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General Introduction

At the High Pressure and Temperature Laboratory in the Department of Earth Sciences (Faculty of
Geosciences) at Utrecht University a large experimental program into compaction and movement along
faults during earthquakes in Groningen was executed. The research program funded by NAM started in
2014 and lasted until 2018 (Ref. 1 to 4), when the DEEPnI project led by NWO took over (Ref. 5 to 7).
Additional experiments were performed at the Shell laboratory in Amsterdam and the ExxonMobil URC
laboratory in Houston.

Initially, the experiments were performed using core material obtained from the Stedum-2 well drilled in
1965 before pressure depletion in the North of the field had started. In 2015, an additional core was
recovered from the newly drilled well Zeerijp-2A.

The experiments on compaction in the Groningen gas field have been documented in numerous papers
published in reputable peer-reviewed journals and dissertations (Ref. 8 to 26). The current report provides
an overview of the full research program into compaction performed as part of the NAM-led research
program and the continuation of this program as part of the DEEPnI research program led by NWO.

Preparation of an overview report on compaction in the Groningen field was part of the ‘Study Plan
seismicity Groningen during pressure equilibration period’ (Ref. 27) requested by SodM. This study aims
to investigate the development of seismicity after close-in of the gas field, during the period of pressure
equilibration. Focus is on processes that could potentially cause a delay in the decline of the seismicity in
the Groningen field.
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Executive summary

This report summarises the work done on understanding the physical mechanisms and mechanics governing
compaction behaviour of the Slochteren sandstone, performed within a NAM-funded research programme (2015-
2021) focussing on the behaviour during production, and within the DeepNL research programme (2018-present)
focussing on the post-abandonment phase. In these collective studies, microstructural observations, obtained from
field material (depleted and undepleted core from the Groningen Gas Field) and experimental work (conventional
triaxial stress and uniaxial strain experiments), combined with experimental mechanical data, simulating stress
changes during production of the Groningen Gas Field, enabled us to identify the main grain-scale deformation
mechanisms operating in the Slochteren sandstone.

The Slochteren sandstone mainly consists of quartz grains, and smaller amounts of K-feldspar, with the grain-
to-grain contacts frequently containing um-thick, intergranular clay films. Experimental and microstructural work
suggested that most of the compaction observed in the Slochteren sandstone developed near-instantaneously, i.e.
over time-scales of hours-days. Slower experiments performed over weeks to months showed decelerating creep
deformation, contributing a modest 10-20% to the inelastic strain accumulated during active loading, i.e. a 10-20%
time-dependent contribution to strain. Together with the mechanistic constraints of the field, this suggests that
reservoir compaction in the Groningen Gas Field is largely rate-insensitive, with only a modest contribution of
time- or rate-sensitive mechanisms. During production, compaction is dominated by (virtually) rate-insensitive
processes, like poro-elastic deformation, and compaction of and slip along the intergranular clay films. On longer
time-scales of weeks-months, time-dependent compaction may be governed by a different mechanism, notably by
stress corrosion (intragranular) cracking. To what extent even longer-term compaction behaviour (decades-
centuries) will be influenced by this slow creep process, or by other creep processes such as pressure solution, still
requires further investigation and quantification.

Extrapolating experimental data obtained at the slowest strain rates achievable in the lab (i.e. 107 1) to the
current compaction rate in the field (i.e. 1000 slower) was attempted using various empirical rate-dependent
models, such as the RTCM model. Doing so suggested that additional strains of 10-50% can be expected (i.e.
inelastic strain in excess of what has already been accumulated at rapid/lab deformation rates). Though
experimental work hints at excess strain in the field after abandonment likely being at the lower end of this range
(10-20%), the broad range in forecasted strain illustrates the need to better constrain the models used for
extrapolation to field timescales. Since such slow deformation rates cannot be accessed in the lab, understanding
the microphysical processes underlying sandstone deformation is required.

Microphysical models describing rate-insensitive compaction were implemented in Discrete Element models
to assess sandstone compaction behaviour at the cm-dm scale. These numerical models can be used to evaluate
reservoir compaction in different locations on the field due to pressure equilibration or repressurisation, with rate-
sensitive mechanisms, such as stress corrosion cracking, to be added at a later stage. However, it should be noted
that even if the Slochteren reservoir formation would not exhibit much ongoing compaction after field closure due
to time-dependent compaction processes, that does not necessarily imply independence of subsidence and
seismicity from production rate and strategy. Even if reservoir compaction is fully time-independent, subsidence
and seismicity may be influenced by time-dependent (creep) deformation of the overlying Basal Zechstein and
rock salt, and by pore pressure re-equilibration within/near the reservoir (e.g. the clay-rich Ten Boer and Ameland
members), and/or the underlying low-permeable (Carboniferous) shales. In addition, time dependent behaviour
may perhaps be caused by transient fluid flow along faults.
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1 Introduction

The Groningen Gas Field in the north of the Netherlands is one of the largest onshore gas fields in the world.
However, prolonged gas production has reduced the initial gas pressure from 35 MPa in 1963 to 8 MPa by 2015.
The resulting increase in effective overburden stress has led to compaction at the reservoir level. This compaction
is expressed at the surface as subsidence, currently forecasted to be ~50 cm by the end of field life [Nederlandse
Aardolie Maatschappij (NAM), 2016]. At the same time, differential compaction across the many faults in the
reservoir has led to induced seismicity, with a maximum seismic event of magnitude 3.6 in 2012 in Huizinge (see
Figure 1; [Nederlandse Aardolie Maatschappij (NAM), 2016]).

While purely (poro-)elastic reservoir behaviour is easily quantified and modelled, a portion of the total
compaction will be inelastic [Spiers et al., 2017] and may continue long after exploitation has ceased [Ketelaar et
al., 2011]. Since the Groningen Gas Field is heavily faulted [ Nederlandse Aardolie Maatschappij (NAM), 2013],
lateral and vertical variations in the reservoir, controlled by the depositional environment [Visser et al., 2016],
would lead to differential compaction across those faults, resulting in slip and potentially induced seismicity. It
has been shown that most earthquakes occur at locations where compaction, expressed as surface subsidence, has
exceeded 18 cm [Bourne et al., 2014]. Those locations tend be in areas where the Slochteren reservoir sandstone
has a high porosity, such as in the central area of the field (cf. Figure 1a and b).
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Figure 1. Maps showing (a) the location of the Groningen Gas Field, the extent of the gas-bearing reservoir at approximately 3,000-m depth,
contours of the surface subsidence measured in 2013, and induced earthquake magnitudes and locations in the period 1991-2017
(www.knmi.nl - seismic catalogue), and (b) the vertically averaged porosity of the Slochteren reservoir sandstone and the main faults. Fault
throws range up to 300 m [Buijze et al., 2017], thus cutting the top of the reservoir. The porosity and subsidence data were provided courtesy
of the field operator [Nederlandse Aardolie Maatschappij (NAM), 2013]. This figure is modified after Pijnenburg et al. [2019a].

Compaction, subsidence and induced seismicity are predominantly controlled by mechanical deformation
processes physically deforming the structure of the rock. However, the underlying chemical and physical processes
operating at the grain contact-scale, controlling inelastic compaction, are poorly understood [Brantut et al., 2014;
J Zhang et al., 1990], limiting the forecasting of permanent reservoir deformation. Relevant mechanisms could
include coupled processes of intergranular sliding, contact crushing, grain-scale fracturing, sorption/desorption
and/or stress-induced dissolution-precipitation reactions (pressure solution). To evaluate the impact of gas
extraction and to assess future production-related hazards, identification and quantification of the
mechanisms controlling compaction of the reservoir, and its immediate over- and underburden, during
production and after abandonment is required. Only then an advanced modelling capability, based on the
physical and chemical processes operating, can be developed. To achieve this, experiments need to be performed
under realistic in-situ pressure-temperature-chemical conditions, simulating compaction at depth, coupled with
detailed microstructural analysis and microphysical theory. This was the premise under which an extensive
research programme (from 2015-2021), funded by the Nederlandse Aardolie Maatschappij, was established at
Utrecht University to investigate Slochteren reservoir compaction during production. This programme was
followed by a number of research projects, embedded in the NWO-organised DeepNL programme (from 2018
until now), investigating the post-abandonment behaviour of the reservoir, as well as the immediate under- and
overburden formations. This report gives an overview of the main conclusions from those studies to date.


http://www.knmi.nl/

2 The Groningen Gas Field

The vast Groningen Gas Field (~30 by 30 km) is located in the NE-Netherlands (Figure 1a), with the main
reservoir unit consisting of the ~100-200 m thick Slochteren reservoir sandstone, located at about 3 km depth. The
gas reservoir lies unconformably on its source rock, the organic-rich Carboniferous shales. Its base consists of
coarse, poorly sorted fluvial sandstones and conglomerates, gradating into cross-bedded, intermediate- to well-
sorted acolian sandstones towards the top [Grétsch et al.,2011]. The top 50-150 m of the reservoir are gas-bearing,
with 25+£10% of the pores being filled with connate water containing ~4.4 M NaCl (25.5 wt-%) [ Waldmann, 2012].
The reservoir is overlain by another clay-rich sequence, the 50 m thick Ten Boer claystone, followed by 500-1000
m of Permian evaporites [Amthor and Okkerman, 1998].

Overall, the Slochteren sandstone is quartz rich (72-90 vol%), with lesser amounts of feldspar (8-25 vol%),
clay (0.5-5.5 vol%), and lithic fragments (3—10 vol%; basaltic and sedimentary lithoclasts [ Waldmann et al., 2014;
Waldmann and Gaupp, 2016; Waldmann et al., 2017]). The mean size of the main framework grains ranges
between 150 and 250 um [Pijnenburg et al., 2018]. The surfaces of the quartz and feldspar grains are coated with
thin clay films (1-10-pm thick), which are also present in many grain contacts [Gaupp et al., 1993; Waldmann and
Gaupp, 2016]. Porosity (¢o), determined from wireline logs and fluid-immersion measurements [Nederlandse
Aardolie Maatschappij (NAM), 2013], indicate an average value of 18-22% at the centre of the field, decreasing
to 12-16% towards the field margins (see also Figure 1b).

In 2015, to investigate the physical mechanisms and mechanics controlling compaction in the Slochteren
sandstone, field operator Nederlandse Aardolie Maatschappij BV (NAM) launched a drilling operation at the
Zeerijp ZRP-3A well (for location see Figure 1b) to retrieve reservoir core from the highly depleted, most
seismogenic, central part of the field. Slochteren sandstone core recovered before depletion in 1965, from the
nearby Stedum SDM-1 well (see location in Figure 1b), was used as an undeformed, pre-depletion benchmark. At
the time of retrieval of the ZRP-3A core, the pressure in the field had fallen from the initial 35 MPa to a uniform
8 MPa, with subsidence reaching ~33 cm in the centre of the field. Assuming subsidence at the surface corresponds
to compaction at depth, this suggests very small vertical reservoir compaction strains of 0.1-0.3%, which is
consistent with in-situ fibre-optic strain measurements [Cannon and Kole, 2017]. Furthermore, the decrease in
reservoir pore pressure resulted in an upward shift of the gas-water contact by about 12 m (i.e. ~2971 m true
vertical depth [Waldmann et al., 2017]). However, no significant differences in mineralogy were observed for
samples from the transition zone compared to the under- and overlying rocks. Therefore, no significant water-rock
interactions or mineralogical changes are expected due to formation water ingress, suggestive of a negligible or
zero impact on the mechanical stability of the gas-water contact transition zone [ Waldmann et al., 2017].

The top of the reservoir is located at ~2900 m true vertical depth, with an average temperature of 100°C (varies
from 80-120°C [Nederlandse Aardolie Maatschappij (NAM), 2016]. The maximum stress (o1) is considered to be
vertical [Van Eijs, 2015] and was estimated to be 65 MPa prior to gas production [Schutjens et al., 1995]. The
minimum horizontal stress (o3) was determined to be 39-43 MPa [Breckels and van Eekelen, 1982; Hettema et al.,
2000; Van Eijs, 2015], while the initial pore pressure (P,) was 35 MPa [Nederlandse Aardolie Maatschappij
(NAM), 2016; Schutjens et al., 1995]. This suggests that the pre-production state of stress consisted of a maximum
principal effective stress (o1 = 1 - P,) of 30 MPa, a minimum principal effective stress (o5 = 53 - P,) of 4-8
MPa, and a differential stress O = (1 - 3) of 22-26 MPa. Current pore pressure in the field ranges from 7-17 MPa,
with 10 MPa at the Zeerijp-2 well [Nederlandse Aardolie Maatschappij (NAM), 2019], which would suggest that,
assuming the overburden stress remains constant, ¢1°" = 55 MPa and at most 65T = 29-33 MPa (with (o1 - 03) =
22-26 MPa), depending on the field stress path. These estimated changes in (o) - 03) and o5 provided the basis
for our choice of loading paths in the experiments described in the below sections.

3  Field observations

To improve the in-situ compaction monitoring program in the Groningen Gas Field, the newly drilled ZRP-3A
well was equipped with real-time compaction measurement equipment using a Discrete Strain Sensing (DSS)
system. Two separate DSS cables were installed along ~450 m of the well, spanning the base of the Zechstein
formation down to the top of the Carboniferous shales [Cannon and Kole, 2017]. The first period of DSS
monitoring started on 12/10/2015 and lasted a little over a year, showing that strain was inhomogeneously
distributed along the well but mainly compressive and increasing with time (Figure 2). Most of the in-situ measured
compaction occurred in the Slochteren reservoir itself, though significant compaction was also measured in the



overlying Ten Boer claystone and the top of the underlying Carboniferous shales, suggesting time-dependent
compaction in the over- and underburden is also contributing to subsidence and movements along pre-existing
faults.

Though the total in-situ strains in the reservoir that have accumulated since production started are estimated to
be small (0.1-0.3%), core taken from the ZRP-3A well was compared to the undeformed material from the nearby
SDM-1 well to see if there was evidence for the inelastic deformation mechanisms controlling reservoir
compaction. Potential mechanisms of inelastic reservoir compaction included (1) fracture of grains forming the
load-supporting rock framework, (2) grain-scale dissolution-precipitation, and (3) processes operating within grain
contacts, like asperity crushing/dissolution, clay film deformation and slip [Spiers et al., 2017; Verberne et al.,
2020]. Lithological variations, characterizing the central part of the field, were sampled and inspected using
techniques ranging from visual inspection to optical and backscattered electron (BSE) microscopy, X-ray mapping,
cathodoluminescence (CL) imaging, electron backscatter diffraction (EBSD) mapping, and image analysis.

a Accumulation of strain in the period 12/10/2015 to 23/10/2016 b Total strain
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Figure 2. (a) Strain measured along the DSS cable during the first year of monitoring (12/10/2015 — 23/10/2016). Note that the dashed lines
indicate the tops of the various lithological units, as indicated. (b) Total strain along the cable measured on 23/10/2016. The black curve
represents a heavily smoothed version of the data to aid in visualization of the average. Modified after Cannon and Kole [2017].

Depleted (ZRP-3A), undepleted (SDM-1) and lab-deformed (SDM-1; simulating depletion, deformed up to
0.2% inelastic strain) sandstone samples were found to be indistinguishable at hand-specimen scale. Quantitative
microstructural analysis of 28 thin sections, taken from 15-20 m-spaced depth intervals of both cores, was
performed [Verberne et al., 2020; Verberne and Spiers, 2017]. No evidence was found for more, or more recent,
diffusive mass transport in depleted versus undepleted samples, nor for statistically significant differences in the
reactivation of healed fractures. Furthermore, EBSD mapping of Dauphiné¢ twin boundaries showed that
(simulated) depletion was insufficient to measurably enhance Dauphiné twinning. Crack density analysis showed
that total crack densities were indistinguishable between depleted and undepleted material, as well as lab-deformed
sandstone. This suggests that grain failure did not play a significant role in producing inelastic strain as a result of
gas production. However, when focusing on specific mineral phases, it was found that K-feldspar grain were
preferentially cracked compared with quartz and other minerals in the depleted core material. Given the low
abundance of K-feldspars compared with quartz (~15%), and their spatially scattered distribution in the reservoir
rock, feldspar grains likely acted as passive markers indicative of deformation of the surrounding grain framework,
without significantly contributing to permanent deformation.



At the same time, weak clay films coating many of the detrital grain contacts play a role here as well. Long-
term clay consolidation strongly depends on effective normal stress [Brown et al., 2017]. Since the Groningen Gas
Field lies close to its maximum burial depth [Gaupp and Okkerman, 2011], intergranular clay films compacted
during burial would almost certainly deform further as the effective vertical stress increased from ~30 to ~55 MPa
during depletion of the Groningen reservoir. Inelastic compaction of individual, 2—5-pm-thick intergranular clay
films [Waldmann et al., 2017] by 4% (i.e. 0.1-0.2 pm) would already lead to reservoir compaction of 0.1-0.2%
strain for typical grain sizes of 100-200 um [Pijnenburg et al., 2019b]. Given the in-situ boundary condition of 1-
D vertical strain (zero lateral strain), such clay film compaction would need to be coupled with intergranular sliding
(clay film shearing).

d Before gas production b After gas production C Before gas production

Figure 3. Schematic diagram illustrating inferred reservoir compaction mechanism. Note, in this simplification, all grain surfaces are coated
with uniform clay films. In a real sandstone reservoir, clay films are discontinuous and locally absent, especially in distal regions of the field.
(a, b) ldealized volume of reservoir sandstone undergoing uniaxial compaction strain path typical of producing gas reservoirs. Orange: load-
supporting quartz framework; blue: sparse feldspar grains; red: clay films. Normal and shear displacements are indicated at selected grain
contacts. (c, d) Deformation at grain-contact scale. Increase in vertical effective stress (4o, due to pore-pressure depletion leads to uniaxial
compaction of bulk rock (a — b), accommodated by elastic deformation of quartz grain framework plus compaction and shear of clay films
trapped in load-bearing grain contacts (¢ — d). Increased stresses driving clay film deformation lead to fracture of weaker, corroded K-
feldspar grains (b), while stronger quartz grains remain intact. Shear within clay-filled grain contacts leads to increased lateral stresses due
to zero lateral strain. Taken from Verberne et al. [2020].

Therefore, it is inferred that elastic deformation of the Slochteren sandstone, coupled with inelastic deformation
by intergranular clay film compression and shear, offers the most viable explanation for the strains recorded by
cracked feldspars in the depleted core (see Figure 3 for a schematic diagram [Verberne et al., 2020]). It should be
noted that while these compaction strains match field subsidence and in-situ strain data well, they are virtually
impossible to detect in the post-mortem microstructure, as there are no internal strain markers either at the grain
or clay film scales. However, in-situ, timelapse micro X-ray tomography (micro-XCT) imaging of loose quartz
aggregates, with and without K-feldspar and clay simulating the Slochteren sandstone composition, confirmed that
the suggested mechanism is possible, with clay films dampening quartz grain breakage, while K-feldspar grains
act as markers evidencing deformation of the load-bearing framework [Cuesta Cano et al., 2021].

4 Experimental approaches

To systematically identify and quantify the grain-scale mechanisms controlling compaction in the Slochteren
sandstone during production (main focus of the NAM research program; Section 5) and after abandonment (main
focus of the DeepNL-related projects; Section 6) triaxial deformation experiments, coupled with detailed
microstructural analysis, were performed. It should be noted that experimental studies based on conventional
deformation tests express the mechanical behaviour in terms of mean effective stress (P = [o1 + 02 + 03]/3 - pore
pressure Pp) versus total porosity reduction (Agy), as illustrated in Figure 4. Typically, P-Ag; curves exhibit a
transition from initial, nonlinear, concave-up behaviour (i.e. Stage 1 behaviour) to near-linear behaviour (i.e. Stage
2 behaviour), which in turn is followed by nonlinear behaviour. The nonlinear behaviour is characterised by
dilation at low P and ¢ (i.e. Stage 3d, with suffix ‘d’ for dilation) and by nonlinear compaction at high P and ¢
(Stage 3c, with suffix ‘c’ for compaction).
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Stage 1 behaviour is generally believed to represent poro-elastic deformation, combined with semi-recoverable
closure of pre-existing damage or cracks [David et al., 2012; Walsh, 1965], and typically persists up to Ag; values
of ~0.3% at low-effective confining pressures (P = confining pressure P, — P, and at low @) to 2.0% (high P,
high ¢). At low P (i.e. P < 20 MPa), Stage 1 transitions directly into Stage 3d at Ag, = 0.3%. By contrast, at
PST> 20 MPa, Stage 1 is followed by Stage 2 behaviour. Recent experimental studies have shown that the near-
linear behaviour seen in Stage 2, persisting up to 1.5-4.0% Ag;, reflects combined elastic and inelastic behaviour,
where the inelastic part constitutes some 20% to 70% of the total deformation [Bernabé et al., 1994; Hol et al.,
2015a; Hol et al., 2018; Pijnenburg et al., 2018]. Eventually Stage 2 behaviour gives way to Stage 3c (nonlinear
compaction). Both Stages 3c and 3d are accompanied by pervasive intragranular cracking and intergranular or
interparticle shear, frequently localizing in shear fractures (Stage 3d), or compaction bands (Stage 3¢ [Baud et al.,
2004; Fortin et al., 2005; Tembe et al., 2008; Wu et al., 2000]). This shows that it is clear that inelastic deformation
contributes significantly to the compressive deformation of sandstone at the small strains (< 1%) relevant for
producing reservoirs. Therefore, the work done within the NAM and DeepNL research programmes has largely
focussed on understanding Stage 2 inelastic behaviour.

In total, four different types of deformation experiments were performed, which can be briefly described as:

1. Conventional triaxial deformation experiments on Slochteren sandstone of 12-25% porosity, at constant
strain rates of ~ 10 s (i.e. 107 times faster than the in-situ field strain rate of 1072 s™!), exploring the full
deformation behaviour of the Slochteren sandstone [Pijnenburg et al., 2018] — Section 5.1.

2. Time-lapse conventional triaxial compression experiments on Slochteren sandstone aimed at visualizing
deformation using high-resolution electron microscopy [Pijnenburg et al., 2019b] or synchrotron micro XCT
[Van Stappen et al., 2022] — Section 5.1.

3. Conventional triaxial and uniaxial (zero lateral displacement) deformation experiments at strain rates
of 107 to 10 s! on highly porous Slochteren sandstone [Pijnenburg, 2019; Shinohara and Hangx, 2023] and
analogue sandstone [Shinohara et al., in prep.] to evaluate the effect of deformation rate on compaction and
the controlling deformation mechanism after abandonment — Section 6.1. Note that conventional triaxial
experiments are the more commonly performed type of experiments, where the material is allowed to deform
in both the axial and radial direction. Uniaxial strain, or zero lateral displacement, experiments are more
difficult to perform but allow for a more realistic simulation of in-situ conditions, as radial deformation is
constrained.

4. Cyeclic triaxial experiments on Slochteren sandstone and analogue sandstone to investigate the effect of
loading rate and loading history on compaction, in the context of repressurisation of the reservoir [Jefferd et
al., in prep.] — Section 6.2.

When possible, Slochteren sandstone, obtained from the ZRP-3A and SDM-1 cores, was used for the
experiments. However, when using core material, the number of 25-mm-diameter samples with similar initial
properties (i.e. from the same depth interval) is limited to about five due to the ~10 cm core radius. In cyclic triaxial
experiments (experiment type 4) and some of the experiments described under point 3, it was deemed useful to
have more than five samples readily available, with similar starting properties. Therefore, for these studies (i.e.



[Shinohara et al., in prep.] and [Jefferd et al., in prep.]), samples were obtained from analogous, outcropping
sandstone. The selected analogue sandstone (Bleurswiller sandstone, Vosges [Baud et al., 2015]) is similar in
mineralogical composition, porosity and mechanical behaviour to highly porous Slochteren material (po = 21%).
All experiments were performed under realistic in-situ temperature, pressure and chemical conditions, at the stress
state prevailing in the reservoir (7= 100°C, 4 M NaCl brine at 10 MPa pore pressure; effective stress conditions,
see Section 2). To complement the clay-bearing, highly porous Bleurswiller sandstone, the quartz-rich Bentheimer
sandstone (> 95% quartz, po = 23%) was selected as a clay-free counterpart to evaluate the influence of
intergranular clay films on slow, time-dependent compaction behaviour.

5 Compaction during gas production

5.1 Time-independent deformation of the Slochteren sandstone

The time-independent (instantaneous) deformation behaviour of Slochteren sandstone was explored through
deviatoric (triaxial) and hydrostatic load-cycling experiments [Pijnenburg et al., 2019a]. The deformation
behaviour was explored using ZRP-3A samples having initial porosity (¢o) values of 13.4 to 26.4%, at strain rates
of ~107 s! (experiment duration of several hours), and for P° values up to 320 MPa and differential stresses up
to 135 MPa, chosen to cover and exceed the stresses relevant for reservoir compaction in Groningen. The results
are shown in Figure 5 and show similar mean effective stress (P = [o1 + 02 + 03]/3 - Pp) versus total porosity
reduction (Ag;) behaviour to that typically reported for sandstone (Figure 4).
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Figure 5. Plots showing the mechanical data obtained in our combined hydrostatic plus deviatoric stress-cycling experiments performed on
Slochteren sandstone samples from the ZRP-3A4 well, having low (p, = 13.4%; left column), intermediate (py = 21.5%, middle column) and
high initial porosities (pg = 26.4%, right column). All experiments consisted of hydrostatic stress cycling up to effective confining pressures of
5, 20, 40, and 80 MPa, followed by deviatoric stress cycling at constant P, (a—c) Mean effective stress versus total (Ap,; solid curves) and
inelastic porosity reduction data (A¢;; open circles). (d—f) Plots showing differential stress (o, - o3) versus total (e, solid curves) and inelastic
axial strain (e;; open circles) data. Arrows and annotations “d” and “c¢” indicate the onset of Stages 3d or 3c, respectively. Note that an
inelastic contribution to strain was measured after each stress cycle and observed even in Stage 2. Taken from Pijnenburg et al. [2019a].

During the near-linear portion of P - Ag; behaviour (i.e. Stage 2; see Figure 4), which is often taken to be fully
poroelastic, 30 to 50% of the total axial strain and porosity reduction measured was found to be inelastic. This
near-linear behaviour, and the associated small elastic plus inelastic strains (¢ < 1%) were judged to be most



relevant to producing reservoirs, such as the Groningen Gas Field and smaller gas fields in the Netherlands.
Subsequent microstructural analyses of the deformed samples suggested that the inelastic deformation developing
within Stage 2 was largely accommodated by intergranular displacements, with intragranular cracking becoming
increasingly important towards higher strains (Stage 3), and particularly where non-linear, dilatant (onset marked
by “d” in Figure 5a-c) or compactive behaviour (onset marked by “c” in Figure 5a-c) was observed.
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Figure 6: Micrographs obtained in successive experiments performed on (a) a single split-cylinder sample containing a reference grid on the
split surface. The P- Ag, plot shows the different experiment stages at which images of the deformed grid were taken. (b-e) Before and afier
test images, 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 4). (f) Electron dispersive X-ray spectrometry image obtained after the final Experiment 5. Pore-
filling/coating clays are mapped in red, while clays present within grain contacts are shown in yellow. Modified after Pijnenburg et al. [2019b].

To further elucidate the mechanisms enabling intergranular displacements at small strains, Pijnenburg et al.
[2019b] performed a sequence of five stress/strain-cycling plus strain-marker-imaging experiments on a single
split-cylinder sample (o = 20.4%) of Slochteren sandstone (Figure 6a). The tests were performed under in-situ
conditions of effective confining pressure (P°" = 40 MPa) and temperature (100°C), exploring increasingly larger
differential stresses (up to 75 MPa) and/or axial strains (up to 4.8%) in consecutive runs (Figure 6b). Control tests
confirmed no mechanical effects of the split-cylinder approach, compared to an intact sample. At smaller,
reservoir-relevant strains (< 1%), inelastic deformation was largely accommodated by slip on and consolidation of
pm-thick clay films present within grain boundaries, with a smaller role played by intragranular cracking (Figure
6b-¢; in line with inferred mechanisms observed in field core [Verberne et al., 2020]). In addition, an EDX map
showing the clay films present within grain contacts, filling pores, and coating pore walls is given in Figure 6f.
Intergranular deformations again appear to be larger in or near grain boundaries filled with clay films, which are
present throughout the ZRP-3A material (see yellow clay films indicated in Figure 6f). At higher axial strains (>
1.4%, i.e. in Stage 3), the split-cylinder method revealed pervasive intragranular cracking plus intergranular shear
displacements within localised, conjugate bands, as seen in previous experiments on material with similar porosity
at similar effective stresses [Pijnenburg et al., 2019b]. By this stage, the observed permanent grain-scale
displacements were larger (several microns, that is, > 1-3% strain). Using a simplified sandstone model, it was
shown that at constant effective stresses corresponding to the current state of depletion in the Groningen field (o;°f
= 57 MPa, 05° = 27 MPa) deformation by clay consolidation plus intergranular slip is rapid (order: mm/s), hence
virtually time- or rate-insensitive at the time-scales pertaining to the field. This was furthermore confirmed through
time-lapse synchrotron micro XCT imaging of a deforming Slochteren sandstone sample. In this experiment
imaging small-strain deformation in real time, compaction occurred through grain rearrangement accommodated
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by intergranular slip and normal displacements across grain boundaries, in particular, by closure of open grain
boundaries or compaction of inter-granular clay films [Van Stappen et al., 2022].

5.2  Modelling compaction during gas production

The above mentioned experimental results and microstructural observations formed the basis to develop
relationships to realistically and accurately describe the mechanical behaviour of the Slochteren sandstone
observed during production. As a first start, an empirical model was developed to describe the mechanical data
obtained by [Pijnenburg et al., 2019a]. The subsequent microstructural observations [Pijnenburg et al., 2019b]
formed the basis to deriving a constitutive model describing the real microphysical behaviour of the material.
Eventually, this constitutive model was implemented in a numerical approach, the Discrete Element Method
(DEM), used to model the behaviour of granular packs. This DE model aimed to simulate compaction of the
reservoir in space and time, including variations in porosity, mineralogy, grain size (distribution) and even stress
state. We developed a new particle-interaction law (contact model) for classic DEM to explicitly account for the
experimentally observed mechanisms of nonlinear elasticity, intergranular clay film deformation, and grain
breakage, thereby populating the model with realistic grain-scale mechanisms [Mehranpour et al., 2021].

5.2.1  An empirical model for inelastic plus elastic deformation behavior of Slochteren sandstone

At the small strains relevant to depletion in the Groningen field (e < 1%; cf. Stage 2, Figure 4), the inelastic
deformation response measured in stress-cycling experiments (Figure 6) was shown to be isotropic and well-
described by an empirical, Cam-clay-type plasticity model (model outlined in Pijnenburg et al. [2019a]). This
plasticity model was combined with a poroeleastic model to also describe the elastic contribution. The model was
first tested through a comparison of the mechanical behaviour implied by the model for 1-D compaction (zero
lateral strain) with data obtained in pore pressure depletion experiments conducted under uniaxial strain boundary
conditions, obtained on Slochteren sandstone samples from the ZRP-3A well by Hol et al. [2018], i.e. from the
same core as used in the present study (Figure 7).

Comparison of 1-D plasticity plus poroelasticity model behavior to 1-D experimental data [Hol et al., 2018]
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Figure 7. Comparison between the 1-D (uniaxial strain) behaviour implied by the plasticity plus poroelasticity model reported by Pijnenburg
et al. [2019a], and the data obtained in the 1-D cyclic pore pressure depletion experiments performed on Slochteren sandstone by Hol et al.
[2018], on samples with similar initial porosity (p,). Figure taken from Chapter 6 of Pijnenburg [2019].
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Comparison demonstrated a broad agreement between the model and the experimental results obtained by Ho!/
et al. [2018], as shown in Figure 7. Based on this, it was inferred that the present empirical model adequately
described the elastic plus (near-instantaneous) inelastic compaction behaviour of Slochteren sandstone under the
1-D boundary conditions expected in the bulk of the Groningen reservoir. Hence the model is likely applicable
more generally, such as for small 3-D deformations in the neighbourhood of faults.
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Figure 8. Plots showing the effect of the inelastic contribution to compaction of Slochteren on predicted effective horizontal stress (o;7)
changes and elastic versus inelastic strain partitioning during pore pressure reduction under uniaxial strain conditions, expected to be
prevalent in the Groningen field. Taken from Pijnenburg et al. [2019a].

The plasticity plus poroelasticity model was then applied to predict the inelastic versus elastic, 1-D (i.e.
uniaxial) compaction behaviour expected to accompany depletion of the Groningen reservoir. It was shown that
again 30 to 50% of the total uniaxial strain accrued is inelastic (Figure 8c). This means that a similar proportion
of the total mechanical work input into the reservoir during depletion is dissipated and unavailable for seismic
release. It further implies that poroelastic reservoir compaction models significantly overestimate the energy
budget available in the reservoir for seismicity. The impact of this on the magnitude-frequency distribution of
earthquakes in Groningen requires further investigation, following the lead given for example by Bourne et al.
[2014]. Furthermore, it is demonstrated that by accounting for the inelastic contribution to compaction, the
measured in-situ horizontal stress evolution during pore pressure reduction is much better reproduced
(correspondence within 25% - Figure 8b), compared to purely poroelastic estimates (correspondence within 25 to
50% - Figure 8a). Geomechanical modelling of compaction and fault rupture in the Groningen Gas Field has so
far assumed elastic reservoir behaviour [Bourne et al., 2014; Dempsey and Suckale, 2017; Lele et al., 2016; Smith
et al., 2019; Van Eijs et al., 2006; Wassing et al., 2016; Zbinden et al., 2017]. The present findings demonstrated
that including the inelastic contribution to reservoir compaction has a key role to play in future geomechanical
modelling, and in understanding induced seismicity. However, to what extent the current, essentially time-
independent, plasticity plus poro-elasticity model, calibrated to the data obtained in the above laboratory
experiments (hours in duration) applies at the much longer, decade time-scales relevant to production of the
Groningen field is as yet unclear, and formed the focus of some of the work done within the subsequent DeepNL
programme.
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5.2.2  Microphysical model for intergranular clay compaction and slip

Based on microstructural analyses (cf. Section 5.1), Pijnenburg and Spiers [2020] developed a simplified
microphysical model, incorporating intergranular clay deformation and grain failure. They used this model to
assess the extent to which these mechanisms could account for the instantaneous (time-independent) inelastic
deformation behaviour seen in the experiments on Slochteren sandstones. The model assumes a regular pack of
quasi-spherical quartz grains with truncated grain contacts, each covered with pm-thick clay films (Figure 9).

Comparison of model predictions of the deformation behaviour with the experimental data showed broad
agreement [ Pijnenburg and Spiers, 2020]. At the small strains relevant to producing reservoirs (i.e. where € < 1%),
the inelastic deformation could be largely accounted for by consolidation of and slip on intergranular clay films,
while the higher strain behaviour exceeding that relevant to reservoirs was well-captured by assuming dilatant
intergranular slip and intragranular cracking. Since grain boundary clay film consolidation and slip were found to
be time- or rate-insensitive deformation processes at stresses pertaining to the depletion of the Groningen reservoir,
reservoir compaction by these mechanisms is also expected to be time- or rate-insensitive. In accordance with this,
long-term compaction experiments were performed on the Slochteren sandstone over weeks [Pijnenburg et al.,
2018] to months [Ho! et al., 2015a] at similar stresses, temperature (100 °C), and chemical conditions (4M NaCl
brine) to those seen in the Groningen Gas Field. These experiments showed that the bulk of Stage 2 inelastic
compaction has been virtually instantaneous, while decelerating creep deformation contributed a modest 10 to
20% to the inelastic strain accumulated during active loading. The time-independent plasticity plus poro-elasticity
model outlined by Pijnenburg et al. [2019a] therefore captured the main trends of the in-situ compaction behaviour
at the decade time-scales relevant to the field, though compaction strains and lateral stresses may be slightly
underestimated by 10 to 20% due to other (decelerating) creep effects seen in long-term (weeks-months)
experiments [Hol et al., 2015a; Pijnenburg et al., 2018]. To constrain the long-term (decades - centuries) behaviour
of the reservoir, time-dependent mechanisms, such as stress corrosion cracking or other slow creep processes (e.g.
pressure solution), typically not seen in lab experiments of conventional (hours/days) duration, need to be
quantified and included in the constitutive model.

5.2.3 A Discrete Element Model including the new Slochteren Sandstone Contact Model

Discrete Element Method (DEM) is a powerful numerical method aimed at linking grain-scale properties to
macro-mechanical behaviour of granular media [Marketos and Bolton, 2009]. As such, it may be an appropriate
tool for predicting sandstone behaviour. To date, DEM simulations have proven to be able to qualitatively describe
stress-strain behaviour of granular aggregates, mainly through fitting to specific experimental data sets. However,
typically used contact models assume (visco-)elastic and frictional interactions at the grain-to-grain contacts.
Therefore, current DEM simulations are unable to capture the effects of intergranular clay film deformation, or of
grain crushing and pore collapse resulting from microcracking, in a realistic manner as seen in cemented
sandstones like the Slochteren sandstone. To improve the predictive capability of DEM simulations for sandstones
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under reservoir conditions, a new contact model describing both nonlinear elastic and inelastic interactions,
resulting from compaction of and slip along intergranular clay films [Pijnenburg et al., 2019b] was incorporated
in DEM (Itasca’s Particle Flow Code, PFC (see Potyondy and Cundall [2004], Mehranpour et al. [2021]). In
addition, grain failure was included on the basis of a grain indentation model leading to the propagation of a penny-
shaped microfractures.
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In the new Slochteren Sandstone Contact Model (SSCM), it was assumed that particles representing the quartz
grain framework were unbonded, meaning that the intergranular clay layers were assumed to have negligible
cohesion in both tension and shear. In addition, sand grains were allowed to deform elastically, as well as display
irreversible consolidation and shear of the intergranular clay films and quartz grain failure, in line with
experimental observations [Pijnenburg et al., 2019a; b]. The SSC model was calibrated against a limited set of
hydrostatic and deviatoric loading data obtained in conventional triaxial compression tests performed on the
Slochteren sandstone (by Pijnenburg et al. [2019a]). The model was further validated by simulating independent
pore pressure experiments conducted under in-situ reservoir stress and uniaxial strain conditions [Hol et al., 2018],
as well as measured in-situ compaction [Cannon and Kole, 2017], as shown in Figure 10.

Overall, the SSC model showed good agreement between the experimental data and the simulations, though
significant grain breakage was predicted to occur in highly porous, modelled samples (>20% porosity) at effective
axial stresses of > 60 MPa. Furthermore, predicted depletion-induced compaction rates, expressed as the amount
of strain per bar of pore pressure depletion, are slightly higher than the average laboratory rates, though they fall
in the same range and show a similar dependence on porosity. By contrast, simulations also showed that the
predicted compaction rates fell at the lower limit of the field-measured depletion-induced compaction rate. This
discrepancy is inferred to be due to the short period of in-situ field data collection, uncertainties in average porosity
over the field measurement interval, and/or uncertainties in the in-situ state of stress.

After calibration and validation of the model, it was used to systematically investigate the compaction
behaviour of Slochteren sandstone with different porosities, particle size distributions, and clay contents, as well
as a wider range of stress-strain boundary conditions. As such, the SSC model makes it possible to study the
mechanical behaviour of a single, “digital”, sample under numerous boundary conditions and loading paths. This
offers potential to better constrain in-situ stresses and compaction behaviour throughout the field, at least at the
cm-dm scale. Furthermore, this capability allows for the generation of a data bank suitable for fitting analytical
constitutive models to the simulated data to obtain strain hardening deformation laws and macroscopic yield/failure
criteria for sandstones, which can be used for upscaling to the reservoir scale.

5.2.4  Effects of mineralogy, grain size distribution and horizontal stress on compaction: DEM simulations

Within the DeepNL research programme, the SSC model developed in the NAM-funded programme was further
utilised to systematically investigate the effects of mineralogy (% K-feldspar, presence/absence of intergranular
clay films), mean grain size and grain size distribution, and stress path on the compaction behaviour of the
simulated Slochteren sandstone [Mehranpour and Hangx, in prep.-a; b]. This allowed for assessment of sandstone
compaction behaviour in a broad range of scenarios, relevant for the Groningen Gas Field.

Petrographical studies have shown that, while intergranular clay films are prevalent in the centre of the field
[Waldmann et al., 2017], with a clear south-to-north trend of increasing grain-coating clay content [ Visser, 2016].
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At the same time, given the depositional environment of the area, average grain sizes and grain size distributions
also vary throughout the field [Visser et al., 2016]. Therefore, in these series of simulations, on the one hand the
K-feldspar content (0, 5, 10 and 15%; random distribution) was systematically varied for aggregates with and
without intergranular clay films. Similar to the field and experimental observations, the K-feldspar grains could
serve as passive markers for deformation of the load-bearing quartz framework [Mehranpour and Hangx, in prep.-
b]. On the other hand, grain size distributions were varied from normal to Gaussian (based on volume or counting
fraction), with ranges of 110-300 um (narrow) and 60-350 um (broad) [Mehranpour and Hangx, in prep.-b]. All
simulations on the simulated quartz aggregates were performed under the same stress conditions: 1) triaxial
compression at an effective horizontal stress of 20 MPa until yield or failure occurred, and 2) pore pressure
depletion under zero lateral strain boundary conditions (uniaxial compression) similar to the stress path of the
Groningen Gas Field up to full depletion [Ho! et al., 2018; Mehranpour et al., 2021].
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Figure 11. Simulated compaction behavior of aggregates with a porosity of 21.5% and a range of K-feldspar ratio (0, 5, 10 and 15%) and clay
film thickness under (a) triaxial compression with a lateral stress of 20 MPa, and (b) cyclic uniaxial compression with an initial confining
stress similar to the Groningen gas reservoir pre-depletion stress state (o;'= 20 MPa) and 35 MPa axial stress cycle range, simulating
reservoir depletion to full depletion and repressurisation. (c-f) The number of failed grains (quartz: green; K-feldspar: blue), as well as the
fraction of failed K-feldspar grains (red lines) in the uniaxial compaction simulations shown in (b), for K-feldspar contents of (c) zero %, (d)
5%, (e) 10% and (f) 15%. Solid lines: aggregates with intergranular clay films; dashed lines: clay-free aggregates. Figure adapted from
Mehranpour and Hangx [in prep.-b].
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For an aggregate of 21.5% porosity, with a uniform grain size distribution and grain size range of 110-300 um
deformed under triaxial loading conditions, the strength and elastic modulus of simulated Slochteren sandstone
decreased when increasing the K-feldspar content from zero to 15% (Figure 11a-b), likely as K-feldspar contains
cleavage planes, may be corroded, and hence tends to be weaker than quartz [Hangx et al., 2010] thus exhibiting
increased fracturing (see Figure 11c-f, cf. quartz vs. K-feldspar breakage). Furthermore, the presence of thin clay
films in the grain contacts led to additional strain (compare solid and dashed lines in Figure 11a), which was in
part due to the compaction of and slip along these clay films, together with increased brittle fracturing of both
quartz and K-feldspar grains. Similar behaviour was seen when the simulated aggregates were deformed along the
stress path expected for full depletion of the field, with more total and permanent strain accumulated in aggregates
with clay films and higher K-feldspar content (Figure 11b). Overall, increasing K-feldspar content and including
intergranular clay films led to more breakage of the quartz and K-feldspar grains, with K-feldspar showing
preferential breakage, especially for less corroded, stiffer grains (Figure 11c-f), as also seen in the high porosity,
depleted core material retrieved from the field [Verberne et al., 2020]. It was inferred that in the absence of clay
films, more of the stress is carried by the stronger, load-bearing quartz framework, protecting the weaker K-
feldspar grains from breakage. In turn, with fewer K-feldspar grains breaking, there would be less stress arching
around quartz grains in their vicinity, further reducing the possibility to accumulate strain [Mehranpour and
Hangx, in prep.-b]. It should be noted that selected simulations on aggregates (90% quartz, 10% K-feldspar)
showed that the extent of grain breakage also scaled with porosity, as expected, with fewer grains breaking in
lower porosity material.
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Figure 12. a) Schematic diagram showing the grain size distributions investigated in DEM simulations, either as counting (i.e. number of
grains) or volume fraction distributions. Simulated compaction behaviour of simulated pure quartz aggregates with a porosity of 21.5% and
a range of grain size distribution (GSD) under (b) triaxial compression with a lateral stress of 20 MPa (insert: maximum differential stress
versus the average coordination number for each GSD), and (c) cyclic uniaxial compression with an initial confining stress similar to the
Groningen gas reservoir pre-depletion stress state (o= 20 MPa) and 35 MPa axial stress cycle range, simulating reservoir depletion to full
depletion and repressurisation. Figure modified after Mehranpour and Hangx [in prep.-aj.

For a pure quartz aggregate of 21.5% porosity, deformed under the same triaxial and uniaxial stress conditions,
grain size distribution (see Figure 12a for selected distributions) simulations showed a significant impact on the
extent of compaction (Figure 12b-c). Aggregates with a narrow grain size distribution (i.e. 110-300 pm) typically
displayed higher failure strengths, as well as less total and permanent strain, compared to their broader grain size
distribution counterparts (cf. CUN, VUN and VGN vs. CUB and VBG; Figure 12b-c). It should be noted that
broad grain size distributions skewed to contain a larger fine-sized fraction also showed higher peak strengths and
less compaction than their non-skewed counterparts (cf. VGBS vs. VGB; Figure 12b-c). Likely the finer particles
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dampened the stress concentrations on the larger grains, leading to less breakage of the larger grains, as also
observed in loose sand aggregates [ Hangx and Brantut, 2019]. The simulations performed to date demonstrate the
potential DEM, including realistic grain contact behaviour, has to generate a database for predicted compaction
behaviour of Slochteren sandstone, taking into account lateral and horizontal variations in mineralogy, porosity
and grain size (distribution).

For three pure quartz aggregates with porosities of 13.4% (130-330 um grain size), 21.5% (110-300 pm grain
size) and 26.4% (150-390 pum grain size), based on previously studied sample material [Hol et al., 2018],
simulations were performed under different boundary conditions aimed to study the impact of the state of stress
[Mehranpour and Hangx, in prep.-a]. For simulated uniaxial compression conditions, similar to the stress path of
the Groningen Gas Field, simulations suggested that for the highest porosity sandstone, failure accompanied by
substantial compaction is achieved during gas production, which would mean that the perceived in-situ state of
stress is not the true stress state. Polyaxial simulations, taking into account both the minimum and maximum
horizontal stress, suggested that the pre-production intermediate principal stress tends to have a bigger effect on
the compaction behaviour than expected, especially at low minimum principal stress values. As such, it is predicted
that it is likely that the pre-production minimum horizontal stress was higher than 10 MPa, in order for the high
porosity zones to be able to bear the state of stress. From the simulations, it was inferred that the minimum
horizontal stress was probably ~15 MPa prior to production, with the maximum horizontal stress being on the
order of 15-20 MPa, i.e. a horizontal stress ratio of ~1-1.3, in line with field observations [Van Eijs, 2015].

6 Compaction in the reservoir after abandonment of the field: insights from recent

studies

As shown in Section 5.1, deformation of the Slochteren sandstone during production is controlled by both
elastic and time-independent, inelastic mechanisms. This work already hinted at time- or rate-dependent
compaction playing a modest role on the longer term. This led to continued research, focussing on elucidating
these possible time-dependent mechanisms, as after abandonment of the field, when gas pressure remains virtually
constant, they may play an increasing role in controlling inelastic compaction of the reservoir. Such mechanisms
could include stress corrosion cracking (i.e. time-dependent crack growth aided by the presence of fluids), pressure
solution (i.e. stress-induced dissolution and precipitation, potentially enhanced by the presence of intergranular
clay films), or other yet unidentified mechanisms. However, at present it is unclear which mechanism(s) will
control post-abandonment compaction behaviour (> 10-100 years), and if there will be a gradual transition from
one mechanism to another over time. Therefore, in the framework of the DeepNL programme, dedicated
experiments and analyses were performed to explore the microphysical processes operating at the grain contacts,
particularly at very slow loading rates, contributing to inelastic strain (Section 6.1 [Shinohara et al., in prep.]).

At the same time, after abandonment, pressure equilibration throughout the field [Nederlandse Aardolie
Maatschappij (NAM), 2021], and re-pressurisation aided by inflow of the surrounding aquifer [Wildenborg et al.,
2022], may lead to further deformation of the reservoir. The former may lead to additional compaction, particularly
in the northern regions of the field that have been experienced less pressure reduction during production
[Nederlandse Aardolie Maatschappij (NAM), 2021]. By contrast, the latter will reduce the effective state of stress
again and may lead to (partial) recovery of elastic compaction. Systematic experiments were performed to
investigate the effect of loading history on subsequent inelastic strain (Section 6.2 [Jefferd et al., in prep.]).
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Figure 13. (a) Mechanical data obtained in conventional triaxial loading experiments performed on water-saturated Bleurswiller sandstone
shown as differential stress (Q = o, — 03) versus total axial strain (¢,,) data, obtained at different axial strain rates at 100°C and 29 MPa
effective confining pressure. (b) Excess inelastic strain as a function of axial strain rate at various differential stress levels that ranges from
30 to 90% of peak differential stress reached at an axial strain rate of 107 s (Q/Qpeax 107). Error bars show standard deviation. Crack counts
and crack orientations are shown for (c) quartz (Nupger = 545, 0.4 = 821, nyg.s = 772) and (d) feldspar grains (unier = 619, nyo.q = 707, njp.s =
773), in deformed and undeformed samples, where n denotes the number of counted cracks. Note that a crack orientation of 90° means that
the cracks are oriented parallel to the loading direction. Figure modified after Shinohara et al. [in prep.].

6.1  Time-dependent grain-scale mechanisms operating in the Slochteren reservoir

6.1.1  Slow crack growth in load-bearing grains

To elucidate the time-dependent mechanism(s) that could contribute to sandstone compaction after
abandonment, conventional triaxial experiments were performed to systematically investigate the effect of loading
strain rate (strain rates of 1073-107° s™!) on the elastic vs. inelastic compaction of water-saturated sandstone
[Shinohara et al., in prep.]. Given the limited availability of Slochteren sandstone samples with similar properties
(max. five samples per depth interval of any core), these experiments were performed on analogue sandstone,
consisting of the clay-bearing Bleurswiller sandstone (cf. Section 4), as well as quartz-rich Bentheimer sandstone,
as a clay-free counterpart. Results showed a systematic lowering of the stress-strain curves with decreasing axial
strain rate (i.e. slower loading rate) in both sandstones (see Figure 13a for the Bleurswiller sandstone). In contrast
to the quartz-rich Bentheimer sandstone, the Bleurswiller sandstone also showed more compaction at lower strain
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rates at lower differential stress values (< 70% peak differential stress, i.e. conditions relevant for sandstone
reservoirs). Assuming the experiments performed at rapid loading rates (i.e. 103 s!, experiment time of several
seconds) showed very little time-dependent deformation, it is possible to calculate the excess inelastic strain
obtained at a slower rate for a given differential stress, i.e. Ae = e(at slower rate) - e(at € 107 s') at a given
O/Qpeac'®? (Figure 13b). At the stress conditions relevant for the Groningen Gas Field (see blue bar in Figure 13),
this O/QOpeax'® = 0.3. The results obtained on the Bleurswiller sandstone, suggest that under those conditions,
decelerating strain rate from 107 s to 10 s! leads to approximately a 10% increase in inelastic strain, in line
with observations made previously (see Section 5.1 [Hol et al., 2015a; Pijnenburg et al., 2018]).

The observed dependence of the deformation behaviour on temperature, confining pressure and pore fluid pH,
plus detailed microstructural analysis, gives insight in the main grain-scale deformation mechanism. It is inferred
that for the Bleurswiller sandstone, at lower differential stress (< 70% peak differential stress), the observed rate
effect is mainly caused by intergranular clay compaction and slip, coupled with grain breakage to accommodate
further displacements. It should be noted that at slower deformation rates, crack orientations were largely aligned
parallel to the loading direction, compared to more randomly oriented cracks at faster rates (Figure 13c-d). For
both the Bleurswiller and Bentheimer sandstone, stress corrosion cracking coupled with intergranular sliding
dominated compaction at higher differential stress, as is also often seen in other studies performed at near-failure
stress conditions [Baud et al., 2015; Wong et al., 2001].
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Figure 14. Mechanical data obtained in conventional triaxial stress (solid lines) and uniaxial strain (dashed lines) experiments on water-
saturated Slochteren sandstone, performed at room temperature and strains rates of 10°° and 10 s (blue and red curves, respectively).
Applied axial stress oy (solid and dashed curves) and confining pressure P- (dotted curves, for uniaxial experiments only) versus total axial
strain for (a) material obtained from the Zeerijp-3A well with a porosity of 16.1%, and (b) material obtained from the Stedum-1 well with a
porosity of 18.5-18.8%. Note that in (a), due to technical issues, part of the data obtained in the triaxial experiment performed at axial strain
rate of 10755 is missing. The missing part is shown with a small-dash, interpolated, curve. Figure modified after Shinohara and Hangx [2023]
and currently unpublished data.

For a select set of Slochteren sandstone samples (po = 16.1-18.8%) both conventional triaxial and uniaxial
compression experiments were performed to verify if the behaviour observed for the analogue sandstone was
representative for the Slochteren material (Figure 14 [Shinohara and Hangx, 2023]). The triaxial experiments
displayed similar behaviour as observed for Bleurswiller sandstone, with a lowering of the peak stress and more
excess strain developing in the slower loading rate experiments (see solid curves in Figure 14). This behaviour
was also observed in cyclic loading experiments on Slochteren sandstone under the same conditions, with varying
loading rates between cycles [Jefferd et al., in prep.]. By contrast, the uniaxial experiments appeared to be hardly
impacted by the loading rate and display substantially less axial strain, in line with previous observations on
Slochteren sandstone [Ho! et al., 2018]. The increase in confining pressure required to inhibit the sample from
expanding laterally was carefully monitored in the uniaxial experiments (see dotted lines in Figure 14). Confining
pressure (P (initial) = 39 MPa) needed to be increased by ~ 5 MPa to maintain a zero displacement boundary,
while the axial stress was increased by 50 MPa. It should be noted that if intergranular clay deformation, time-
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dependent grain breakage and rearrangement were the mechanisms leading to time-dependent compaction in
Slochteren sandstone under triaxial conditions, these should be (partly) inhibited in the zero lateral (uniaxial) strain
experiments. So, while grains may experience stress corrosion cracking (see [Hol et al., 2015a])), if this grain
breakage does not lead to a (volumetric) strain due to the material being constrained from expanding laterally,
grain rearrangement is limited and hence slip along grain boundaries is inhibited. Microstructural analysis will be
performed in future to verify the deformation mechanism.

6.1.2  Slow stress-induced dissolution-precipitation in load-bearing grains

Though intergranular frictional slip and stress corrosion cracking are inferred to be the two mechanisms
controlling sandstone compaction in the time period immediately after abandonment [Ho! et al., 2015a; Pijnenburg
et al., 2018; Shinohara et al., in prep.], slow stress-induced dissolution-precipitation may play a role on the longer
term. Stress-induced dissolution-precipitation, or Intergranular Pressure Solution (IPS), involves the dissolution
of grain material at highly stressed grain contacts, followed by the diffusion and precipitation of this material to
lower stressed grain boundaries [Pluymakers and Spiers, 2014; Spiers et al., 2004]. The mechanism is dependent
on grain contact stress, acting across asperities (roughness) in the grain boundary, and temperature. In quartz
aggregates it operates faster at higher (effective) stress, porosity and temperature. However, once the contact stress
becomes too low, such as due to porosity reduction, the process will stop and grain boundary healing will occur
[van Noort et al., 2008]. Under the pre-production stress conditions prevalent in the Groningen Gas Field, it was
estimated that IPS would no longer be active, i.e. grain boundary healing had occurred, which would explain the
preservation of porosity in the Slochteren sandstone despite its burial to 3 km depth.

Gas extraction effectively increased the stress acting across these healed grain boundaries, which suggests that
over time the initialled healed contacts could experience a state of stress that would promote IPS again. The
possibility of transient creep via dissolution of intergranular asperities between quartz grains (i.e. dissolution of
grain boundary roughness) has not been evaluated yet. However, first order approximations, based on existing
pressure models [Pluymakers and Spiers, 2014] and quartz dissolution kinetics [Rimstidt, 2015; Tester et al.,
1994], suggest that IPS creep rates could be on the order of 107'2-10'3 s7! for the current stress and porosity
characteristics of the Groningen Gas Field [Jefferd et al., in prep.]. These estimates are of the same order of
magnitude as the current compaction rate of the field, i.e. ~0.2% strain in ~ 60 years (cf. Section 2) or an average
compaction rate of ~107'2 s”!. Furthermore, IPS in the Slochteren sandstone can be impacted by the presence of
thin intergranular clay films [Rutter and Elliott, 1976], which could reduce diffusion rates of dissolved material
through the grain boundary or enhance interface kinetics [Greene et al., 2009; Rutter and Elliott, 1976]. Within
the DeepNL programme, experiments are planned to quantify the effect of clay films on dissolution of grain
boundary asperities.

6.2  Effect of pressure changes due to pressure equilibration and aquifer support

Once production is halted, the pore pressure in the field is expected to equilibrate over time, as currently the
areas near the still-operational production wells are at a lower pore pressure than the more distal parts of the field.
This means that the more northern parts of the field, currently at a higher pore pressure, will experience an increase
in effective overburden stress with time. Likely pore pressure equilibration will be fairly rapid on the timescale of
the lifetime of the field (e.g. see predictions for a scenario with continued minimum production [Nederlandse
Aardolie Maatschappij (NAM), 2021]). This suggests that the amount of compaction in those areas can be
estimated following the deformation behaviour observed in previous experiments (cf. Figure 5 [Pijnenburg et al.,
2019a]), and possibly through use of DE models [Mehranpour and Hangx, in prep.-a; b; Mehranpour et al., 2021].
It should be noted that the porosity in the northern part of the field is slightly lower than the central part, where the
extensively tested Stedum-1 and Zeerijp-3A cores were obtained (12-16% vs. 18-22%; see Figure 1b). It has been
shown that the stress-strain behaviour of the Slochteren sandstone is dependent on porosity, with less strain
accumulating in lower porosity material [Pijnenburg et al., 2018]. However, petrographical studies have
demonstrated that there is an increase in grain-coating clay content towards the northern side of the field [Visser,
2016]. If this clay is present in more grain-to-grain contacts and/or of greater clay film thickness, it is possible that
more strain can be accumulated than suggested by the current experiments [Mehranpour and Hangx, in prep.-b].
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Figure 15. (a) Differential stress as a function of axial strain for Slochteren sandstone, deformed at Pceff = 29 MPa at 100°C. Each cycle of
loading was carried out at one of three strain rates, and in between each cycle the sample was fully axially unloaded. The coloured circles
correspond to the cumulative total inelastic strain generated at the end of each cycle. (b) Differential stress as a function of axial strain for a
select number of cycles represented in (a). For all cycles, the previous inelastic strain has been removed to illustrate the effect of rate on the
stress-strain behaviour. The stars correspond to the maximum stress reached in each cycle of the experiment and the black horizontal lines
correspond to the maximum stress reached in the cycle prior to the slow loading cycles shown. Note, to improve readability the unloading
curves are omitted from the figures (modified after Jefferd et al. [in prep.]).

On a longer timescale, the surrounding aquifers will be flowing into the reservoir leading to a pressure
redistribution. Recent modelling predictions have suggested that this may lead to a substantial drop in pressure in
the surrounding aquifers, while resulting in only little repressurisation of the Groningen Gas Field after
abandonment [Wildenborg et al., 2022]. Experiments under cyclic loading conditions at variable loading rates
have demonstrated that the amount of inelastic, non-recoverable deformation increases at lower loading rates
(Figure 15a). Furthermore, the cyclic loading experiments showed that cyclic loading only adds significantly more
inelastic strain if the reloading rate is substantially lower than any previous cycle, or if a new higher stress value
is reached and this effect is exacerbated when the new stress level is approached at a lower loading rate (Figure
15b). As larger amounts of time-dependent inelastic strains are produced as new stress levels are reached, it implies
that the operating time-dependent deformation processes are highly stress-sensitive, such as is known for rate-
dependent friction and stress corrosion cracking. On this basis it can be inferred that the amount of compaction in
the surrounding aquifers depends on their mineralogy and porosity [Mehranpour and Hangx, in prep.-b] , and also
on the rate at which the pore pressure decreases and how that rate compares to historical stresses and stressing
rates. By contrast, the repressurisation of the Slochteren sandstone by only a few bars [Wildenborg et al., 2022]
will lead to only marginal recovery of elastic strain, as roughly 30-50% of the total strain obtained during the
production stage is elastic (Section 5.1).

6.3  Preliminary model to describe time-dependent compaction by frictional slip and grain breakage

Experiments performed at loading rates down to 10 s! suggest that rate-dependent intergranular frictional slip
plus subcritical (stress corrosion) crack growth and grain failure control rate-dependent deformation of the
Slochteren sandstone. It should be noted that the rate of deformation depends on whether these processes can
operate in series (i.e. sequentially, whereby the slowest controls the rate), or in parallel (i.e. concurrently, whereby
the fastest controls the rate). In deforming granular materials, such as sandstones, serial or parallel operation of
these mechanisms depends on i) the imposed mechanical boundary conditions (e.g. uniaxial compaction with zero
lateral strain versus axial compression at fixed lateral stress) and ii) the microstructural state of the material,
measured in terms of a suitable proxy, such as strain or porosity [Jefferd et al., in prep.].

In conventional triaxial experiments, when a fully-consolidated or over-consolidated material is held at a
constant lateral stress, both rate-dependent intergranular slip and subcritical grain failure can occur in parallel, with
the faster mechanism controlling the deformation rate. However, under uniaxial strain conditions, such as
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representative for in-situ conditions, the material is inhibited from deforming laterally. In that case, a fully- or
over-consolidated material will not be able to deform by intergranular slip unless grain failure occurs, allowing for
space for rearrangement. Now the slower, most resistive mechanism will control the deformation rate or rate-
dependence. Similarly, microstructure plays an important role, particularly if the material is underconsolidated
[Pijnenburg et al.,2019a; b] when intergranular sliding motions may be possible without requiring grain breakage
under both uniaxial and triaxial boundary conditions. Until a locked aggregate is achieved, which will be after
only a small amount of strain under uniaxial conditions, rate-dependent intergranular slip and grain breakage by
subcritical crack growth will operate in parallel, with the faster (easier) one dominating the rate-dependent
deformation response. Once a locked aggregate is achieved, a switch in rate-controlling mechanism may occur,
e.g. from easy intergranular slip at low strains to more difficult grain failure by subcritical cracking at higher strains
(cf. 1-D creep experiments on Slochteren sandstone reported by [Hol et al., 2015a; Hol et al., 2018]) or vice-versa,
and the material will respond as described for the consolidated case. This may explain why in the uniaxial
experiments less deformation is achieved at the same applied axial stress.

The deformation behaviour resulting from rate-dependent intergranular slip has been described in a simplified
microphysical model for axi-symmetric stress conditions [Pijnenburg et al., 2018; 2019b]. The model is able to
evaluate the role of rate-dependent frictional slip in controlling very small time-dependent deformations, such as
observed during stress relaxation experiments [Pijnenburg et al., 2018]. However, effects of strain on
microstructure, and of microstructural heterogeneity on relating the shear and normal stresses on sliding grain
contacts to the macroscopic (sample scale) stress state, are not considered. As a result, important effects, such as
strain-dependent hardening and softening, are not captured and will need to be in future models.

To describe rate-dependent deformation controlled by subcritical crack growth, a preliminary model is being
developed for grain failure by propagation of meridional cracks [Jefferd et al., in prep.]. The choice for meridional
cracks is warranted by the microstructural observations made in slow loading experiments on analogue sandstone
(see also Section 6.1.1; [Shinohara et al., in prep.]). This model is based on the original model of Kendall [1978]
for meridional grain failure by equilibrium Griffith cracking, and will be extended to allow for kinetic growth at
lower (subcritical), crack-tip stress intensities by the stress corrosion mechanism [Atkinson, 1984; Lawn, 1993]. It
is assumed that subcritical Mode I (opening) cracks grow parallel to the maximum (vertical) compressive stress
and open towards unloaded pore wall surfaces, i.e. they follow the path of least resistance in 3-D. In this case,
crack growth (opening) is driven by the bending moment developed in the crack walls [Kendall, 1978] and will
lead to a bulk axial strain increment, caused by local intergranular rearrangements and/or grain boundary clay film
deformation occurring in response to grain splitting. Under 1-D strain conditions, this represents a volumetric
strain increment, which is assumed to scale with grain volume. The associated strain rate is then obtained by
calculating the grain lifetime, i.e. the time it takes for the crack to traverse the full length of the grain and lead to
grain breakage. Therefore, it can be expected that axial strain rate directly reflects subcritical crack growth rate.
Since in a real sandstone, there will be a distribution of grain diameters, the strain increment upon grain breakage
and the energy release associated with that will also be distributed. As such, there will be a distribution of grain
lifetimes and hence strain rate will evolve with time and strain/porosity reduction.

Through fitting to experimental data, such as stress-strain data obtained over a range of deformation rates at
in-situ PT-stress-fluid conditions and using closely similar “sister”” samples to minimize sample variability effects
[e.g. Shinohara and Hangx, 2023; Shinohara et al., in prep.], it is possible to obtain this evolving distribution.
Suitable experimental approaches include monotonic loading tests, to minimise the effect of loading history
[Jefferd et al., in prep.]. When performed at decreasing loading rates, this should allow for separation and
quantification of rate-independent and rate-dependent effects, while recognizing that time-dependent deformation
may cause microstructural changes that in turn change the strain contribution by rate-independent deformation
mechanisms. Combined with creep tests, rate-stepping tests and cyclic loading tests, it should be possible to obtain
more systematic data linking deformation rate to effective stress and evolving strain or porosity. In addition, the
deformation experiments could also include acoustic emission sensing to clarify the role of grain failure processes
[Brzesowsky et al., 2014], acoustic wave velocity measurements to constrain microcrack damage and/or changes
in grain contact structure [Hangx and Brantut, 2019], optical/split-cylinder [Pijnenburg et al., 2019b] and CT
imaging during testing (provided sufficient resolution can be attained [Van Stappen et al., 2022]), and the use of
micro-dissolution marker methods [Schutjens et al., 2021] to establish whether pressure solution may play any
role in contributing to rate-dependent compaction under long-term field conditions.
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7 Time-dependent deformation of the surrounding clay-rich formations

Though subsidence in the Groningen Gas Field is largely caused by reservoir compaction [Doornhof et al.,
2006], slow pore pressure equilibration of the over- and underlying, low permeability, clay-rich formations with
the depleting reservoir [Wildenborg et al., 2022] may lead to additional, time-dependent compaction [Chang et
al.,2014]. This is supported by in-situ compaction measurements, which have shown that the top of the underlying
Carboniferous shales/siltstone and the overlying Ten Boer Member are also compacting, likely due to slow
pressure equilibration with the reservoir [Cannon and Kole, 2017] (cf. Figure 2). These slow, time-dependent,
vertical movements in the immediate under- and overburden formations will lead to further stressing of the many,
steep (~75° dip) faults extending from the reservoir into the surrounding [Kortekaas and Jaarsma, 2017;
Nederlandse Aardolie Maatschappij (NAM), 2016]. Since no stress measurements have been performed below the
reservoir, it is not known whether stresses on faults in the Carboniferous have decayed away since the last time
they were active (Alpine inversion, 65-2.5 Ma [de Jager and Visser, 2017]), either by creep on the faults or through
relaxation of the host rock between the faults [Sone and Zoback, 2014]. Additionally, varying rates of creep
between the over-/underburden and the reservoir can transfer stress from weaker to stiffer parts of the system
[Buijze, 2020], meaning that changes in production may lead to changes in the magnitude-frequency distribution
of earthquakes (e.g. fewer but larger earthquakes).

The magnitude of stress relaxation since the Alpine inversion due to creep on faults penetrating into the
Carboniferous was estimated to be minor compared to the estimated initial horizontal stress of ~200 MPa (i.e. ~5-
10% reduction in horizontal stress, assuming a reverse fault scenario in line with Alpine inversion — see Hunfeld
and Spiers [2020 (unpublished)]). If further tectonic loading after the Alpine inversion did not occur, relaxation
of the horizontal stresses, at a constant vertical overburden stress, would slowly change the stress state from reverse
to a state approaching normal faulting, though never reaching the critical state for (normal) reactivation, i.e. the
horizontal stress is > 56 MPa. To relax away horizontal stresses ~200 MPa to nearly 56 MPa would require only
~0.3% creep strain. This implies that stress relaxation due to creep in the intact host rock surrounding the faults
may play a much bigger role than creep on the fault in controlling the in-situ state of stress of the Carboniferous
[Sone and Zoback, 2014]. Similar effects can be assumed for the thinner, overlying Ten Boer Member.

However, the mechanisms controlling time-dependent deformation (creep) in shales are not easily elucidated
due to their complex interplay [Rybacki et al., 2017]. Grain-scale mechanisms could range from deformation at
constant volume (e.g. deformation of or along clay- or organic matter-rich constituents [Rassouli and Zoback,
2018; Rybacki et al., 2017]) to compaction of porosity (e.g. open pores, but also porous organic matter and mineral
assemblages [Chang and Zoback, 2009; Geng et al., 2018; Rassouli and Zoback, 2018; Rybacki et al., 2017]),
stress corrosion cracking [Geng et al., 2018; Rassouli and Zoback, 2018; Rybacki et al., 2017] and pressure
solution [Geng et al., 2018]. Furthermore, slow dewatering (e.g. in response to pore pressure changes [Chang et
al., 2014]), as well as pressure-induced desorption of fluid (water, methane, CO; [Liu et al., 2017; M Zhang et al.,
2018]), could also play in important role, as the rate of compaction by dewatering/desorption is controlled by the
rate at which the fluid can diffuse out of the rock [Chang et al., 2014; Liu et al., 2017]. From studies on shales, it
has become evident that the mechanical strength and creep behaviour of shales are strongly controlled by their
mineralogy, specifically the clay and/or organic matter content [Sone and Zoback, 2014]. Furthermore, the

influence of the highly laminated nature of both

@ Ten Boer claystone, Stedum well, 2859 m  the Ten Boer claystone and the Carboniferous

ST shales/siltstones cannot be neglected in

: determining their creep behaviour (Figure 16).

Within the DeepNL programme, the mechanisms

leading to creep in these clay-rich formations, and

the link to the petrophysical properties of the
formations, are currently being investigated.

Layer 1

b Carboniferous shale, tayen?

Stedum well, 3085 m Layer 3 7
Layer 4

Layer 5

Figure 16. Hand specimens of (a) the Ten Boer claystone
overburden and (b) the Carboniferous shale underburden,
obtained from the Stedum-1 well. As can be noted, both clay-
rich rocks show clear laminations, with likely mm-scale
variations in mineralogy. Currently detailed analyses are
being performed to identify and quantify the mineral content
of the laminations observed in both rocks.
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8 Implications of time-dependent compaction in the reservoir and surroundings for

production-related seismicity
From the above it can be concluded that experiments performed on Slochteren sandstone, simulating stress
changes during production of the Groningen Gas Field, show that the bulk of compaction develops near-
instantaneously, i.e. over time-scales of hours-days [Ho! et al., 2018; Pijnenburg et al., 2018; Shinohara and
Hangx, 2023]. Slower experiments (at strain rates down to 10 s™!) performed over weeks show decelerating creep
deformation, contributing a modest 10-20% to the inelastic strain accumulated during active loading [Jefferd et
al., in prep.; Pijnenburg et al., 2018; Shinohara and Hangx, 2023].

Overall, the present experimental and mechanistic constraints presented in Sections 5 and 6 suggest a modest
time-dependence, or rate-sensitivity, of compaction of the Groningen gas reservoir sandstone. This is in line with
long-term (months) uniaxial strain creep experiments performed on similar sandstones from a nearby field (i.e.
from a Wadden Sea gas field, located within several tens of km from the Groningen field) [for details see the
extensive report by Hol et al., 2015b]. These experiments showed that at similar stress conditions (o1 = 77 MPa,
05° = 23 MPa, (01 — 03) = 54 MPa) to those relevant to Groningen, the axial strain rate decreased with time,
reaching values below 107! s! after one to three months. The axial strains developing over the experiment duration
ranged between 0.05 and 0.10%, and contributed a modest 10 to 20% relative to the near-instantaneous inelastic
strains that had developed during active loading [Ho! et al., 2015a; Hol et al., 2015b], i.e. similar to the time-
dependent contributions of 10-20% reported in Chapters 5 and 6.
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Figure 17. (a) Empirically-constrained extrapolated stress-strain curves and their peak stress. Extrapolation of the lab data obtained by
Shinohara et al. [in prep.] on Bleurswiller sandstone at strain rates of 107 (blue curve) and 10 s (red curve) to field strain rate of 10?57
The extrapolated stress-strain curves were obtained by fitting different time-dependent models to the experimental data. These models include
the Rate Type Compaction Model (RTCM) with changing power b as a function of axial strain, as shown in (b) (dashed green curve), the
RTCM model with a fixed power b of 0.003 and 0.009 (dotted green curves), an empirical linear-log extrapolation of Ae vs. axial strain rate
data (see Figure 13b; dashed orange curve) and the empirical relation proposed by Brantut et al. [2014] (dashed purple curve). Figure
modified after Shinohara et al. [in prep.].

The implication is that compaction models developed for time-independent deformation [Pijnenburg and
Spiers, 2020; Pijnenburg et al., 2019a], or time-dependent deformation (e.g. the RTCM [de Waal, 1986; de Waal
and Smits, 1988] or RTiCM models [Pruiksma et al., 2015]), calibrated to experimental data obtained over hours-
weeks can adequately approximate the compaction behaviour at vertical strain rates down to 10° s, and likely
even down to 10!! s, Indeed, the presently observed trends are qualitatively similar to those captured in the
RTCM and RTiCM models [de Waal, 1986; Pruiksma et al., 2015], which are frequently used to model reservoir
compaction and associated subsidence. If we use the data obtained in the systematic experiments performed on the
Bleurswiller sandstone, which showed similar mechanical behaviour as the Slochteren sandstone, extrapolation to
field strain rates of 1012 5! suggests that additional strains of 10-50% can be expected (i.€. inelastic strain in excess
of what has already been accumulated at deformation rates of up to 108-10"° s°!; see Figure 17). This broad range
in forecasted compaction illustrates the need to better constrain the models used for extrapolation to field
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timescales. In order to enhance the applicability of these various models at strain rates relevant to (post-)production
of the Groningen gas field (¢ < 1072 s!) and time scales (decades) which cannot be accessed in the lab,
understanding the processes underlying our experimental data is required. However, based on the experimental
work to date, notable the experiments reaching strain rates only one order of magnitude faster than the current field
compaction rate, suggest that the expected inelastic strain after abandonment will likely be at the lower end of this
forecasted range.

The work presented here suggests that during production, compaction is dominated by processes that are
(virtually) rate-insensitive, like poro-elastic deformation, and intergranular clay compaction and slip. The virtually
instantaneous deformation accommodated by these intergranular mechanisms suggests that the modest, time-
dependent strains developing during long-term (weeks-months) creep experiments may be governed by a different
mechanism, notably by stress corrosion (intragranular) cracking [Hol et al., 2015a; Pijnenburg et al., 2019a;
Shinohara et al., in prep.]. However, the additional inelastic strain due to (inferred) stress corrosion cracking [Hol
et al., 2015a; Shinohara and Hangx, 2023; Shinohara et al., in prep.], relative to that accumulated instantaneously
during loading, was found to be small (10-20%), particularly under uniaxial strain conditions and even while
exploring strain rates down to 10!'! s (see Section 6.1.1). To what extent long-term (decades-centuries)
compaction behaviour will be influenced by this slow creep process, or by other creep processes (e.g. pressure
solution; cf. Section 6.1.2) still requires further investigation and quantification.

In summary, the present experimental and mechanistic constraints suggest that reservoir compaction in the
Groningen Gas Field is largely rate-insensitive, with only a modest contribution of time- or rate-sensitive
mechanisms. To date, the compaction rate has been predominantly governed by the production rate (compaction
strain governed by total depletion), while any ongoing compaction due to stress-corrosion cracking, or other slow
creep processes beyond the currently planned field closure, is expected to be modest. This inference is consistent
with microstructural investigation of undepleted (SDM-1) and depleted (ZRP-3A) reservoir sandstones from the
Groningen field, which showed no detectable evidence that pressure solution, nor intragranular cracking
contributed to compaction during more than 50 years of production [Verberne et al., 2020]. Developments in
Discrete Element Methods models make it possible to predict the rate-insensitive compaction accurately
[Mehranpour and Hangx, in prep.-a; b; Mehranpour et al., 2021], and can hence be used to evaluate reservoir
compaction in different locations on the field due to pressure equilibration or repressurisation, with rate-sensitive
mechanisms aimed to be added at a later stage.

Despite this, even if the Slochteren reservoir formation does not exhibit much ongoing compaction after field
closure due to time-dependent compaction processes, that does not necessarily imply independence of subsidence
and seismicity from production rate and strategy. Even if reservoir compaction is fully time-independent,
subsidence and seismicity may be influenced by time-dependent (creep) deformation of the overlying Basal
Zechstein and rock salt [Marketos et al., 2016], and by pore pressure re-equilibration within/near the reservoir
(e.g. the clay-rich Ten Boer and Ameland members; see Section 7), and/or the underlying low-permeable
(Carboniferous) shales (Section 7). In addition, time dependent behaviour may perhaps be caused by transient fluid
flow along faults [Zbinden et al., 2017].
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