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Abstract We conducted two brittle creep experiments on shale samples under upper crustal conditions
(confining pressure of 80 MPa at 26°C and 75°C). We deformed the samples to failure, with bedding
oriented perpendicular to the maximum compressive stress direction, using the stress-stepping
methodology. In both experiments, the failure stress was ~64% higher than the short-term peak strength.
Throughout each differential stress step, ultrasonic wave velocities initially decreased and then gradually
increased with deformation/time. The magnitude of these variations depends both on the direction of
measurement with respect to the bedding and the temperature, and it is largest for velocities measured
parallel to the bedding and at high temperature. Elastic wave anisotropy was completely reversed at 75°C,
following a limited amount of axial strain (~0.6%). Scanning electron microscope investigation confirmed
evidence of a time-dependent pressure solution, localized compaction, crack sealing/healing, and mineral
rotation. Our observations reveal that elastic anisotropy can evolve rapidly in both time and space, which has
implications on the stress state and its rotation near fault zones.

1. Introduction

Elastic wave velocities are sensitive to elastic anisotropy in rocks (Guéguen & Palciauskas, 1994; Mavko et al.,
2009; O’Connell & Budiansky, 1974; Sayers & Kachanov, 1995). Intrinsic or matrix anisotropy exhibits little pres-
sure dependence and is generally induced by a fabric of mineral phases, that is, crystallographic- or shape-
preferred orientations. Extrinsic anisotropy is sensitive to both pressure and differential stress (e.g., Sayers &
Kachanov, 1995; Schubnel et al., 2005) and is generated by oriented crack networks. The interplay between
extrinsic and intrinsic elastic anisotropies with stress, pressure, strain, and time in the deforming rock material
is a complex problem that has largely been disregarded until now. Indeed, most experimental studies have
concentrated either on the evolution of anisotropy with pressure in initially anisotropic rocks (e.g., Kern,
1993; Kern et al., 2008; Nishizawa & Kanagawa, 2010) or on the development of anisotropy of initially isotropic
material under differential stress (e.g., Schubnel & Guéguen, 2003; Wang et al., 2012, 2013). Brantut (2015)
recently demonstrated that elastic anisotropy was time, stress, and pressure dependent.

In the upper crust, deformation is dominated by brittle fractures along faults, so that the elastic anisotropy of
rocks in areas with low background matrix anisotropy is mainly due to cracks (Guéguen & Sarout, 2009). At
the kilometer scale, elastic wave anisotropy has, thus, become a primary observable variable to explore the
geometry of faults and the state of the underground stress. For instance, Mizuno et al. (2005) used shear wave
splitting recordings of microearthquakes to investigate the stress rotation on the Atotsugawa fault. Boness
and Zoback (2006) reviewed the mechanisms of shear wave splitting and classified them into twomajor cate-
gories: stress-induced anisotropy and structural anisotropy. However, shales and clay material have been
found ubiquitously within faults and fault gouges (Solum et al., 2006), and shales are known to exhibit both
intrinsic and extrinsic anisotropies. In addition, during the deformation of shales, fracturing processes interact
with pressure solution creep (Gratier et al., 2013), a fundamental mechanism at play during the mechano-
chemical compaction of sediments in the upper crust (2–10 km) that makes it behave in both a brittle and
viscous manner (Gratier et al., 1999). These two mechanisms operate on two different timescales: brittle
deformation for short times and pressure solution for long times.

Recently, Bonnelye et al. (2017a, 2017b) studied the influence of bedding and stress on elastic wave aniso-
tropy in “anisotropic” Tournemire shale samples deformed at constant strain rates. To our knowledge, only
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a few studies (Li & Ghassemi, 2012; Sone & Zoback, 2014; Zhao &
Roegiers, 1995) have been carried out on the brittle creep behavior of
shale until now. Indeed, most studies on brittle creep have focused
on igneous rocks (Fujii et al., 1999; Heap et al., 2011; Kranz, 1980; Ross
et al., 1983) and porous sedimentary rocks (Brantut et al., 2013;
Cogan, 1976; Heap et al., 2009; Hettema et al., 1991; Ngwenya et al.,
2001). We study here the evolution of elastic wave anisotropy during
the brittle creep deformation of Tournemire shale.

2. Materials and Methods

Samples were sourced from the underground laboratory of the French
Institut de Radioprotection et Sûreté Nucléaire in Tournemire (southern
France). The tunnel is located in a shaly Toarcian layer. A general
description of the structure and mechanical/physical properties of
Tournemire argillaceous media are provided in Cabrera et al. (2001)
and Valès et al. (2004). For this study, two cores, each with a diameter
of 42 mm, were prepared with the long axis perpendicular to the
natural bedding. Coring was done using air as a cooling fluid, and the
fracture regions were avoided. Following coring, the cores were imme-
diately placed in vacuum-sealed bags to avoid dehydration. The natural
water content of the samples is approximately 5% (Bonin, 1998;
Schmitt, 1994). Immediately prior to testing, the samples were dry-
polished at both ends to a total length of 84.5 (±0.1) mm, to ensure that
both ends were planar and parallel.

The triaxial apparatus used in this study is an externally heated oil-
medium confining cell installed at the Laboratoire de Géologie of

ENS-Paris (France). A detailed description and a schematic view of this apparatus can be found in
Brantut et al. (2011). Three external capacitive gap sensors were used to measure axial shortening dur-
ing deformation. The averaged displacement of these sensors, corrected for machine stiffness, was used
to calculate the axial strain. Given the extremely low permeability of shales, our laboratory experiments
were done without controlling for pore pressure. The pore pressure system was vented to an
ambient environment. Two samples with initial saturation were loaded separately, one at room tempera-
ture (26°C, referred hereafter as sample RT) and the other one at high temperature (75°C, referred here-
after as sample HT). Samples were first hydrostatically loaded to 80 MPa at a rate of 0.3 MPa/min. Then
sample HT was heated to 75°C after pressurization within the confining cell at a rate of 0.5°C/min.
Confining pressure and temperature were then maintained constant for ~18 h. Next, differential stress
(σ1� σ3) was increased from 0 to 60 MPa at a rate of 0.5 MPa/min and then held constant for 24 h.
In the following days, the axial stress was increased by 10 MPa at the same rate and kept constant
for 24 h repeatedly, until failure was achieved (see Figure 1). Stress and strain recordings were sampled
at 0.5 Hz.

To monitor the evolution of ultrasonic Pwave anisotropy during the experiments, we glued 16 piezoceramic-
based transducers (shown in supporting information Figure S1) directly to the sample. Details on the
piezoceramics and configuration of transducers can be found in Brantut et al. (2014a). All 16 transducers were
consecutively pulsed with a voltage of 500 V (1 μs rise time), so that each sensor was used once as a source
and recorded by the rest of the transducer network during what is referred to as a velocity survey. A stack of
10 signals was performed to enhance the signal-to-noise ratio. Ultrasonic signals were amplified to 45 dB and
recorded on a 16-channel digital encoder at 10 MHz sampling frequency. We used these recordings to deter-
mine the P wave travel times in the sample along selected raypaths. Given the large amount of data to be
computed, we applied a cross-correlation method (Pettitt et al., 2002) to automatically pick travel time differ-
ences with a reference survey, which was performed after hydrostatic compression. Travel times were then
converted into elastic wave velocities. Absolute errors in velocities were estimated to be in the order of a
few percent (~2%).

Figure 1. Differential stress (yellow) and corresponding axial deformation
(purple and red lines) as a function of time, at 26°C and 75°C. The diamond
and triangle symbols represent the peak strength and failure strain of two
reference samples, which were deformed in conventional triaxial experiments
conducted by Bonnelye et al. (2017b) under a constant strain rate of 3 × 10�7/s
and 4 × 10�5/s, respectively. The black arrows indicate the moment of strain
acceleration (tertiary creep) leading to failure. The gaps in the strain curve (26°C)
resulted from technical issues with the recording system.

Geophysical Research Letters 10.1002/2017GL074555
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The acoustic ray angle (ϕ in supporting information Figure S1) is defined as the angle between the raypath
and the normal to the bedding plane. Assuming that our shale samples are transversely isotropic and
homogeneous, we estimated P wave velocities at different ray angles (90°, 71°, 55.4°, 44°, and 36°) by
averaging P wave velocities measured along raypaths with the same ray angle. We only selected raypaths
that cross the symmetry axes of the samples. Velocity surveys were performed every 5 min during the period
of increasing axial stress and at every 15 or 30 min when the stress was kept constant.

3. Results
3.1. Stress and Strain Curves

Due to thermal expansion and hardening during hydrostatic loading, sample HT (75°C) exhibited less hydro-
static shortening but larger failure strain and faster strain rates (denoted by the gradient of the curve),
approaching failure (see Figure 1). Sample HT (75°C) failed at a differential stress of 170 (±0.1) MPa and
reached an axial strain of 0.0408 (±10�4) at failure. Sample RT (26°C) failed at a differential stress of 180
(±0.1) MPa after an axial strain of 0.0396 (±10�4).

For comparison, Bonnelye et al. (2017b) conducted two conventional (constant strain rate) triaxial experi-
ments at room temperature (26°C) using the same material under the same orientation and a confining pres-
sure of 80 MPa. In those experiments, the peak strength and failure strain of samples were 106 MPa and
0.0318, respectively, under a constant strain rate of 3 × 10�7/s, and 194 MPa and 0.0275, respectively, under
a constant strain rate of 4 × 10�5/s (see the diamond and triangle symbols in Figure 1). Our creep samples
exhibited strengths (170/180 MPa) similar to the samples of Bonnelye et al. (2017b) that were deformed at
a fast constant strain rate (4 × 10�5/s) but a ~64% higher strength than those deformed at the strain rate
of 3 × 10�7/s. Note that the constant strain rate of those reference experiments was about 2 to 3 orders of
magnitude higher than the creep strain rates (~10�9/s) estimated in our experiments, except during the last
stage (strain rate ≥10�6/s) during which the samples accelerated to failure.

3.2. Temporal Variation of Ultrasonic P Wave Velocities

At both temperatures (26°C and 75°C), P wave velocities at various ray angles tended to converge during the
early stage of loading (strains of 0–0.005 in Figures 2a and 2b), indicating a decrease in the apparent P wave
anisotropy. Overall, velocities increased in the first half of the experiments and then decreased dramatically
when approaching failure. The magnitudes of decrease and increase were highly dependent on both the ray-
path and temperature. At 26°C, the original fast Pwave direction at a ray angle of 90° became the direction of
the slow P wave after an axial strain of 0.035, that is, when the sample accelerated to creep failure during the
final constant stress step. For comparison, at 75°C, both the fast and slow Pwave completely reversed after an
axial strain of only 0.006.

A closer analysis shows that the ultrasonic P wave velocities, regardless of the ray angle, also decreased and
then increased gradually during each creep step (insets in Figures 2a and 2b). Again, the magnitude of
increase was dependent on the ray angles and was larger at high temperature than at room temperature.
For instance, within the strain range of 0.005–0.015, the P wave velocity measured parallel to the bedding
(90°) decreased first and then increased gradually, while the velocity at ray angle 36° kept increasing. We
observed a gradual transition from high ray angles to low ray angles, the former displaying a more apparent
decreasing trends while the latter showing greater increasing trends.

4. Discussion
4.1. Strength Recovery Mechanisms During Creep Deformation

A general understanding of rock strength states that the failure strength of rock deformed at a lower strain
rate is smaller than the peak strength induced under a higher deformation rate (Bhat et al., 2012; Bonnelye
et al., 2017b; Brantut et al., 2013; Peng & Podnieks, 1972). A possible explanation for the strength recovery
of our nearly 10 day experiments is the occurrence of creep compaction (Brantut et al., 2014b), pressure
solution creep (Gratier et al., 2013, 1999), and crack sealing (Renard et al., 2000) during deformation. Such
time-dependent strengthening, originating from crack sealing, has been observed in several studies
(Brantut et al., 2014b; Gratier et al., 2013, 1999; Hickman & Evans, 1992; Meredith, 2013; Renard et al., 2000;
Tenthorey et al., 2003).

Geophysical Research Letters 10.1002/2017GL074555
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The velocity difference is a good indicator of internal microstructural changes to the samples. Figures 2c and
2d display differences in P wave velocities relative to the reference value measured under hydrostatic condi-
tions. The relative velocity difference at a low ray angle is larger than that at a high ray angle. The variation
rangewithin a specific creep period is wider (nearly double) at 75°C. The changes in Vp gradually reduced after
nearly 8 h (one third elapsed time) of creep, after which Vp remained almost constant under negligible strain
accumulation. A possible interpretation is that during each axial stress step, stress-induced subvertical cracks
were initiated and propagated then gradually closed and sealed during creep deformation. The increasing
axial stress gradually squeezed the interspace between the beddings. Accordingly, grain contacts were rein-
forced, and the new deformation features gradually overprinted the initial anisotropy pattern. This overprint-
ing seemed to be more effective at the higher temperature. Again, one should stress that a complete reversal
was attained for only a limited amount of axial strain and cannot be explained solely by crack growth.

Taken together, our ultrasonic P wave data suggest competition between crack growth, sealing/healing, and
possible pressure solution, mineral rotation, or anisotropic compaction during creep. If creep deformation

Figure 2. P wave velocities of samples deformed at (a) 26°C and (b) 75°C as a function of strain. Pwave velocity differences
are presented with respect to the measurements at hydrostatic conditions (80 MPa) at (c) 26°C and (d) 75°C. The gray dots
represent measured velocities during the period of increasing differential stress; the colored dots represent measured
velocities under constant differential stress.

Geophysical Research Letters 10.1002/2017GL074555
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was partially driven by pressure solution, which is stress, time, and temperature dependent, one should
expect that the longer the stress step and the higher the temperature or differential stress, the greater the
consolidation should occur. Indeed, higher consolidation is observed with increasing temperature and
differential stress. For the latter, this is only true until a critical differential stress is attained, beyond which
brittle processes (fracture propagation) that lead to failure begin to dominate creep deformation.

Microstructural observations shed light on both strength recovery and time-dependent acoustic anisotropy.
Scanning electron microscope (SEM) images were taken in the vicinity of the failure plane of the two samples
(Figure 3). Evidence for sealing or filling in fractures was ubiquitous (Figures 3a–3c). A vertical microcrack
sealed within a calcite grain (Figure 3c) is a potential indicator that the pressure solution was active during
the deformation of our samples, even at 26°C. The grain was clearly broken and had undergone rotation dur-
ing its deformation history. The postmortem microstructure of sample HT (75°C) reveals a clear rotation of
microcracks (Figure 3d), a feature that may be coincident with the observed anisotropy reversal of P wave
velocities. Bonnelye et al. (2017a) also observed, under similar conditions but at a higher magnification, clear
evidence of clay mineral platelet rotation in the vicinity of the macroscopic shear fracture. Figure 3e displays

Figure 3. Scanning electron microscope (SEM) images in the failure zone. Sample RT (26°C): (a) shear area with visible
cracks, (b) deformed/damage region with microcracks, and (c) rock matrix near failure plane. Sample HT (75°C):
(d) macroscopic shear zone, (e) consolidation/compaction bands, and (f) evidence of pressure solution of dolomite grains
within a compaction band. In all the figures, the direction of axial stress is vertical, while the natural beddings are horizontal.
Figures 3a–3d and 3f are backscattered electrons (BSE) images, and Figure 3e is a secondary electrons (SE) image.

Geophysical Research Letters 10.1002/2017GL074555
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evidence that localized creep compaction was active during deformation, with the formation of low
porosity consolidation bands along fractures. Within these bands, dolomite grains exhibit evidence of
pressure solution (Figure 3f). This observation confirms the conclusion of Zhang et al. (2010), who
suggested that creep compaction in wet granular calcite occurred owing to the diffusion-controlled
intergranular pressure solution at low strain, giving way to precipitation control at larger strains over
practicable laboratory timescales. Here we observe that the pressure solution is indeed thermally
activated, as little evidence of the solution was found in sample RT (26°C), and larger strains/velocity
increases were observed in sample HT (75°C). Note that it is likely that clay particles enhance pressure
solution creep because they allow faster diffusion of solutes from the particle contacts to the pore space
and inhibit grain boundary formation (Renard et al., 2001). Finally, one should keep in mind that these
images are postmortem observations, and it seems likely that the fractures observed within localized
compaction bands are decompressive features.

4.2. P Wave Anisotropy Reversal

As our samples are weakly anisotropic (�0.2< ε< 0.2), we inverted P wave velocities into three independent
Thomsen’s parameters (α0, δ, and ε) (Thomsen, 1986) using a least squares fit method (Bonnelye et al., 2017a)
(see Figures 4a and 4b). The parameter α0 is the Pwave velocity measured along the transverse isotropy sym-
metry axis (vertical and perpendicular to the bedding). The parameter δ characterizes the anellipticity of the P

Figure 4. Evolution of Pwave anisotropy (Thomsen’s parameters α0, δ, and ε) as a function of strain at (a) 26°C and (b) 75°C.
Evolution of modeled P wave velocities using Thomsen’s parameters in time series as a function of phase (ray) angle at
(c) 26°C and (d) 75°C. The open circles denote experimental measurements, and the colored bar represents time relative to
the start of the first stress step.

Geophysical Research Letters 10.1002/2017GL074555
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wave field, and ε is a direct measure of P wave anisotropy between the transverse isotropy axis of symmetry
(0°) and along the bedding (90°). Parameter α0 increased systematically during the early stage of experiments,
from ~4,000 m/s to ~4,300 m/s at 26°C and to ~4,700 m/s at 75°C. As expected, the magnitude of the increase
in α0 is paramount during the creep stages at high temperature. At room temperature, α0 exhibited a contin-
uous decrease beyond an axial strain of ~0.022 to its initial value, ~4,000 m/s, at failure. For comparison, at
75°C, α0 remained constant up to failure, which highlights that the velocity perpendicular to the bedding
is not affected by macroscopic failure.

At 26°C, δ and ε linearly decreased with increasing strain during the early part of the experiment (Figure 4a).
Close to failure, the evolution of δ and ε diverged, and ε became negative, meaning that the anisotropy
reversed. At failure, ε~� 0.03, indicating that the P wave anisotropy reversed and reached approximately
3% in the opposite orientation. In other words, the P wave propagating along the bedding (90°), which
was originally the fastest, became the slowest wave. At 75°C, the P wave anisotropy completely reversed,
so ε became negative after the third stress step (80 MPa of differential stress), after an axial strain of only
~0.006. At failure, ε~� 0.2; thus, the final anisotropy not only reversed but was also twice as strong as the
initial value. It is interesting to note that both δ and ε continuously decreased linearly with increasing strain,
even during the last stages of this experiment.

We then used the inverted parameters to calculate the theoretical values of velocities as a function of the ray
angle (Figures 4c and 4d). Under hydrostatic conditions, the fast P wave velocity was the one propagating
along the bedding (90°). At 26°C, the fast P wave slowly rotated toward the slower propagation direction
and near the end of the experiment; the fastest P wave was the one propagating along the direction of
maximum shear, at 45° (Figure 4c). Note that in this case, the wavefront is extremely anelliptical. In contrast,
at 75°C, the direction of the fast Pwave completely switched from 90° (along bedding) to 0° (vertical) and vice
versa (from 0° to 90°) for the slow P wave, after an axial strain of only ~0.006 and ~70 h of deformation
(Figure 4d). In this case, one can clearly see that the magnitude of anisotropy is greater at the end of the
experiment than initially. Again, such an increase in the P wave velocity perpendicular to the bedding is dif-
ficult to explain solely by the closure of microcracks, since the final velocity is much larger than the velocity
initially measured along the bedding under pressure.

5. Conclusions and Implications

Our microstructural observations revealed that P wave anisotropy reversal results from a multitude of factors
including stress-induced rotation of microcrack orientation, preferred orientation of dominant grains, tem-
perature, and time-dependent pressure solution, and sealing or healing of microcracks. The time-dependent
rotation of the fast P wave direction highlights the complex contemporaneous evolution of intrinsic (mineral
fabric-related) and extrinsic (crack-related) anisotropy within relatively short time periods and for unexpect-
edly small strain values in semibrittle materials. Elastic wave anisotropy reversal potentially provides an
appealing additional explanation for local stress rotation observed near active faults (Faulkner et al., 2006;
Healy, 2008).

Our laboratory results also indicate that during deformation experiments of Tournemire shale, localized com-
paction, pressure solution, sealing, and healing of cracks contributed not only to recovery of elastic wave
speeds but also to strengthening. In light of these results, one may wonder whether our samples would have
failed at low differential stress or whether they would have simply hardened by compaction (Brantut et al.,
2014b). In the latter case, this would have important implications for the strength of accretionary prisms
and shallow fault zones, often constituted of clay materials (Chester et al., 2013; Hirono et al., 2014; Solum
et al., 2006; Yamaguchi et al., 2011). The short-term brittle strength measurements of shaly fault cores may,
in fact, have few physical implications on the long-term (weeks to millions of years) mechanical strength of
these materials at the field scale, as reasoned by Gratier et al. (2013).

Elastic wave anisotropy and, in particular, shear wave splitting, the easiest anisotropic feature to bemeasured
at the field scale, have become a primary tool for imaging the stress field (Boness & Zoback, 2006; Crampin &
Lovell, 1991; Mizuno et al., 2005). Although we measured only Pwave velocities, our data also provide impor-
tant constraints on shear wave splitting. Indeed, within a transversely isotropic medium, if the sample exhibits
radial Pwave anisotropy, it will exhibit azimuthal Swave anisotropy as well (seeMavko et al., 2009; Schubnel &
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Guéguen, 2003). Accordingly, shear wave anisotropy (or splitting) is likely to exhibit time series variation
similar to that of Vp anisotropy, shown in Figures 4c and 4d. We can therefore suspect that shear wave
splitting may also rotate quite rapidly, both in time and space. This may be particularly true in the vicinity
of fault zones and is important to keep in mind while interpreting the shear wave splitting pattern at the
field scale.

Finally, the anisotropy reversal of ultrasonic P wave velocities was observed for limited amounts of strain
and time in our study. Thus, it is possible that part of the postseismic relaxation observed along fault
zones at shallow depths using noise tomography over monthly timescales (Brenguier et al., 2008) may
also correspond to changes in anisotropy and stress variations/rotations. On the other hand, the direction
of the fast P wave and the magnitude of anisotropy continuously evolved during creep deformation,
which might be imaged at the field scale using shear wave splitting or noise tomography near
fault zones.
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