thirumalai and Demou (1973), who performed thermal dilation measurements during repeated
heating and cooling of granite, also observed no evolution in microcrack damage from the third thermal
stressing cycle.
4.1.3. Thermal Microcracking During Cooling
During the first cycle, we detected a similar number of AE hits during cooling as during heating (Table 1).
Browning et al. (2016), who heated two volcanic rocks (a basalt and a dacite) to 1100°C, found that the major-
ity of the detected AE occurred during cooling, which they attributed to cooling-induced thermal microcrack-
ing. For Westerly Granite, the increase in vP (from 2.50 km/s at 450°C to 3.01 km/s at room temperature;
Figure 5a) and the CWI negative time shift (an increase in apparent velocity; Figure 5b) during cooling indi-
cate that thermal microcracking is much less significant than during heating, despite the slightly greater
number of AE hits detected during cooling (Table 1 and Figure 5c). However, we do still expect that some
of the cooling AE is due to microcracking, as the velocity recovery during cooling is slightly less than during
cycles 2 and 3, where velocity changes are near elastic (Figures 5a and 5b). Taken together, these observa-
tions suggest that although there was likely some thermal microcracking occurring during the cooling phase
of cycle one, it is not easy to attribute the large number of recorded AE during cooling to microcracking. We
therefore speculate that a large portion of the AE activity during the first cooling cycle was not associated
with microcracking, but rather friction on microcrack surfaces as the crystals cool and contract. Although this
is in conflict with the conclusion of Browning et al. (2016), we note that the process of thermal microcracking
may differ between a crystalline rock (granite) and a volcanic rock that consists of phenocrysts within an
amorphous groundmass.

4.2. vP and vS

Assuming that thermal microcracking in Westerly Granite is isotropic and homogeneous (Nasseri, Tatone,
et al., 2009; and also shown to be the case in La Peyratte granite by C. David et al., 1999), and ignoring thermal
strain effects, the relative time shift in the arrival times of scattered waves may be equated to a change in the
velocity of the rock. We expect the coda to contain surface waves and multiple-reflected waves, which are
both sensitive mostly to changes in vS (Grêt et al., 2006; Snieder, 2002). First, the velocity of surface waves tra-
veling around the sample is directly proportional to the shear wave velocity (typically 0.9 vS). Second, as
waves are scattered and reflected multiple times, they are converted from P to S waves, and vice versa.
Snieder (2002) showed that once the P and S wave energies have reached equilibrium, the CWI apparent
velocity change (provided by equation (1)) is more sensitive to changes in the velocity of S waves than P
waves (equation (3) for a Poisson medium). For our CWI measurements, if we consider an S wave of
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velocity 2.7 km/s (vS of the unheated granite; Table 1), waves may travel a distance of up to 1.35 m, traversing
the sample multiple times. We therefore assume that the P and Swave energies are equilibrated, which is the
case following a few reflections/scatterings (Trégourès & van Tiggelen, 2002).

δv
v
¼ 0:09

δvP
vP

þ 0:91
δvS
vS

(3)

Therefore, with CWI, the same waveform data used for our vP measurements may inform on changes in vS.
Assuming that apparent changes in CWI velocity are equal to changes in vS, in Figure 7, we calculate the
pseudo S wave velocity, noted vCWI, from the measurement of vS at room temperature prior to heating,
and the CWI relative time shift (similar to our approach for calculating vP). Our room temperature measure-
ments show a decrease in vS from 2.7 km/s before heating to 2.2 km/s following all three heating/cooling
cycles (Table 1). This is the same 17% decrease as observed by CWI (Figure 7) and is also compatible with
the 15% permanent decrease in vS measured by Nasseri, Schubnel, et al. (2009) when they heated
Westerly Granite to 450°C (a single heating/cooling cycle).

Also in Figure 7, we show vP and the ratio vP
vCWI

, analogue to the vP
vS

ratio. The vP
vS

ratio is known to be sensitive to

microcrack orientation and density (a function of the number and size of microcracks). In the case of isotropic
thermal microcracking in dry granite, we expect vP

vS
to decrease with microcrack density (X.-Q. Wang et al.,

2012). During the first cycle, we calculate a permanent decrease in vP
vCWI

from 1.84 to 1.34 (Figure 7) due to ther-

mal microcracking. We note that a vP
vS

ratio of less than
ffiffiffi
2

p
≈1:41 results in a negative Poisson’s ratio and,

although theoretically plausible (Case, 1984; Walsh, 1965), is rare among isotropic materials. Homand-
Etienne and Houpert (1989) also found a negative Poisson’s ratio for two thermally microcracked granites
(Senones Granite and Remiremont Granite heated to 200–600°C); they suggested that residual stresses dur-
ing cooling are the cause of this unexpected mechanical behavior.

During cycles 2 and 3, we observe a near reversible decrease in vP
vCWI

with increasing temperature (Figure 7).

We expect that the evolution of vP
vCWI

with temperature during the second and third cycles is due to the

thermo-elastic deformation of crystals. The decrease in vP
vCWI

with temperature could be due to a widening

of preexisting microcracks as crystals expand: assuming that cracks are dry and elliptical, an increase in crack
aspect ratio corresponds to an increase in crack density and, in turn, a decrease in vP

vS
ratio (O’Connell &

Figure 7. Wave velocity of Westerly Granite against sample temperature during (a–c) three heating and cooling cycles to a maximum temperature of 450°C. The
symbols show static measurements of vP (circles) and vS (squares) made at room temperature using a separate device both before (open symbols) and following
thermal stressing (closed symbols). The curves represent vP (black solid), the CWI pseudo Swave velocity, vCWI, (black dashed), and their ratio (blue dot-and-dashed).
The vP and vCWI are calculated respectively from the time shift of the P wave first arrivals and the CWI relative time shift (equation (1)), scaled to the static vP
(4.97 km/s) and vS (2.7 km/s) measurements of the unheated granite.
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Budiansky, 1974). A dedicated study would be needed to further assess the influence of temperature on the
elastic moduli of Westerly Granite.

4.3. Geothermal Implications

Thermal microcracking in granite is known to lower stiffness and strength (Wong, 1982), lower thermal diffu-
sivity (Heuze, 1983; Kant et al., 2017), and increase permeability (Darot et al., 1992; C. David et al., 1999; Heard
& Page, 1982; Nasseri, Schubnel, et al., 2009; Violay et al., 2017): all parameters that can influence the exploi-
tation and modeling of geothermal resources. Granite is the reservoir rock for the many geothermal projects
in the Upper Rhine Graben, including those at Soultz-sous-Forêts (France) (e.g., A. Gérard & Kappelmeyer,
1987; André Gérard et al., 2006) and Rittershoffen (France) (e.g., Baujard et al., 2017). In such a thermally
dynamic environment, it is important to consider the evolution of the intrinsic mechanical and transport
properties of rock with temperature. Our velocity measurements of granite are strongly dependent on
temperature—due to the thermal expansion and contraction of crystals and the formation and propagation
of thermal microcracks—and highlight the importance of performing measurements under in situ tempera-
ture conditions. Potential differences in rock properties with temperature should be understood when
applying laboratory measurements made under ambient conditions to the modeling of and monitoring of
geothermal systems.

While our results exhibit (to a degree) a Kaiser memory effect—whereby repeated thermal stressing does not
further induce thermal microcracking (Figure 5)—reservoir conditions may favor repeated thermal micro-
cracking, over longer durations. First, thermal stresses further accumulate over time and space in a geother-
mal reservoir, as fluid penetrates deeper into the rock mass through the newly created crack porosity
(Dempsey et al., 2015; Murphy, 1978). Thermal stresses may also contribute to stress-induced subcritical crack
growth within the reservoir and around the borehole, leading to damage accumulation over time (Bérard &
Cornet, 2003). Finally, our short-term (and dry) experiments do not allow for crack sealing due to hydrother-
mal precipitation, which is known to occur in geothermal reservoirs (Batzle & Simmons, 1976; Griffiths et al.,
2016). Crack sealing increases rock cohesion and strength, allowing cracks to recrack (Engelder, 1987)—a
phenomenon which has been reproduced in the laboratory (Karner et al., 1997). In a geothermal environ-
ment, thermal stresses may therefore play an important role in the evolution of crack damage over time.

Our velocity measurements are also relevant for geothermal reservoir monitoring. During the hydraulic sti-
mulation (through water injection) of the Soultz-sous–Forêts geothermal reservoir, earthquake tomography
inversions revealed changes in vp, which coincided with changes in the injection flow rate (Calò et al., 2011).
From our results, we speculate that a significant portion of velocity changes may be a consequence of tem-
perature changes due to the circulating fluids. CWI, through correlation of ambient seismic noise, has been
used to link velocity changes to geothermal reservoir activities (Lehujeur et al., 2017; Obermann et al.,
2015). At a geothermal reservoir, vP, vS, and their ratio are often interpreted in terms of fluid saturation; how-
ever, our results suggest that temperature effect of circulating fluids may also play a significant role. Note that
at the scale of the geothermal reservoir, the wave velocity of rock may be lower than velocities measured in
the laboratory due to the lower frequency of seismic waves compared to ultrasonic waves (Zoback, 2010).
Further, within a geothermal reservoir, changes in temperature and related changes in velocity are localized,
whereas here the temperature varied throughout the sample. At the reservoir scale there will be a limit in the
resolution of seismic tomography depending on the amplitude of the localized velocity changes and the
affected volume.

We chose to perform these measurements on the well-studied Westerly Granite; however, many geothermal
reservoirs are hosted in volcanic rock (Grant, 2013), and we may expect differences in the mechanisms for
thermal microcracking in such rock due to differences in microstructure and porosity. For example, there is
evidence to suggest that thermal microcracking in volcanic rocks occurs primarily during cooling
(Browning et al., 2016), and volcanic rocks with a high preexisting crack density prior to heating are thought
to exhibit less thermal microcracking during heating/cooling (Heap et al., 2014; Vinciguerra et al., 2005). The
influence of temperature on thermal microcracking and velocity in different rock types merits further study.

Through our experiments, in which we heated granite samples from ambient temperature, we offer insight
into the potential for thermal microcracking in a geothermal environment. However, thermal microcracking
may also be induced by the quenching of hot rock by cooler fluids (Siratovich et al., 2015). For example, the
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use of cool drilling fluid in geothermal wells has been shown to induce borehole breakouts (Bérard & Cornet,
2003), and the injection of cool water has even been actively used to enhance permeability within the reser-
voir, in a technique known as thermal stimulation (Grant et al., 2013; Jeanne et al., 2017; Kitao et al., 1995).
Further research into the particularity of cooling-induced cracking would complement our study.

A final research perspective is the influence of confining pressure on thermal microcracking and ultrasonic
velocity. At the Soultz-sous-Forêts geothermal site, for example, the pressure increase in the vertical stress
component increases by around 25 MPa per kilometer depth, and the horizontal components are of a similar
order of magnitude (Cornet & Bérard, 2003; Genter et al., 2010; Valley & Evans, 2007). During heating, thermal
microcracking may be inhibited by high confining pressures (Siddiqi & Evans, 2015; Van der Molen, 1981;
Wong & Brace, 1979) and, at room temperature, the vP and vS of thermally microcracked Westerly Granite
have been shown to increase with confining pressure (Nasseri, Schubnel, et al., 2009). H. F. Wang et al.
(1989) measured vP of Westerly Granite during heating to and cooling from 300°C, under confining pressures
of 7, 28, and 55 MPa. H. F. Wang et al. (1989) found that for all confining pressures, vP decreased during heat-
ing and increased during cooling, back to the velocity of the unheated rock. For example, under 7 MPa
confining pressure, vP decreased from ~4.5 km/s at room temperature to ~3.4 km/s at 300°C and increased
back to ~4.5 km/s during cooling. Violay et al. (2017) performed high-temperature (up to 1000°C), high-
pressure (130 MPa) triaxial experiments onWesterly Granite samples to emulate conditions within the ductile
crust. Violay et al. (2017) found that when samples were heated to the target temperatures under a confining
pressure, their permeabilities (at pressure and temperature) were higher when the temperature was higher,
interpreted by these authors as a result of thermal microcracking. The results of Violay et al. (2017) and H. F.
Wang et al. (1989) show that thermal microcracks in granite may open (and remain open) when heated under
confining pressure. Further experiments are now required to better understand thermal microcracking under
a confining pressure.

5. Conclusions

Through the combined use of AE monitoring and in situ vP and CWI measurements, we observed both
permanent (microcracking) and nonpermanent (crack opening and closing) changes in the microstructure
of Westerly Granite when repeatedly heated and cooled, at ambient pressure, to a maximum temperature
of 450°C. Following a slight initial increase in velocity with temperature during heating, from the onset of
AE at around 70°C, we observed a large—and mostly permanent—reduction in velocity with temperature
due to thermal microcracking. Thermal microcracking is a result of the build-up of mechanical stresses due
to the mismatch in thermal expansion of crystals. During cooling we detected AE (slightly more than during
heating) but the measured increase in velocity suggests that the source of AE cannot be entirely attributed to
thermal microcracking: AE may instead be due to friction onmicrocrack surfaces as crystals cool and contract.
We observed some, but less microcracking during the second cycle, and less again during the third cycle.
During these two cycles, the reversible change in velocity with heating and cooling is nonnegligible: vP
decreased by roughly 10% of the initial velocity when heated to 450°C. We attribute the reversible
increase/decrease in velocity to the elastic expansion/contraction of crystals, and the associated
opening/closing of microcracks. We show how CWI can be used to monitor microcracking at high tempera-
ture and, in the case of isotropic and homogeneousmicrocracking, provide ameasure of vS. Our velocity mea-
surements made during the thermal stressing of Westerly Granite—which add to existing measurements in
the literature made on thermally-stressed rock under ambient conditions—highlight the value of performing
measurements of rock properties under in situ temperature conditions, to provide more relevant data for
seismic and geomechanical modeling.
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