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Abstract Production of oil and gas from sandstone reservoirs leads to small elastic and inelastic strains in
the reservoir, which may induce surface subsidence and seismicity. While the elastic component is easily
described, the inelastic component, and any rate‐sensitivity thereof remain poorly understood in the
relevant small strain range (≤1.0%). To address this, we performed a sequence of five stress/strain‐cycling
plus strain‐marker‐imaging experiments on a single split‐cylinder sample (porosity 20.4%) of Slochteren
sandstone from the seismogenic Groningen gas field. The tests were performed under in situ conditions of
effective confining pressure (40 MPa) and temperature (100 °C), exploring increasingly large differential
stresses (up to 75 MPa) and/or axial strains (up to 4.8%) in consecutive runs. At the small strains relevant to
producing reservoirs (≤1.0%), inelastic deformation was largely accommodated by deformation of clay‐filled
grain contacts. High axial strains (>1.4%) led to pervasive intragranular cracking plus intergranular slip
within localized, conjugate bands. Using a simplified sandstone model, we show that the magnitude of
inelastic deformation produced in our experiments at small strains (≤1.0%) and stresses relevant to the
Groningen reservoir can indeed be roughly accounted for by clay film deformation. Thus, inelastic
compaction of the Groningen reservoir is expected to be largely governed by clay film deformation.
Compaction by this mechanism is shown to be rate insensitive on production timescales and is anticipated to
halt when gas production stops. However, creep by other processes cannot be eliminated. Similar,
clay‐bearing sandstone reservoirs occur widespread globally, implying a wide relevance of our results.

1. Introduction

Extraction of oil and gas from sandstone reservoirs frequently leads to surface subsidence and induced
seismicity (Suckale, 2009; Davies et al., 2013). Both effects are caused by the development of small ver-
tical compaction strains (ε < 1%) in the reservoir as the effective stress increases during reduction of the
pore pressure, typically by several tens of MPa (Morton et al., 2001; Mallman & Zoback, 2007). Reservoir
compaction is generally assumed to be poroelastic (Bourne et al., 2014; Dempsey & Suckale, 2017;
Zbinden et al., 2017), hence reversible, rate insensitive, and easily quantified (Wang, 2000). However,
both field data (Santarelli et al., 1998) and experimental studies have shown that, even at the small
reservoirs strains pertaining to hydrocarbon production, a significant part of the deformation behavior
of sandstone reservoirs is inelastic (Bernabe et al., 1994; Schutjens et al., 1995; Hol et al., 2015, 2018;
Yale & Swami, 2017; Pijnenburg et al., 2018, 2019). This inelastic contribution is understood far less
well, the mechanisms controlling it remain unidentified (Hol et al., 2018; Pijnenburg et al., 2018,
2019), and the question of whether these are rate sensitive remains open (Van Thienen‐Visser et al.,
2015; Spiers et al., 2017; Van Wees et al., 2018). If rate sensitive, such mechanisms could potentially
cause ongoing compaction, subsidence, and possibly seismicity even after production has been strongly
reduced or stopped (Mallman & Zoback, 2007; Van Thienen‐Visser et al., 2015; Nepveu et al., 2016).
This is of particular interest in the case of the relatively densely populated (province average: ~200 inha-
bitants per km2) and seismogenic Groningen gas field in the Netherlands—Europe's largest field. Here,
it was recently decided to stop production by 2022 in an attempt to curb future induced subsidence and
seismicity (Wiebes, 2019). However, without a better understanding of the mechanisms governing inelas-
tic reservoir compaction and their potential rate dependence, the effects of such a change in production
strategy are difficult to forecast (De Waal et al., 2015; NAM, 2016; Van Wees et al., 2018).
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At the low temperatures (T < 150 °C) and timescales (decades) relevant for fluid extraction from upper‐
crustal sandstone reservoirs (<5 km), inelastic deformationmay occur either through intragranular cracking
(Brantut et al., 2013) or else at grain‐to‐grain contacts via grain boundary asperity crushing, frictional slip
(Menéndez et al., 1996), deformation of intergranular clays (Hawkins & McConnell, 1992), or pressure solu-
tion (stress‐driven mass transfer) (Spiers et al., 2004).

Triaxial deformation experiments on sandstones performed at typical lab strain rates _ε of 10−6 to10−4 s−1 and
T < 150 °C, generally show three successive stages in mean effective stress (P = [σ1 + σ2 + σ3]/3—pore pres-
sure) versus total porosity reduction (Δφt) behavior (Figure 1; cf. Wong & Baud, 2012; Pijnenburg et al.,
2019). During Stage 1, seen at total axial strains ε up to 0.1% to 0.7% and Δφt up to 0.3% to 2.0%, the P‐Δφt
behavior is compactive, nonlinear, and concave up and is thought to reflect the semirecoverable closure
of preexisting cracks (Walsh, 1965; David et al., 2012) or grain boundaries (Tutuncu et al., 1998). During
Stage 2, which typically persists to ε of 0.5% to 1.5%, near‐linear, compactive P‐Δφt behavior is seen. The
Stage 2 behavior is typically isotropic, being similar in hydrostatic and deviatoric compression. Although this
near‐linear deformation stage is widely treated as reflecting linear poroelastic deformation (e.g., Baud et al.,
2004; Guéguen & Fortin, 2013; Brantut et al., 2014), some authors have recognized that it involves both elas-
tic and inelastic processes (e.g., Wong et al., 1992; Bernabe et al., 1994). Beyond Stage 2, high porosity sand-
stones tested at high confinement (typically ≥30 MPa; Wong & Baud, 2012) show concave‐down strain
hardening P‐Δφt behavior, characterizing Stage 3c. Here, the suffix “c” denotes enhanced compaction, as
opposed to suffix “d,” denoting the dilatant behavior frequently seen at lower confinement and porosity (see
Figure 1). Stage 3c is often envisaged to reflect pervasive intragranular cracking plus intergranular shearing,
frequently localizing within diffuse volumes of the sample, or in discrete compaction bands (Baud et al.,
2004; Fortin et al., 2005; Tembe et al., 2008; Heap et al., 2015).

A vast body of work exists on the inelastic, micromechanical behavior of sandstone at high axial strains (1.5
to 15%), focusing on Stage 3c/d behavior (Zhang et al., 1990; Wong et al., 1997; Klein et al., 2001; Baud et al.,
2004; Fortin et al., 2005; Tembe et al., 2008). However, subsidence data (Mallman & Zoback, 2007; Smith
et al., 2019) and in situ strain measurement data (Cannon & Kole, 2017) from gas and oil fields imply that

Figure 1. Schematic diagram showing the different stages in mean effective stress (P) versus total porosity reduction (Δφt)
behavior typically seen in mechanical tests on sandstones. Note the effects of confining pressure and porosity on Stage 3
behavior (dilation = suffix “d” versus compaction = “c”). Typical values of total axial strain (red) and total porosity
reduction (black), measured at the end of each stage are indicated.
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it is the behavior seen at smaller strains (0.1 to 1.0%) that is the most relevant for producing reservoirs. This
small‐strain behavior has received relatively little attention. Experiments that have explored small reservoir‐
relevant strains show only sparse intragranular cracks, suggesting that inelastic deformation is
predominantly intergranular (Bernabe et al., 1994; Menéndez et al., 1996; DiGiovanni et al., 2007;
Pijnenburg et al., 2018, 2019). However, in sandstones with a typical grain size of 100–300 μm, the grain‐
to‐grain displacements needed to achieve such small‐strain deformation would be less than 1 to 3 μm,
making microstructural observations of the controlling mechanisms very challenging. Current, state‐of‐
the‐art, digital rock imaging methods such as 4‐D X‐ray tomography (Ji et al., 2015; Renard et al., 2017,
2018) cannot provide the resolution needed to observe these (sub)micrometer displacements (resolution
typically 5–20 μm). To elucidate the processes controlling these small inelastic strains, incremental
imaging of deforming sandstone with submicrometer resolution is required.

In this study, we investigate the microphysical processes controlling inelastic deformation of Slochteren
sandstone from the Groningen gas field, during each of the three main stages of deformation represented in
Figure 1, that is, Stages 1, 2 and 3c. We adopt an approach similar to that used by Spiers (1979) and
Quintanilla‐Terminel et al. (2017). A single split‐cylinder sample, consisting of two equidimensional, half‐
cylinders of Slochteren sandstone (initial porosity = 20.4%; see: Figure 2a) was compressed in successive
deviatoric stress‐cycling experiments, performed at a confining pressure of 41 MPa, a pore pressure of 1
MPa and at 100 °C, representing the temperature at the top of the Groningen reservoir (NAM, 2013). In each
experiment, we explored successively larger axial stresses (P up to 65MPa; differential stressQ up to 75MPa)
and/or axial strains (up to 4.8%), covering deformation Stages 1, 2 and 3c. After each experiment, we used
high resolution electron microscopy to analyze the permanent deformation recorded on the face of the half
cylinders, using Particle Image Velocimetry (PIV) (Tseng et al., 2012) and a strain‐marker mesh. We also
investigated the microstructural changes seen on the imaged face. Particular attention was paid to identify-
ing the grain‐scale deformation mechanisms responsible for small inelastic strains relevant for
reservoir depletion.

2. Background Information on the Slochteren Sandstone and the Samples Used

The 200 m thick Slochteren sandstone forms the vast reservoir unit that constitutes the Groningen gas field.
Located at 3 km depth, it lies unconformably on top of Carboniferous shales, siltstones and coals (De Jager &
Visser, 2017). It is overlain by a 50 m thick claystone, followed by a thick (~1,000 m) caprock sequence of
Zechstein evaporites (Amthor & Okkerman, 1998). The Slochteren sandstone is characterized by vertically
averaged porosities ranging from 12 to 22% (NAM, 2013). It is aeolian and fluviatile in origin (Glennie
et al., 1978). Production from the field started in 1963 and has led to a decrease in pore pressure from 35
to ~8 MPa in 2016 (NAM, 2016) and a corresponding increase in vertical effective stress from 30 to 57
MPa. At present, the upper 50–150 m of the Slochteren reservoir is gas bearing and partly (25 ± 10 pore
vol.%) filled with connate brine (Waldmann, 2011). The lower reaches are brine saturated. The temperature
at the top of the reservoir is 100 °C (NAM, 2013). The main body of the Slochteren sandstone consists

Figure 2. Split‐cylinder Sample Z1. (a) Two sample halves with strain marker grids applied to one face. (b) Secondary electron image of a single, ion‐milled strain
marker grid. (c) Illustration of the face of the grid‐marked half sample, showing the strain marker array, L‐shaped reference corners, and the area used for the
grain‐scale strain and Electron Dispersive X‐ray spectroscopy analyses (green box). (d) Illustration of the sample assembly used during mechanical testing. Note the
Mg‐alloy filler blocks and Teflon sheets emplaced to reduce shear traction at the sample‐piston interface.
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predominantly of quartz (72–90 vol%) and feldspar grains (8–25 vol%), with smaller amounts of clay (0.5 –

5.5 vol%) (Waldmann et al., 2014; Waldmann & Gaupp, 2016). The detrital grain size typically averages
150–250 μm (Hol et al., 2018). Early diagenetic illite films (1–7 μm thick) coat much of the surface of the
quartz and feldspar grains and frequently occur within grain contacts (Wilson, 1992; Gaupp et al., 1993;
Waldmann, 2011). Later burial diagenesis dissolved some of the initially present feldspars and
precipitated kaolinite and more illite in the pores and onto the pore walls (Waldmann & Gaupp, 2016).

The Slochteren sandstone samples used in this study were obtained from core retrieved by the field operator
(Nederlandse Aardolie Maatschappij) from the Zeerijp (ZRP)‐3a well in 2015 located in the seismogenic cen-
ter of the Groningen field. Upon retrieval, the core was plastic wrapped and sealed in aluminum barrels to
avoid drying out and salt precipitation, which could damage the grain framework. The location of the ZRP‐
3a well and the local stratigraphy have been presented earlier by Pijnenburg et al. (2019).

3. Experimental Methods

We performed a sequence of five consecutive triaxial stress‐cycling experiments on a single split‐cylinder
sample (Figure 2a) of Slochteren sandstone, obtained from the core described above. Before mechanical test-
ing, we ion‐milled a strain marker grid into the polished face of one of the split‐cylinder halves and imaged
this face in full at high resolution (0.54 μm), using an FEI Helios Nanolab G3 Focused Ion Beam Scanning
Electron Microscope. This was done to provide a means of tracking experimentally induced, inelastic strain
field evolution and concomitant microstructural changes. Experiment 1 involved a hydrostatic loading cycle
only, up to an effective confining pressure (confining pressure minus pore pressure) of 40 MPa. In consecu-
tive Experiments 2 to 5 the sample was first subjected to the same hydrostatic loading cycle and then to
deviatoric load cycling. The maximum differential stress conditions (Q = σ1 − σ3) explored in each consecu-
tive Experiment 1 to 5 are listed in Table 1. In consecutive Experiments 1, 2, 3, and 5, we explored increas-
ingly large differential stresses (Q up to 75 MPa) and/or axial strains (up to 4.8%), chosen to systematically
investigate the mechanisms governing the three main stages of P‐Δφt behavior shown in Figure 1. In
Experiment 4, lower stresses and strains were explored than in the foregoing Experiment 3, with the aim
of investigating the effect of loading history on the micromechanical behavior. After each experiment, the
increasingly deformed sample was removed from the deformation machine and the grid‐marked face was
reimaged to record any permanent changes in the microstructure. In addition, we performed two control,
or reference experiments, one on a second split‐cylinder sample and the other on an intact cylindrical

Table 1
Key‐Mechanical, and Microstructural Data Obtained in This Study

Mechanical data Caliper Microstructural data

L0
(mm)

(Q)max
(MPa)

Δφt,max
(%) Δφi (%)

εt,max
(%) εi (%) Δεi (%)

εcali ±0.1

(%) εmm
11 (%) εmm

22 (%) ωmm
12 (°) εgrain11 (%) εgrain22 (%)

Sequential experiments of hydrostatic and deviatoric stress‐cycling plus imaging of split‐cylinder Sample Z1
Experiment 1 23.75 0 2.5 1.1 n.a. n.a. n.a. 0.0 0.0 0.1 0.0 −0.1 0.1
Experiment 2 23.75 50.0 3.2 1.6 1.1 0.4 0.4 0.4 0.4 0.1 0.0 0.4 0.2
Experiment 3 23.65 74.8 3.4 1.9 2.2 1.0 0.6 0.6 0.6 −0.1 0.0 0.6 −0.1
Experiment 4 23.50 50.0 3.9 1.9 1.6 0.6 −0.4 0.0 0.1 0.1 0.0 n.d. n.d.
Experiment 5 23.50 66.0 4.4 2.9 4.8 3.5 2.5 2.7 2.3 −1.1 0.0 n.d. n.d.
Control experiments
Z2 (split‐cyl) 24.5 72.9 4.0 2.5 5.0 3.8 3.2 n.d. n.d. n.d. n.d. n.d.
Z3 (intact) 50.0 73.5 3.4 1.9 4.1 3.1 2.8 n.d. n.d. n.d. n.d. n.d.

Note. All experiments were performed at a temperature of 100 °C, a pore pressure of 1MPa and an effective confining pressure up to 40MPa. L0 denotes the initial
(pretest) sample length. (Q)max denotes the maximum differential stress imposed in each experiment on Z1 or in the control experiments on Z2 and Z3. Δφt,max
and εt,max denote, respectively, the maximum values of total porosity reduction and total axial strain (measured during deviatoric compression) explored in each
experiment. Δφi is the inelastic porosity reductionmeasured at the reference effective confining pressure (Pc

eff) of 5 MPa. εi denotes the inelastic axial strain that
developed during deviatoric stress cycles and is obtained at Q = 0 MPa and Pc

eff = 40 MPa. Δεi denotes the increment in inelastic axial strain, relative to that
measured in the foregoing stress‐cycling experiment. εcali is the inelastic axial strain measured by caliper after each test. εmm

11 , εmm
22 , and ωmm

12 correspond to the
millimeter‐scale, mean inelastic vertical strain, mean inelastic horizontal strain and mean inelastic body rotation, respectively, determined from micrographs
covering the face of split‐cylinder Z1, obtained after each experiment. εgrain11 and εgrain22 denote the grain‐scale mean inelastic vertical and horizontal strains obtained
on Z1 within the area indicated in Figure 1c. For control experiments, no microstructures were analyzed.
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plug to test for possible effects of the split‐cylinder configuration on the mechanical behavior measured at
the sample scale. In all our tests, we used demineralized water (DMW) as pore fluid, a pore pressure (Pp)
of 1 MPa, an axial strain rate of 10−5 s−1, and a temperature of 100 °C.

3.1. Sample Preparation

Two cylindrical plugs, measuring 25.4 mm in diameter, and ~70 mm in length, were drilled from immedi-
ately adjacent locations in the chosen core section (true vertical depth: 3,065 m), in an orientation parallel
to the core axis and subperpendicular (within 10°) to the slightly inclined bedding. The reservoir brine pre-
sent in the pore space was diluted with DMW, by soaking the samples in DMW for 6–7 days, refreshing the
DMW every day until the brine was essentially replaced. Subsequently, the samples were dried for 48 hr at
T= 50 °C. After drying, one of the two plugs was cut perpendicular to the core axis, using a diamond saw, to
obtain two shorter plugs of approximately equal length. The ends of all three plugs were ground flat and per-
pendicular to the sample axis to ensure a homogeneous load distribution during testing. The final length of
the two short plugs (Z1 and Z2) was 24 ± 0.5 mm and that of the longer plug (Z3) was 50.0 mm (Table 1). The
50‐mm sample (Z3) was then vacuum‐saturated with DMW. The difference in mass between the dry and
saturated sample was used to calculate the initial sample porosity (φ0), yielding a value of 20.4%. We
assumed that this value was also representative for the two shorter samples, Z1 and Z2.

The 50‐mm sample Z3 was stored wet, that is, submerged in DMW, until mechanical testing commenced. By
contrast, the ~24‐mm‐long plugs Z1 and Z2 were used to prepare split‐cylinder samples (Figure 2a). Prior to
cutting and polishing, these samples were vacuum‐impregnated with Polaroid B72 resin to reduce any
damage induced by handling. Curing was achieved at room temperature over 48 hr. Each was then sectioned
axially using a 0.4 mm thick diamond wafering saw, to obtain two half cylinders of equal radius (within
0.3 mm). The faces of the half cylinders were polished flat using a rotary polishing table and a 1‐μmdiamond
suspension. The resin was then removed by soaking the samples in acetone for 6 days, refreshing the acetone
every day. The samples were subsequently removed from the acetone and then oven‐dried at T = 50 °C.
Sample Z1 (two halves) was used formicrostructural investigation, whereas sample Z2 (two halves) was used
to conduct the aforementioned control experiment (see Table 1). The surface of one half of split‐cylinder
Sample Z1 was sputter‐coated with two 10‐nm‐thick layers of Pt/Pd (Figure 2a), both deposited at 30° to
the sample face in opposing directions, to maximize coverage of the coating in the surface pores. To detect
grain‐scale deformations, a rectilinear array of strain marker grids was milled into the surface of one half
of split‐cylinder Sample Z1 (Figures 2b and 2c), using the ion mill installed in the Helios Focused Ion
Beam Scanning Electron Microscope. The detailed procedure adopted during milling is outlined in the sup-
porting information (S1; Everhart & Thornley, 1960).

3.2. Sample Assembly

Split‐cylinder Samples Z1 and Z2 were assembled dry, while cylindrical Sample Z3 was installed wet (cf.
section 3.1). The split‐cylinder samples were assembled with three sheets of baking paper between the
two sample halves, to separate and protect their surfaces during testing. To reduce mechanical contrast
and hence shear traction at the sample‐piston interfaces during axial compression (Olsson & Holcomb,
2000), we located each sample (Z1, Z2, and Z3) between two cylindrical Mg‐alloy (AZ‐31) spacers with simi-
lar elastic properties, within a factor of two, to the sandstone. The AZ‐31 alloy has Young's modulus E = 32
GPa, and Poisson's ratio v = 0.35, while the sandstone has E = 10 to 20 GPa and v ≈ 0.2 (Pijnenburg et al.,
2019). The spacers were 15 mm in length and 25 mm in diameter and axially bored to allow free pore fluid
access to the sample (Figure 2d). To ensure a fully elastic response of the spacers during testing, all spacers
were precompressed to a differential stress of 105 MPa, at the same temperature (T = 100 °C) and similar
confining pressure (Pc = 40 MPa) as those used in the experiments. To reduce shear traction further, a dou-
ble layer of perforated Teflon sheet (50 μm) was included at both ends of the sample (Figure 2d). The sample
plus alloy spacer assembly was then jacketed using a fluorinated ethylene propylene (FEP) sleeve, which was
tourniquet‐sealed against the top and bottom steel loading blocks with additional, perforated Teflon sheets
inserted at the alloy‐steel interfaces (Figure 2d).

3.3. Experimental Procedure

After sealing, each sample assembly was emplaced into an externally heated, conventional triaxial deforma-
tion apparatus employing silicone oil as confining medium (for details see: Peach, 1991; Pijnenburg et al.,
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2018). The confining pressure was increased to 5 MPa. The pore fluid system was evacuated for 30 minutes,
followed by vacuum saturation of the dry split‐cylinder samples Z1 and Z2, or injection of DMW onto the
surface of the presaturated cylindrical sample Z3. We subsequently applied the pore pressure (Pp = 1
MPa) and then increased the confining pressure (Pc = 6 MPa), resulting in an effective confining pressure
(Pc

eff = Pc − Pp) of 5 MPa. The sample was then brought to the desired testing temperature (T = 100 °C),
while maintaining Pc

eff at or just below 5 MPa. The system was subsequently left to equilibrate for 4 hr,
and mechanical testing then commenced.

Sample Z1 was subjected to five consecutive experiments, the first involving hydrostatic loading only and the
remainder involving subsequent axial shortening. The maximum stresses and axial strains explored in each
experiment are listed in Table 1.

Each experiment on Z1was preceded by the above sample assembly and initial experimental procedure. Each
experiment was ended by reducing the pore pressure and then the confining pressure to ambient values, cool-
ing (to T ~ 80 °C), removal of the sample from the vessel and disassembly for microstructural analysis. In
Experiment 1, the sample was subjected to a single hydrostatic stress cycle. The confining pressure was gra-
dually increased from 6 to 41 MPa, while maintaining a constant pore pressure of 1 MPa, so that Pc

eff

increased from 5 to 40 MPa. We employed a pressurization rate of ±0.1 MPa/s, chosen such that the rate of
change of the mean effective stress (Ṗ) was similar to that used during later deviatoric stress cycling. Upon
reaching Pc

eff = 40 MPa, the sample was depressurized to the initial value of 5 MPa to measure any inelastic
(permanent) pore volume change at this reference pressure. At this point, Experiment 1 was ended as
described above and the sample was removed from the vessel. In all subsequent experiments (2 through 5),
the sample was first subjected to the same hydrostatic stress cycle as described above. Following this initial
cycle, the Pc

eff was returned to 40 MPa, again as outlined above, at which point Sample Z1 was subjected
to deviatoric stress cycling. During deviatoric cycling, the piston was first advanced and then retracted at con-
stant rate (_εt of ~10

−5 s−1), leading to a gradual increase or decrease in differential stress Q. In Experiment 2,
the sample was subjected to a single deviatoric stress cycle, during which a maximumQ value of 50 MPa was
reached. The sample was then axially unloaded (Q= 0MPa) and decompressed to Pc

eff = 5 MPa, after which
the experiment was ended. In Experiment 3, the initial hydrostatic cycle was followed by the same deviatoric
cycle as employed in Experiment 2. The sample was then subjected to a second deviatoric stress cycle at
Pc

eff = 40 MPa, reaching a maximumQ value of 75MPa. This was again followed by axial unloading, decom-
pression to Pc

eff = 5MPa and ending of the experiment. In Experiment 4, we repeated the procedure followed
in Experiment 2. In Experiment 5, the same procedure was adopted as that followed in Experiment 3,
although here, the maximum differential stress achieved in the second deviatoric cycle was 66 MPa.

After removal of Sample Z1 from the vessel following each experiment, the jacket was carefully taken off, the
two split‐cylinder halves were taken apart and the sheets of baking paper were removed from the sample
faces. Disassembling the sample led to no visual damage of the sample, aside from minor, local removal
of the Pt/Pd coating covering the split‐cylinder face. Both sample halves were left to dry for 48 hr at T =
50 °C. After drying, the permanent change in sample length (ΔLcal), referenced to the length of the sample
before the experiment (L0—see Table 1) was measured using a caliper (resolution 50 μm—error in ΔLcal of
±0.1% strain). Themarked sample was then re‐imaged, after which the above procedure was repeated for the
next stress‐cycling experiment. In total, Sample Z1 was deformed 5 times and imaged 6 times.

In the control experiments performed on samples Z2 and Z3, we followed the same procedure as outlined for
Z1, but without intermittent removal of the sample from the vessel. Details on the testing procedure adopted
in these control experiments are given in supporting information Text S2.

3.4. Mechanical Data Acquisition and Processing

During testing, the internal axial load, confining pressure, pore pressure, pore fluid volume change, sample
temperature, and axial displacement were logged at 2 Hz, using a 16‐bit DAQPad National Instruments A/D
converter. Internal axial load data were processed to yield axial load versus time. The displacement data
were accordingly corrected for apparatus distortion and thermal expansion, using calibrations carried out
using a steel dummy plus the pre‐compressed Mg‐alloy spacers, at representative pressure and temperature
conditions. The pore fluid volume change data were corrected for thermal volume changes upon flowing in
or out of the heated pressure vessel. The corrected displacement and pore volume data were used to
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determine the changes in sample length (ΔL), and pore volume (ΔV) versus time. These data were subse-
quently used to calculate the total axial strain εt ≈ et = ΔL/L0 (for the present low strains), and the total por-
osity reduction Δφt = ΔV/V0, where L0 and V0 are the initial sample length and volume, respectively,
measured before each experiment. Differential stress (Q = σ1 − σ3) and mean effective stress (P = [σ1 + σ2
+ σ3]/3—pore pressure) were computed, assuming that the instantaneous cross‐sectional area of the sample
was equal to (V0 − ΔV)/(L0 − ΔL). In Table 1, (Q)max refers to the maximum differential stress imposed in
each experiment. The quantities Δφt,max and εt,max are the maximum values of total porosity reduction
and total axial strain explored in each experiment, respectively. We adopt the convention that compressive
strains and porosity reduction (compaction) are positive. The inelastic porosity reduction (Δφi) was obtained
by dividing the inelastic (permanent) change in pore volume determined at the reference mean effective
stress of 5 MPa by the initial sample volume V0. The inelastic axial strain (εi) was determined after each
deviatoric stress‐cycling sequence (i.e., before final hydrostatic unloading), by dividing the permanent reduc-
tion in sample length determined upon deviatoric unloading in each experiment, referenced to the sample
length measured at the first deviatoric loading step, by the initial sample length L0, measured prior to each
experiment. Relative errors in all the above quantities are <0.04% (Pijnenburg et al., 2018).

4. Microstructural/Microchemical Methods and Data Processing: Sample Z1

Here, we describe the methods and data processing procedures applied specifically to the gridded surface of
split‐cylinder Sample Z1.

4.1. Image Acquisition and Handling

Before the first experiment and after each consecutive experiment performed on sample Z1 (Table 1), the
grid‐marked sample face was imaged in full (see supporting information Text S1 for details). Per full sample
scan, a mosaic consisting of over 1,500 rectangular secondary electron (SE) micrograph tiles was con-
structed, maintaining a vertical and horizontal overlap of 10% between adjacent tiles. Each mosaic tile
was obtained at a resolution of 0.54 μm per pixel. SE mosaic image tiles were subsequently stitched together
using ImageJ (Preibisch et al., 2009). Stitched SE image mosaics were rotated to align the bottom two L‐
shaped reference corners and subsequently cropped to a rectangle bounded by the bottom‐left and top‐right
reference corners. To account for distortion effects due to sample tilting, charging and differences in working
distance (4.0–4.5 mm) and acceleration voltage (1–2 kV) used in the various imaging sessions (see supporting
information Text S1), the resolution of the cropped mosaics was corrected in the manner outlined in the sup-
porting information (S3; Grella et al., 2003; Seeger et al., 2006; Nolze, 2007; Kammers & Daly, 2013). After
correction, all mosaics were scaled to a uniform 0.54 μm/pixel. After preprocessing, the mosaics were
approximately 42,000 by 40,000 pixels in size and covered ~92% of the surface of the grid‐marked Z1 cylinder
half. The mosaic micrographs were subsequently processed to yield the inelastic deformation developing
between deformation experiments on two scales: (1) The millimeter scale (~1 mm2) across the full imaged
face. In this case, the strain field was quantified using grid‐independent, PIV analysis; (2) The grain scale
(~0.04 mm2), using the ion‐milled strain marker grid to map incremental deformations.

4.2. Millimeter‐Scale Displacement Gradient Determination

The incremental, millimeter‐scale displacement field obtained after each sequential experiment was
obtained using the PIV plugin installed in ImageJ (Tseng et al., 2012). PIV is a widely applied digital image
correlation technique (e.g., White et al., 2003; Stamhuis, 2006; Tseng et al., 2012), which calculates the dis-
placement of a region within an image, relative to its previous position. We applied this technique to the
whole‐sample mosaics obtained before and after each experiment on Sample Z1, in order to map deforma-
tion at the millimeter scale. A detailed description of PIV data acquisition and processing is given in support-
ing information Text S4. In brief, for each set of mosaics obtained before and after each experiment,
incremental, internal displacement vectors of square subareas, each approximately 1 mm2 in size and over-
lapping with neighboring subareas by 50% of their width and height were obtained using PIV. Thus, we
obtained a displacement field for the full sample face, with a horizontal and vertical vector spacing of
552 μm. The displacements were subsequently processed in the manner outlined in S3, to yield the 2‐D,
millimeter‐scale inelastic strain tensor, with components εmm

11 , εmm
22 , εmm

21 , and εmm
12 and the millimeter‐scale,

inelastic rigid body rotation (ωmm
12 ). We also computed the area strain (εmm

a = εmm
11 + εmm

22 ) and the average
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or effective shear strain γmm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4 εmm

11 −εmm
22ð Þ2 þ εmm

12ð Þ2
q� �

, that is, the second invariant of the millimeter‐

scale, inelastic, deviatoric strain tensor in 2‐D. The values of εmm
11 , εmm

22 ,ωmm
12 , εmm

a , and γmm obtained were lin-
early interpolated to create contour plots showing the incremental inelastic strains and rotations across the
entire sample, after each experiment. In addition, average values of εmm

11 , εmm
22 andωmm

12 (i.e., εmm
11 , εmm

22 , andωmm
12 )

are listed in Table 1. The error resultant from the PIV analysis is estimated following the method outlined by
Wieneke (2015), as described in the supporting information (S4; Wieneke, 2015). The horizontal and vertical
components of error were both found to be less than ±0.14 pixels for each interrogation window, implying
(for the 256 pixel vector spacing) an acceptable error of ±0.06% in the millimeter‐scale strains obtained and
of ±0.03° in the millimeter‐scale body rotations. Note, though, that strains and rotations lower than these
values cannot be resolved.

4.3. Grain‐Scale Strain Determination

PIV was found to be inadequate to quantify grain‐scale (~0.04 mm2) displacements, as its accuracy was
strongly reduced in regions where the Pt/Pd surface coating was damaged, or where grains had broken after
a given deformation experiment. Instead, to analyze these smaller‐scale deformations, we used the distortion
of the ion‐milled strain marker grid in the location indicated in Figure 2c (green box). For this analysis, we
used the stitched images (resolution: 0.54 μm/pixel), obtained before Experiment 1 and after Experiments 1,
2, and 3. These images were selected because each of the corresponding experiments explored one of the
three main Stages of P‐Δφt behavior seen during sandstone compression (see Figure 1). The images obtained
after the subsequent Experiments 4 and 5 were not analyzed. Incremental strain‐marker grid displacements
were determined for ~200 by 200 μm subareas within the strain marker grid (see supporting information
Text S5). These displacements were subsequently processed in the manner outlined in S4 to yield the 2‐D,

grain‐scale inelastic strain tensor with components εgrain11 , εgrain22 , εgrain21 ; and εgrain12 . Error propagation based
on the limited accuracy of ±1 pixel of each grid reference point measurement (see S4) implies that the abso-

lute, standard errors on these strain components are each ±0.6% strain. The quantities εgrain11 and εgrain22 listed in
Table 1 refer to the mean, grain‐scale, inelastic vertical, and horizontal strains, respectively, of the 288 near‐
square regions analyzed. The standard errors on these mean values are 0.03% strain. The inelastic deforma-

tion of each 2 by 2 strain marker cell is described further using the area strain in 2‐D, given by εgrain11 + εgrain22 ,

and the effective shear strain, given γgrain =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4 εgrain11 −εgrain22

� �2
þ εgrain12

� �2
r

.

4.4. Chemical Element Mapping
4.4.1. Electron Dispersive X‐Ray Spectrometry Method
After the final Experiment 5, Sample Z1 was analyzed further through electron dispersive X‐ray spectrome-
try (EDX) chemical element mapping in the Helios instrument. To do so, the grid‐marked sample halve was
first cast in Araldite 20:20 resin. After curing for 48 hr, the flat, axis‐parallel surface was lightly ground and
subsequently polished using a 1‐μm diamond suspension to even out the deformed surface and to fully
remove the Pt/Pd coating. This procedure led to an average removal of the top 10–15 μm of the imaged sam-
ple surface. Virtually all grains visible in the SEmicrographs obtained before grinding were still clearly iden-
tifiable in a reflected light microscope, though themarker grid is no longer present. The polished surface was
then re‐coated with a 5‐ to 20‐μm layer of carbon. We analyzed a rectangular area measuring 2 by 11 mm,
located in the bottom center of the sample and oriented with its long side parallel to the main compression
direction (green box in Figure 2c). This rectangular area was chosen to overlap with a series of strain marker
grids, thus allowing evaluation of the effect of mineralogy on deformation at the grain scale. EDX element
maps were obtained by collecting mosaic micrographs, using an Oxford Instruments X‐Max 150 silicon drift
detector (acceleration voltage: 10 kV; beam current: 1.6 nA; working distance: 4.0 mm; horizontal field
width of 0.8 mm). The elements mapped included Al, Ba, Ca, Cl, Fe, K, Mg, Mn, Na, S, and Si, forming
the main constituents of the sample, except for Cl, which we used to filter out the background (noise) signal
(cf. Verberne & Spiers, 2017). Element maps were recorded at a resolution of 2 μm per pixel and stitched
automatically using Aztec software.
4.4.2. EDX Data Processing
To reduce noise, all EDX single element maps obtained from the microstructurally investigated cylinder half
of Z1 were subjected to an edge‐preserving, mean shift filter (Fukunaga &Hostetler, 1975), at a spatial radius
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of 2 pixels. Subsequently, filtered single element maps were processed to yield the main constituent
minerals, notably quartz, feldspars, clays, carbonates, and sulfates on the basis of their stoichiometry (cf.
Verberne & Spiers, 2017). The obtained mineral maps were converted to binary images through an Otsu
threshold (Otsu, 1979), resulting in black and white colored images. These binary clay maps were
processed further to isolate the clays present within grain contacts (i.e., where quartz, feldspar, carbonate
and sulfate grains are juxtaposed within ~10‐μm proximity from each other), thus excluding clays present
in the pore space or coating the pore walls, as they do not contribute to the load‐bearing framework. This
was done by manually delineating each grain contact in a quartz + feldspar + carbonate + sulfate map
using ImageJ. The resulting grain contact map was overlain (i.e., multiplied) with the binary clay map to
produce a map showing the clays within grain contacts. This map was used to determine the area
percentage of grain contact clay minerals.

5. Results—Mechanical Data Obtained in Experiments Performed on
Split‐Cylinder Sample Z1

In this section we describe the mechanical data obtained on the microstructurally investigated sample Z1.
The mechanical data obtained in the control experiments on split‐cylinder sample Z2 and on the intact plug
sample Z3 are outlined in detail in the Supplementary Material (S2). In brief, samples Z2 and Z3 showed
similar P‐Δφt behavior to that obtained for sample Z1 (see Figure S1 in the supporting information). A list
of the experiments performed, the testing conditions, and key data obtained on samples Z1, Z2, and Z3 is
given in Table 1.

P versus Δφt and Q versus εt plots showing the mechanical data obtained in each of the five consecutive
experiments imposed on split‐cylinder Sample Z1 are shown in Figure 3. Throughout the sequence of experi-
ments, Z1 showed typical Stage 1 (nonlinear, concave up), Stage 2 (near‐linear) and Stage 3c (nonlinear,
concave‐down) mean effective stress (P) versus total porosity reduction (Δφt) behavior (cf. Figures 1 and
3a). During loading, deformation was consistently compactive (Δφt incremented monotonically). During
unloading, all P‐Δφt and differential stress (Q) versus total axial strain (εt) curves (Figure 3b) showed

Figure 3. Plots showing (a) mean effective stress (P) versus total porosity reduction (Δφt) and (b) differential stress (Q)
versus total axial strain (εt) data, obtained during the five consecutive experiments imposed on the split‐cylinder
Sample Z1 used for microstructural analysis. After each experiment, the sample was removed from the testing vessel for
imaging. Stage 1 (nonlinear, concave up), Stage 2 (near‐linear), and Stage 3c (nonlinear, concave down) type P‐Δφt
behavior was seen during Experiments 1, 2, 3, and 5, respectively (refer to Figure 1). The strain softening intervals seen
before final unloading in Experiments 3 and 5 reflect stress relaxation occurring in the short time between loading
piston arrest and unloading (see Pijnenburg et al., 2018). The open circles indicate the inelastic porosity reduction Δφi
(a) and inelastic axial strain εi (b), measured at the corresponding stress conditions, that is, at Pc

eff = 5 and 40 MPa,
respectively, while Q = 0 MPa.
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higher stiffness than seen in successive experiments in the foregoing loading curve at the same stress. Total
(finite) inelastic porosity reduction (Δφi) and inelastic compressive axial strain (εi) were measured at the end
of each experiment (Table 1), that is, upon unloading to the reference stress conditions of P= 5MPa andQ=
0MPa (forΔφi), or P= 40MPa andQ= 0MPa (for εi). During the constituent reloading steps of Experiments
2–5, the observed Q‐εt and/or P‐Δφt behavior was similar to that seen during the preceding unloading step.

During hydrostatic stress cycling in Experiment 1, the P‐Δφt behavior was nonlinear and concave‐up (cf.
Stage 1—see Figure 1), up to themaximum applied Pc

eff, hence P of 40MPa. The corresponding inelastic por-
osity reduction (Δφi) was 1.1%. During Experiment 2, the hydrostatic stress cycle up to 40 MPa showed simi-
lar behavior to Experiment 1, in terms of the P‐Δφt behavior, leading to a Δφi of 1.2%. During deviatoric
compression in Experiment 2 (Q up to 50 MPa, at Pc

eff = 40 MPa), the sample exhibited near‐linear P‐Δφt
behavior (cf. Stage 2 of Figure 1) and near‐linear Q‐εt behavior, leading to Δφi = 1.6% and εi = 0.4%.
During Experiment 3, the P‐Δφt and Q‐εt behavior was similar to that observed during Experiment 2, up
to the maximum Q of 50 MPa explored in the previous experiment. At Q > 50 MPa, the behavior remained
linear up to P ≈ 62 MPa, and Q ≈ 65 MPa. Beyond this point, both the P‐Δφt and Q‐εt curves showed strain‐
hardening at decreasing rates (cf. Stage 3c) until a maximum supported Q of 75 MPa was reached at Δφt ≈
3.4% and εt ≈ 2.0%. Upon loading piston arrest at Q = 75 MPa and before the sample was axially unloaded,
the differential stress relaxed by about 5 MPa, during which an increase in total axial strain of ~0.2% was
seen. After unloading, permanent strains obtained in Experiment 3 amounted to 1.9% for Δφi and 1.0% for
εi. During Experiment 4, the P‐Δφt and Q‐εt data showed significantly more compliant loading and unload-
ing behavior than observed during the foregoing stress‐cycling experiments. At the highest stress applied (Q
= 50MPa) the Δφt value of 3.8% and the εt value of 1.6% indicated increased porosity reduction, but less sam-
ple shortening, than seen in Experiment 3. In Experiment 4, the final inelastic porosity reduction of 1.9%,
measured at the reference Pc

eff of 5 MPa, was similar to that seen in the foregoing experiment, though the
inelastic axial strain of 0.6% was smaller. In the final stress‐cycling test, that is Experiment 5, the P‐Δφt
and Q‐εt behavior obtained were slightly more compliant than observed in Experiment 4. At P > 58 MPa
and Q > 55 MPa, strongly nonlinear strain‐hardening trends were seen, which transitioned into near‐strain
neutral (approximately steady state) behavior at Δφt ≈ 4.1% and εt ≈ 3.4%. Upon piston arrest at Q = 66 MPa
and before the sample was axially unloaded, the differential stress relaxed by 3 MPa, while the total axial
strain increased by ~0.1%. After axial unloading (i.e., at Pc

eff = 40 MPa and Q = 0 MPa) the inelastic axial
strain was much larger than that seen in previous experiments, notably εi = 3.5%. At the end of
Experiment 5 (i.e., at the reference condition Pc

eff = 5 MPa, Q = 0MPa), Δφi yielded 2.9%. Note that posttest
caliper measurements performed after removal of the Z1 sample from the experimental apparatus after each
of Experiments 1 through 5 yielded inelastic axial strains (εi

cal) that were significantly smaller than the cor-
responding inelastic axial strains (εi) measured after deviatoric unloading, that is, at the reference condition
where Q = 0 MPa and Pc

eff = 40 MPa (see Table 1).

No macroscopically visible deformation features were seen after any of the stress‐cycling experiments.

6. Results—Microstructural Data Obtained From Sample Z1
6.1. Inelastic Deformation Field at the Millimeter Scale

In Figure 4 we present contour maps of the millimeter‐scale, vertical (εmm
11 ), and horizontal inelastic strain

(εmm
22 ), rather than by the inelastic area strain (εmm

a ) and effective shear strain (γmm) maps (see Figure S5 in the
supporting information), obtained from PIV analysis of the surface of the imaged half of split‐cylinder
Sample Z1 after each experiment. We also show the corresponding rigid body rotation (ωmm

12 ). Mean values
of εmm

11 , εmm
22 andωmm

12 are listed in Table 1 (i.e., εmm
11 , εmm

22 andωmm
12 ). Note from Table 1 that, for each experiment,

the value of themean,millimeter‐scale, inelastic vertical strainεmm
11 (up to 2.3%) is similar to the axial inelastic

strain measured by caliper (εi
cal values up to 2.7%), but generally smaller than the inelastic axial strains (εi up

to 3.5%)measured at the end of each experiment at the reference stress state of Pc
eff = 40MPa andQ= 0MPa.

Recall that in the consecutive Experiments 1, 2, 3, and 5 performed on Z1, the P‐Δφt behavior shown reached
Stage 1, Stage 2, Stage 3c, and Stage 3c postfailure, respectively, as illustrated in Figure 1. After Experiment 1
(experiment reaching Stage 1 of Figure 1), most of the millimeter‐scale, vertical, inelastic strains were smal-
ler than the minimum measurable strain of 0.06% (Figure 4a). The horizontal inelastic contraction was

10.1029/2019JB018702Journal of Geophysical Research: Solid Earth

PIJNENBURG ET AL. 12,688



Figure 4. Plots showing contoured values of the millimeter‐scale, inelastic, vertical strain (εmm
11 ; left column), the inelastic, horizontal strain (εmm

22 ; middle column),
and the inelastic body rotation (ωmm

12 ; right column) components of the displacement gradients (black vectors) determined from micrographs covering the split-
cylinder (Z1) face, obtained after each experiment on Z1. In the left two columns, red and blue colors indicate contraction and expansion, respectively, whereas in
the right column they imply counterclockwise and clockwise rotations, respectively. Note the different scales for Experiment 1–4 and Experiment 5. (a–c)
Experiment 1 (cf. Stage 1—compare Figures 1 and 3); (d–f) Experiment 2 (cf. Stage 2); (g–i) Experiment 3 (cf. Stage 3c); (j–l) Experiment 4 (reloading to lower stresses
and strains than previously explored); (m–o) Experiment 5 (cf. Stage 3c—postfailure). Note the uniform, predominantly vertical contraction of stress‐cycling
Experiment 2 and the localized, compactive shear bands seen after stress‐cycling Experiments 3 and 5. Locations of the micrographs used for grain‐scale strain
analysis as shown in Figures 5 and 6 and the EDX‐investigated analysis (Figure 7) are indicated in the left column.
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minor (εmm
22 = 0.1%) and distributed roughly uniformly across the sample surface (Figure 4b). No significant

rigid body rotation was seen (i.e., ωmm
12 < 0.03%; Figure 4c). After Experiment 2 (i.e., deviatoric compression

conform the near‐linear Stage 2, of Figure 1), broadly uniform compaction was seen (Figures 4d and 4e),
with the mean vertical strain εmm

11 of 0.4% being larger than the mean horizontal strain εmm
22 of 0.1%. Little

to no rigid body rotation was detected (Figure 4f). After Experiment 3, in which Stage 3c behavior was
reached (cf. Figure 1), the strains were significantly larger and more heterogeneously distributed. Vertical
contractions as large as 4.0% localized within a ~2‐mm‐wide band running diagonally across the sample
at 43° to the main compression direction, and within two ~1‐mm conjugate bands, both oriented roughly
perpendicular to the wider band (Figure 4g). All sets of conjugate bands showed horizontal expansion, with
values of εmm

22 reaching up to −1.5%, while |εmm
11 |was generally larger than |εmm

22 |, indicating overall area reduc-
tion within the deformation bands and suggesting that these bands are compaction bands (see also support-
ing information Figure S5g). The main deformation band crossing the entire diagonal of the sample surface
showed counterclockwise rigid body rotations of up to 0.4°, while the two smaller, conjugate bands yielded
opposing, clockwise rotations of up to −0.5°. Compaction plus shear is therefore implied in the three bands.
Outside these bands, vertical and horizontal strains were significantly smaller, with εmm

11 ranging from 0.1 to
0.5% and εmm

22 showing both contraction and expansion in the range of−0.3 to 0.3%, with only minor rotation.
Reloading the sample to lower stresses (Experiment 4) produced vertical and horizontal strains that were
much smaller and generally contractive, while body rotations were negligible (Figures 4j–4l). The largest
vertical contractions obtained in Experiment 4 (up to 0.5%) were seen within the high‐strain conjugate defor-
mation bands which first developed during Experiment 3, and within three ~1‐mm‐wide horizontal bands
located at the bottom‐left corner of the sample (Figure 4j). Horizontal strains resulting from Experiment 4
showed the highest values (~ 0.4%) patchily distributed throughout the sample (Figure 4k). After the final
stress‐cycling test, Experiment 5 (experiment reaching Stage 3c, postfailure), large vertical contractions
(up to 12%; Figure 4m) and horizontal expansions (up to −5%; Figure 4n) were recorded in two conjugate
4‐ to 10‐mm‐wide deformation bands, oriented at 40° to 45° to the main compression direction, and running
from corner to corner, diagonally across the sample face. These bands have developed along, and signifi-
cantly widened the deformation bands first seen after Experiment 3. The top right to bottom left band yielded
counterclockwise rotations of up to 2.0°, whereas the top left to bottom right band showed rotations of up to
−2.0°, that is, in the opposite direction (Figure 4o). Again, within these bands, ∣εmm

11 |> |εmm
22 |, implying net area

reduction and suggesting the bands are compactive shear bands (cf. Figure S5m in the supporting informa-
tion). Outside these bands, vertical and horizontal deformation and rotation were approximately an order of
magnitude smaller, with εmm

11 < 0.4%, εmm
22 within −0.3% and 0.3%, and ωmm

12 ranging from −0.2° to 0.2°.

6.2. Microstructural Evolution at the Grain Scale

To illustrate the microstructural evolution at the scale of individual grains in Sample Z1, we present six SE
micrographs in Figure 5. The images are taken before deformation and after each experiment at the locations
indicated in Figure 4 and include ion‐milled strain marker gridding. The incremental deformation of the
marker grid is highlighted using yellow and red cross symbols, which indicate the positions of reference
points within the grid before and after each experiment, respectively. The micrographs shown are represen-
tative for the progressive microstructural evolution seen in regions that will ultimately develop marked,
localized deformation bands, as seen after Experiments 3 and 5. To highlight the smaller deformations seen
in the earlier stages of deformation, Figures 6a–6d show two sets of higher magnification micrographs
obtained before and after Experiments 1 and 2, which showed Stages 1 and 2 behaviors, respectively. In addi-
tion, an EDX map showing the clay films present within grain contacts, filling pores, and coating pore walls
at the location indicated in Figure 4m is given in Figure 6e.

With reference to Figure 5a, the undeformed sample was predominantly composed of subrounded, slightly
elongated quartz (~80 vol%) and feldspar grains (~15 vol%), with lesser amounts of clay (~5 vol%) being pre-
sent in the pore space or as grain‐coating films. Clay films are present on most of the pore walls (5–20 μm
thick) and within many grain contacts (1–5 μm thick; Figures 5a and 6a). Intragranular cracks are present
even in the undeformed material (black arrows). These features are typical for Slochteren sandstone of the
Groningen field (Gaupp & Okkerman, 2011; Waldmann & Gaupp, 2016). After hydrostatic stress cycling
(Experiment 1, cf. Stage 1 of Figure 1), grain‐scale displacements are frequently small (typically <1 μmacross
individual grains, that is, <0.5% strain—see Figure 5b), while newly formed intragranular cracks are rare.

10.1029/2019JB018702Journal of Geophysical Research: Solid Earth

PIJNENBURG ET AL. 12,690



Figure 5. Secondary electron micrographs obtained from Sample Z1 at the same location, before deformation and after each experiment, illustrating the micro-
structural evolution throughout the sequence of experiments. (a) Undeformed sample, the intergranular clays are indicated; (b) Experiment 1, in which Stage 1
was reached (compare Figures 1 and 3); (c) Experiment 2, in which Stage 2 was reached; (d) Experiment 3, in which Stage 3c was reached; (e) Experiment 4
(reloading to lower stresses and strains than previously explored); and (f) Experiment 5, in which the Stage 3c, postfailure behavior was explored (Figure 3). Yellow
and red crosses indicate the location of reference points within the ion‐milled grid before and after each experiment, respectively. Cross positions are referenced to
the bottom left cross, so that down and left cross displacements imply contractions. Black arrows indicate intragranular cracks not present in the foregoing
stress‐cycling experiment. White and yellow arrows indicate the intergranular shear and normal displacements, respectively, in panels (b), (c), and (e). Green
arrows indicate extrusion of intergranular material (seen only after Experiment 5—see panel f). Note that at the end of Experiments 1 and 2, deformations are small
and predominantly intergranular. After Experiments 3 and 5, grain‐scale displacements within the deformation bands are larger and accompanied by pervasive
intragranular cracking, grain slip and grain rotation.
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Rather, deformation is predominantly intergranular, showing contraction and expansion normal to grain
contacts (yellow arrows, in Figure 5b) and slip tangential to grain contacts (white arrow). These
intergranular deformations appear often to be more prominent in grain contacts that are clay filled

Figure 6. Detailed micrographs obtained from Sample Z1, highlighting the intergranular clays and their role played in accommodating inelastic strain during
Experiments 1 and 2, in which Stages 1 and 2 were explored (see Figure 1); (a) Secondary electron (SE) micrograph of the undeformed sample (location shown
in Figure 4a), showing the strain marker grid and quartz grains coated by clay films. (b) SE micrograph of the same location, after Experiment 1. In some
locations, shear and compression of clay films lead to grain displacement and closure of pore space. In other locations, clay‐coated grain contacts (GC) expand.
(c) SE image obtained after Experiment 1 at the location indicated in Figure 4d. (d) SE image of the same location, after Experiment 2. Normal compression of
intergranular clay leads to grain contact contraction. (e) Electron dispersive X‐ray spectrometry image obtained after Experiment 5 from the location indicated in
Figure 4m. Pore‐filling/coating clays are mapped in red, while clays present within grain contacts are shown in yellow (see section 4.4.2).
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(Figures 6a and 6b). After Experiment 2 (i.e., deviatoric compression within the near‐linear Stage 2 regime of
Figure 1), permanent grain‐scale displacements are larger (several microns per 200 by 200‐μm grid cell, that
is, >1 to 3% strain; Figure 5c). These displacements are predominantly accommodated through intergranular
contractions and shear, while grain contact expansions and newly formed intragranular cracks are limited
(Figure 5c). Intergranular deformations again appear to be larger in or near grain boundaries filled with
clay films (Figures 6c and 6d). After compression to the highest supported stress (Experiment 3, cf. Stage
3c of Figure 1), displacements are much larger (up to 10 μm measured per 200 by 200‐μm grid cell, that is,
up to 5% strain; Figure 5d). Downward and right‐directed displacements of the reference points within the
marker grid (compare yellow and red cross symbols) and clockwise rotations of the strain markers located
in the top‐right of the micrograph indicate an overall right‐lateral shear movement (cf. Figure 4i). Within
the regions of high shear mapped in Figures 4g–4i, intragranular cracks are ubiquitous and intergranular
slip is widespread, as evidenced by the distortion of the grid cells (Figure 5d). Within lower‐strain regions
away from this strongly deformed zone, intragranular cracks are far fewer (not shown). After reloading
the sample in Experiment 4 to lower stresses and axial strains than explored in Experiment 3, small,
intergranular contractions occur through rearrangement of grains and grain fragments (Figure 5e). Newly
formed intragranular cracks are rare. After Experiment 5 (which reached Stage 3c, postfailure), grain‐scale
displacements within the high‐strain bands mapped in Figures 4m and 4n are very large (up to 30 μm per
200 by 200‐μm grid cell, i.e., up to 15% strain). Here, downward and right‐directed displacement plus
clockwise rotation of the strain markers (see yellow and red crosses) again point to a general right‐lateral
shear movement (Figure 5f; see also Figures 4m–4o). These large displacements are accompanied by
intragranular cracking, intergranular slip, and extrusion of intergranular material into the pore space and,
in a few locations, normal to the sample surface (green arrows, Figure 5f).

6.3. Data on Clay Content Versus Inelastic Deformation at the Grain Scale

We explored if a relationship exists between the grain‐scale deformations seen after Experiments 1–3 on
Sample Z1 and the grain‐scale mineralogy. To do this, we used the incremental distortions of the strain mar-
ker grid seen after each of these experiments (see section 4.2), plus the mineral maps obtained after
Experiment 5 (e.g., Figure 6e). Within the area of interest indicated in Figure 2c, the mean values of the

grain‐scale inelastic vertical (εgrain11 ) and horizontal strains (εgrain22 ) obtained after each experiment are similar
to the correspondingmean values of inelastic strains determined at themillimeter scale using the full mosaic
images (Table 1). The region of investigation shows no clear correlation between grain‐scale, inelastic area

Figure 7. Plots showing grain‐scale, inelastic effective shear strain data (i.e., second invariant of the corresponding deviatoric strain tensor), versus the percentage
of area covered by clay at grain contacts, obtained on Sample Z1 within the area mapped by EDX (see Figure 1c). Error bars and mean values of the principal,
grain‐scale inelastic strains are indicated. Grain‐scale strain data were collected for (a) Experiment 1, (b) Experiment 2, and (c) Experiment 3. Experiments 4 and 5
were not analyzed. These data show rough, positive trends after Experiments 1 and 2, while such a trend is absent after Experiment 3. The blue shaded areas indicate
the strains falling below the limit of strain determination.
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strain, or effective shear strain (γgrain) and mineralogical content, that is, quartz, feldspar, carbonate, sulfate,
and/or total clay content. However, there is a correlation between γgrain and the abundance of clays present
within grain contacts (Figure 7). For Experiments 1 (Figure 7a) and 2 (Figure 7b), γgrain values show a rough,
positive correlation to the grain contact clay content, especially after Experiment 2. For Experiment 3, which
showed significant intragranular cracking (Figure 5d), such a correlation is either absent, or far less clear
(Figure 7c).

7. Discussion

Mean effective stress (P) versus total porosity reduction (Δφt) data obtained in the five consecutive stress‐
cycling experiments performed on split‐cylinder Z1 (Figure 3) showed the typical transition seen in sand-
stones from initial, nonlinear, concave‐up behavior in Experiment 1 (cf. Stage 1 of Figure 1), to near‐linear
behavior in Experiment 2 (cf. Stage 2) and to nonlinear, concave‐down behavior in Experiments 3 and 5 (cf.
Stage 3c). Inelastic deformation played a significant role in each experiment. The maximum, total porosity
reduction measured before final unloading of each experiment performed on Z1 ranged from 2.5% to
4.4%, of which 1.1% to 2.9% was inelastic after unloading, that is, at the reference Pc

eff of 5 MPa (Table 1).
Similarly, total axial strains measured in the deviatoric portions of Experiments 2–5 ranged from 1.1% to
4.8%, with inelastic components of 0.4% to 3.5%, as measured at the reference stresses of Q = 0 MPa and
Pc

eff = 40 MPa. The concomitant, inelastic deformation of the face of one of the Z1 cylinder halves was
recorded using high resolution (0.54 μm per pixel) electron microscopy. PIV‐derived data obtained at the
millimeter‐scale implied little to no inelastic deformation after Experiment 1, uniform, predominantly ver-
tical contraction after Experiment 2, and markedly localized deformation after Experiments 3 and 5, where
significant compaction (εmm

11 up to 12%) and rigid body rotation were seen within 1‐ to 10‐mmwide, conjugate
bands, oriented at 40° to 45° to the main compression direction (Figures 4g–4i and 4m–4o). More detailed
micrographs (Figures 5b, 5c, and 6a–6d) and strain‐marker grid deformations at the grain scale
(Figures 7a–7c) showed that the inelastic deformations recorded in Z1 reflected mostly intergranular displa-
cements during the first two experiments, particularly in intergranular clay‐rich regions, while intragranular
cracking was found to be more dominant in Experiments 3 and 5 (Figures 5d and 5f). Crucially, we demon-
strated similar P‐Δφt behavior in control experiments on a second split‐cylinder sample (Z2) and an intact
plug (Z3; supporting information Text S2 and Figure S1), indicating that the split‐cylinder Sample Z1
behaved in a representative way, not affected by its construction, at least at the sample scale.

7.1. Effect of Loading History on Strain Recovery in Sample Z1

At the end of the hydrostatic stress‐cycling Experiment 1, an inelastic porosity reduction of 1.1% was mea-
sured at the reference Pc

eff of 5 MPa. Assuming isotropic compaction, this would imply an inelastic axial
strain of about 0.4%. By contrast, caliper measurements performed after removal of the sample from the
deformation apparatus showed no detectable change in sample length (εi

cal = 0.0 ± 0.1%; Table 1). The
post‐test PIV data also showed virtually no resolvable, millimeter‐scale, inelastic deformation (εmm

11 = 0.0%
and εmm

22 = 0.1%; Figures 4a–4c). Similarly, contractions and expansions were seen within grain‐to‐grain con-
tacts after Experiment 1 (Figures 5b, 6a, and 6b) but on average these produced little to no grain‐scale strain (

εgrain11 = −0.1% and εgrain22 = 0.1%). Notably, the control experiment performed on the intact cylindrical sample
Z3 showed similar P‐Δφt and P‐Δφi behavior during the first hydrostatic stress‐cycle to Experiment 1 on Z1
(Figure S1 in the supporting information). This suggests that the strain recovery effect seen after removing
Sample Z1 from the deformation apparatus after Experiment 1 is not due to the anomalous geometry of the
split cylinder. Instead, this behavior is more likely to reflect hysteresis in the stress‐strain curve, whereby the
inelastic porosity reduction measured at the reference Pc

eff of 5 MPa is largely recovered during further
reduction of Pc

eff to ambient values, and/or possibly during subsequent drying of the sample. By contrast,
after Experiments 2, 3, and 5, inelastic deformation was more prominent.

Hysteretic stress‐strain behavior is widely documented for sandstone (McKavanagh & Stacey, 1974; Shalev
et al., 2014) and is thought to reflect semirecoverable slip along‐ and contraction/expansion of grain contacts
(Tutuncu et al., 1998) or preexisting cracks (Walsh, 1965; David et al., 2012). Such behavior is generally per-
ceived to persist up to a previously supported state of stress (Holt et al., 1994; Pijnenburg et al., 2018), beyond
which newly induced, inelastic deformationmay occur. For the Slochteren sandstone samples used here, the
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previously supported state of stress is given by that prevalent in the reservoir at the time of core extraction
(Van Eijs, 2015), with the in situ P being 35 ± 2 MPa. This P value is closely similar to the maximum P of
40 MPa explored during Experiment 1 performed on Sample Z1. Hence, the nominally recoverable deforma-
tion behavior seen in Experiment 1 is considered to reflect a return to its approximate in situ state. In sub-
sequent Experiments 2 through 5, the stresses and axial strains explored were larger, and the εi

cal, εmm
11 ,

and εgrain11 values measured (up to 2.7%—Table 1) demonstrate more prominent inelastic deformation. For
these experiments, the quasi‐inelastic contribution to the inelastic axial strain (εi) measured at the end of
each experiment (i.e., at Q = 0 and Pc

eff = 40 MPa) may be removed by taking the difference in the εi value
measured at the end of each experiment relative to that obtained at the end of the previous experiment. The
resultant, experiment‐specific increases in inelastic axial strain (Δεi—Table 1) are in rough agreement with

the corresponding values of εi
cal, εmm

11 ; and, where obtained, εgrain11 , particularly for Experiments 2, 3, and 5. In
Experiment 4, where lower stresses and strains were explored than previously applied,Δεi shows no increase
in inelastic axial strain (Δεi =−0.4%), which is in accordance with the low values εi

cal and εmm
11 measured after

this experiment. Note that because of this, the Δεi value obtained for Experiment 5 (Table 1) is referenced to
the εi value obtained after Experiment 3. On this basis, we infer that the discrepancy between the inelastic
axial strains measured inside and outside of the deformation apparatus is largely caused by hysteresis in
the sample loading and unloading behavior at stresses and strains smaller than those previously accessed.

7.2. Micromechanical Behavior at High Strains: Localization

The similar P‐Δφt behavior shown by our split‐cylinder samples (Z1 and Z2) and the intact plug (Z3) (see
Figure S1 in the supporting information) demonstrates representative mechanical behavior of Z1 with
respect to intact samples, at least at the sample scale. To evaluate whether the
micromechanical/microstructural behavior shown by Z1 is similarly representative, we now compare the
inelastic deformation behavior shown by this sample to the inelastic deformation features most commonly
reported in the literature, that is, for the inelastic, Stage 3c deformations seen at high axial strains (1.5% to
15%). At these high strains, high porosity samples (20–25%), tested in deviatoric compression at similar effec-
tive confining pressures (30–50 MPa) as used in the present study often show shear‐associated compaction
bands of one to several mm in thickness (Wong et al., 1997; Baud et al., 2004; Fortin et al., 2005). These bands
are typically oriented at an angle of 45–65° to the main compression direction and contain highly fractured
grains, such as observed after Stage 3c deformation of split‐cylinder Sample Z1, that is, after stress‐cycling
experiments 3 and 5 (see Figures 4g–4i, 4m–4o, 5d, and 5f). While the orientation of the high strain bands
seen in Sample Z1 may be partly controlled by its lower length‐to‐diameter ratio (1:1, as opposed to the more
conventional 2:1; e.g., Hawkes & Mellor, 1970), their similarity to the bands formed in conventionally sized
samples suggests that the micromechanical behavior observed at high axial strains (>1.4%) is representative
for that of Slochteren sandstone under the investigated experimental conditions. This provides confidence
that the inelastic deformations shown by Sample Z1 at the lower strain Stages 1 and 2 (εt ≤ 1%), for which
to date the governing processes remain largely unidentified, are also representative for intact samples.

7.3. Inelastic Mechanisms Governing Small‐Strain Deformation: Role of Intergranular Clay Films

As noted in section 1, the total axial strains (1.5% to 15%) associated with typical Stage 3c behavior far exceed
the vertical strains (<1%) relevant for most upper crustal (<5 km) sandstone reservoirs undergoing pore
pressure reduction during oil or gas extraction. The relevance of Stage 3c deformation in this context is lim-
ited. Similarly, Stage 1 behavior, in which the sample is thought to return to its in situ state (see section 7.1) is
also of limited field importance as the inferred accompanying closure of preexisting damage is unlikely to
occur in the reservoir. Instead, the in situ compaction behavior occurring during pore pressure reduction
is most likely best represented by the behavior seen during the near‐linear Stage 2 part of the P‐Δφt curve,
that is, during the deviatoric stress‐cycle of stress‐cycling Experiment 2 (Figure 3a). Here, the increase in
inelastic axial strain (Δεi = 0.4%—Table 1) was manifested mostly by small, intergranular normal
(Figure 5c; yellow arrows; Figures 6c and 6d) and shear displacements (Figure 5c; white arrows). These
inelastic deformations were found to be larger in areas where more grain contact clay is present
(Figure 7b). By comparison, the role played by intragranular cracking appeared to be small (Figure 5c; black
arrow), in accordance with the intragranular crack density data presented by Pijnenburg et al. (2019). These
observations, in combination with the widespread occurrence of intergranular clays (e.g., Figures 5a and 6)
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and the uniform inelastic deformation measured across the full Z1 sample
face (Figures 4d–4f) after Experiment 2 suggest that Stage 2 deformation is
predominantly intergranular, with an important role played by
intergranular clays.

The above observations and inference are in agreement with previous,
more general inferences, whereby Stage 2 inelastic deformation of sand-
stone was proposed to be governed by intergranular grain rearrangements
(Bernabe et al., 1994; Menéndez et al., 1996; DiGiovanni et al., 2007;
Shalev et al., 2014). However, to our knowledge, our study is the first to
explicitly demonstrate that, at least in the clay‐bearing Slochteren sand-
stone, such intergranular deformations are for a large part accommodated
by normal compression (i.e., consolidation) of and slip on the clay films
present in grain contacts (Figures 6a–6d, 7a, and 7b).

The presence of clays in grain contacts is not unique to the Slochteren
reservoir. Indeed, similar films have been reported to occur in a large
number of reservoir sandstones around the world. These include the
M'Bya field (Gabon), the Malih X1 field (Oman), the Kahar field (Syria),
the Haltenbanken field (Norway) (all four reported in Billault et al.,
2003) and the Sawan field (Pakistan) (Berger et al., 2009), as well as sev-
eral fields in the North Sea (Glennie et al., 1978; McHardy et al., 1982;
Wilson, 1992), Texas and Louisiana (Dutton et al., 2017), and in the
Changqing (Yang et al., 2016) and Sulige fields of China (Wang et al.,
2017). Further quantification of the contribution clay‐film deformation
can make to the overall deformation of clay‐bearing sandstones accord-
ingly deserves further attention.

7.4. Quantifying the Role Played by Clay Films in the Stage 2 Inelastic Deformation Relevant to
Producing Reservoirs

It remains difficult to quantify the extent to which Stage 2 inelastic strains are accommodated by clay defor-
mation, as opposed to other inelastic processes such as intragranular cracking, which operate at least to a
lesser degree during Stage 2 (see also: Pijnenburg et al., 2019). Mainly, this is because of the limited resolu-
tion of the present grain‐scale strain (0.6% for grain‐scale strains of up to 10%) and clay thickness determina-
tions (EDX pixel size: 2 μm). Nonetheless, a major contribution of clay‐film deformation at the small,
depletion‐relevant strains would strongly impact our understanding of the in situ compaction behavior of
the Groningen gas field, since intergranular clays are widely observed in the Slochteren reservoir (Wilson,
1992; Gaupp et al., 1993; Gaupp & Okkerman, 2011; Waldmann, 2011; Waldmann & Gaupp, 2016;
Pijnenburg et al., 2019). This is particularly so at the center of the field, which experiences the largest amount
of subsidence and the most frequent and largest induced earthquakes (NAM, 2016).

We now present a first attempt to quantify the inelastic strains expected to develop in clay‐bearing sand-
stone, deforming by consolidation of and slip on intergranular clay, for the stress changes applied in our
Experiment 2 on Z1 (in which Stage 2 of Figure 1 was reached), and for the increase in effective stress repre-
senting that in the Groningen gas field. We make use of the simple sandstone model shown in Figure 8. The
model consists of quasi‐spherical quartz grains with flattened, circular grain contacts that are each coated
with clay. The detrital grain diameter from contact to contact is taken as 180 μm, while the thickness of
the clay film (z) is taken to be 4 μm, similar to the average grain diameter and clay film thickness described
for Slochteren sandstone (see section 2). The external, effective vertical (σ1

eff) and horizontal (σ3
eff) stresses

are transmitted onto the clay‐filled, grain‐to‐grain contacts, where these are markedly enhanced due to the
smaller contact area. For a porosity of 20% typical for the center of the Groningen field (NAM, 2013), the
enhancement of the contact normal stress (eσ) and the contact shear stress (eτ ) typically amounts to a factor
of 3 (Pijnenburg, 2019, Chapter 5). For our model configuration, this gives: eσ ≈ 3 (σ1

eff + σ3
eff)/2 and eτ ≈ 3

(σ1
eff

‐ σ3
eff)/2. During anisotropic loading, any grain contact‐normal consolidation strain developing within

the clay film at B (eεB—see Figure 8) requires a shear strain of the clay film at A (eγAÞ, and vice versa. Hence,
consolidation and slip are serial deformation processes, meaning that one cannot occur without the other.

Figure 8. Assumed model microstructure for a clay‐bearing sandstone,
inelastically deforming by clay slip and consolidation. The clay films are
indicated in red. The effective, external stresses (σ1

eff and σ3
eff) imply

normal (eσ) and shear stresses (eτ ) on each of the grain contacts. Note that in
this configuration, consolidation at B (eε) requires slip and shear strain (eγ) on
A, and vice versa, meaning these processes are serial.
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Consequently, in the present, symmetrical configurationeεB=eγA=eεA=eγB. The inelastic vertical strain of the
bulk can then be written as: ε1

inel = 2z eε /d.
In Experiment 1 on Sample Z1, hydrostatic stresses were explored with Pc

eff up to 40 MPa. In Experiment 2,
the maximum stress conditions explored wereQ= 50MPa and Pc

eff = 40 MPa. Hence, between Experiments
1 and 2, σ1

eff was incremented from 40 MPa to 90 MPa, at constant σ3
eff (=Pc

eff). The corresponding incre-
ment in inelastic strain (Δεi) was 0.4% (see Table 1: Experiment 2 on Z1). For an increase in σ1

eff from 40
to 90 MPa at constant σ3

eff of 40 MPa, the above relations imply an increase in the effective normal stress
(eσ) supported by the clay‐filled grain contacts from 120 to 195MPa. For this change in effective normal stress,
drained, 1‐D consolidation test data performed on discs of wet illite powder show a decrease in void ratio (e=
φ/[1‐φ]; where φ is the porosity) from 0.22 to 0.15 (Brown et al., 2017). Note that this highly compliant den-
sification behavior is largely inelastic. For 1‐D compression, the reduction in illite porosity equals the normal
strain, so that the decrease in void ratio can be used to yield the largely inelastic normal consolidation strain
in the clay films, giving eε ≈ 6%. In turn, this means that for the increase in effective stress explored during
Experiment 2, the increase in inelastic vertical strain at the sample scale would be ε1

inel ≈ 0.3%. This value
is similar to increase in inelastic axial strain (Δεi) of 0.4% measured in Experiment 2, confirming that inelas-
tic deformation in Experiment 2 (i.e., Stage 2—Figure 1) can indeed be largely accounted for by consolida-
tion of and slip on intergranular clay films. In addition, intragranular cracking may have played a smaller
role, particularly towards the end of Experiment 2 (Pijnenburg et al., 2019).

Depletion of the Groningen gas field between 1963 and now (Pp decrease from 35 to 8 MPa) implies an
accompanying increase in σ1

eff from 30 to 57 MPa, and in σ3
eff from 8 MPa (based on leak‐off test data;

see Breckels & Van Eekelen, 1982) to roughly 27 MPa (±2 MPa; Van Eijs, 2015). For these effective stress
changes, the effective normal stress acting on the clay‐filled grain contacts (eσ ) increases from 57 to 126
MPa. For this increase in effective normal stress, the data obtained by Brown et al. (2017) show a decrease
in void ratio of 0.27 to 0.21, implying a normal strain of 4%. In turn, this means that for the above in situ
effective stress changes, the inelastic vertical strain yields: ε1

inel ≈ 0.2%. To compare the value obtained with
the in situ total (elastic + inelastic) compaction, we must first estimate the poroelastic strain that would
occur for the above porosity and vertical effective stress changes (Δσ1

eff). We assume a Biot coefficient of
1, and we use a Young's modulus E of 14 GPa, as has been described for Slochteren sandstone with a similar
porosity of 21.5% (Pijnenburg et al., 2019). The elastic strain thus yields Δσ1

eff/E = 0.2%. Summing up the
elastic and inelastic contributions, we estimate a total vertical strain of 0.4% will have accumulated over
the past 50 years of depletion. As can be seen, the inelastic component contributes approximately 50% to
the total amount of deformation, which falls within the range previously reported in experimental studies
on the strain partitioning in Slochteren sandstone during simulated pore pressure reduction (30–70%; Hol
et al., 2015, 2018, Pijnenburg et al., 2018, 2019). Moreover, the modeled total strain of 0.4% corresponds sui-
tably to the value of 0.3% estimated from in‐situ compaction measurements in the Zeerijp‐3 well (NAM,
2015; Cannon & Kole, 2017). This suggests that the inelastic contribution to the total deformation of
Slochteren sandstone can be realistically accounted for through the deformation of grain contact clay films,
at least at the center of the Groningen field where the reservoir is known to contain a significant portion of
clay‐coated grain contacts.

7.5. Rate Sensitivity

As noted in our introduction, it remains unclear whether compaction of the reservoir of the Groningen field
and other fields is time dependent, that is, whether ongoing compaction and/or associated seismicity should
be expected after production has been stopped. Some evidence has been presented for time‐dependent effects
during changes in production (rate) (Hettema et al., 2002; Van Thienen‐Visser et al., 2015; see also Mallman
& Zoback, 2007), but it is not clear if these are caused by reservoir creep, or other effects, such as transient
fluid flow in the faulted reservoir (Zbinden et al., 2017; Postma & Jansen, 2018), time‐dependent deforma-
tion of the overlying evaporites (Marketos et al., 2016), or pore pressure reequilibration of the underlying
shale‐rich formation (NAM, 2017). Here, we briefly examine to what extent sandstone deformation due to
clay film consolidation and slip can be expected to be rate sensitive. We again make use of the model shown
in Figure 8. The serial nature of consolidation and slip implied by the model configuration means that the
slowest process controls the overall deformation rate. To examine which of these processes is slowest, we
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explore the rates of both, at the state of effective stress currently prevalent in the reservoir (σ1
eff = 57 MPa,

σ3
eff = 27 MPa).

Ignoring any changes in the microstructural state of the illite film during slip, this sensitivity of the slip velo-
city vs to the grain contact shear stress eτ, expressed through the friction coefficient μ = eτ/eσ, can be described
through (Marone, 1998)

vs ¼ v0exp
μ−μ0
a−b

� �
(1)

Here μ0 is the reference friction coefficient at a reference slip velocity v0, and a and b are constants reflecting
the magnitudes of the so‐called direct and evolution effects of friction upon an experiment‐change in slip
velocity, respectively. For relatively pure (~95 vol%) illite gouges, tested at room temperature and an effective
normal stress of 40 MPa, μ0 = 0.26 at v0 = 1 μm/s, while (a − b) ~0.005 (Tembe et al., 2010). During grain
contact slip at static equilibrium, the grain contact friction must be roughly equal to the ratio of the shear
and normal contact stresses supported on this contact. Hence, μ ≈ eτ / eσ = 0.36. For these values of μ, μ0,
v0, and (a − b), Equation (1) yields a slip velocity of several hundreds of meters per second, implying that
at these conditions, slip occurs virtually instantaneously.

Consolidation of clay by dewatering is dependent on the drainage path, hence on the size of the clay exam-
ined (Fitts & Brown, 1999; Brown et al., 2017). As far as we are aware, no experimental data are available on
time‐dependent consolidation appropriate for consolidation of grain contact clay films with dimensions of
~50‐μm radius and several microns thickness. To explore the consolidation rate of the very small clay films
present on grain contacts, we developed a model based on Poiseuille outflow of the fluids present between
rigid illite plates (Batchelor, 2000), as outlined in detail in the supporting information (S6; Israelachvili,
1986; Batchelor, 2000; Carrier et al., 2016; Brown et al., 2017). This model implies that the consolidation rate
normal to each grain contact is given by

vc ¼ zhw
3

hw þ hilð Þηr2 σeff1 þ σeff3
� �

(2)

where z is the clay film thickness, hw and hil are the thicknesses of the constituent water films and clay plates
respectively, η is the water viscosity and r is the grain contact radius. For realistic values of each of these
parameters of hw = 3 nm, hil = 3 nm, η = 10−3 Pa s, and r = 50 μm (see S4) and the current state of effective
stress in the Groningen field, Equation (2) yields a consolidation velocity of roughly 0.5 mm/s. This rate is
much slower than the slip rate, such that consolidation will be rate controlling at these conditions.
However, for the decade time‐scales relevant to producing reservoirs, the consolidation rate again implies
near‐instantaneous deformation. Therefore, consolidation of and slip on intergranular clays are not expected
to contribute to ongoing compaction of the field once production has stopped in 2022. It remains difficult,
though, to rule out that slower creep processes, such as stress corrosion cracking (e.g., Brantut et al.,
2013) or pressure solution (e.g., Spiers et al., 2004) may start to contribute to ongoing reservoir compaction
and possibly seismicity in the decades/centuries beyond field closure.

8. Conclusions

This study analyzed the microphysical mechanisms accommodating inelastic (permanent) deformation in
Slochteren sandstone from the seismogenic center of the Groningen gas field in the Netherlands. This was
done by performing a sequence of five triaxial stress‐cycling experiments on a single, porous (20.4%) split‐
cylinder sample of Slochteren sandstone (cf. Spiers, 1979; Quintanilla‐Terminel et al., 2017). In
Experiments 1, 2, 3, and 5, we imposed increasingly larger stresses and/or axial strains, chosen to systema-
tically explore the main stages in mean effective stress (P) versus total porosity reduction (Δφt) behavior typi-
cally reported in the literature (e.g., Wong & Baud, 2012), and to include the small strains relevant for
producing reservoirs (ε < 1%). In Experiment 4, lower stresses and strains were explored than those mea-
sured in Experiment 3, to investigate the effect of loading history. All experiments were conducted while
using DMW as the pore fluid, a pore pressure of 1 MPa, an axial strain rate of 10−5 s−1, a loading rate (Ṗ)
of ~0.1 MPa s−1 and a temperature of 100 °C, similar to the temperature in the Groningen reservoir. To
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record themicrostructural evolution throughout the sequence of experiments, we removed the split‐cylinder
sample from the triaxial testing machine after each experiment and imaged the face of one of the cylinder
halves in full, at a resolution of 0.54 μm/pixel. Inelastic deformation at the millimeter‐ and grain‐scale
was analyzed using PIV and an ion‐milled strain marker grid, respectively. In addition, two control experi-
ments were performed to test if split‐cylinders exhibit the same mechanical behavior as a conventional,
intact plug. We concluded the following:

1. Our split‐cylinder samples (Z1 and Z2) and the intact cylindrical plug (Z3) showed similar P‐Δφt beha-
vior. In addition, the data obtained showed similar Stages 1, 2, and 3c behavior to that frequently reported
in the literature (refer Figure 1). The observed consistency implies that our split‐cylinder tests show
representative behavior for an intact sample.

2. In the microstructurally investigated Sample Z1, Stage 3c behavior was seen at total axial strains (εt)
between 1.4 and 4.8%. Micrographs obtained after Stage 3c revealed markedly localized, inelastic defor-
mation, where many intragranular cracks were seen in conjugate shear compaction bands. Similar bands
are widely reported to occur after Stage 3c deformation of intact plug samples, which further evidences
that the micromechanical behavior shown by our split‐cylinders is representative for intact plugs.

3. In Experiments 1 and 2 of Sample Z1, smaller axial strains were explored (εt < 1.0%), while the
P‐Δφt behavior reached showed typical Stage 1 and Stage 2 behaviors, respectively. Here,
intragranular cracking played a much diminished role, while inelastic deformation was mostly
intergranular.

4. The grain‐scale, inelastic effective shear strain (γgrain) seen after Experiments 1 and 2 (hence for Stages 1
and 2) was larger in regions where more grain contact clay was present. Such a trend could not be dis-
cerned after Stage 3c.

5. The mechanical behavior shown during Stage 2 of our experiments is thought to be most relevant to in
situ compaction in the Groningen field. Using a simple microphysical model for a clay‐bearing sandstone
deforming by clay consolidation and slip, we showed that the increase in inelastic axial strain of 0.4%
measured at the end of Experiment 2 on Sample Z1 (cf. Stage 2) and that inferred to have occurred in
the Groningen reservoir during depletion (~0.1% to 0.2%) can be roughly accounted for by consolidation
of and slip on intergranular clay films.

6. Based on this, the micrographical evidence for clay slip and consolidation after Experiment 2 (i.e., Stage
2; Figures 5c, 6c, and 6d), the direct relation between γgrain and grain contact clay content (Figures 7a and
7b), the widespread occurrence of intergranular clays in Sample Z1 (e.g., Figures 5a, 6a, and 6e), and the
uniform, inelastic deformation measured across the full Z1 sample face after Experiment 2 (Figures 4d–
4f), we infer that Stage 2 inelastic deformation in Sample Z1 was dominated by clay film deformation. We
accordingly expect that inelastic deformation of the clay‐rich Groningen reservoir center is largely con-
trolled by the behavior of intergranular clays.

7. Intergranular clay deformation was shown to be virtually instantaneous and dependent only on stress.
This implies that ongoing reservoir compaction by this mechanisms is not expected when gas production
from the Groningen field stops. In the periods of reduced production, or after production, other time‐
dependent processes (e.g., pressure solution and stress‐corrosion cracking) may start to play a role,
although it remains unclear whether these will lead to significant compacting in the coming decades
or centuries after field closure.

8. Clay‐bearing reservoir sandstones similar to the Slochteren sandstone are widely reported to occur in
fluid reservoirs worldwide, implying a direct relevance of our findings to a large number of fields.
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