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Abstract We investigated the frictional properties of simulated fault gouges derived from the main
lithologies present in the seismogenic Groningen gas field (NE Netherlands), employing in situ P–T
conditions and varying pore fluid salinity. Direct shear experiments were performed on gouges prepared
from the Carboniferous shale/siltstone substrate, the Upper Rotliegend Slochteren sandstone reservoir, the
overlying Ten Boer claystone, and the Basal Zechstein anhydrite–carbonate caprock, at 100°C, 40 MPa
effective normal stress, and sliding velocities of 0.1–10 μm/s. As pore fluids, we used pure water, 0.5–6.2 M
NaCl solutions, and a 6.9 M mixed chloride brine mimicking the formation fluid. Our results show a
marked mechanical stratigraphy, with a maximum friction coefficient (μ) of ~0.66 for the Basal Zechstein, a
minimum of ~0.37 for the Ten Boer claystone, ~0.6 for the reservoir sandstone, and ~0.5 for the
Carboniferous. Mixed gouges showed intermediate μ values. Pore fluid salinity had no effect on frictional
strength. Most gouges showed velocity-strengthening behavior, with little systematic effect of pore fluid
salinity or sliding velocity on (a–b). However, Basal Zechstein gouge showed velocity weakening at low
salinities and/or sliding velocities, as did 50:50 mixtures with sandstone gouge, tested with the 6.9M reservoir
brine. From a rate and state friction viewpoint, our results imply that faults incorporating Basal Zechstein
anhydrite–carbonate material at the top of the reservoir are the most prone to accelerating slip, that is, have
the highest seismogenic potential. The results are equally relevant to other Rotliegend fields in the
Netherlands and N. Sea region and to similar sequences globally.

1. Introduction

Faults encountered in boreholes or exposed at the surface by uplift and erosion typically display a fault core
where displacement is localized within one or more narrow principal slip zones filled with fine-grained wear
material, called fault gouge, derived from the formations that are cut by the fault (Chester & Chester, 1998;
Collettini et al., 2009; Sibson, 1986; Toy et al., 2015). The mechanical stability of such faults, that is, whether
they accommodate slip via seismic rupture or stable (aseismic) slip, is controlled by the reactivation and
subsequent frictional slip behavior of the constituent fault gouge. Experimental studies of the mechanical
behavior of fault gouges play a key role in elucidating the mechanics of fault motion and associated earth-
quake activity in a wide range of geologic settings. Understanding the frictional behavior of fault gouges
derived from sedimentary sequences is of key importance to improving our understanding of natural seismi-
city and seismic hazards in the upper crust (e.g., Collettini et al., 2009; Mizoguchi et al., 2008). It is also becom-
ing crucial to improving our understanding of induced seismicity and associated risks related to
hydrocarbons production (e.g., Grasso, 1992; Suckale, 2010), geothermal energy production (e.g., Eberhart-
phillips & Oppenheimer, 1984; Majer et al., 2007), wastewater disposal in depleted reservoirs (e.g.,
Ellsworth, 2013; Elsworth et al., 2016), fluid injection for shale gas production (e.g., Clarke et al., 2014), and
to geological storage of CO2 (e.g., Nicol et al., 2011), natural gas, and hydrogen fuel.

In recent decades, an increasing amount of data has become available from laboratory studies focusing on
the frictional properties of natural fault rocks, or their simulated (crushed and sieved) equivalents, sampled
from seismically active upper crustal terrains across the globe (Carpenter et al., 2011, 2016; Chen et al.,
2015; Collettini et al., 2011; Ikari et al., 2016; Niemeijer & Collettini, 2014; Scuderi et al., 2013; Tembe et al.,
2006; Verberne et al., 2010; Zhang & He, 2013) and from hydrocarbon reservoir systems being considered
for geological storage of CO2 (Pluymakers et al., 2014; Samuelson & Spiers, 2012). These studies have shown
that the frictional strength of such fault rocks and its slip rate dependence, hence potential for velocity
weakening or unstable seismogenic slip in the rate and state friction (RSF) approach to fault mechanics
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(Dieterich, 1978, 1979; Marone, 1998; Ruina, 1983; Scholz, 1998, 2002), primarily depend on fault rock
composition and true, in situ (pore) pressure and temperature conditions.

One aspect that has not received much attention in the literature on fault friction to date is the possible effect
of pore fluid chemistry, through factors such as salinity and pH, on the frictional strength and rate depen-
dence of friction, despite their clear impact on fracture and creep phenomena (Atkinson, 1984; Dove, 1995;
Liteanu & Spiers, 2009; Rice, 1978). Pore fluid chemistry may be especially relevant to the mechanical beha-
vior of faults cross-cutting sedimentary sequences, as formation fluids in sedimentary rocks show a wide
range of salinities from fresh meteoric waters to brines with salinities exceeding 600 g L�1 total dissolved
solids (TDS; e.g., Case, 1945; Gledhill & Morse, 2006; Lüders et al., 2010). To our knowledge, studies that
address the effects of pore fluid chemistry on friction of granular fault rocks relevant to the shallow upper
crust are scarce. Feucht and Logan (1990) observed that frictional strength of precut sandstone rocks
(without gouge present initially) can vary with pore fluid ionic strength, presumably due to the effects of
the chemically active pore fluids on processes that influence surface roughness and gouge production during
sliding. Tullis (1993) investigated the effect of pore fluid pH on the frictional behavior of pure quartz gouges
in a limited number of experiments. Significant effects on the time-dependent “evolution effect” of sliding
friction (Marone, 1998) were observed, although interpretation of the data remained difficult. Lockner et al.
(2006) studied the frictional properties of montmorillonite gouges in the presence of different brines. They
observed a systematic increase in frictional strength with increasing pore fluid salinity and attributed their
findings to effects of dissolved salts on the properties of fluid layers adsorbed to the clay surfaces (see also
Moore & Lockner, 2007). Similar effects of pore fluid chemistry on the residual strength of clays and clay-
bearing soils have been reported in the soil mechanics literature (Anson & Hawkins, 1998; Kennely, 1967;
Miao & Fenellif, 1994; R. Moore, 1991).

These experimental studies clearly demonstrate that pore fluid chemistry may influence the frictional
behavior of fault rocks. However, their applicability to naturally occurring upper crustal fault gouges is
limited, as they focused on pure quartz or pure clay gouges only, or, in the case of Feucht and Logan
(1990), on bare rock surfaces, and were conducted at room temperature and often at low stress conditions.
It is important to investigate to what extent the frictional properties of more realistic gouge compositions are
affected by pore fluid chemistry, under conditions that are relevant to their in situ state.

In this contribution, we systematically investigate the roles of pore fluid salinity and fault rock composition on
the frictional properties of simulated fault gouges prepared from sedimentary sequences present within the
Southern Permian Basin, northwest Europe. Specifically, the formations tested here are Upper Carboniferous
and Permian of age and comprise the Rotliegend reservoir and immediate overburden and underlying
“underburden” formations that characterize the vast Groningen gas field (Geluk, 2007), located in the
northeast of the Netherlands, as well as many other gas fields in the Netherlands and the North Sea
(Figure 1). Note here that the Groningen gas field, one of the largest onshore single gas fields in the world,
has shown substantial induced seismicity in recent years and that data on fault rock behavior under in situ
pressure, temperature, and chemical conditions are urgently needed for assessing seismic hazard (van
Thienen-Visser & Breunese, 2015; Van Eijs et al., 2006; VanWees et al., 2014). The formations investigated were
(1) the Carboniferous shales underburden, (2) the Upper Rotliegend Slochteren sandstone reservoir rocks,
(3) the overlying Ten Boer claystone, and (4) the Basal Zechstein anhydrite–carbonate caprock. A series of
dynamic friction experiments was performed on simulated fault gouges prepared from core and drill
cuttings retrieved from these lithologies, at 100°C, 15 MPa pore fluid pressure, and 40 MPa effective normal
stress, investigating the frictional strength and rate dependence of friction at imposed sliding rates of
0.1–10 μm/s relevant to earthquake nucleation (Scholz, 2002; Segall & Rice, 2006). In addition to testing
the end-member compositions derived from the key formations present in the Groningen field, we also
tested mixtures between end-members to simulate gouge smear effects (Lindsay et al., 1992; Yielding
et al., 1997). Experiments were performed using pore fluids varying in salinity from deionized water to
4.4 M NaCl solution (for the end-member lithologies only), as well as using simulated Groningen reservoir
brine (for both end-member lithologies and mixtures), which, besides including high concentrations of
NaCl, also includes substantial concentrations of CaCl2 and MgCl2.

The key aimwas to assess the effects of formation fluid chemistry and fault rock composition on the potential
for induced seismicity in the Groningen gas field and related hydrocarbon reservoirs at depths of ~2–4 km in
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the Netherlands and North Sea basin. However, the relevance of this study is not limited to this setting only.
The results are relevant for faults cutting any sedimentary rocks of similar composition and as such have
important implications for understanding the effects of pore fluid chemistry on tectonically active faults
and induced seismicity in upper crustal sequences globally.

2. Materials and Methods
2.1. Sample Material and Pore Fluids

We obtained sample materials from the Groningen gas field, courtesy of the field operator, the Nederlandse
Aardolie Maatschappij BV (NAM). The gas in the Groningen field resides at roughly 3 km depth in Upper
Rotliegend reservoir rocks (Slochteren sandstone, thickness 150–200 m), in which it is trapped by a top seal
sequence consisting of the Ten Boer claystone (thickness 0–50 m), the Basal Zechstein anhydrite–carbonate
caprock (thickness ~50 m), and overlying Zechstein salt (thickness 600–1,000 m; Geluk, 2007). The reservoir
rests unconformably on Upper Carboniferous organic-rich shales, siltstones, and coals, which constitute
the source rocks for the gas. Core from the Stedum 1 (SDM-1) well and drill cuttings from the Zeerijp 2
(ZRP-2) well, located some 5 km apart in the northern part of the Groningen gas field (see Figure 1), were
selected for this study. Figure 2 gives a schematic stratigraphic column of the field, after Geluk (2007), includ-
ing the depth intervals sampled in the two wells. Samples of the Ten Boer claystone, the Slochteren
sandstone, and Carboniferous underburden (henceforth referred to as Carboniferous shale) were selected
from the SDM-1 core. Note that the Slochteren sandstone was sampled both above and below the
gas–water contact (GWC), located at an absolute depth of ~2,980 m below the surface. Drill cuttings from the
Basal Zechstein caprock were obtained from the ZRP-2 well. The part of the reservoir penetrated by the ZRP-2
well lies at a slightly greater absolute depth (see Figure 1), which explains why samples taken from the strati-
graphically highest Basal Zechstein caprock come from a greater absolute depth than the stratigraphically
lower formations sampled from the SDM-1 core. Samples from each lithology were hand-crushed with

Figure 1. (a) Schematic map of gas and oil fields in the Netherlands and North Sea area. (b) Detailed map of the Groningen gas field, showing the locations of the
SDM-1, ZRP-2, and ZRP-3 wells, as well as major faults present in the reservoir (gray lines).
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pestle and mortar and sieved to a grain size <50 μm, in an effort to
simulate the fine-grained gouge material present in the principal slip
zones of typical natural fault zones (Chester & Chester, 1998; Sibson,
1986). We also created 50:50 mixtures by weight percent (wt%)
between the Basal Zechstein and Ten Boer, the Ten Boer and
Slochteren, and the Slochteren and Carboniferous gouges, as well as
25:75, 50:50, and 75:25 mixtures between the Basal Zechstein and
Slochteren sandstone. Note that for all mixtures with Slochteren sand-
stone, we used sandstone samples from above the GWC.

X-ray diffraction (XRD) analysis was performed on all five of the
powdered end-member materials (Table 1). Because these analyses
yielded semiquantitative compositional data with errors of at least
±5%, we focus on the qualitative differences in composition, report-
ing major (>10 wt%) and minor constituents (<10 wt%). The Basal
Zechstein caprock is a mixture of anhydrite (48%), carbonates (32%
calcite and dolomite), and barite (14%), with minor quartz. The Ten
Boer claystone is composed predominantly of quartz (48%) and
phyllosilicates (39% in total, with 33% muscovite/phengite and 6%
chlorite), with minor feldspar, dolomite, and hematite. Both types of
Slochteren sandstone showed broadly similar mineralogy, with quartz
being the dominant phase. Samples from below the GWC are richer in
quartz (83% below versus 67% above) but have only minor feldspar
(4%), whereas samples from above the GWC have major feldspar
content (19%). Both materials contain minor amounts of clay (kaoli-
nite and phengite) and carbonates. Minor amounts of pyroxene
(above GWC) and lazurite (below GWC) are also present, listed as
“other” in Table 1. Lastly, the Carboniferous shale is a mixture of quartz

(55%), phyllosilicates (35% in total, with 21% illite/chlorite and 14%muscovite/phengite), and feldspar (10%).
The compositions of our powdered samples reported here are very similar to the results of compositional
analyses of SDM-1 core material reported by Clelland et al. (1987), indicating that they are good representa-
tives of the main lithologies present.

All experiments reported here were performed on samples saturated with pore fluid. Each of the end-
member lithologies was tested with the following pore fluids, increasing in salinity: (1) deionized water, (2)
0.5 M NaCl solution, (3) 4.4 M NaCl solution, and (4) a brine containing 3.4 M NaCl, 1.0 M CaCl2, 0.1 M
MgCl2, and minor amounts (<0.1 M) of KCl, SrCl2, Na2SO4, and BaCl2 (see Table 2). The total ionic strength
of this last brine was 6.9 M (~10 times the ionic strength of seawater), with ~380 g/L TDS. This brine mimics
the exact composition of the formation water sampled from a well close to the ZRP-2 well (namely ZRP-3, see

Figure 1) in the Groningen gas field and is believed to be represen-
tative for the formation water present in the entire field (NAM,
personal communication). In addition, the Basal Zechstein was
tested using a 6.2 M NaCl solution to simulate the NaCl-saturated
fluid likely to exist directly beneath the Zechstein Salt. The mixtures
between the end-member lithologies were tested with the 6.9 M
reservoir brine only. All experiments were performed at 100°C sam-
ple temperature (T), using a confining pressure (Pc) of 55 MPa and
pore fluid pressure (Pf) of 15 MPa, to approximate the in situ condi-
tions of the Groningen gas reservoir at ~3 km depth (NAM, 2013).
Table 3 gives a complete overview of all experiments performed,
listing the pore fluids and experimental conditions employed.

2.2. Direct Shear Experiments

Direct shear experiments were performed on ~1 mm thick layers of
the simulated fault gouges described above using two

Figure 2. Schematic stratigraphic column showing the reservoir and immediate
over- and underburden formations of the Groningen gas field, after Geluk
(2007). Samples from the Basal Zechstein were selected from the ZRP-2 well, and
samples from the Ten Boer claystone, Slochteren sandstone (both above and
below the gas–water contact, denoted with GWC), and Carboniferous shale were
selected from the SDM-1 well. The values for sample depth listed are along
borehole depths.

Table 1
XRD Data for the Simulated Fault Gouges Used in This Studya

Mineral
Basal
Zechstein

Ten Boer
claystone

Slochteren
sandstone

(above/below
GWC)b

Carboniferous
shale

Quartz 6 48 67/83 55
Feldspar — 7 19/4 10
Phyllosilicates — 39 3/6 35
Carbonates 32 3 6/4 —
Anhydrite 48 — —/— —
Barite 14 — — —
Hematite — 2 —/— —
Other — — 5/2 —

aThe error in the quantitative XRD data reported here is ±5 wt%. bGWC
denotes gas–water contact.
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conventional triaxial testing machines, equipped with a specially designed
direct shear assembly (see supporting information, sections S1 and S2;
Figure S1). These triaxial machines will be referred to here as the Heard
apparatus (Hangx et al., 2010; Peach & Spiers, 1996) and the Shuttle appa-
ratus (Verberne et al., 2013). Differences between these testing machines
are minor in practice and have previously been shown not to influence
the results of direct shear friction experiments (Pluymakers et al., 2014).
Both machines are heated, constant volume triaxial pressure vessels, with
silicon oil as the confining medium. In the Heard apparatus, load is trans-
mitted to the sample using a yoke/piston assembly, which is driven by a
motor/gearbox/ball-screw system. The Shuttle vessel is loaded by means
of an Instron 1362 electro-servo-controlled loading frame. In our experi-

ments, shear stress is imposed on the gouge layer by advancement of the loading piston in the
Heard/Shuttle systems, and sliding is initiated at a constant sliding velocity (V) of 5.4 μm/s. To investigate
the velocity-dependence of friction of our simulated fault gouges, a velocity-stepping sequence is imposed
by varying the displacement rates between 0.1, 1, and 10 μm/s (for the Heard apparatus, these were

Table 2
Reservoir Brine Composition

Salt Mass concentration (g/L) Molar concentration (M/L)

NaCl 197.7 3.4
CaCl2 147.8 1.0
MgCl2 25.1 0.1
KCl 4.4 6.0 × 10�2

SrCl2 5.2 2.0 × 10�2

Na2SO4 0.2 6.2× 10�4

BaCl2 0.01 4.1× 10�5

Note. Total dissolved solid (TDS): ~380 g/L. Total ionic strength: 6.9 M.

Table 3
List of Experiments, Conditions, and Key Mechanical Data

Experiment Testing machine (H/S) T (°C) Pc (MPa) Pf (MPa) Pore fluid μss (�) Dtot (mm) V dependence

Basal Zechstein (BZ)
Z2BZ-03 H 100 55 15 DI-water 0.641 5.59 Vw/Vs
Z2BZ-01 H 100 55 15 0.5 M NaCl 0.658 5.64 Vs
Z2BZ-02 S 100 55 15 0.5 M NaCl 0.655 5.54 Vw/Vs
Z2BZ-06 S 100 55 15 4.4 M NaCl 0.637 5.50 Vs
Z2BZ-09 S 100 55 15 6.2 M NaCl 0.633 5.47 Vs
Z2BZ-24 H 100 55 15 6.9 M brinea 0.626 5.77 Vs

Ten Boer claystone (TB)
S1TB-02 H 100 55 15 DI-water 0.362 5.71 Vs
S1TB-01 H 100 55 15 0.5 M NaCl 0.380 5.70 Vs
S1TB-03 H 100 55 15 4.4 M NaCl 0.378 5.80 Vs
S1TB-08 H 100 55 15 6.9 M brine 0.370 5.72 Vs
S1TB-09 H 100 55 15 6.9 M brine 0.353 5.71 Vs

Slochteren sandstone (SS) above GWC
S1SSG-02 H 100 55 15 DI-water 0.608 5.49 Vs
S1SSG-01 H 100 55 15 0.5 M NaCl 0.606 5.05 Vs
S1SSG-03 H 100 55 15 4.4 M NaCl 0.602 5.45 Vs
S1SSG-06 H 100 55 15 6.9 M brine 0.599 5.74 Vs
S1SSG-07 H 100 55 15 6.9 M brine 0.619 5.90 Vs

Slochteren sandstone (SS) below GWC
S1SSW-02 H 100 55 15 DI-water 0.593 5.46 Vs
S1SSW-01 H 100 55 15 0.5 M NaCl 0.611 5.94 Vs
S1SSW-03 H 100 55 15 4.4 M NaCl 0.594 5.53 Vs

Carboniferous shale (C)
S1C-02 S 100 55 15 DI-water 0.500 5.52 Vs
S1C-01 H 100 55 15 0.5 M NaCl 0.497 5.63 Vs
S1C-03 S 100 55 15 4.4 M NaCl 0.494 5.52 Vs
S1C-04 H 100 55 15 6.9 M brine 0.498 5.88 Vs

Mixed gouge compositionsb

75:25 BZ-SS H 100 55 15 6.9 M brine 0.613 5.79 Vs
50:50 BZ-SS H 100 55 15 6.9 M brine 0.625 5.81 Vw
25:75 BZ-SS H 100 55 15 6.9 M brine 0.613 5.87 Vs
50:50 BZ-TB H 100 55 15 6.9 M brine 0.502 5.85 Vs
50:50 TB-SS H 100 55 15 6.9 M brine 0.517 5.85 Vs
50:50 SS-C H 100 55 15 6.9 M brine 0.610 5.73 Vs

Note. Symbols: H/S indicates use of the Heard (H) or Shuttle (S) triaxial machine; T = temperature; Pc = confining pressure; Pf = pore fluid pressure;
μss = steady-state friction coefficient obtained at 1.6–2.0 mm shear displacement and sliding velocities of 5.4 μm/s; Dtot = total displacement; Vs indicates
velocity-strengthening behavior; and Vw velocity-weakening behavior.
a6.9 M brine denotes the 6.9 M total ionic strength reservoir brine. See Table 2 for details. bGouge mixtures with Slochteren sandstone (SS) material used
sandstone from above the gas–water contact (GWC).
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equivalent to 0.108, 1.08, and 10.8 μm/s) over displacement intervals of 0.3–0.7 mm. A detailed description of
the testing procedure is given in the supporting information (section S3).

During each experiment, data on axial load, piston (axial) displacement, confining pressure, temperature, and
pore fluid pressure were obtained at a logging rate of 5–10 Hz (see supporting information, section S4). Shear
stress (τ) was computed by dividing the internal axial load by the contact area of the shear surface, which is
assumed to be equal to the initial contact area. The apparent coefficient of sliding friction (μ) was determined
as the ratio of τ to the effective normal stress (σn

eff), thus assuming zero cohesion (Byerlee, 1978), with a
maximum error of ±0.004. Since Pc is at all times equal to σn in the current testing assembly, the effective
normal stress, defined as σn

eff = Pc � Pf, was equal to 40 MPa in all experiments. The velocity dependence
of μwas analyzed using the RSF theory (Dieterich, 1978, 1979; Ruina, 1983) and expressed in terms of the rate
sensitivity parameter (a–b) (see supporting information, section S4; Figure S2). In short, a positive (a–b) value
indicates an increase in friction coefficient with increased sliding velocity, that is, velocity strengthening
behavior, which results in stable fault sliding and is associated with aseismic fault slip. By contrast, a negative
(a–b) value indicates a lower friction coefficient upon increased sliding velocity, therefore velocity weakening
behavior, which is a prerequisite for unstable, stick–slip behavior associated with earthquake nucleation
(Marone, 1998; Scholz, 1998). In addition to obtaining values for (a–b), we also obtained values for the
individual RSF parameters a, b, and dc, as described in the supporting information (section S4). It should be
noted that changes in friction coefficient related to steps in sliding velocity are often superimposed onto
gradual slip weakening or slip hardening trends (e.g., Blanpied et al., 1998). Slip hardening is often associated
with a continuous reduction in grain size through cataclasis, whereas slip weakening is associated with
ongoing shear localization (Kanagawa et al., 2000; Niemeijer et al., 2008). In our experimental configuration,
however, slip weakening might also be related to a decrease in the load-bearing area of contact with
increasing displacement.

After each experiment, the direct shear setup was dismantled, and intact fragments of the sheared gouge
layers were recovered. These were flushed with demineralized water to remove the brines and then oven-
dried for several days. When dried, these fragments were impregnated using Araldite 2020 epoxy resin.
Following curing, sections of the impregnated fragments were polished in an orientation parallel to the shear
direction and perpendicular to the shear plane and subsequently sputter-coated with a 5 nm thin layer of
platinum. This treatment ensured sufficient conduction to allow for SEM analyses with minimal sample
charging. The samples were analyzed using a FEI Helios 650UC FIB-SEM, equipped with a retractable,
concentric backscatter detector. The samples investigated were imaged in backscattered electron (BSE)
mode, using an acceleration voltage of 5–15 kV.

3. Results
3.1. Mechanical Data
3.1.1. Frictional Strength
Key data are listed in Table 3 along with the experimental conditions. The evolution of μwith displacement is
presented in Figure 3a for experiments performed on the end-member materials with deionized water and
the 6.9 M reservoir brine, and in Figure 3b for the 50:50 mixtures using the 6.9 M reservoir brine.
Experiments on the end-member compositions with the other pore fluids showed almost identical curves
to those shown in Figure 3a. Note that the results for the Slochteren sandstone showed virtually no difference
between samples derived from above or below the GWC, and we show only the result from above the GWC in
Figure 3a to avoid overlap. The tests shown in Figure 3, and indeed all our experiments, were characterized by
a rapid, near-linear increase in frictional strength for the first ~0.5 mm of displacement. This was followed by
apparent yield and subsequent hardening to a steady-state frictional strength (μss, Table 3), attained at
~1–2 mm displacement. After reaching steady state, most experiments show near-linear displacement weak-
ening superimposed on the changes in frictional strength in response to stepwise changes in sliding velocity
throughout the experiments. We plot μss for all end-member compositions tested versus pore fluid salinity in
terms of ionic strength in Figure 3c and for all materials including mixtures versus total phyllosilicate content
in Figure 3d.

The anhydrite-rich samples derived from the Basal Zechstein caprock exhibited the highest frictional strength
of all materials (0.63 ≤ μss ≤ 0.66) but also the most pronounced displacement weakening. Over the course of
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these experiments, the displacement weakening rate varied slightly (Figure 3a). However, these variations
were not systematic with respect to pore fluid salinity. The Slochteren sandstone gouges were slightly
weaker, with μss values of 0.59–0.62, and showed no systematic difference in strength between samples
from above and below the GWC (see Figures 3c and 3d). The lowest frictional strength was observed in
the phyllosilicate-rich gouges of the Ten Boer claystone and Carboniferous shale, which display μss values
of 0.35–0.38 and 0.49–0.50, respectively. The mixed gouges generally showed friction coefficients in
between those of their respective end-members (compare Figures 3a and 3b, see also Figure 3d), except
for the Slochteren sandstone–Carboniferous shale mixture, which had the same frictional strength as pure
Slochteren sandstone gouges. Overall, frictional strength decreased systematically with increased total
phyllosilicate content for all gouge compositions, as can be seen in Figure 3d.

The effects of varying pore fluid salinity on frictional strength were small, if present at all (Figure 3c). The Basal
Zechstein showed a slightly higher friction coefficient in the presence of 0.5M NaCl (μss ≈ 0.66), compared to
0.63 ≤ μss ≤ 0.64 for the other pore fluids. The Ten Boer claystone showed a similar increase in strength when
tested with 0.5 M and 4.4 M NaCl (μss ≈ 0.38), compared to deionized water and the 6.9 M reservoir brine
(μss ≈ 0.36). The frictional strength of the Slochteren sandstone and Carboniferous shale was unaffected over
the full range of salinities tested. The small variations in μss observed between samples of the same formation
but with different pore fluid salinities were of the same order as the sample variability (dμss < 0.02) as

Figure 3. Frictional strength data obtained in this study. (a) Representative friction versus displacement curves for end-member compositions, using deionized
water and the 6.9 M reservoir brine. (b) Results for 50:50 mixtures using the 6.9 M reservoir brine. (c, d) Steady-state friction coefficient obtained at 1.6–2.0 mm
displacement (at 5.4 μm/s) (c) versus pore fluid salinity in terms of ionic strength for the end-members and (d) versus total phyllosilicate content for all gouge
compositions. The sliding velocities employed are indicated in μm/s next to the friction curves. All experiments were performed at 100°C and 40 MPa σn

eff.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014876

HUNFELD ET AL. FRICTION OF GRONINGEN FAULT GOUGES 8975



determined from repeat experiments (see Table 3) on the Basal Zechstein (using 0.5 M NaCl solution),
Slochteren sandstone, and Ten Boer claystone (using the reservoir brine) and did not show any systematic
trend with respect to pore fluid salinity.
3.1.2. Rate-Dependence of Frictional Strength
The rate sensitivity parameter (a–b), as well as the individual parameters a, b, and dc, were determined for all
velocity steps in the present experiments. A complete list of the values obtained for these parameters is
included in the supporting information (Table S1), for reference purposes. In Figure 4, we plot the rate-
dependence of friction expressed via (a–b), against pore fluid salinity in terms of ionic strength for the
end-member lithologies tested. Note that in the case of velocity upsteps, we plot the average value of
(a–b) obtained in our experiments for the same velocity steps (upsteps of 0.1 to 1 and 1 to 10 μm/s are
performed twice in each experiment, as described in section S3). All velocity steps in experiments performed
on the Slochteren sandstone, Ten Boer claystone, and Carboniferous shale show positive (a–b) values,
generally falling between 0.001 and 0.005, thus exhibiting velocity strengthening behavior (Figures 4b, 4c,
and 4d). There was virtually no difference in (a–b) values between Slochteren sandstone samples from above
or below the GWC, and for clarity, we only show the values obtained on those from above the GWC in Figure 4b.
The data indicate that systematically increasing the salinity of the pore fluid does not alter the rate dependence
of friction for the Slochteren, Ten Boer, and Carboniferous lithologies, except for the Slochteren sandstone

Figure 4. Rate sensitivity parameter (a–b) plotted against pore fluid salinity in terms of ionic strength for (a) the Basal Zechstein, (b) Slochteren sandstone above the
GWC, (c) Ten Boer claystone, and (d) Carboniferous shale. Note that for velocity upsteps, we plot the average (a–b) value obtained from repeated velocity steps.
The error bars indicate the range of values obtained for these steps. Duplicate experiments on the Basal Zechstein and Slochteren sandstone are included in
Figures 4a and 4b, respectively. The maximum error to individual (a–b) values is ±0.002, which is of the same order as the sample variability/reproducibility.
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tested in the presence of the 6.9M reservoir brine, which showed slightly lower (a–b). In terms of the individual
RSF parameters, the Slochteren, Ten Boer, and Carboniferous derived samples showed no systematic variations
in a, b, or dc with respect to pore fluid salinity, and they have therefore not been plotted separately here. They
also showed no consistent trends with respect to sliding velocity, with the exception of a slight positive
dependence of (a–b) on sliding velocity observed in most cases for our Ten Boer claystone and
Carboniferous shale gouges. For these materials, and for the Slochteren sandstone samples as well, values
for a and b are occasionally higher for the faster velocity steps, but not systematically. The phyllosilicate-rich
samples derived from the Ten Boer claystone typically showed b values close to zero, or even slightly
negative, whereas the Slochteren and Carboniferous derived gouges generally showed positive b values. The
critical slip distance dc for the Slochteren, Ten Boer, and Carboniferous gouges generally fell in the range of
0.002–0.06 mm. For further details, the reader is referred to Table S1 in the supporting information.

The basal Zechstein-derived fault gouges showed markedly different behavior from the other lithologies in
terms of rate-dependence of friction (a–b). Our data show that (a–b) for this material is influenced by two fac-
tors: (1) pore fluid salinity and (2) sliding velocity. The first effect is shown in Figure 4a. In the presence of low-
salinity pore fluids (deionized water or 0.5 M NaCl solution), (a–b) values range from �0.003 to +0.006, thus
showing both velocity weakening and velocity strengthening behavior. However, when saturated with highly
saline pore fluids (4.4–6.9 M ionic strength), (a–b) values for the Basal Zechstein gouges are higher, ranging
from 0.0013 to 0.012, thus exhibiting solely velocity strengthening behavior. The second effect is shown in
Figure 5, where we plot (a–b) and the individual RSF parameters versus the post-step load point velocity,
for all upsteps in our experiments on Basal Zechstein gouges. Here (a–b) clearly shows a positive dependence
on sliding velocity and much higher values for velocity steps of 1 to 10 μm/s compared to steps of 0.1 to
1 μm/s. This effect is independent of pore fluid salinity, as further highlighted in Figure 5a, where (a–b) values
from experiments at low pore fluid salinities are systematically lower than those obtained at high pore fluid
salinities. The direct effect a for our Basal Zechstein samples on average does not change significantly over
the range of velocities tested, whereas the evolution effect b generally decreases with increasing velocity,
shifting to mostly negative values for velocity steps of 1 to 10 μm/s. In addition, the critical slip distance dc
typically shows much higher values for the fast velocity steps (Figure 5d).

In Figure 6, we compare the results in terms of (a–b) from our mixed lithologies with their respective
end-members (all tested with the 6.9 M reservoir brine). In the case of the Basal Zechstein–Ten Boer mixture,
(a–b) values are closely similar to those from the pure Ten Boer sample (Figure 6a), whereas the Ten
Boer–Slochteren sandstone mixture showed almost identical (a–b) to the pure Ten Boer claystone
(Figure 6c). For the Carboniferous shale–Slochteren sandstone mixture, (a–b) values are intermediate
between the two end-members (Figure 6d). In contrast, Basal Zechstein–Slochteren sandstone mixtures

Figure 5. RSF data obtained from experiments on Basal Zechstein gouges. The rate sensitivity parameter (a–b) and the individual parameters a, b, and dc are plotted
versus the poststep load point velocity for all upsteps in sliding velocity. (a–b) increases with increasing velocity in all experiments, irrespective of pore fluid
salinity (Figure 5a). Note that experiments with highly saline pore fluids (4.4–6.9 M) consistently show higher (a–b) values than when tested with low pore fluid
salinity (deionized water-0.5 M). The direct effect a does not systematically change with velocity (Figure 5b), in contrast to the evolution effect b, which generally
decreases with increased velocity to mostly negative values at 10 μm s�1 (Figure 5c). The critical slip distance dc increases drastically with increased velocity
(Figure 5d).
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showed different behavior compared to its end-members (Figure 6b). Here (a–b) shows a V-shaped
distribution with respect to sandstone content, with a minimum for the 50:50 mixture. The latter showed
velocity weakening behavior for all velocity steps, whereas the pure end-members showed only velocity
strengthening behavior. The (a–b) values for the 25:75 and 75:25 Zechstein–Slochteren mixtures fell in
between these extremes, showing mostly velocity strengthening slip. Individual a, b, and dc values for all
our mixtures are included in Table S1. In most cases, these were comparable in magnitude to those of the
end-member lithologies. In the case of Basal Zechstein–Slochteren sandstone mixtures, however, b values
for the 50:50 gouge mixture were generally slightly higher than those for the end-member compositions
and other mixture ratios.

Lastly, we focus on the reproducibility of (a–b) and the individual RSF parameters obtained in this study. We
performed repeat experiments on the Basal Zechstein (using a 0.5 M NaCl solution) and on the Slochteren
sandstone and Ten Boer claystone (using the 6.9 M reservoir brine), as listed in Table 3. The results for these
experiments are included in Figures 4 and 5. In terms of (a–b), our repeat experiments show a maximum
absolute difference of <0.002 compared to their duplicates. In addition, our repeat experiments show the
same trends in (a–b) with respect to sliding velocity as observed in the other experiments, that is, a positive
dependence on sliding velocity in the case of the Basal Zechstein, and no dependence on sliding velocity in

Figure 6. Rate sensitivity parameter (a–b) plotted against either Ten Boer claystone content or Slochteren sandstone content, for all mixed gouge compositions
tested. The results for end-member compositions are also included. Note that for velocity upsteps, we plot the average (a–b) value obtained from repeated
velocity steps. The error bars indicate the range of values obtained for these steps. The maximum error to individual (a–b) values is ±0.002, which is of the same order
as the sample variability/reproducibility.
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the case of the Slochteren sandstone. For the individual RSF parameters, the maximum absolute difference
obtained in these experiments was <0.002 for both a and b, and <0.1 mm for dc, for both materials.
Furthermore, the differences in (a–b) obtained from repeated velocity steps within each individual experi-
ment were of the same order as the reproducibility between experiments and showed no systematic trends
with displacement over the full range of sliding velocities tested, for any of the sample materials investigated.

3.2. Microstructures

After the experiments, most of the samples came apart in cohesive fragments, splitting on shear-induced
fabrics oriented parallel to the shear direction and close to the sample-forcing block interface, as well as
on shear planes in R1 type Riedel shear orientation (terminology after Logan et al., 1979). Small amounts of
sample material typically remained attached to the grooves of the porous plates of the forcing blocks.
Therefore, the samples were typically not recovered over their full width, although in some cases the groove
imprint was still visible in the sections cut from recovered sample fragments, indicating complete (local)
recovery. In Figure 7, we present results of microstructural analyses of sections prepared from our
Slochteren sandstone, Ten Boer claystone, Carboniferous shale, and Basal Zechstein samples. No significant
differences existed between Slochteren sandstone samples derived from below or above the GWC, and the
microstructures shown in Figures 7a–7c are representative for both materials. From experiments on mixed
lithologies, we only report the 50:50 Basal Zechstein–Slochteren sandstone sample (shown in Figure 8), as
this was the only one that showed clear differences in terms of microstructure (and also rate-dependence
of friction, as described above). All samples show evidence for localized deformation on shear bands, but they
differ in the type of shear bands and what features define these shear bands, as described below.

The quartz-rich samples of the Slochteren sandstone show a matrix of relatively large (~20–40 μm),
subrounded to angular quartz and feldspar grains surrounded by smaller, angular grain fragments, and,
locally, clay minerals (Figures 7a–7c). Microfracturing is commonly observed in both quartz and feldspar
grains throughout the gouge matrix (see Figure 7b). Grain-to-grain contacts are sharp, with cracks emanating
from contact points. Localization occurs in the form of dilatant fractures in the Y shear orientation (Figure 7a),
most likely related to postexperiment decompression and unloading. These fractures suggest the presence of
Y shears, although we did not observe a clear reduction in grain size toward these fractures nor did we
observe preferential grain fracturing within zones surrounding these fractures. In addition to these dilatant
fractures, we also observe localization in the form of boundary (B) shears, which are characterized by a
reduced grain size with respect to the bulk gouge (Figure 7c). The width of these features is typically at least
40 μm, although a reliable estimate of the total width cannot be made, as most of the samples splitted on B
shears and these features were thus not fully preserved. Note that shear bands in the R and P orientation of
Logan et al. (1979) were not observed in our Slochteren sandstone samples.

Themicrostructures of the phyllosilicate-rich Ten Boer claystone samples (Figures 7d–7f) are characterized by
amatrix of aligned, anastomosing, very fine-grained clayminerals (from submicron up to a fewmicron in size)
that wrap around subrounded to angular quartz grains ranging in size from ~5 to 50 μm. The aligned clay
minerals define a clear foliation in the P and R1 orientation (Figures 7e and 7f), surrounding quartz grains that
in turn show little evidence for grain fracturing and comminution. R1 and Y shears are abundant, in contrast
to P shears, which occurred only sporadically. These shear bands are easily identified, as the samples
separated on these shear bands following unloading (Figure 7d). The shear planes tend to wrap around larger
quartz grains, rather than cutting straight through them, following horizons of aligned clay particles. The
presence of numerous short, dilatant fractures oriented parallel to the shear direction and located near
the top of the sample in Figure 7d suggests the presence of a B shear as well. The microstructures of the
Carboniferous shale samples (Figures 7g and 7h) were closely similar to those of the Ten Boer claystone,
except for the fact that no clear P foliation developed in these samples and that the phyllosilicate content is
clearly lower in the Carboniferous gouges compared to the Ten Boer gouges. Microfracturing of quartz and
feldspar grains was also more frequently observed in our Carboniferous samples.

In the anhydrite/carbonate-rich samples of the Basal Zechstein (Figures 7i–7k), the matrix consists of mostly
angular grains varying in size from ~1 to 50 μm. Grain contacts in the matrix are usually sharp. Carbonate
grains, as well as barite and anhydrite grains, are often strongly fractured. Microfracturing can also be
observed in quartz grains but is less common. Arrays of fine-grained, strongly comminuted barite (white
contrast in Figure 7i) are present in the matrix, often in the vicinity of shear bands, oriented in the P
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orientation of Figures 7i and 7j. The dominant shear bands developed in our Basal Zechstein samples are R1
shears and boundary (B) shears. These are characterized by strong grain size reduction with respect to the
bulk gouge material. The R1 shears are typically very straight, with an occasional step, and propagate
through the entire sample from one sample-forcing block interface to the other at an angle of ~10° with
respect to the long axis of the sample. B shears, usually at least 25 μm in width, developed close to one or
both sample-forcing block interfaces in all experiments. Note that their full width is unknown due to
splitting of the samples on B shears. Grain sizes within the core of these B shears have typically been
reduced to submicrometer levels (see Figure 7k). The transition from bulk to boundary shear can
sometimes be very abrupt, as is the case in Figure 7k, where the boundary shear is characterized by a
distinctly brighter grayscale and sudden reduction in grain size.

Figure 7. SEM (BSE) micrographs of the end-member compositions. The shear sense in all panels is top to the left. (a) Typical microstructure of Slochteren sandstone
gouge (S1SSG-02), showing dilatant fractures in the Y orientation, plus a boundary (B) shear at the top of the micrograph. (b) Part of the gouge bulk in Figure 7a,
showing abundant microfracturing. Comminuted feldspar grains are highlighted with arrows marked “fsp.” (c) Detail of the B shear in Figure 7a, characterized
by a finer grain size compared to the bulk gouge. (d) Typical microstructure of phyllosilicate-rich Ten Boer claystone gouge (S1TB-03). R1 and Y shears are abundant,
often appearing as dilatant fractures, and a B shear may be present at the top of the section. (e) Higher magnification of the bottom right of the same section,
showing anastomosing, fine-grained clay minerals wrapping around larger quartz grains, forming R1 and P foliations. (f) Detail of aligned clay minerals in Figure 7e
forming a narrow shear plane in the R1 orientation. (g) Example of the microstructure exhibited by the Carboniferous shale gouge (S1C-02), showing localization
on R1 and Y shears. (h) Detail of the Y shear in Figure 7g, showing subhorizontal alignment of phyllosilicates. (i) Representative microstructure of Basal Zechstein
gouge (Z2BZ-03), showing two R1 shears and a B shear at the top of the section. (j) Detail of Figure 7i, showing grain size reduction toward R1 and B shears,
and strongly comminuted barite grains (white contrast) in arrays oriented subparallel to the P orientation. (k) Detail of the boundary shear in Figure 7i (lighter
contrast, pores are black), in which the grain size has been reduced to submicrometer levels.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014876

HUNFELD ET AL. FRICTION OF GRONINGEN FAULT GOUGES 8980



Finally, we look at the 50:50 Basal Zechstein–Slochteren sandstone
gougemixture shown in Figure 8. In this sample, the bulk gouge shows
a densematrix consisting dominantly of very fine (1–10 μm) anhydrite,
barite, and carbonate grains, with much larger (20–50 μm) clasts,
mostly quartz, scattered throughout. The quartz grains in the bulk
gouge show little microfracturing. By contrast, the anhydrite, barite,
and carbonate grains in the matrix are often fractured. Dilatant frac-
tures in a variety of orientations are common throughout the sample.
Localized shear bands, predominantly Y, B, and R1 shears, were also
present. Within these shear bands, the quartz grains typically remain
relatively large and undamaged, whereas the grain size of the other
minerals has been reduced to submicrometer levels (Figure 8b and
8c). Similar as for the pure Basal Zechstein samples, arrays of strongly
comminuted barite grains, often oriented in the P orientation, are also
present in the 50:50 Basal Zechstein–Slochteren sandstone mixture.

In summary, the overall microstructural character for the different
gouge compositions differed, although localization of deformation
on shear bands was observed in all of them. Generally, these localiza-
tion features appear to be more strongly developed in the Basal
Zechstein samples compared to the other lithologies, as grain size
reduction is usually much more severe, and the boundaries are
usually much more sharply defined by the contrast in grain size. We
did not observe any difference in microstructure between samples
of the same composition tested with pore fluids of different salinity.
This was the case even for samples that showed clear effects of pore
fluid salinity on their mechanical behavior (i.e., the rate-dependence
of friction for the Basal Zechstein and the steady-state strength of
the Ten Boer claystone).

4. Discussion

The present results have shown clear, mineralogy-dependent differ-
ences in the frictional properties of the main stratigraphic units
present in the Groningen gas field. These are summarized in
Figure 9, which shows the mechanical stratigraphy of the field in
terms of friction coefficient μ and velocity dependence (a–b). The
highest frictional strength was found in the Basal Zechstein caprock
(0.63 ≤ μss ≤ 0.66), and the lowest directly underneath, in the Ten
Boer claystone (0.35 ≤ μss ≤ 0.38). The Slochteren sandstone reservoir
rocks and Carboniferous underburden showed intermediate μ values
of ~0.6 and ~0.5, respectively. Mixed gouges showed μ values inter-
mediate between the end-member compositions. All gouge composi-
tions showed velocity strengthening behavior, with little effect of
pore fluid salinity on (a–b), except for (1) Basal Zechstein gouges,
which showed velocity weakening behavior at the lowest pore fluid
salinities and/or sliding velocities investigated, and (2) the 50:50
Basal Zechstein–Slochteren sandstone mixture, which showed
velocity weakening behavior at all velocities investigated. In the
following, we discuss the influence of mineralogy and pore fluid
salinity on fault strength and slip stability for the main stratigraphic
units present in the Groningen gas field. We then go on to discuss
the implications of our findings in the context of (induced) seismicity
in the Groningen field and in sedimentary sequences present in the
shallow upper crust in general.

Figure 9. The mechanical stratigraphy of the Groningen gas field in terms of fric-
tion coefficient μ and rate sensitivity parameter (a–b). The results for end-member
compositions are shown in the gray shaded segments and for mixed gouge
compositions in between. Velocity-weakening behavior was only observed for the
50:50 Basal Zechstein–Slochteren sandstone mixture and for Basal Zechstein
gouges at the lowest pore fluid salinities and/or sliding velocities investigated. See
text for discussion.

Figure 8. SEM (BSE) micrographs of the 50:50 Basal Zechstein–Slochteren
sandstone gouge mixture. The shear sense in all panels is top to the left.
(a) Overview of part of the sample recovered, showing abundant dilatant fractures
in various orientations, and localization of shear on Y and B shears. (b, c) BSE
image and corresponding mineralogical data based on EDX mapping of the
location shown in Figure 8a. Relatively large quartz grains (qtz) float in a very
fine-grained matrix consisting dominantly of anhydrite (anh), barite (brt), and
carbonates (crb). Strongly comminuted barite grains often form arrays in the
P orientation.
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4.1. Influence of Mineralogy on Frictional Strength and Slip Stability

Numerous previous studies (e.g., Byerlee, 1978; Carpenter et al., 2016; Crawford et al., 2008; Giorgetti et al.,
2015; Ikari et al., 2007, 2009; Moore & Lockner, 2004, 2011; Takahashi et al., 2007; Tembe et al., 2010) have
shown that the frictional strength of fault gouges is strongly influenced by their mineralogy and that espe-
cially the presence of abundant phyllosilicate minerals can significantly reduce fault strength, particularly
in the presence of water. Our results agree in the sense that frictional strength systematically decreases with
increased phyllosilicate content for all gouge compositions tested (Figure 3d). The most phyllosilicate-rich
samples, that is, the Ten Boer claystone and the Carboniferous shale, with total phyllosilicate contents of
39 and 35 wt%, respectively (see Table 1), exhibit the lowest frictional strength (μss of ~0.36 and ~0.50,
respectively, for deionized water-saturated samples; see Figure 3 and Table 3). The quartz-rich Slochteren
sandstone, which only contain 3–4 wt% phyllosilicates, and the anhydrite/carbonate-dominated Basal
Zechstein, which does not contain detectible phyllosilicates, are significantly stronger (μss of ~0.60 and
~0.64, respectively, when saturated with deionized water), in accordance with previous work on quartz-
dominated and anhydrite/carbonate-dominated gouges (e.g., Bakker et al., 2016; Pluymakers et al., 2016;
Samuelson & Spiers, 2012; Verberne et al., 2010).

The overall decrease in frictional strength with increasing phyllosilicate content observed in experiments
where gouge composition is systematically controlled (e.g., Crawford et al., 2008; Moore & Lockner, 2011;
Tembe et al., 2010, for quartz–phyllosilicate mixtures and Giorgetti et al., 2015; Ikari et al., 2009, for
carbonate–phyllosilicate mixtures) or in gouges of naturally varying composition (e.g., Niemeijer & Vissers,
2014, for quartz–phyllosilicate lithologies & Chen et al., 2015; Niemeijer & Collettini, 2014; Tesei et al., 2012,
for carbonate–phyllosilicate lithologies) is typically attributed to a shift in microstructure from a
stress-supporting framework of quartz or carbonate grains to a fabric where these relatively competent
phases are embedded within a matrix of clay particles, characterized by the development of a relatively
planar and pervasive Y foliation or a P foliation and a reduction in Riedel shear angle (Ikari et al., 2011;
Moore & Lockner, 2011; Tembe et al., 2010; Tesei et al., 2012). The microstructures of our samples are in good
agreement with these models, with the Slochteren sandstone and Basal Zechstein samples showing large
quartz or anhydrite/carbonate grains in contact and hence interacting mechanically throughout the bulk
of the gouge, with significant microcracking and comminution. By contrast, the Carboniferous shale and
Ten Boer claystone show shear localization in aligned phyllosilicate-rich shear bands (Y, B, and R), and, in case
of the Ten Boer claystone, the development of a pervasive clay foliation (P). For higher phyllosilicate contents
than those tested in the present study, further shear localization within the clay matrix may occur, notably
when quartz grains are separated by a critical clay thickness (Tembe et al., 2010), resulting in the low friction
coefficients typically reported for gouges with 75 wt% phyllosilicates or more (Crawford et al., 2008; Moore &
Lockner, 2011; Tembe et al., 2010). In addition, also the type of phyllosilicate minerals plays a role in
determining frictional strength (Moore & Lockner, 2004), possibly contributing to the difference in
frictional strength observed in our Ten Boer claystone samples, which contained muscovite/phengite as
the dominant phyllosilicate phase, compared to our Carboniferous shale samples, which contained mostly
illite/chlorite (see section 2.1).

In contrast to frictional strength, the velocity dependence of friction was not strongly influenced by the
presence of phyllosilicates. Samples derived from the Slochteren sandstone, the Ten Boer claystone, and
the Carboniferous shale, as well as the 50:50 mixtures, all showed stable velocity-strengthening behavior,
with (a–b) values in the range of 0.001–0.005, similar to those reported by Crawford et al. (2008), Tembe
et al. (2010), and Moore and Lockner (2011). As for the anhydrite/carbonate-rich samples derived from the
Basal Zechstein, we documented (a–b) values in the range of �0.003 to +0.012, comparable to the values
reported for simulated anhydrite- or carbonate-dominated gouges under similar conditions (Chen et al.,
2015; Pluymakers et al., 2016; Verberne et al., 2010, 2013). However, whether this material exhibited
velocity-weakening or velocity-strengthening behavior depended on pore fluid salinity and sliding velocity,
which will be discussed in the next section. Additionally, mixing Basal Zechstein gouges with Slochteren
sandstone had strong effects on slip stability (Figure 6b). Similar observations were made by Bakker (2017),
who tested artificial calcite–quartz mixtures under similar P–T conditions to ours. Velocity-weakening beha-
vior was reported for 50:50 mixtures, whereas the end-members showed velocity-strengthening slip. This
behavior was attributed to the contrast in fracture toughness between quartz and calcite, resulting in grain
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size reduction preferentially in the weaker phase (calcite), affecting slip stability by influencing the compac-
tion behavior of the gouge. A similar mechanism may have operated in our Basal Zechstein–Slochteren
sandstone mixtures, as indeed microfracturing and grain size reduction were observed predominantly in
the sulfate and carbonate minerals.

Overall, the agreement between our results and those from the works cited, both in terms of frictional
strength and slip stability, suggests that the data obtained in this study are robust and broadly applicable
to natural fault zones of similar composition.

4.2. Influence of Pore Fluid Salinity on Frictional Strength and Slip Stability

The results presented in this study show that pore fluid salinity does not significantly influence frictional
strength or slip stability of the quartz-rich and phyllosilicate-rich fault gouges tested here. Samples saturated
with deionized water show virtually the same friction coefficient and (a–b) values as those saturated with
NaCl brines of up to 4.4M salinity, as well as when saturated with the highly saline reservoir brine (6.9M ionic
strength). In contrast, the anhydrite/carbonate-dominated Basal Zechstein samples did show effects.
Although μ values remained unaffected, our velocity-stepping experiments revealed that (a–b) for this
material tends to increase with increasing pore fluid salinity and has a positive dependence on sliding
velocity. The latter is similar to that seen in previous studies on calcite and anhydrite gouges (Pluymakers
et al., 2014; Verberne et al., 2013). In the following, we try to explain these effects. To achieve this, we first
briefly discuss the mechanisms controlling the rate dependence of friction in fault rocks of
similar composition.

Recent experimental work on fault gouges composed of calcite, anhydrite, and dolomite has shown that
these minerals show a transition from stable velocity strengthening to unstable velocity weakening behavior
with increasing temperature, occurring at 80–150°C (Chen et al., 2015; Pluymakers et al., 2014, 2016; Scuderi
et al., 2013; Verberne, 2015; Verberne et al., 2010, 2013, 2014). This behavior has been attributed to the opera-
tion of a thermally activated compaction mechanism, acting alongside dilatant granular flow in the gouge
layer, producing velocity-weakening behavior in these materials toward higher temperatures (cf. den
Hartog & Spiers, 2014; Niemeijer & Spiers, 2006, 2007). At low temperatures or high sliding velocities,
thermally activated compaction is thought to be too slow to significantly influence friction, which is domi-
nated by dilatant granular flow with velocity strengthening friction at sliding grain contacts (Chen & Spiers,
2016; den Hartog & Spiers, 2014). At higher temperatures or low sliding velocities, however, compaction
creep within the gouge layer, via water enhanced diffusive mass transfer, is more effective, competing with
dilatant granular flow. A steady-state porosity will result from this competition, which will be higher at higher
sliding velocity (at constant temperature). A higher porosity implies a lower average contact area and espe-
cially contact angle between grains and thus a decrease in friction. This will lead to lower frictional strength at
increased sliding velocities and hence velocity weakening behavior (Chen & Spiers, 2016; Niemeijer &
Spiers, 2007).

The positive dependence of (a–b) on sliding velocity observed in our Basal Zechstein gouges (Figure 5) is
consistent with the above model for the effect of thermally activated compaction. The observed increase
in (a–b) in the presence of high salinity pore fluids is more difficult to explain in detail. According to the
model, increasing (a–b) values suggest decreasing importance of compaction in the gouge layer. It is not
clear, however, why increased pore fluid salinity should slow down compaction by solution transfer
processes. An increase in solubility of anhydrite and calcite in the presence of saline solutions is expected
to enhance solution transfer (Blounot & Dickson, 1969; Ellis, 1963; Gledhill & Morse, 2006; He & Morse,
1993). On the other hand, the effects of NaCl on the rates of dissolution and precipitation of these minerals
may have the opposite effect. The effects of increased salinity on the diffusion coefficient within grain
boundary fluids could also affect solution transfer rates.

Data on the effects of NaCl on the kinetics of dissolution/precipitation for minerals like anhydrite, calcite,
and dolomite under relevant conditions are scarce, and often conflicting. For calcite, dissolution rates have
been reported to increase in the presence of added salts (Gledhill & Morse, 2006), whereas other studies
suggest only minor effects (Buhmann & Dreybrodt, 1987; Pokrovsky et al., 2005). The effect of increased
ionic strength on the precipitation rates of calcite are also subject to debate (Bischoff, 1968; He &
Morse, 1993; Walter, 1986; Zhang & Dawe, 2000; Zuddas & Mucci, 1994). To our knowledge, no
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investigations of the effects of high concentrations of NaCl on the diffusion coefficient in grain boundary
fluids, and how these affect solution-transfer processes under relevant conditions, exist to date. From
compaction experiments on fine-grained, granular calcite aggregates, Liteanu and Spiers (2009) inferred
that the presence of 1 M NaCl solution slows down compaction by intergranular pressure solution
compared to experiments without added salts. The mechanisms responsible, however, remain poorly
understood, for the same reasons as stated above. In order to explain our results, new geochemical data
are needed on the effects of added salts on these properties under upper crustal pressure and
temperature conditions.

4.3. Implications for the Groningen Gas Field

The results presented here for simulated fault gouges derived from the main stratigraphic units present in
the Groningen gas field have shown that fault rock composition plays an important role in controlling the
frictional behavior of faults cross-cutting the reservoir system. The mechanical stratigraphy shown in
Figure 9 shows that the friction coefficient for faults cutting the entire reservoir system can vary strongly,
with μ values of ~0.37 for Ten Boer claystone derived gouges, up to ~0.65 in the Basal Zechstein caprock,
with values between these two extremes for all other compositions. In terms of seismogenic potential,
velocity-weakening behavior was only observed for the 50:50 Basal Zechstein–Slochteren sandstone mix-
ture in the presence of the reservoir brine and in pure Basal Zechstein derived gouges at low salinities
(deionized water or 0.5 M NaCl) and/or low sliding velocities. At salinities representative for the
Groningen reservoir, the latter showed velocity-strengthening behavior. Note however, that independent
of salinity, the Basal Zechstein gouges showed a strong positive dependence of (a–b) on sliding velocity
(Figure 5), consistent with existing data on pure anhydrite and calcite gouges (Pluymakers et al., 2014;
Verberne et al., 2013), and conceptual microphysical model interpretations for the onset of velocity
weakening in these materials (Chen & Spiers, 2016; Niemeijer & Spiers, 2007; Verberne et al., 2014).
Linear extrapolation of our data in Figure 7a toward lower sliding velocities suggests that even for high
salinities, velocity weakening behavior can be expected in Basal Zechstein gouges at sliding velocities
one order of magnitude lower than tested here, favoring nucleation of unstable slip. On the other hand,
subsequent evolution toward higher slip rates will be accompanied by an increase in (a–b), switching to
velocity strengthening behavior, eventually reducing the potential for further acceleration of slip. To
validate this and to evaluate whether the velocity effect on (a–b) outweighs the salinity effect observed
in the Basal Zechstein material, more experiments are needed over a broader range of sliding velocities.
Additionally, the effect of a transition of velocity weakening to velocity strengthening on potential rupture
nucleation should be investigated.

From a purely RSF point of view and assuming a uniformly stressed fault, our results imply that the upper part
of the reservoir system is most prone to earthquake nucleation, that is, that faults cutting and hence incorpor-
ating Basal Zechstein material, or with offsets well in excess of the thickness of the Ten Boer Formation, and
so juxtaposing Basal Zechstein directly against Slochteren sandstone and thus creating a mixed gouge, have
the highest seismogenic potential. However, little evidence from earthquake hypocenter estimations is avail-
able to support this. The most accurate hypocenter estimations of induced earthquakes in Groningen
published to date (typically with vertical uncertainty of 100–200 m), by Spetzler and Dost (2017), indicate that
induced events occur over the full extent of the reservoir system, although there seems to be a slight
tendency for an increased number of events toward the top of the reservoir. It should be noted, however, that
the seismic source does not necessarily have to coincide with the point of nucleation (Lapusta & Rice, 2003;
see also Kaneko et al., 2016). Additionally, there are other (mechanical) factors that may influence the location
of rupture nucleation. For example, a uniform stress distribution is unlikely in the real system. Instead, stress
concentrations can be expected locally on faults with sufficient offset where mechanically contrasting layers
are juxtaposed (Buijze et al., 2015; Mulders, 2003). Furthermore, the presence of the viscoelastic rocksalt
overlying the Basal Zechstein may further influence the state of stress locally, potentially affecting fault
reactivation (Orlic & Wassing, 2012; Wassing et al., 2017). The fact that induced events do not seem to be
uniquely associated with the top of the reservoir may also be related to other types of mechanical behavior,
besides rate-dependent effects. It is known that slip weakening (Ida, 1972; Ikari et al., 2013) is also capable of
producing accelerating slip. The potential for this type of behavior needs to be investigated for Groningen
fault rocks in future studies.
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4.4. Broader Implications

Besides being directly relevant to Groningen, the results presented here are also relevant to other hydrocar-
bon reservoirs present in the Netherlands and the North Sea (e.g., Buntsandstein reservoirs; De Jager & Geluk,
2007) and to individual lithologies and sequences of similar composition in the upper crust globally. The
salinity of formation waters in sedimentary sequences typically varies between 72 g/L TDS for meteoric water
to 600 g/L TDS for saline aquifers (Case, 1945; Hanor, 1994). These brines are generally a mixture of salts,
containing mostly NaCl, MgCl2, and CaCl2. This is also the case for formation waters of many hydrocarbon
reservoirs present in the Southern Permian Basin in northwest Europe (Lüders et al., 2010), including the
Groningen gas field. From our experiments on simulated fault gouges from the Groningen field, employing
pore fluid salinities up to ~380 g/L TDS, we infer that the presence of these brines has little influence on the
frictional strength and slip stability of gouges derived from quartz- and/or phyllosilicate-rich formations
similar to the Slochteren sandstone, Ten Boer claystone, or Carboniferous shale/siltstone and hence on fault
(re)activation and the potential for (induced) seismicity in such formations.

On the other hand, our results for Basal Zechstein gouges suggest that the rate dependence of friction of fault
gouges consisting primarily of sulfate and carbonate minerals such as anhydrite, calcite, and dolomite can be
strongly affected by pore fluid salinity. Fluid–rock interactions seem to play a key role here, although the
underlying mechanisms for this effect remain poorly understood at this stage. This sensitivity of (a–b) to pore
fluid salinity is relevant not only to induced seismicity in hydrocarbon reservoirs that are topped by
anhydrite/carbonate sequences, like the Groningen gas field and many other Rotliegend gas fields present
in the Southern Permian Basin (Geluk, 2007), but also to natural seismicity in evaporite and limestone terrains,
like the Triassic Evaporites of the Burano Formation in the Italian Apennines (Collettini et al., 2008, 2009;
De Paola et al., 2008). In such settings, the effects of pore fluid chemistry should be included in the
analyses of fault stability. This requires further investigation in the future, as most data on relevant fault rock
compositions have been obtained using pure water as a pore fluid.

5. Conclusions

We have performed direct shear, velocity-stepping friction experiments on simulated fault gouges prepared
from core and drill cuttings from the main stratigraphic units present in the seismogenic Groningen gas field.
Besides employing the in situ P–T conditions (100°C and 40 MPa effective normal stress), we also investigated
effects of pore fluid salinity, using pore fluids varying in salinity between deionized water and 4.4 M NaCl, as
well as using a 6.9 M ionic strength brine (mainly NaCl, CaCl2, and MgCl2) mimicking the formation water
present in the Groningen field. Our aim was to investigate the influence of fault rock composition and pore
fluid salinity on the frictional strength and slip stability of fault gouges representative for the Groningen field,
as well as for fault rocks derived from similar lithologies in general. Our main findings can be summarized as
follows:

1. Our results show a strongly varying mechanical stratigraphy, with a maximum coefficient of friction (μ)
of ~0.66 for the Basal Zechstein caprock and minimum of ~0.37 for the Ten Boer claystone. The
Slochteren sandstone reservoir and Carboniferous underburden show intermediate μ values of ~0.6
and ~0.5, respectively. Mixed gouges showed μ values between the end-member compositions.
Frictional strength decreased systematically with increasing phyllosilicate content but was not sensitive
to pore fluid salinity.

2. The microstructures of all sample materials tested showed localization into Riedel shears and boundary
shears. Significant grain size reduction was observed in shear bands in Basal Zechstein and Slochteren
sandstone gouges, whereas their 50:50 mixture showed preferential grain size reduction in the sulfate
and carbonate phases both in the matrix and in the shear bands. The phyllosilicate-bearing gouges
showed localized deformation on aligned phyllosilicate horizons. No significant microstructural
differences were observed between samples tested with different pore fluid salinities.

3. All gouge compositions showed velocity strengthening behavior, with little effect of pore fluid salinity
or sliding velocity on (a–b), except for (i) Basal Zechstein gouges, which showed velocity weakening
behavior at the lowest pore fluid salinities and/or sliding velocities investigated, and (ii) the 50:50 Basal
Zechstein–Slochteren sandstone gougemixture tested with the reservoir brine, which showed exclusively
velocity weakening slip.
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4. Our results imply that faults incorporating Basal Zechstein material, or Basal Zechstein plus Slochteren
sandstone, have the highest potential for generating accelerating slip. From a rate and state friction point
of view, the upper part of the reservoir system, where faults cut the Basal Zechstein or juxtapose Basal
Zechstein against the reservoir sandstone, is thus the most prone to seismogenesis.

5. Based on our findings, we infer that the saline pore fluid conditions that are common in many sedimen-
tary sequences generally will not affect frictional strength and slip stability of faults filled with quartz-
and/or phyllosilicate-dominated gouges. By contrast, the slip stability of fault gouges rich in sulfate and
carbonate minerals like anhydrite, calcite, and dolomite may be sensitive to pore fluid salinity. This
requires further investigation, as most data obtained so far have been for pure water as a pore fluid.
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