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Ultrasonic Imaging of the Onset and Growth of Fractures
Within Partially Saturated Whitby Mudstone Using
Coda Wave Decorrelation Inversion
Reuben Zotz‐Wilson1 , Lisanne A. N. R. Douma1, Joel Sarout2 , Jeremie Dautriat2,
David Dewhurst2 , and Auke Barnhoorn1

1Faculty of Civil Engineering and Geoscience, Delft University of Technology, Delft, Netherlands, 2CSIRO‐Energy, Perth,
Western Australia, Australia

Abstract Using active ultrasonic source survey data, coda wave decorrelation (CWD) time‐lapse imaging
during the triaxial compression of Whitby Mudstone cores provides a 3‐D description of the evolution and
redistribution of inelastic strain concentrations. Acoustic emissions (AEs) monitoring is also performed
between any two consecutive surveys. From these data, we investigate the impact of initial water
saturation Sw on the onset, growth, and reactivation of inelastic deformation, compared to the
postdeformation fracture network extracted from X‐ray tomography scans. Our results indicate for the
applied strain rate and degree of initial water saturation, and within the frequency range of our ultrasonic
transducers (0.1 to 1MHz), that inelastic strain localization and propagation in the Whitby Mudstone
does not radiate AEs of sufficient magnitude to be detected above the average noise level. This is true for both
the initial onset of inelasticity (strain localization) and during macroscopic failure. In contrast, the CWD
results indicate the onset of what is interpreted as localized regions of inelastic strain at less than 50% of
the peak differential stress the Whitby Mudstone can sustain. The seemingly aseismic nature of these
clay‐rich rocks suggests the gradual development of inelastic strain, from the microscopic diffuse damage,
up until the macroscopic shear failure.

1. Introduction

Mudstones play an important role in civil infrastructure, energy, and resource projects globally. They act as
impermeable seals in conventional hydrocarbon or sequestration capture reservoirs (Armitage et al., 2016;
Busch et al., 2008) or as both a source (Jianghui et al., 2012) and reservoir rock (Aplin & Macquaker, 2011)
in unconventional hydrocarbon projects. Several permanent nuclear storage projects plan to (Brookins,
1976; Vomvoris et al., 2013) or already employ (Aik & Sundell, 2014) mudstones as the host rock for both
high‐ and low‐grade radioactive waste. Due to their global abundance (Garrels & Mackenzie, 1969), civil
infrastructure projects such as tunnels, dams, and bridges often directly interact withmudstones (Izumi et al.,
1998; Yoshida et al., 1997; Wang et al., 2013), presenting a variety of engineering challenges. Furthermore,
the presence of shales andmudstones is an important input to susceptibility maps for environmental damage
due to landslides (Ayalew & Yamagishi, 2005). It is therefore essential to gain an understanding of the
mechanical properties of mudstones under a variety of environmental conditions. To this end, laboratory
triaxial testing of core samples subjected to realistic subsurface temperature, pressure, stress, and saturation
conditions are essential.

While the bulk core properties are generally attainable by measurements at the boundary of the sample, the
determination of the time and location at which inelastic changes develop, requires techniques which are
sensitive to localized changes within the core. Acoustic emissions (AEs) monitoring has been a commonly
applied techniquewithin rock‐mechanics laboratories formore than four decades (Heap et al., 2009; Lei et al.,
2004; Lockner, 1993; Lockner et al., 1977; Sarout et al., 2017), enabling the rate, location, and effective stress
at which fracturing develops to be extracted from passive acoustic monitoring. Some inherent limitations of
AEsmonitoring are that it requires (i) the magnitude of acoustic energy emitted during fracturing to be suffi-
ciently large, and (ii) within the dynamic range that it is detectable by the available sensor network. Further,
AEs monitoring is unable to detect inelastic changes which are truly aseismic in nature (Main, 1990). The
term scatterer/s is used throughout this manuscript to describe any localized contrast in density/velocity of
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size in the order of the probing wavefields dominant wavelength. In the context of the current study, a region
of localizedmicrofractures, a largermacroscopic fracture, mineral impurities, voids, or the layeredmudstone
structure can all be considered as wavefield scatterers.

In this study, we apply both active source acoustic and passive AEs monitoring, on three laboratory scale
core samples of different initial water saturation. The aim is to monitor both the location and time of
fracturing from active sourcemonitoring, in comparison with the onset of AEs, thereby indicating the degree
to which preseismic changes occur. This is based on the premise that active source methods do not rely on
the spontaneous emission of acoustic energy in order to detect the presence of inelastic deformation, and
therefore remain, in principle, sensitive to aseismic fracturing. While there have been several velocity tomo-
graphy monitoring applications in laboratory rock deformation experiments (Aben et al., 2019; Brantut,
2018; Jansen et al., 1993), enabling the three‐dimensional imaging of rock fracturing, in this work we apply
coda wave decorrelation (CWD) inversion for the first time within experimental rock mechanics. The CWD
method can be classed as a coda wave interferometric method, which in the most general terms infers subtle
changes in medium properties by analyzing changes in the coda wave. This concept under the name coda
wave interferometry (CWI) has been shown to display improved sensitivity to perturbations in velocity when
compared to changes derived from first arrivals (wave onset) (Grêt, 2005; Snieder, 2002; Zotz‐Wilson,
Boerrigter, et al., 2019). This is explicitly discussed in terms of experimental rock mechanics in the recent
work by Singh et al. (2019) where CWI is performed on synthetic waveforms derived from numerically simu-
lated wave propagation in heterogeneous rock samples. It should be noted that while CWI is often used to
describe changes in velocity at the macro (civil structures) (Griffiths et al., 2018; Salvermoser et al., 2015;
Zhang et al., 2013, 2016) andmesoscale (seismological systems, volcanoes, reservoirs) (Grêt, 2005; Grêt et al.,
2006a; Sens‐Schönfelder & Larose, 2008; Sens‐Schönfelder & Wegler, 2006; Snieder & Hagerty, 2004), its
initial formulation presented the ability to also infer changes in source location and the average displace-
ment of scatterers (Snieder, 2002). In this context CWD can be considered as a CWI technique where the
focus in on changes in the scattering properties of a medium, such as that associated with the formation
of fractures, or the opening/closure/slip of in situ fractures. While CWI has been applied in several studies
to track changes in the source location (Robinson, Sambridge, et al., 2007; Robinson, Snieder, et al., 2007;
Zhan et al., 2020) there are few application of its ability to monitor bulk changes in scatterers (Singh et al.,
2019; Zotz‐Wilson, Boerrigter, et al., 2019). The first publication and experimental application of what we
refer to as CWD inversion demonstrated the ability to locate, in a probabilistic sense, the formation of a
single defect within a concrete slab by active source time‐lapse measurements from several ultrasonic recei-
vers (Larose et al., 2010). Since this initial publication, other works have applied CWD inversion to monitor
the formation of cracks in concrete structures (Larose et al., 2015; Zhang et al., 2016), or study changes due to
volcanic (Obermann et al., 2013) or tectonic (Obermann et al., 2014, 2019) activity. In this study we apply a
modified least squares approach which has the potential to locate, in terms of a material's scattering
properties, multiple regions of change simultaneously (Planès et al., 2015).

The results of this study, monitoring the active and passive acoustic response of mudstone samples of
differing initial water saturation, provides valuable information on the development of both microscopic
inelastic strain (diffuse damage) and the emergence of larger coalesced macroscopic shear fractures.

2. Materials and Methods
2.1. Sample Material and Preparation

The mudstone samples originate from the outcropping Whitby Mudstone formation (WMF), United
Kingdom (UK). The WMF is deposited in the East English Cleveland Basin in anoxic bottom conditions
(Powell, 2010). This Toarcian Age mudstone formation consists of three members, including the Gray
Shale Member, Mulgrave Shale Member, and Alum Shale Member (Powell, 2010). The Mulgrave Shale
Member (Lower Jurassic) is the lateral equivalent of the Dutch Posidonia Shale Formation (PSF), the main
shale gas target in the Netherlands. The maximum burial depth of the mudstones in the Cleveland Basin is
∼4 km, where the top of the Lower Jurassic does not exceed ∼2.5 km (Pye, 1985). The WMF has been con-
sidered an analog for the Dutch PSF (Zijp et al., 2015), since the PSF is not outcropping in the Netherlands,
core material is badly preserved, and available log data is limited.
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The WMF is a relatively clay‐rich rock, composed of 50% to 70% interlayered illite/smectite, illite, and
kaolinite (Houben, Barnhoorn, Wasch, et al., 2016). The organic matter (TOC ∼6%) is often interlayered
within the matrix (Houben, Barnhoorn, Wasch, et al., 2016; Zijp et al., 2015). The porosity of the mudstones
originating from the Mulgrave Shale Member is ∼13%, based on the wet and dry mass of a mudstone core
(Douma et al., 2019). The matrix permeability is in the range of 10×10−23 to 10−18 m2 as estimated by
Houben, Barnhoorn, Lie‐A‐Fat, et al. (2016) via the Kozeny‐Carman equation relating matrix permeability
to the porosity determined from He pyncnometry and the pore surface area from gas adsorption, where
average matrix grain size is 0.1 to 2 μm. The pore diameters were obtained from scanning electron
microscope mozaics resulting in a distribution between 72 and 300 nm.

Mudstone blocks were sampled from a wave cut platform on the east coast of England, north of Whitby
(UK), near Runswick Bay. The mudstones in the outcrop are submerged daily by seawater, due to the tidal
cycle. Immediately after sampling, the mudstone blocks were stored in seawater to prevent initial pore water
loss. Seawater was used under the assumption that the pore fluid of the mudstones reached chemical equili-
brium with the seawater over geological time.

Cylindrical core plugs were cored normal to the bedding out of the same larger sample block and have a
length of ∼80 mm and a diameter of ∼38 mm. During coring, seawater was used as the cooling fluid to
prevent drying, shrinkage or swelling of the clays. The ends of the sample were then trimmed and ground
using a fine diamond facing wheel and a precision V‐block on a magnetic base, such that the
perpendicularity of the end surface to circumferential surface and flatness of the end surfaces are within
the general tolerances recommended by the International Society for Rock Mechanics. The preserved core
plugs were imaged with an X‐ray computed tomography scanner to ensure no major bedding parallel
fractures were created during the coring and grinding process.

After coring, the core plugs were stored at room temperature in three different desiccators with a constant
relative humidity atmosphere of ∼85%, 75%, and 35%. At these relative humidities, the corresponding water
saturations achieved after several weeks (until mass stabilization) are∼70 ± 10%,∼58 ± 10%, and∼28 ± 10%,
obtained by the method of oversaturated brines as described in detail by Laloui et al. (2013).

The porosity was calculated from a pulverized disk taken from the same mudstone block as all core samples,
which was vacuum dried for 24 hr at 105°C, and analyzed with a pycnometer‐(He) to determine the grain
density ρgrain. This process was repeated 10 times to determine the final ρgrain. The bulk density ρbulkwas cal-
culated using the bulk volumeVbulk before drying and the drymassmdry of themudstone disk,measured after
drying under vacuum in an oven at 105°C until mass stabilization was achieved (Douma et al., 2019).
Smectite desiccation in general leads to shrinkage of the clayminerals—meaning that the bulk volumemight
change due to drying. Further, open fractures will form due to drying, which will also affect the bulk volume
of the core plug. Therefore, we have chosen to use the bulk volume of the initial sample Vbulk before drying.
The obtained porosity φ was cross‐checked with that estimated from the water content. The water content
was measured by weighing the mudstone disk in the saturated state (i.e., pore fluids preserved as recovered),
followed by drying in a vacuum oven at 105°C until mass stabilization, and remeasuring the dry weight
(Dewhurst et al., 2015; Douma et al., 2019). The resulting bulk material properties of the sample block are
porosity of ∼13%; dry bulk grain density of ∼2.35 g cm−3; average grain density from 2.65 to 2.72 g cm−3.
After the three core plugs were deemed equilibrated in their respective desiccator (approximately 2 months),
each rock sample was triaxially deformed, with time‐lapse active and passive ultrasonic monitoring.

2.2. Experimental Procedure

The triaxial stress vessel used for the deformation experiments with time lapse ultrasonic monitoring was
located in CSIRO's Geomechanics & Geophysics Laboratory in Perth, Australia (Douma et al., 2019;
Sarout et al., 2015, 2017). The partially saturated core plugs are placed in a Viton sleeve to prevent contact
with the surrounding confining oil. Two diametrically opposed linear variable differential transformers
(LVDTs) are mounted within the pressure vessel, as close as possible to the sample in order to monitor
the average axial displacement between the two end faces of the cylindrical shale sample. The local radial
strain is measured with a two‐point strain gauge‐based cantilever mounted through the Viton sleeve, directly
on the lateral surface of the core plug.
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Two aluminum spacers (38 mm diameter; 1 mm thickness) are placed on top and bottom of the partially
saturated core plugs (see Figure 1), to achieve macroscopically undrained conditions during the deformation
of the rock (i.e., no water in/out at the sample's top, bottom or lateral boundaries). As a result there is no pore
pressure control or monitoring possible during testing. The experiments are all performed at room tempera-
ture (22.0±1.5°C). A detailed description of the experimental procedure is given by Douma et al. (2019),
summarized as

• An increase in confining pressure at a rate of 0.5 MPamin−1 up to 15MPa, followed by a consolidation
stage of about 3 days under isotropic stress conditions, after which all samples reached axial consolidation
rates of ∼40 μmday−1.

• Subsequently, an increasing vertical stress was applied along the sample's axis (orthogonal to the bedding)
with a constant axial strain rate of 1×10−7 s−1 until failure of the WMF sample.

A total of 14 piezoceramic‐based P wave transducers (effective ultrasonic footprint diameter 6 mm, domi-
nant resonant frequency 0.5MHz) are directly attached to the sample (see Figure 1), through the Viton
sleeve. The transducers are designed and assembled at CSIRO laboratories from a 6mm compressional
Piezoceramic crystal, mounted in a 9mm aluminum housing in contact with the lateral surface of the
sample. Each transducer acts sequentially as a source Si, while the other 13 transducers act as receivers
Rj. During each survey, ten repeat shoot‐receive transmissions are performed for each Si, and the recorded
waveforms are stacked at eachRj, thereby improving the signal‐to‐noise ratio (SNR). Each survey consists of
182 (14×13) stacked waveforms, recorded during a time window of 410 μs, at a sampling rate of 10MHz, and
an amplitude resolution of 12‐bit (Sarout et al., 2015). Surveys are repeated at regular time intervals of either
2.5 or 5 m during a deformation experiment. Each active source survey takes ∼30 s to complete, in the time
between all 14 transducers are switched to passive monitoring mode, allowing the detection and recording of
spontaneous fracturing events referred to as AEs. The full waveforms are acquired, with AEs detected by a
preset trigger threshold between 10 and 50 mV, depending on the noise level in each channel. In preparation

Figure 1. Configuration 14 radially mounted transducers, aligned with the middle of each core sample, after (Douma
et al., 2019; Sarout et al., 2015, 2017). Note that this figure is vertically exaggerated for display purposes.
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for subsequent processing, the data recorded during each survey p are
arranged into an impulse response data cube Dp (typically around 12
MB in binary format), with each waveform stored corresponding to Si in
rows, Rj in columns, for P surveys.

In order to ascertain the actual extent of the fracture network formed
during triaxial failure, all tested WMF samples were scanned before and
after the triaxial deformation experiment (while jacketed without trans-
ducers) using an X‐ray computed tomography scanner. The created data
set has a voxel size of 100×100×400 μm.

2.3. CWD Inversion Procedure

This section summarizes the theory and inversion workflow applied to the
three impulse response data cubes Dp obtained from the three triaxial
experiments. We apply a linear least squares inversion method, for the
time‐lapse monitoring of shale deformation and failure under triaxial
stress conditions. The version of Python code used during this study is
available in Zotz‐Wilson (2019). For a detailed description of the theory
employed, the reader is referred to Appendix A, which itself is para-
phrased from Planès et al. (2015).

The basic premise of CWD is that a change in the scattering properties of
a medium (impedance contrast between the medium and scatterers), can be inferred by a comparison
between wavefields recorded before and after the change. This comparison is performed via a normalized
cross‐correlation, with the measured decorrelation coefficient Km calculated for a time window [tk−tw,tk
+tw] within the coda. Similar to CWI which in its most common application relates the phase shift of this
correlation to a change in elastic wavespeed (Grêt et al., 2006b; Larose & Hall, 2009; Payan et al., 2009;
Zhang et al., 2012) or temperature (Grêt et al., 2006b; Larose et al., 2006; Weaver & Lobkis, 2000) of the
medium, CWD relates the corresponding Km to a change in the scattering properties of the medium, for
a particular time window within the coda. This method rests on the understanding that a window within
the early coda wave is sensitivity to a smaller region around the source/receiver than a window in the late
coda. By combining this with some knowledge of the evolution of diffusive energy, along with multiple
source‐receiver pairs, one can formulate an inverse problem to minimize the misfit between the measured
Km and a theoretical estimation KT of the decorrelation coefficients.

In terms of data processing, for each survey p, the measured decorrelation coefficientKm
ij between a reference

survey Dref and survey Dp obtained after perturbation, are calculated for each source i and receiver j and
nonoverlapping window of width 2twwithin the coda. The resulting data decorrelation matrixKm

p of dimen-

sions [Si,Rj,tk] for each survey p, serves as the observed data input to the inversion scheme. The shot gather
in Figure 2 illustrates the position of the four nonoverlapping correlation windows used in this study when
calculating the Km

ij between survey Dref and survey Dp.

In order to relate eachKm
ij for various windows within the coda to localized change within the core sample, a

theoretical estimation of the decorrelation coefficient Km
ij (Rossetto et al., 2011), associated with a change in

scattering at location r is calculated as

KT
ij r; tkð Þ¼V0σT

2
Q Si; Rj; r; tk
� �

; (1)

where σT is the scattering cross section of a defect at position r within a medium with a background
velocity V0. The sensitivity kernel Q(…) used in this work was derived by Rossetto et al. (2011) as

Q Si; Rj; r; tk
� �¼ 1

4πD
1
si
þ 1
rj

� �
exp

jjSi − Rjjj2 − siþrj
� �2

4Dtk

" #
; (2)

where si=||Si−r||, and rj=||Rj−r|| capture the distance between the source/receiver position Si/Rj and the
defect at r. The coefficientD describes the diffusivity of the wavefield (the rate of diffusive propagation of

Figure 2. Source 2 shot gather taken from D810 acquired at 105 hr during
the monitoring of sample 70% Sw. Waveforms R1, R3, R6, and R8 are
scaled for display purposes by the factors indicated. The four
nonoverlapping 40 μs/2tw correlation windows beginning at 50 up to 210 μs
centered at tk=1 to tk=4 in coda are indicated by the shaded boxes.
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energy) within the medium. This kernel quantifies the expected sensitivity of a particular sensor arrange-

ment Si; Rj;
� �

at elapse time tk within the coda to a perturbation at position r. In other words Equation 2

describes an exponential decay in sensitivity to a change as one moves further away from the source and
receiver locations, when making observations at elapse time tk. This kernel is derived on the assumption
of homogeneous diffusive energy propagation (i.e., D is not spatially dependent) within an infinite med-
ium and therefore does not account for the influence of the core boundary conditions or
anisotropic/inhomogeneous materials. While in the works of Planès et al. (2015) and Zhang et al.
(2016) the effects of the medium boundaries on the intensity of diffusive energy were accounted for by
the method of images (Crank, 1975), here we are faced with sources and receivers located on a cylindrical
boundary preventing its application. This study therefore neglects the influence of the core geometry and
assumes D is spatially invariant. For a three‐dimensional visualization of sensitivity kernels between dif-
ferent Si−Rj pairs, see Supporting Information S1.

The core volume is then discretized into tetrahedra, allowing Equation 1 to be calculated at the center of
each, and the formulation of the forward problem in vector/matrix form as

Km
p ¼Gm; (3)

whereKm
p is arranged into a vector of measured decorrelation coefficients at survey p, for each Si−Rj pair,

and correlation window as shown in Figure 2. The matrix G stores the sensitivity kernels Q(Si,Rj,r,tk) row‐
wise, calculated at each tetrahedron. The true model parameters m is a vector containing the density of σT
perturbations within each tetrahedron given as σTρ with the dimensions mm2/mm3. A region of increased

σTρ therefore indicates a change in the impedance contrast of medium scatterers such as that introduced

by fractures.

The least squares formulation described by Tarantola (2005) and Valette and Tarantola (1982) is adopted, in
order to invert Equation 3 for estimated model parameters ~m which minimize a misfit function with the

recored data Km
p

� �
. In other words, the distribution of σTρ which yield theoretical KT close to Km

p is

determined for time step p. See Appendix A1 for a detailed account of the implementation of the inversion
procedure used in this study. It is important to note that for each time step p the inversion procedure does
not include any prior information from the previous time step ~m . This ensures each time step p is
independent from one another, and therefore, any observed correlations between successive distributions
of σTρ are derived from the input dataKm

p . The same four 40 μs nonoverlapping correlation windows (begin-

ning at 50 up to 210 μs) are used to construct the vectorKm
p of decorrelation coefficients for each survey p, see

Figure 2. The value of 50 μs is chosen as the approximate point at which at least a 50% reduction in amplitude
for all receivers occurs, after which it is assumed the diffusive transport of energy dominates. The width of
each correlation windowmust be significantly larger than the dominant period T0 of the wavefield, while the
number of windows must be balanced against computational cost.

The wavefield diffusivityD in Equation 2 is assumed to remain constant throughout each test, and is there-
fore estimated from a single trace selected at approximately 50% of peak stress by the approach described by
Anugonda et al. (2001). The background velocity V0 is also determined from this single trace based on the P
wave arrival, and is held constant throughout the experiment and across each Si−Rj pair. These simplifica-
tions are motivated by the observation of previous applications of CWD (Zhang et al., 2018), that the inver-
sion is relatively insensitive to changes in D, and our own observation that V0 primarily acts as a scaling
parameter to the inversion results.

The core volume is discretized into a tetrahedral mesh of 3.2 mm characteristic length using the Gmsh
(Geuzaine & Remacle, 2017), resulting in ∼15,000 cells, thereby keeping the computational time low
(∼5 min on 20 CUPs in parallel). The model parameters ~m resulting from each inversion time step p are
mapped onto the tetrahedral mesh, providing an indication of the spatiotemporal changes in the density
of scattering cross‐section σTρ with respect to the reference data cube Dref. The reference point is selected

toward the beginning of axial stress loading, once confining pressure has been applied, thereby ensuring
each ultrasonic transducer is sufficiently coupled to the lateral surface of the WMF sample (see Figure 1).
Furthermore, in all cases a comparison is made between the ~m distribution resulting from (i) a fixed
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reference comparison (i.e., consecutive correlations between Dpi and Dref); and (ii) the ~m distribution

resulting from a rolling reference comparison, (i.e., consecutive correlations between Dpi and Dpi−N which

lags behind pi by N surveys). Where large changes in Km
p are identified early on during a given

deformation experiment, a second Dref is defined in order to avoid large decorrelation and therefore a
reduction in sensitivity to subsequent changes (Zotz‐Wilson, Boerrigter, et al., 2019).

3. Results

The analysis of the mudstone samples will be presented from highest to lowest water saturation, that is,
70%, 58%, and 28%. For each sample, the mechanical data including a description of the postfailure
macrostructure is discussed, followed by the inversion results in terms of the distribution of σTρ through-

out deformation. In order to quantitatively compare the three‐dimensional inversion results with the evo-
lution of stress during axial loading, 4 mm spheres are placed within the center of regions of high σTρ; and

the average value of all intersected tetrahedra is calculated for each survey/time step throughout the
experiment. This allows direct quantitive comparison of the three‐dimensional distribution of σTρ with

the changes in differential stress.

The point of initial localization in σTρ is determined by calculating the Getis and Ord (2010) spatial clustering

statistic within a 40mm sphere where the null hypothesis of no localization is tested with a significance of 0.05
for 999 random samples, and a distance band of 5mm. For technical details on the implementation of this ana-
lysis see the documentation associated with the Python package PySAL (Rey & Anselin, 2007). In all cases, roll-
ing reference monitoring is performed to ensure the rate‐of‐change in σTρ correlates with the fixed reference

results, thereby avoiding a spurious correlation after sudden large or prolonged changes in the medium
(Zotz‐Wilson, Boerrigter, et al., 2019). For the samples of lower initial water saturation (58% and 28%), two fixed
reference points before and after large changes inσTρ are defined. For the 70% Sw sample, in which only a single

large shear fracture formed (Figure 3b), only a single reference point is necessary. For each deformation
experiment we report the evolution of differential stress with time, including the 3 days of consolidation under
isotropic stress preceding the axial loading stage.

No AEs were detected during the (1.8 or 4.5 min) period of passive monitoring between each consecutive
active survey. Therefore, for the applied strain rate of 1 × 10−7 s−1, and saturation levels, the Whitby
Mudstone did not produce AEs of sufficient magnitude to be detectable.

Figure 3. (a) Monitoring of the 70% Sw sample, showing the development in terms of scattering cross‐section σTρ

(reference at 80 hr and the rate of change of σTρ (rolling reference lag of 4.22 hr) for a 4mm sampling sphere
located at the base of the main shear fracture. The annotated ⋆ indicates the identified point at which σTρ first
localizes, while • indicate the snapshots displayed in Figures 4 and 5. (b) X‐Ray postdeformation single shear
fracture, with a horizontal predeformation dehydration fracture plane at ∼55mm. The dashed region was obscured
during X‐Ray tomography by a transducer and therefore represents an interpretation. See Movie S2 for an isometric
view rotation of the fracture network.

10.1029/2020JB020042Journal of Geophysical Research: Solid Earth

ZOTZHYPHENWILSON ET AL. 7 of 24



3.1. Sample With 70% Initial Water Saturation

For the 70% Sw sample shown in Figure 3a, the onset of nonlinear deformation occurs at∼294MPa, toward a
maximum differential stress of 37.8 MPa at 117 hr. This is followed by a two‐stage reduction initially toward
36.2MPa at 119 hr, and then a larger reduction toward 22.8MPa at 121 hr. For the remainder of the test a
stage of gradual reduction in differential stress occurs. The postmortemX‐ray CT image of the sample shown
in Figure 3b reveals a single large shear fracture extending from the base of the core (Point A) up until
∼60 mm as indicated by Point B. The single bedding parallel fracture at ∼55mm is present in both the
predeformation and postdeformation X‐ray CT scans. See Movie S2 for an isometric view rotation of the
fracture network.

The changes in the distribution of σTρ in the region of Point A, relative to the fixed reference show an initial

increase at 14.5 MPa or 38% of the peak stress, see solid curve in Figure 3a. This initial increase peaks at
90 hr, for a differential stress of ∼20MPa, before reducing again and reaching a local minimum of ∼26
MPa at 98 hr. This is immediately followed by a second sharp increase, around the onset of nonlinear defor-
mation. A third smaller rise occurs at ∼106 hr, followed by a smaller reduction up until ∼113 hr. A final
slight increase in σTρ leading up to peak stress at 37.8 MPa occurs, followed by a slight drop coinciding with

the point of failure. This is followed by∼20 hr of gradual increase inσTρ, plateauing out toward the end of the

experiment.

The rolling‐reference dashed curve in Region A (Figure 3a) provides an indication of the rate‐of‐change in
σTρ over a 4.22 hr period. This curve shows its largest value at 89 hr followed by peaks of reducing magnitude

coinciding with the increase noted in the fixed‐reference results at 102 and 108 hr. This provides confidence
in the fixed‐reference distribution ofσTρ. At the peak stress, a final larger increase in the rolling referenceσTρ

curve occurs.

The six snapshots taken at the times denoted by the plain disks • shown in Figure 3a, display the σTρ distri-

bution for both x‐z slices (Figure 4), and slices parallel to the A‐B postdeformation fracture plane (Figure 5).
See these figures covering the entire experiment inMovie S5. The differences between the first two time steps
(•1−•2) in both figures show a localized increase in σTρ toward Point A, with some distribution along the

plane A‐B. As stress increases, the point of largest σTρ moves further downward along plane A‐B, with a

region around Point B also showing increased σTρ , slightly skewed to the right side of plane A‐B, see

Point B in Figure 5. Further, there is a reduction in the distribution around Point B and an increase in the
extent at Point A before (•4−•5) and after (•5−•6) failure. The x‐z slices (Figure 4) also capture the downward
movement and increase in σTρ toward Point A.

3.2. Sample With 58% Initial Water Saturation

The 58% Sw sample test shown in Figure 6a exhibits the onset of nonlinear deformation at∼36MPa/∼100 hr,
with amaximum differential stress of 51.3 MPa at 131 hr. This is followed by three stages of reduction toward
44.2MPa at 139.5 hr, and then a larger sudden drop to 27MPa at 140 hr. For the remainder of the test a con-
tinuous gradual reduction in differential stress occurs. The postmortemX‐ray CT image of the sample shown
in Figure 6b reveals a large shear fracture extending from the lower right (A) of the x‐z slice, up until∼58 mm
on the left (B). A second shear fracture is also evident extending from the approximate center of the x‐z slice
(Point C) up until Point D at ∼37 mm. The region of this smaller fracture around Point C appears to show
greater compliance (more closed) than the region around Point D. The single bedding parallel fracture at
∼43 mm is present in both the predeformation and postdeformation X‐ray CT scans. See Movie S2 for an iso-
metric view rotation of the fracture network.

The CWD inversion results indicate an initial increase in σTρ coinciding with Region D, peaking at ∼100 hr/
∼35MPa, see Figure 6a. The distribution of this initial increase is captured at the ▴ snapshots, shown in
Figure 7 or in Movie S6. Between ▴1 − ▴3 upward drift in the location of maximum σTρ occurs, followed

by an increase in both magnitude and spatial distribution from ▴4 − ▴5 . The final snapshot (▴6 ) shows
the subsequent reduction in magnitude and spatial distribution. At 98 hr just prior to the peak σTρ in

Region D, an increase occurs in Regions A and B (see respective curves in Figure 6a). The six ■ snapshots
shown in Figure 8 indicate a progressive increase inσTρ toward Point B, continuing all the way to peak stress

at 51.3 MPa. The x‐z sliced distribution reflecting the • snapshots generated from a reference at 90 hr
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(Figure 9) show a process by which the region of largestσTρ alternates between Regions D and A (•1−•4), and

then focuses at A just prior (•5) to, and after (•6) the point of dynamic failure. See both the x‐z and major
fracture slice in Movie S7.

3.3. Sample With 28% Initial Water Saturation

The 28% Sw sample test shown in Figure 10a exhibits the onset of nonlinear deformation at∼58MPa/∼126 hr,
with a maximum differential stress of 87.0 MPa at 164 hr. This is followed by a reduction toward 34.8 MPa at

Figure 4. The 70% Sw sample sliced along the x‐z plane for time steps •1 to •6 as indicated by the • symbols in Figure 3a.
The corresponding percentage of peak stress is indicated in the upper right corner of each slice. Point A indicates the
position of the 4 mm sampling sphere at •6. The distribution of σTρ initially localizes at •2 and then drifts downward,
displaying increased focus in Region A, prior to (•5), and after (•6), failure. See this figure in Movie S5.
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168 hr, and then an increase to 39.4 MPa at 169 hr. For the remainder of the test a continuous gradual
reduction in differential stress occurs. The postmortem X‐ray CT image of the sample shown in Figure 10b
consists of one large shear fracture, traversing from the lower left to upper right of the x‐z slice (A‐B), with
preexisting genetic dehydration fracture planes at the bottom (E) and two at the top (F) of the core. Around
the base of the large fracture (A), several smaller fractures coalesce into a single fracture (C‐D). Careful

Figure 5. The 70% Sw sliced parallel to the fracture plane A‐B, for time steps •1 to •6 as indicated by the • symbols in
Figure 3a. The corresponding percentage of peak stress is indicated in the upper right corner of each slice. Point A
indicates the position of the 4 mm sampling sphere at t6, while Point B shows the position of the maximum σTρ around
the fracture tip. The distribution of σTρ initially localizes at •2 and then drifts downward, displaying increased focus in

Region A, prior to (•5), and after (•6), failure. See this figure in Movie S5.
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inspection of the postdeformation X‐Ray scans indicates several smaller fractures, most of which are on one
side of the main shear fracture, though there also exists a smaller fracture which originates from two conical
low‐density heterogeneities (E) at the base of the core. Furthermore, the dashed region in Figure 10b from the
base of the core up until the lower dehydration fracture at E, was damaged during testing and subsequently
this region fell off when the core was extracted from the pressure vessel. For the first ∼10 min of

Figure 7. The 58% Sw sample sliced along the minor fracture plane C‐D, for time steps ▴1 to ▴6 as indicated by the ▴

symbols in Figure 6a. The corresponding percentage of peak stress is indicated in the upper right corner of each
slice. Point D indicates the position of the 4 mm sampling sphere at t6. The focal point of the distribution of σTρ moves
upward between ▴1 and ▴3 and then increases in magnitude and spatial extent between ▴4 and ▴5. Subsequent
reduction in the magnitude of σTρ occurs toward ▴6. See this figure in Movie S6.

Figure 6. (a) Monitoring of the 58% Sw sample, showing the fixed‐reference development in terms of scattering
cross‐section σTρ for three 4mm spheres located within the minor and main shear fractures. The annotated ⋆
indicates the identified point at whichσTρ first localizes, while •,▴, and■ indicate the snapshots displayed in Figures 7–9.
(b) X‐Ray postdeformation major (A‐B) and minor (C‐D) shear fractures, with a preexisting dehydration fracture plane at
∼45mm. See Movie S3 for an isometric view rotation of the fracture network.
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experimentation the applied strain rate is 1×10−6 s−1 up until 7 MPa of axial stress, after which it is
reduced to 1×10−7 s−1 for the remainder of the test. See Movie S4 for an isometric view rotation of
the fracture network.

During this period of increased strain rate, in the center Region C‐D, an increase in σTρ occurs, the spatial

distribution of which is captured by the ■ snapshots indicated in Figure 10a and displayed in Figure 11.
See both figures in Movie S8. While the first two time steps ■1 −■2 show almost the same distribution,
the third ■3 indicates an increase in magnitude and upward movement. This is then followed (■4 −■6)

Figure 8. The 58% Sw sample sliced along the fracture plane A‐B, for time steps■1 to■6 as indicated by the■ symbols
in Figure 6a. The corresponding percentage of peak stress is indicated in the upper right corner of each slice.
Points A and B indicate the position of the 4 mm sampling sphere at t6. The distribution of σTρ increases from Point A
toward Point B between ▴1 and ▴6. A notable increase in its magnitude at both A and B occurs at ▴6. See this figure
in Movie S7.
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by an increase in the spatial distribution and magnitude of σTρ . Shortly afterward a subsequent reduction in

σTρ occurs. In order to improve sensitivity to subsequent changes, a reference point is defined at 105 hr. The

results from this redefined reference show an increase in σTρ within Region E, and around F. See the •

snapshots indicated in Figure 10 and displayed in Figure 12. See both figures in Movie S9. This center of
maximum σTρ around E moves downward as it increases (•1−•3), up until 130 hr, at which point a

gradual reduction begins. During •1−•3 we also note a region of increasing σTρ around F. After peak

Figure 9. The 58% Sw sample sliced along the x‐z plane for time steps •1 to •6 as indicated by the • symbols in Figure 6a,
and a reference at 90 hr. The corresponding percentage of peak stress is indicated in the upper right corner of each slice.
Points A and D indicate the position of the 4 mm sampling spheres at t6. The distribution of σTρ alternates between
Regions D and A twice (•1 to •4). At •5 prior to failure, Region A shows greater σTρ than Region D. After failure at •6 only
Region A displays a focused region of σTρ . See this figure in Movie S7.
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stress is reached at ∼167 hr a rapid redistribution of σTρ over the plane A‐B occurs (Region A curve in

Figure 10a), which increases postfailure, between •5 and •6. This reactivation of the region surrounding
plane A‐B is spatially captured by the □ snapshots shown in Figure 13 and in Movie S9, which shows
minimal increase between □1 and □2 prior to peak stress, followed by increased distribution □3 −□6

after failure.

3.4. Comparative Analysis

For each of the samples of varying initial Sw, an initial increase in σTρ is determined, based on the Getis and

Ord (Getis & Ord, 2010) spatial clustering statistic. This point is marked in Figures 3, 6, and 10 by a⋆. For the
70% and 58% Sw samples an increase in localizedσTρ is found at 14.5 and 21.3 MPa, respectively, while for the

28% Sw this occurs at 6.5 MPa, see Figure 14. Additionally, we identify a negative correlation between Sw and
the peak differential stress achieved during each test (Douma et al., 2019).

Figure 10. (a) Monitoring of the 28% Sw sample, showing the fixed‐reference development of σTρ at the base and tip of
the main fracture, and in a region surrounding the high‐density impurities. Note the dashed, Region B curve is only
shown for the fixed‐reference distribution at the beginning of the stress increase. The annotated ⋆ indicates the
identified point at whichσTρ first localizes, while •,■, and□ indicate the snapshots displayed in Figures 11–13. (b) X‐Ray
postdeformation major (A‐B) and minor (C‐D) shear fractures, with preexisting dehydration fracture planes above and
below F and below E. Two low‐density impurities present in the sample are indicated at Point E. The dashed regions
below E was damaged during testing and therefore was not present during X‐Ray tomography. See Movie S4 for an
isometric view rotation of the fracture network.

Figure 11. The 28% Sw sample sliced along the minor fracture plane C‐D, for time steps■1 to■6 as indicated by the■
symbols in Figure 10a. The corresponding percentage of peak stress is indicated in the upper right corner of each slice.
Point D indicates the position of the 4mm sampling sphere at t6. The focal point of the distribution of σTρ moves upward
between ■1 and ■3 and then increases in magnitude between ■4 and ■6. See this figure in Movie S8.
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The relationship between the differential stress normalized by each sample peak stress with volumetric
strain is shown in Figure 15. All core samples show an initially positive compactive response though become
dilative prior to failure. Here both the 70% and 58% Sw samples show the identified initial focus in σTρ (⋆) to
occurs within the compactive region, prior to the onset of dilatancy.

Figure 12. The 28% Sw sample sliced along the x‐z plane for time steps •1 to •6 as indicated by the • symbols in
Figure 10a. The corresponding percentage of peak stress is indicated in the upper right corner of each slice. Points A
and E indicate the position of the 4 mm sampling spheres at t6. Point F indicates the dehydration planes; Point E the
low‐density inhomogeneities; and B the main fracture tip. Between •1 and •3 the σTρ distribution increases in
magnitude and focus around Regions E and F. At •4 a reduction in both regions magnitude and distribution occurs.

The postfailure snapshots (•5 to •6) show distribution from Region A toward Region B and within Region F. See this
figure in Movie S9.
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4. Discussion
4.1. The Development of the Fracture Network as Interpreted From the Distribution of Scattering
Cross Section

The application of CWD inversion in monitoring the triaxial deformation of three mudstones of varying
initial water saturation, indicates progressive and repeated redistribution of inelastic strain within the rock
following strain localization events. Here we define microscopic inelastic strain as associated with inelastic
closure, opening or shearing along microscopic fractures, while macroscopic inelastic strain refers to the

Figure 13. The 28% Sw sample sliced along the main fracture plane A‐B, for time steps □1 to □6 as indicated by the □
symbols in Figure 10a. The corresponding percentage of peak stress is indicated in the upper right corner of each
slice. Point A indicates the position of the 4 mm sampling sphere at t6. Between □1 and □3 there is a slight increase in
the σTρ distribution in Region A, while between□3 and□4 a rapid increase occurs across the plain A‐B. From□4 and□6

the magnitude σTρ increases in Region A. See this figure in Movie S9.
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coalescence of microscopic cracks into a large shear fracture. While the
method of CWD is in principle also sensitive to elastic closure, opening
and shearing of preexisting fractures, we assume that the majority of the
crack space is closed after the 3 days of consolidation prior to loading.
This assumption is supported by firstly, the predeformation X‐ray tomo-
graphy scans of each sample which show no cross‐bedding fractures and
secondly, Douma et al. (2019) which indicates that forWMF samples from
the same series, the velocity increases and then stabilize during the 3 day
consolidation period at a hydrostatic pressure 25MPa. A region of
increased σTρ can therefore be interpreted as initial localized microscopic

inelastic strain and eventually the formation of macroscopic fractures. An
increase in spatial distribution indicates the growth of a cracked region,
while the increase in magnitude of σTρ indicates either an increase in

the crack density and/or an increase in the impedance contrast between
the cracks and the rock matrix, which can be interpreted as a change in
the aperture of the cracks/fractures. While the initial localization in σTρ

is interpreted as associated with inelastic strain, a portion of elastic
opening/shearing along any preexisting fractures not visible in the prede-
formation X‐ray tomography scans is possible.

For the most saturated sample, there are three stages of increase, followed by a decrease in σTρ within the

region of the base of the main shear fracture (Point A in Figure 3b). This suggests initial localized strain
occurs in the form of microscopic fractures, which is subsequently closed as the associated stress is reduced
and redistributed throughout the rest of the sample. The reactivation of the same region and the increase in
both the distribution (spatial extent) and magnitude of σTρ suggests an increase occurs in the width, and

aperture of the fractures, respectively. This is evident when viewing the slice along the fracture plane
(Figure 5 or Movie S5), where only after reactivation at 98 hr (•3) does the spatial distribution of σTρ notably

increase at both the base (A) and tip (B) of the fracture. This coincides with the onset of nonlinear inelastic
deformation or the yield point of the sample. The subsequent reduction in σTρ distribution at the tip (B) and

increase at the base (A) before (•4−•5), and after (•5−•6) failure, indicates that the fracture plane grows
laterally at the base while the tip closes up. Further, the observed reduction in the maximum rate‐of‐change
in σTρ over the first three activations in the region of the fracture base (dashed curve in Figure 3a) suggests a

linear reduction in the rate at which the micro/macroscopic fractures open.

The distribution ofσTρ during the 58% Sw test also displays a process of con-

tinuous redistribution of stress, though in this case between a region cor-
responding to the postmortem minor (C‐D) and major (A‐B) fractures in
Figure 6b. Initially, in a region surrounding the postmortem minor
fracture (C‐D) at∼82 hr, we interpret the formation of microscopic inelas-
tic strain. Growth occurs in bothmagnitude and distribution at∼89 hr (see
▴4 in Figure 7 or Movie S6), indicating larger scale coalescence occurs at
this point. At 98 hr, the main fracture appears to initiate, from the base
(A) which again corresponds to the classically determined yield point of
the sample. With continued deformation the σTρ distribution moves

toward the tip (B), and eventually fails the sample. Throughout the test
we identify approximately four stages of redistribution in σTρ (see •1−•4

in Figure 9 or Movie S7) between the minor and major fracture. This is
interpreted as several stages of opening and closure of initiallymicroscopic
and eventually macroscopic fractures, as stress redistribution occurs.

The sample with the lowest initial water content (28% Sw) with its post-
mortem major (A‐B in Figure 10b), and minor (C‐D) fractures, show a
similar process of redistribution ofσTρ. However, a notable difference with

this sample is the presence of the two predeformation low‐density,

Figure 14. Comparison between the interpreted onset of localized inelastic
strain on the left axis and differential peak stress on the right axis, versus
initial water saturation of each core sample.

Figure 15. The differential stress, normalized by each samples peak stress,
is compared with the volumetric millistrain. The point of identified
initial localization in σTρ is indicated by ⋆, which for the 70% and 58%
samples occurs within a region of approximately linear change, prior to
the onset of dilatancy which is identified by the ■ symbols.
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approximately conical heterogeneities (Region E in Figure 10b) at the lower end of the core. These are
interpreted as the void left by leached exoskeleton (fossils) of gastropods such as the Neptunea contraria
(Linnaeus, 1771). The distribution of σTρ supports an interpretation where initially the minor fracture

(C‐D) experiences localized strain at the base of the core, during the initial region of increased strain
rate, see snapshots ■ in (Figure 11) or Movie S8. This is followed by gradual prolonged fracturing of
a large region surrounding the low‐density impurities, see •1−•4 in Figure 12 or Movie S9.
Subsequently the major shear fracture (A‐B) develops (□4 −□6 in Figure 13 and •5−•6 in Figure 12
or Movie S9) close to peak stress, and the failure of the sample. This interpretation is supported by
the fact that the region surrounding the interpreted marine exoskeletons (E) was fractured to the point
that it fell off the end of the sample once removed from the pressure vessel. Additionally, the concen-
tration in σTρ between the two preexisting dehydration fractures (F), particularly between •2−•3 in

Figure 12, indicates that either a change in compliance occurs over these interfaces, or microscopic
changes occur within the region between them (a layer of different mineralogy or microstructure).

In summary, for all tested samples the identified localization in σTρ was found early on during deformation,

between 7% and 38% of the peak differential stress and prior the onset of dilatancy (see Figure 15). We there-
fore interpret this initial localization in σTρ for the two higher SW samples, not as the formation of macro-

scopic coalesced shear fractures but primarily driven by distributed intergranular opening, closure, and
shearing at the microscopic scale. The presence of localized impurities in the 28% Sw sample likely resulted
in earlier macroscopic damage as was evident postexperimentation. A similar conclusion was reached in a
recent study by McBeck et al. (2018) on the Green River shale, during which core samples were
time‐lapse imaged by X‐Ray microtomography while under confining pressure. The identification of loca-
lized strain regions became apparent at 35% of the peak differential stress, preceding macroscopic shear
failure. This value is consistent with the upper limit of the range reported here. The interpretation of micro-
scopic fracture formation within the inelastic region (before dilatancy) forWMF is supported by Douma et al.
(2019) on samples from the same block as the current study, where inelastic wave‐speed changes were
observed, conducive with microfracturing. Further, McBeck et al. (2018) demonstrate that microscopic
opening, closure, and shearing work together to eventually produce macroscopic shear failure. Their
observations support our interpretation of a complex timeline of locally increasing (opening or shearing)
and decreasing (closure of micro/macroscopic fracturing) σTρ up until failure.

It is also interesting to note that the observed initial distribution of σTρ in the x‐z snapshots shows similar

contours to the expected regions of stress concentration for a cylindrical core (2:1 length to diameter ratio)
as described by Paterson and Wong (2005). While this is most evident at the beginning of Movies S5 and
S8, it is also shown by the •1 snapshot in Figure 4. This observation while intriguing, should be interpreted
with caution as it may be strongly influenced by the arrangement of receivers. Further investigation with
more dense receiver spacing should help to better assess the nature of this observation.

4.2. The Impact of Water Saturation

The Whitby Mudstone plugs display an increase in strength and a reduction in plasticity with a reduction
in water saturation (Douma et al., 2019) . The primary mechanism driving these changes is expected to be
an increase in the capillary suction within the pore space of the mudstone (Ferrari et al., 2014; Fjær et al.,
2008; Ramos da Silva et al., 2008). As the pore fluid evaporates from the mudstone, a reduction in the
pore‐pressure occurs, leading to a tensile stress or negative pressure, and finally a change in compliance
(or stiffness) between individual grains (Ewy, 2014; Forsans & Schmitt, 1994; Onaisi et al., 1994). This
ultimately leads to an increase in the strength and a reduction in the plasticity of the material. Our
experimental results corroborate this relationship which has been recently confirmed for the Whitby
Mudstone (Douma et al., 2019) as well as other mudstones (Ghorbani et al., 2009; Ramos da Silva et al.,
2008; Vales et al., 2004). The pore pressure distribution within the samples is likely not equal, due to differ-
ences in layering (Douma et al., 2019) and therefore permeabilities. Further, while it is not possible to
measure the evolution of pore‐pressure distribution, or for partially saturated samples, the bulk response
at the sample ends, it is expected that a gradual increase in pore‐pressure occurs with deformation. Such
changes in pore pressure are expected to influence themechanical behavior, as effective stress is an important
estimator of peak stress. The failure of the partially saturatedWhitby Mudstone occurs in the brittle domain,
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where shear failure results in the formation of dilative fracture planes (Douma et al., 2019). Furthermore, the
comparison between the identified onset of inelastic strain (microscopic damage), and initial water satura-
tion suggests a nonlinear relationship, see Figure 14. However, this may be also due to the added inhomo-
geneity of the low Sw sample (the low‐density heterogeneity), or the higher initial strain rate, and therefore
more measurement points are required to statistically validate this argument.

As no AEs were detected during passive monitoring of the samples, this suggests that the brittle failure
necessary to generate AEs is insufficient (Main, 1990) to overcome the environmental noise.

4.3. CWD: An Effective Real‐Time Fracture Monitoring Tool

This study on samples from theWMF indicates that CWD inversion has the potential to image the initiation,
propagation and branching of fractures or other heterogeneities, tested under realistic subsurface conditions
(stress, pressure, temperature). While there are several other techniques which provide spatiotemporal
information on inelastic strain at in situ conditions, they often require substantial investment in equipment
and postprocessing, or are inherently less sensitive to subtle localized microscopic changes.

Time‐lapse synchrotron microtomography undoubtedly provides the highest spatial resolution, as it is able
to resolve the detailed structure of macroscopic fractures (Kandula et al., 2018; Renard et al., 2017, 2018), and
microscopic strain localization through digital volume correlations (Mao & Chiang, 2016; Mao et al., 2019;
McBeck et al., 2018). The main limitation of this method is that it requires access to an X‐ray beam in a syn-
chrotron of sufficient energy to image a sample housed within a bespoke pressure vessel. Further, the max-
imum sample size is strictly constrained by both the spatial and temporal resolution requirements, while the
maximum stress magnitudes are typically less than those achievable within traditional test apparatus.

Traditional acoustic imaging methods such as velocity tomography, while more affordable, and able to
provide sufficient spatiotemporal resolution to resolve the region around macroscopic fractures (Aben et al.,
2019; Brantut, 2018; Jansen et al., 1993), have not shown sensitivity to microscopic inelastic strain localiza-
tion, which are often below the optical resolution limit of the probing wavefield.

Passive AEs monitoring is a well established technique in experimental rock mechanics, and with a suffi-
ciently accurate velocity model is able to provide a spatiotemporal indication of the occurrence of brittle
failure (Aben et al., 2019; Brantut, 2018; Jansen et al., 1993; Lei et al., 2004; Sarout et al., 2017). However,
as demonstrated by this study on the WMF, AEs monitoring relies on the existence of seismicity of sufficient
magnitude and frequency to be detected by the available sensor network. For clay‐ or calcite‐rich rocks,
where inelastic deformation can develop in a plastic, relatively silent fashion (Peng & Yang, 2018), AEsmon-
itoring is a less suitable method to determine the onset of inelastic strain.

In summary, CWD inversion monitoring requires little to no additional investment in equipment where
acoustic monitoring is already available. Further, it is more sensitive to subtle changes in scattering or
velocity than methods which rely on the coherent arrivals (Zotz‐Wilson, Boerrigter, et al., 2019), and once
appropriate inversion parameters are determined for a particular lithology and receiver arrangement,
quasi‐real‐time monitoring is feasible. While CWD inversion cannot provide the same spatial resolution
as synchrotron microtomography, it appears to demonstrate similar sensitivity to the onset of microscopic
inelastic strain.

There also exist considerable opportunity to improve upon the application CWD within the laboratory
setting. In terms of the application of the theory, the most pressing area where improvements can be made
are the sensitivity kernels used in this study (Equation 2). As previously mentioned these do not account for
the core boundaries, any in situ heterogeneities, or the anisotropic layered nature of the WMF as they
assume the source‐receiver pairs are placed within an infinite, isotropic medium. Several works have pro-
posed to better account for the initial material state by first determining the sensitivity kernels through
numerically modeling of the propagation of energy within (Kanu & Snieder, 2015; Xue et al., 2019). By doing
so, one would no longer be restricted to the use of information (time windows) within the coda, as the sen-
sitivity kernels of the coherent arrivals would also be known. Such a numerical study would also provide
insight into another limitation of the current application of CWD, namely the inability to clearly discern
between a region undergoing localized microscopic change and one undergoing macroscopic change. In
other words, a numerical analysis would allow for the assessment of the spatial resolution to change within
a particular lithology and acquisition parameters.
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5. Conclusion

The CWD inversion monitoring of the Whitby Mudstone during triaxial compaction indicates that the for-
mation of inelastic strain localization occurs at less than 42% of peak stress. The absence of the detection
of any AEs suggests such inelastic localizations develop gradually, not impulsively, frommicroscopic diffuse
damage, up until the macroscopic shear failure, while the comparison of different Sw suggests a nonlinear
relationship with the onset of strain localization. In general, the application of CWD inversion to what is
ostensibly an aseismic mudstone has enabled a qualitative discussion of the time and location at which
initial microscopic inelastic strain (opening, closure, and shearing) develops. Furthermore, subsequent
stages of reactivation and eventual macroscopic shear failure are discernible.

Appendix A: The Least Squares Inversion Scheme
The following details the exact implementation of the least squares formulation used within this study,
which itself follows the structure of implementation presentedby Planès et al. (2015). Here the formulation
proposed by (Tarantola, 2005; Valette & Tarantola, 1982) is applied in order to invert for estimated model
parameters ~m. The least squares misfit function S(m) is given as

SðmÞ¼jjGm −Km
p jj2D þ jjm−mprior jj2M ; (A1)

where jj · jj2D is the l2 norm of the data weighted by its covariance matrix C−1
D , and jj · jj2M is the l2 norm of

the model weighted by its covariance matrix C−1
M . Here the term jj · jj2D measures the distance between the

estimated model and the measured decorrelation coefficients Km
p while jj · jj2M measures the distance

between the estimated model and any prior information held within mprior. The explicit solution which
minimizes this cost function is given by Tarantola (2005) as

~m¼mprior þ GTC−1
D GþC−1

M

� �−1
GTC−1

D Km
p − Gmprior

� �
: (A2)

In terms of the misfit function Equation A1, from which Equation A2 is derived, the construction of CD and
CM allows the tuning of our confidence in the measured data and the a priori model, respectively. Here we
make the choice of defining CD as a diagonal matrix, thereby neglecting the correlations between different
measurement pairs and nonoverlapping time windows. The relative error for all measurement pairs and
nonoverlapping time windows is estimated from the observed fluctuation between neighboring time win-
dows as ∼30%. That said, when considering Equation A1 it is evident that the relative weight of CD and
CM is what controls the achievable S(m) and therefore the magnitude of the diagonal of CD are arbitrary.
The elements of CD are therefore constructed as

CDij¼ 0:; 3Km
pi

� �2
δij; (A3)

where δij is the Kronecker delta and Km
pi
is the measurement i acquired during survey p. The model covar-

iance matrix CM is defined through an exponential correlation between the model cells (Froment, 2011) in
an effort to reduce the underdetermined nature of the problem (i.e., many more tetrahedra then
measurements).

CMij¼ σm
L0
Lc

� �2

e−jjri−rjjj=Lc ; (A4)

where σm defines the standard deviation from the a priori model, while L0 corresponds to the size of the
model cells (tetrahedra) which discretize the core sample, and Lc controls the correlation distance between
cells at positions ri and rj. The L‐curve method (Hansen, 1992) is applied to the Dp pertaining to each core
sample, at a single survey time p, in order to tune the free parameters σm and Lc in search of a global opti-
mum across all core samples. This optimum is found by a trade‐off between the fit of the data jjKm

p − G ~m jj
and the norm of the estimated model ~m. Through this process we arrive at σm=0.53 and Lc=12.26, values
which are held constant throughout this study.
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During the inversion procedure at each time step/survey p a positivity constrain is imposed on σTρ through

an iterative procedure, where any negative ~m are set to zero until convergence is achieved, typically
requiring n≤ 10 iterations. To achieve this the inversion algorithm in Equation A2 is modified with a recur-
sive update for n iterations as

~mnþ1¼ ~mpriornþ GTC−1
D GþCn−1

M

� �−1
GTC−1

D Km
p − G ~mn

prior

� �
; (A5)

where ~mpriorn is the estimated distribution of σTρ at iteration n after setting negative values to zero, while

the update of the model covariance matrix is determined as

~CMn¼ GTC−1
D GþC−1

M

� �−1
: (A6)

The initialmprior are set to zero at the beginning of this recursive update of ~m. This ensures each time step p
is independent from one another, and therefore, any observed correlations between successive distributions
of σTρ are derived from the input data Km

p .

Data Availability Statement

The raw acoustic and mechanical data used in this study are available at Zotz‐Wilson, Douma, et al. (2019),
under the name “Acoustic, mechanical, and microstructure data used in: Ultrasonic Imaging of the Onset
and Growth of Fractures within Partially Saturated Whitby Mudstone using Coda‐Wave Decorrelation
Inversion.”
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