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a  b  s  t  r  a  c  t

We  investigated  the effects  of  long-term  CO2-brine-rock  interactions  on  the  frictional  and  transport
properties  of reservoir-derived  fault  gouges,  prepared  from  both  unexposed  and  CO2-exposed  sand-
stone,  and  from  aragonite-cemented  fault rock  of  an  active  CO2-leaking  conduit,  obtained  from  a
natural  CO2 field  (Green  River,  Utah).  Direct  shear  experiments  (5–90  MPa  effective  normal  stress;
lab  dry  or  wet;  20–100 ◦C) showed  that  the sandstone-derived  gouges  are  characterised  by  virtually
normal  stress-  and  temperature-independent  friction  coefficients  (� ≈ 0.5–0.6).  The data  exhibited  sta-
ble,  velocity-strengthening  behaviour  moving  towards  near-neutral  velocity-dependent  behaviour  with
increasing  effective  normal  stress.  The  carbonate-rich  fault  rock  gouges  exhibited  higher  friction  coeffi-
cients  (�  ≈ 0.6–0.7),  with  a transition  from  velocity-strengthening  behaviour  at room  temperature  (dry)
to  velocity-weakening  behaviour  at 100 ◦C (dry and  wet),  i.e. a transition  from  stable  sliding  to  poten-
tially  unstable  or seismogenic  slip. Cross-fault  permeability  decreased  up to 1.5  orders  with  increasing
displacement,  showing  slightly  lower  values  for the  carbonate-rich  gouges.  We  infer  that  the  mechanical

behaviour  of  fault  gouges  derived  from  the  sandstones  studied  will  not  be strongly  influenced  by long-
term  CO2-exposure,  due  to the low  content  of  reactive  minerals  in  the  protolith.  Significant  changes  in
frictional  strength  or (micro)seismic  potential  of  faults  present  in  a CO2 storage  system  are  only  expected
when  there  is  major  carbonate  precipitation  in the  fault  damage  zone  due  to  rapid  CO2 leakage  and
degassing.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Carbon Capture and Storage (CCS) remains one of the few
ptions for reducing CO2 emissions while fossil fuels dominate the
lobal energy mix. CCS entails carbon capture at point sources,
ollowed by transport to and injection into geological forma-
ions (Benson et al., 2005; Haszeldine, 2009), such as saline
quifers (Bachu et al., 1994; Gunter et al., 1997; Hitchon, 1996)
r depleted natural oil and gas reservoirs (Holloway, 2001). The

atter are particularly attractive, as the reservoir structure is gener-
lly well-known and has proven capability of structurally trapping

ydrocarbons for time-scales greater than ∼100 years (Haszeldine
t al., 2005). Oil and gas fields also possess the infrastructure needed
o transport and inject large volumes of fluids. Moreover, CO2
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1 Current address: High Pressure and Temperature Laboratory, Utrecht University,
he Netherlands.

ttp://dx.doi.org/10.1016/j.ijggc.2016.08.029
750-5836/© 2016 Elsevier Ltd. All rights reserved.
injection has been used for decades for enhanced oil and gas recov-
ery (EOR: Gozalpour et al., 2005; EGR: Van der Meer et al., 2006),
and is therefore not a radically new concept (Baines and Worden,
2004). Last but not least, long-term structural trapping of CO2 in
reservoir formations is not only an engineering concept, but also
a natural phenomenon observed in numerous CO2-charged reser-
voirs globally (Kampman et al., 2016; Pauwels et al., 2007; Pearce
et al., 2004).

To ensure safe, long-term subsurface storage of anthropogenic
CO2, it is important to maintain sealing integrity of the reservoir-
caprock system, and of faults therein, during and after CO2 injection
(e.g. Hawkes et al., 2005; Kampman et al., 2016). In addition to a
direct poro-elastic response of the reservoir to the increase in pore
pressure (Wang, 2000), it is well established that, unlike methane,
reaction with injected CO2 can result in a range of chemically cou-
pled mechanical (Hangx et al., 2013, 2010a; Le Guen et al., 2007;

Liteanu and Spiers, 2009; Liteanu et al., 2013; Major et al., 2014;
Mikhaltsevitch et al., 2014) and/or hydrological effects (Huq et al.,
2015; Lamy-Chappuis et al., 2014; Luquot and Gouze, 2009; Smith

dx.doi.org/10.1016/j.ijggc.2016.08.029
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2016.08.029&domain=pdf
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t al., 2013; Vialle et al., 2014; Vialle and Vanorio, 2011). In gen-
ral, CO2 will dissolve in the formation brine, forming carbonic acid
hus releasing H+ and inducing chemical interaction with the host
ock (Bachu et al., 1994). However, CO2-brine-rock interactions
re very slow and strongly depend on the availability of reactive
inerals (Bachu et al., 1994; Baines and Worden, 2004). The long

ime-scales and the complexity of brine-rock systems make it dif-
cult to reproduce these processes in geomechanical experiments.
or this reason, most experimental studies of chemical/mechanical
nteractions have focused on the effects of relatively rapid, short-
erm CO2-brine-rock interactions on the mechanical behaviour of
ntact reservoir rocks and caprocks (Hangx et al., 2013; Le Guen
t al., 2007; Liteanu et al., 2013; Major et al., 2014; Mikhaltsevitch
t al., 2014; Vialle and Vanorio, 2011), and of faults and fractures
Edlmann et al., 2013; Pluymakers et al., 2014; Samuelson and
piers, 2012).

In order to investigate the effects of long-term CO2-brine-rock
nteractions on reservoir and caprock properties, an alternative
pproach is to study samples recovered from natural CO2 fields.

ell-known examples of clastic CO2 fields include the Werkendam
eld, near Rotterdam, the Netherlands (Hangx et al., 2015), the Brae
nd Miller fields, in the UK section of the North Sea (Haszeldine
t al., 2005), the fields close to Green River in the Colorado Plateau,
SA (Kampman et al., 2016; Pearce et al., 2004), and the Otway
asin fields of Australia (Watson et al., 2003). These fields are
harged naturally with high concentrations of CO2 and have expe-
ienced CO2-brine-rock interactions over geological time-scales.
omparison of rocks exposed to CO2 from such fields with laterally
quivalent but unexposed material offers an opportunity to better
nderstand the long-term effects of CO2 on rock composition and
roperties, thus aiding the assessment of risks related to CO2 stor-
ge. Such studies have focused on the mineralogical, geochemical
nd diagenetic effects of long-term CO2-exposure (Kampman et al.,
016; Watson et al., 2003), with only a few studies investigating the
oupled effect of CO2-brine-rock interactions on the mechanical
nd/or transport properties of reservoir rocks and caprocks (Busch
t al., 2014; Hangx et al., 2015). Even fewer studies have been pub-
ished on the effects of long-term CO2-brine-rock interaction on the
roperties of fault rocks (Hangx et al., 2015; Trippetta et al., 2013).
ithin a CO2 storage system, faults that either cross-cut or bound

he reservoir offer a variety of potential leakage risks (White and
oxall, 2016). For example, in response to stress changes result-
ng from CO2 injection, faults may  be reactivated, with internal
amage enhancing leakage path potential. Moreover, long-term
O2-induced changes in mineralogical composition and porosity
ay influence fault integrity directly or may  promote fault slip by

hanging fault frictional behaviour, slip stability and hence trans-
ort properties (Hangx et al., 2015; Samuelson and Spiers, 2012;
rippetta et al., 2013). It is well established that mineral composi-
ion strongly influences fault frictional properties (e.g. Moore and
ockner, 2004; Tembe et al., 2010). However, effects of long-term
O2-brine-rock interactions on the mineralogical, frictional and
ransport properties of fault rock have not been specifically studied
o date.

In an attempt to help fill this knowledge gap, we performed
irect shear experiments aimed at assessing the long-term effect
f CO2-brine-rock interactions and resulting mineralogical changes
n the frictional strength, slip stability (seismogenic potential), and
ermeability of simulated fault gouges prepared from samples of
he Entrada Sandstone formation, taken from a natural CO2 reser-
oir located in the Paradox Basin in the Green River region of the
olorado Plateau, SE Utah, USA (in this study referred to as the

reen River reservoir). These simulated gouges consisted of finely
owdered host rock material, as opposed to natural fault gouge.
he gouges were prepared from intact unexposed (unreacted) and

 CO2-exposed (reacted) quartz-rich, Entrada Sandstone reservoir
enhouse Gas Control 54 (2016) 70–83 71

rock, as well as from carbonate-cemented fault rock taken from the
Salt Wash Fault (SWF) at a point where this fault, which is an active
conduit for leaking CO2, cuts the Entrada Sandstone. It should be
noted that comparative studies have shown that the microstruc-
tures and frictional behaviour of natural gouges can be simulated
realistically using this method (for example see Rutter et al., 1986;
Haines et al., 2009; Delle Piane et al., in press). The experiments
were performed under in-situ reservoir conditions relevant for CCS
projects, i.e. at temperatures of 20 and 100 ◦C, effective normal
stresses (�n

eff) in the range 5–90 MPa, both dry and in the pres-
ence of an aqueous pore fluid (pore pressure Pf = 25 MPa). Direct
shearing velocities of 0.22–10.86 �m/s  were used. We  discuss how
differences in mineralogical composition due to CO2-exposure,
superimposed on primary lithological variation, affect fault rock
properties and the implications that this has for long-term CO2
storage.

2. Geological setting and starting material

2.1. Geological setting of the Entrada Sandstone

The Entrada Sandstone starting material was collected near Ten-
mile Butt, from surface exposures located close to and within, the
Salt Wash Fault zone, in the northern part of the Paradox Basin, SE
Utah, USA (see Fig. 1). The material was provided courtesy of Dr.
Niko Kampman (Shell Global Solutions).

The extent of the Paradox Basin is defined as the area of salt
deposition in the Middle Pennsylvanian Paradox Formation. To the
north-west and north, the basin is bounded by the San Rafael Swell
and Uncompahgre Plateau, while the east and south-east ends of
the basin are defined by the San Juan Dome and Hogback Mono-
cline (see Fig. 1A) (Nuccio and Condon, 1996). Sediment deposition
occurred in a half-graben structure adjacent to the SW-bounding
faults of the Pennsylvanian Uncompahgre uplift, which supplied
arkosic debris to the northern margin of the basin (Baars and
Stevenson, 1981). Basin filling consists of a sequence of Palaeo-
zoic marine sediments overlain by Triassic and Jurassic mainly
alluvial sediments, including alternating sequences of low conduc-
tivity silts and mudstones (aquitards) and hydraulically conductive,
predominantly aeolian sediments, such as the Jurassic Entrada
Sandstone (Fig. 1B).

During the Cretaceous, diapiric rise of thick Carboniferous evap-
orites and movement along pre-existing faults in the Precambrian
basement resulted in the formation of NW-SE-trending faults, anti-
clines and synclines, the so-called Paradox Fold and Fault belt
(Fig. 1A), in the northern part of the basin (Baars and Stevenson,
1981; Nuccio and Condon, 1996). Though the timing is poorly con-
strained, it has been postulated that reactivation of these fold and
fault structures occurred during the Laramide orogeny (Baars and
Stevenson, 1981; Shipton et al., 2004).

The north-plunging Green River anticline is cut by two  east-west
trending normal faults: the Little Grand Wash Fault (LGWF) and
the Salt Wash Fault (SWF). At the crest of the anticline, beneath the
south-dipping faults, CO2 has accumulated. The CO2 was  sourced by
clay-carbonate reactions in underlying limestones of the Paradox
Formation (Shipton et al., 2004), possibly supplemented by a mag-
matic source (Wilkinson et al., 2008). Leakage of subsurface CO2
along the LGWF and SWF  commenced approximately 100–400 ka
ago (Burnside et al., 2013), leading to CO2-induced reactions in the
corresponding fault cores and adjacent damage zones, such as seen
in the Entrada Sandstone (Kampman et al., 2014; Shipton et al.,

2004).

The Entrada Sandstone unit is a ∼150–450 m thick (Ogata
et al., 2014), reddish sandstone, which crops out as shown in
Fig. 1B. It consists mainly of quartz and feldspar and is cemented
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Fig. 1. Sampling location in the Green River Field, Paradox basin, Utah, USA. A) Map  illustrating the main anticlinal structures, faults and structural provinces of the Paradox
Basin  and adjacent areas. Dashed lines indicate transitional or indefinite boundaries between elements (after Condon, 1997). B) Geological map  of area near the Salt Wash
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ntrada Sandstone showing a CO2-exposed fault zone cutting the virgin (red, unexpo
t  the margins of the fault zone. (For interpretation of the references to colour in th

redominantly by quartz, dolomite and calcite (Wigley et al., 2012).
he Entrada sandstone is therefore lithologically similar, in broad
erms, to many natural gas reservoirs around the world (Shipton
t al., 2004). Locally, however, it contains bleached zones that con-
ist of reduced amounts of quartz and feldspar with calcite and
olomite cement filling the pores (Wigley et al., 2012). In the case
f the SWF, CO2 leakage has led to extensive carbonate precipi-
ation, where it traverses the Entrada Sandstones (Burnside et al.,
013).

.2. Sample material

The Entrada Sandstone and fault rock material used in this
tudy was taken from three nearby outcrops at Tenmile Butt
Fig. 1B), in the Green River field, showing varying degrees of
O2-exposure: 1) red-coloured, unreacted and mechanically intact
eservoir material, referred to here as ‘unexposed sandstone’, 2)
ale yellow-coloured, mechanically intact reservoir rock exposed
o CO2-rich fluid, i.e. ‘CO2-exposed sandstone’, and 3) white-
oloured fault rock obtained from the footwall of the actively
O2-leaking SWF, referred to as ‘CO2-exposed, carbonate-rich fault
ock’ (Fig. 1C).

Each of these materials was characterised using optical

icroscopy and X-ray diffraction (XRD) analysis (see Table 1).

he red, unexposed sandstone samples consisted mainly of quartz
60–70%), feldspar (11–15%, occasionally up to ∼20%) and minor
mounts of phyllosilicates (muscovite; 6–9%). The grains are
ampling location at Tenmile Butte (after Hintze et al., 2000). C) Photograph of the
andstone (courtesy of Dr. N. Kampman). Note the bleached, CO2-exposed sandstone
re legend, the reader is referred to the web version of this article.)

angular to rounded (grain size: ∼100 �m),  locally indented by pres-
sure solution, and cemented by predominantly dolomite and calcite
(3–10%), resulting in ∼10% porosity. Moreover, minor amounts of
hematite (∼0.40%) were detected, being optically visible as grain
coatings and giving the rock its characteristic reddish colour. The
bleached, CO2-exposed sandstone samples consisted of increased
amounts of quartz (75–90%) and mostly lower amounts of feldspar
(3–5%, occasionally ∼20%), phyllosilicate (muscovite; 2–3.5%), car-
bonates (calcite plus dolomite: 1.5–3.0%) and hematite (<0.5%), in
rough accordance with expectations for reaction of the red pro-
tolith with CO2 (Wigley et al., 2012). The grains in this material
are a little more angular (grain size: ∼125 �m), with some grains
showing irregular boundaries, suggesting corrosion due to dissolu-
tion. Cement is predominantly formed by large, irregularly shaped
patches of quartz-cement (250–300 �m),  with clearly less carbon-
ate. The porosity of the bleached samples is 5–10%. Cemented
fault rock sampled from the SWF  consisted of veins containing
large (1 cm)  spheroidal aggregates of radiating acicular aragonite
(27–51%), plus minor amounts of calcite and dolomite (0.6–11%),
embedded in a fine-grained sandstone matrix consisting of quartz
(31–72%) with minor amounts of feldspar (5%) and phyllosilicates
(muscovite; 5–19%). Locally, traces of hematite were detected. Sim-
ulated fault gouges were prepared from these three materials by

crushing cm-sized samples using a mortar and pestle. The material
was further crushed using a ball-mill until it attained a grain size
that passed through a 35 �m sieve, representing the typical grain
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Table  1
XRD data for the simulated gouges derived from the unexposed and CO2-exposed reservoir rock, and the CO2-exposed, carbonate-rich fault rock samples.

Mineral (mass-%) Unexposed sandstone CO2-exposed sandstone CO2-exposed fault rock

quartz 58.8–70.5 75.9–90.5 31.1–71.5
calcite 2.1–5.9 <1.2 0.6–7.2
dolomite 1.1–4.7 1.0–2.2 <3.7
aragonite n.d. n.d. 26.7–40.0
albite <6.6 (occasionally 19.7) n.d. n.d.
microcline 9.9–13.3 3.1–5.4 (occasionally 19.8) n.d.
bytownite n.d. n.d. <5.0
dickite <2.1 n.d. n.d.
phyllosilicate (muscovite) 4.2–8.9 1.9–3.4 4.8–18.0
hematite 0.4 <0.5 <1.5

N

s
a

3

t
a
t
W
s

1

2

3

4

a
m
i
s
d
e

3

f
(
d
S
p
t
P
a
U
g
5
t
s
t
t

magnetite n.d. 

ote: ‘n.d.’ indicates that the corresponding phase is below the detection limit.

ize range observed in simulated and natural fault gouges (Byerlee
nd Summers, 1976; Keulen et al., 2007).

. Experimental aspects

A total of 23 direct shear experiments were conducted to inves-
igate the effects of effective normal stress (�n

eff), temperature (T)
nd pore fluid (added at pressure Pf) on the frictional properties of
he three types of simulated fault gouge samples described above.

e performed four series of experiments on each of these three
ample types:

) Experiments at room temperature, under lab dry conditions
(room humidity) and at �n

eff of 5–90 MPa  (Data-set 1),
) Experiments at elevated temperature (T = 100◦ C), under lab dry

conditions and at �n
eff = 50 MPa  (Data-set 2),

) Experiments at elevated temperature (T = 100◦ C) employing an
aqueous pore fluid at a pressure Pf = 25 MPa  and at �n

eff = 50 MPa
(Data-set 3),

) Experiments performed on vacuum-dried samples at room
temperature and at �n

eff = 50 MPa, using argon as the pore
fluid (Pf = 2 MPa) and making argon permeability measurements
before, during and after shear (Data-set 4).

Aqueous pore fluid solutions were prepared by adding excess
mounts of fine-grained, crushed powder of the respective sample
aterial to distilled water and stirring until used in the wet exper-

ments (i.e. for at least 24 h). These solutions were assumed to be
aturated with soluble components before use, thereby preventing
issolution of these components during our wet experiments. All
xperiments performed are summarised in Table 2.

.1. Experimental procedure: direct shear experiments

Direct shear experiments were performed on the simulated
ault gouges using a conventional triaxial compression machine
see Supplementary material, Fig. S1), equipped with a specially-
esigned direct shear assembly (Fig. S2—see also Samuelson and
piers, 2012). The apparatus consists of an externally heated main
ressure vessel, with silicone oil as the confining medium, linked
o an auxiliary pressure-compensation vessel (Hangx et al., 2010b;
each, 1991). Load is transmitted to the sample using a yoke/piston
ssembly, which is driven by a motor/gearbox/ball-screw system.
pon advancement of the piston, a shear stress is imposed on the
ouge layer and sliding is initiated at a constant sliding velocity of

 �m/s. To investigate the velocity-dependence of friction of the

hree types of simulated fault gouges a five-step velocity-stepping
equence is employed. The displacement velocity is determined by
he gears of the motor driving the loading piston, being equivalent
o sliding velocities of 0.22-1.086-10.86-1.086-0.22 �m/s.
<1.0 n.d.

During each shear experiment, internal axial load, piston dis-
placement, confining pressure and sample temperature were
logged every 2 s. The shear stress is equal to the internal axial load
divided by the contact area of the shear surface, which is assumed
to remain equal to the initial contact area. From the shear stress and
the normal stress, the apparent coefficient of friction � was  calcu-
lated as � = �/�n

eff, in effect including any minor cohesion effects
in � (cf. den Hartog et al., 2013; Niemeijer and Vissers, 2014). For
the sake of simplicity, we will refer to � as the friction coefficient.

The slip rate-dependence of �, obtained from the velocity-
stepping shear experiments, was analysed using the rate and state
friction (RSF) approach (Marone, 1998) and expressed in terms of
(a–b) (see Supplementary material Section S1.4). In short, a positive
(a–b)-value means the material exhibits ‘velocity-strengthening’
behaviour, implying that the system is inherently stable and
that the accelerating slip needed for seismogenesis cannot occur
(Scholz, 1998), at least within the RSF approach to quantifying fric-
tion. On the other hand, ‘velocity-weakening’ behaviour occurs if
(a–b) is negative. In this case, the system is potentially unstable
(Scholz, 1998), i.e. able to produce repetitive stick-slip events or
seismogenic slip provided that the elastic stiffness of the load-
ing system falls in the right range (e.g. Scholz, 2002). It should
be noted that velocity step-related changes in friction coefficient
are often superimposed onto a gradual increase or decrease of �
with increasing slip distance, a so-called slip-hardening or slip-
softening trend, respectively. Slip-hardening is often associated
with ongoing grain size reduction through cataclasis, whereas
slip-softening is associated with ongoing localization of shear
deformation (Kanagawa et al., 2000; Niemeijer et al., 2008). How-
ever, in our experimental configuration, slip-softening might be an
artefact from a decreasing load-bearing area of contact.

3.2. Experimental procedure: permeability measurements

A total of three direct shear experiments coupled to ‘cross-fault
permeability’ (�) measurements were performed on dry sam-
ples, at room temperature, using argon gas permeametry. This
method employed the decay of a 2 MPa  argon gas pressure differ-
ence imposed suddenly across the sample (Sutherland and Cave,
1980)—see Supplementary material Section S2 for more details.
Permeametry was  carried out before, during and after shear using
the same direct shear and velocity-stepping procedure as described

above. The argon pressure signals measured at each end of the
sample were logged and used to calculate cross-fault permeabil-
ity by analysing the pressure decay using the method described by
Sutherland and Cave (1980).
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Table 2
Overview of the experiments performed in this study. Samples were tested lab dry, wet with a sample saturated-solution or using dry argon gas.

Expt. Material �n
eff (MPa) V (�m/s) �final (−) Motion

Data-set 1: effect of effective normal stress, �n
eff (lab dry (room humidity), room temperature)

Un01 unexposed sandstone 5 5.43-0.22-1.086-10.86-1.086-0.22 0.71 VS
Un02  unexposed sandstone 25 5.43-0.22-1.086-10.86-1.086-0.22 0.56 VS
Un03  unexposed sandstone 50 5.43-0.22-1.086-10.86-1.086-0.22 0.57 VS
Un04  unexposed sandstone 50 5.43-0.22-1.086-10.86-1.086-0.22 0.61 VS
Un05  unexposed sandstone 75 5.43-0.22-1.086-10.86-1.086-0.22 0.58 VS
Un06  unexposed sandstone 75 5.43-0.22-1.086-10.86-1.086-0.22 0.56 VS
Un07  unexposed sandstone 90 5.43-0.22-1.086-10.86-1.086-0.22 0.60 VS
Ex01  CO2-exposed sandstone 5 5.43-0.22-1.086-10.86-1.086-0.22 0.71 VS
Ex02  CO2-exposed sandstone 25 5.43-0.22-1.086-10.86-1.086-0.22 0.59 VS
Ex03  CO2-exposed sandstone 50 5.43-0.22-1.086-10.86-1.086-0.22 0.53 VS
Ex04  CO2-exposed sandstone 50 5.43-0.22-1.086-10.86-1.086-0.22 0.53 VS
Ex05  CO2-exposed sandstone 75 5.43-0.22-1.086-10.86-1.086-0.22 0.61 VS
Ex06  CO2-exposed sandstone 75 5.43-0.22-1.086-10.86-1.086-0.22 0.59 VS
Ex07  CO2-exposed sandstone 90 5.43-0.22-1.086-10.86-1.086-0.22 0.62 VS
FR01  CO2-exposed fault rock 5 5.43-0.22-1.086-10.86-1.086-0.22 0.82 VS
FR02  CO2-exposed fault rock 5 5.43-0.22-1.086-10.86-1.086-0.22 0.92 VS
FR03  CO2-exposed fault rock 5 5.43-0.22-1.086-10.86-1.086-0.22 0.89 VS
FR04  CO2-exposed fault rock 25 5.43-0.22-1.086-10.86-1.086-0.22 0.57 VS
FR05  CO2-exposed fault rock 50 5.43-0.22-1.086-10.86-1.086-0.22 0.65 VS
FR06  CO2-exposed fault rock 50 5.43-0.22-1.086-10.86-1.086-0.22 0.66 VS
FR07  CO2-exposed fault rock 75 5.43-0.22-1.086-10.86-1.086-0.22 0.60 VS
FR08  CO2-exposed fault rock 75 5.43-0.22-1.086-10.86-1.086-0.22 0.63 VS
FR09  CO2-exposed fault rock 90 5.43-0.22-1.086-10.86-1.086-0.22 0.60 VS

Data-set 2: effect of temperature (�n
eff = 50 MPa, lab dry (room humidity), T = 100 ◦C)

Un09 unexposed sandstone 50 5.43-0.22-1.086-10.86-1.086-0.22 0.66 VS-VW
Ex09  CO2-exposed sandstone 50 5.43-0.22-1.086-10.86-1.086-0.22 0.65 VS-VW
FR11  CO2-exposed fault rock 50 5.43-0.22-1.086-10.86-1.086-0.22 0.61 VW

Data-set 3: effect of saturated-solution (�n
eff = 50 MPa, Pf = 25 MPa, T = 100 ◦C)

Un10 unexposed sandstone 50 5.43-0.22-1.086-10.86-1.086-0.22 0.55 VS-VW
Ex10  CO2-exposed sandstone 50 5.43-0.22-1.086-10.86-1.086-0.22 0.42 VS
FR12  CO2-exposed fault rock 50 5.43-0.22-1.086-10.86-1.086-0.22 0.62 VW

Data-set 4: effect of shear on across-fault argon permeability (�n
eff = 50 MPa, Pf = 2 MPa, room temperature)

Un08 unexposed sandstone 50 5.43-0.543 (3×) 0.47 –
Ex08  CO2-exposed sandstone 50 5.43-0.543 (3×) 0.55 –
FR10  CO2-exposed fault rock 50 5.43-0.543 (3×) 0.49 –
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ymbols: �n
eff denotes effective normal stress, Pf denotes pore pressure, T denotes te

t  the end of each experiment (∼5–7 mm displacement). Motion: ‘VS’ indicates that
eakening slip behaviour.

. Results

In this paper, we adopt the convention that compressive stresses
re positive. In our friction experiments, we take the yield point in
he run-in stage of individual experiments as the point of maxi-

um curvature of the friction coefficient vs. displacement curves.
e take the effective normal stress (�n

eff) as the applied confining
ressure hence normal stress (�n) minus the applied pore pressure
Pf), thus defining it as:

n
eff = �n − Pf (1)

.1. Mechanical data

.1.1. Frictional behaviour of dry gouges at room temperature
Data-set 1)

The evolution of the friction coefficient as a function of shear dis-
lacement is shown in Fig. 2A and B for representative subsets of
xperiments performed under lab dry conditions on all three sam-
le types, at room temperature and at 5, 25, 50 and 90 MPa  effective
ormal stress (Data-set 1). All � vs. displacement curves obtained
t room temperature in the present study are characterised by a
ear-linear increase in � until yielding occurs. Yielding is observed

t a shear displacement x of 0.4–0.6 mm and at a friction coeffi-
ient of ∼0.55–0.75 at low �n

eff (5 MPa), versus 0.5–1.0 mm and
 ≈ 0.55 at intermediate to high �n

eff (25–90 MPa) (Fig. 2A and B).
ielding is usually followed by minor slip-hardening, reaching near
ature, V denotes sliding velocity and �final denotes the friction coefficient measured
ple exhibited velocity-strengthening slip behaviour, while ‘VW’ indicates velocity-

steady-state friction values at a shear displacement x of ∼1.6 mm.
At this displacement, the first velocity step was applied. In sub-
sequent velocity-stepping stages, similar velocity-strengthening
(stable slip) frictional behaviour is observed for all three materials
when performed at the same applied normal stress. The frictional
response to upward velocity steps frequently lacks a distinct peak
due to the absence of subsequent weakening (cf. compare Figs. 2 A
and B and S3).

Though steady-state is approached in most tests shortly beyond
yield, tests performed on all three sample materials at low nor-
mal  stress (�n

eff = 5 MPa) show slip-hardening superimposed on
the majority of subsequent velocity steps, resulting in relatively
high friction coefficient values of ∼0.70–0.90 in later stages of
the experiments (Fig. 2A and B). The friction coefficient curves
obtained at intermediate to high normal stress (�n

eff = 25–90 MPa)
are characterised by zero to minor slip-hardening, and/or minor
slip-softening towards higher displacements, superimposed onto
a modest velocity-strengthening response to the applied veloc-
ity steps. This results in final friction coefficient values ranging
between ∼0.60 and 0.63 (see Fig. 2A and B). An exception is exper-
iment EX03 (CO2-exposed Entrada Sandstone, 50 MPa, Fig. 2B),
which shows yielding behaviour similar to unexposed Entrada
Sandstone (UN03) and CO2-exposed, carbonate-rich fault (FR05)

gouges, but with subsequent slip-softening upon velocity stepping,
resulting in a final friction coefficient of only ∼0.53.

The dependence of shear stress, supported both at yield and at
maximum sliding velocity, on �n

eff is shown for all three sample
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Fig. 2. Representative mechanical data for all sample types sheared under lab-dry conditions at room temperature (Data-set 1). A) Friction coefficient vs. shear displacement
curves for velocity-stepping experiments conducted at normal stresses of 5 and 25 MPa  using the velocity steps indicated at the top of the figure. B) Similar data for samples
t  simi
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ested  at normal stresses of 50–90 MPa. Note that samples tested at 25–90 MPa  show
liding  velocity (open symbols) vs. the effective normal stress for experiments perfo
ll  samples show a decrease in (a–b) with increasing effective normal stress, at leas

ypes deformed dry at room temperature in Fig. 2C. For all three
aterials, the data show a linear trend between shear and effective

ormal stress, which can be described by a Coulomb-type criterion
iven as:

 = �i �n
eff + C0 (2)

here �i is the internal friction coefficient (i.e. the slope of the
rend) and C0 represents the cohesion of the simulated fault gouge
i.e. the intercept of the trend with the vertical axis). It should
e noted that for granular materials, like fault gouge, cohesion is
enerally low, but not necessarily zero. Cohesion is in essence a
easure for the extent to which grain-to-grain contacts present

n the gouge material are actively experiencing frictional slid-
ng or deformation during shear. In our experiments, the shear
tress obtained at yield was used as a reference strength param-
ter, thus excluding any secondary effects of slip-hardening, when
nterpreting �i and C0 values. At yield, linear least square fits to
he data show that �i has values of 0.52 ± 0.011, 0.54 ± 0.017,
.56 ± 0.007 and C0 is of the order of 0.71 ± 0.64, 0.0 (zero) ±1.0
nd 0.73 ± 0.36 MPa, for unexposed sandstone, CO2-exposed sand-
tone, and carbonate-rich fault rock gouges respectively. The linear

elations describing the steady-state shear stress supported at

aximum sliding velocity (Vmax = 10.86 �m/s), show higher inter-
al friction coefficients, 0.58 ± 0.017, 0.62 ± 0.03, 0.61 ± 0.014, and
ohesion values, 0.89 ± 1.0, 0.0 (zero) ±1.3, and 1.39 ± 0.76. Gouge
lar behaviour. C) Shear stress at yield (solid symbols) and shear stress at maximum
 at room conditions. D) Velocity-dependence parameter (a–b) versus normal stress.
o �n

eff = 75 MPa.

cohesion is mainly a minor feature, as suggested by the cohe-
sion values. In most cases, certainly in experiments performed at
�n

eff ≥ 25 MPa, the relative contribution of cohesion to � is neg-
ligible, justifying the use of � = �/�n

eff as a measure of frictional
strength in our RSF analysis. However, cohesion is significant in
the tests performed at �n

eff = 5 MPa, as reflected in the higher �-
values for these samples seen in Fig. 2A. Note, that the cohesion
observed for the CO2-exposed, carbonate-rich fault-derived gouge
is consistently higher than observed for the unexposed as well as
the CO2-exposed reservoir rock gouges.

Focusing now on the friction coefficient values obtained at
or near steady state (�ss) in the dry experiments at room tem-
perature, it is evident from Fig. 2A and B that these values
increase with sliding velocity, reaching maximum values at veloc-
ities of ∼11 �m/s  ranging from 0.63 to 0.67 at �n

eff-values of
25–90 MPa  (for x ≈ 3.3 mm)  and from 0.71 to 0.91 at �n

eff = 5 MPa
(for x ≈ 3.5 mm).  This is followed by a decrease in frictional strength
upon decreasing sliding velocity. In general, the unexposed and
CO2-exposed sandstone gouges show slightly lower �-values than
the carbonate-rich fault gouges.

The (a–b)-values obtained for all three gouges under dry, room

temperature conditions are all positive and overall very similar at
�n

eff ≥ 25 MPa. Representative data are shown in Fig. 2D. Although
velocity down-steps were analysed and show similar (a–b)-values
to up-steps, we  focus on (a–b)-values obtained for the up-steps
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Fig. 3. Representative mechanical data for all sample types sheared under lab dry and wet conditions at room temperature and 100 ◦C (Data-set 1–3). A) Friction coefficient vs.
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isplacement curves obtained from experiments conducted at elevated temperatur
arameter (a–b) obtained for dry and wet samples at 100 ◦C, plus comparison with
o  11 �m/s, but similar values were obtained for all steps conducted. Only the carbo

s it is these that are relevant for earthquake nucleation. For
eadability we present only data for up-steps from 1 to 11 �m/s.
he (a–b)-values obtained at �n

eff = 5 MPa  are consistently higher
0.002–0.05) for all three sample types than those obtained at
igher effective normal stresses (0.0007–0.01), especially for the

ault rock-derived samples. CO2-exposed Entrada Sandstone gouge
enerally shows slightly lower (a–b)-values, for the intermediate
ffective normal stresses, compared to the unexposed quartz-rich
nd CO2-exposed, carbonate-rich fault rock. Though part of the
ata-set is not shown here for readability reasons, we  note that
a–b) for all three gouges shows a rough tendency to increase with
ncreasing post-step velocity for up-steps.

.1.2. Frictional behaviour of dry and wet samples at 100 ◦C
Data-set 2 and 3)

Friction coefficient vs. displacement curves obtained at
 = 100 ◦C and �n

eff = 50 MPa, for all three sample types under lab
ry (Data-set 2) and solution-flooded (Data-set 3: Pf = 25 MPa) con-
itions are shown in Fig. 3A. As seen from this data, all three
ouge types (unexposed sandstone (UN09), CO2-exposed sand-
tone (EX09), and CO2-exposed, carbonate-rich fault rock (FR11))
eformed dry at 100 ◦C exhibited closely similar initial behaviour,
haracterised by a near-linear increase in � until apparent yield-
ng at a friction coefficient of ∼0.56–0.57 (x ≈ 0.7–0.9 mm—Fig. 3A),
ollowed by minor slip-hardening. In the experiments on the dry,
uartz-rich sandstone-derived gouges (UN09 and EX09), the fric-
ion coefficient increased from ∼0.58, just beyond yield and prior
o the first velocity-step, to ∼0.65 at the end of the experiment. By
ontrast, the dry, carbonate-rich fault rock sample (FR11) displays
lip-softening behaviour during the velocity up-steps, between a
hear displacement of ∼1.5 and 3.0 mm,  followed by slip-hardening
uring the subsequent velocity down steps. Overall, the frictional
trength of lab dry samples, at 100 ◦C and 50 MPa  effective normal
tress, is very similar to that seen in room temperature runs at the
ame conditions.

Compared with their dry equivalents, the wet, unexposed
UN10) and CO2-exposed (EX10) sandstone-derived samples are
haracterised by a more rapid increase in � until yield at a slightly
ower friction coefficient (� ≈ 0.54 at x ≈ 0.66 mm).  These sam-

les exhibited steady-state sliding behaviour during the remainder
f the experiments, characterised by a slightly lower frictional
trength than dry samples (∼0.55 vs. ∼0.65, respectively). The
et, CO2-exposed, carbonate-rich fault-derived sample (FR12)
h dry and wet using the velocity steps indicated at the top. B) Velocity-dependence
oom temperature data. Velocity-dependence is shown for a velocity step from ∼1
rich fault gouges show a tendency towards velocity-weakening behaviour.

exhibited near steady-state slip behaviour reaching a �-value of
∼0.62, comparable to the behaviour under dry condition (� ≈ 0.61).

Turning to the velocity-dependence of friction at 100 ◦C, our data
for dry samples derived from unexposed and CO2-exposed sand-
stone (Data-set 2; UN09 and EX09) exhibit velocity-strengthening
(stable slip) behaviour as illustrated by the positive (a–b)-values
shown in Fig. 3B, with the values being very similar for both
materials. By comparison, the (a–b)-values obtained for the sam-
ple prepared from carbonate-rich fault rock (Data-set 2; FR11)
are strongly negative, i.e. exhibiting markedly velocity-weakening
(unstable slip) behaviour. All three materials show much lower
(a–b)-values than obtained at room temperature (Fig. 3B).

The presence of a pore fluid at 100 ◦C appears to have little to no
effect on the velocity-dependence of friction for the unexposed and
CO2-exposed sandstone-derived gouges (UN10 and EX10), as the
(a–b)-values are closely similar at ∼+0.002 for both materials under
dry and wet  conditions (Fig. 3B). The (a–b)-values obtained for
the samples derived from carbonate-rich fault rock (FR12) remain
firmly negative in the wet  condition, reflecting velocity-weakening
behaviour (Fig. 3B).

4.2. Permeability data

Values of � obtained from our permeametry measurements per-
formed on all three materials at room temperature, are plotted
as a function of shear displacement in Fig. 4, along with the fric-
tion coefficient measured during shearing (Data-set 4). Overall,
the frictional behaviour observed during these experiments is very
similar to that seen in all other dry tests on the same materials (cf.
Fig. 2A and B). However, in contrast to the velocity-stepping tests
on dry gouges, the present velocity-stepping plus slide-hold-slide
experiments are dominated by slip-softening behaviour, reaching
�-values of ∼0.50–0.55 for the samples prepared from unex-
posed and CO2-exposed sandstone (UN08 and EX08), and 0.46 for
the sample derived from CO2-exposed, carbonate-rich fault rock
(FR10), at the maximum displacements attained of ∼7 mm.  All
three experiments show relatively distinct peak stresses upon re-
shearing after a period of hold. For all samples it is evident from
Fig. 4 that � decreases with accumulated shear displacement. Ini-
tial values obtained prior to shearing (point 1—Fig. 4) vary between

1.5·10−15 and 6.8·10−17 m2. These decrease by a factor of 10 for
the sandstone-derived samples (unexposed and exposed) and a
factor of around 2 for the carbonate-rich sample during the first
stage of deformation at V = 5.4 �m/s. The permeability of all samples
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Fig. 4. Friction coefficient (solid lines) and gouge permeability (symbols) vs. shear
displacement data obtained in the permeability experiments. Dashed tie-lines
connect permeability measurements performed on the same samples. The experi-
ments consisted of velocity-stepping tests combined with slide-hold-slide testing.
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elocity-steps are shown. Hold periods are indicated with arrows. Permeability data
oints 2, 4 and 6 were determined during shear. Points 3, 5, 7 and 8 were measured
uring the hold periods shown.

ontinues to decrease with on-going shear displacement by a fac-
or of 2 or 3. At the same time, �-values measured during both
hear and hold periods appear to lie on more or less the same �-x
rend-lines, suggesting little reduction in permeability during the
old periods. The final cross-fault argon permeability after ∼7 mm
f shear displacement (point 8), lies in the range of 5.0·10−17 m2 for
nexposed sample material to 2.0·10−17 m2 for fault rock derived
aterial.

. Discussion

It has been widely suggested that geological storage of CO2
an potentially lead to fault slip and induced seismicity via effects
uch as a reduction in effective normal stress and/or changes in
he poro-elastic stress state of the storage reservoir, in response
o an increase in pore pressure (e.g. Hawkes et al., 2005; Zoback
nd Gorelick, 2012). It has also been suggested that induced slip
nd seismicity can perhaps be promoted by a reduction in fault
ock frictional strength and/or slip stability, i.e. a transition from
ositive to negative (a–b)-values, caused by CO2-brine-rock inter-
ctions (Samuelson and Spiers, 2012). Critically, from the point of
iew of system integrity, induced fault slip may  cause dilatation,
ubsequently increasing fault permeability. To help evaluate the
lip, seismogenic and leakage potential of faults cutting clastic CO2
eservoirs, we  have investigated the frictional behaviour, slip sta-
ility and transport properties of simulated fault gouges derived
rom Entrada Sandstone samples taken from unexposed and CO2-
xposed portions of the formation at the Green River CO2 reservoir
ite, and from the carbonate cemented material of the Salt Wash
ault, which is an active CO2-leakage path.

In Europe, a significant number of recently investigated CCS pilot
ites focus on sand and sandstone reservoir systems. Examples
nclude the ROAD project (P-18 field, Triassic Bunter Sandstone;
utch North Sea—Samuelson and Spiers, 2012), the (shelved)
eterhead CCS project (Goldeneye field, Lower Cretaceous Captain
andstone; UK North Sea—Hangx et al., 2013), and the Sleipner
O2 Storage project (Sleipner field, Miocene-Pliocene Utsira Sand-
tone; Norwegian North Sea—Chadwick et al., 2004). The Entrada
andstone is considered a good analogue for many of these Euro-

ean sandstone reservoirs (Shipton et al., 2004), especially those
hat have a similar continental/aeolian origin, such as the Per-

ian Rotliegend and Triassic Bunter gas reservoirs in the North
ea and onshore Netherlands regions. Accordingly, the long-term
enhouse Gas Control 54 (2016) 70–83 77

CO2-charging of the Entrada Sandstone, and the effects of subse-
quent CO2-induced mineral reactions superimposed on primary
sediment and early diagenetic variability, offer a natural case-study
for long-term CO2 sequestration in sandstone reservoirs (Wigley
et al., 2012).

Overall, our friction experiments on simulated fault gouges
derived from naturally CO2-exposed and unexposed Entrada Sand-
stone, are characterised by a friction coefficient (� ≈ 0.5–0.6)
that is virtually independent of normal stress and temperature,
within the range of reservoir-relevant conditions investigated, i.e.
20–100 ◦C, �n

eff ≥ 25 MPa  (Fig. 2A and B). This range of condi-
tions corresponds well with the temperatures and effective stresses
expected in reservoir systems at depths up to ∼3–4 km.  The
sandstone-derived gouges studied exhibit velocity-strengthening
slip behaviour under all conditions studied (i.e. (a–b) > 0), with no
significant effect of temperature on (a–b). However, keeping in
mind reproducibility in the (a–b)-values (Niemeijer and Vissers,
2014), at room temperature they do show a slight decrease in (a–b)
from velocity-strengthening at �n

eff ≤ 25 MPa  to near-neutral val-
ues at 75–90 MPa. Differences in mechanical behaviour between
the CO2-exposed and unexposed reservoir-derived gouges are
clearly minor in our experiments (cf. Figs. 2 and 3), which is perhaps
not surprising in view of the fact that the compositional differences
are relatively minor. By contrast, the simulated gouges derived from
the carbonate-rich fault rock exhibited higher friction coefficient
values (� ≈ 0.6–0.7) than the sandstones, though again these values
were temperature-independent at �n

eff ≥ 25 MPa. Interestingly,
the (a–b)-data obtained for the carbonate-rich fault gouge showed
a transition from velocity-strengthening behaviour at room tem-
perature (dry) to velocity-weakening behaviour at 100 ◦C (both dry
and wet), i.e. from stable sliding to unstable and potentially seis-
mogenic slip. Finally, while the sandstone materials tested showed
a decrease in cross-fault permeability with accumulated shear dis-
placement by up to 1.5 orders of magnitude, i.e. from ∼10−15 m2 in
the undeformed state to ∼3.0·10−17 m2 at shear displacements of
6–7 mm,  the carbonate-rich material showed a decrease only from
∼5.0·10−17 m2 to 2.0·10−17 m2 (cf. Fig. 4).

In the following, we discuss the effects of fault rock composition,
normal stress, temperature, pore fluid and time on fault cohesion,
frictional strength, slip stability, deformation mechanism and per-
meability evolution. This is done in the context of evaluating the
effects of long-term exposure to CO2 on fault rock behaviour and
fault integrity during geological storage of CO2 in sandstone reser-
voir rocks.

5.1. Contribution of cohesion to fault strength under laboratory
vs. in-situ conditions

The gouge cohesion values obtained at yield in the present
experiments, for the unexposed and CO2-exposed quartz-rich
sandstone and for the carbonate-rich fault rock, are respectively
0.71 ± 0.64, 0.0 (zero) ±1.0 and 0.73 ± 0.36 MPa. This implies max-
imum cohesion values at yield of less than 1.5 MPa  at our initial
sliding velocity of 5.43 �m/s. For steady-state shearing at maxi-
mum  sliding velocity (V ≈ 11 �m/s), the corresponding cohesion
values are slightly higher, specifically 0.89 ± 1.0, 0.0 (zero) ±1.3,
and 1.39 ± 0.76, implying maximum values around 2 MPa. Though
gouge cohesion is minor, its relative contribution to the friction
coefficient may  be significant when the stresses acting on the fault
plane are small, i.e. when C0 is of the same order of magnitude
as � and �n

eff (cf. Eq. (2)). Compared with the shear stresses of
30–55 MPa  supported by our samples at �n

eff > 50 MPa, cohesion

values of 1–2 MPa  are negligible, so that fault rock shear strength
can be represented simply taking the ratio of shear stress over
effective normal stress as the friction coefficient. However, for the
experiments performed at normal stresses between 5 and 25 MPa,
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 sample cohesion of ∼1 MPa  means that using � = �/�n
eff, leads to

n underestimation of the shear strength that a fault can support by
espectively 41 and 5%. In the case of real, reservoir-cutting faults
hat have been inactive over geological time, or have suffered only

inor slip during hydrocarbons production, healing and cemen-
ation processes may  lead to much higher cohesion (Tenthorey
nd Cox, 2006). The implication is that in establishing static failure
riteria for faults in CO2 storage systems where the effective pres-
ure is expected to fall to say 25 MPa  or less, cohesion cannot be
eglected. Taking into account cohesion means injection pressure,
nd hence storage capacity, can be estimated higher than expected
rom purely frictional behaviour.

.2. Effects of compositional differences and deformation
onditions on the frictional behaviour of sandstone-derived
ouges

Entrada Sandstone that has not been exposed to CO2 consists
redominantly of quartz and feldspar, with smaller amounts of
hyllosilicates, carbonate cement and hematite (see Table 1). The
ematite, which is present as grain-coatings, imparts the charac-
eristic reddish colour to the unaltered sandstone. As described by
gata et al. (2014), CO2-induced alterations of the Entrada sand-

tone result in ‘bleaching’ or discolouration of the rock from red to
ale yellow, through the dissolution of hematite. This is visible in
ur CO2-exposed samples from the absence of hematite in most
RD data (Table 1). These samples also contain larger amounts
f quartz, either as grains or inter-granular cement, and smaller
mounts of feldspar, phyllosilicates and carbonates (Table 1). So,
verall, an increase in quartz and a change in feldspar, carbon-
te and hematite content has been observed. These mineralogical
hanges are in agreement with the following geochemical reactions
xpected for CO2 reacting with this type of sandstone:

lbite : NaAlSi3O8(s) + H+
(aq) + 4.5H2O(l)4·5H2O(l) � Na+

(aq) + 2H4

alcite : CaCO3(s) � Ca2+
(aq) + CO3

2+
(aq) (Stumm and Morgan, 198

ematite : Fe2O3(s) + 2CO2(g) + SO2(g) + H2O(l) � 2FeCO3(s) + H2SO4

uscovite : KAl2Si3AlO10·(OH)2(s) + 10H+
(aq) � K+

(aq) + 3Al3+
(aq) +

Weighed overall, our analyses of CO2-exposed Entrada mate-
ial, along with optical observations of grain surface corrosion and
uartz cementation, suggest CO2-related dissolution of feldspar,
hyllosilicates and carbonate minerals plus precipitation of quartz
Table 1). Taking into account the composition of the unaltered
amples, however, these inferred CO2-related changes are most
ikely superimposed on local variations in mineralogy due to depo-
itional fluctuations (Wigley et al., 2013) and early diagenetic
ariability.

In the present experiments, the unexposed and CO2-exposed
andstone gouges exhibited closely similar frictional behaviour
nder dry conditions at room temperature (Fig. 2A and B), and
nder dry and wet conditions at elevated temperature (Fig. 3A).
his behaviour is in good agreement with that observed in experi-
ents on pure quartz and pure feldspar gouges (Mair and Marone,

999; Morrow et al., 2000; Scruggs and Tullis, 1998; Shimamoto
nd Logan, 1981), as well as in experiments on simulated gouge pre-
ared from gas reservoir sandstones (Hangx et al., 2015; Samuelson
nd Spiers, 2012), which generally show friction coefficients in the

ange 0.5–0.7, when tested dry and wet, at comparable conditions.

The slightly lower frictional strength exhibited by both our wet
eservoir rock gouges (Fig. 3A) compared to the dry gouges (Fig. 2A
nd B) is also in agreement with the effect of water on pure quartz
enhouse Gas Control 54 (2016) 70–83

(aq) + 0.5Al2Si2O50·5Al2Si2O5 (OH)4(s) (Stumm and Morgan, 1981

Palandri and Kharaka, 2005)

OH)4(aq) (Knauss and Wolery, 1989)

gouge prepared by Chester (1994). Furthermore, the observed slip-
hardening behaviour seen under dry conditions is similar to that
reported in other studies (Chester, 1994; Samuelson and Spiers,
2012; Tembe et al., 2010). This has previously been suggested to
reflect cataclastic processes such as microcracking and comminu-
tion of the quartz grains, resulting in progressive compaction and
thus strengthening of the gouge (Kanagawa et al., 2000; Niemeijer
et al., 2008). Other clastic particles present in the gouge, such as
feldspar and calcite, are expected to be affected by similar pro-
cesses. Note that simulated gouges prepared from exposed and
unexposed Entrada Sandstone samples show slip-neutral or truly
steady-state sliding behaviour when sheared wet. This may  be due
to enhanced stress-corrosion cracking in the presence of water,
allowing more rapid comminution and hence compaction in the
initial stages of deformation, rendering a more mature and dense
gouge, which is less prone to displacement-dependent evolution in
the later stages of deformation.

Focusing now on the velocity-dependence of friction, gouge
samples prepared from both unexposed and CO2-exposed reser-
voir rock consistently showed velocity-strengthening behaviour at
all conditions investigated. This agrees well with results obtained
previously for pure quartz, pure feldspar, and natural sandstone
gouges tested under similar experimental conditions (Chester,
1994; Hangx et al., 2015; Morrow et al., 2000; Samuelson and
Spiers, 2012; Scruggs and Tullis, 1998; Shimamoto and Logan,
1981). Although slightly more marked, the observed decrease in
(a–b) with increasing normal stress seen in our room temperature
experiments agrees well with that observed for pure quartz gouges
(Mair and Marone, 1999). This decrease in (a–b) is attributed to the
decreasing effect of cohesion with increasing normal stress. Addi-
tionally, our (a–b)-values for lab dry samples show a decrease with
temperature, between room temperature and 100 ◦C (Fig. 3B). Plot-
ting our (a–b) data for lab dry and fluid-saturated samples together

with data for pure quartz gouges (Chester, 1994) shows that all
data sets show a roughly similar trend, i.e. a decrease in (a–b) with
temperature, suggesting that temperature is important when eval-
uating the stability of a quartz-rich gouge (Fig. 5A).

Except for the tests performed at low effective normal stress
(�n

eff = 5 MPa), where processes such as grain rolling/sliding may
dominate deformation (Mair and Marone, 2001), we assume cata-
clasis plus granular flow to be the main mechanisms controlling
deformation at room temperature. At the same time, however,
the transition from velocity-strengthening to near velocity-neutral
behaviour seen between ∼20 and 100 ◦C (cf. Figs. 3 B and 5) suggests
the activation of a temperature-dependent deformation process.
Intracrystalline plasticity in quartz seems highly unlikely at such
low temperatures, as it would occur at a vanishingly low rate (e.g.
Hirth et al., 2001). However, in both wet and lab dry samples fluid-
assisted processes such as pressure solution or subcritical crack
growth are a possibility (Chester, 1994), recognizing that the lab
dry (room humidity) samples must contain some water. In the

case of a temperature-dependent, fluid-assisted process, such as
pressure solution or subcritical crack growth, a clear effect of the
addition of an aqueous pore fluid phase to dry samples might be
expected to have a clear influence on strength and hence on (a–b).
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Fig. 5. Comparison of the velocity-dependence parameter (a–b) vs. temperature data for present samples with literature data. A) (a–b) vs. temperature data for the unexposed
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nd  CO2-exposed Entrada Sandstone gouges plus literature data on pure quartz (Ch
n  pure calcite (Verberne et al., 2014b). Solid symbols represent room dry experime
hester (1994) to determine (a–b)-values consisted of fitting a single (a–b) value to

o such effects were seen in our experiments (see Figs. 2 A and
 and 3). However, we cannot exclude an effect of water on the
elocity-dependence of the lab dry Entrada Sandstone gouges, as
t room humidity sufficient moisture might still be present to allow
uid-assisted processes.

In conclusion, the detailed mechanisms dominating the fric-
ional behaviour of our sandstone-derived gouges remain unclear.
owever, our observations do demonstrate that the mechanical
ehaviour of fault gouges derived from quartz-rich reservoir sand-
tones, similar to the Entrada Sandstone, will not be strongly
nfluenced by long-term CO2-exposure. In the present samples, this
s undoubtedly because of the minor mineralogical impact of expo-
ure to CO2, i.e. due to the lack of sufficiently reactive minerals
resent in the host rock. On this basis, we can say that CO2-brine-
ock interactions are not expected to lead to significant changes in
rictional strength or in (micro)seismic potential of faults present in

 CO2 storage system, as long as the fault rock composition is domi-
ated by minerals such as quartz, along with subordinate amounts
f K-feldspar and albite.

.3. Effects of carbonate precipitation on fault frictional
ehaviour

In the Green River area of the Colorado Plateau (UT, USA), CO2-
harged springs occur along the Little Grand Wash Fault and the Salt

ash Fault. Here, and at a number of poorly abandoned wellbores,
O2-charged water, saturated with respect to calcite, aragonite,
olomite and hematite leached from formations below the Entrada,

eaks to the surface (e.g. see Kampman et al., 2016). As a result,
ultiple localised episodes of CO2-degassing have led to exten-

ive precipitation of aragonite, seen as cement within the leaking
aults and surrounding damage zone, as well as in the form of
ravertine mounds at the surface, some of which date back 400 ka
Burnside et al., 2013). The SWF  accordingly provides an interesting
ase-study for the loss of sealing integrity of a fault cross-cutting a
O2-filled reservoir.

As shown in Table 1, material taken from a carbonate-filled
ection of the damage zone of the SWF  consists of roughly equal
mounts (∼40 wt%) of quartz and aragonite, along with smaller

mounts of calcite, dolomite, muscovite and hematite. It is not
lear why aragonite preferentially precipitated over calcite, which
s the more stable and less soluble polymorph of calcium carbon-
te (Langerak et al., 1999). Possible explanations lie in the faster
 1994). B) (a–b) vs. temperature data for CO2-exposed fault rock plus previous data
pen symbols represent solution-flooded samples. Note that the method applied by
onsecutive velocity-steps, plus a temperature-step.

precipitation kinetics of aragonite (e.g. Burton and Walter, 1987),
together with the high supersaturation of the degassing fluid and
high concentrations of Mg2+ and Fe2+ (Kampman et al., 2014),
which inhibit calcite precipitation (e.g. Burton and Walter, 1987;
Herzog et al., 1989).

As far as we are aware, no previous data exist on the frictional
behaviour of aragonite-rich gouge materials, such as that investi-
gated here. The present data therefore provide a new and useful
contribution to understanding the frictional behaviour of faults in
CO2 storage systems that became cemented with aragonite due to
leakage of CO2-charged, Ca-saturated fluids (cf. the SWF). At room
temperature conditions, the frictional strength of the fault sam-
ples that we have tested is similar to that of the quartz-dominated,
sandstone-derived gouges (see Fig. 2A and B). The friction coef-
ficient of 0.57–0.66 displayed by the dry, carbonate-rich samples
is intermediate between that of simulated quartz (� = 0.5–0.7)
and calcite gouges (� = 0.6–0.8) (Carpenter et al., 2016; Morrow
et al., 2000; Shimamoto and Logan, 1981; Verberne et al., 2014b),
and very similar to the values obtained for our unexposed and
CO2-exposed quartz-dominated samples. At 100 ◦C, both dry and
wet samples of the carbonate-rich fault material showed frictional
behaviour similar to that of pure calcite, as evidenced by a slight
decrease in frictional strength, in agreement with experiments on
calcite gouges (Verberne et al., 2014b).

In terms of (a–b)-values, dry, aragonite-rich fault sam-
ples deformed at room temperature showed stable, velocity-
strengthening behaviour, in agreement with results for quartz-rich
gouges (Chester, 1994; Samuelson and Spiers, 2012), and for calcite
gouges (Verberne et al., 2014b). This presumably reflects cataclas-
tic deformation plus granular flow. The observed decrease in (a–b)
with increasing normal stress, also seen in the quartz-dominated
gouge, is again attributed to the decreasing contribution of cohe-
sion with increasing normal stress. By contrast, at 100 ◦C, both
dry and wet  carbonate-rich sample material consistently showed
unstable, velocity-weakening behaviour (Fig. 3B). This is compa-
rable to results obtained for pure calcite gouges which exhibit
a transition from velocity-strengthening to velocity-weakening
behaviour at temperatures above about 80 ◦C, as seen in Fig. 5B
(Verberne et al., 2014b). By analogy with observations on lab
dry and wet calcite (Verberne et al., 2014a,b), the transition

from velocity-strengthening behaviour at room temperature to
velocity-weakening behaviour at 100 ◦C seen in our carbonate-
rich gouge samples is cautiously inferred to reflect an increase in
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he importance of time-dependent, thermally-activated plastic or
lse water-assisted diffusive deformation of aragonite grains. Some
upport for crystal plasticity can be found in previous experiments
n aragonite crystals that have demonstrated the operation of such
eformation mechanisms at room temperature (e.g. Kearney et al.,
006). Furthermore, pressure solution is another possible process,
eing enhanced relative to calcite by aragonite’s higher solubility
Morse et al., 1980). Again by comparison with friction experi-

ents on calcite (Verberne et al., 2014a,b) and with the model
or velocity-weakening behaviour of NaCl aggregates put forward
y Niemeijer and Spiers (2007), we speculate that both granular
ow and crystal plastic deformation, or else diffusive mass transfer,
re operative and compete in the temperature range investigated,
roducing velocity-weakening via the mechanisms described by
iemeijer and Spiers (2007) and by Verberne et al. (2014a).

In summary, our results for the fault-derived samples show
hat significant quantities (∼40%) of aragonite precipitated within

 fault can result on the one hand to fault re-strengthening or heal-
ng due to cementation, increasing cohesion and hence frictional
trength relative to sandstone-derived gouge. At the same time,
ragonite precipitation can result in velocity-weakening behaviour
nder in-situ reservoir conditions (100 ◦C) leading the potential for
nstable, seismogenic slip. Of course, the occurrence of velocity-
eakening behaviour might be linked to a minimum quantity of

ragonite versus quartz, sufficient to form a load-bearing frame-
ork that dominates the frictional behaviour (Handy, 1990). Here,
e can only infer that this threshold for velocity-weakening lies at

ragonite contents below 40%.

.4. Cross-fault permeability of quartz-rich and carbonate-rich
aults

Cross-fault permeability measured at room temperature
howed one to 1.5 orders of magnitude decrease during shearing,
rom ∼10−15 m2 to ∼10−17 m2, for both sandstone-derived gouges
Fig. 4). The CO2-exposed, carbonate-rich fault gouge, on the other
and, showed a smaller reduction in permeability, i.e. by a factor of

 (cf. Fig. 4). The sharp, initial decrease in permeability upon shear-
ng of the sandstone-derived samples, followed by the levelling off
o more or less constant permeability values, is in good agreement
ith the trend seen by Zhang and Tullis (1998) in their experiments

n pure quartz gouges (�n
eff = 21 MPa, 10 mm displacement). This

harp decrease is inferred to be the result of shear-enhanced gouge
ompaction, as grain size reduction and rearrangement of grains
llow for a denser grain packing (e.g. Marone and Scholz, 1989;
hang and Tullis, 1998). The more or less constant permeability
alues obtained afterwards most likely reflect the transition from
hear-enhanced compaction, by optimal packing of crushed grains
n the body of the sample, to localisation of gouge shearing into
ery thin, layer-parallel shear bands (Carpenter et al., 2016; Chen
t al., 2015; Verberne et al., 2014a; Zhang and Tullis, 1998). Note
hat shear-enhanced compaction is more effective than compres-
ive loading (e.g. Mandl et al., 1977), explaining the slightly larger
ermeability reductions seen upon re-shearing than observed after
eriods of static holding.

From Fig. 4, it is clear that the total reduction in cross-fault per-
eability for the two quartz-rich reservoir gouges is larger than

or the carbonate-rich fault material. This difference is presumably
elated to differences in grain size reduction, compaction and local-
sation of shear between the quartz-rich vs. carbonate-rich gouges.
owever, due to the limited number of experiments conducted
s well as poor preservation of the samples after removal from

he sample assembly, we do not have microstructural evidence to
upport any particular mechanism of permeability reduction.

Finally, comparing our cross-fault permeability data for the two
andstone-derived gouges, our experiments suggest that minor
enhouse Gas Control 54 (2016) 70–83

mineralogical differences related to sediment variability or to long-
term exposure of such materials to CO2 will not have a major
influence on the transport properties of gouge-filled faults or on
how the permeability evolves with shear deformation after gouge
formation associated with fault slip. Cross-fault permeabilities of
the order of 10−17–10−16 m2 can be expected in such gouges at
effective normal stresses of ∼50 MPa. Our results also show that
reactivated aragonite-rich (cemented) fault rock can be expected
to show similar permeability at comparable conditions. We  also
observed that cross-fault permeability decreased in all sample
materials predominantly because of accumulated shear, with little
effect of time during periods of hold (Section 4.2, Fig. 4). However,
during long periods of static healing under geological conditions,
time-dependent, thermally-activated compaction and sealing pro-
cesses will likely lead to lower permeabilities developing after fault
slip then seen in our gouge shearing tests at room temperature.

5.5. Implications for fault integrity in sandstone CO2 storage
systems

5.5.1. Effects of CO2 exposure on fault strength and slip stability
Understanding the frictional behaviour and transport proper-

ties of faults, bounding or within a reservoir, plays an important
role in assessing the integrity of potential CCS sites. Our  results
have demonstrated that faults formed in quartz-rich sandstones
(58–90% quartz) and filled with gouges of sandstone composition
can be expected to show stable, velocity- strengthening sliding
behaviour with an apparent friction coefficient of 0.5–0.6 under
in-situ conditions. Even after long-term CO2-exposure and gouge
bleaching, the frictional strength and velocity dependent behaviour
of such faults is not affected significantly, as CO2-induced miner-
alogical changes are minimal due to the limited reactive mineral
content of quartz-rich sandstones. Indeed the effects of reaction
with CO2, and of the associated bleaching, on rock mineralogy will
often be subordinate to variations in initial composition. How-
ever, if extensive calcite or aragonite precipitation has occurred,
in a leaky, degassing fault for example, then potential exists
for increased cohesive strength upon slip and for unstable slid-
ing at in-situ temperatures of >80–100 ◦C, both dry and in the
presence of fluids. Apparent friction coefficient values in such
carbonate-rich fault rock lie in the range 0.6–0.7. Extensive pre-
cipitation of carbonate minerals, as observed along the SWF, is
unlikely to occur by simple CO2 leakage from a CCS site, as large
volumes of Ca-rich fluids would have to pass along the fault.
However, there may  be implications for carbonate-rich faults that
are present within the field prior to CO2 injection. Assuming a
geothermal gradient of 20–25 ◦C/km, carbonate-rich fault gouges
can be expected to become velocity-weakening at depths >3–4 km,
and in the framework of RSF modelling then have the poten-
tial to exhibit enhanced (micro)seismicity compared with purely
clastically-derived gouges, when actively slipping.

5.5.2. Permeability evolution within an active fault
Although limited, our room temperature cross-fault permeabil-

ity data showed a roughly two order of magnitude decrease in
permeability over only a few mm  of shear displacement. These
findings suggest that while fault slip may  lead to initial dilational
cataclasis and a significant increase in permeability, as new fault
gouge is produced, this will be rapidly reduce with on-going dis-
placement. Such faults may  even become more of a barrier than
a conduit with increasing shear displacement. Similarly, mature
faults are assumed to have a (well-developed) internal foliation,

and as a result a relatively low starting permeability and more
limited potential for compaction or dilation than observed in this
study. Slip of such faults will likely cause little change in permeabil-
ity. What is apparent from our data is that gouges derived from the
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Fig. 6. Argon gas/liquid permeability ratio to liquid permeability calculated for the
conditions used in our permeability tests using the relation suggested by Tanikawa
and  Shimamoto (2009). The �g/�l line is plotted for the mean pore pressure of
1.9  MPa used in our experiments. Based on the relation derived by Tanikawa and
Shimamoto (2009), liquid permeability values for our samples are expected to be a
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aximum of 1.2 times lower than obtained for our argon gas permeability values.
ur gas permeability values can therefore be taken as a good approximation for true
ermeability.

ather different simulated gouges tested show evolution to a cross-
ault permeability of between 10−17–10−16 m2 within 2–7 mm of
hearing. This suggests a likely upper bound for the transverse per-
eability of reactivated faults in sandstone reservoir systems.

One last point that should be noted, is that there may  be a
iscrepancy between our argon permeability values and the cross-

ault permeability to other fluids. The permeability of a porous
edium represents a property that depends on material prop-

rties such as porosity, pore shape and pore size distribution.
herefore, permeability is a property of the porous medium itself,

ndependently of fluid properties (Klinkenberg, 1941; Tanikawa
nd Shimamoto, 2009). However, especially at low permeability
� < 10−18 m2), gas permeability values are generally higher than
iquid permeability values (Faulkner and Rutter, 2000; Klinkenberg,
941; Tanikawa and Shimamoto, 2009). This phenomena is known
s the Klinkenberg effect and reflects the difference in interaction
etween gasses and liquids with the pore-walls. In the case of liq-
ids, a thin layer of molecules adsorbs to the pore-walls, having zero
elocity, whereas as in the case of gases, molecules slip along the
ore-walls with a non-zero velocity, yielding higher permeability
alues. The relationship between the gas and liquid permeability
f a medium is given by Tanikawa and Shimamoto (2009):

g = �l [1 + ˇ/Pf ] = �l [1 + (0.15�l − 0.37/Pf )] (3)

here �g is the gas permeability (m2), �l is the liquid permeabil-
ty (m2),  ̌ is the Klinkenberg slip factor (Pa) and Pf is the pore
ressure, defined as ½(Pupstream + Pdownstream) (Pa). Tanikawa and
himamoto (2009) assumed that the �-factor they obtained for
heir experiments on sandstone samples is applicable to all rocks.
sing Eq. (3) and putting � = 0.15�l − 0.37 (following Tanikawa and
himamoto, 2009), we derived the liquid permeability expected for
ur samples. The results are plotted in Fig. 6 in terms of a graph of
g/�l vs. �g. As seen, Eq. (3) predicts that gas permeability mea-
urements made under the conditions of our tests are expected to
e a maximum factor of 1.2 higher than liquid permeability val-
es over the range of conditions investigated. On this basis, we

onsider our gas permeability values for the simulated Entrada
andstone and carbonate-rich fault gouges equally valid for CO2-
harged pore water, liquid CO2 and supercritical CO2, as for gaseous
O2 or argon, assuming there are no chemical reaction effects
enhouse Gas Control 54 (2016) 70–83 81

during flow-through. It should be noted that this minor impact of
the Klinkenberg effect on cross-fault permeability may be over-
printed by larger-scale variations along the fault plane, which
should be kept in mind when using these values for upscaling to
the reservoir scale.

Finally, we  note that we did not determine the along-fault
permeability. While the cross-fault permeability is important for
controlling lateral leakage of CO2 from a storage reservoir, the
along-fault permeability will generally control any potential leak-
age to overlying formations. Though the cross-fault permeability
is generally one to 1.5 orders of magnitude lower than the along-
fault permeability (Zhang et al., 1999), it should be kept in mind
that with the current injection regulations the pressure within the
reservoir will be lower than the pressure in the directly overlying
formation (e.g. Marston, 2013; Verdon et al., 2013). The pressure
gradient will therefore inhibit leakage up the fault, and fault leak-
age will rather result in fluids being transferred from the overlying
rock into the reservoir.

6. Conclusions

We have performed direct shear experiments on simulated
gouges derived from 1) unexposed Entrada Sandstone, 2) CO2-
exposed Entrada Sandstone and 3) carbonate-rich fault rock (40%
aragonite) obtained from a CO2-leaking/degassing fault cutting the
Entrada Sandstone. The Entrada Sandstone is considered to be a
good analogue for many European sandstone reservoirs considered
or used for CO2 storage. Our findings can be summarised as follows:

1) Long-term CO2-exposure and gouge bleaching does not affect
the frictional behaviour of faults significantly, as CO2-induced
mineralogical changes are minimal due to the limited reac-
tive mineral content of quartz-rich sandstones. Simulated
gouges derived from both unexposed and CO2-exposed, Entrada
Sandstone showed apparent friction coefficients typical for
quartz-bearing gouges (� = 0.50–0.7). Furthermore, the Entrada
Sandstone show stable (non-seismogenic) slip behaviour
prior to exposure, and remains to exhibit stable, velocity-
strengthening behaviour after CO2-exposure, under dry and wet
conditions at room temperature and 100 ◦C. At low effective
normal stresses (<25 MPa), cohesion played a significant role
in controlling the shear strength of the gouge, meaning that
the estimated injection pressure, and hence storage capacity,
can be somewhat higher than simply expected from frictional
behaviour at low effective normal stresses acting on the fault
plane.

2) Simulated gouges derived from the carbonate-rich fault rock
exhibited apparent friction coefficient values similar to the
quartz-rich gouges (� = 0.56–0.9). Although unlikely to occur by
slow CO2 leakage from a CCS site, if extensive calcite or arago-
nite precipitation would occur in a leaky, degassing fault, then
the potential exists for a transition from stable sliding behaviour
(room temperature, dry conditions) to velocity weakening, and
hence unstable or seismogenic slip, at in-situ temperatures
of >80–100 ◦C, both dry and in the presence of fluids. Carbon-
ate cementation will also likely increase cohesive strength upon
fault slip, especially at low �n

eff (< 25 MPa).
3) Argon gas permeability measurements on dry, unexposed

and CO2-exposed Entrada showed �- values on the order of
∼10−15–10−16 m2 prior to shear, decreasing to ∼10−17 m2 after
7 mm of displacement. The gas permeability values for the sim-

ulated Entrada Sandstone and carbonate-rich fault gouges are
equally valid for CO2-charged pore water, liquid CO2 and super-
critical CO2, as for gaseous CO2 or argon, assuming there are
no chemical reaction effects during the flow through. However,
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larger-scale variations along the fault plane, which should be
kept in mind when using these values for upscaling to the reser-
voir scale.
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