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Abstract This work aims at investigating the effect of varying degrees of microfracturing on the joint
elastic and electrical transport properties of rocks. Different crustal rocks were subjected to thermal
treatment, expected to induce microfracturing, up to different target temperatures from 100 up to 900 °C.
The rocks bulk and pore volumes, P and S wave velocities, and frequency‐dependent electrical impedance
were measured before and after the treatment. As the temperature of treatment increased, P and S wave
velocities and the electrical formation factor drop and pore and bulk volumes increase. As indicated by the
microscopic images, this is consistent with the creation of microcracks. These created microcracks do not
affect the properties in the exact same manner, and a strong effect of the initial porosity is observed for
electrical formation factor. Extrapolating to low‐frequency field‐scale measurements in water‐saturated
reservoir rocks highlights an interesting observation: Both seismic and electrical properties at the field scale
might highlight similar variations with increasing damage in all rocks. The maximum amount of decrease
expected for all rocks is about 1 order of magnitude in electrical formation factor and 40% decrease in P and S
wave velocities. Finally, temperature proved to affect very differently the rocks of varying porosity and
mineral content, in ways not fully covered by existing works. Porosity, by increasing the matrix
compressibility, damps the degree of microfracturing and crack opening. The distinct behavior in
calcite‐pure marble evidences a dominance of anisotropic of thermal expansion over isotropic
expansion mismatch.

1. Introduction

Over the last decades, field seismics and electrical resistivity have been acknowledged as powerful geophy-
sical tools to characterize in situ reservoir rocks and monitor their evolution (Archie, 1941, 1952; Eberhart‐
Phillips et al., 1995; Knight et al., 2010; Knight & Dvorkin, 1992; Slater & Lesmes, 2002). Seismics allows
characterizing fluid‐saturated rocks from their effective stiffness, which links to its mineralogy and the
amount and geometry of pore space and—for sedimentary rocks—to their degree of cement (Brace, 1965a;
Guéguen & Kachanov, 2011; Guéguen & Palciauskas, 1994; Mavko et al., 2003; Simmons & Brace, 1965).
However, alone, field seismics does not allow characterizing precisely the amount of saturation, the nature
of fluid present in the rocks, and the reservoir hydraulic conductivity (Guéguen & Dienes, 1989; Guéguen
& Palciauskas, 1994; Mavko et al., 2003). To complement this method, electrical resistivity is of great interest.
In rocks of low mineral/intrinsic electrical conductivity, electrical conductivity originates from the presence
of a conductivefluidwithin the pore network (e.g., Glover et al., 2000; Sen, 1997). If the fluid is conductive, the
property depends on the topology of the pore network in a way very similar to that of hydraulic conductivity
(Bernabé, 1991; Brace et al., 1965; Guéguen & Dienes, 1989; Walsh & Brace, 1984).

For fields with interest on geoengineering applications, because most reservoir rocks were sedimentary,
extensive studies were aimed at unraveling the link between the fluid transport and acoustic properties in
very porous and permeable rocks (e.g., Bernabé, 1991; Cai et al., 2017; Casteleyn et al., 2011; M. Han
et al., 2009; Han, 2018; Han, Best, Sothcott, et al., 2011; Revil, 2013; Revil et al., 2014). For fields with interest
on deeper solid earth—and on low‐porosity rocks—emphasis was mostly given to hydraulic transport, elas-
tic and mechanical properties (Benson et al., 2006; Brace et al., 1968; Faoro et al., 2013; Nara et al., 2011;
Nasseri et al., 2007, 2009; Reuschlé et al., 2003; Schubnel et al., 2006; Vinciguerra et al., 2005; Walsh &
Brace, 1984; Wang et al., 2013; Zhang et al., 2017), but little was done on the investigation of their electrical
properties (Brace, 1977; Brace et al., 1965). With the new development of high‐temperature/enthalpy
geothermal energy, low‐porosity and permeability crustal rocks such as granites become renewed
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prospects, which field‐scale properties need to be monitored when affected by varying degrees of
microfracturing.

Because the applied pressures affect mostly the opening/closure of existing microfractures (e.g., Walsh,
1965a, 1965ab), the effect of a crack population on rocks effective properties is usually investigated under
varying pressure conditions (Brace et al., 1968; Simmons & Brace, 1965; Walsh, 1965a, 1965ab, 1965ac).
However, such studies involve the technical challenge of a triaxial apparatus able to measure rock properties
at elevated pressures, which have been extensively developed to studymechanical, elastic, or hydraulic prop-
erties. Yet, much less apparatuses allow studying the evolution of electrical resistivity under elevated pres-
sure conditions in fluid‐saturated rocks (Brace et al., 1965, 1965; Daily & Lin, 1985; Han, Best,
MacGregor, et al., 2011; Han, Best, Sothcott, et al., 2011; Milsch et al., 2010; Pimienta, Sarout, et al., 2017;
Violay et al., 2012) and very few investigated the electrical properties—across the measuring frequency
range—as a function of pressures (Jouniaux et al., 2000; Jouniaux & Pozzi, 1995). To counter this limit,
we use a method known to induce a given amount of microcracks in rocks: thermal treatment (ThT), that
is, applying different temperatures at slow rates on the rock sample.

Over the last decades, the ThT method has been extensively used to study the effect of slow temperature var-
iations in different materials such as ceramics (Clarke, 1980; Davidge & Green, 1968; Evans & Clarke, 1980)
or rocks (Bauer & Handin, 1983; David et al., 2001; Griffiths et al., 2018; Heap et al., 2009; Heuze, 1983;
Wong, 1982a, 1982b; Wong & Brace, 1979). Different physical mechanisms were found to induce micro-
cracks in thermally stressed materials (e.g., Davidge & Green, 1968; Fredrich & Wong, 1986), which are
expected to be materials dependent. In rocks, ThT was shown to induce a homogenous and isotropic crack
population if the rock was initially homogenous and isotropic (Benson, Schubnel, et al., 2006; Faoro et al.,
2013; Fredrich & Wong, 1986; Nara et al., 2011; Nasseri et al., 2007, 2009; Pimienta et al., 2018; Schubnel,
Benson, et al., 2006). If avoiding additional effects such as irreversible dehydration or phase transformations
(Lin, 2002), applying ThT thus allows studying specifically how a crack population affects the rock effective
physical properties.

In this study, bulk and pore volume, elastic wave velocities, and electrical resistivity are measured on sam-
ples before and after being submitted to different temperatures of ThT. Then, the variations in physical prop-
erties of the dry and water‐saturated rocks are linked in terms of their intrinsic dependence to the evolution
in microstructure using existing theories. Accounting for the frequency dependence between laboratory and
field, insights from the laboratory are gained for field‐scale scenario. Finally, because several rock types have
been tested in the study, the effect of temperature variations on thermally induced microfracturing
is discussed.

2. Materials and Methods
2.1. Rock Samples and Preparation

For the study, crustal rocks of varying mineralogical content and porosity were chosen. These are a diorite, a
Carrara marble (Delle Piane et al., 2015), a Westerly granite (Fredrich & Wong, 1986), two blocks of
Fontainebleau sandstone (Bourbié & Zinszner, 1985) of 4 and 6% porosity, and a Rothbach sandstone (C.
David et al., 1994). All rock samples were chosen to be homogeneous and isotropic at the sample scale,
although of differing mineralogical content, mineral sizes, and initial porosities.

TheWesterly granite has probably been the rock the most studied in the rock mechanics community, so that
its properties are well known (Faoro et al., 2013; Passelègue, Schubnel, et al., 2016; Passelègue, Spagnuolo,
et al., 2016; Sondergeld & Estey, 1981; Thompson et al., 2006). Several existing studies investigated the role of
ThT temperatures on some physical and mechanical properties (e.g., Fredrich &Wong, 1986; Griffiths et al.,
2017; Nasseri et al., 2007, 2009; Wang et al., 2013). Similar to most granites, the rock is made of crystals of
quartz (approximately 27%), feldspars, biotites, and other constituents. The minerals are randomly distribu-
ted so that the rock is usually considered isotropic at the sample scale, and the average grain size is about 500
μm (Fredrich & Wong, 1986).

The Carrara marble has also been largely used in the rock mechanics community (Delle Piane et al., 2015;
Ramez & Murrell, 1964; Sarout et al., 2017; Schubnel et al., 2005; Schubnel, Walker, et al., 2006). It is a
99% calcite marble, constituted of randomly oriented well‐sorted calcite crystals with an average grain size

10.1029/2019JB017339Journal of Geophysical Research: Solid Earth

PIMIENTA ET AL. 6377



of about 150 μm (Delle Piane et al., 2015). Often, the rock is considered to be of very low porosity, with prop-
erties very near the ones of calcite. Moreover, existing work reports investigations of thermal quenching on
rock samples (Delle Piane et al., 2015; Sarout et al., 2017), from a sudden immersion of a hot sample (i.e., 300
or 600 °C) in cold water.

The Fontainebleau sandstone originates from two distinct blocks from Fontainebleau quarry. It is a well‐
known rock in the rock mechanical and physics community (Bourbie & Zinszner, 1985; Gomez et al.,
2010; Pimienta, Fortin et al., 2014; Pimienta et al., 2015a; Song & Renner, 2008). The rock is clean (i.e.,
approximately 100% quartz), made up of quartz grains of about 200 μm cemented by a quartz matrix
(Song & Renner, 2008). The grains are well sorted and randomly oriented, generally making for a rock
homogeneous and isotropic at the sample scale (Pimienta et al., 2015a, 2015b). An additional interest of this
rock is that it spans a large porosity range, from 3% to about 25%, which usually depends on the rock degree
of cementing (Bourbie & Zinszner, 1985; Pimienta, Fortin et al., 2014). As a direct consequence, permeability
spans several orders of magnitude (Bourbie & Zinszner, 1985) and a large range in P and S wave velocity is
covered across the porosity range (Gomez et al., 2010; Pimienta, Fortin et al., 2014).

The Rothbach sandstone is a reddish rock originating from the Vosgian sandstone formation (David et al.,
1994; Louis et al., 2007, 2009). Its modal composition is about 70% quartz, 16% feldspars, and 12% clays
(David et al., 1994). Its reported porosity is usually about 20% (David et al., 1994; Louis et al., 2007, 2009).
The larger average porosity of about 25% measured in all initial/nontreated samples of this study might link
to the formation layer with coarser grains (Louis et al., 2009), of about 250 μm. The rock is slightly layered, so
that P wave velocities were shown to be anisotropic, by about 5% (Louis et al., 2009). In this study, two sam-
ples—cored either perpendicular or parallel to bedding—were submitted each temperature of ThT.

The diorite chosen originates from a quarry in the U.S., which exact location could unfortunately not be
determined. The rock is, however, used as being very stiff and with no preexisting cracks; that is, the porosity
of intact samples is in the measurement error of 0%. Similarly to the uncracked Frederick diabase (Brace,
1965b; Fredrich & Wong, 1986), this will allow a perfect investigation of the effects of thermally induced
microcracks on the physical properties. Its grains are approximate of a millimeter size. The sample composi-
tion determined from X‐Ray Diffraction (XRD) analysis is ~57% plagioclase‐Na, ~27% feldspath‐K, ~8%
quartz, and ~7% mica. Samples proved to be homogeneous and isotropic at the sample scale, constituted
of well‐sorted and randomly oriented grains.

Samples of all rocks were prepared as cylinders of about 38‐mm diameter and 20‐mm length. For each rock,
about 10 samples have been prepared, each one to be subjected to a given target temperature of ThT. ThT is
applied in an oven that allowed for temperatures up to 1,000 °C. The ramp of temperature increase is chosen
to be 5 °C/min (Figure 1), which is expected to allow for homogeneous temperature increase across the sam-
ple lengths (i.e., 20 mm) and radius (Wang et al., 2013). Once reaching the target value, temperature is main-
tained during 1 hr and then the hoven is switched off so that temperature decreases overnight with a ramp
slower than 1 °C/min.

2.2. Measuring Protocol

Porosity variations intrinsically relate to variations in the sample pore and/or bulk volume, which could be
caused by different effects such as mineral transformation or creation of a new porosity. Under the under-
standing that samples outer (i.e., bulk) and inner (i.e., pore) volumes may not evolve in the same manner,
the volume variations were tracked with two distinct methods. Bulk volume variations were attained from
the variations in sample length (L) and diameter (2R), so thatΔV=ΔL+ 2ΔR. Those lengths weremeasured
with an electronic caliper accurate to about 1 μm, leading tomeasured variations ofΔL= Lf− Li andΔR=Rf

− Ri. Pore volume variations (Δϕ) were attained from measuring the pore volume before and after ThT,
using a pycnometer with an accuracy of 10−3 cm3. These were double‐checked by measuring the mass var-
iation between dry and water‐saturated samples, using a balance with an accuracy of 1 mg.

Ultrasonic P and Swave velocities were acquired at high frequency (f= 1MHz) from applying a pair of either
P or S piezoelectric PI transducers across the sample length. P and Swave velocities were then obtained from
manually peaking the first arrival of the wave across the sample length. The velocities were measured on
samples both dry and water fully saturated. Electrical impedance across the sample length was recorded
with a Solartron electrical impedance apparatus, allowing measurements over a frequency band of 10
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mHz to 1 MHz, using a two‐electrode setup with one guarding electrode to minimize the lateral surface
effects. Electrodes were in brass, and measurements were made by applying alternative current with
voltage excitations of 10 mV. The apparatus is rated to perform precise measurements in the range of 1
mΩ to 1 MΩ on small samples, with lengths below 25 mm.

The acquired electrical impedance is recorded as a complex signal Z ¼ Zj jeiϕ, composed of an amplitude |Z|
and a phase ϕ. Measurement was made over 31 logarithmically distributed frequencies in from 100 kHz to
0.1 Hz. Samples were measured under dry and brine‐saturated conditions. Three rocks of FoS6, Westerly
granite, and diorite were measured with seven saturating brines of varying salinity, spanning conductivities
from 450 μS/cm (distilled water) up to about 29.1 mS/cm for a distilled water saturated by dissolved NaCl
ions. Noting that most surface effects were not observed for brines salinity above 1 mS/cm for the three
rocks, a brine conductivity of σw = 3.2 mS/cm was chosen for measurements of all rocks. Because phase
was at its lowest for this frequency, electrical resistance measurement was attained at 10 kHz. The sample

intrinsic resistance |Z|~Zs was used to determine electrical resistivity Rs ¼ Zs
S

L= across the sample length
L and area S. The formation factor F = σwRs was finally inferred to compensate for the effect of the brine
conductivity.

For the three samples tested at very different brine conductivities, results under saturation by the high‐
salinity fluid are also reported and qualitatively investigated. Although polarization at the electrodes might
occur at frequencies below 1 kHz in a two‐current electrodes setup (Revil et al., 2014), our measurements
relied on alternative current excitations of very small voltages (i.e., of 10 mV), so that the low‐frequency data
set will still be qualitatively investigated in the following.

3. Experimental Results

The rock sample porosities were measured, as well as their P and Swave velocities and electrical resistivities
under dry and water‐saturated conditions (Table 1). For all rocks, the electrical resistivity of the dry samples
after any ThT temperature is about 1 MΩ; that is, none of the rocks chosen bears an initial conductive
matrix, so that all can be considered as insulating materials in which the conductivity occurs only from
the presence of fluids. From its larger porosity and lower ultrasonic wave velocities and formation factor,
the porous Rothbach sandstone has a distinct behavior. Except for this rock, the porosities of the untreated
rocks range from 0.1 to 6%, and Pwave velocities of the dry samples range from 4.2 to 6.3 km/s. Under brine‐
saturated conditions, P wave velocities range from 5.1 to 6.4 km/s. Under brine saturation, the diorite and
marble samples exhibit very high electrical resistivity (i.e., formation factor above 8,000). The sandstones
show lower electrical resistivity, which originates from bulk hydraulic conduction through a naturally exist-
ing porous network. Despite its low porosity, the untreated Westerly granite sample also shows a lower elec-
trical resistivity and relatively low P and S wave velocity values compared to those found in the literature at
high confining pressure (Wang et al., 2013), which could be explained by a preexisting crack network inside
the rock sample. A range of variability is obtained for the formation factor measured on different intact sam-
ples, which is not small in diorite and FoS6 samples. For the diorite, variability might link to the presence of

Figure 1. Protocol of thermal stressing of the rock samples. Temperature is increased at a rate of 5 °C/min up to a target
temperature then kept constant during one hour. Then, the oven stops and temperature slowly decreases, overnight, at a
rate below 1 °C/min.
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a very thin conductive network in some samples (i.e., FF = 9,000) and not in the others, with such lower
values still remaining the highest found in the intact samples. For FoS6, this variability links to the
slightly larger pore size for the sample of lower FF = 500. In the following, we investigate the evolution in
the rocks physical properties with varying ThT.

3.1. Microstructure and Volumes Variations

To ascertain the intrinsic effect of ThT, samples of each rock either untreated and after a chosen temperature
of ThT were imaged (Figure 2) using Scanning Electron Microscopy. All samples submitted to a large tem-
perature of ThT exhibit microcracks (Figure 2), which are mostly intergranular. In the particular case of
Carrara marble, spherical micropores could also be observed in few locations.

Measuring bulk (Figure 3a) and pore (Figure 3b) volume variations from heating at different temperatures
highlight an evolution in the rockmicrostructures that differs from one rock to the other. For all rocks except
Rothbach sandstone, very similar increases are observed between bulk and pore volume variations. It
implies that the increase in the bulk, outer, volume solely originates from the pore volume one. A new por-
osity is created that leads to irreversible expansion of the rock sample, and no irreversible mineral transfor-
mation occurs. For the Carrara marble, spherical micropores are observed (Figure 2) but do not appear to
affect the measured overall porosity (Figure 3b) because their concentration might be low. For Rothbach
sandstone, the deviations link to the much lower accuracy of measurement of small porosity variations in
very porous media.

3.2. Ultrasonic Wave Velocities

An overall decrease is observed from the measured P and Swave velocities of the dry (Figures 4a and 4b) and
water‐saturated (Figures 4c and 4d) samples. Under dry conditions, except for Rothbach sandstone (i.e., 30%
decrease), all samples show a dramatic decrease to about 30–40% of the rock initial value (i.e., 70% decrease)
at maximum ThT. This decrease is similarly large for both P and S wave velocities but smaller under water‐
saturated conditions. Consistent with the volume variations, the ThT temperature for the decrease differs
between the Carrara marble and the other rock samples. For all rocks except Carrara marble, the decrease
in velocities starts at a temperature of 400 °C and reaches its minimum at 600 °C. For the Carrara marble,
a large decrease is already observed as temperature reaches 200 °C and the asymptote is reached at 400 °C.

3.3. Electrical Resistivity and Formation Factor
3.3.1. Bulk Resistivity and Formation Factor
Under brine‐saturated conditions, large decreases in formation factor F are observed as a function of ThT for
all rocks (Figure 5), which can be as large as 2 orders of magnitude. As for the volumes and velocities
(Figures 3 and 4), sandstones show less change with ThT than the low‐porosity crustal rocks. Similarly to
its other physical properties, the decrease in formation factor starts at 400 °C and reaches its constant mini-
mum value starting from 600 °C for most rocks except for themarble. In case of themarble, a strong decrease
was observed from temperatures of 200 °C.
3.3.2. Electrical Impedance and Phase Peaks
Investigating the frequency‐dependent electrical impedance highlights a phase peak in the low‐frequency
range, in the range of 1–10 Hz. This phase peak depends on both the brine electrical conductivity and the
degree of ThT the sample was subjected to. For the example of three rock samples (FoS6, Diorite, and

Table 1
Average Grain Size Estimated From Scanning Electron Microscopy and Literature (Bourbié & Zinszner, 1985; Delle Piane et al., 2015; Fredrich & Wong, 1986; Insun
Song & Renner, 2006) and Measured Physical Properties of the Intact Rock Samples Under Dry (Porosity, Vp, and Vs) and Water‐Saturated Conditions (Vp and Vs)

Quartz content Grain size Porosity (%) Vp (dry; km/s) Vs (dry; km/s) Vp (sat; km/s) Vs (sat; km/s) FF (sat)

Carrara Marble (CarMbl) 0% 200 μm 0.1 6.21 3.32 6.41 3.29 6415–6335
Diorite (Dior) 30% > 1 mm 0.1 6.29 3.46 6.43 3.53 8687–19205
Westerly Granite (WGs) 25% 500 μm 0.8 4.19 2.73 5.46 2.96 1800–2147
Fontainebleau (FoS4) 100% 200 μm 3.6 (±0.4) 5.28 3.40 5.12 3.09 1534–1951
Fontainebleau (FoS6) 100% 200 μm 6.1 (±0.4) 5.21 3.52 5.18 3.24 475–2085
Rothbach sandstone (RothS) 70% 250 μm 25.9 (±0.7) 2.91 2.00 3.57 2.88 22–23

Note. A range in initial formation factor is measured under brine‐saturated conditions from the variability in the intact samples.
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Granite) saturated by the brine of 29.1 mS/cm electrical conductivity, the impedance phase is reported as a
function of frequency (Figures 6a–6c). Most samples highlight a phase peak at a frequency of about 10 Hz,
which appears to increase in magnitude, and slightly shift to higher frequency, as the temperature of ThT
increases. Interestingly, while the samples of granite and FoS6 before ThT have an initial phase peak of
about 100–150 mrad (Figures 6a and 6b), the intact diorite samples do not exhibit any peak (Figure 6c).

Characterizing the variations (Figures 6d–6f), the phase changes reach very large magnitudes of up to about
400 mrad beyond 600 °C for all three rocks (Figure 6e). The variation is also linked to an increase in fre-
quency of the peak, from about 4 Hz to about 8 Hz (Figure 6d). Normalizing the change in magnitude
(Figure 6f), about the same variations are observed for the granite and diorite samples, which is twice greater
than the Fontainebleau sandstone. Interestingly, those temperature‐dependent evolutions correlate directly
to the evolution in volumes of those rock samples (Figure 3).

Figure 2. Scanning Electron Microscopy observations of the polished surfaces of the rock samples nontreated and after ThT for four rock samples of (a, b, and c)
Westerly granite; (d, e, and f) Diorite; (g, h, and i) Carrara marble; and (j, k, l) 6% porosity Fontainebleau sandstone (FoS6).
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4. Interpretations
4.1. Relative Effect of Cracks on the Effective Properties
4.1.1. Elastic and Electrical Properties Versus Porosity
P wave velocity of the dry and water‐saturated samples is compared to the measured porosity (Figure 7a).
Although with very small porosity variations, samples exhibit dramatic drops in P wave velocity in the
low‐porosity rocks, which is consistent with the effects of cracks on rocks elastic properties (Guéguen
et al., 2009; Walsh, 1965b). Although of initial values as high as 6 km/s, the P wave velocity for most low‐
porosity rocks decrease down to values lower than any of the Rothbach sandstone samples. The high tem-
peratures of ThT have a much stronger effect on the low‐porosity rocks than on the high‐porosity ones.
Once the samples are water saturated, consistent with theories in microcracked media (Adelinet et al.,
2011; Kachanov, 1993; Pimienta et al., 2015a; Wang et al., 2012), ultrasonic P wave velocity increases by
about 2 km/s for most rocks.

Figure 3. Measured (a) bulk and (b) pore volume variations for the rock samples as a function of the temperature of ther-
mal treatment (ThT).

Figure 4. Measured (a, b) P and (c, d) S wave velocities variations for the dry and water‐saturated rock samples for the
different degrees of ThTs. The variations in properties are obtained from normalizing the wave velocities with measure-
ments at lowest temperature, not thermally treated.
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Further comparing formation factor‐to‐porosity (i.e., F‐ϕ) variations with
that reported in the literature (Figure 7b). Usual F‐ϕ data sets aiming at
the linking of the properties from varying one single parameter (e.g., pore
size) investigate natural rocks that span porosities from 5% to about 30%
(Lesmes & Friedman, 2005; Lesmes & Frye, 2001; Pimienta, Sarout,
et al., 2017; Revil et al., 2014, 2015; Titov et al., 2010; Tong et al., 2006;
Weller et al., 2011). This new data set investigates specifically the effects
of microcracks and evidences a change of slope in the F‐ϕ trend for poros-
ities below 5–7%, when compared to usual trends. Below 5% porosity, very
small porosity variations might induce extreme variations in F, from
about 104 to 102. Consistent with measured properties as a function of
confining pressure (Pimienta, Sarout, et al., 2017), and with
permeability‐porosity trends in some rocks (Bourbie & Zinszner, 1985),
interconnected crack networks might strongly affect the electrical forma-
tion factor although not affecting much the overall porosity. Moreover,
almost no effect is observed in very porous rocks although crack porosity
had increased (Figures 3a and 4), which is consistent with earlier observa-
tions (Pimienta, Sarout, et al., 2017).

Figure 5. Normalized electrical formation factor F for the different rocks as
a function of the temperature ThT, frommeasured electrical impedance at a
frequency of 10 kHz on the rocks saturated by a brine with an electrical
conductivity of about 3.2 mS/cm.

Figure 6. Measured phase of electrical impedance as a function of the frequency for (a) the 6% porosity Fontainebleau
sandstone, (b) the granite, and (c) the diorite, for a brine electrical conductivity of 29.1 mS/cm. The evolution with the
temperature is highlighted as evolution in grey level, from the treatment at 300 °C (light gray) to the one at 900 °C (black).
The peak in phase observed at low frequency is automatically peaked to get the (d) frequency, (e) amplitude, and (f)
relative variations of peak amplitude.
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Although porosity variations are small, dramatic decrease in P wave velocity and formation factor are evi-
denced. These link to the creation of a family of thin elongated microcracks (Guéguen & Kachanov, 2011;
Kachanov, 1993; Walsh, 1965b, 1965bc), which is consistent with theories of ThT effects in rocks
(Fredrich & Wong, 1986). The existence of this family of cracks is further confirmed by the large increase
in the samples' P and S wave velocities from dry to water‐saturated conditions (Figure 7a). This variation
highlights the stiffening effect of water on the wave velocities at the ultrasonic frequency of measurement
(Fortin et al., 2014), which is expected to occur predominantly when thin elongated cracks are present
(Adelinet et al., 2011; Fortin et al., 2014; Guéguen & Kachanov, 2011; Gurevich & Makarynska, 2012).
Because properties in Rothbach sandstone are dominated by the pore network, the rock is not used further
to investigate the specific effects of varying crack densities on the effective properties.
4.1.2. Microcrack Density and Aspect Ratio
To investigate further the created microcracks, effective medium theories can be used (Guéguen &
Kachanov, 2011; Kachanov, 1993). Following many earlier approaches (Faoro et al., 2013; Pimienta,
Sarout, et al., 2014; Wang et al., 2013), we assume here that the created porosity ϕc is made of thin elongated
spheroidal cracks (ϕc ¼ 4

3πξρ), represented by a mean aspect ratio ξ (i.e., opening over length, ξ = w/l) and a

crack density (Guéguen & Kachanov, 2011; Kachanov, 1993):

ρ ¼ 1
V

∑
n

k¼0
l3k; (1)

where lk is the length of the kth microcrack and n is the amount of microcracks contained in the represen-
tative elementary volume V. To model the effects of a distribution of cracks on the effective elasticity of an
isotropic medium, we use the same modeling as that in Pimienta et al. (2018), also detailed in Appendix A.
To characterize the effects of ThT, the microcrack density (ρ) is inverted from minimizing the least squares
difference between model and measurements (e.g., Pimienta, Sarout, et al., 2014).

Consistent with the measured P wave velocity drop, large increase in crack density is observed as the tem-
perature of ThT increases, reaching similar values for all rocks (Figure 8a). Again, a differentiation is

Figure 7. Measured (a) P wave velocity of samples, either dry (i.e., squares) or water saturated (i.e., diamonds), as a func-
tion of the porosity, and (b) F of the brine‐saturated samples (i.e., σw= 3.2 mS/cm) as a function of the porosity, compared
to F‐ϕ trends for various rocks at ambient pressure (Lesmes & Friedman, 2005; Lesmes & Frye, 2001; Revil et al., 2014,
2015; Titov et al., 2010; Tong et al., 2006; Weller et al., 2011), and a study of the pressure‐dependent F‐ϕ trends for three
rocks (Pimienta, Sarout, et al., 2017), found in the literature.
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observed between rock samples. For all the rocks, the inferred ρ is as high as about 1.5 at temperatures
beyond 600 °C. However, it is still used as being the one found to allow for lowest errors. The aspect ratio
(ξ) is calculated from the inverted ρ and the measured porosity variation (Figure 8b), using the equation
of the crack porosity ϕc ¼ ΔV ¼ 4

3πξρ . No clear variation in aspect ratio with varying ThT is observed

(Figure 8b), with an average value of ξ = 1–5 · 10−3 for all samples. Hence, the method does not appear to
efficiently highlight the evolution in cracks opening often observed by optical studies (Fredrich & Wong,
1986; Nasseri et al., 2007) and also possibly inferred from the shift in frequency of the electrical
impedance phase peak (Figure 6).
4.1.3. Inferred Permeability
Permeability links directly to the rock porous network, in terms of its concentration and its connectivity
(Bernabé, 1991; C. David et al., 1993, 2018; Guéguen & Dienes, 1989; Pimienta, Sarout, et al., 2017;
Sarout, 2012). Assuming simple geometries of either tubes (i.e., connected spherical pores) or penny‐shaped
cracks, one could predict the permeability of a material. In the particular case of a purely microcracked rock
with penny‐shaped isotropic cracks, one gets (Benson, Meredith, et al., 2006; Guéguen & Dienes, 1989)

κc ¼ 2
15

fcw2ξρ; (2)

where w is the crack aperture and ρ and ξ are the crack density and aspect ratio. The percolation factor
fc describes the connectivity of the crack network (Guéguen & Dienes, 1989) and can be approximated as f c
¼ 9

4
π2

4 ρ−
1
3

� �2
. Moreover, using the same models, a link exists between formation factor and porosity—hence

between permeability κ and formation factor F—such that (Guéguen & Dienes, 1989; Pimienta, Sarout,
et al., 2017)

κF ¼ 8
15

F−1w2; (3)

Consistent with earlier discussions, this model implies that the product between permeability and formation
factor is proportional to a length scale squared (Sun & Wong, 2018; Walsh & Brace, 1984). Interestingly, no
percolation threshold is needed once the formation factor F is known. From the existing models, both F and
κ are expected to intrinsically depend on the connectivity between microcracks in a very similar manner
(Guéguen &Dienes, 1989). The twomodels can thus be applied separately—on either elastic microstructural
variables (i.e., κc, equation (1)) or formation factor (i.e., κF, equation (3))—to compare the evolution in
inferred permeability with varying temperatures (Figure 9).

To investigate how the microcrack network affects the inferred permeability, predictions of κc with either a
constant fc = 1 (i.e., κ1, Figure 8a) or a variable fc = f(ρ) (i.e., κ2, Figure 9b) are plotted for the different sam-
ples as a function of κF. For the predictions, the measurements used start at 200–250 °C, once crack density is
not zero. The remaining unknown for all predictions, the cracks opening, is chosen constant to w = 1 μm.
Surprisingly, while κ1 fits tightly with κF, it is not the case of κ2. Although κF is always slightly larger than

Figure 8. For the different rocks, dependence to temperature of ThT of (a) inverted apparent microcrack density ρ, from
least squares inversion between measured and modeled P wave velocity, and (b) calculated aspect ratio ζ, from combining
microcracks density ρ and crack porosity ϕc.
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κ1, the two exhibit variations of up to about 2 orders of magnitude in some samples. Reversely, κ2 predicts
variations of up to 4 orders of magnitude.

Note in particular the very high permeability values at lowest crack densities, larger than about
κ= 10−17− 10−16 m2, even thoughmeasurements are at ambient pressure. In the porous rocks, this behavior
is consistent with the existence of a pore network in parallel of the crack one (Bernabé, 1991; David et al.,
1993; Guéguen & Dienes, 1989). In purely microcracked rocks, however, typical measurements are of
10−19 − 10−18 m2 (Brace et al., 1968; David et al., 2018; Faoro et al., 2013) or below as confining pressure
closes the microcracks. This points out to whether F and κ could be compared in low‐porosity/permeability
rocks with low crack densities. In the particular case of the nonporous marble and diorite, κ should tend
toward zero if no cracks are present. Two possible causes are that (i) the chosen w values might overestimate
the real ones, which would increase the effect of F variations over that of κ, or (ii) an intrinsic difference
exists between the two properties.

Because one expects cracks maximum length to be of the grain size, wmight not be much smaller than w =
0.1–1 μm, consistent with values reported in the literature (Benson, Meredith, et al., 2006; Wang et al., 2013).
Second, comparing hydraulic and electrical conductivities relies on the assumption that the rock matrix is
nonconductive so that both molecules and currents are solely transmitted through the cracks/pores net-
works. While this is exact for hydraulic conductivity, it remains an approximation for electric conductivity.
Dry rocks have electrical resistance of about 1 MΩ, that is, only one order of magnitude larger than the mea-
sured value under brine‐saturated conditions in the loosely cracked rocks.

4.2. Frequency Dependence and Insights for Field Scale

When aiming at comparing the two properties in the laboratory, it is of interest to attempt extending to field
scales. For the two properties, a parameter to account for is the frequency at which the measurements are
made. In the laboratory, both elastic wave velocities (approximately 1 MHz) and electrical resistivity
(approximately 1–10 kHz) are attained in the high‐frequency range. However, the two properties are
obtained on the field at a much lower frequency of about 1–10 Hz or below, and both elastic (e.g., Fortin
et al., 2014; Müller et al., 2010; Pimienta et al., 2016) and electrical (Clennell, 2010; T. Han et al., 2015;
Jouniaux et al., 2009; Jouniaux & Pozzi, 1995; Maineult et al., 2018; Revil et al., 2015) properties are fre-
quency dependent. It is thus of interest to investigate the effects of cracks on the two properties one could
expect at much lower frequencies.
4.2.1. Electrical Impedance at Low Frequencies
Very large increases in phase shifts have been observed (Figures 6a–6c) in the studied rocks with increasing
the degree of microfracturation (Figures 8). Although the electrodes polarization effects could be in cause
(Tirado et al., 2000), we expect it not to occur here from the low voltage of the measurements. It is thus of
interest to investigate the evolution in phase shifts for the same rock samples—but increasing degree of
microfracturation—saturated by the same pore fluid. For instance, almost no phase shifts were observed

Figure 9. Comparison between inferred permeability values for the different rock samples using either elastic (i.e., κ1) or
electrical (i.e., κ2) properties, assuming a crack mean opening of 1 μm for all predictions. Permeability inferred from
formation factor κF as a function of (a) the crack permeability κ1 assuming cracks always connected (i.e., f = 1); (b) the
crack permeability κ2 using the percolation fc = f(ρ) function (Guéguen & Dienes, 1989).
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in the intact crack‐free diorite samples (Figure 6c). For this rock, the increase in increasing crack porosity
(Figure 3) directly correlates with the phase shift frequency (Figure 6d) and amplitude (Figures 6e and 6f).
For the initially porous sandstone (Figure 6a) and microcracked granite (Figure 6b), the same increase in
phase shift frequency (Figure 6d) and relative amplitude (Figure 6f) is observed, although starting from a
nonnull phase shift as the rock initially had pores.

Two effects are evidenced from the variations in the characteristic frequency and magnitude of the peak.
Investigating the underlying physics (Maineult et al., 2018; Revil et al., 2012, 2015; Tong et al., 2006), these
are consistent with the thermally induced crack porosity increases (Figure 3) that are expected to contain
informations in both pore size and amount of pores (Guéguen & Palciauskas, 1994; Walsh, 1965b). The mag-
nitude increase of the peak phase with ThT (Figure 6f) directly correlates with the porosity variations
(Figure 3), and not with the inverted microcracks density (Figure 8a) that reaches the same maximum value
for all samples. The variations of the phase peak frequency link to a characteristic relaxation time τ0 that can
be defined such that (Revil et al., 2012)

τ0 ¼ Λ2

2D þð Þ
; (4)

where Λ is the characteristic pore size leading to the effect and D(+) is the diffusion coefficient in the Stern
layer (Revil et al., 2015). AssumingD(+) to be constant with the temperatures of ThT, the evolution in τ0 (i.e.,
frequency) thus directly highlights a variation in the cracks opening. The characteristic size is here expected
to be the cracks aperture w. Because the average variation with temperature is from 4 to 8 Hz for all three
rock samples (Figure 6), it implies that w should indeed increase with the target temperature of ThT for
all three rocks. The reason for an absence of increase in cracks aspect ratio ξ (Figure 7b) might be that the
crack length l also increases at the same time as w.

At this point, it is of interest to note that intense dispersion phenomena could occur in microcracked rocks
(Figures 10a and 10b): The frequency‐dependent increase in electrical impedance amplitude directly

Figure 10. Example of measured frequency‐dependent amplitude of the electrical impedance (corresponding to the phase in Figure 6) for (a) the 6% porosity
Fontainebleau sandstone (Fo6) and (b) the diorite. Inferred apparent formation factor from measured impedance amplitude, with NaCl brines with an electrical
conductivity of 29.1 mS/cm, for frequencies of (c) 1 Hz and (d) 10 kHz.
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increases with the degree of microfracturing of the rock sample. In other words, the difference between
intact and cracked rocks at 1 Hz (Figure 10c) has decreased by about 1 order of magnitude as compared to
that measured at 10 kHz (Figure 10d). For the example of the three rocks studied, the drop in apparent
formation factor at 1 Hz is of about 1 order of magnitude for all three rocks. It implies that while clearly
observable at the laboratory scale, the effect of microfracturing might be less noticeable at the field scale.
4.2.2. Elasticity at Low Frequency: Effect of the Porous Network
Recent laboratory measurements across the frequency range reported elastic dispersions beyond 100% in
fluid‐saturated natural sandstone samples with an initial large microcrack network (Pimienta et al., 2016;
Pimienta, Borgomano, et al., 2017). These frequency‐dependent dispersions originate from fluid flow at dif-
ferent scales (Fortin et al., 2014; Gurevich et al., 2010; Le Ravalec & Guéguen, 1996; Müller et al., 2010;
O'Connell & Budiansky, 1977; Rice & Cleary, 1976), which needs to be accounted for when aiming to link
laboratory and field measurements (Mavko et al., 2003).

Although, in this study, P and S wave velocity could not be measured here as a function of frequency, it is
possible to assess the properties for the three elastic regimes (Adelinet et al., 2011; Fortin et al., 2014)
expected in the relevant frequency range. From the ultrasonic measurements under dry and water‐saturated
conditions, the drained and unrelaxed (or isolated) regimes are directly attained (Fortin et al., 2014).
Following poroelastic theory, this intermediate undrained regime—expected to be that representative of
the field measurements (e.g., Adelinet et al., 2018; Pimienta et al., 2018)—can be reached directly by apply-
ing Biot‐Gassmann equations and assuming isotropic medium to calculate P and S wave velocities (see
Adelinet et al., 2011): The undrained bulk modulus is derived from the drained one and the undrained shear
modulus equals the drained one (i.e., measured under dry conditions).

The inferred undrained P and S wave velocities are compared to the measured values for the two other
regimes as a function of ThT temperature (Figure 11). Upon microfracturation as ThT temperature
increases, a clear difference is observed between the initially nonporous (Figures 11a–11c) and the initially
porous sandstones (Figures 11d and 11e). Consistently with publishedmeasurements (Pimienta et al., 2015a,
2015b; Pimienta, Borgomano, et al., 2017), two transitions are observed for the two porous Fontainebleau
sandstones. However, interestingly, the undrained and unrelaxed regime fit for the three purely micro-
cracked rocks (i.e., marble, diorite, and granite). It implies that in the three rocks measured, no squirt‐flow
effects are expected so that P wave velocity of the water‐saturated cracked samples might be equal in the
laboratory and at the field scale. Hence, while large decreases of down to 70% are observed on P and S wave
velocities of all dry rocks in the laboratory, the observation might differ at the field scale if rocks are fully
saturated: A maximum decrease of about 40% (i.e., Figures 4b and 4d) is expected for all rock samples.

Figure 11. Comparison P wave velocity of the (a–e) different rock samples between the (i) measured drained (or dry) regime, (ii) inferred undrained regime, and
(iii) measured water‐saturated high‐frequency regime.
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5. Discussion on Thermal‐Induced Microcracking

Although this was not the principal aim of this work, very different rocks were subjected to the same tem-
perature ramps under the exact same experimental conditions. Because the rocks vary in porosity and
mineral content, it is of interest to investigate the applicability of commonly used micromechanical models
for thermal fracturation. In case of slow temperature variations, the three candidates postulated for thermal
cracking are (1) mismatch of thermal expansion between minerals and matrix (Clarke, 1980; Evans &
Clarke, 1980; Fredrich & Wong, 1986), (2) minerals anisotropic thermal expansion (Clarke, 1980; Evans &
Clarke, 1980; Fredrich &Wong, 1986), and (3) dehydration of the fluid inclusions (Lin, 2002). The latter case
was postulated from the presence of fluid inclusions existing in manyminerals of granite. Because very simi-
lar effects are observed in the different rocks, we disregard this last possibility and discuss the aspects of
microfracturing from thermal expansion of the rocks minerals.

5.1. Insights From the Literature

In rocks, studies showed that very different results can be expected depending on the materials and rate of
temperature variation—from the slow temperature variations (Richter & Simmons, 1974) to fast thermal
quenching (Delle Piane et al., 2015; Ougier‐Simonin et al., 2011)—and depending also on the rock type
(Fredrich &Wong, 1986). In crustal rocks, slow temperature variations, up to large temperatures, are usually
accommodated by minerals thermal expansion and/or phase transformation. In particular, minerals ther-
moelasticity (i.e., thermal expansion) was shown to induce large degrees of microfracturing (Fredrich &
Wong, 1986; Richter & Simmons, 1974; Wong, 1982b; Wong & Brace, 1979). In polymineralic rocks, a mis-
match of thermal expansion between minerals and/or between a mineral and the rock matrix (Fredrich &
Wong, 1986) was postulated. In monomineralic rocks, because most grains/crystals are anisotropic and with
a given orientation, fracturing could occur from anisotropic thermal expansions (Fredrich &Wong, 1986). In
the particular case of quartz‐rich rocks, the quartz α‐β transition (i.e., at about 570 °C) was deemed as a
major effect, inducing abrupt and dramatic increases in microcrack densities (Nasseri et al., 2007, 2009).
However, in the present case, no abrupt change is observed but rather a progressive variation with increasing
ThT. Moreover, the decrease reached its asymptote for values of 550–600 °C, which might imply that once
the phase transitions, the maximum degree of microfracturing was already reached.

Most studies investigated granites (Faoro et al., 2013; Fredrich & Wong, 1986; Griffiths et al., 2018; Kern,
1982; Nasseri et al., 2007, 2009; Wang et al., 2013; Wong, 1982a, 1982b; Wong & Brace, 1979), a rock that
usually bears a quartz content of about 30%. While strong microfracturing was also observed in some quart-
zites (Kern, 1982; Mardon et al., 1990), or more recently in marbles (Mahmutoglu, 1998; Peng et al., 2016),
much less effects were observed in either basalts and andesites (Bauer & Handin, 1983; Heap et al., 2017;
Vinciguerra et al., 2005), calcitic rocks (Fredrich &Wong, 1986; Siddiqi et al., 1997), granodiorite, or diabase
(Fredrich &Wong, 1986; Wong & Brace, 1979). Authors further found very different magnitudes of the inhi-
biting effects of confining pressure on this microfracturation (Bauer & Handin, 1983; Kern, 1982; Siddiqi
et al., 1997; Wong & Brace, 1979), which again intrinsically depended on the rock investigated. All of these
bring to the need for characterization of the phenomenon, using different rock types of variable mineralogi-
cal or porosity contents, thermally treated under the same experimental conditions.

5.2. Thermal Expansion of Minerals

In case of fracturing from thermal expansion (Clarke, 1980; Evans & Clarke, 1980; Fredrich & Wong, 1986),
the effects of intergranular (i.e., grain boundary) and intragranular cracking are caused by (i) the mineral
sharp edges and (ii) minerals intrinsic thermal expansions. According to earlier works (Fredrich & Wong,
1986), the two phenomena of thermal expansion that could be addressed are of (i)mismatch, that is, the dif-
ference between the isotropic mineral and surrounding matrix expansions, or (ii) anisotropic, that is, the dif-
ference between mineral axes of thermal expansions. To account for the problem at hands, and in particular
on the effect of the mineral edges, the authors modeled (i.e., square inclusion model) the stress needed for a
crack to propagate at the contact between twominerals (Fredrich &Wong, 1986). However, this relies on the
existence of an initial crack at the edge between the two minerals, which is not always the case here. Here,
following recent works (Passelègue, Spagnuolo, et al., 2016; Wang et al., 2013), we focus on a simplified
model (also reported in Fredrich & Wong, 1986) for thermal expansion mismatch of an isotropic mineral
inclusion in an isotropic matrix, such that
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ΔS¼ 1
8 GIc

E
1−νð Þ Δα ΔTð Þ2; (5)

where ΔS describes the increase in the crack surface as a function of (i) the isotropic expansion mismatch
Δα = αii/3 − α0 between the inclusion (αii) and the matrix (α0); (ii) the temperature variation applied on
the medium ΔT; (iii) the elastic constants, E (i.e., Young's modulus) and ν (i.e., Poisson's ratio), assumed
to be equal in the inclusion and the matrix; and (iv) GIc is the fracture energy. Assuming penny‐shaped
cracks, ΔS could be defined in terms of crack density (ρ) and average length (c) and then used to infer the
increase in crack density (Wang et al., 2013):

ρ¼ c
16πGIc

E
1−νð Þ Δα ΔTð Þ2; (6)

The formula relies on additional underlying assumptions: (i) Elastic properties of the inclusion and matrix
are assumed to be the same and (ii) cracks propagate only if cracks of length c initially exist in the rock,
which are expected to be proportional to the grain size l. Because temperature variations are the same,
and effective elastic properties and GIc are expected to be relatively similar between the rocks studied, the
main difference lies in (1) the length of initial cracks c, or alternatively, the grain size, and (2) the
difference Δα = α − α0.

In the present case, based on the measured P/S wave velocity, the marble, the diorite, and the two blocks of
Fontainebleau sandstone did not exhibit apparent initial microcrack density. Hence, although this is usually
a theoretical prerequisite for fracture propagation in all micromechanical thermal stress models (Fredrich &
Wong, 1986; Siddiqi & Evans, 2015), c is either expected to be zero or to be proportional to the grain size l.
The grain size l is similar for the marble, granite, and sandstone samples, of about 200 μm. Hence, the
assumption of c being proportional to lmay not explain the (i) different variations between marble and other
rocks and (ii) the similar dependence between diorite (i.e., l = 1 mm), granite, and sandstone (i.e., l = 200
μm). As a consequence, independently of the grain size or initial crack content, those temperature depen-
dences may link exclusively to the parameter Δα. In particular, the temperature dependence implies that
Δα in all the rocks—except for the marble—is very similar and is much larger in marble.

Expecting for the mismatch to be Δα = α − α0, because all rocks' effective thermal expansion α0 values
should fall in the narrow range of 5 − 11 10−6 K−1 (Fredrich & Wong, 1986; Wong & Brace, 1979), it would
imply for the isotropic α to be much larger for calcite (i.e., marble) and very similar for the other rocks, inde-
pendently of the mineral content. This does not seem possible, and additionally, Fredrich and Wong (1986)
calculated values of (i) Δαcalc = 0 for calcite‐rich rock and (ii) Δαqtz = 3 10−6 K−1 that is more than twice
lower than that expected of 7 10−6 K−1 (Passelègue, Spagnuolo, et al., 2016; Wang et al., 2013). Moreover,
calculating the irreversible thermal expansionmismatch value (equation (6)) from the inverted crack density
(Figure 6) yields values of 2 − 3 10−5 K−1 at 200 °C for the marble and 2 − 3 10−6 K−1 at 400 °C, and around
6 − 7 10−6 K−1 beyond 550 °C, for the diorite or Fontainebleau sandstone.

At this point, we recall that all the rocks studied were isotropic at the sample scale because of the random
orientation of minerals. Because most minerals are anisotropic, it implies that the anisotropic axes of two
grains in contact will seldom have the same orientations. In other words, the axis having much larger ther-
mal expansion of grain 1 (e.g., α11) will be in contact (or at a small angle) with the axis having lower thermal

Table 2
Investigation of the MaximumValues of AnisotropicΔα Possibly Reached Between the Different Minerals by Assuming Again
That the Main Quantity to Consider Is That of Difference Between Maximum and Minimum Thermal Expansion Values

Maximum/minimum Quartz Microcline Plagioclase Calcite
Thermal
expansion (10−6 K−1) α33 = 10 α33 = 0.2 α33 = 3.3 α11 = −5.3

Quartz: α11 = 16.7 6.7 16.5 13.4 ‐‐

Microcline: α11 = 16.3 6.3 16.2 13 ‐‐

Plagioclase: α11 = 6.1 −3.9 5.9 2.8 ‐‐

Calcite: α33 = 26.4 ‐‐ ‐‐ ‐‐ 31.7
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expansion (e.g., α22 = α33) of grain 2. Under this consideration, the maximum difference between minerals

anisotropic thermal expansion is Δα′ = Max (αii) − min (αii). For quartz and calcite, one getsΔα′qtz ¼ 6:7×

10−6 K−1 and Δα′calc ¼ 31:7×10−6 K−1 (Table 2). Thus, consistent with the irreversible expansion inferred
from the data, replacingΔα byΔα′ in equation (1) would explain better the large differences betweenmarble
and sandstones. For the granite, such value of 6 − 7 10−6 K−1 could be reached for a dominance of contacts
between quartz or microcline maximum α11 and quartz minimum α33. For the diorite, similar to the
Fredrich diabase (Fredrich & Wong, 1986), a dominance of plagioclase contacts might occur, consistently
yielding values of about 2 − 3 10−6 K−1.

6. Conclusions

Five rock types of varying mineral content and initial porosity have been subjected to various temperatures
of treatment to investigate the effect of microfracturing on the links between effective properties. The sam-
ples pore and bulk volumes, ultrasonic velocities, and electrical impedance have been measured before and
after ThT. For all rocks, an increase in temperature of treatment leads to (i) an increase in pore and bulk
volume, (ii) a decrease in ultrasonic wave velocities, and (iii) a decrease in formation factor. From ultrasonic
wave velocities, the created porosity is of thin and elongated microcracks, which also leads to a large
decrease in the electrical formation factor. From the phase shift of the electrical impedance data, large var-
iations in phase peak amplitudes are observed that correlate with the porosity variations. The crack density
inverted from Pwave velocities allows for inferring permeability values that are consistent with that inferred
from electrical formation factor.

From both the crack porosity and electrical impedance data, the major effect is of creation or propagation of
cracks (i.e., crack density increase) rather than its aspect ratio. Because electrical impedance evidences an
increase in the cracks opening with ThT, this might imply that both opening and length vary in the same
way. Accounting for the frequency of measurement at the field scale, the effect of microcracking is surpris-
ingly very similar for all rock samples, hence independent of initially existing or created porosity. Finally,
apart from Rothbach sandstone, very different behaviors are observed in the marble as compared to the
other rocks, and very similar variations are observed in all other rocks independently of the (i) grain size,
(ii) initial porosity, or (iii) initial content of crack. Comparing it with a simple model, rather than expansion
mismatch, anisotropic thermal expansion of the minerals might explain those variations.

Appendix A: Elastic Model and Cracks Interaction
The model chosen predicts the effective compliance of a homogenous medium in which a family of thin
elongated spheroidal cracks is introduced through its added compliance (E. C. David & Zimmerman,
2011; Guéguen & Kachanov, 2011; Kachanov, 1993); that is, assuming that once all cracks are closed, the
medium behaves as a pure homogeneous medium. Using such model requires the knowledge of the elastic
properties of the medium when all cracks are closed (Wang et al., 2013), for example, at High Confining
Pressures (e.g., HCP medium in Figure (2) of Pimienta, Sarout, et al., 2014). Because we specifically chose
rocks with low initial degree of crack densities, for all samples except the granite and Rothbach sandstone,
the initial properties for all modeled homogeneous media are that measure on the nontreated samples. For
Rothbach sandstone, porosity is very large and open grain contacts might remain, hence making the rock
not very applicable for these studies specific to cracks in nonporous rocks. For the granite, an initial micro-
crack density might have already been present (i.e., low Vp and Vs in Table 1). The properties chosen are that
reported at high confining pressure (Wang et al., 2013), when all cracks are closed.

The inclusion models intrinsically depend both on (i) how the compliance of an inclusion affects the matrix
effective compliance and (ii) how the different inclusions interact between themselves (Guéguen &
Kachanov, 2011; Kachanov, 1993). The absolute value of inverted crack density is thus model dependent.
To sum the effect of cracks compliance, the simplest and more robust (Guéguen & Kachanov, 2011;
Kachanov, 1993) Non Interaction Approximation is often used (Adelinet et al., 2011; Fortin et al., 2007;
Nasseri et al., 2007, 2009). In case of elongated spheroidal cracks, it yields effective properties (Keff and
Geff) of the isotropic rock so that (Fortin et al., 2007; Kachanov, 1993; Pimienta, Sarout, et al., 2014):
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where ρ is the density of cracks embedded in the mineral background and δc accounts for the fluid compres-
sibility (Kf) and the cracks geometry of an aspect ratio ξ, such that

δc ¼ ρ
πξ
4

Em

1−υ2m
� � 1

Kf
−

1
Km

� �
: (A2)

whereKm,Gm, Em, and υm are the bulkmodulus, shear modulus, Young's modulus, and Poisson's ratio of the
HCP medium in which cracks are embedded. For an isotropic medium, only two elastic constants are inde-
pendent so that Em and υm can directly be inferred fromKm andGm. From Keff andGeff) one gets the effective
P wave velocity of the cracked medium. Using this model, however, yields ρ values as high as about 4–5 at
maximum ThT. While this is very similar to what was already inferred in the literature (Nasseri et al., 2009),
this is not realistic as a value of 1 would theoretically link to the sample fragmentation.

The reason is that because the Non Interaction Approximation method does not account for the mechanical
interaction between cracks, it largely overestimates the density of cracks (Nasseri et al., 2007, 2009; Pimienta,
Sarout, et al., 2014). The Differential Effective Medium approximation is expected to better account for this
interaction (E. C. David & Zimmerman, 2011, 2012), which might decrease the overestimation made on the
crack density (Guéguen & Kachanov, 2011; Pimienta et al., 2018). Based on equation (1), we use here a dis-
crete form of the Differential Effective Medium approximation (Pimienta et al., 2018) to build the effective
model (Keff and Geff) and then infer the effective P wave velocity of this isotropic medium.
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