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Summary

Depleted natural reservoirs offer attractive sites for geological storage of CO2, because 
of their well-characterized nature, proven sealing capacity, and pre-existing infrastructure. 
Numerous reservoirs in the Netherlands and worldwide are topped by anhydrite and 
anhydrite/carbonate caprocks and, once exhausted, many of these may be suitable for 
CO2 storage. To assess this, the potential for leakage of CO2 along initially sealed faults 
running through the caprock must be evaluated, in the context of the operational phase 
of the site (CO2 injection phase) as well as its subsequent long term integrity. In both 
cases, fault leakage can potentially be triggered by aseismic mechanical reactivation, 
induced seismic slip or by chemical fluid/rock interactions. 

This thesis reports an experimentally based study of the sealing, healing and slip behavior 
of simulated faults in anhydrite and anhydrite/dolomite rock. Independently of the issue 
of CO2 storage in stable portions of the Earth’s crust, the results also are directly 
relevant to the behavior of tectonically active faults in anhydrite/dolomite sequences 
in the Italian Apennines, where destructive natural earthquakes repeatedly nucleate in 
anhydrite/dolomite strata, affected by natural mantle-derived CO2. 

Chapter 1 of the thesis introduces the scope and background of this thesis, including a 
definition of the specific aims. 

Chapter 2 describes the results of 1-D compaction experiments on simulated 
anhydrite fault gouge. This work aimed to investigate the rate of compaction and healing/
sealing of faulted anhydrite caprocks after fault reactivation, as well as the controlling 
microphysical mechanisms. It involved constant stress (5-12 MPa) and stress stepping 
experiments (5/7.5/10 MPa) performed at 80°C, under dry and wet conditions, on 
simulated anhydrite fault gouge samples with controlled grain sizes in the range 20-
500µm. Dry samples showed little to no compaction creep, whereas wet samples (i.e. 
flooded with pre-saturated CaSO4 solution) showed rapid compaction. Mechanical 
data and microstructural observations on wet samples suggest that, for fine grain sizes 
(<50µm) and low stresses, gouge compaction is controlled by stress-drivenadissolution 
and re-precipitation, i.e. diffusion-controlled pressure solution. With increasing grain size 
and stress, fluid-assisted subcritical microcracking becomes dominant. Since gouges are 
expected to be wet and fine-grained in reactivated faults, it is inferred that diffusion-
controlled pressure solution will dominate healing and sealing. Pressurizing wet samples 
with CO2 (15 MPa) had no significant effect on compaction rates in fine-grained material, 
but it slowed down compaction of coarse samples. In both cases, minor amounts of 
carbonate formed. 
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Chapter 3 reports the development of new pressure solution models, aimed at providing 
a basis for extrapolating the data obtained in Chapter 2 to the long term associated with 
CO2 storage or the natural seismic cycle. I compare rate equations derived with the 
data on compaction creep presented in Chapter 2. This confirms that compaction of the 
fine-grained gouge occurred by diffusion-controlled pressure solution. Applying the most 
rigorous model for diffusion controlled pressure solution indicates that anhydrite fault 
sealing will occur in a few decades at most, which is rapid compared to the 10 000 year 
time-scale envisaged for CO2 storage, and compared to the recurrence interval of 2000-
5000 years for destructive earthquakes (M≥5) in the Apennines. 

Chapters 4, 5 and 6 explore the frictional properties of anhydrite, dolomite and anhydrite/
dolomite gouges, via direct shear experiments conducted using velocity stepping and 
slide-hold-slide testing procedures, at conditions relevant for CO2 storage (2-4 km) and 
active fault behavior in the Italian Apennines. Taking into account the CO2 pressures 
expected in these scenarios, all friction experiments were performed at an effective 
normal stress of 25 MPa, and investigating temperature in the range 20-150°C. Samples 
were tested dry (under vacuum or drained to lab air) and using different types of pore 
fluid, namely dry CO2, water, wet CO2 (containing traces of water) and CO2-saturated 
water. Where used, the pore fluid pressure was 15 MPa. 

In Chapter 4, I report the results of direct shear, velocity-stepping experiments carried 
out on simulated anhydrite fault gouges (<95wt% CaSO4), at sliding velocities between 
0.2 and 10µms-1. At the chosen conditions and at the low displacement of 2 mm, anhydrite 
fault gouge shows a friction coefficient between 0.53 and 0.71 (assuming zero cohesion), 
followed by minor ongoing displacement weakening. Wet samples without CO2 were 
found to be up to 15% weaker than dry equivalents. Wet samples containing CO2 were a 
further 15% weaker. This weakening-effect of CO2 could potentially lead to reactivation 
of critically stressed faults in anhydrite sequences. Dry anhydrite fault gouge showed 
persistent velocity-weakening behavior above 120°C, whereas wet samples, with and 
without CO2, showed velocity-strengthening behavior. Assuming wet in-situ conditions, 
these results imply fault reactivation is unlikely to lead to (induced) (micro)seismicity 
in anhydrite-rich faults bounding CO2 storage sites, though it is recognized that the 
presence of dolomite or (reaction-produced) calcite or fault desiccation caused by 
nearby CO2 injection may change seismic potential. 

In order to assess the likelihood of fault reactivation and/or fault leakage, it is important 
to understand not only the velocity-dependence of friction, but also the evolution of 
frictional strength of faults during periods of no slip and upon reloading, i.e. relaxation 
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behavior and healing. In Chapter 5, I report the results of slide-hold-slide experiments 
combined with a velocity-stepping sequence, aimed at assessing the recovery of (peak) 
strength during periods of zero slip (holds) or the healing behavior of simulated anhydrite 
fault gouge (>95wt% CaSO4), and at identifying the controlling microphysical mechanisms. 
My results show significant healing in vacuum-dry samples and in samples containing dry 
CO2. These effects are strongly enhanced in wet samples, without or with CO2, even in 
those samples that only contain trace amounts of water. Dry samples exhibited a linear 
dependence of healing on log hold time, which suggests healing is controlled by plastic 
asperity creep (Dieterich-type), surmised to be dislocation creep. Wet samples exhibited 
a power-law dependence of healing on hold time, which suggests, combined with 
microstructural evidence, that healing in wet samples (±CO2) is controlled by pressure 
solution. The velocity-dependence of friction is similar to that reported in Chapter 4 and 
does not change much with the presence of holds. Extrapolation of the experimental 
results to natural reservoir conditions for wet anhydrite fault gouges, using the pressure 
solution equations developed and tested in Chapter 3, indicates that anhydrite fault 
gouge will regain full static strength within tens of days of undergoing a slip event. This 
is extremely rapid compared to CO2-storage time-scales. Comparing this to recurrence 
times of M≥6 earthquakes in the Apennines further indicates that anhydrite-bearing 
faults will fully heal in interseismic periods.

In Chapter 6, I report on the velocity-dependence of friction exhibited by anhydrite, 
dolomite and 50:50 anhydrite/dolomite fault gouges at 120°C, including the effects of CO2. 
The differences in frictional strength between the samples of different compositions and 
tested dry, wet and wet with CO2 were relatively minor. In general, the weakest samples 
were the wet anhydrite gouges saturated with CO2, for which the lowest coefficient 
of friction reported in this thesis is 0.53. All dry samples showed velocity-weakening 
behavior, whereas wet samples showed velocity-strengthening behavior, without or with 
CO2. The observed behavior is consistent with trends previously reported for anhydrite, 
dolomite, calcite and anhydrite/dolomite gouges, all of which show a transition from 
velocity-strengthening at temperatures below 80-120°C when dry, and below 100-150°C 
when wet, to velocity-weakening at higher temperatures. Since we found only velocity-
strengthening behavior in wet samples, tested without and with CO2 at the investigated 
temperature (120°C), we infer little seismogenic potential for wet dolomite, anhydrite 
and mixed gouges under CO2 storage conditions. Seismic slip in the Italian Apennines 
at depths of ~6 km and beyond may be explained in terms of the velocity-weakening 
behavior expected in anhydrite and especially dolomite at temperatures above 150°C, 
but for shallower earthquakes in the Apennines other explanations are needed. 
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This thesis is closed in Chapter 7, with a summary of the main results and conclusions 
than can be drawn from the research reported, as well as a synthesis of the implications 
for CO2 storage and for seismicity in anhydrite/dolomite sequences in tectonically active 
regions, such as the Apennines. Unanswered issues and new open questions are identified, 
and suggestions are made for further research. 



16
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cHAPTER 1

1.1	Motivation	and	scope
In recent decades it has become widely accepted that, in order to limit climate change, 
we need to limit anthropogenic CO2 emissions [IPCC, 2007; Solomon et al., 2007]. One 
of the options to achieve this, while still using fossil fuels during a period of gradual 
transition to a more sustainable energy production [e.g. GEA, 2012], is to capture CO2 
at large point sources, such as power plants and large industry emitters (e.g. steel or 
cement manufacturers), transport it and to store it in the subsurface. This concept 
has become known as Carbon Capture and Storage or CCS – see Figure 1a [Benson 
and Cook, 2005; Edenhofer et al., 2014]. Depleted hydrocarbon reservoirs are attractive 
storage sites, because of their well-characterized nature, known geology and proven 
sealing capacity for natural gas. Hydrocarbon fields also have much of the necessary 
infrastructure for transport and injection already in place, though this will generally need 
upgrading for CO2 storage. Another major advantage is that CO2-injection to reservoir-
pressures below the original, usually near-hydrostatic value, means that the storage site 
will remain sub-hydrostatic until recharged in the long term via the local hydrogeological 
systems. By contrast, injection into saline aquifers regularly leads to overpressurization 
of the aquifer [e.g. Orlic et al., 2011; Zoback and Gorelick, 2012]. 

The Netherlands possesses some of the most extensive gas fields in Europe, including 
the giant Slochteren field, which is the 7th largest on-shore field in the world. Taken 
together, the smaller onshore fields plus offshore fields (e.g. the North Sea area) also 
account for major reservoirs [van Alphen et al., 2009; Ramírez et al., 2010] (Figure 2a). 
Gas exploration in the Netherlands kicked off with the discovery of the Slochteren field 
in 1959, but the reserves are estimated to be depleted by 2040 or 2050 [Herber and de 
Jager, 2010; Ministry of Economic Affairs, 2013]. After depletion, the gas fields offer major 
CO2 storage capacity. The CO2 storage capacity of the smaller gas reservoirs (excluding 
the Slochteren field) is estimated to be 1600 Mt of CO2, or about 20% of the expected 
Dutch emissions during the next 40 years. Many of these Dutch fields are located in the 
Permian Rotliegend sandstone and are capped by the Zechstein evaporite formation, 
the base of which is a tens of meters thick, bedded, anhydrite sequence (the Zechstein 
I Member, see also Figure 2b), interspersed with dolomite floaters [Geluk, 2000, 2007]. 

1.2	Knowledge	gaps	related	to	CO2	storage
The Rotliegend hydrocarbon fields in the Netherlands are typically located at 2 to 4 
km depth, so injected CO2 will be present in the supercritical phase. Possible trapping 
mechanisms for supercritical CO2 in a reservoir are dissolution trapping, residual trapping 
(also known as capillary trapping), mineral trapping and structural trapping (Figure 1b) 
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[e.g. Benson and Cook, 2005; Gaus, 2010]. The lack of reactive minerals in the Rotliegend 
(>85% quartz, and minor kaolinite, dolomite and K-feldspar) [e.g. Bolourinejad et al., 2014], 
plus the relatively dry nature of the depleted fields, combined with the study of CO2-
bearing gas fields as natural analogues for CO2 storage in sandstone reservoirs [e.g. 
Baines and Worden, 2004; Wilkinson et al., 2009; Lu et al., 2010; Heinemann et al., 2013], 
indicates that CO2 in the subsurface will most likely be present either as a free phase 
containing various amounts of water, or in dissolved form. The main trapping mechanism 
will thus most likely be structural trapping below the Zechstein seal (Figure 1a) and 
caprock integrity will be key. Aside from many Dutch fields, numerous other major gas 
and oil fields around the world are capped by anhydrite or anhydrite/dolomite evaporite 
sequences. Evaporite caprocks seal more than half of the world’s giant fields (>500 million 
barrels) [Bai and Xu, 2014], as well as many other hydrocarbon fields, such as many 
Middle-Eastern fields (including the Qatar fields) [Alsharhan and Nairn, 1994], but also 
the Teapot Dome oil field in Wyoming, USA [Chiaramonte et al., 2008] or the Zama and 
Weyburn fields in Canada [Smith et al., 2011; Bennion and Bachu, 2013]. Some of these are 
already in use for CO2 storage (combined with enhanced oil recovery), while the other 
fields offer potential CO2 storage space after depletion. The same questions will apply of 
course as to the Dutch Zechstein anhydrite caprock. The work presented in this thesis 
was carried out within the Dutch National Research Program, CATO-2, on CO2 capture, 
transport and storage, falling under CATO WP3.03 on caprock and fault integrity. 

anhydrite caprock

2-
4 

km

no
rm

al 
str

es
s

CO2 capture

CO2 transport

fau
lt

a)

c)

d)
c), d)

?

(Zechstein)
salt seal

CO2 storage

depleted 
gas reservoir
(Rotliegend 
sandstone)

tim
e

supercritical CO2

H2O

CO2

formation water

solubility 
trapping

1)

residual 
trapping

2)

mineral
trapping

3)

structural 
trapping

4)

b)
Figure 1 a) Schematic figure depicting CO2 storage in a depleted gas reservoir. b) Different trapping mechanisms 
in the reservoir. In most reservoirs the capacity for mineral trapping is limited. [Modified from Hangx et al., 2009] 
c) Process of  frictional reactivation of  a fault may cause internal dilation. d) Process of  fault gouge compaction, 
healing and sealing. Under in-situ pressure and temperature newly created fault gouge will compact and seal.
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1.2.1	Leakage	pathways
Supercritical CO2 could potentially escape the structural trap by diffusion through 
the caprock, or through caprock failure and the associated formation of new leakage 
pathways, through leaky (legacy) wells and pre-existing (reservoir-bounding) faults [e.g. 
Benson and Cook, 2005]. In the case of an anhydrite-rich (evaporite) seal, previous research 
has shown that simple CO2 penetration through reaction with a static pore fluid, i.e. 
excluding long-range advective transport, is too slow to significantly penetrate a tens of 
meters thick anhydrite caprock [Hangx et al., 2010b]. Failure of the anhydrite caprock 
and formation of new leakage pathways (i.e. new fractures or damage zones) is equally 
unlikely, provided injection and depletion rates are chosen such that localized reservoir 
heave or compaction will not take place [Hangx et al., 2010b, 2010c, 2014] and such that 
there is no major temperature drop, and hence no thermal contraction/stress, in the 
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Figure 2 a) Location and capacity of  potential CO2 reservoirs in the Netherlands and North Sea [taken from Ramírez 
et al., 2010]. b) Facies map of  the Permian Z1 Member of  the Zechstein Formation, where the Anhydrite Member 
(in pink) caps many of  the eastern onshore gas fields and north-eastern offshore gas fields in the Rotliegend 
sandstone [taken from Geluk, 2007].
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neighborhood of the injection site [Oldenburg, 2007; Orlic et al., 2011; Hangx et al., 2014; 
Vilarrasa et al., 2014]. Faults and legacy wells that crosscut the caprock are therefore 
considered to be amongst the most likely leakage pathways. Considering natural seal 
integrity, the principal risk is leakage through fractures and faults, where the reservoir-
bounding or compartmentalizing faults offer perhaps the greatest risk. These may provide 
a pathway to higher levels in the overburden stratigraphy, i.e. bypassing the overlying 
(halite-dominated) Zechstein sequence (Figure 1a). In the case of CO2 storage, leakage 
could potentially be triggered by aseismic mechanical reactivation, induced seismic slip or 
by chemical fluid/rock interactions [Kaszuba et al., 2003; Rutqvist et al., 2007; Orlic, 2009; 
Dockrill and Shipton, 2010; Hangx et al., 2010b]. 

This thesis addresses the above questions, tackling the issues of fault strength, possible 
criteria for reactivation, the healing and sealing potential after reactivation, the potential 
for seismic slip and of course the effects of CO2, through a series of experiments at 
simulated in-situ pressures and temperatures, plus the development of a microphysical 
model. The current work will focus on the faults that cut an anhydrite-bearing caprock, 
and which will most certainly contain caprock-derived damage material [“fault gouge”, 
see Engelder, 1974] and/or anhydrite cement (see Figure 1c and 1d). Though primarily 
motivated by the issue of anhydrite or anhydrite/dolomite caprock, and the geomechanical 
integrity of faults in CO2 storage systems, the topics tackled are also directly relevant 
to the behavior of seismically active faults in anhydrite-bearing evaporite sequences. 
Examples include the Italian Apennines [De Paola et al., 2008; Collettini et al., 2009] and 
the Swiss Jura [Müller and Siemes, 1974; Müller et al., 1981], plus many evaporite fold-and-
thrust belts [Davis and Engelder, 1985; Jaumé and Lillie, 1988; Stiros et al., 1994; Harland et 
al., 2009]. Of these, the Apennines in particular are of interest, since this seismically active 
region is characterized by extensive mantle-derived CO2 degassing [Collettini and Barchi, 
2002; Chiodini et al., 2004; Trippetta et al., 2013]. The implications of the obtained results 
for such systems will also be considered. 

1.2.2	Fault	mechanics
For safe and efficient CO2 storage it is important to know if a fault may be reactivated 
during CO2-injection into the reservoir, since 1) reactivation may be associated with 
(micro-)seismicity (Figure 1c) and 2) fault reactivation may lead to the formation of new 
fault gouge and thus of new porosity and permeability (Figure 1d). If faults are reactivated, 
they may dilate, and hence increase the risks of fluids escaping the reservoir through 
increased fault permeability. Under the in-situ pressure and temperature conditions 
pertaining to subsurface gas reservoirs, fault gouge may compact over time and thus 
regain its strength (heal). Likely mechanisms by which this may occur include plastic 
creep, intragranular pressure solution, fluid-assisted diffusion mass transfer processes and 
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fluid-assisted microcracking plus associated grain translation and rotation. If compaction 
and pore closure continues, eventually the gouge will reach a sufficiently low porosity 
and hence permeability, and thus become sealed again (Figure 1d). Understanding fault 
sealing behavior due to the aforementioned mechanisms will help us to understand the 
timescale on which fault porosity (and hence permeability) evolves after reactivation, 
which in turn will help us estimate the risks posed by fault reactivation in terms of 
creating long-lived leakage pathways. To date, no data exist on anhydrite fault sealing nor 
on anhydrite fault healing by any of the mechanisms mentioned above. 

Whether a fault will be reactivated or not will depend on fault strength and on the stress 
state in the surroundings (Figure 3a). Fault strength may be temperature- and depth-/
stress-dependent [c.f. Verberne et al., 2010], or influenced by interfacial adsorption/
lubrication effects of the type caused by water in some minerals [c.f. Moore and Lockner, 
2004] or possibly through chemical interactions when in contact with CO2. The 
local stress state can be influenced through the direct mechanical effect of pore fluid 
pressure, or by (associated) poro-elastic effects, or by thermal effects. Furthermore, fault 
reactivation can occur seismically or aseismically. One of the main factors controlling the 
capacity of fault rock to generate (micro-)seismicity is the velocity-dependence of the 
frictional strength of fault rocks [Dieterich, 1979; Ruina, 1983; Marone, 1998a; Scholz, 2002]. 
The velocity dependence of friction may be analyzed in the framework of the rate-and-
state (RSF) friction equations [Dieterich, 1978, 1979 (Equation 1b); Ruina, 1983 (Equation 
1c)]: 

0
0

0

 ln
c

V Va ln b
V d

θµ µ
   

= + +   
   

,         (1a) 

with 1
c

d V
dt d
θ θ

= − ,    (Dieterich formulation, 1b)

or 
c c

d V Vln
dt d d
θ θ θ 

= −  
 

,         (Ruina formulation, 1c)

where µ0 and µ are the friction coefficients (-) before and after the velocity step, 
respectively, V0 and V the velocity before and after a velocity step, a represents the 
magnitude of the direct effect and b that of the evolution effect,  is a state variable 
thought to describe the average contact lifetime, and dc is interpreted to be the slip 
distance necessary to renew the surface contact population. Fault rocks that become 
stronger with an increase in velocity (velocity-strengthening behavior) cannot generate 
accelerating slip, and are thus not capable of generating earthquakes. Positive values for 
the combined RSF parameter (a-b) describe this velocity-strengthening behavior (see 
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also Figure 3b). On the other hand, fault rocks that become weaker with an increase 
in velocity (velocity-weakening) may generate accelerating slip, which is thus one of the 
conditions that is needed for (micro-)seismicity to nucleate on a (reactivated) fault. This 
is described by negative values of (a-b) (Figure 3b). Understanding not only the velocity 
dependence of friction, but also how fault strength evolves during periods of no slip (i.e. 
fault healing behavior) will lead to a better understand of the seismic cycle in natural 
faults [Marone, 1998b]. 

Previous experiments and microphysical modelling work [Niemeijer and Spiers, 2006, 
2007; den Hartog and Spiers, 2014] have shown that the velocity-dependence of slip at 
temperatures relevant to the upper crust is directly associated with the rates of fault 
dilatation and compaction in many gouge materials. However, data on the frictional and 
the compaction/dilation properties of anhydrite fault gouges are scarce, with the only 
work to date being some early work by Shimamoto and Logan [1981], who describe the 
frictional strength of dry anhydrite fault gouges at room temperature, and the limited 
work recently done by Scuderi et al [2013] that addressed the frictional strength and 
its velocity dependence in wet anhydrite and dolomite gouges at 75°C. To assess the 
suitability of CO2-storage reservoirs capped by anhydrite it is important to quantify fault 
frictional strength and velocity dependence under representative reservoir conditions, 
which includes an understanding of the controlling deformation mechanisms, as well 
as to assess any potential short- or long-term effects of CO2. For shale and sandstone 
gouges it has been shown there are no short-term effects of CO2 on the frictional 
strength or sliding stability [Samuelson and Spiers, 2012]. 
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Figure 3 a) Fault reactivation will depend on (changes in) fault strength and local stress state, represented here 
by a Mohr-Coulomb analysis, in which τ stands for fault shear strength, S0 for cohesion, µ for the fault friction 
coefficient, and σn

eff for the effective normal stress. b) The velocity dependence of  the friction coefficient µ is 
expressed by the RSF parameters, where a stands for the direct effect and b for the evolution effect that occur upon a 
velocity change from initial velocity V0 to the new velocity V. The combined parameter (a-b) > 0 indicates velocity-
strengthening behavior, and (a-b) < 0 indicates velocity-weakening behavior.
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However, for anhydrite fault gouges, to date there are no data available on the short- 
or long-term effects of CO2 on the frictional, healing and sealing processes, and there 
are no analyses of frictional strength and velocity dependence that are coupled with an 
understanding of the underlying microphysical mechanisms. Work on dense anhydrite 
samples has indicated that low temperature plastic mechanisms that may be expected in 
dry samples include dislocation creep and twinning [Müller and Siemes, 1974; Müller et al., 
1981; Dell’Angelo and Olgaard, 1995; Bruhn et al., 1999]. By analogy with granular calcite 
[Zhang et al., 2010; Liteanu et al., 2012], another ionic compound with similar properties 
to anhydrite, pressure solution [Rutter, 1976] and subcritical crack growth [Atkinson, 1982, 
1984] may be expected to play a role in wet anhydrite fault gouges. 

In general, potential short-term effects of dry CO2, water-saturated CO2 and CO2-
saturated water include, among others, changes in pore water pH and (associated) 
changes in precipitation/dissolution rates [Kaszuba et al., 2013], changes in contact angle 
and wettability [Holness, 1992; Li et al., 2005; Kaveh et al., 2014], changes in sorption 
capacity [de Jong et al., 2014] and changes in permeability [Edlmann et al., 2013]. In turn, 
these changes may influence rates of fluid-assisted processes, e.g. pressure solution [c.f. 
Liteanu et al., 2012] and fluid-assisted microcracking [c.f. Hangx et al., 2010a], and as such, 
CO2 may have a short-term effect on the frictional properties of fault gouge. In the long 
term, there is a possibility that CO2 dissolved in the formation water will combine with 
Ca-ions released by the anhydrite, leading to carbonate precipitation, i.e.:

Ca2+ + CO3
2-  CaCO3 (s)      (2) 

Calcite formation has occasionally been reported in batch reactor experiments 
[Czernichowski-Lauriol et al., 1996; Pearce et al., 1996] and core-flooding experiments [Kuhn 
et al., 2009] on sandstones rich in anhydrite cement, so supposedly it may occur in (fine-
grained) anhydrite fault gouges as well. Some evidence to support this has been reported 
by Hangx et al [2010b]. Since carbonate has a lower molar volume than anhydrite, this 
may lead to enhanced permeability and/or porosity. Furthermore, carbonates are known 
to show (strongly) velocity-weakening frictional behavior at reservoir temperatures 
[Verberne et al., 2010, 2013], so that, if such reactions would occur, they may increase 
the seismogenic potential of anhydrite fault gouges, as well as increase the secondary 
porosity. Such scenarios need to be evaluated on the basis of both experimental data and 
numerical modelling. 
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1.3	Understanding	natural	seismicity	in	anhydrite/
dolomite	sequences:	CO2	degassing	in	the	Italian	Apennines
The central Apennines in Italy are a well-studied example of a locality where anhydrite/
dolomite fault rocks are associated with earthquake nucleation. In this region, seismic 
events and their aftershocks have been proven to originate at the base of, and within, a thick 
interbedded anhydrite/dolomite sequence, known as the Burano Formation [Mirabella et 
al., 2008; Collettini et al., 2009; De Paola et al., 2009]. Examples include the Colfiorito M~6 
sequence of 1997-1998 [Collettini et al., 2008, 2009; De Paola et al., 2008; Mirabella et al., 
2008] and the highly destructive M~6 L’Aquila earthquake of 2009 [Speranza and Minelli, 
2014]. The hypocentral depths of these events were between 5 and 10 km. Exhumed 
fault outcrops, believed to be representative for the active faults at seismogenic depths, 
show heavily deformed fault cores with re-hydrated CaSO4 (gypsum) and dolomitic fault 
rocks [Collettini et al., 2008, 2009; De Paola et al., 2009]. In the region of the Apennines, 
there are many localities with high fluxes of mantle-derived CO2 present in aquifers, 
as well as focused surface degassing sites [Chiodini et al., 1999, 2000]. Seismic evidence 
indicates that pockets of high fluid pressure correlate in space and time with seismicity 
[Miller et al., 2004; Pio Lucente et al., 2010; Terakawa et al., 2010]. Through correlation 
with the field and geochemical evidence [Collettini and Barchi, 2002; Chiodini et al., 2004; 
Collettini et al., 2008; Trippetta et al., 2013] for upwardly migrating (mantle-derived) CO2, 
these are inferred to be pockets of high pressure CO 2. Borehole measurements of CO2 
pressures indicated 100 MPa at 4.7 km depth, which yields l=Pf / sv= 0.85, where sv is 
lithostatic load [Collettini and Barchi, 2002; Trippetta et al., 2013]. Therefore, even though 
the seismicity in the Apennines nucleates in the Burano Formation at 5 to 10 km depth, 
the presence of high fluid pressure implies that the effective normal stress at seismogenic 
depths may be as low as 20 MPa. This is similar to the effective stresses expected on 
normal faults bounding CO2 reservoirs at 2-4 km depth, where typical effective normal 
stresses will range from 20 to 40 MPa, and temperatures from 60°C to 120°C. The 
frictional and healing/sealing properties of the active faults in the Burano Formation 
should therefore be similar to those of faults in anhydrite caprocks sealing CO2 storage 
sites. Moreover, these properties may be affected by CO2 in a similar way. This means 
that results primarily obtained here in addressing CO2 storage are also directly relevant 
to understanding seismogenesis in the Italian Apennines, helping to provide better 
constraints on the nucleation of the natural earthquakes occurring in this region. 

1.4	Research	questions	and	aims	of	this	thesis
From the above, it is evident that there are several key unknowns or knowledge gaps 
regarding the behavior of faults in anhydrite rocks and anhydrite/dolomite rocks. 
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The principal issues that need to be investigated in the context of both CO2 storage 
and understanding natural (CO2-driven) earthquakes in the Apennines include a 
full understanding of fault strength and its velocity dependence plus the healing and 
sealing potential after reactivation, including a micromechanical understanding of these 
properties. Against this background, the aims of this thesis are defined as follows:

1) To determine the deformation mechanisms controlling compaction and hence sealing 
plus healing of dry and wet anhydrite fault gouge, to address the question of the time-
scale on which a fault re-seals after fault reactivation, and how this is affected by CO2.

2) To develop a microphysical model to extrapolate the results from short-term (up 
to two weeks) laboratory compaction/sealing experiments to the long term commonly 
associated with CO2 storage or the natural seismic cycle.

3) To determine the frictional strength and velocity dependence of simulated anhydrite 
fault gouges, and in particular to assess whether anhydrite fault rock is capable of 
nucleating seismic slip under CO2 storage system conditions, and whether this is affected 
by CO2.

4) To determine the capacity of anhydrite fault gouge to regain its strength after a 
seismic event, and how this is affected by CO 2. 

5) To determine the effect of dolomite content on anhydrite fault gouge friction, and 
how this affects the fault strength and velocity dependence of fault strength.

1.4.1	Structure
In Chapter 2 I will address the compaction behavior plus deformation mechanisms that can 
operate in simulated anhydrite fault gouges at upper crustal pressures and temperatures, 
by reporting uniaxial compaction experiments performed on anhydrite fault gouge of 
different initial grain size (20-500µm) and at a range of different stresses (5-12 MPa) 
(Aim 1). I go on to build a series of microphysical models for one of the key deformation 
mechanisms inferred to operate in the compaction experiments, i.e. pressure solution, by 
extending on the classical model of pressure solution first developed by Rutter [1983]. 
These models are compared with the results of the compaction experiments (Aim 2). 
I then use the best-fitting model to extrapolate the laboratory data to consider the 
rate of sealing and healing on time-scales more representative for CO 2 storage and 
for the seismic cycle in tectonically active faults in anhydrites, i.e. for the Apennines. In 
Chapters 4, 5 and 6, I report the results of friction experiments, designed to test the 
seismogenic potential of simulated anhydrite (Aims 3 and 4), dolomite and mixed fault 
gouges (Aim 5), at in-situ temperatures and pressure, using pore fluid types similar to 
those expected under CO2 storage conditions. To complement my own results on the 
frictional behavior of anhydrite, dolomite and mixtures of those two, in Chapter 6, I 
compile a comprehensive summary of frictional properties not only of anhydrite and 
dolomite fault gouges, but also of calcite gouge. These data are applied in the context of 
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CO2 storage and in the setting of the Italian Apennines. Finally, in Chapter 7, I summarize 
the conclusions and implications presented in this thesis. In this Chapter, I will also list 
the open questions, and provide indications for further research. 
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Abstract

Faults that cross cut subsurface CO2 storage systems offer potential leakage pathways, 
especially if fault reactivation and dilation occur. After reactivation, however, newly 
formed fault gouge is expected to gradually compact and seal as a function of time. To 
estimate the time scale on which this occurs, the processes that control compaction 
must be understood. We performed uniaxial compaction experiments on simulated 
anhydrite fault gouge to investigate the deformation mechanisms that operate under 
post-slip conditions in faulted anhydrite caprocks. This involved constant stress (5-12 
MPa) and stress stepping experiments (5/7.5/10 MPa) performed at 80°C, under dry and 
wet conditions, on fault gouge samples prepared from crushed natural anhydrite sieved 
into different grain size fractions in the range 20-500µm. Dry samples showed little to no 
compaction creep, whereas wet samples (i.e. flooded with pre-saturated CaSO4 solution) 
showed rapid compaction. Our mechanical data and microstructural observations on wet 
samples suggest that, for fine grain sizes (<50µm) and low stresses, gouge compaction is 
controlled by diffusion-controlled pressure solution. With increasing grain size and stress, 
fluid-assisted subcritical microcracking becomes dominant. Pressurizing solution-flooded 
samples with CO2 (15 MPa) led to no significant effect on compaction rates in fine-grained 
material, but it decreased compaction rates in coarse samples. Since fine grain sizes are 
expected in reactivated faults, we infer that pressure solution will dominate in anhydrite 
(cap)rocks, with extrapolation of our lab data to reservoir conditions suggesting sealing 
timescales of a few decades.
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2.1	Introduction
Carbon dioxide capture plus geological storage in depleted hydrocarbon reservoirs is 
widely recognized as a key option for limiting anthropogenic CO2 emissions in the coming 
decades [European Commission, 2012]. Clearly, for carbon capture and storage (CCS) to 
be effective, the stored CO2 must remain isolated from the atmosphere. Current targets 
for allowable leak rates for geological storage systems lie at 1% over 1000 years [Hepple 
and Benson, 2005; IPCC, 2005]. Amongst the various leakage paths possible, faults that 
cross cut the storage reservoir and/or topseal system are considered to provide one of 
the most likely routes. In particular, if faults become reactivated they may dilate, increasing 
internal porosity and permeability and thus increasing the risk of CO2 escape. On the 
other hand, newly formed fault gouge will heal and seal as a function of time when shear 
motion ceases. To estimate on what time scales fault sealing takes place, an understanding 
of the compaction mechanisms that control fault (gouge) healing and sealing is needed. 

In this paper, we address the compaction and sealing behavior of anhydrite fault rock. 
We focus on anhydrite since it is a common caprock in many oil and gas fields around 
the world, topping numerous fields in the Netherlands, the North Sea and Qatar, for 
example [Geluk, 2007; Glennie, 2001; Oil and Gas Journal, 2013]. In many such fields, the 
anhydrite caprock is tens to hundreds of meters thick [Geluk, 2007], and cross cutting 
faults will inevitably contain anhydrite fault gouge or anhydrite cement. Using Zechstein 
anhydrite recovered from exploration boreholes in the Netherlands, we conducted 
uniaxial compaction creep experiments on simulated anhydrite fault gouge to investigate 
the deformation processes that take place as such material compacts and seals under 
simulated post-slip (i.e. static) conditions. We also performed preliminary experiments 
to determine what effect CO2 has on compaction and sealing (and healing) of anhydrite 
gouge. Using our mechanical data and microstructural analysis we identify the creep 
mechanisms that control anhydrite gouge compaction under shallow crustal conditions 
and, using standard rate laws, we attempt to constrain the time scale for compaction. 
Our results are relevant not only to CO2 storage, but also to fault healing and the seismic 
cycle in anhydrite-bearing orogenic terrains, such as the Apennines region of Italy, which 
is regularly hit by destructive earthquakes [Collettini et al., 2008; De Paola et al., 2008; 
Mirabella et al., 2008; Trippetta et al., 2013b; Trippetta et al., 2010]. Here, the seismogenic 
layer consists of interbedded anhydrites and dolomites, and exposed faults cutting these 
formations contain mixed dolomite/Ca-sulphate fault gouges, breccias and cataclasites 
[Collettini et al., 2008; Collettini et al., 2009; De Paola et al., 2008]. 
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d0 

[µm]

σ eff 

[MPa]

σav 

[MPa]

Pf 

[MPa]

ϕ0R

[%]

ϕ0C 

[%]

σ peak 

[MPa]

σ res

[MPa]

eRmax 

[%]

eCmax 

[%]

eC24 

[%]

ttotal 

[h]

Dry experiments

A47 61±29 10 9.2 V 32.1 31.2 35 32 0.42 0.026 0.02 138

A23 376±122 10 9.4 LA 30.8 30.0 13 9 0.10 0.68 0.62 71

A34 376±122 10 9.1 LA 31.1 30.2 15 13 0.08 0.13 0.12 66

A35 d) 376±122 10 8.6 V 31.2 30.2 14 12 0.22 0.024 
/6.77d) 0.04 74

Wet experiments: grain size varied systematically
A28 19±12 10 8.1 15.1 30.6 30.1 24 12 0.07 0.83 0.38 163
A49 19±12 10 8.8 atm 31.1 30.2 34 12 0.32 0.91 0.47 89
A17ba) 47±20 10 ? 15.3 30.8 30.3 24 14 0.16 0.26 0.21 38
A17c a) 47±20 10 ? 15.3 31.0 30.3 24 14 0.26 0.28 0.19 39
A18 a) 47±20 10 ? 15.3 30.9 30.3 25 15 0.19 0.52 0.21 160

A48 61±29 10 9.4 atm 31.0 30.0 16 10 0.38 0.91 0.46 283

A19 a) 99±36 10 ? 15.3 30.6 30.1 29 11 0.12 0.60 0.31 142

A26 99±36 10 9.1 15.1 30.8 30.2 32 13 0.29 0.41 0.22 115
A20 a) 156±54 10 ? 15.1 30.4 29.8 13 7 0.20 1.28 0.70 165
A27 249±92 10 9.2 15.1 30.3 29.1 12 5 1.27 2.58 2.24 144
A21 a) 376±122 10 ? 15.1 30.2 27.4 8 4 3.25 2.32 1.97 183
A24 376±122 10 9.4 15.1 30.6 26.9 9 4 4.67 4.67 n/a 23
A25 376±122 10 9.1 15.1 30.2 26.6 53 4 4.46 2.45 2.17 113
A39 479±123 10 8.6 15.2 30.3 25.4 6 3 6.19 2.30 1.97 114

Wet experiments: stress varied systematically
A51 19±12 11.9 10.1 atm 31.2 30.1 25 13 0.38 0.89 0.56 90
A38 47±20 7.5 6.3 15.2 30.7 30.2 20 11 0.19 0.47 0.19 142
A42 249±92 5 4.2 15.2 30.4 30.0 9 4 0.19 0.60 0.34 161
A40 249±92 7.5 6.6 15.2 30.3 29.5 7 4 0.67 1.97 1.62 138

Wet experiments: stress stepping

A22 b) 47±20 10-7.5-
5-7.5-10 ? 15.1 30.7 30.3 24 14 0.03 0.28 0.21 44

A37 47±20
10-5-

7.5-10-
7.5

8-5-
4.5-6-
8-6

15.2 30.1 30.8 22 12 0.32 0.24 n/a 21

A41 249±92 10-7.5-
5-7.5-10

8.6-
4.6-
6.7-
9-7

15.2 30.3 26.9 6 3 4.27 2.04 1.96 37

Wet experiments: 1‰ AMP added
A43 99±36 10 8.5 atm 31.5 30.1 20 12 0.82 0.78 0.33 331

A44 249±92 10 9.2 atm 30.8 29.6 11 6 0.70 1.70 1.41 114

Wet experiments: pressurized with supercritical CO2

A46 99±36 10 8.1 15.2 30.7 30.1 20 11 0.27 1.31 0.25 716

A45 249±92 10 8.4 15.3 30.3 27.7 7 4 3.24 1.81 1.52 88

Wet experiments: pre-compaction and loading

SCI b) 19±12 10 n/a 15 30.5 30.1 18 9 n/a n/a n/a 0

SCIII b) c) 61±29 10 n/a atm n/a n/a n/a n/a n/a n/a n/a 0

SCII b) 376±122 10 n/a 15 30.3 26.5 5 3 n/a n/a n/a 0
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2.2	Experimental	methods	
The experiments were performed on simulated anhydrite fault gouge at a typical crustal 
reservoir temperature of 80°C, under dry and wet conditions, using a 1-D compaction 
vessel or oedometer located in an Instron loading frame. Grain size (d0) and applied 
effective stress (σeff) were systematically varied in the ranges d0=20-500µm and σeff= 
5-10 MPa respectively, in order to investigate the rate-controlling compaction creep 
mechanism. Wet samples were tested using saturated anhydrite solution as pore fluid, 
in selected cases pressurized with supercritical (sc) CO2. In two cases, scale inhibitor 
was added to the pore fluid to test for a role of sulphate precipitation in controlling 
compaction. All experiments performed are listed in Table 1.

2.2.1	Sample	preparation	and	characterization
The anhydrite starting material used in this study was obtained from cores retrieved from 
the Hardenberg-5 well, Overijssel, the Netherlands, courtesy of Shell Global Solutions 
and the Nederlandse Aardolie Maatschappij BV (NAM). The cores were taken from the 
Zechstein 1 Anhydrite member at the base of the Permian Zechstein evaporite formation, 
from a depth of ~3200 meters. To prepare the simulated fault gouge, core material was 
crushed and sieved into eight different grain size fractions – see Table 2. Grain size 
analysis was performed using both optical imaging methods and a Malvern particle sizer. 
The optical images were processed using image analysis software (JMicroVision). Unless 
indicated otherwise, the grain size of given fractions will be specified using the mean, as 
determined using the Malvern particle sizer (d0). X-ray Diffraction analysis (XRD), Fourier 
Transform Infra-Red (FTIR) analysis and ThermoGravimetric Analysis (TGA) showed that 
the sieved samples contained mainly anhydrite (≥95wt%) with small amounts of dolomite 
(<5wt%) and, in the case of the coarsest grain size fraction, also small amounts of gypsum 
(<5wt%). 

Table 1. Experimental conditions. All experiments were conducted at 80°C. Symbols: d0 denotes initial grain size, 
given as a mean ± standard deviation; σeff  [MPa] denotes the imposed effective stress during creep as measured 
by the external force gauge; σav [MPa] denotes the average effective axial stress within the sample during creep, 
calculated using both internal and external force gauge signals and correcting the latter for seal friction; Pf [MPa] 
denotes pore fluid pressure (saturated solution or CO2), measured relative to atmospheric; ϕ0R [%] denotes porosity 
after pre-compaction stage 2 but before axial loading; ϕ0C [%] denotes the porosity at experimental load; σpeak [MPa] 
denotes the maximum effective stress reached during pre-compaction stage 2; σres [MPa] denotes the residual stress 
at the end of  pre-compaction stage 2; eRmax [%] denotes the maximum strain reached during load ramping to targeted 
creep stress; eCmax [%] denotes the total creep strain suffered during the experiment; eC24 [%] denotes the strain 
reached after 24h of  initiation of  creep at constant effective stress; ttotal [hrs] denotes the duration of  the experiment. 
V indicates experiments performed under vacuum, LA those conducted drained to lab air.
c) Experiments in which internal force could not be measured due to a corrupted signal.
d) Microstructural control experiments (creep stage omitted).
e) Microstructural control experiment performed in an oven at 80°C using the small sample compaction apparatus 
described by De Meer and Spiers [1997].
f) Dry experiment vacuum-flushed with saturated solution after low creep strain value shown. The high strain 
represents creep strain after flushing.
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2.2.2	Pore	fluid	preparation
For those experiments performed using a pore fluid, saturated CaSO4 solution was 
prepared by adding 1.2g of anhydrite powder (grain size fraction d0=19µm) to 1000 ml 
of distilled water, which was heated to 80°C, stirring until all was dissolved. After cooling 
to room temperature a further 1.8g of anhydrite powder with d0=99µm was added, 
followed by 0.4 g of powder with d0=19µm. This ensured that excess anhydrite 

Table 2. Grain size population data. Data is obtained from optical grain size analysis of  the undeformed (initial) 
grain size fractions plus Malvern particle sizer data on both the undeformed and wet, deformed fractions (all at 
σeff=10 MPa and 80°C). All data except the Malvern diameters are derived from optical grain size analysis coupled 
with image processing using JMicrovision software.
b) κ indicates kurtosis, the peakedness (κ > 1) or flatness (κ < 1) of  the grain size distribution. 
c) λ indicates skewness, the direction of  peak asymmetry of  the grain size distribution.
d) Compactness is the ratio of  the area of  the object to the area of  a circle with the same perimeter.

sieve sizes  354-400 250-354 125-250 106-125 63-90 50-63 37-50 <37

Before compaction
Number of optically 
analyzed grains 832 496 324 1868 409 651 753 489

Optical diameter 
(median) [µm] 473 385 212 148 88 8 37 11

Optical diameter 
(mean±SD) [µm] 480±58 378±86 218±52 140±71 88±17 12±13 37±14 11±6

κ of optical 
d-distribution b) 2,069 6,458 1,520 0,380 1,226 15,994 -0,414 1,556

λ of optical 
d-distribution c) 0,186 -1,351 0,513 -0,2091 0,210 3,951 0,148 1,062

Optical compactness 
index d) (mean±SD)

0,806 
±0,068

0,732 
±0,122

0,744 
±0,088

0,446 
±0,154

0,740 
±0,087

0,698 
±0,161

0,730 
±0,111

0,630 
±0,129

Malvern diameter 
(mean±SD) (d0) 
[µm]

479±123 376±122 249±92 156±54 99±36 61±29 47±29 19±12

After compaction

Experiment
A39 SCII A27 A20 A26 A48 A18 SCI

A25 A28

Number of optically 
analyzed grains

196 372 731 n/a 122 n/a 209 167
221 186

Optical diameter 
(median) [µm]

17 37 39 n/a 31 n/a 6 8
41 9

Optical diameter 
(mean±SD) [µm]

61±66 35±21 n/a 35±26 n/a 8±7 10±6
26±37 78±78 11±5

Optical compactness 
index d) (mean±SD)

0,754 
±0,173

0,690 
±0,114

0,742 
±0,191 n/a

0,634 
±0,185 n/a

0,588 
±0,202

0,659 
±0,131

0,715 
±0,192

0,560 
±0,134

Malvern diameter 
(mean±SD) (df) 
[µm]

312±200 290±170 155±107 87±66 70±42 45±28 31±20 29±43
274±180 20±15
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was present, including excess fine-grained material. The resulting solution was stirred at 
ambient conditions for several weeks to ensure saturation at room temperature [Blount 
and Dickson, 1969]. Before introducing this solution into the pore fluid pump-system 
attached to the experimental set-up, it was filtered and vacuum-degassed. In conducting 
each wet experiment, fresh saturated solution was filtered and vacuum-injected into 
the sample to prime it with fluid before pressurization. During stirring of the fluid at 
ambient conditions, some of the excess anhydrite may have converted to gypsum (stable 
below 58°C, at atmospheric pressure [Hardie, 1967]). However, the solubilities of the two 
phases are very similar and decrease similarly with increasing temperature [Blount and 
Dickson, 1969]. Therefore, at the imposed experimental conditions (80°C), we can assume 
that the pore fluid was initially supersaturated with CaSO4, then rapidly equilibrating with 
the anhydrite sample. In two experiments (A43 and A44; d0=99 and 249µm respectively), 
we added 1‰ amino methylene phosphate (AMP) to the pore fluid. AMP is an industrial 
calcium sulphate scale inhibitor that drastically reduces the precipitation rate of CaSO4 
[Liddel, 1970]. We used it to assess the role of dissolution-precipitation properties in our 
wet experiments.

2.2.3	Compaction	apparatus
The experiments were performed using an externally heated, 1-D compaction vessel, 
loaded by means of an Instron 8862 servo-controlled testing machine (Figure 1). The 
compaction vessel and loading pistons are constructed from Monel K-500, a corrosion 
resistant copper-nickel-molybdenum alloy [see Schutjens, 1991]. The diameter of the 
vessel bore, the loading pistons and hence sample chamber is nominally 20mm. The 
bottom piston is fixed within the vessel. The moveable top piston contains a central 
pore fluid bore and is tipped with a porous plate. This ensures uniform access of the 
pore fluid to the sample (diameter=20mm, starting length≈10mm) and simultaneously 
prevents extrusion of sample material into the fluid bore. Piston sealing is achieved using 
O-rings (Figure 1). Force applied to the top piston is measured externally, using the 
Instron load cell (20 kN range, resolution ±0.25%), while that supported by the bottom 
piston is measured internally, using a 100 kN load cell (resolution ±0.05kN). Top piston 
position and displacement were measured using an LVDT (Linear Variable Differential 
Transformer, Peter Hirt GmbH, range ±1 mm, resolution ±0.1µm) mounted between 
the upper loading piston and the vessel top. Temperature was controlled within 0.1°C 
using a Type-K (chromel/alumel) thermocouple, positioned in the furnace windings, and 
a proportional-integral-derivative (PID) controller. Sample temperature was measured 
using a second Type-K thermocouple embedded in the vessel wall close to the sample. 
Pore fluid pressure was controlled using an ISCO 65D syringe pump equipped with 
a Honeywell TJE pressure transducer (range 0-137.9 MPa, accuracy 0.1% of the full 
scale). Sample pore fluid pressure was measured using a high-resolution MSI pressure 
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transducer (range 0-35 MPa, accuracy 0.1% 
of the full scale), located near the pore fluid 
entry point in the upper piston. 

2.2.4	Testing	procedure
In setting up each experiment, the 
compaction vessel was first lined with a thin 
(0.05mm) Teflon sheet to minimize friction 
between the sample and the vessel wall. Then, 
6.7 gr of powdered anhydrite was deposited 
in the vessel, using a long-nosed funnel to 
prevent grains from adhering to the vessel 
wall. The porous plate was subsequently 
lowered onto the sample surface, and the 
top piston inserted until close to touch. For 
dry experiments, the porous plate and top 
piston were pre-dried at 50°C overnight. In 
all other cases, the sample and porous plate 
were lab-dry. After assembly, the vessel was 
located in the Instron loading frame, and 
the top piston was gently advanced and the 
sample compacted until the loose aggregate 
reached a length corresponding to a porosity 
of 48.5±0.5%. Samples were subsequently 
subjected to the following sequence of 
loading and heating stages (see Figure 2). 
Note that this complex procedure was 

needed to ensure that creep testing could be conducted on samples with comparable 
porosity, whether wet, dry, coarse-, fine-grained or CO2-saturated.

2.2.4.1 Pre-Compaction Stage 1
First, the dry sample assembly was loaded to an effective stress of 5 MPa, ramping the 
applied force linearly over 2 minutes (Figure 2). This led to compaction of the sample to 
a porosity 40.5±3.4%. After 30 minutes at 5 MPa, the sample was unloaded fully. 

2.2.4.2 Fluid Introduction vs. Dry Conditioning
In the case of wet experiments, the pore fluid was now vacuum-injected into the upper 

Spacer
Insulating spacer

Pore fluid entry
Temperature
LVDT

Instron load 
cell (20 kN)

Internal load 
cell (100 kN)

Water cooling

Pressure vessel

Viton O-ring seal 

Viton O-ring seal
Spacer

Sample

Spherical seat

Furnace

Water cooling

Instron LVDT

Top piston

Bottom piston

Instron ram

Instron frame

Figure 1 Schematic figure of  the Instron loading 
frame and the 1-D Monel compaction vessel.
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piston plus sample. In four wet experiments, we introduced the pore fluid solution 
and then evacuated the bulk of it out of the system, before either vacuum-flooding 
the sample with saturated solution containing 1‰ AMP, or pressurizing the pores with 
sc CO2. In all experiments conducted using a pressurized pore fluid, we allowed the 
pore fluid to push out the top piston to create a 1-3 mm gap above the sample, before 
applying the full pore pressure of 15 MPa. This gap enabled us to determine dynamic 
seal friction in each experiment during subsequent piston advancement. Two types of 
dry experiments were performed, namely vacuum-dry and lab-dry experiments. In the 
vacuum-dry experiments, a vacuum line was attached after stage 1 pre-compaction and 
kept attached throughout the entire experiment. In the lab-dry experiments, the samples 
were continuously connected to lab air by leaving the pore fluid system open.

2.2.4.3 Heating stage 
Following the above steps, the water cooling system was turned on and the vessel/
sample system was heated to 80°C over ~3hours. In the case of dry experiments and 
wet experiments performed with fluid at atmospheric pressure, heating was done in 
load-control mode applying a stress of 0.32 MPa to the sample, which maintained sample 
porosity at the stage 1 pre-compaction value. In the case of pressurized wet experiments, 
heating was done in position control mode, maintaining the 1-3 mm gap between the 
sample and the piston. 

ef
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e 
lo

ad

Pre-compaction
Stage 1

positionapply Pf ; T5 MPa

5/7.5/10/
11.9 MPa

30min

2min 1min

30min

1min15.5s

φ0R

eRmax 
φ0Cσpeak

σres

time
2min 1min

1-30 days

eCmax

eC24

24h

3 hrs

Pre-compaction
Stage 2

Creep Stage

load ramping
stage

σeff

Fluid introduction 
and/or heating

Figure 2 The different stages of  the experimental procedure and all variables as noted in Table 1.
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2.2.4.4 Pre-compaction stage 2
After heating, the loading ram was slowly advanced to achieve a position corresponding 
to a fixed sample porosity of 37.8%. In experiments conducted at elevated pore fluid 
pressure, this slow advance allowed determination of dynamic seal friction. The ram was 
then advanced at high rate (0.1mms-1) to achieve a fixed sample porosity of ~30%. In the 
wet samples, this rapid advance generated stresses between 3 and 53 MPa (σpeak and σres 
in Table 1 and Figure 2). In the dry samples, it generated stresses between 9 and 35 MPa. 
After removal of the generated stress (residual value σres, Figure 2) to a “touch point” 
value of 0.9 MPa, the porosity of all samples lay at a standard value ϕ0R=30.6±0.5%. 

2.2.4.5 Load ramping and creep testing stages
With the sample porosity at this value (ϕ0R=30.6±0.5%), the time-dependent creep phase 
of all experiments was initiated by loading the sample in 2 minutes to the desired effective 
creep stress of 5, 7.5, 10 or 11.9 MPa (σeff in Table 1 and Figure 2) using a linear load ramp. 
Due to differences in seal and vessel wall friction between samples, load ramping resulted 
in an average effective sample stresses of 4.2-10.1 MPa (σav in Table 1). Sample porosity 
at the termination of active load ramping, hence at the start of purely time-dependent 
creep at constant stress, is denoted here as ϕ0C (28.3±2.9%, Table 1). Both constant stress 
and stress-stepping creep experiments were performed, generally lasting between 1 and 
30 days (Table 1). 

2.2.4.6 Test termination and sample extraction
Each experiment was terminated by unloading the sample in 1 minute, then retracting 
the loading piston by 3 mm. In wet experiments, this was accompanied by slow 
depressurization of the pore fluid. The furnace was subsequently switched off; cooling 
to 40-50°C took about 1 hour. The assembly was taken apart and the sample gently 
pressed out. Dry samples were subsequently resin-impregnated for sectioning. Wet 
samples were first dried at 50°C for at least two days before impregnation. They were 
not flushed before drying because of their fragility. Chips of material were recovered 
from selected samples before impregnation, specifically those exposed to sc CO2 (A45 
and A46). Microstructural analysis of sections was performed using either a Leica DMRX 
optical polarization microscope, or a Philips XL30FEG Scanning Electron Microscope 
(SEM) equipped with Energy-Dispersive X-ray spectroscopy capability. Samples were 
platinum-coated for SEM-EDX analysis. 

2.2.4.7 Control experiments
To provide control samples for microstructural analysis, three experiments were 
conducted to determine the microstructural changes that occurred during the combined 
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pre-compaction and load ramping stages of the experiments, i.e. prior to creep at fixed 
stress. For this purpose, three samples of grain size d0=19, 61 and 376 µm (SCI, SCIII 
and SCII respectively; Table 1) were pre-compacted, loaded to the creep stress (σeff) of 
10 MPa and immediately unloaded, i.e. exempting the creep stage (Figure 2). Unloading 
was followed by the usual sample extraction, drying and epoxy impregnation procedure.

2.2.5	Data	acquisition	and	processing
During each experiment the internal axial load, external axial load, Instron ram 
displacement, upper piston vs. vessel displacement, temperature and pore fluid pressure 
signals were logged on a 1 s time-base, using a 16-bit, 250 kilosample/s, NI data acquisition 
system and VI Logger software. The raw data were smoothed using a moving average 
method employing a systematically varying time interval. Data processing yielded average 
effective axial stress (σav), volumetric (axial) strain (ev), porosity (ϕ) and volumetric (axial) 
strain rate (ε ). Volumetric strain and strain rate data were corrected for the distortion 
of the apparatus using pre-determined polynomial stiffness calibrations, based both on 
the internal and external load cells. Externally applied stress (σeff), friction between the 
sample and vessel wall, and average effective axial stress (σav) were determined from 
the internal and external load cell signals and from the seal friction as measured in 
each (fluid-pressurized) experiment. Volumetric strain rates were calculated by applying 
linear regression analysis to the smoothed and corrected displacement data stream 
using a fixed displacement window size, chosen such that errors in strain rate remained 
below 5%. This led to a resolution limit in strain rate of 10-9 s-1. Note that we define 
volumetric (axial) strain in terms of the generic engineering strain ev = ΔV / V0 = ΔL / 
L0 , where V is sample volume and L0 is sample length in the reference (initial) state, and 
ΔV and ΔL represent finite changes at a given instant. Volumetric strain rate is defined 
as / /v V V L Lε = − = − 

  where V and L represent instantaneous sample volume 
and length. Porosity ϕ is calculated as 1 ( / ) /m Vφ ρ= −  where m stands for the 
initial sample mass (g) and ρ for the density of pure anhydrite (2.96 gcm-3). During load 
ramping to the externally applied stresses chosen for creep testing (i.e. during ramping 
σeff from 0.9 to 5, 7.5, 10 or 11.9 MPa), coarse-grained samples compacted to much 
lower porosities than fine-grained samples. Therefore, we treated the data produced 
during ramping separately from that obtained during subsequent creep at fixed stress. 
Taking the sample length before ramping to the chosen creep load as a reference value, 
LR0 (corresponding to sample porosity ϕ0R), we define the volumetric strain eR = ΔLR / LR0 
as the total finite strain accumulated during load ramping. Initial length (LC0) and initial 
porosity (ϕ0C) for the creep stage of the experiments are determined at the instant 
at which the chosen creep load is reached. Subsequent creep strain is defined as the 
volumetric strain eC = ΔLC / LC0. 
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2.3	Results:	mechanical	data
The experimental conditions and key data obtained for all experiments are summarized 
in Table 1. The mechanical results are shown in Figures 3-8. 

2.3.1	Mechanical	behavior	during	pre-compaction	(stages	1	and	2)
Stage 1 pre-compaction, i.e. compaction at 5 MPa under lab-dry conditions, led to an 
instantaneous porosity decrease of all samples from 48.5±0.5% to 40±3%, followed by 
a further time-dependent decrease to 39.05±3.15% in the subsequent 30 min. period. 
Broadly speaking, both the time-independent and time-dependent changes in porosity 
were larger for coarser grained samples. During stage 2 pre-compaction, when all 
samples were forcibly compacted to a fixed porosity (ϕ0R) in position control mode, the 
stress supported increased rapidly until the desired sample length was reached (σpeak) 
and loading ram halted, at which point the stress relaxed to a residual value (σres). The 
dependence of peak stress on grain size is shown in Figure 3a, while typical patterns of 
stress evolution with time are shown in Figure 3b. Clearly, dry samples supported higher 
stresses and showed less stress relaxation (indicated by Δσ) than solution-flooded 
samples. Amongst the dry samples, the fine-grained sample (d0=61µm) supported a higher 
peak stress than the coarse-grained samples (d0=376µm), whereas all showed similar 
relaxation rates (Figure 3a). All coarse dry samples showed similar behavior, whether 
lab-dry or vacuum-dry (Figure 3a). Amongst the solution-flooded samples, fine-grained 
samples (d0≤99 µm) supported higher peak stresses and showed more stress relaxation 
than coarser grained samples (Figure 3a). 

2.3.2	Mechanical	behavior	during	load	ramping
During load ramping to the chosen creep stress (Figure 2), different samples suffered 
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Figure 3 Peak and residual stresses measured during pre-compaction stage 2 (loading at a fixed rate to standard 
porosity). All samples experienced the same pre-compaction procedure in terms of  applied effective stresses (stage 
1). a) Peak pre-compaction stress and stress relaxation Δσ vs. initial grain size (Δσ = σpeak - σres). For most grain sizes, 
peak stresses are greater or equal to the subsequent applied creep load (10 MPa for most experiments; see dashed 
line). b) Typical patterns of  stress evolution with time (log-scale), during stage 2 pre-compaction for wet and dry 
samples.
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different strains depending on experimental 
conditions, yielding different porosities (ϕ0C) 
at the instant ramping was terminated. Strain 
accumulated during ramping (eRmax) is plotted 
vs. grain size (d0) in Figure 4. Dry samples 
suffered strains of 0.08-0.42%. These strains 
show no clear dependence on grain size, but 
do exhibit a rough positive correlation with 
the pre-ramping porosity (ϕ0R), reached after 
stage 2 pre-compaction (see Figure 4a, Table 
1). Total ramping strain for dry and for fine-
grained wet samples showed similar values 
(Figure 4), whereas coarse-grained samples 
showed significantly lower ramping strains 
in dry samples than for the solution-flooded 
samples, which showed a sharp increase in 
eRmax with increasing grain size above 200 
µm. Wet samples pressurized with sc CO2 
seem to show a similar trend in eRmax vs. d0 
(Figure 4b) as CO2-free, solution-flooded, 
equivalents. Coarse-grained solution-
flooded samples (d0 > 200 µm) additionally 
showed an increase in eRmax with target creep 
stress (σav) (Figure 4c).

2.3.3	Compaction	creep	data	for	
dry	samples
The compaction creep curves (eC vs. 
time curves) obtained for all dry samples 
after load ramping are plotted in Figure 5, 
together  with typical curves for solution-
flooded samples of similar grain size, added 
for reference. All samples shown were 
loaded at similar applied (effective) stress (9 
± 0.4 MPa). Vacuum-dry samples (A47, A35) 

showed almost no creep deformation, while lab-dry samples showed final strains of 
0.1-0.7% (Figure 5; Table 1). In all dry experiments, most of the strain that did develop 
accumulated in the first 24 hours. Clearly, all dry samples, both lab-dry and vacuum-
dry and regardless of grain size, compacted much less and at much lower rates than 
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solution-flooded samples under similar circumstances (see Figure 5). Notably, sample 
A35 (σav=8.6 MPa; d0=376µm), tested under a vacuum for the first 28 hours, showed 
almost no compaction and introduction of lab air after 28 hours had little effect. 
However, flooding it with saturated anhydrite solution after a total of 70 hours produced 
an almost instantaneous compaction of ~6% and much more rapid creep thereafter. Also 
noteworthy, lab-dry sample A34 (σav=9.1 MPa; d0=376µm) compacted a factor 10 less 
than A23 (σav=9.4 MPa; d0=376µm; lab-dry), suggesting a high stress sensitivity of strain 
rate, at least in dry, coarse material.

2.3.4	Compaction	creep	data	for	solution-flooded	samples
Our compaction creep data for the solution-flooded samples are presented in Figures 6 
and 7, in the form of eC vs. time and Cε  vs. normalized porosity curves. Here, we specify 
sample structure in terms of the normalized porosity ratio ϕ/ϕ0C, following previous 
workers [Hangx et al., 2010a; Liteanu et al., 2012; Niemeijer et al., 2002; Zhang et al., 2010]. 
As described by these authors, this measure of structural evolution during compaction 
creep reduces variability in strain rate data caused by (small) differences in starting 
porosity (here ϕ0C) from sample to sample. 

2.3.4.1 Effect of grain size
With reference to Table 1 and Figure 6, our results on the effect of grain size on the 
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Figure 5 Strain (eC) vs. time for dry experiments performed on samples of  two different grain sizes (d0=61±29µm 
and d0=376±122µm) at average stresses (σav) in the range 8.6-9.4 MPa, T=80°C. Two wet creep curves are added for 
comparative purposes (respectively A48 and A25). Arrows indicate the introduction of  lab air and then saturated 
solution into initially vacuum-dry sample A35 (d0=376μm). Regardless of  grain size, dry experiments creep 
significantly slower than their wet equivalents. Introduction of  lab air did not significantly influence creep of  the 
vacuum dry sample A35, but introduction of  saturated solution caused a drastic acceleration. a) Logarithmic scale 
for strain on y-axis, which allows for visibility of  all curves. b) Regular scaled y-axis for strain.



DIAGENETIC COMPACTION EXPERIMENTS

45

creep behavior of solution-flooded samples at constant stress (σav=8.75±0.65 MPa) 
indicate two different compaction creep regimes depending on grain size. For grain sizes 
in excess of 99µm, compaction creep rate generally increases with increasing grain size. 
However, at grain sizes below 99µm compaction creep rate generally increases with 
decreasing grain size. Comparing the fine and coarse-grained regimes, the coarse-grained 
regime is characterized by strains ~4x larger than seen in the fine (Figure 6a). This is 
also reflected by the strain rates measured in the coarse samples, which are two to four 
orders of magnitude higher than in the fine samples at comparable normalized porosities 
(i.e. comparable strains, see Figure 6b). The shape of the strain rate ( vε ) vs. normalized 
porosity (ϕ/ϕ0C) curves is different also, with the fine-grained samples showing rapid 
deceleration of creep in the early stages of compaction, while the coarse-grained samples 
show a more uniform decrease in strain rate with normalized porosity. While all of 
these trends hold in broad terms, several individual experiments clearly deviate (e.g. 
experiments A48; A21; A24 and A39, see Figure 6), probably reflecting variations in applied 
effective stress and grain size distribution, in line with the observations reported below.

2.3.4.2 Effect of stress
Our results for wet samples of fixed grain size (d0=19µm; d0=47µm and d0=249µm; see 
Table 1) deformed at different stresses are shown in Figure 7 (see also Table 1), along 
with data obtained in three stress stepping experiments, two performed with samples 
of grain size d0=47µm and one with d0=249µm. Again, fine-grained samples (d0<99µm) 
behave differently from coarse-grained samples (d0>99µm). 

In the fine-grained regime, an increase in creep stress (σav) tends to increase strain rate, 
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Figure 6 Effect of  grain size on compaction creep of  solution-flooded samples. Experiments conducted on 
samples with different initial grain size (indicated in legend) at similar imposed stress; σeff = 10 MPa, σav = 8.5-9.2 
MPa, Pf= 15 MPa; T=80°C. a) Compaction strain (eC) vs. time. b) Compaction strain rate vs. normalized porosity. 
Two different compaction creep regimes are present, depending on grain size. Compaction rate increases with 
increasing grain size for grain sizes in excess of  99µm, while for grain sizes below 99µm compaction rate increases 
with decreasing grain size. Sample A48 (d0=61µm) does not obey this trend. 



46

cHAPTER 2

but with a low stress sensitivity of strain rate at fixed eC or ϕ/ϕ0C (compare, in Figure 7a, 
7c and 7e, the results for samples A28 with A51, d0=19µm, and for sample A38 with A18, 
d0=47µm). The stress stepping data obtained for fine-grained samples (d0=47µm, Figure 
7e) confirm this trend of increasing compaction rate with increasing stress. They also 
show that strain rate vs. normalized porosity is only influenced by the magnitude of the 
creep stress and not by loading history (cf. samples A22 and A37, d0=47µm, in Figure 7e). 

By contrast, data obtained at different fixed stresses for coarse-grained samples (samples 
A42; A40 and A27, σav=4.6; 6.6 and 9.2 MPa respectively), with fixed grain size d0=249µm, 
show a large increase in compaction strain rate with increasing creep load (Figure 7b, 
7d and 7f). Comparing A42 (σav=4.6 MPa) to A27 (σav=9.2 MPa), creep stress is roughly 
doubled, while strain rate increased by approximately four orders of magnitude. Moreover, 
stress stepping experiment A41 showed that for coarse-grained samples, loading history 
has a significant effect on strain rate (Figure 7f). 

2.3.5	Compaction	creep	data	for	wet	samples	with	additives
2.3.5.1 Effect of adding AMP at Pf = 1bar
Experiments A43 and A44 (d0=99µm and d0=249µm; σav=8.85±0.35MPa) were run with 
saturated anhydrite solution maintained at atmospheric pressure, later removing the 
bulk of this fluid by partial evacuation, and finally replacing it with saturated solution 
+ AMP at atmospheric pressure. The results are depicted in Figure 8. The fine-grained 
sample (A43; d0=99µm) subjected to this procedure showed similar compaction creep 
behavior to fine-grained samples tested at Pf=15 MPa (A19 and A26; d0=99µm), until AMP 
was added (Figure 8a; 8c). This addition led to an immediate decrease in strain rate of 
about one order of magnitude (Figure 8c). The coarse-grained sample (A44; d0=249µm) 
showed reduced creep in the first stage at atmospheric fluid pressure, corresponding 
to a reduction in strain rate by a factor two compared with similar experiments run at 
Pf=15MPa (A27 and A41; d0=249µm). Again, evacuation of the bulk of the fluid did not 
change the compaction rate of this sample. Nor, however, did the addition of 1‰ AMP 
change the strain rate (see Figure 8b; 8d).

2.3.5.2 Effect of pressurizing the pore fluid with sc CO2
It will be recalled that two samples were tested with the pore fluid solution phase 
pressurized with CO2 at 15 MPa, one with a grain size of 99µm (A46) and one with 
a grain size of 249µm (A45). The results are shown in Figure 8. The effect of CO2 is 
different for the two grain sizes investigated. The fine-grained sample (A46) showed no 
significant effect of CO2. Thermogravimetric analysis (TGA) performed after sample 
extraction indicated that after 716 hours of contact with pressurized CO 2 sample A46 
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fine-grained 
samples (Figure c,e)
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Figure 7 Effect of  stress on compaction-creep of  solution-flooded samples. Experiments conducted at fixed grain 
size; stresses and initial grain sizes as indicated; T=80°C; Pf= 15 MPa. Fine-grained (d<99µm) samples behave 
differently from coarse-grained samples. a) Strain (eC) vs. time for fine-grained samples (d<99µm) (light grey curves 
of  coarse-grained samples for reference). An increase in creep stress (σav) tends to increase strain rate with low stress 
sensitivity. b) strain (eC) vs. time for coarse-grained samples (light grey curves of  fine-grained samples for reference). 
An increase in creep stress (σav) shows a marked increase in strain rate with high stress sensitivity. c) strain rate vs. 
normalized porosity (fine-grained samples). d) strain rate vs. normalized porosity (coarse-grained samples). e) Strain 
rate vs. normalized porosity for the stress stepping experiments. Strain rate is influenced by the magnitude of  the 
creep stress but not by loading history. f) Strain rate vs. normalized porosity for the stress stepping experiment. 
Loading history influences strain rate.
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contained 11-12 wt% of dolomite and/or calcite (not distinguishable), whereas the starting 
material contained less than 5 wt% dolomite. Carbonate content more than doubled, 
presumably due to calcite precipitation (no source of Mg2+). The coarse-grained sample 
(A45) also showed no effect of CO2 on the strain rate at the beginning of the experiment, 
but, within 30 minutes (i.e. beyond ec>0.7%, ϕ/ϕ0C<0.979) creep slowed down relative to 
CO2-free samples by an order of magnitude or more. TGA analysis showed that, after 88 
hours of contact time with CO2, sample A45 contained 14-16wt% total carbonate, again 
pointing to calcite precipitation. TGA analysis of a control experiment in which solution-
flooded quartz gouge was pressurized with CO2 under identical conditions showed no 
carbonate precipitation. 
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Figure 8 Effect of  AMP at Pf=1 bar and of  pressurized CO2 on creep of  wet samples, specifically of  samples with 
two different initial grain sizes, 99µm and 249µm. a) Strain vs. time for the samples with d0=99µm; regular solution-
flooded experiments A19 and A26 are added for reference purposes. b) Strain vs. time for the samples with d0=249 
µm; A27 and A41 are added for reference purposes. c) Strain rate vs. normalized porosity for the samples with 
d0=99µm. The addition of  AMP at the point indicated slows compaction creep, whereas wet sample A46 containing 
pressurized CO2 follows largely the same trends as the CO2-free samples equivalents. d) Strain rate vs. normalized 
porosity for the samples with d0=249µm. The presence of  AMP does not influence compaction creep. In contrast, 
the presence of  CO2 results in a decrease in creep rate of  more than 1 order of  magnitude, but only some 30 
minutes after initiation of  creep (beyond ec>0.7%, ϕ/ϕ0C<0.979).
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2.4	Microstructural	data	
2.4.1	Particle	sizer	results
Our particle sizer data on the grain size distributions characterizing both undeformed 
material and selected deformed samples are shown in Figure 9 and in Table 2. In Figure 
9 we have divided the results into datasets for fine- (d0≤99µm, Figure 9a) and coarse-
grained samples (d0≥156m, Figure 9b). Comparison of the grain size distribution found for 
coarse, dry-deformed samples (A23, σav=9.4 MPa, and A34, σav=9.1 MPa, both d0=376µm) 
with that obtained for the equivalent undeformed material (Figure 9b and Table 2) shows 
that the undeformed material has the largest peak grain size (~385µm), followed by 
the lab-dry material deformed under lowest stress (~370µm), followed by the lab-dry 
material deformed under the highest stress (~360µm). No data are available on the dry, 
fine-grained samples.

With reference to Figure 9a, the wet-deformed, finest grained sample (i.e. sample A18; 
d0=19µm) shows only a very small difference in grain size distribution compared with 
the distribution of the undeformed material and material examined after wet stage 2 
pre-compaction (sample SCI). Turning to the rest of the fine-grained samples that were 
also deformed in the presence of saturated solution, i.e. samples with d0=61±29µm (A48 
and SCIII) and with d0=99±36µm (A19 and A26), the grain distribution after deformation 
becomes increasingly flatter and wider as d0 increases. The data for wet-deformed, fine-
grained samples thus show little to no grain size reduction during creep, while with 
increasing grain size there is evidence for increasing grain size reduction.

Focusing on the wet-deformed, coarse-grained fractions (Malvern mean d0≥156µm), all 
samples analyzed (including the starting material) show a bimodal distribution with the 
main peak around the expected grain size based on sieve sizes plus a minor secondary 
peak (<0.5%) at fine grain sizes of 20-30µm (see Figure 9b). As seen in the dry samples, the 
wet-deformed, coarse-grained samples show a flatter and wider distribution compared 
to the undeformed material, though more markedly than in the dry material. All data for 
the wet-compacted, coarse samples (d0≥156µm) therefore point to grain size reduction 
during creep. 

2.4.2	Optical	and	SEM	results
2.4.2.1 Starting anhydrite core and undeformed sieved fractions
The uncrushed anhydrite core material used here is described in detail by Hangx et 
al. [2010b]. It consisted of rosettes of acicular anhydrite (~60 vol%) up to a few mm in 
size, embedded in a matrix of fine-grained (<50µm) idiomorphic to sub-idiomorphic 
anhydrite crystals with minor amounts of dolomite (<10%) and no visible porosity. After 
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crushing and sieving, the separated grain size fractions were studied using reflection 
optical microscopy, leading to the grain shape and equivalent circular diameter data 
presented in Table 2. Mean and median sieve size values, obtained for all fractions, fall 
within or close to the sieve ranges used. Most samples show similar standard deviation, 
kurtosis and skewness, except the kurtosis and skewness values for the fraction with 
d0=61µm (see Table 2). The shape of the grains themselves is described here using the 
compactness parameter (ratio of object perimeter to the perimeter of a circle of equal 
area). Overall, compactness lies between 0.63-0.81, with only the d0=156µm fraction 
deviating (compactness=0.446). 

2.4.2.2 Microstructure produced during pre-compaction and load ramping
Here we report the microstructures observed in wet-tested samples SCI (d0=19µm; cf. 
A28 and A49), SCII (d0=376µm; cf. A21, A24 and A25) and SCIII (d0=61µm; cf. A48), all of 
which experienced a similar loading history to the solution-flooded samples subjected 
to time-dependent creep, but exempting the creep stage. The microstructure of these 
samples is accordingly believed to represent that formed during pre-compaction and 
load ramping to the desired creep stress. 
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Figure 9 Grain size distribution data for undeformed starting fractions, for material recovered after pre-compaction 
and loading and for wet deformed samples, obtained using a Malvern particle sizer. Arrows indicate the shift in 
the mean grain size as a result of  compaction. a) Fine-grained samples (d0<100μm). b) Coarse-grained samples 
(d0<100μm).
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Fine-grained samples SCI and SCIII were studied using SEM. In the case of SCI, a polished 
thick section was employed. SCIII was investigated using fragments of the deformed and 
dried sample mounted on an SEM stub. SCI (Figure 10a) consisted of blocky to wedge-
shaped grain fragments. About 1/3 of the grains contained one or more intra-granular 
cracks, often at right angles to one another, suggesting (010):(100) or (001) cleavage 
cracks. Grain-to-grain contacts were rarely visible in this high porosity material, with ϕ0C 

~30%. SCIII (Figure 10b; ϕ0C ~30%.) showed 30-40 vol% similar, blocky grain fragments, 
d=20-40µm, characterized by irregular cleaved surfaces, surrounded by about 30-40vol% 
fine-grained material (d<20µm). Intergranular cracks (cleavage) were visible in ~10% of 
the blocky grains. Most grain surfaces were covered with fine crystallites, interpreted 
to represent CaSO4 that precipitated during evaporation of the pore fluid noted in this 
particular sample. No features indicative of solution-transfer processes were observed.

SCII (d0=376µm) demonstrates the microstructures formed in coarse-grained samples 
during pre-compaction plus load ramping (Figure 10c). A polished thin section of this 
sample was studied using reflected and transmitted light microscopy. It contained grains 
of variable shape, from idiomorphic to wedge-shaped to sub-rounded. The more angular 
grains have an irregular perimeter, reflected by the low compactness value and high 
standard deviation obtained for this sample compared to the undeformed fraction (Table 

a) SCI; d0=19µm b) SCIII; d0=61µm

c) SCII; d0=376µm

50 µm 50 µm

Figure 10 Microstructure of  wet-tested samples 
subjected to pre-compaction and load-ramping only 
(no creep stage). Compression direction as indicated. 
a) Electron backscatter image of  SCI showing blocky 
to wedge-shaped grains and intragranular cracks.  
b) Secondary Electron image of  SCIII showing similar 
blocky grains, surrounded by fine-grained material. 
Grain surfaces are covered in crystallites. c) Reflected 
light image of  a thick section of  SCII showing intensely 
damaged grains.
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2). Grains larger than 99µm contained multiple intragranular fractures, while smaller 
grains showed a positive correlation between grain size and intragranular crack number 
(see Figure 11). The intragranular cracks were either straight and semi-parallel or short 
and curved. In the latter case, they often formed a network throughout the grain. The 
coarser grains often showed a network of dilatant intragranular cracks separating clearly 
rotated fragments (Figure 10c). Sample SCII also contained several transgranular zones 
of intense grain size reduction, up to several hundred micrometers long, oriented at 
30-110° to the compaction direction. In transmitted light, most coarse grains (d>99µm) 
showed an internal acicular structure showing them to be fragments of the acicular 
anhydrite rosettes present in the starting material. 

2.4.2.3 Post-creep microstructure: fine-grained material tested dry
Dry samples were too incohesive to handle or impregnate with resin. We could 
accordingly retrieve powder only, specifically from fine-grained sample A47 (d0=61µm) 
after creep testing. This was mounted on an SEM stub and studied using Secondary 
Electron imaging (Figure 12a). The sample contained tabular to angular grains, the coarsest 
of which (30-80µm) were coated with a dusting of very fine particles of diameters up 
to 5 µm. Approximately half of the coarser grains contained intragranular cracks. There 
was no evidence visible that any solution-transfer processes had been active. We have no 
microstructural data available for coarse-grained samples tested dry. 
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2.4.2.4 Post-creep microstructure: fine-grained samples tested wet
Fine-grained samples tested wet generally formed cohesive pellets of 20 mm diameter by 
~10mm in length. Upon vacuum-impregnation with epoxy, most samples dilated (disced) 
along one or more surfaces oriented normal to the principal compression direction. 
We studied thin sections of samples A28 (d0=19µm; SEM), A18 (d0=47µm; reflected light; 
Figure 12b) and A26 (d0=99µm; reflected light; Figure 12c), as well as powder retrieved 
from sample A48 (d0=61µm; SEM; Figure 12d), mounted on an SEM stub. In general, 
these samples were characterized by roughly tabular grains similar in size to the starting 
fraction (~70% of visible grains), surrounded by a fine-grained matrix (Figure 12b-d). 
Compared to the starting fractions a slight increase in fine-grained material was visible. 
Analysis of 2-D micrographs showed an average coordination number Z of ~4 (for 50 
grains counted), implying Z values of 6 to 12 in 3D. Porosity of all samples examined was 
estimated at ~30%, in line with the final sample volume and initially inserted mass. 

All samples investigated showed straight intragranular and transgranular cracks (dilated 
and non-dilated) arrayed in several sets. No systematic difference was evident between 
crack numbers per grain in different grain size fractions (Figure 11). Several sets of 
parallel and perpendicular cracks were typically present in individual grains, suggesting 
they originated as cleavage cracks (e.g., Figure 12b-c). Fan-shaped crack arrays were also 
widespread, occasionally cross cutting fluid inclusion trails (e.g. see the central grains in 
Figure 12c). Samples A18 (d0=47µm) and A26 (d0=99µm) contained largely planar cracks 
cross cutting several grains, visible via alignment of several intragranular cracks and/or 
zones of intense grain size reduction. In sample A18 (d0=47µm) these were generally 
oriented in the range 10° to 120° to the compression direction (bottom right to top 
left in Figure 12b). In sample A26 (d0=99µm), the larger planar cracks were oriented 
at 110° to 140° to compression (bottom left to top right in Figure 12c). Sample A48 
(powder mounted on SEM stub) was found to contain crystallographically faceted grains, 
with occasional intragranular cracks, as well as local evidence for neck growth (Figure 
12d) at grain contacts, suggesting operation of solution transfer processes. We have 
no observations on the microstructure of the fine-grained samples flooded with AMP 
solution, nor on those pressurized with sc CO2. 

2.4.2.5 Post-creep microstructure: coarse-grained samples tested wet
Upon extraction, these samples showed poor cohesion, and most disintegrated into 
three or more fragments during handling. Only sample A25 remained (largely) intact 
during impregnation and thin sectioning. We studied one thin and two thick sections of 
samples A27 (d0=249µm; reflected light), A25 (d0=376µm; incident and reflected light; 
Figure 12e-f) and A39 (d0=479µm; reflected light; Figure 12g-h). In general, these samples 
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e) Solution-flooded A25; d0=376µm f) Solution-flooded A25; d0=376µm

g) Solution-flooded A39; d0=479µm h) Solution-flooded  A39; d0=479µm
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exhibited roughly tabular to wedge-shaped grains, intensely damaged by numerous intra- 
and some intergranular cracks (Figure 12e-h). The samples accordingly contained a larger 
fraction of fine-grained (d<99µm) material than expected on the basis of the analysis of 
the undeformed material. Porosity was estimated at 20-30%, in line with expected values 
based on initial sample mass and final volume.

In all three samples studied, a positive correlation exists between the frequency of 
intragranular cracks and grain size: samples with coarser initial grain size (i.e. d0=156-
479µm) contained more damaged fine grains in the final state (d<99µm) – see Figure 11. 
At final grain sizes in excess of 99µm, all grains contained intragranular cracks, regardless 
of the grain size of the undeformed material. Many of the observed intragranular cracks 
were straight, parallel cracks, interpreted to be cleavage cracks, some of which cross cut 
intragranular fluid inclusion trails (Figure 12h). Crack interaction patterns included pull-
apart structures, cleavage steps and diverted crack tips (Figure 12f). Connected cracks 
form new grains via fragmentation and rotation (Figure 12e-g). 

Again, in all coarse-grained samples examined, much larger planar cracks and fractures 
were observed than in the fine-grained samples, extending hundreds of micrometers 
up to the sample scale. The character of the cracks depended on initial grain size. In 
A27 (d0=249µm), they were relatively straight and appeared on the grain scale as an 
alignment of intragranular cracks, zones of concentrated porosity and zones of grain size 
reduction. Orientations varied between ±45° to the applied compression direction. In 
A25 (d0=379µm), the cracks showed more intense grain size reduction (Figure 12e). In 
the coarsest sample studied (A39; d0=479µm), the cracks were visible as zones of intense 
grain size reduction, but instead of being straight, followed the intact grain boundaries in 
sinuous arrays that were less clearly orientated (Figure 12g). No observations were made 
on the coarse-grained samples flooded with AMP solution, nor on those pressurized 
with sc CO2.

Figure 12 Microstructures of  samples subjected to creep. The main compression direction is shown. All fine-
grained samples show tabular grains with occasional intragranular cracking. All coarse-grained samples show a 
high density of  intra- and intergranular cracks, with fragmentation occurring through connection and rotation of  
(dilated) intergranular cracks. a) Secondary Electron image of  vacuum-dry sample A47. Grains are tabular to angular 
and often contain intragranular fractures. Coarse grains are coated by a dusting of  fine particles. b) Reflected light 
image of  solution-flooded sample A18, showing sets of  intragranular cracks and larger planar cracks oriented at 10° 
to 120° to main compression direction. c) Reflected light image of  solution-flooded sample A26, sets of  parallel and 
fan-shaped crack arrays (center) and the larger planar cracks oriented at 110° to 140° to main compression direction. 
d) Secondary Electron image of  solution-flooded sample A48 showing faceted grains (labelled F) and neck growth 
(labelled N, see arrow). e) Reflected light image of  solution-flooded sample A25 showing planar cracks plus grain 
fragmentation. f) Sample A25 at higher magnification. Note the intragranular crack interaction patterns plus cleavage 
steps and diverted crack tips. g) Reflected light image of  solution-flooded sample A39, showing intense grain 
fragmentation and larger cracks that follow the grain boundaries. h) Sample A39 at higher magnification showing 
crack interaction patterns including pull-apart structures, and cracks cross cutting fluid inclusion trails (arrows).
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2.5	Discussion	
The present results clearly show that while little or no compaction creep occurred 
in dry samples, samples flooded with pre-saturated CaSO4 solution exhibited rapid 
deformation. In the experiments on wet samples, two broad deformation regimes can be 
recognized, a fine-grained regime (d0<50µm) transitioning into a coarse-grained regime 
(d0>99µm), each characterized by a different dependence of creep rate on grain size and 
applied effective stress. Adding AMP (a calcium sulphate scale inhibitor) led to a decrease 
in compaction creep rate of wet samples deformed in the fine-grained regime but did not 
influence compaction creep in the coarse-grained regime. We also pressurized wet gouge 
samples in both regimes with sc CO2, observing no significant effect in the fine-grained 
samples and a deceleration of creep in the coarse-grained samples. The coarse and fine-
grained samples also showed several differences in behavior in the pre-creep stages 
of the experiments, and in the final microstructures. In the following, we will combine 
our mechanical and microstructural data in an attempt to identify the deformation 
mechanism(s) active during the various stages of the experiments performed on both 
the dry gouge, the wet samples and the wet samples pressurized with CO2. We go on to 
tentatively discuss the implications of these results for anhydrite fault sealing and healing 
under crustal conditions and subsurface CO2 storage. 

2.5.1	Deformation	mechanisms	active	in	dry	samples
Recall here that we conducted three dry experiments (A23, A34 and A35) on a grain size 
fraction (d0=376µm) representative for the coarse-grained regime observed in the wet 
samples, and one dry experiment (A47) on a grain size fraction (d0=61µm) representative 
for the fine-grained regime observed in the wet samples. All four were done using an 
imposed effective stress of 10 MPa. Note that the (lab-/vacuum-) dry nature of the samples 
makes water-assisted processes unlikely candidates for the rate-controlling deformation 
mechanisms, both for time-independent and –dependent deformation mechanisms.

2.5.1.1 Time-independent deformation in dry samples
Since load ramping to pre-compaction stages 1 and 2 and to the creep stage was rapid, 
we anticipate that deformation likely occurred mainly by time-insensitive mechanisms, 
i.e. by elastic grain distortion, grain rearrangement (sliding and rotation), plastic yielding 
and/or grain failure. From our unloading data we know that elastic deformation can only 
account for small strains (up to 0.1%). The large strains accumulated during loading in the 
first pre-compaction stage at room temperature (up to 10%, section 3.1) therefore imply 
that one or all of the other three candidate-mechanisms operated in this loading phase, 
though we do not know which mechanism dominated. For stage 2 pre-compaction, at 
80°C, the clear relation between grain size and stress supported (Figure 3a) suggests 
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grain failure and (serial) rearrangement as main deformation mechanisms, since grain 
failure is the only candidate mechanism known to depend positively on grain size [e.g. 
Brzesowsky et al., 2011; 2014; Hangx et al., 2010a; Zhang et al., 1990]. By contrast, during 
load ramping to the targeted creep stress no obvious correlation was found between 
grain size and strain (Figure 4a), rendering widespread grain failure unlikely in this stage. 
Rather, the relation between initial porosity and strain (Figure 4a) suggests that grain 
rearrangement dominated the strain achieved [cf. Brzesowsky, 1995; Chester et al., 2007; 
De Meer and Spiers, 1997], presumably with minor contact deformation. The significant 
strains achieved during ramping to creep load, even in vacuum-dry samples (Table 1), 
indicates that work hardening plasticity (glide) cannot be eliminated either, though the 
grain size reduction and lack of cohesion seen in all dry samples examined suggests that 
plastic yield did not contribute much strain during deformation of dry samples. 

2.5.1.2. Time-dependent deformation in dry samples
Minor time-dependent deformation occurred during stage 1 and stage 2 pre-compaction 
in both lab and vacuum-dry samples (see section 3.1, Figure 3 and Table 1). Since there 
are only a few observations available on only the time-dependent pre-compaction creep 
stages of the dry samples it is unclear which deformation mechanism dominated, though 
candidate mechanisms are the same as during the final creep stage. During the final creep 
stage (at constant stress, see Figure 2) our two vacuum-dry samples (A47; d0=61µm, A35; 
d0=376µm) showed very little compaction creep (~0.025%), whereas the two similar 
lab-dry samples (A23 and A34, both d0=376µm) exhibited slightly higher creep strains 
- see Figure 5. The main differences between these lab and vacuum-dry samples were 
air humidity and average stress on the samples (σav=9.0±0.4MPa; see Table 1). Because 
introduction of lab air did not lead to any increase in strain rate in initially vacuum-dry 
sample A35, humidity differences cannot explain the additional creep strain accumulated 
by lab vs. vacuum-dry samples. However, the average sample stress (σav=8.6-9.4 MPa) 
experienced by the lab-dry samples was a little higher than for the vacuum-dry sample 
(see Table 1). If the operative deformation mechanism (e.g. subcritical microcracking or 
plastic flow) has a high stress sensitivity it could offer an explanation for the higher strain 
rates seen in the lab-dry samples. At the same time, vacuum-dry samples showed no 
creep so pure dislocation processes cannot be of major importance, which is also in line 
with the lack of cohesion of the samples upon extraction from the vessel. The angularity 
of the grains in lab-dry sample A47 (d0=61µm; Figure 12a) suggest operation of a brittle 
grain crushing process, consistent with the grain size reduction seen in the particle sizer 
data (Figure 11). Since subcritical crack growth is extremely sensitive both to stress and 
the presence of water, we infer that subcritical crack growth, possibly accelerated by 
trace water in the lab-dry case, best explains the observations made during the creep 
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phase in our dry samples.

2.5.2	Deformation	mechanisms	operating	in	wet	samples
Samples deformed in the presence of saturated anhydrite solution as pore fluid deformed 
easily and displayed two regimes of behavior, visible in the loading data of stage 2 pre-
compaction and creep phases of deformation as well as during the time-dependent 
deformation phases of these stages. The two regimes correspond to coarse (d0>99µm) 
and fine (d0<50µm) grain size ranges with different grain size and stress sensitivities, 
separated by a transitional regime. Since the strains achieved during creep were much 
larger in the wet samples than in the dry, fluid-assisted processes must have operated 
in addition to those inferred for dry samples. The main candidate mechanisms are fluid-
assisted microcracking and solution-transfer processes (e.g. pressure solution). Stage 1 
pre-compaction was dry in all samples of course (see section 2.5.1.1.).

2.5.2.1 Time-independent deformation of wet samples
During compaction of solution-flooded samples to a fixed length (at 80°C) in stage 2 
pre-compaction, our data clearly show that fine-grained samples (d0≤99µm) supported 
higher stresses than wet coarse-grained samples (d0>99µm) of similar porosity (Figure 3). 
For dry samples, we infer that deformation during this stage was accommodated by grain 
failure plus subsequent rearrangement. Water can enhance both failure plus facilitate 
grain sliding through contact lubrication; therefore no additional mechanisms are needed 
to explain our observations.

During ramping to creep load, our wet samples clearly show two regimes, in contrast to 
the dry samples. Fine material (d0≤99µm) exhibited only small, similar, strains, whereas 
for coarse samples (d0>99µm) strain was positively correlated to increasing grain size. 
Fine-grained samples (SCI; d0=19µm) showed little to no grain size reduction, making 
fluid-assisted crack growth unlikely. As in dry samples, the small load ramping strains 
(eRmax≤ 0.32%) may be due to elastic deformation, possibly accompanied by fluid-assisted, 
instant, plastic deformation at grain contacts. However, elastic distortion alone cannot 
account for the large strains suffered in coarse-grained material, nor for the obvious 
grain size sensitivity. Rapid dissolution of plastically deformed grain contacts (cf. Pharr 
and Ashby [1983] or Spiers and Brzesowsky [1993]) is also unlikely, as it should lead to 
larger strains at smaller grain size. The grain size reduction found in wet ramped sample 
SCII (d0=376µm; see Table 1, 2 and Figure 9b) points to fluid-assisted crack extension at 
grain contacts [Atkinson and Meredith, 1981; Chester et al., 2007], which would also explain 
the grain size sensitivity of ramping strain. 
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2.5.2.2 Time-dependent deformation of wet samples 
Time-dependent creep rates due to pressure solution and fluid-assisted subcritical 
cracking (SCC) show distinct grain size and stress dependences that have been predicted 
theoretically and/or are seen experimentally. For pressure solution, the creep rate of an 
aggregate can be described by the general form:

  exp
n

a
m

EA kTd
sε  = − 

 
       (1)

where ε  stands for strain rate, A is a weakly temperature-dependent aggregate structure 
term dependent on porosity, σ is the imposed effective stress, d is the grain size, Ea is the 
apparent activation energy, k is the Boltzmann constant and T stands for temperature [e.g. 
Spiers et al., 2004]. For low stresses, n≈1 and m=1-3, depending on whether dissolution/
precipitation or grain boundary diffusion are rate-controlling [Lehner, 1990; Pluymakers 
and Spiers, 2014; Raj, 1982; Rutter, 1976; Spiers et al., 2004]. Recent work [Hangx et al., 
2010a; Liteanu et al., 2012] indicates that creep involving grain and/or grain contact failure 
by fluid-assisted SCC plus grain rearrangement can be empirically described by a similar 
equation but with far higher n-values (e.g. n>10), corresponding to the extreme stress 
sensitivity of SCC [Atkinson and Meredith, 1981; Brantut et al., 2013] and with negative 
m-values, i.e. a positive dependence of strain rate on grain size. 

During stage 2 pre-compaction, fine-grained samples supported higher stresses (see 
Figure 3a) than coarse-grained samples, suggesting the two, grain size dependent, regimes 
of behavior seen during the creep stage also operated during this stage. The presence 
of fluid means that apart from (a) elastic distortion, (b) crystal plastic deformation and 
(c) grain rearrangement, fluid-assisted mechanisms, such as SCC and pressure solution, 
may have operated, though the rate-controlling deformation mechanism is unclear. For 
the main creep stage of the solution-flooded samples we have plotted our data on the 

grain size and stress dependence of creep rate ε  in log-log form in Figure 13, so that 
the slopes form indicators for m and n respectively in equation (1). However, several 
factors complicate the interpretation of our data. First, the mean grain size decreases 
during the course of individual experiments, with the coarse-grained samples showing 
the largest change (Table 2, Figure 9). In Figure 13 we have therefore used the fine grain 
size measured using particle sizing after each experiment, noting from section 4.1 that 
most grain size reduction occurs during the pre-compaction stages plus load ramping 
(see Figure 9), so that the grain size after the experiment is closer to the grain size 
during the creep stage. An additional complication lies in the difference between the 
mean grain size values and standard deviations for the starting material, as obtained 
using the Malvern particle sizer versus optical analysis. Even though laser particle sizing 
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may slightly overestimate fine grain sizes by as much as 50% [cf. Hangx et al., 2010a] 
we opt to use the Malvern results, since they were reproducible (the number of grains 
sampled optically was always small). Moreover, the use of the Malvern results avoids 
the stereological uncertainty in 2D optical data. Furthermore, the average stress varied 
slightly per experiment, due to differences in seal- and vessel-wall friction (section 2.4 
and Table 1). The likely time-dependent mechanisms operating in wet samples in the fine 
and coarse-grained regimes are discussed below, taking these complications into account.

2.5.2.2.1 Fine-grained regime (df <50µm)
This regime is characterized by an inverse grain size dependence (Figure 13a), with 
m ≈ +3 at the smallest grain sizes. Though the data are few, this points to diffusion 
controlled pressure solution. As grain size increases in the range 40-70µm, however, 
m decreases and a transition must occur to other mechanisms. Regarding the stress 
dependence of creep rate (n) in the fine-grained regime, this was investigated for the 
grain size batches with d0=47µm (df =31µm) and d0=19µm (df =20µm) – see Figure 13b. 
These results show n ≈ 3-5, which is higher than the value of 1 expected for diffusion-
controlled pressure solution at low applied stresses [e.g. Rutter, 1976]. This suggests that 
grain contact stresses may be too high for the low stress approximation made in most 
pressure solution models to be valid, or it may suggest mixed mechanisms. The stress 
stepping experiments (A22 and A37, both d0=47µm, see section 3.4.2) support pressure 
solution, since deformation history does not influence the deformation rate (Figure 7), 
in agreement with expectations if pressure solution controls deformation rate (equation 
1). Moreover, the addition of 1‰ amino methylene phosphate (AMP) to solution flooded 
sample A43 (d0=99µm, df=70µm) led to a significant decrease in strain rate (Figure 8), 
even though the grain size of this sample lies in the transition zone (Figure 13a). AMP is 
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Figure 13. Note: error bars are approximately the size of  the data points. a) Log-log plot showing strain rate at fixed 
normalized porosity vs. final grain size. Fine-grained samples show a negative grain size dependence with a slope 
~3, transitioning towards a strong positive grain size dependence at grain sizes >70µm. Data for sample A48 are 
de-emphasized due to the grossly different grain size distribution compared to all other samples (section 4.2.1). b) 
Log-log plot of  strain rate at fixed normalized porosity vs. applied effective stress. Fine and coarse-grained samples 
show very different stress dependences.
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a well-known inhibitor of calcium sulphate precipitation. Therefore a process involving 
precipitation, such as pressure solution, is likely of importance in controlling creep in 
fine-grained wet samples. This is supported by the fact that no systematic evidence was 
found for grain size reduction or variations in microcrack density in the finest grained 
samples (Figures 9 and 11). However, we did find evidence for neck growth and faceted 
overgrowths in fine sample A48 (Figure 12d), indicative of small amounts of dissolution-
precipitation transfer. In pre-compacted and dry samples tested at similar conditions, 
these features were not found (Figures 10b and 12a respectively). 

Integrating all of the above points, we infer that pressure solution was probably the 
dominant mechanism of time-dependent deformation in the finest grained samples (d0=19 
and 47µm; df=20 and 31µm), with the rate-controlling process likely being grain boundary 
diffusion. The deceleration of creep upon addition of AMP must then imply a switch to 
precipitation-control. The absence of classical pressure solution microstructures, such 
as grain-to-grain indentations, in our finest grained wet samples does seem to conflict 
with this interpretation. On the other hand, the strains achieved in our experiments 
were almost certainly too low for indentations to be detectable. Of course, we cannot 
rule out fluid-assisted subcritical crack growth completely. Indeed, because of the inverse 
relationship between grain size and grain failure strength [Brzesowsky et al., 2011; Wong, 
1990], SCC should gain importance as a parallel process, operating alongside pressure 
solution, as grain size increases. This would lead to a gradual change in deformation 
mechanism with increasing grain size, as implied by the switch from a negative to a 
positive dependence of strain rate on grain size seen at df >50µm. 

2.5.2.2.2 Coarse-grained regime (d0>99µm; df >70µm)
The grain size dependence (m-values) and the stress dependence (n-values; equation 1) 
of strain rate seen in samples with d0≥99µm (df > 70µm) are strikingly different from 
those seen in the fine-grained regime (Figure 13). Several factors suggest that the coarse-
grained samples compacted mainly via a deformation mechanism involving fluid-assisted 
subcritical crack growth. First, comparing experiments at similar stresses (within 0.05 
MPa), e.g. A26, A27 and A25, or A39 and A41, a (strong) positive grain size sensitivity is 
apparent. Between df =70 and 155µm this corresponds to an m-value of -10, whereas 
at df >155µm this corresponds to an m-value between -0.5 and -2 (Figure 13a). Second, 
comparing experiments performed at similar grain size (A42, A40 and the first part of A41; 
d0=249µm; df =155µm), a very high stress sensitivity of n≈10-15 is immediately evident 
(Figure 13a). This supports SCC, combined with intergranular sliding/displacement, as 
a likely compaction mechanism. The high stress sensitivity and a likely role of SCC are 
confirmed by stress stepping experiment A41 (d0=249µm; df =155µm), which shows that 
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the applied stress history influences strain rates for similar strains (Figure 7), in contrast 
to the behavior seen in stress stepping experiments on fine-grained samples. This is 
consistent with the behavior expected if grain size irreversibly changes due to grain 
fragmentation during creep. Third, in contrast to the fine-grained samples, AMP has no 
influence on strain rate in coarse-grained material, suggesting little or no involvement 
of precipitation processes in the coarse samples. Fourth, the microstructures developed 
in the coarse grain size regime show a positive correlation between final crack damage 
and initial grain size, i.e. relatively more grains are fractured with increasing initial grain 
size (section 4.2.5; Figure 12), which is supported by the data from the Malvern particle 
sizer analysis. On this basis, we infer that fluid-assisted subcritical crack growth plus grain 
rearrangement must be the main deformation mechanism controlling compaction and 
creep in solution-flooded samples with an initial grain size in excess of 99µm (df >70 µm). 
We can further speculate that the abrupt switch from relative slow compaction to fast 
compaction between df ~70-155µm (Figure 13a) might be explained by the polycrystalline 
nature of these coarser grains. Our samples (d0>99µm) showed polycrystalline grains, 
with fan-shaped crack arrays and an internal acicular structure. 

2.5.2.3 Deformation mechanisms during creep of CO2-pressurized samples
Fluid-saturated samples tested in the presence of supercritical CO2 showed (stage 2) 
pre-compaction behavior similar to wet samples tested without CO2. During wet creep 
pressurized with CO2, fine-grained sample A46 (d0=99µm) did not show significantly 
different creep behavior from similar samples tested wet (A19 and A26, d0=99µm, 
df=70µm). For the latter, we inferred above that deformation involved both pressure 
solution and fluid-enhanced SCC, i.e. transitional behavior. Similar processes may have 
operated in A46, perhaps with some reaction occurring to form calcite (as detected by 
TGA, see section 2.3.5.2). By contrast, during wet creep pressurized with CO2, coarse-
grained sample A45 (d0=249µm) showed creep rates that slowed down by >1 order of 
magnitude after the first 30 minutes of creep. Samples of this grain size without CO2 
were inferred above to deform by SCC. We do not understand why there was a delayed 
response to the presence of CO2. One possibility is that longer term creep is somehow 
affected by the reactions that form calcite, again as detected using TGA (section 2.3.5.2).

2.5.3.	Implications	for	fault	sealing/healing	and	CO2	storage	
The present results suggest that diffusion-controlled pressure solution is likely to 
dominate compaction creep of wet, fine-grained anhydrite fault gouge, formed when faults 
in anhydrite rocks are (re)activated. Both in nature and in experiments, fault gouges are 
found with a range of grain sizes. However, they frequently contain 50% or more of very 
fine-grained material (<10µm) [e.g. Keulen et al., 2007; Logan et al., 1979 and references 
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therein]. Moreover, direct shear experiments performed in our lab on granular anhydrite 
with an initial grain size of ~45µm, under P-T conditions corresponding to depths of 3 to 
4 km, have shown that small fault displacements of only ~5mm reduce grain size to 30-
35µm, significantly increasing the amount of sub-micron sized material present (Chapters 
4, 5 and 6). All of these values are well inside our fine-grained regime. Furthermore, field 
studies of natural faults [e.g. Chester and Chester, 1998; Mitchell and Faulkner, 2009; Sibson, 
2003] and of faults that have been reactivated by human activities [e.g. Heesakkers et 
al., 2011] have shown that the thickness of (reactivated) slip zones is frequently of the 
order of mm to cm, which is similar to our sample thickness. It is reasonable, then, to 
use a standard pressure solution rate law to extrapolate our results to estimate fault 
compaction rates in the long term, and in this way predict healing and sealing time 
scales, for anhydrite-bearing faults in evaporite sequences, such as those capping gas 
reservoirs and those hosting seismicity in regions like the Apennines. We have conducted 
this extrapolation by crudely fitting the standard model for diffusion-controlled pressure 
solution of Rutter [1976] (see also Lehner [1990], Spiers [2004; 1990]), written in form

3
4 Z   exp 1

2 2

e
s nADC S Z q q

Fd RT F q q
π sε

φ φ
    Ω

= −    − −   


   
  (2)

to our data for wet, fine-grained anhydrite. Here A is a geometric constant, D (m2 s-1) 
is the diffusion coefficient, CS is the solubility of the solid (kg kg-1), S is the fluid film 
thickness (m), Z is the coordination number, which can be taken as 6, F is a geometric 
factor of value π, e

ns  is the imposed effective stress, Ω is the molar volume, R is the 
gas constant, T is the temperature, q is a geometric constant close to 1 and ϕ is the 
porosity (dimensionless). We integrated equation 2 to obtain a function describing the 
evolution of porosity with time. Application of this model, using the parameters and 
stress/temperature values for a depth of 2 to 4 km listed in Table 3, leads to an estimate 
of the time to compact our simulated gouge from a porosity of 30% to 3%, assuming 
pressure solution is the main process of pore space reconfiguration. We took 3% porosity 
to be a reasonable estimate of the percolation threshold at which pore connectivity will 
break down such that anhydrite fault rock becomes impermeable [e.g. Elam et al., 1984; 
Kertész, 1981; van der Marck, 1996]. Following this approach, using “typical” parameters 
and stress/temperature values (Table 3), predicts fault sealing by pressure solution within 
6 years. Using only the worst case values increases this to 60 years. This range of 6-60 
years is relatively short compared to the target of thousands of or tens of thousands 
of years envisaged for geological storage of CO2 [IPCC, 2007]. However, our estimates 
will only be valid under the assumptions that the normal stress (the lateral stress on the 
fault) remains relatively unchanged after fault reactivation (i.e. is not relieved by the slip 
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or compaction processes) and that the pore fluid within the fault zone remains saturated 
with respect to anhydrite. For relatively minor, storage-induced slip motion on faults in 
an evaporite sequence, these assumptions are reasonable. Other processes that that we 
have not accounted for in our model include grain boundary healing [e.g. Bos and Spiers, 
2002; Visser et al., 2012], and long range transport effects, both of which could potentially 
inhibit compaction and fault sealing by pressure solution. We cannot precisely quantify 
how these processes would affect our projected fault sealing times, but, since we did not 
detect any evidence for grain boundary healing in our samples, we think this will be of 
minor importance under CO2 storage system conditions. 

Symbol Definition Range Source & additional 
information Typical Worst-case 

Pressure solution model parameters

A Geometric constant 2-6 Assuming a simple cubic 
pack of grains 6 6

Cs

Anhydrite solubility 
[m3 m-3]

4.4·10-4 to 
6.3·10-4 [Blount and Dickson, 1969] 4.4·10-4 4.4·10-4

d Grain size [m] 1·10-6 to 35·10-6 Typical fault gouge [e.g. 
Keulen et al., 2007] 20·10-6 35·10-6

DS

Product of diffusion 
coefficient D 

and mean grain 
boundary fluid 

thickness S [m3 s-1]

10-18 to 10-20

Range determined for 
diffusion controlled 

pressure solution in other 
ionic salts [e.g. Koelemeijer et 
al., 2012; Zhang et al., 2010]

10-20 10-20

F Grain shape factor 2 to 4 Assuming a simple cubic 
pack of grains π 2

q Geometric constant 0.8 to 1 [Pluymakers and Spiers, 
2014] 0.97 0.8

R Gas constant [J 
mol-1 K-1] 8.314 [e.g. Chang, 2000] 8.314 8.314

Z Coordination 
number 6 to 12 Assuming a simple cubic 

pack of grains 6 6

Ω Molar volume of 
anhydrite [m3 mol-1] 4.6·10-5 [Hummel et al., 2002; 

Thoenen and Kulik, 2003] 4.6·10-5 4.6·10-5

Environmental variables, assuming a normal fault scenario in a depleted reservoir at a depth h of 2 to 4 km

Pf

Pore fluid pressure 
[MPa] 20 to 40  ρw g h for upper crust [e.g. 

Ramm, 1992] 30 40

s1=sv

Overburden stress 
[MPa] 43 to 102  ρr g h with ρr = 2200 to 

2600 kg.m-3 75 43

sn
e Effective normal 

stress [MPa] 20 to 82 
Minimum for a normal fault 

a) ; maximum for a reversed 
faults b)

35 20 

T Absolute 
temperature [K] 328 to 413

Geothermal gradient 
20 to 30°C km-1 Surface 

temperature 15°C
373 328

Table 3. Values of  parameters and environmental variables used in applying the diffusion-controlled 
pressure solution model (equation 2) to estimate anhydrite fault gouge compaction and sealing times.  
a) The standard expression for effective normal stress ( ) ( )1 3 1 30.5 0.5( )cos 2e e e e e

ns s s s s θ= + + −  can be used to 
calculate the normal stress on a critically stressed normal fault in a reservoir, assuming Byerlee-type fault friction and 
a friction coefficient of  0.6 measured for anhydrite [Scuderi et al., 2013; Pluymakers et al, 2014; Chapter 4]. Note: σ1

e is the 
maximum effective principal stress, assumed to be vertical and equal to the overburden stress minus fluid pressure, and 
σ3

e is the minimum effective principal stress (horizontal).
b) For reverse faults the normal stress is equal to the overburden stress minus the fluid pressure.
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Focusing now on the purely chemical effects of CO2 on fault healing/sealing, TGA analysis 
of samples recovered after wet experiments pressurized with CO2 indicated calcite 
formation (which did not occur in the control experiment on quartz, see section 2.3.5.2). 
Since calcite has a lower molar volume than anhydrite (3.7·10-5 mol m-3 vs. 4.6·10-5 mol 
m-3 [Thoenen and Kulik, 2003]), this raises the question of whether CO2 penetration 
into an anhydrite-bearing fault in a CO2-reservoir-caprock system will lead to calcite 
formation and hence to an increase in porosity. In general, to minimize leakage risks, the 
final pressure of CO 2 injected into a depleted hydrocarbon reservoir will be kept well 
below the hydrostatic pressure of the adjacent formations. This implies that if faults are 
reactivated – which is potentially most likely during the injection phase – water from 
adjacent formations, rather than stored CO2, would flow into the fault, so that CO2 
penetration and leakage are unlikely. It is only at a later stage, when reservoir pressures 
may increase due to regional pore fluid pressure equilibration, that buoyancy forces 
might be sufficient to cause CO2 to enter the fault. Since CO2 had no significant effect 
on creep rates of fine-grained anhydrite fault gouge in our experiments, the presence 
of CO2 in wet faults is not expected to alter our conclusions regarding the active creep 
process in fine-grained fault gouges (for a more detailed description of the kinetics in 
anhydrite fault gouge see Chapter 3). This implies that even if anhydrite-rich faults are 
reactivated, they will self-seal quickly enough that the risk of CO2 leakage will be minimal. 
Nonetheless, more attention for the effects of CO2 reaction with anhydrite fault gouge 
is needed in the future.

Lastly, we consider the effects of fault rock compaction by pressure solution on the 
strength of anhydrite-rich faults and on the seismogenic cycle of such faults. Fault healing, 
i.e. re-strengthening, is achieved more rapidly during compaction than sealing, since it is 
not permeability that is important in determining strength, but the increase in dilatation 
angle, grain contact area and intrinsic strength of bonds between the grains [Niemeijer 
and Spiers, 2007]. If self-sealing of faults in anhydrite formations occurs within decades 
by pressure solution, it is likely that healing will occur even more rapidly following a 
reactivation event. This should be taken into account not only within the framework 
of strength evolution of faults within geological storage systems, but also in relation 
to natural seismicity occurring in evaporite-bearing terrains. Part of the destructive 
seismicity in the Apennines in Italy is known to nucleate in the interbedded carbonate 
and anhydrite layers of the Burano Formation at 5 to 10 km depth [e.g. Collettini et al., 
2009; De Paola et al., 2009; Mirabella et al., 2008]. Assuming that the occurrence of Ca-
Sulphates in exposed faults cutting this formation [e.g. De Paola et al., 2008] means that 
anhydrite fault gouge is present at seismogenic depths, we will now attempt to estimate 
the role of anhydrite fault gouge healing with respect to earthquake recurrence times 
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in the Apennines. Due to the presence of high fluid pressure (l = Pf /σv = 0.85, where 
σv is lithostatic load [e.g. Collettini and Barchi, 2002; Trippetta et al., 2013a]) the effective 
normal stress at seismogenic depth may be as low as 20 MPa. Hence, the worst-case 
effective stress conditions listed in Table 3 (for storage systems) may be applied roughly 
to the shallow parts of the Apennines (<6 km), noting that at greater depths compaction/
sealing will likely be faster than the 60 years estimated from equation 2, due to higher 
effective normal stresses and temperatures, plus additional compaction mechanisms like 
crystal plasticity. Recurrence times for large magnitude earthquakes (M>6) are of the 
order of 2000 to 5000 years in the Apennines area [e.g. Cello et al., 1997; Galli et al., 
2008; Palumbo et al., 2004; Pantosti et al., 1993]. If anhydrite fault gouge is indeed present 
within fault cores, it has the time to fully heal and seal between these large magnitudes 
earthquakes. Therefore, it cannot be anhydrite fault strength recovery that controls 
the repeat frequency of events of M>6 in anhydrite-dominated faults in the Apennines 
region. Tectonic loading rate, for example, may be more important. Other possibilities 
include pore fluid pressure build-up due to the natural CO2 accumulation reported in 
the Apennines [Chiodini et al., 2004; Ciotoli et al., 2013; Collettini et al., 2008; Trippetta et al., 
2013a; Walters et al., 2009], or else factors such as the re-strengthening behavior of faults 
cutting the carbonate units present in the carbonate-anhydrite cover stratigraphy. In the 
case of smaller events (M<6), however, since recurrence intervals scale according to the 
Gutenberg-Richter law, anhydrite healing and sealing might be more important. Indeed, 
the repeat frequency of earthquakes of M~5 and smaller is of the order of decades or 
less in the Apennines, which is closely comparable to our estimates of healing/sealing 
times for anhydrite fault gouge. 

2.6	Conclusions
We have performed uniaxial compaction experiments on simulated anhydrite fault gouge, 
in order to improve our understanding of compaction related healing and sealing of (re-
activated) anhydrite-bearing faults. We conducted experiments on batches of material 
with different grain sizes and at different stresses, both dry and wet (i.e. flooded with 
saturated CaSO4 solution). The experiments involved two stages of pre-compaction, 
to obtain a controlled microstructure, followed by creep at fixed stress. CaSO4 scale 
inhibitor was added to key control experiments and we pressurized selected wet samples 
with CO2 to evaluate the effects of these agents. Our main conclusions are as follows:

1) Instantaneous deformation during dry pre-compaction and load ramping prior 
to dry creep probably occurred by elastic grain distortion, grain contact failure 
and grain rearrangement. During application of creep load, there may also have 
been a component of work hardening plasticity. 

2) On basis of our microstructural and mechanical data we infer that time-
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dependent deformation in dry experiments occurred most likely by (subcritical) 
microcracking.

3) Again on the basis of microstructural and mechanical data, and by comparison 
with kinetic models for pressure solution, we infer that time-dependent creep 
of wet samples with the finest grain size (d<50µm) was most likely dominated by 
diffusion-controlled pressure solution. The presence of CO2 did not significantly 
influence creep by this process. 

4) Our data for wet coarse-grained samples (d>99µm) indicate that time-dependent 
creep in these samples mainly involved fluid-assisted subcritical microcracking. 
The presence of CO2 slowed the creep rate of coarse-grained samples down by 
more than 1 order of magnitude. 

5) A standard kinetic model for diffusion-controlled pressure solution predicts 
similar rates of pressure solution in fine-grained anhydrite to those seen in 
our experiments. Extrapolation of our data using this rate equation to in-
situ conditions implies anhydrite self-sealing will occur on the order of 6 to a 
maximum of 60 years, which is short compared to CO2-storage time-scales. The 
expectation is therefore that (reactivated) anhydrite-bearing faults will pose 
only a minor leakage risk, provided in-situ normal stresses remain relatively 
unchanged. 

6) CO2 reaction with anhydrite fault gouge may lead to carbonate formation and 
hence possibly to porosity formation, therefore more attention to associated 
risks is needed in the future.

7) If self-sealing occurs within 6 to 60 years, fault re-strengthening after 
reactivation should occur even more rapidly. Since the recurrence time of the 
M>6 earthquakes that nucleate in the carbonate-anhydrite cover sequence 
of the Italian Apennines is of the order of 2000-5000 years, anhydrite fault 
strength recovery cannot controls the repeat frequency of these events. 
However, anhydrite fault strength recovery may well play a role in controlling 
the recurrence time of events of magnitude 5 and less, since these fall in the 
decade range and below. 
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Abstract	

The sealing and healing behavior of faults filled with anhydrite gouge, by processes 
such as pressure solution, is of interest in relation both to the integrity of faults cutting 
geological storage systems sealed by anhydrite caprocks, and in relation to seismic 
events that may nucleate in anhydrite-bearing sequences, such as those present in the 
seismogenic zone beneath the Apennines. We have developed a detailed series of kinetic 
models for pressure solution in anhydrite fault gouge, allowing for dissolution, diffusion 
and precipitation control, to estimate the time scale on which such sealing and healing 
effects occur. We compare the models obtained with previously reported experimental 
data on compaction creep rates in simulated anhydrite fault gouge, tested under wet, 
upper crustal conditions. The results confirm earlier indications that compaction under 
these conditions likely occurs by diffusion-controlled pressure solution. Applying our 
most rigorous model for diffusion controlled pressure solution, constrained by the fit to 
the experimental data, we infer that anhydrite fault sealing will occur in a few decades 
at most, which is rapid compared with both CO2 storage time-scales and with the 
recurrence interval for seismicity in the Apennines. 
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3.1	Introduction
Fault rock transport properties, such as permeability and capillary entry pressure, form 
a subject of major interest in crustal geoscience. First, they play a key role in controlling 
natural trapping of oil, gas and hydrothermal minerals, the last via fault-valve behavior, for 
example. Second, they are central to determining the containment integrity of geological 
storage systems for fluids like CO2, natural gas and hydrogen fuel, notably when the 
storage reservoir is laterally sealed by faults. Third, fault rock permeability, its spatial 
distribution, and its temporal evolution, exert a profound influence on fault zone fluid 
pressures, hence strength, throughout the seismic cycle of active faults [e.g. Chen et al., 
2013; Faulkner and Rutter, 2001; Faulkner et al., 2010; Sibson, 1992; Wibberley and Shimamoto, 
2003; Wibberley et al., 2008]. 

  When faults are inactive, fault rocks are generally expected to compact and heal by 
processes such as diffusive mass transfer, leading to strength recovery and a reduction in 
fault zone permeability [e.g. Angevine et al., 1982]. Upon fault reactivation, due to tectonic 
loading, to fluid over-pressuring or to stress changes induced by subsurface exploitation 
activities, new fault zone damage and fault gouge may be formed, increasing porosity 
and permeability [Hickman et al., 1995; Rutqvist et al., 2013]. When fault motion once 
again ceases, a new cycle will be initiated in which the newly formed gouge will compact, 
heal and seal as a function of time. To estimate the time scales on which such effects 
take place, an understanding of the deformation mechanisms that control fault (gouge) 
compaction, healing and sealing is needed.

In this study, we address these compaction and sealing processes in particular for anhydrite 
gouge, which is currently of special interest in relation to two of the three reasons listed 
above. Many hydrocarbon reservoirs and many potential CO2 storage reservoirs are 
sealed by (faulted) anhydrite or interbedded anhydrite-carbonate caprocks. Examples of 
major reservoir systems topped partly or wholly by such sequences include the onshore 
Rotliegend gas fields of the Netherlands [Glennie, 2001], many of the Qatar gas fields 
(which contain ~14% of the global gas supply [Oil and Gas Journal, 2013]), the K12-b CO2 
storage pilot-site in the Dutch North Sea [Vandeweijer et al., 2011] and the (onshore) 
CO2 injection field at Weyburn in Canada [Cantucci et al., 2009]. Additionally, much of the 
highly damaging seismicity experienced in the Italian Apennines in recent years involves 
rupture nucleation in the anhydrite-carbonate cover sequence that characterizes the 
Apennines region [Collettini et al., 2009; De Paola et al., 2008; Mirabella et al., 2008; Trippetta 
et al., 2010]. 
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Motivated by these considerations, Pluymakers et al [2014; Chapter 2] recently 
performed uniaxial compaction experiments on simulated anhydrite fault gouge with 
different initial mean grain sizes (d=20-500µm), under both dry and wet conditions, 
at near in-situ temperatures and stresses, i.e. at 80°C, effective axial stresses of 5-12 
MPa and pore fluid pressures of 15 MPa (or else 0.1 MPa, i.e. atmospheric pressure for 
control purposes). For a detailed description of the 1-D compaction vessel and method 
used, we refer to Schutjens [1991], Hangx et al. [2010] or Zhang et al. [2010], and to 
Pluymakers et al. [2014; Chapter 2]. All samples were first lightly pre-compacted to obtain 
a more or less constant porosity (ϕ0C) prior to initiating creep testing [see also Hangx 
et al., 2010; Niemeijer et al., 2002]. Relatively low axial effective stresses were chosen for 
subsequent creep testing, to minimize any instantaneous compaction by grain breakage, 
thus maintaining known initial grain size and keeping the porosity high enough to allow 
creep rates to be measured on a reasonable time-scale (typically 1 to 3 weeks). 

In these experiments, Pluymakers et al. found that samples loaded in the presence of a pre-
saturated solution phase crept at easily measurable rates, whereas dry samples showed 
negligible creep. This implies fluid-assisted processes controlled anhydrite compaction, 
and that plasticity played a negligible role under the experimental conditions. Interestingly, 
samples tested wet, i.e. in the presence of the solution phase, showed two compaction 
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Figure 1 Strain rate measured at fixed normalized porosity ϕ/ϕ0C vs. grain size, as reported by Pluymakers et al. 
[2014; Chapter 2], for 1-D compaction of  simulated anhydrite fault gouge tested wet at an applied effective stress 
(sn

e) of  8.5±0.5MPa and an upper crustal reservoir temperature of  80°C. Errors in log strain rate fall (just) within 
the symbol size. Fine grained samples show a negative grain size dependence with a slope around -3, transitioning 
towards a strong positive grain size dependence at grain sizes >70µm. Note that ϕ represents sample porosity at a 
given instant during creep of  the samples, while ϕ0C is a normalizing porosity measured at the initiation of  creep. 
Porosities ϕ, normalized with respect to the porosity ϕ0 of  a simple cubic pack of  spheres, are also given for later 
comparison with model calculations.
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regimes (see Figure 1). At fine grain sizes (grain diameter < 70μm), deformation rates 
measured at constant applied stress and specific porosity values showed an inverse 
dependence on grain size with a sensitivity (grain size exponent) close to -3 (Figure 
1) and a low stress sensitivity of strain rate. This, plus retardation of creep observed 
upon addition of a precipitation reaction (i.e. scale) inhibitor, along with microstructural 
evidence for solution transfer with little or no grain size reduction, suggested diffusion-
controlled pressure solution as the controlling mechanism of compaction in this fine 
grain size regime [cf. pressure solution in NaCl or calcite; Liteanu et al., 2012; Spiers 
and Schutjens, 1990; Zhang et al., 2010]. With increasing grain size, this behavior gave 
way to a regime showing a direct dependence of creep rate on grain size (Figure 1). 
Microstructural evidence for grain scale brittle failure and grain size reduction, and a high 
stress sensitivity of strain rate visible in the mechanical data, led to the conclusion that 
for these coarse-grained samples (grain diameter > 200 μm), deformation was controlled 
mainly by a subcritical microcracking mechanism - c.f. Liteanu et al. [2012] for calcite. The 
two regimes were separated by a transition region, in which the stress and grain size 
dependence of strain rate indicate mixed pressure solution and subcritical microcracking 
mechanisms. Despite this complexity, it was argued by Pluymakers et al. [2014; Chapter 
2] that fault (re)activation would generally produce a fine cataclastic gouge with a 
grain size falling in the fine regime, and that pressure solution would therefore control 
subsequent gouge compaction. However, only a qualitative comparison was made with 
pressure solution models. 

In the current paper, we make a detailed, quantitative comparison between the above 
experimental results obtained for the fine grained creep regime (Figure 1) and kinetic 
models for pressure solution. To do this, we first develop a series of models for compaction 
creep by pressure solution that are useful for understanding of fault rock compaction 
properties in a general sense, but can also be compared directly with the results of the 
compaction experiments on anhydrite reported by Pluymakers et al [2014; Chapter 2]. 
These models build upon the classical model for diffusion controlled pressure solution 
presented by Rutter [1976] by including the possibility of interfacial reaction control. We 
go on to use the model that best explains the experimental data reported by Pluymakers 
et al [2014; Chapter 2] to provide an order of magnitude estimate of fault sealing rates 
and times, for anhydrite fault gouge compacting at in-situ crustal conditions, and we 
consider the implications for anhydrite-capped CO2 storage systems and for the seismic 
cycle in the anhydrite-carbonate cover sequences of the Italian Apennines. 
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3.2	A	model	for	fault	gouge	compaction	by	pressure	
solution	creep
Pioneered by Ernie Rutter [Rutter, 1976; 1983], numerous models have been developed 
for the kinetics of deformation and compaction creep of porous granular rock/mineral 
aggregates by pressure solution [Gundersen et al., 2002; Lehner, 1990; Lehner, 1995; Raj, 
1982; Renard et al., 1997; Schutjens and Spiers, 1999; Shimizu, 1995; Spiers et al., 2004; 
Spiers and Schutjens, 1990]. However, these models frequently ignore the possibility of 
dissolution or precipitation as a rate controlling mechanism, focusing instead on grain 
boundary diffusion control [e.g. Rutter, 1976; Schutjens and Spiers, 1999]. In the case of 
sparingly and poorly soluble ionic solids, such as gypsum or calcite, both dissolution and 
precipitation are known to limit pressure solution rates under certain conditions [see 
De Meer and Spiers, 1997; Zhang et al., 2010]. Therefore, in developing pressure solution 
models for comparison with compaction experiments on fine grained anhydrite gouge, it is 
important to consider dissolution, precipitation and grain boundary diffusion as potential 
rate controlling processes. For highly porous aggregates with a large molar volume 
such as anhydrite (Ω= 4.6∙10-5 m3 mol-1), it is also desirable to avoid the (unnecessary) 
assumption, often made in pressure solution creep models, that normal stresses at grain 
boundaries are low enough to allow the stress-induced solubility enhancement (ΔC/C0) 
that drives pressure solution to be approximated by an asymptotic linear relation of the 
form ΔC/C0 = sn

eΩ / RT, as opposed to the form ΔC/C0 = [exp(sn
eΩ / RT) – 1]. Here,ΔC 

is the absolute enhancement in the solubility of the solid at stressed grain contacts, C0 

is the solubility in the unstressed reference condition (i.e. surrounded by pore fluid at 
hydrostatic pressure Pf ), sn

e is the effective normal stress at grain contacts, R is the gas 
constant and T is the absolute temperature [see Spiers et al., 2004]. A further step that is 
useful, in a practical sense, is to write models for pressure solution creep using porosity 
to represent aggregate structure instead of using grain geometry or strain [cf. Schutjens, 
1991; Spiers and Schutjens, 1990; Zhang et al., 2010].

In the following, we combine all of these “refinements” to develop models for compaction 
creep by dissolution-, diffusion- and precipitation-controlled pressure solution that 
are suitable for comparison with the experimental data on simulated anhydrite gouge 
presented by Pluymakers et al [2014; Chapter 2].

3.2.1	Microstructural	model	and	driving	force
In a granular aggregate, such as a monomineralic fault gouge, loaded in the presence 
of pore fluid solution phase, stress-induced differences in chemical potential, hence 
solubility, between the load-bearing grain contacts and the free pore walls, drive material 
to dissolve at the contacts and to precipitate on the pore wall surfaces [Lehner, 1990; 
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Lehner, 1995; Raj, 1982; Rutter, 1976; 1983]. Let us assume that such an aggregate is 
composed of a simple cubic pack of spherical grains of uniform size abutting at flat grain-
to-grain contacts, with an initially saturated solution filling the open pore space (Figure 
2). We further assume that grain contacts are penetrated by a thin fluid film present in 
microscopic island-channel form [e.g. Lehner, 1990; Paterson, 1995; Raj, 1982; Spiers and 
Schutjens, 1990], in island-crack form [e.g. Den Brok, 1998], or as an adsorbed film [e.g. 
Rutter, 1976]. Note here that the form of the grain boundary fluid does not affect the 
development of a creep model for pressure solution, only the value of the parameters 
describing the grain boundary properties. Following the derivations given by numerous 
previous authors [e.g. Lehner, 1990; Lehner, 1995; Paterson, 1973; Raj, 1982; Rutter, 1976; 
Spiers et al., 2004], when an effective stress is applied to the solid framework, the drop 
in the normal component of solid chemical potential 

nµ∆  between grain contact and 
pore wall sites is given by

 ( ) n n fPµ s∆ ≈ − Ω         (1)

where ns  is the local mean normal stress (MPa) acting on a given grain boundary element 
(i.e. site) and Pf is the pore fluid pressure (MPa) acting on the free pore walls. Assuming 
the aggregate is subjected to a total hydrostatic stress P, the normal force balance across 
any planar grain-to-grain contact area (ac) leads to the relation ( )2 2

n c f s c sa P d a Pds + − =
where ds is the center-to-center grain spacing (see Figure 2) and where sn is the average 
normal stress transmitted across entire grain contacts. Rearranging this leads to 

( )
2

s
n f f

c

dP P P
a

s = − + , which, putting sn
e = P - Pf for the applied effective stress and combining 

with (1), yields

2 e
n s

n
c

d
a

sµ Ω
∆ ≈           (2) 

for the average difference in solid chemical potential between grain contacts and pore 
walls. As an approximation, easily shown (from grain pack geometry) to be reasonable 
for porosities down to 5-10%, we now assume that ds= dp=d. Here d is the sample grain 

dp

ac

Pf

y

z

ds

x

ac

ds

ds

σnPf

µGB

µP

dp

Figure 2 Aggregate geometry assumed in developing 
our kinetic model(s) for compaction creep of  a granular 
gouge material. The aggregate is assumed to consist of  
a simple cubic pack of  spheres of  uniform size and with 
flat grain-to-grain contacts, the pores being filled with a 
pre-saturated solution phase at uniform pressure Pf. The 
approximation is made that ds ≈ d, the equivalent circular 
grain diameter or grain size. Grain contacts are assumed 
circular with an area ac. Note that while we assume a simple 
cubic grain pack, our analysis is applicable for any packing 
geometry specifiable in terms of  the microstructural 
parameters F, q and Z as defined in the text.
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size (e.g. equivalent circular diameter) as measured in a thin section, for example, ds is 
the truncated diametral grain spacing and dp is the grain diameter as measured between 
pore walls (see Figure 2). We further assume that the mean grain contact area (ac) can 
be adequately approximated as a continuous function of porosity f(ϕ), via the relation

( )
2

c
Fda f
Z

φ=         (3)

where F is a shape factor of value π for spherical grains (for other shapes, F lies between 
2 and 4), and Z is the grain coordination number. For this relation to be sufficiently 
accurate, f (ϕ) should be chosen a) such that f (ϕ) → 0 when ϕ → ϕ0, where ϕ0 is the 
starting porosity at which grain contacts show negligible contact area, and b) such that f 
(ϕ) → h as ϕ → 0, where h is the geometric factor needed to recover the correct value of 
ac from (3) when ϕ = 0. A simple porosity function satisfying these constraints roughly is
 

( ) 2  qf
q

φφ −
=        (4) 

where q=2ϕ0 [cf. Spiers et al., 2004]. Down to porosities of ~5%, this function, with the 
implicit assumption that h = 1, provides a good approximation for ac as obtained from 
exact geometric solutions [Gundersen et al., 2002; Niemeijer et al., 2002]. The approximation 
breaks down at lower porosities, however, since with ongoing solution transfer, the grain 
geometry rapidly changes from spherical to cubic. Finally, combining (2), (3) and (4), and 
using our approximation that ds ≈ d, leads to the following relation for the mean driving 
force for pressure solution transfer of mass from grain contacts to pore walls, for the 
present system:

2 e
n s

n
c

d
a

sµ Ω
∆ ≈        (5)

3.2.2	Rate-controlling	steps
Since pressure solution is a serial process, then during steady state mass transfer from 
grain contacts to pore walls (i.e. in a “closed” system where there is no long range 
exchange of solid mass with the surroundings), the chemical potential drop Δµn between 
source (dissolution) and sink (precipitation) sites is given by the sum Δµn = Δµs + Δµd 
+ Δµp [Paterson, 1995; Raj, 1982; Spiers et al., 2004], in which the subscripts s, d and p 
denote the potential drop or driving force associated with the dissolution, diffusion and 
precipitation steps respectively. This relation applies at the local source-sink scale (i.e. to 


nµ∆ ) and to the average potential drop between grain contacts and pore walls (i.e. to 
Δµn). In the limit, when one of the kinetic steps is the slowest, hence rate controlling, Δµn 

and 

nµ∆  will be solely consumed in driving that specific process [Raj, 1982; Spiers et al., 
2004]. This is precisely equivalent to the statement [following Lehner, 1990] that the total 
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dissipation due to pressure solution creep is the sum of the dissipation due to the kinetic 
processes operating, i.e. to dissolution, diffusion and (in a closed system) precipitation, 
and that, when one of these processes is rate controlling, then all mechanical work is 
dissipated by that process [see also Spiers and Schutjens, 1990].

3.2.2.1 Dissolution-controlled compaction creep
Against this background, when dissolution at grain contacts is rate-controlling, so 

( )/ ( / 2 )e
n s nZ F q qµ µ s φ∆ ≈ ∆ ≈ Ω − . Assuming a linear dissolution law typical of 

many minerals [Brantley, 2008], the dissolution rate in local grain elements (i.e. at local 
source sites) is given in terms of the velocity cV  (ms-1) of the dissolving interface as 
  ( ) /c n f fV k C C Cα +Ω= − .[Van Noort and Spiers, 2009], where symbol α is a factor allowing 
for the influence of grain boundary structure on dissolution rate [α ≈ 0.9, Van Noort 
and Spiers, 2009], k+ is the geochemical dissolution rate constant for the unstressed 
solid at the reference pressure Pf (mol m-2 s-1), fC  the concentration of the dissolved 
solid in the grain boundary fluid (mol m-3), and, last, nC  (mol m-3) can be viewed as the 
mean enhanced solubility of the solid at grain boundary dissolution sites due to the 
local mean grain boundary stress ns . Alternatively, we can write   /c s fV I C C∆=  where 
  

n fC C C∆ = −  is the enhanced solubility at grain contact sites, expressed as the local, 
mean undersaturation of the grain boundary solution phase with respect to the adjacent, 
stressed, solid and where sI kα += Ω .

The enhancement of solid solubility at stressed grain contact sites relative to the solute 
concentration in the local grain boundary fluid phase, and relative to the solubility at the 
unstressed pore walls, can now be expressed using the standard relation for the chemical 
potential of dissolved solid in a dilute (ideal) solution [e.g. Chang, 2000]. Applying this 
relationship for a grain boundary (source) element transmitting a local mean normal stress 

ns , the normal component of the chemical potential of the solid at the element boundary 
[Lehner, 1990; Van Noort and Spiers, 2009] can be written as  

0 0/ )(n nRTln C Cµ µ= +  
where, once again, nC  is the mean solubility of the solid in the local grain boundary 
element (source site) and where µ0 is the solute potential at the reference concentration 
C0. Similarly, the potential of the solid at free pore wall sites (i.e. the potential of the 
solute in local equilibrium with the more or less unstressed solid at pore wall sites) can 
be written as 0 0/ )(pw pwRTln C Cµ µ= +  where Cpw is the solubility of the solid at such 
pore wall (sink) sites. The chemical potential difference between source and sink sites, 


nµ∆ , can hence be written as   ( / )n n pw n pwRTln C Cµ µ µ∆ = − = . However, in the case 
of dissolution controlled pressure solution,   0d pµ µ∆ ≈ ∆ ≈   the potential drop driving 
the grain boundary dissolution reaction, and   0d pµ µ∆ ≈ ∆ ≈ . This means that there is 
negligible potential difference between the solute in the grain boundary fluid (fµ ) and 
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the solid phase at the pore walls, so that f pwµ µ≈  and hence fC  ≈ Cpw. On this basis, we 
can write          ( [( ) / (1/ ] /) )n n f n f f f fRTln C C RTln C C C RTln C Cµ µ µ∆ = − = = + ∆ = + ∆  
or    / /[exp( ) 1] /f n pwRTC C C Cµ∆ = ∆ ≈ ∆− . The velocity of dissolution at local grain 
boundary source sites is hence given as  [exp( / ) 1]c s nV I RTµ= ∆ − . Since we assume 
that dissolving grain-to-grain contacts remain flat, this dissolution velocity must be 
uniform over each grain contact area, so that nµ∆  and hence nµ  and the normal stress 


ns  must also be uniform across the grain contact area. Accordingly, we can write the 
average potential drop across grain contacts as 

n nµ µ∆ = ∆  and the average contact 
stress as 

n ns s= . The uniform velocity of dissolving grain contact surfaces Vc, i.e. the 
uniform average velocity measured at the grain contact scale, can therefore be written as 

 ( )exp / 1c c s nV RV I Tµ= = ∆ −    , which upon insertion of (5) now yields

1
2

e
n

c s
Z qV I exp

RT F q
s

φ
  Ω

= −  −  

 
           (6) 
With reference to Figure 2, the shortening strain rate in any principal direction normal 
to a grain contact can now be obtained using the kinematic relation / ( / 2)x sV dε ≈ , 
so that the (isotropic) 3-D volumetric strain rate response to applied hydrostatic stress 
can be written as 

3
63  c

D x
V
d

ε ε− = = 

       (7)

Combining this with (6) gives our rate expression for compaction by dissolution-
controlled pressure solution as

1
2

e
s n

s s
A Z qI exp
d RT F q

sε
φ

  Ω
= −  −  



     (8) [Model S]

where As=6 for 3-D isotropic compaction. For pure 1-D compaction, the factor 3 in 
(7) disappears, so that in this case As=2. This implies that for 1-D compaction of a real, 
imperfectly packed, granular aggregate, in which the stress state will be intermediate 
between uniaxial and hydrostatic, As will take an intermediate value of 4±2. At low 
stresses, the [exp(x) – 1] term can of course be approximated by x, leading to a linear 
dependence of strain rate on applied effective stress e

ns .

For completeness, we note that an identical result to (8) is obtained by assuming that 
all of the mechanical work e

n sW s ε=   (Jm-3s-1) done per second, in compacting the 
aggregate by pressure solution, is dissipated by the dissolution step. The dissipation or 
energy release rate by dissolution per grain contact is given by /c n c cV aµ∆ = ∆ Ω

 [cf. 
Lehner, 1990] and hence per unit volume of aggregate by 3(1 / )(2 / )s c s Zd∆ = ∆ 

   where 
the term in brackets is the number of grain contacts per unit volume. Combining these 
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relations for  s∆  with the approximation sd d≈ , with equation (3) for ac and with 
equation (5) for nµ∆ , and putting e

n s sW s ε ∆= = 

  then leads to (8). 

3.2.2.2 Precipitation-controlled compaction creep
When precipitation is rate controlling n pµ µ∆ ≈ ∆ . Neglecting small changes in the mass of 
solid stored in the (supersaturated) pore fluid during precipitation controlled compaction, 
mass conservation requires that the amount of material that precipitates on pore walls 
also dissolves from grain contacts. This means that Vpw Apw ≈ Vc Ac, where Vpw is the pore wall 
growth velocity controlled by the precipitation rate, Apw is the pore wall area per grain, Vc 
is the contact dissolution velocity and Ac is the total contact area per grain. Recalling that 
F = π for spherical grains, then taking the total grain contact area per grain as Ac = Zac, the 
total pore wall area per grain can be written as Apw = Fd2- Ac. Rearranging our expression 
for mass conservation thus leads to ( )2( / ) /c pw pw c pw c cV V A A V Fd Za Za= = −

 
. Use of 

(3) now leads to an expression for the precipitation controlled velocity of dissolution at 
grain contacts given ( )( ) ( ) ( )( ) ( )2 2 2/   1 /c pw pwV V Fd Fd f Fd f V f fφ φ φ φ= − = − . 

Assuming that the precipitation reaction on pore walls obeys a growth velocity law of the 
same type as the dissolution rate law assumed for grain contacts, but now written without 
any influence of grain boundary structure on precipitation rate (i.e. with α = 1), then the 
precipitation velocity Vpw can be expressed as /pw pw pwV k C C+= Ω∆  where pwC∆

 
is the 

solute supersaturation in the pore fluid with respect to the pore walls, or alternatively 
as /pw pw pw pwV I C C∆=  (where pwI k+= Ω ). At the same time, for precipitation control, 
we know that 0s dµ µ∆ ≈ ∆ ≈  and that   0s dµ µ∆ ≈ ∆ ≈ , so there is negligible potential 
difference between the solid within the grain boundary source elements and the solute 
within either the grain boundary fluid or the open pores [see also De Meer and Spiers, 1997]. 
Consistent with the assumption that the dissolving grain contacts remain flat, and with the 
mechanics of uniform contact loading, we further assume that the enhanced solubility of 
the solid within individual grain boundary elements (nC ) is uniform across the contacts, 
so that the average enhanced solubility at the contact scale can be written as 

n nC C= . 
The average potential of the solid at grain contacts can accordingly be written as 

n nµ µ= , 
and the average normal stress as 

n ns s= , whereby both nµ  and ns , like nC , are uniform 
across the contacts. This means that ( )pw n pwC C C∆ ≈ − , so that ( )/ 1pw pw n pwV I C C −=  
which, applying 0 0( )/RTln C Cµ µ= +  for µn and µpw, yields ( )exp / 1pw pw p RV TI µ∆ −=     
as the precipitation velocity on pore walls, where p n n pwµ µ µ µ∆ = ∆ = − . Applying 
(5) now yields

 
{ }( /RT) (Z/F) /( 12p )ex e

pw pw nV I q qs φ= −  − Ω , which together with 
( )( ) ( )1 /c pwV V f fφ φ= −  and equations (4) and (7) leads to the precipitation controlled 

compaction rate:
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 2  1
  2 2

e
p n

p pw

A Z qI exp
d RT F q q

s φε
φ φ

  Ω
= −  − −  



     (9) [Model P]
where, as before, Ap=6 for isotropic compaction, while for 1-D compaction of a 
granular aggregate Ap=4±2. As for dissolution control, the [exp(x) – 1] term here can be 
approximated by x when applied stresses are low, leading to a linear dependence of strain 
rate on applied effective stress e

ns .

In this case too, an identical result to (9) can be obtained by assuming that all of 
the mechanical work e

n pW s ε= 
 done per unit volume of aggregate, per second, is 

dissipated by the rate controlling process, i.e. precipitation. This dissipation is given 
as /pw n pw pwV Aµ Ω∆ = ∆

 per grain, and as 3 3/ /pp pw s pwd d∆ = ∆ ≈ ∆  

 per unit volume. 
Combining these relations for  pp∆  with the approximation sd d≈ , with Apw ≈ Fd2- Ac, 
with equation (3) for ac, and with equation (5) for nµ∆ , and putting e

n p pW s ε ∆= = 


 also 

leads to (9).

3.2.2.3 Diffusion-controlled compaction creep 
In the case of diffusion controlled creep, all of the potential drop nµ∆  between local grain 
boundary source sites and pore walls is consumed in driving grain boundary diffusion, 
as is the average potential drop nµ∆  between the entire grain contact and pore walls, 
so that n dµ µ∆ = ∆ . Again, this is equivalent to stating that the mechanical work done 
in causing compaction is fully dissipated in driving grain boundary diffusion [Lehner, 1990; 
Spiers and Schutjens, 1990]. Many authors have derived models for creep by diffusion 
controlled pressure solution using a variety of approaches. However, all make essentially 
equivalent assuptions and approximations. The result obtained for the strain rate was 
elegantly given by Rutter [Rutter, 1976; see also Lehner 1995] as 

 0
3

32 nDC S
RT d

sε
ρ

Ω
=

 
       (10)

(where D (m2 s-1) is the diffusion coefficient, C0 is the solubility of the solid (measured 
here in kg mol-1), ρ is the density of the solid and S is the fluid film thickness) which is 
the classical result for the process. Here we will derive models for compaction creep 
by diffusion controlled pressure solution using several different approaches, explicitly 
making or avoiding the assumptions and approximations employed previously. 

In the simplest approach, the average potential difference between 
the solid within grain contacts and at pore walls can be written as 

( ) ( / ) [ / ( 2 )]e
n d n f nP Z F q qµ µ s s φ∆ = ∆ = − Ω ≈ Ω −

 
(see equations 1-5). The equivalent 
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concentration difference driving diffusion is, of course, the mean solubility difference 
between grain contacts and pore walls. Using the standard relation 0 0( )/RTln C Cµ µ= +  
this is given ( )0 xp/ /e/ 1d pw d dC C RC TC µ∆ ≈ ∆ = ∆ − . With reference to Figure 3, the 
mean potential gradient driving diffusion out of the contacts can now be approximated as 

/ /d dr aµ µ β∂ ∂ ≈ ∆ , where a is the radius of the contact periphery and β is a geometric 
factor of the order ½ (noting that the average diffusion distance will be about half of 
the radius of the contact periphery a). The corresponding mean concentration gradient 
can be written as / /dC r C aβ∂ ∂ ≈ ∆  or ( )0 e // 1/xp d RC Tr C aµ β∂ ∂ ≈ ∆ −    

. The 
resulting mean radial diffusion flux J is now given using Fick’s first law as /J D C r= − ⋅∂ ∂  

or ( )0 /exp 1 /d RJ DC rTµ β= − ∆ −  
in which D (m2 s-1) is the diffusion 
coefficient and C0 is the solubility of 
solute in the grain boundary fluid under 
hydrostatic conditions (mol m-3). This 
flux passes through a circular window at 
the grain contact periphery (radius a) of 
area 2πaS , where S is average thickness 
of fluid in the grain boundary (Figure 
3). The number of moles of dissolved 
solid diffusing out of the grain contact 
periphery is therefore 2πaSJ, which 
corresponds to a volume flux of 2πaSJΩ. 
Mass balance then requires material to 
dissolve from the grain contact with a 
velocity

02 exp 1d
c

c

DC SV
a RT

π µ
β

Ω ∆  = −    
     (11)

which with use of (3) and (4) plus (5) and (7) yields:

1 3
2 Z exp 1

2 2

e
d s n

d
A DC S Z q q

Fd RT F q q
π sε

β φ φ
    Ω

= −    − −   


 
   (12)[Model D1]

where 0sC C= Ω  (m3 m-3). When ( ) ( )[ ]/ / / ( 2 )e
n RT Z F q qs φΩ −

 
is small this can be 

approximated by

22

2 2 3
2 Z

2

e
d s n

d
A DC S q

F d RT q
π sε

β φ
 Ω

=  − 


     (13)[Model D2]

since, once again, for small x, [exp(x) – 1] → x. For appropriate values of the constants β, 

x=ds /2

S
a a

d/2

Cpw

Section normal to 
contact

Plan view of 
contact

r
a

J (radial 
diffusion flux) 

annular element 
of contact, width dr

σn
e

Figure 3. Grain contact geometry used for analyzing 
diffusion controlled pressure solution. Symbols defined in 
Table 1.
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Symbol  Definition        Unit
   embellishment indicating that the quantity below it is defined on a local scale
 d,p,s subscripts indicating diffusion (d), precipitation (p) or dissolution (s) control 
α  factor allowing for the influence of grain boundary structure on grain boundary
    dissolution rate           (-)
a  grain contact periphery radius       (m)
Ad,p,s  geometric factor depending on packing plus deformation geometry (1-D vs 3-D
   compaction)         (-)
Apw  pore wall area per grain        (m2)
Ac  grain contact area per grain       (m2)
ac  area of an individual grain contact      (m2)
β geometric factor accounting for diffusion distance       (-)
C0  solubility in the unstressed (hydrostatic) case           (molm-3)
C solubility of stressed material            (molm-3)
Cf concentration of dissolved solid in grain boundary fluid              (molm-3)
∆C  absolute enhancement in the solubility of the solid at stressed grain 
  contacts              (molm-3)
C s local mean concentration of dissolved solid in grain boundary fluid         (molm-3) 
C pw  solubility of the solid at pore wall (sink) sites          (molm-3)
Cs  average solubility of solute in the grain boundary fluid            (m3m-3)
∆Cpw  solute supersaturation in the pore fluid with respect to the pore walls         (molm-3)
Cn enhanced solubility of the solid             (molm-3)
d s  truncated diametral grain spacing       (m)
d p grain diameter measured at pore wall      (m)
d mean grain diameter        (m)
D  grain boundary diffusion coefficient               (m2s-1)

c∆   dissipation or energy release rate by dissolution per grain contact  (Js-1)
, ,d p s∆  dissipation per unit volume of aggregate for dissolution-controlled pressure 

  solution                (Jm-3s-1)
 pw∆
  

dissipation per grain contact by precipitation-controlled pressure solution (Js-1)
rd∆   incremental dissipation rate       (Js-1)

t∆  total energy dissipation due to solute diffusion out of contact zone          (Jm-3s-1)
ε  strain rate         (s-1)
ϕ  porosity of grain aggregate          (-)
ϕ0  maximum porosity of a regular pack of spherical grains at the point where 
  grains just touch           (-)
ϕ0C porosity at initiation of creep in uniaxial compaction experiments [Chapter 2]    (-)
F  grain shape factor (π for spherical grains)         (-)
h geometric factor, in current models equal to 1       (-)

sI  dissolution rate constant ( )kα +Ω                    (ms-1)
Ipw precipitation rate constant ( )k+Ω                 (ms-1)
J  pointwise solute flux in the grain contact fluid     (mol m-2 s-1)
k+  geochemical dissolution rate constant for the unstressed solid     (mol m-2s-1)
µ0  solute chemical potential at a reference concentration (C0) in solution     (J)
µf  chemical potential of the solute in grain boundary fluid       (J)
µn  chemical potential          (J)
µpw  chemical potential of the solid at the pore wall       (J)

, ,  d p sµ∆  chemical potential drop associated with S, D or P-controlled pressure solution     (J)
 nµ∆  drop in normal component of chemical potential        (J)

Pf  fluid pressure acting on the free pore walls      (Pa)
P  total applied hydrostatic stress         (Pa)
q geometric term equal to 2ϕ0             (-)
ρ  solid density                (kg m-3)
R  gas constant           (J mol-1 K-1)
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Z and F, this is exactly equivalent to the result obtained for diffusion control by Rutter 
[1976] and Lehner [1990]. 

A more rigorous approach, following that adopted by Lehner [1990], Spiers and Schutjens 
[1990] and Schutjens and Spiers [1999], and ultimately equivalent to that adopted by 
Rutter [1976], involves equating the mechanical work rate W  (J m-3 s-1) to the rate 
of dissipation by grain boundary diffusion d∆ . We pursue this here, first including and 
then avoiding the approximations used in previous treatments, to arrive at fully rigorous 
results. We prefer this to Rutter’s approach as it avoids his assumption of static stress 
equilibrium at grain contacts, which for diffusion control requires a static, parabolic stress 
distribution [see discussion by Lehner, 1995]. We start with reference to Figure 3, noting 
that the approach velocity of the two grain centers is 2Vc (m s-1), where Vc is the uniform 
contact dissolution velocity. For a circular region of an individual grain contact of radius r 
(m), and for mean grain boundary fluid film thickness S (see Figure 3), mass conservation 
requires that at steady state the total outward flux (mol s-1) equals the total material 
input due to dissolution (mol s-1), so that

( ) 22 2 /cJ r rS V rπ π⋅ = Ω         (14)

Combining this with Fick’s law gives:

( ) cV r CJ r D
S r

∂
= = −

Ω ∂  
       (15)

Differentiating ( )0 0/RTln C Cµ µ= +  [e.g. Chang, 2000] with respect to C now yields 
/ /C RT Cµ∂ ∂ = , which combined with (15) leads to:

( ) ( )c DC rV r CJ r D
S r RT r

µ µ
µ

∂ ∂ ∂
= = − = −

Ω ∂ ∂ ∂  
     (16)

for the diffusion flux at any point in the grain boundary fluid. This flux produces an energy 
dissipation per unit volume of magnitude ( ) /r J r rµ∆ = − ∂ ∂

 (J m
-3 s-1, Lehner, 1990). 

r  radial coordinate within grain contacts       (m)
e
ns   effective normal stress imposed on the aggregate     (Pa)
ns   average normal stress transmitted across grain contacts    (Pa)

S   mean fluid film thickness        (m)
T   absolute temperature        (K)

cV   uniform velocity of dissolving grain contact surfaces              (ms-1)
Vpw  pore wall growth velocity                  (ms-1)
W  mechanical work rate ( )e

n ss ε                (Jm-3s-1)
Z   grain coordination number         (-) 
Ω   molar volume of solid phase           (m3mol-1)
Table 1. Symbols used in text.
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The dissipation increment rd∆  (J s
-1) occurring in a radius interval dr of the contact 

zone (i.e. at r ≤ a; see Fig 3) can hence be written as:

( )  2   rd J r S r dr
r
µ π∂

∆ = −
∂

        (17)

Substituting for / rµ∂ ∂  from (16) and integrating (17) over the entire grain contact 
(radius a) now gives the total dissipation t∆  due to solute diffusion out of the contact 
zone as:

 ( )
( ) ( )

2 2 3

2
0 0

2 2    
a a

c
t

J r rSRT RTV rdr dr
D C r DS C r

π π
∆ = =

Ω∫ ∫

    (18)

All authors [Lehner, 1990; Schutjens and Spiers, 1999; Spiers and Schutjens, 1990] now 
essentially follow Rutter [Rutter, 1976] in assuming that C(r) can be taken as constant 
and approximately equal to the solute concentration in the pores, so that C(r) ≈ Cpw ≈ C0, 
which is valid for low grain contact stresses, i.e. small departures from C0. The integral in 
(18) can then be evaluated simply as: 

 
2 2

3 4
2 2

0

2   
2

a
c c

t
pw pw

RTV RTVr r a
DS C DS C

π π
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Our assumption that all work ( )W  done by the stress applied to the grain contact is 
dissipated through diffusion-controlled pressure solution then allows us to write:

22  n c tW V as π= = ∆        (20)

which, using (19), yields:
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for the velocity of contact dissolution. Noting that the grain contact radius a is related to 
its area ac via 2

ca aπ= , and using (3) and (4), we can subsequently write:
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Z q

φ
π

−
=         (22)

Combining this with (21) and with (7) leads to our final expression for diffusion-
controlled pressure solution obtained using the energy dissipation balance approach plus 
the assumption C(r) = Cpw = C0 in (18):
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      (23)[Model D3]

Here, Ad is 6 for isotropic compaction and lies in the range 4±2 for 1-D strain, as in the 
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case for dissolution and precipitation controlled creep. Note that 0C Ω  is again replaced 
by Cs, where Cs is now in m3 m-3. Note also that (23) is exactly equivalent to (13) for β 
= 0.5. It is also identical to the result obtained using Rutter’s approach, which yields a 
similar expression but with different geometric constants. 

The above are consistent with models for diffusion-controlled pressure solution derived 
by previous authors [Lehner, 1990; Rutter, 1976; Schutjens and Spiers, 1999; Spiers et al., 
2004]. However, a fully rigorous approach needs to take the change in solubility C(r) 
over the grain contact into account in (18). This can be done by rewriting (15) to obtain 

/cC V r S D r∂ = − Ω ∂ , or ( ) /cC r V S D rdr= − Ω ∫ . Solving this integral and noting that 
when r = a, C = Cpw yields
 ( ) ( )2 2

2
c

pw
VC r C a r
S D

= + −
Ω

      (24)

Inserting this into the integral in (18), and making use of the Lambert W function, which 
gives the solution for X in ( )   Xif Y Xe as X W Y= = , where W is the Lambert function, 
then the expression obtained via equations (18) to (20) for the contact dissolution 
velocity Vc is
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2 B
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in which [ ] ( ) ( )/ 1 / / 2 / 1n nB RT Z F q q RTs φ s= − Ω + = − − Ω +   . Use of (7) and (22) then 
leads to the following, fully rigorous expression for the diffusion-controlled compaction 
strain rate, namely: 
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      (26) [Model D4]

with Ad is 4±2 for 1-D strain.

3.2.3	Model	implementation	and	comparison	with	experimental	data
The models derived above can be applied to any material that deforms by solution 
transfer from stressed, fluid-filled grain contacts to pore walls. We now implement our 
models to describe dissolution-controlled (8), precipitation-controlled (9) and diffusion-
controlled pressure solution (models D1, 2, 3 and 4 in equations 12, 13, 23 and 26 
respectively) of granular anhydrite, by inserting parameter values appropriate for that 
mineral. Our aim is to predict the evolution of compaction creep rate with progressively 
decreasing (normalized) porosity (ϕ/ϕ0) for anhydrite fault gouge, and to compare the 
predictions obtained for the different rate controlling processes. Recall here that ϕ0 in 
our models is the porosity at which grain contact areas are infinitesimally small, i.e. the 
aggregate porosity at zero creep strain. We go on to compare the various models with 
the experimental data on compaction of simulated anhydrite fault gouge obtained by 
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Pluymakers et al [2014; Chapter 2] in their experiments performed at 80°C and 5-12 
MPa effective stress (see Figure1), using the experimentally measured values of ϕ/ϕ0C to 
cast the experimental data in the form of strain rate versus equivalent ϕ/ϕ0 data (see 
Figure 1). This recasting operation was done on the basis of the fact that that the porosity 
of our uncompacted anhydrite starting powders lay between 46 and 50% (i.e. close to 
the value of ϕ0 = 48.5% characterizing our model grain pack), then simply multiplying ϕ/
ϕ0C by ϕ0C/(0.485). The resulting comparison of experiment versus theory enables us 
to simultaneously test the applicability of the models derived above, and to test the 
hypothesis advanced by Pluymakers et al. that compaction of anhydrite in the fine-grained 
creep regime of Figure 1 involved diffusion-controlled pressure solution (Figure 1). The 
values used for the parameters appearing in our model equations are given in Table 2. 
Note that in the case of diffusion control, we used values for the grain boundary diffusion 
product DS that fall in the same range as reported for pressure solution in other ionic 
salts, such as NaCl and calcite [e.g. de Meer et al., 2005; Koelemeijer et al., 2012; Spiers et al., 
2004; Spiers and Schutjens, 1990; Zhang and Spiers, 2005; Zhang et al., 2010]. 

Our calculations on creep rate versus ϕ/ϕ0, made using the full set of models, are 
compared in Figure 4. This shows that diffusion controlled pressure solution is predicted 
to be 1 to 3 orders of magnitude slower than either dissolution controlled (S) or 
precipitation controlled (P) pressure solution in anhydrite under the conditions of the 
experiments reported by Pluymakers et al [2014; Chapter 2] (Figure 4), regardless of the 
specific diffusion model applied (D1 to D4), and despite the range in the values taken for 
the grain boundary diffusion product DS. Note here that the available data on anhydrite 
dissolution kinetics, determined by Blount and Dickson [1969], likely underestimate the 

Symbol Definition Value/range Source & additional information (where applicable)

α Geometric factor 0.9 [Van Noort and Spiers, 2009]
A Geometric constant 4 Average value for simple cubic pack of grains

Cs Anhydrite solubility [m3 m-3] 4.7·10-4 [Blount and Dickson, 1969]

DS
Product equal to diffusion coefficient 
D times mean grain boundary fluid 
thickness S [m3 s-1]

10-19-10-20

Range determined for diffusion controlled 
pressure solution in other ionic salts such as NaCl 
and calcite [e.g. de Meer et al., 2005; Koelemeijer et 
al., 2012; Zhang et al., 2010]

F Grain shape factor π Value for simple cubic pack of grains

k+ Rate constant for dissolution/
precipitation of anhydrite [m s-1]

5.11·10-7· 
T1.186902 Minimum values determined by Bildstein [2001]

R Gas constant [J mol-1 K-1] 8.314 [e.g. Chang, 2000]

Z Coordination number 6 Value for simple cubic pack of grains

Ω
Molar volume of anhydrite CaSO 4 
[m3 mol-1] 4.6·10-5 [Hummel et al., 2002; Thoenen and Kulik, 2003]

Table 2 Values of  the parameters used in applying the present pressure solution models.
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true rates of dissolution and precipitation. This is because those reactions are so fast they 
are difficult to measure independently of diffusion effects. The implication is that pressure 
solution in anhydrite will generally be diffusion controlled for a wide range of grain sizes, 
effective stresses and temperatures, besides those shown in Figure 4. Comparison of the 
diffusion-controlled pressure solution models D1 and D4 with each other in Figure 4a 
shows they are almost indistinguishable for each of the chosen values of the parameter 
DS. Moving on to the linearized models for diffusion controlled creep, i.e. models D2 and 
D3 plotted in Figure 4b, these are equivalent to each other and so give identical results 
despite the difference in derivation. They yield lower creep rates than either D1 or D4 
at normalized porosities ϕ/ϕ0 ≥ 0.95, i.e. for small grain-to-grain contact areas and high 
contact stresses. At ϕ/ϕ0 ≤ 0.9, however, all four diffusion controlled models yield strain 
rate predictions within a factor of 2 for any given value of DS, and at ϕ/ϕ0 ≤ 0.6 the four 
models are indistinguishable for practical purposes. 

Figure 5 compares the experimental data for the wet, fine grained samples of Pluymakers 
et al [2014; Chapter 2] with the predictions of the diffusion-controlled rate models (D1 
to D4) applied for the same DS values used in Figure 4. This shows that the experimental 
strain rates match the diffusion controlled rates within one order of magnitude, though 
the sensitivity of compaction strain rate to changing porosity (expressed as ϕ/ϕ0) is 
much higher for the experimental samples than predicted by the diffusion controlled 
models. At the same time, the experimentally determined strain rates are 100-1000 times 
lower than the rates predicted for dissolution- and precipitation-controlled pressure 
solution (compare Figure 4 and 5). The similarity between the diffusion-controlled 
pressure solution models and the experimental strain rates strongly suggests that our 
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diffusion-controlled pressure solution models offer a rough estimate and explanation 
of the compaction creep rates measured for the fine-grained anhydrite fault gouges, 
despite differences in assumed vs. real grain shape, packing and grain size distribution. 
This supports the inference by Pluymakers et al [2014; Chapter 2] that the behavior of 
fine-grained anhydrite is dominated by pressure solution and specifically by diffusion-
controlled pressure solution. The order of magnitude agreement between the creep 
rates predicted by our diffusion controlled models and the experimental data also imply 
that the models provide a basis for roughly predicting rates of pressure solution in 
anhydrite gouges under natural conditions, i.e. for extrapolating to nature.

As indicated above, however, a clear discrepancy exists between the experimental results 
and models D1-D4 as plotted in Figure 5, in that the experimental strain rates a) are 
initially too rapid if extrapolated to higher values of ϕ/ϕ0, and b) decelerate more rapidly 
than the models predict at the sample porosities investigated (~30%). In an attempt to 
explain this, we note that all of our models are based on an aggregate of cubic packed 
spherical grains, whereas, in reality, the grains are characterized by tabular or blocky 
shapes, and, more importantly, have a rough, irregular surface (see Pluymakers [2014]). 
These factors will strongly influence the evolution of grain contact area, contact stresses 
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and transport path lengths during the progress of compaction. For example, irregularities 
in the grain surface morphology may lead to high stresses at contact points, which will 
dissolve rapidly until the grain contact is smoother. This type of behavior may explain the 
initially rapid deceleration of strain rate with increasing strain seen in the experiments 
(see Figure 5a-c). Such behavior is also consistent with the observation that, towards the 
end of the experiments, the measured strain rates follow the same trend as the lower 
bound of the modelled strain rates (Figure 5c), suggesting that contact roughness and 
irregularities are being progressively removed and the model microstructure more closely 
approached. Seen in this context, the fact that the grain size dependence of strain rate, 
seen in the experimental data, is consistent with the 1/d3 relationship predicted by the 
diffusion controlled models is perhaps surprising. On the other hand, the dimensions of 
the grain surface irregularities, seen in the microstructure of the granular anhydrite used 
in the experiments, do scale roughly with grain size [Pluymakers et al., 2014; Chapter 2]. 
Purely plastic deformation or else brittle crushing of grain surface asperities are difficult 
to eliminate as alternative mechanisms of grain contact smoothening, as opposed to 
dissolution. These mechanisms do seem unlikely, however, given that Pluymakers et al. 
[2014; Chapter 2] reported negligible creep deformation in dry-tested samples.

3.3	Implications	for	fault	healing	and	CO2	storage
Having shown that our diffusion controlled models seem capable of approximating 
experimental strain rates in simulated anhydrite fault gouge tested at temperature, stress 
and fluid pressure conditions that are at least of the same order as expected in the upper 
crust, we now apply our models to evaluate healing and sealing of (reactivated) faults in 
anhydrite rocks in nature (the stable phase of CaSO4 at depths greater than 2 to 2.5 km). 
We assume that the (re)activated cores of the faults considered are filled with mainly 
fine grained anhydrite fault gouge and are fully wetted by CaSO4-saturated, aqueous 
fluid. We will first apply our models to estimate sealing times for anhydrite fault gouges 
under in-situ stress, pressure and temperature conditions similar to those employed in 
the experiments of Pluymakers et al [2014; Chapter 2]. We then extrapolate our models 
to in-situ conditions more directly relevant to subsurface CO2 storage in depleted 
hydrocarbon reservoirs and to faults cutting the seismogenic anhydrite/carbonate cover 
sequence present in the Italian Apennines. 

Comparison of our diffusion and dissolution/precipitation controlled models, for upper 
crustal effective stresses and temperatures corresponding to the experiments reported 
by Pluymakers et al (8.5 MPa and 80°C), using the parameter values shown in Table 2, 
demonstrates that reaction control will only become important at grain sizes below 2 
μm. Increasing the effective stress to 40 MPa and the temperature to 150°C, indicates 
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reaction control will become important only at grain sizes below about 1 μm under 
these conditions (using DS=10-19 m3s-1, which gives the maximum value here). Natural 
and experimental fault gouges contain a range of grain sizes, mainly in the range 2-100 
µm, with over 50% of grains smaller than 10 µm [Keulen et al., 2007; Logan et al., 1979, 
and references therein]. On this basis, we propose diffusion controlled Model D4, 
represented by equation (26), as the best description of the pressure solution process in 
natural anhydrite gouge under upper crustal conditions, i.e the rate equation: 
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This equation provides the most complete description of diffusion-controlled pressure 
solution, with the fewest assumptions. Numerical integration of this expression provides 
a means of estimating the approximate time required for a porosity decrease from 
48% (the starting porosity for our model) to 3%, which is generally considered as the 
percolation threshold for a porous medium and hence the porosity at which sealing 
should be complete - i.e. at which all remaining porosity becomes disconnected, regardless 
of the permeability before reaching this threshold porosity. Note that for high porosity 
after reactivation it is likely other processes, such as grain fragmentation plus subsequent 
rotation and translation, will most likely cause a (near-instantaneous) porosity decrease, 
whereas pressure solution will dominate the longer term compaction behavior, and 
hence the time to sealing. For an effective stress of ∼10 MPa and a temperature of 80°C 
(as used in our experiments), assuming pressure solution is the only process operating, 
and taking d = 35µm and DS=10-20 m3s-1, in line with the asymptotic approach of the 
experimental data in Figure 5c towards the model predictions for this value of DS, and 
using the data shown in Table 2 for diffusion-controlled pressure solution, the estimated 
sealing time for an anhydrite-bearing fault is around 10 years. 

However, for reservoir-bounding faults (cross cutting the caprock) in a CO2 storage 
scenario, a 10 MPa effective normal stress is relatively low, assuming hydrostatic fluid 
pressure [e.g. Ramm, 1992] and a normal stress equal to the overburden pressure. Using 
parameter values in equation (26) (Model D4), listed in Table 2, plus a temperature of 
80°C, but varying the effective normal stress between 5 and 40 MPa (corresponding to 
depths of 1 to 3.5 km) shows that sealing times decrease rapidly with increasing normal 
stress and thus depth - see Figure 6. Additionally, in nature, fault gouges consist of a broad 
range of (fine) grain sizes [e.g. Keulen et al., 2007; Logan et al., 1979], which will speed 
up compaction creep [Niemeijer et al., 2009] and hence fault sealing. In practice then, 
sealing should occur in a few decades or less, which is short compared to the time scales 
relevant for CO2 storage (thousands of years [IPCC, 2007]). The implication is that even 
if faults in an anhydrite caprock system are reactivated during the active CO2 injection 
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phase, they should self-seal quickly enough to pose only a small long term leakage risk. 
This will be especially so for a storage reservoir that is underpressured with CO2 (i.e. 
the CO2 pressure is less than the pore fluid pressure in the surrounding rocks), such that 
penetration of CO2 into the fault gouge and possible reaction with the gouge are avoided. 
Similar arguments apply for geological storage of methane and hydrogen. 

If faults in anhydrite formations can seal by compacting to approach the percolation 
threshold on time-scales of a few decades and less, it is likely that fault healing or re-
strengthening will occur even more rapidly following a fault reactivation event. This has 
implications not only for strength evolution following fault reactivation that may occur 
in geological storage systems, but also in relation to natural seismicity in anhydrite-
bearing terrains. In the central Apennines in Italy, many of the destructive earthquakes 
and aftershocks that characterize the region are known to nucleate in the interbedded 
carbonate/anhydrite cover sequence known as the Burano Formation. In this region, high 
fluid pressures related to mantle degassing (up to 85% of the lithostatic pressure) are 
found at seismogenic depths [Chiodini et al., 2004; Collettini and Barchi, 2002; Miller et al., 
2004; Trippetta et al., 2013], leading to relatively low normal stresses. Assuming then that 
the presence of Ca-sulphates in exposed faults [De Paola et al., 2008] indicates that faults 
at depth contain anhydrite, application of our pressure solution model is reasonable for 
the expected normal stress range and for typical fault gouge grain sizes of 10-80 µm 
(c.f. our experiments). Consider now the model predictions of fault sealing times for a 
temperature of 80°C shown as a function of effective normal stress in Figure 6. Assuming 
the normal stress to be lithostatic with a pore fluid pressure of 85% of lithostatic, as 
appropriate for the Apennines, these predictions should roughly apply for depths between 
~2 and ~12.5 km (see upper scale, Figure 6). Taking the temperatures expected at depths 

T = 80°C
ρcrust= 2200 kg m-3

0.01

1

0.1

10

100

5 25201510 30 4035

se
al

in
g 

tim
e 

[y
rs

]

effective stress [MPa]

d=80µm

d=40µm

0.5 1.5 2.5
depth (assuming hydrostatic Pf) [km]

d=20µm

d=10µm
d=5µm

2 4 6 8 10 12
depth (assuming Pf=0.85σv) [km]

Figure 6 Fault gouge sealing time for a 
porosity decrease of  48.5% → 3% (assumed 
to represent the percolation threshold), as 
predicted by diffusion controlled model 
D4 for grain diameters (d) between 5 and 
80µm as a function of  effective normal 
stress [MPa] and depth [m], at a constant 
temperature at 80°C. Depth values are 
calculated assuming the normal stress on 
the fault equals the effective stress caused by 
the overburden pressure (σv). Depth values 
in black are representative for a storage 
reservoir setting, assuming a hydrostatic 
pore fluid pressure head, whereas depth 
values in grey are representative for the 
Italian Apennines, where Pf=0.85σv – see 
text.



94

cHAPTER 3

beyond 3 km, i.e. higher than 80°C, into account, the fault sealing times calculated in 
Figure 6 will likely be overestimates, since activation of other deformation processes 
such as crystal plasticity will tend to speed up healing/sealing. Seismic recurrence times 
for major earthquakes in the Apennines region (M ≥ 5) are on the order of 2000 to 5000 
years [Cello et al., 1997; Galli et al., 2008; Palumbo et al., 2004; Pantosti et al., 1993]. This 
means that if anhydrite fault gouge is present within the fault cores, it has the time to 
fully seal and heal between major ruptures, and that fault strength recovery in anhydrite-
dominated faults is not the factor that controls the repeat frequency of events with M 
≥ 5. For these, the repeat frequency is thus more likely controlled by tectonic loading 
rate, by pore fluid pressure build-up due to the natural CO2 accumulation reported 
in the Apennines [Chiodini et al., 2004; Ciotoli et al., 2013; Collettini et al., 2008; Trippetta 
et al., 2013; Walters et al., 2009], or by factors such as the re-strengthening behavior of 
faults cutting the carbonate units present in the carbonate-anhydrite cover stratigraphy, 
i.e. by the behavior of calcite and especially dolomite-rich gouges. By contrast, since 
earthquake repeat frequency scales with magnitude according to the Gutenberg-Richter 
law, anhydrite healing and sealing may well play a role for events with M < 5. 

3.4	Conclusions
We have derived kinetic models for compaction of granular aggregates by dissolution-
controlled, precipitation-controlled and diffusion-controlled pressure solution, clarifying 
and/or avoiding many of the assumptions made in previous work, and explicitly including 
the effect of aggregate porosity on strain rate. We have compared our models with 
the experimental results on compaction creep of wet anhydrite fault gouge, previously 
reported by Pluymakers et al [2014; Chapter 2]. Our conclusions are the following:
1. Regardless of the detailed assumptions and simplifications made in deriving pressure 

solution models, diffusion-controlled pressure solution in anhydrite fault gouge will 
be rate-controlling for grain sizes greater than 1 to 2 μm, at least for effective 
stresses of the order of 10 to 40 MPa and for upper crustal temperatures. This 
supports the conclusions on the experimentally determined compaction creep rates 
for fine grained anhydrite fault gouge reported by Pluymakers et al. [2014; Chapter 2], 
i.e. that compaction most likely occurred by diffusion controlled pressure solution.

2. Kinetic models for diffusion controlled pressure solution, derived by either classical 
approaches [e.g. Rutter, 1976] or using a dissipation approach [Lehner, 1990; Spiers and 
Schutjens, 1990], produce essentially identical predictions for the compaction creep 
rate of fine anhydrite fault gouges for normalized porosities (ϕ/ϕ0) below 0.8-0.9 (i.e. 
absolute porosities below 40-45%), regardless of approximations generally made in 
these models relating to grain contact stress magnitude (low stress approximation) 
and grain boundary solute concentration. 



PRESSURE SOLUTION OF ANHYDRITE GOUGE

95

3. The most rigorous model for diffusion controlled pressure solution derived here 
is based on a dissipation balance approach applied avoiding the approximations 
usually made for grain boundary solute concentration as well the assumption of low 
grain contact stress. This model, along with the other diffusion controlled models 
considered, predicts sealing times (time to reach the percolation threshold) of up to 
several tens of years for faults filled with anhydrite gouge with a grain size of 5-80 
µm at in-situ upper crustal conditions. 

4. Such time scales are short compared to the time-scales relevant for CO2 storage, 
implying that even if faults in an anhydrite caprock system are reactivated during the 
CO2 injection phase, they should self-seal quickly enough to pose only a minor long 
term leakage risk, particularly if the storage reservoir is under-pressured with CO2. 

5. Since recurrences times for earthquakes with M > 5 in the central Apennines are 
2000-5000 years, anhydrite-rich faults in this region will fully heal between these 
events. Fault strength recovery in anhydrite-dominated faults cannot therefore be 
the factor that controls this repeat frequency, though it may play a role in controlling 
recurrence time for (much) smaller events.

Acknowledgments
This research was performed within Work Package 3.3 (Storage) of the Dutch national 
carbon capture and storage research program, CATO-2. We thank Jan Penninga 
(Nederlandse Aardolie Maatschappij B.V.) and Suzanne Hangx (Shell Global Solutions) 
for supplying the sample material. We also thank two anonymous reviewers for their 
constructive and most useful comments on this paper. 

References
Angevine, C. L., D. L. Turcotte, and M. D. Furnish (1982), Pressure solution lithification as a mechanism for the stick-slip behavior of faults, Tectonics, 

1(2), 151-160, doi:10.1029/TC001i002p00151.
Bildstein, O., R. H. Worden, and E. Brosse (2001), Assessment of anhydrite dissolution as the rate-limiting step during thermochemical sulfate reduction, 

Chemical Geology, 176(1-4), 173-189, doi:10.1016/s0009-2541(00)00398-3.
Blount, C. W., and F. W. Dickson (1969), The solubility of anhydrite (CaSO4) in NaCl-H2O from 100 to 450°C and 1 to 1000 bars, Geochimica et 

Cosmochimica Acta, 33(2), 227-245, doi:10.1016/0016-7037(69)90140-9.
Brantley, S. (2008), Kinetics of water-rock interaction, Springer, New York.
Cantucci, B., G. Montegrossi, O. Vaselli, F. Tassi, F. Quattrocchi, and E. H. Perkins (2009), Geochemical modeling of CO2 storage in deep reservoirs: The 

Weyburn Project (Canada) case study, Chemical Geology, 265, 181-197, doi:10.1016/j.chemgeo.2008.12.029.
Cello, G., S. Mazzoli, E. Tondi, and E. Turco (1997), Active tectonics in the central Apennines and possible implications for seismic hazard analysis in 

peninsular Italy, Tectonophysics, 272(1), 43-68, doi:10.1016/S0040-1951(96)00275-2.
Chang, R. (2000), Physical chemistry for the chemical and biological sciences, 1018 pp., University Science Books, Sausalito, California.
Chen, J., X. Yang, Q. Duan, T. Shimamoto, and C. J. Spiers (2013), Importance of thermochemical pressurization in the dynamic weakening of the 

Longmenshan Fault during the 2008 Wenchuan earthquake: Inferences from experiments and modeling, Journal of Geophysical Research: Solid 
Earth, 118(8), 4145-4169, doi:10.1002/jgrb.50260.

Chiodini, G., C. Cardellini, A. Amato, E. Boschi, S. Caliro, F. Frondini, and G. Ventura (2004), Carbon dioxide Earth degassing and seismogenesis in central 
and southern Italy, Geophysical Research Letters, 31(7), L07615, doi:10.1029/2004gl019480.

Ciotoli, G., G. Etiope, F. Florindo, F. Marra, L. Ruggiero, and P. E. Sauer (2013), Sudden deep gas eruption nearby Rome's airport of Fiumicino, Geophysical 



96

cHAPTER 3

Research Letters, 40(21), 2013GL058132, doi:10.1002/2013gl058132.
Collettini, C., and M. R. Barchi (2002), A low-angle normal fault in the Umbria region (Central Italy): a mechanical model for the related microseismicity, 

Tectonophysics, 359(1-2), 97-115, doi:10.1016/S0040-1951(02)00441-9.
Collettini, C., C. Cardellini, G. Chiodini, N. De Paola, R. E. Holdsworth, and S. A. F. Smith (Eds.) (2008), Fault weakening due to CO2 degassing in the 

Northern Apennines: short- and long-term processes, 175-194 pp., Geological Society, Special Publications, London, doi:10.1144/sp299.11.
Collettini, C., N. De Paola, and D. R. Faulkner (2009), Insights on the geometry and mechanics of the Umbria-Marche earthquakes (Central Italy) from 

the integration of field and laboratory data, Tectonophysics, 476(1-2), 99-109, doi:10.1016/j.tecto.2008.08.013.
De Meer, S., and C. J. Spiers (1997), Uniaxial compaction creep of wet gypsum aggregates, Journal of Geophysical Research, 102(B1), 875-891, 

doi:10.1029/96jb02481.
de Meer, S., C. J. Spiers, and S. Nakashima (2005), Structure and diffusive properties of fluid-filled grain boundaries: An in-situ study using infrared 

(micro) spectroscopy, Earth and Planetary Science Letters, 232(3â€“4), 403-414, doi:10.1016/j.epsl.2004.12.030.
De Paola, N., C. Collettini, D. R. Faulkner, and F. Trippetta (2008), Fault zone architecture and deformation processes within evaporitic rocks in the upper 

crust, Tectonics, 27(4), TC4017, doi:10.1029/2007tc002230.
Den Brok, S. W. J. (1998), Effect of microcracking on pressure-solution strain rate: The Gratz grain-boundary model, Geology, 26(10), 915-918, 

doi:10.1130/0091-7613(1998)026<0915:eomops>2.3.co;2.
Faulkner, D. l. R., and E. H. Rutter (2001), Can the maintenance of overpressured fluids in large strike-slip fault zones explain their apparent weakness?, 

Geology, 29(6), 503-506, doi:10.1130/0091-7613(2001)029<0503:ctmoof>2.0.co;2.
Faulkner, D. R., C. A. L. Jackson, R. J. Lunn, R. W. Schlische, Z. K. Shipton, C. A. J. Wibberley, and M. O. Withjack (2010), A review of recent developments 

concerning the structure, mechanics and fluid flow properties of fault zones, Journal of Structural Geology, 32(11), 1557-1575, doi:10.1016/j.
jsg.2010.06.009.

Galli, P., F. Galadini, and D. Pantosti (2008), Twenty years of paleoseismology in Italy, Earth-Science Reviews, 88(1â€“2), 89-117, doi:http://dx.doi.
org/10.1016/j.earscirev.2008.01.001.

Glennie, K. W. (2001), Exploration activities in the Netherlands and North-West Europe since Groningen, Netherlands Journal of Geosciences, 80(1), 33-52.
Gundersen, E., F. Renard, D. K. Dysthe, K. Bjørlykke, and B. Jamtveit (2002), Coupling between pressure solution creep and diffusive mass transport in 

porous rocks, Journal of Geophysical Research: Solid Earth, 107(B11), 2317, doi:10.1029/2001jb000287.
Hangx, S. J. T., C. J. Spiers, and C. J. Peach (2010), Creep of simulated reservoir sands and coupled chemical-mechanical effects of CO2 injection, Journal 

of Geophysical Research, 115(B9), B09205, doi:10.1029/2009jb006939.
Hickman, S., R. Sibson, and R. Bruhn (1995), Introduction to Special Section: Mechanical Involvement of Fluids in Faulting, Journal of Geophysical Research: 

Solid Earth, 100(B7), 12831-12840, doi:10.1029/95jb01121.
Hummel, W., U. Berner, E. Curti, F. J. Pearson, and T. Thoenen (2002), Chemical Thermodynamic Database 01/01, in Nagra/PSI, edited by uPublish, 

Universial Publishers, Wettingen.
IPCC (2007), Climate change 2007: synthesis reportRep., 104 pp, Geneva.
Keulen, N., R. Heilbronner, H. Stünitz, A. Boullier, and H. Ito (2007), Grain size distributions of fault rocks: A comparison between experimentally and 

naturally deformed granitoids, Journal of Structural Geology, 29(8), 1282-1300, doi:10.1016/j.jsg.2007.04.003.
Koelemeijer, P. J., C. J. Peach, and C. J. Spiers (2012), Surface diffusivity of cleaved NaCl crystals as a function of humidity: Impedance spectroscopy 

measurements and implications for crack healing in rock salt, Journal of Geophysical Research: Solid Earth, 117(B1), B01205, 
doi:10.1029/2011jb008627.

Lehner, F. K. (1990), Thermodynamics of rocks by pressure solution, in Deformation processes in minerals, ceramics and rocks, edited by D. J. Barber 
and P. G. Meredith, Unwin Hyman Ltd, London.

Lehner, F. K. (1995), A model for intergranular pressure solution in open systems, Tectonophysics, 245, 153-170, doi:10.1016/0040-1951(94)00232-X.
Liteanu, E., A. Niemeijer, C. J. Spiers, C. J. Peach, and J. H. P. De Bresser (2012), The effect of CO2 on creep of wet calcite aggregates, Journal of Geophysical 

Research, 117(B03211), 20, doi:10.1029/2011JB008789.
Logan, J. M., M. Friedman, N. Higgs, C. Dengo, and T. Shimamoto (1979), Experimental studies of simulated gouge and their application to studies of 

natural fault zones, paper presented at Proceedings of Conference VIII, Analysis of Actual Fault zones in Bedrock; Open File Rep. 79-1239.
Miller, S. A., C. Collettini, L. Chiaraluce, M. Cocco, M. Barchi, and B. J. P. Kaus (2004), Aftershocks driven by a highpressure CO2 source at depth, Nature, 

427, 724-727.
Mirabella, F., M. R. Barchi, and A. Lupattelli (2008), Seismic reflection data in the Umbria Marche Region: limits and capabilities to unravel the subsurface 

structure in a seismically active area, Annals of Geophysics, 51(2-3), doi:10.4401/ag-3032.
Niemeijer, A. R., D. Elsworth, and C. Marone (2009), Significant effect of grain size distribution on compaction rates in granular aggregates, Earth and 

Planetary Science Letters, 284(3-4), 386-391.
Niemeijer, A. R., C. J. Spiers, and B. Bos (2002), Compaction creep of quartz sand at 400–600°C: experimental evidence for dissolution-controlled pressure 

solution, Earth and Planetary Science Letters, 195(3-4), 261-275, doi:10.1016/s0012-821x(01)00593-3.
Oil and Gas Journal (Ed.) (2013), Worldwide look at reserves and production, 28-31 pp., Pennwell Corporate Tulsa, OK.
Palumbo, L., L. Benedetti, D. Bourles, A. Cinque, and R. Finkel (2004), Slip history of the Magnola fault (Apennines, Central Italy) from 36Cl surface 

exposure dating: evidence for strong earthquakes over the Holocene, Earth and Planetary Science Letters, 225, 163-176, doi:10.1016/j.
epsl.2004.06.012.



PRESSURE SOLUTION OF ANHYDRITE GOUGE

97

Pantosti, D., D. P. Schwartz, and G. Valensise (1993), Paleoseismology along the 1980 surface rupture of the Irpinia Fault: Implications for earthquake 
recurrence in the southern Apennines, Italy, Journal of Geophysical Research: Solid Earth, 98(B4), 6561-6577, doi:10.1029/92jb02277.

Paterson, M. S. (1973), Thermodynamics and its geological applications, Reviews of geophysics, 11, 355-389.
Paterson, M. S. (1995), A theory for granular flow accommodated by material transfer via an intergranular fluid, Tectonophysics, 245, 135-151, 

doi:10.1016/0040-1951(94)00231-W.
Pluymakers, A. M. H., C. J. Peach, and C. J. Spiers (2014), Diagenetic compaction experiments on simulated anhydrite fault gouge under static conditions, 

Journal of Geophysical research, 119, 4123-4148, doi:10.1002/2014JB011073.
Raj, R. (1982), Creep in polycrystalline aggregates by matter transport through a liquid phase, Journal of Geophysical Research, 87(B6), 4731-4739, 

doi:10.1029/JB087iB06p04731.
Ramm, M. (1992), Porosity-depth trends in reservoir sandstones: theoretical models related to Jurassic sandstones offshore Norway, Marine and Petroleum 

Geology, 9(5), 553-567, doi:10.1016/0264-8172(92)90066-N.
Renard, F., P. Ortoleva, and J. P. Gratier (1997), Pressure solution in sandstones: influence of clays and dependence on temperature and stress, 

Tectonophysics, 280(3-4), 257-266.
Rutqvist, J., A. P. Rinaldi, F. Cappa, and G. J. Moridis (2013), Modeling of fault reactivation and induced seismicity during hydraulic fracturing of shale-gas 

reservoirs, Journal of Petroleum Science and Engineering, 107, 31-44, doi:10.1016/j.petrol.2013.04.023.
Rutter, E. H. (1976), The Kinetics of Rock Deformation by Pressure Solution, Philosophical Transactions of the Royal Society of London. Series A, 

Mathematical and Physical Sciences, 283(1312), 203-219.
Rutter, E. H. (1983), Pressure solution in nature, theory and experiment, Journal of the Geological Society, 140(5), 725-740, doi:10.1144/gsjgs.140.5.0725.
Schutjens, P. T. M. (1991), Experimental compaction of quartz sand at low effective stress and temperature conditions, Journal of the Geological Society 

London, 148, 527-539, doi:10.1144/gsjgs.148.3.0527.
Schutjens, P. T. M., and C. J. Spiers (1999), Intergranular Pressure Solution in Nacl: Grain-To-Grain Contact Experiments under the Optical Microscope, Oil 

& Gas Science and Technology, 54(6), 729-750, doi:10.2516/ogst:1999062 
Shimizu, I. (1995), Kinetics of pressure solution creep in quartz: theoretical considerations, Tectonophysics, 245(3–4), 121-134, doi:10.1016/0040-

1951(94)00230-7.
Sibson, R. H. (1992), Implications of fault-valve behaviour for rupture nucleation and recurrence, Tectonophysics, 211, 283-293, doi:10.1016/0040-

1951(92)90065-E.
Spiers, C. J., S. De Meer, A. R. Niemeijer, and X. Zhang (2004), Kinetics of rock deformation by pressure solution and the role of thin aqueous films, in 

Physicochemistry of water in geological and biological systems - structures and properties of thin aqueous films, edited by S. Nakashima, C. 
J. Spiers, L. Mercury, P. A. Fenter and M. F. Hochella, Jr., pp. 129-158, Universal Academy Press, Inc. , Tokyo.

Spiers, C. J., and P. T. M. Schutjens (1990), Densification of crystalline aggregates by fluid-phase diffusional creep, in Deformation processes in minerals, 
ceramics and rocks, edited by D. J. Barber and P. G. Meredith, Unwin Hyman Ltd, London 

Thoenen, T., and D. Kulik (2003), Chemical thermodynamical database 01/01 for the GEM-Selektor (V.2-PSI), in Geochemical modeling code, edited by 
L. P. T. Group, PSI, Villigen.

Trippetta, F., C. Collettini, M. R. Barchi, A. Lupattelli, and F. Mirabella (2013), A multidisciplinary study of a natural example of a CO2 geological reservoir 
in central Italy, International Journal of Greenhouse Gas Control, 12, 72-83, doi:10.1016/j.ijggc.2012.11.010.

Trippetta, F., C. Collettini, S. Vinciguerra, and P. G. Meredith (2010), Laboratory measurements of the physical properties of Triassic Evaporites from Central 
Italy and correlation with geophysical data, Tectonophysics, 492(1–4), 121-132, doi:10.1016/j.tecto.2010.06.001.

Van Noort, R., and C. J. Spiers (2009), Kinetic effects of microscale plasticity at grain boundaries during pressure solution, Journal of Geophysical Research: 
Solid Earth, 114(B3), B03206, doi:10.1029/2008jb005634.

Vandeweijer, V., B. van der Meer, C. Hofstee, F. Mulders, D. D'Hoore, and H. Graven (2011), Monitoring the CO2 injection site: K12-B, Energy Procedia, 4, 
5471-5478, doi:10.1016/j.egypro.2011.02.532.

Walters, R. J., J. R. Elliott, N. D'Agostino, P. C. England, I. Hunstad, J. A. Jackson, B. Parsons, R. J. Phillips, and G. Roberts (2009), The 2009 
L'Aquila earthquake (central Italy): A source mechanism and implications for seismic hazard, Geophysical Research Letters, 36(17), L17312, 
doi:10.1029/2009gl039337.

Wibberley, C. A. J., and T. Shimamoto (2003), Internal structure and permeability of major strike-slip fault zones: the Median Tectonic Line in Mie 
Prefecture, Southwest Japan, Journal of Structural Geology, 25(1), 59-78, doi:10.1016/S0191-8141(02)00014-7.

Wibberley, C. A. J., G. Yielding, and G. Di Toro (Eds.) (2008), Recent advances in the understanding of fault zone internal structure: a review, 5-33 pp., 
Geological Society, Special Publications, London, doi:10.1144/sp299.2.

Zhang, X., and C. J. Spiers (2005), Compaction of granular calcite by pressure solution at room temperature and effects of pore fluid chemistry, 
International Journal of Rock Mechanics and Mining Sciences, 42(7-8), 950-960.

Zhang, X., C. J. Spiers, and C. J. Peach (2010), Compaction creep of wet granular calcite by pressure solution at 28°C to 150°C, Journal of Geophysical 
Research, 115(B9), B09217, doi:10.1029/2008jb005853.



98



Chapter	4

Effects	of	temperature	and	CO2	
on	the	frictional	behavior	of	

simulated	anhydrite	fault	rock
Anne M.H. PluyMAkers, Jon e. sAMuelson, 

André r. nieMeiJer And CHristoPHer J. sPiers

Also PublisHed in:
JournAl of GeoPHysiCAl reseArCH: solid eArtH 119, 8728–8747, 2014 

doi: 10.1002/2014Jb011575



Abstract

The frictional behavior of anhydrite-bearing faults is of interest to a) the safety and 
effectiveness of CO2 storage in anhydrite-capped reservoirs, b) seismicity induced by 
hydrocarbon production, and c) natural seismicity nucleated in evaporite formations. 
We performed direct shear experiments on simulated anhydrite fault gouges, at a range 
of temperatures (80-150°C) and sliding velocities (0.2-10µms-1), under a fixed effective 
normal stress of 25 MPa. Four types of experiments were conducted: 1) dry experiments, 
2) experiments pressurized with water, 3) dry experiments pressurized with CO2, and 
4) wet experiments pressurized with CO2. Fluid pressures of 15 MPa were used when 
applied. Over the temperature range investigated water-saturated samples were found to 
be up to 15% frictionally weaker than dry equivalents. Wet samples containing CO2 were 
also up to 15% weaker than CO2-free equivalents. Dry sample strength without CO2 was 
independent of temperature, whereas wet samples without CO2 strengthened 10% from 
80 to 150°C. Samples containing CO2 weakened by 4% (dry) and 10% (wet) from 80 to 
150°C. Under the P-T conditions investigated, only dry anhydrite fault gouge showed 
velocity-weakening behavior above 120°C, required for faults to potentially generate 
earthquakes. Assuming natural fault gouges are wet in-situ, seismicity is unlikely to 
nucleate in anhydrite-rich faults, though the presence of dolomite or reaction-produced 
calcite may change seismic potential. CO2 penetration into wet anhydrite-rich faults may 
trigger slip on critically stressed faults due to the observed short-term CO2 weakening 
effects (excluding possible formation of secondary minerals), but is not expected to 
influence slip stability.
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4.1	Introduction
Numerous hydrocarbon fields around the world with the potential for CO2 storage 
(or for storage of compressed air, hydrogen or imported gas) are topped by anhydrite-
rich caprock formations. Examples include many of the Rotliegend gas fields in the 
Netherlands and North Sea regions [Geluk, 2007], as well as the vast Qatar gas fields 
[Alsharhan and Nairn, 1994; Oil and Gas Journal, 2013]. Inevitably, the reservoir-caprock 
systems present in such fields are cut and often laterally sealed or compartmentalized 
by through-going faults. The stability and integrity of these faults, in particular where they 
transect the anhydrite caprock, will be determined by the reactivation and frictional slip 
behavior of anhydrite-rich fault wear products or gouge. To date, however, very few data 
are available on the mechanical properties of fault gouges derived from anhydrite rock, 
the only work reported being that by Scuderi et al [2013]. Moreover, no data seem to 
exist on how CO2 affects the frictional behavior of anhydrite gouge, despite the potential 
for reaction to form calcite [Kuhn et al., 2009; Pluymakers et al., 2014; Chapter 2; Rochelle 
et al., 2004]. 

Aside from the context of geological storage, faults in anhydrite-rich caprocks may 
also be reactivated during regular hydrocarbon production, potentially causing induced 
seismicity [e.g. Majer et al., 2007; Nicol et al., 2010; Segall, 1989; Simpson et al., 1988; Van 
Eijs et al., 2006]. Recent induced events occurring in the giant Groningen gas field in the 
Netherlands [Dost et al., 2012; Mulder, 2003; Van Eijs et al., 2006] may involve faults cutting 
the anhydrite-bearing caprock sequence, present across much of the field. In addition, 
faulting of anhydrite units is of major interest in relation to natural earthquakes nucleating 
in evaporitic sequences. In particular, the destructive seismicity that characterizes the 
Northern Apennines in Italy is known to involve rupture nucleation at the base of, 
and within, the Triassic Burano Formation, which consists of alternating anhydrites and 
dolomites located at a depth of 4 to 10 km [Mirabella et al., 2008]. Examples include 
the Colfiorito M 6 sequence (1997-1998) [Collettini et al., 2008; 2009; De Paola et al., 
2008; Mirabella et al., 2008], as well as the M 6 L’Aquila earthquake (2009) [Speranza 
and Minelli, 2014]. The area is well-known for discharge of high fluxes of mantle-derived 
CO2 through aquifers, as well as for focused surface degassing [Chiodini et al., 2000; 
Chiodini et al., 1999]. Moreover, high CO2 pressures reaching up to 85% of the lithostatic 
pressure have been measured in boreholes at 4 to 5 km depth in the Burano Formation 
[Collettini et al., 2008; Trippetta et al., 2013]. Aside from the mechanical effects of high 
fluid pressure triggering seismicity, the question thus again arises as to whether CO2 
might have additional chemical effects on the frictional properties of anhydrite-bearing 
faults. An improved understanding of the frictional properties of anhydrite fault rock, 
and of the effects of CO  2 on these properties, is therefore of clear relevance to our 
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understanding of earthquake nucleation and to seismic hazard evaluation, in the context 
of both induced and natural seismicity.
 
In estimating the likelihood of fault (re-)activation, a key material property is fault zone 
shear strength, as expressed via a Coulomb or Byerlee type static failure envelope:

τ = µ (σn - Pf ) + S0       (1)

in which τ is the shear strength (Pa) of the fault, µ is the friction coefficient (-), σn is 
the normal stress (Pa) acting on the fault, Pf is the pore fluid pressure (Pa) and S0 ≥ 0 
is the cohesive strength (Pa) [Byerlee, 1978; Hubbert and Rubey, 1959]. There are two 
broad scenarios by which fault reactivation can occur. The first is related to changes in 
the (effective) stress state σij

e. These can be caused by pore pressure and temperature 
changes associated with fluid injection or extraction, or by naturally changing tectonic 
stress and fluid pressure. Representing the in-situ stress state with a Mohr-circle in 
Mohr-Coulomb space, the first scenario indicates that reactivation occurs if the Mohr 
circle either a) increases in radius 1 3 / 2)(s s−  due to poro-elastic, thermo-elastic 
or tectonic stress changes, or b) migrates horizontally towards the origin, such that 
the criterion for fault slip is satisfied (Figure 1a). With respect to induced fault motion, 
avoiding reactivation via (a) or (b) is largely an engineering issue of minimizing induced 
changes in pore fluid pressure and stress changes related to changes in temperature. The 
second reactivation scenario is caused by a reduction of fault shear strength through 
a decrease of the friction coefficient µ, or a decrease in cohesion S0, due to fluid-rock 
interactions (in black, Figure 1a). In the case of pre-existing faults with a well-developed 
gouge, S0 is generally considered to be negligible, so that (1) reduces to Byerlee’s rule and 
fault strength is thus controlled by the friction coefficient µ. 
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Figure 1. a) Coulomb-type failure envelopes for a fault illustrating conditions for fault reactivation, where τ stands 
for shear strength, σn

e for effective normal stress, and μ for the fault friction coefficient. The envelopes are drawn 
assuming a negligible cohesive strength S0, in line with expectations for pre-existing gouge-bearing faults, i.e. with 
the Byerlee criterion τ = μ (σn - Pf). b) Rate and state friction model. If  a fault becomes frictionally stronger with an 
increase in velocity from V0 to V, (a-b) values will be positive, and the fault will be velocity-strengthening. If  a fault 
becomes weaker after a velocity increase, (a-b) is negative and the fault is velocity-weakening.
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One of the aims of the current study is to investigate if short-term CO2 exposure has 
any effect on the friction coefficient, and hence on the potential for reactivation, of 
simulated anhydrite fault gouge. In addition, this study aims to investigate the dependence 
of the friction coefficient on sliding velocity, which is one of the main factors controlling 
the mode of sliding, i.e. whether an earthquake may nucleate after (re-)activation. A 
fault rock exhibiting an increase in friction coefficient upon increased shear velocity 
(“velocity-strengthening behavior”, Figure 1b) is frictionally stable, i.e. cannot generate 
accelerating slip. By contrast, fault gouge exhibiting a decrease in friction coefficient upon 
a velocity increase (“velocity-weakening behavior”, Figure 1b) may be unstable, and may 
thus generate accelerating slip. The latter is one of the conditions that must be met in 
order for (micro-)seismic slip events to nucleate on a (reactivated) fault [e.g. Dieterich, 
1978; 1979; Marone, 1998; Ruina, 1983; Scholz, 1998]. The velocity-dependence of a fault 
gouge is empirically described by the rate and state friction (RSF) equations [Dieterich, 
1978; 1979; Ruina, 1983], and can be determined by performing velocity stepping 
experiments, in which a material is sheared until steady state friction is reached, after 
which the shear velocity is instantaneously stepped up or down and subsequent changes 
in friction are measured. The difference in measured steady state friction coefficients 
expresses the velocity dependence via the parameter (a-b), as illustrated in Figure 1b. 
Positive (a-b) values indicate velocity-strengthening behavior and negative (a-b) indicates 
velocity-weakening behavior. 

In addition to effects of CO2 on µ at fixed slip rate, the value of (a-b), hence the potential 
for seismogenic slip, may in general be influenced by fluid-rock interactions. In this study, 
we accordingly report the results of experiments designed not only to determine the 
effects of CO2 on the anhydrite fault gouge friction coefficient, but also the influence 
of CO2 on the velocity dependence of friction, i.e. on (a-b), under both dry and wet 
conditions and at temperatures in the range of 80-150°C. 

4.2	Method
We conducted direct-shear experiments on simulated anhydrite fault gouge using two 
similar triaxial testing machines, employing silicone oil as confining medium. We tested 
samples under the following pore fluid conditions:

1) oven-dried samples vented to lab air during testing (referred to as dry samples)
2) water-flooded samples pressurized with deionized (DI) water (referred to as 

wet samples) 
3) oven-dried samples pressurized with supercritical CO2 (referred to as 

dry+CO2 samples)
4) pre-water-flooded samples pressurized with supercritical CO2 (referred to as 

wet+CO2 samples).
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All experiments performed and the corresponding conditions used are listed in Table 1. 
In all cases, the effective confining pressure and effective normal stress σn

e were 25 MPa. 
Temperatures (T) ranged from 80 to 150°C. All experiments were performed using a 
velocity-stepping scheme with imposed velocities of 5.3, 0.21, 1.1 and 10.1 µms-1. If a fluid 
was present, a pore fluid pressure (Pf) of 15 MPa was used. Note that the supercritical 
point of CO2 lies at 31 °C and 7.4 MPa, so that in all experiments the CO2 injected into 
the system was supercritical. 

4.2.1	Sample	material
The anhydrite starting material was obtained from core retrieved from the Hardenberg 
5 well, Hardenberg, Overijssel, the Netherlands (courtesy of Shell Global Solutions). It 
was taken from the Zechstein 1 Anhydrite Member at the base of the Permian Zechstein 
Formation [Geluk, 2007], from ~3200m depth. The core material was crushed and sieved 
using a 50 µm sieve, taking the fraction with particle size <50 μm, to simulate the natural 
wear material (“fault gouge”) typically found in the principal zone of slip in faults [Engelder, 
1974]. Laser particle sizer analysis indicated that the resulting gouge had a bimodal grain 
size distribution (modes at 33µm and 0.5µm) with a mean grain size of 29.5µm. X-Ray 
Diffraction (XRD) and ThermoGravimetric Analysis (TGA; detection limit <0.005 wt%) 
showed the sieved gouge to consist of almost pure anhydrite, with trace amounts of 
dolomite (≤1 wt%) and no detectable gypsum. 

4.2.2	Experimental	apparatus
The experiments were conducted using two triaxial testing machines, referred to 
here as the Heard apparatus and the Shuttle vessel, in which a direct-shear assembly 
(Figure 2) was mounted. The Heard apparatus is an externally heated, oil-filled, triaxial 
pressure cell, with servo-controlled confining pressure. Sliding velocity can be changed 
near-instantaneously via a constant-speed motor plus gear-box/ball-screw system, with 
obtainable sliding velocities ranging from ~0.05 μms-1 to ~50 μms-1. It is described in detail 
by Peach and Spiers [1996] – see also Hangx et al. [2010a; b] and Samuelson and Spiers 
[2012]. The Shuttle vessel is an internally heated oil-filled pressure vessel, positioned 
within an Instron 1362 loading frame with full servo-control. Piston displacement, hence 
sliding velocity, is imposed using the Instron’s programmable function generator. Confining 
pressure can be maintained within 0.2-1 MPa using a hand-driven syringe pump. The 
Shuttle machine is described in detail by Verberne et al. [2013b]. The differences between 
the two apparatuses are minor and have been shown to exert little or no influence on 
the determination of the frictional properties of gouge samples. However, the Heard 
machine has a higher stiffness than the Shuttle vessel, which can influence the occurrence 
of unstable stick-slip events (the laboratory equivalent of an earthquake – see Brace and 
Byerlee [1966]).
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Identical pore fluid control systems were used to apply water pressure in both machines. 
Water was pressurized using a servopump, with pressure being measured using a Jenssen 
pressure transducer (50 MPa range; resolution ±0.02 MPa). Supercritical CO2 pressure 
could only be applied to samples loaded in the Heard vessel, and was controlled using 
a 65D ISCO pump, with a built-in Honeywell pressure transducer both for control and 
pressure measurement (150 MPa range; control within 0.00138 MPa).

4.2.3	Sample	assembly
The direct-shear assembly itself consists of two opposing, L-shaped, half-cylindrical 
forcing or shear blocks that sandwich the gouge sample (Figure 2; see also Samuelson 
and Spiers [2012] and Verberne et al. [2013b]). Each forcing block is fitted with pore 
fluid channels, which connect to a porous stainless steel plate, located at the shearing 
interface. This facilitates uniform fluid access to the sample layer (plate permeability: 
3.1·10-14m2) [Samuelson and Spiers, 2012]. The surface of the porous plates is grooved to 
grip the sample (see Figure 2 for groove-height and spacing).

The direct shear assembly plus sample layer together form cylindrical assemblies (Figure 
2; see also Samuelson and Spiers [2012]). In the present experiments, we sandwiched a 1 
mm thick gouge layer, applied onto one of the forcing block faces in the form of a paste. 
This paste was made by mixing approximately 3.1±0.4 grams of powdered anhydrite 
gouge with ~0.5 mL of DI water or ethanol. In the case of dry experiments, the block 
with (ethanol-based) paste was dried overnight under vacuum at 110°C. The ends of 
the gouge layer were bounded and sealed using indium bars measuring 1 mm x 1 mm x 
35 mm (the width of the gouge layer, see Figure 2). At the testing conditions used here, 
indium is so soft that it has no measurable influence on shear strength [Frost and Ashby, 
1982; Indium Corporation, 2014]. Following emplacement of the second forcing block, the 

after ~5 mm 
displacement

before 
displacement

36 mm

silicone polymer

gouge layer

EPDM sleeve

indium bar

porous frit 0.1
0.12

0.06

0.1
0.1

0.05

  porous plates with 
  different grooves

1) 2)

L-shaped forcing
blocks (Remanit 
stainless steel) with pore 
fluid channels

Figure 2. Direct shear 
assembly. Porous plate 
type (PT) 1 was used for 
all experiments with pore 
fluid (water or CO2). Plate 
type 2 was used for some 
of  the dry experiments 
(see Table 1).
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Table 1. List of  experiments, conditions and key data. Symbols: T denotes temperature, Pc confining pressure, 
σn normal stress, Pf fluid pressure (water or CO2), atm denotes atmospheric pressure, FT stands for fluid type 

T  
[°C]

Pc=σn 
[MPa]

Pf 
[MPa] FT µ1.9 

[-]
µ4.9
[-]

Δμ
[-]

xmax 
[mm]

Δh 
[mm]

H/S PT ttot 
[h] Trends

DRY: oven-dried samples vented to lab air

D80-2 80 25 atm LA 0.643 0.600 0.044 5.35 0.54 H 2 7 vs

D100-1 100 25 atm LA 0.658 0.634 0.024 5.34 0.2 H 2 6.5 vs

D120-1 120 25 atm LA 0.647 0.620 0.027 5.71 - H 1 7 vw; ss

D120-2 120 25 atm LA 0.655 - - 4.38 0.2 H 1 7 mixed; 
vw

D120-3 120 25 atm LA 0.665 0.631 0.034 5.27 0.2 H 2 6.5 mixed; 
vs; osc

D135-1 135 25 atm LA 0.633 0.561 0.072 5.06 0.425 S 2 21.5 vw

D150-1 150 25 atm LA 0.644 0.549 0.095 5.36 0.2 H 1 7 vw; ss

D150-2 150 25 atm LA 0.670 0.715 0.045 5.22 0.2 H 2 7 vw; ss

D150-3 150 25 atm LA 0.641 0.572 0.069 5.31 0.35 H 1 7 vw; ss

WET: water-flooded samples pressurized with deionized (DI) water; in the gouge it will be CaSO4 (aq)

W80-2 80 40 15 W 0.590 0.499 0.091 5.07 0.725 S 1 21 initial 
vw; vs

W100-1 100 40 15 W 0.621 0.532 0.089 5.03 0.45 S 1 25 vs

W120-1 120 40 15 W 0.591 0.538 0.053 5.30 0.25 H 1 5.5 initial 
vw; vs

W120-2 120 40 15 W 0.633 - - 4.46 0.4 S 1 20 mixed; 
vs

W135-1 135 40 15 W 0.618 0.554 0.064 5.28 0.4 H 1 6.5 vs

W150-1 150 40 15 W 0.630 0.522 0.109 4.91 0.65 S 1 21 mixed; 
vw

W150-2 150 40 15 W 0.659 0.548 0.111 6.08 0.6 H 1 7 mixed; 
vw; ss

DRY+CO2: oven-dried samples pressurized with supercritical CO2

DC80-1 80 40 15 C 0.646 0.551 0.095 5.38 0.425 H 1 6.5 mixed; 
vs; osc

DC100-1 100 40 15 C 0.612 0.527 0.085 5.42 0.525 H 1 6.5 mixed; 
vs

DC120-1 120 40 15 C 0.633 0.484 0.149 5.33 0.6 H 1 7
mixed; 

vw; 
osc

DC120-2 120 40 15 C 0.658 0.686 -0.029 5.26 - H 1 7 vw; ss; 
osc

DC135-1 135 40 15 C 0.659 0.505 0.154 5.25 0.425 H 1 6.5 mixed; 
vs; ss

DC150-1 150 40 15 C 0.553 0.494 0.059 5.26 0.375 H 1 6.5
mixed; 
vs; ss; 
osc

DC150-2 150 40 15 C 0.618 0.589 0.029 5.34 0.45 H 1 8.5 vw; ss

WET + CO2: pre-wetted samples pressurized with supercritical CO2

WC80-1 80 40 15 WC 0.589 0.494 0.095 5.28 0.55 H 1 6 mixed; 
vs

WC100-1 100 40 15 WC 0.600 0.497 0.103 5.28 0.45 H 1 6 mixed; 
vs

WC120-1 120 40 15 WC 0.557 0.485 0.072 5.34 0.55 H 1 6.5 vs

WC135-1 135 40 15 WC 0.558 0.479 0.079 5.28 0.445 H 1 7.5 mixed; 
vs

WC150-1 150 40 15 WC 0.525 0.483 0.042 4.71 - H 1 19 vs

WC150-2 150 40 15 WC 0.563 0.488 0.075 5.38 0.55 H 1 7 mixed; 
vs
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gaps at either end of the gouge layer were lined with Teflon foil and filled with soft silicone 
polymer plugs, to allow direct shear displacement and to transmit the confining pressure 
uniformly to the sample. The thickness of the now cylindrical direct shear assembly was 
measured using calipers to within 0.01 mm and the assembly was jacketed in thin FEP 
heat-shrink sleeve, bound in Teflon tape and finally fitted with an EPDM rubber outer 
jacket. Lastly, the EPDM jacket was sealed against the driver blocks using steel wire 
tourniquets. In the case of the wet+CO2 experiments, the entire sample assembly was 
vacuum-flooded with DI water at this stage. 

4.2.4	Testing	procedure
In all experiments, the sample assembly was loaded into the pressure vessel and a 
confining pressure Pc was applied. In those experiments performed at elevated pore 
fluid pressure Pf, 18 MPa confining pressure was initially used. The pore fluid system was 
evacuated (when using water) or else flushed with CO2 (when using CO2), and then 
pressurized to 15 MPa with the chosen fluid, thus ensuring a small positive effective 
pressure of ~3 MPa. In all cases, heating was then initiated, keeping the effective confining 
pressure for all samples between 3 and 25 MPa. Heating to the desired temperature 
took ~4 hours for the Heard vessel and ~12 hours for the Shuttle vessel. The confining 
pressure was subsequently brought to target pressure, and left to equilibrate for about 
30 minutes. Once a stable pressure and temperature were reached, the loading ram was 
brought into contact with the sample at a velocity of 5.3 µms-1, thus establishing a zero-
displacement touch-point. Direct shearing of the sample was then initiated at the same 
velocity. In most cases, the first velocity step to 0.21 µms-1 was performed after roughly 
2.2 mm displacement of the loading ram. After 0.4 mm of additional displacement, the 
velocity was increased to 1.1µms-1, and subsequent steps to 10.1, 1.1 and 0.21µms-1 
were performed with about 0.7 mm displacement intervals. After the final velocity step, 
sliding was continued for another 0.7 mm, achieving a total displacement of 4.4 - 6.1mm. 
To terminate each test, the piston was retracted at 2.2 µms-1 until the sample was 
completely unloaded. The piston was then retracted further at high velocity (usually 22 
µms-1), followed by depressurization of the pore fluid and confining pressure systems, 
cooling, and extraction of the sample from the vessel. Before disassembly, the final sample 
assembly thickness was measured. Note that this measurement, combined with the initial 
thickness measurement, provides the only constraint on changes in layer thickness, i.e. 

(LA=lab air, W=water, C=CO2, WC=wet+CO2), µ1.9 denotes the friction coefficient measured at 1.9 mm shear 
displacement (all at 5.3µms-1), µ4.9 is that measured at 4.9 mm shear displacement (at 1.1 or 0.21µms-1), Δµ=µ1.9-µ4.9, 
and xmax denotes the maximum shear displacement attained. In addition, Δh is the measured reduction in layer 
thickness (compared before versus after the experiments), H/S notes use of  Heard apparatus (H) or Shuttle vessel 
(S), PT notes porous plate type and groove geometry (Figure 2), ttot indicates the total duration of  sample heating 
plus pressure stabilization plus the time it takes to conduct an experiment, “vs” indicates that a sample exhibited 
velocity-strengthening behavior, while “vw” indicates velocity-weakening, and ss and osc indicates the occurrence of  
stick-slip behavior and quasi-static oscillations respectively.
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we cannot monitor thickness changes in-situ. After disassembly chips of the gouge were 
salvaged where possible. Selected chips with a mass of 25-35 mg were later analyzed 
using TGA and laser particle sizing alongside samples of the starting powder, to detect 
any possible changes in mineral content (i.e. gypsum and/or carbonate formation) and to 
determine the final grain size distribution.
 
4.2.5	Data	acquisition	and	processing	
Throughout the experiments, internal axial load, piston displacement, confining pressure, 
temperature, pore fluid pressure and pore fluid volume change (both for water and 
CO2) were logged at a frequency of 5 Hz, using a 16-bit NI A/D converter and VI-Logger 
software. The raw data were processed to obtain shear strength τ (MPa), effective 
normal stress σn

e (MPa), friction coefficient µ and shear displacement (mm) versus time. 
Friction coefficient µ was calculated as τ / σn

e, assuming zero cohesion (equation (1)). 
All displacement data were corrected for apparatus distortion using pre-determined 
polynomial stiffness calibrations. 

In order to evaluate the evolution of strength with shear displacement, we determined 
the frictional strength both at a low displacement of 1.9 mm (µ1.9 in Table 1) and a high 
displacement of 4.9 mm (µ4.9 in Table 1). To determine the velocity dependence of friction 
expressed by the RSF parameter (a-b), we measured the friction coefficient at steady-
state both before (μ0) and after (μ) the various imposed changes in sliding velocity from 
v0 to v (Figure 1b). At steady state, the rate and state friction equations reduces to:

( ) 0

0ln( / )
a b

v v
µ µ−

− =
        (2)

which allows for easy calculation of (a-b) [e.g. Marone, 1998]. In cases where there 
was a background slip-hardening or slip-weakening trend, this trend was linearized and 
removed from the data for the purpose of calculating (a-b), following standard practice in 
such cases [e.g. Blanpied et al., 1995]. If stick-slip behavior occurred, apparent (a-b) values 
were obtained using the maximum shear strength of the stick-slips, with the assumption 
that the maximum shear strength represents the sliding strength of the material. As 
indicated in the captions to the concerning Figures, errors for this method are smaller 
than the symbol size. 

4.3	Results
4.3.1	Mechanical	data	for	dry	samples
All strength vs. displacement curves obtained for dry samples show a rapid initial 
increase in shear stress supported, with occasionally a small abrupt drop around 150-
300 µm (Figure 3a), attributed to alignment of the sample assembly with the loading ram. 
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Macroscopic “yield” occurs at a displacement of around 200 to 400 µm. Most samples 
show a broad subsequent plateau in strength, followed by up to 10% weakening during 
ongoing shear deformation to 5 or 6 mm displacement, though minor strengthening 
occurs in some cases (Table 1; Figure 3a). Shear strength is independent of temperature, 
being 16.1 MPa at 1.9 mm at 80°C versus 16.3 MPa at 150°C (µ1.9 = 0.64 and 0.65 
respectively, Figure 4). With increasing temperature across the range studied (80-150°C), 
velocity-strengthening behavior gives way to velocity-weakening behavior, including stick-
slip in the dry samples. This transition in velocity dependence is reflected in the (a-b) 
values, which range between 0 and 0.0026 at 80-100°C, and are predominantly negative 
at T≥120°C (Figure 5a). Most samples show higher (a-b) values towards higher sliding 
velocities, especially for upward steps in velocity (Figure 6a). 

4.3.2	Mechanical	data	for	wet	samples	
The strength vs. displacement curves for samples pressurized with water also show a 
rapid initial increase in shear strength with displacement (Figure 3b). Macroscopic yield 
occurs between 300 and 400µm, followed by a broad peak in strength (15-16.75 MPa, 
μ=0.6-0.67) attained in the range 0.77-1.29 mm displacement. Marked displacement or slip 
weakening (up to 24%, compared to ~10% for dry samples) is observed in all samples, and 
is especially prominent at low sliding velocities rendering wet samples significantly weaker 
than their dry equivalents (up to 15% weaker, see Table 1; Figure 4c). At a displacement 
of 1.9 mm, steady-state shear strength increases with temperature from 14.7 at 80°C to 
16.3 MPa at 150°C (µ1.9 = 0.59 to 0.65, or a ~10% increase, Table 1, Figure 4). The Shuttle 
vessel experiment performed at 150°C (W150-1) exhibited stick-slip behavior. Velocity 
steps between 0.21 and 1.1µms-1 led to only minor strength differences, as shown in 
the inset to Figure 3b. This is also reflected by the (a-b) values, which cluster around 
zero, with a range from -0.003 to 0.0044 between 80-135°C, demonstrating mostly 
velocity-strengthening (Figure 5). Only at 150°C does (a-b) become more negative, with 
(a-b) ranging from -0.0064 to 0.0008, consistent with the stick-slip behavior observed in 
experiment W150-1. Mostly, samples show increasing (a-b) values with increasing sliding 
velocity, especially at 150°C (Figure 6b). 

4.3.3	Mechanical	data	for	dry	samples	pressurized	with	CO2	(dry+CO2	
samples)
Dry+CO2 experiments show similar initial loading behavior to the dry and wet 
samples (Figure 3c), with a similar small drop in strength around 150-200µm, which 
again is attributed to alignment of the loading assembly with the advancing loading 
ram. Macroscopic yield occurs between 200 and 400µm, and for most samples yield 
is followed by a broad plateau in strength, similar to dry samples. If this plateau is not 
present (for example DC150-1, Figure 3c), yield is followed by a broad peak strength, 
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Figure 3 Shear stress (MPa) as a function of  shear displacement (mm) for representative experiments. Friction 
coefficient µ (secondary y-axis) is determined as µ = τ / σn

e. Insets show details of  the velocity-steps performed at 
5.3-0.21-1.1-10.1-0.21µms-1 and sample codes show test temperature (80, 120, 150°C). a) dry samples. b) wet samples. 
c) dry samples pressurized with CO2 (dry+CO2 samples). Note that the insets in c) show irregular oscillations, which 
are unrelated to fluctuations in pore pressure. d) wet samples pressurized with CO2 (wet+CO2 samples).
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such as seen for wet and wet+CO2 samples. Subsequent displacement weakening seen in 
dry+CO2 samples was similar in magnitude to wet and wet+CO2 experiments (between 
10-30%, see Table 1 and Figure 4c). Shear strength at 1.9 mm is about 4% higher at 80°C 
than at 150°C, i.e. only just above experimental variability, and it is not a monotonic 
decrease between 80 and 150°C. Average strength at 1.9 mm for all temperatures is 
15.9±0.6 MPa (µ1.9 = 0.61-0.65), with the exception of DC150-1, which showed τ1.9 = 
13.8 MPa (µ1.9 = 0.55) (Table 1; Figure 4). At a displacement of 4.9 mm shear strength for 
all samples lies between 12.25 and 14.75 MPa (µ4.9 = 0.49-0.59). Comparing strength of 
dry+CO2 to that of dry samples shows strength is ~4% lower at low displacement and 
about ~9% lower at high displacement for dry+CO 2 samples (with the exception of the 
135°C experiment, Table 1 and Figure 4). Mainly velocity-strengthening slip was observed 
at 80-100°C (-0.0027<(a-b)<0.0042, see Figure 5c). At T≥120°C the velocity dependence 
is related to displacement. All samples exhibited velocity-weakening behavior at low 
displacement (<3mm, top graph in Figure 5c), with a remarkably similar trend to that 
seen in dry experiments (compare Figure 5a and 5c). At high displacement (>3mm), 
three of the five samples exhibited velocity-strengthening behavior (Figure 5c), and 
only DC120-2 and DC150-2 showed velocity-weakening behavior (including stick-slip 
behavior) throughout the entire experiment (Table 1). For all temperatures, (a-b) values 
increase with increasing velocity (Figure 6c), regardless of their sign. Most dry+CO2 
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experiments occasionally showed quasi-stable sliding with oscillations at velocities below 
10 µms-1 (inset, Figure 3c). For these intervals, no (a-b) values were calculated, though 
the oscillations are indicative of negative (a-b), with conditions close to the boundary 
between stable and unstable sliding [Scholz, 2002]. This quasi-stable behavior is unique 
for the dry CO2 samples, and occurs without an obvious dependence on temperature 
and/or velocity.
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Figure 5 (a-b) vs. temperature data obtained for the different pore fluid conditions investigated. In all cases black 
symbols are used for samples exhibiting stable sliding, and grey symbols for samples exhibiting stick-slip behavior. 
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in average (a-b) values. Velocity steps are as shown in µms-1. a) dry conditions. b) wet conditions. c) dry samples 
pressurized with CO2 (dry+CO2), split into the data for low displacement (<3mm) and at high displacement 
(>3mm). d) wet samples pressurized with CO2 (wet+CO2).
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4.3.4	Mechanical	data	for	wet	samples	pressurized	with	CO2	(wet+CO2	
samples)
The strength vs. displacement curves for the wet+CO2 experiments show unusually 
variable initial loading behavior in the first 300-400µm of displacement (e.g. WC80-1 
and WC150-1 in Figure 3d), leading to a significant spread in where macroscopic yield 
occurs, between 150 and 650µm. Yield is followed by a peak strength of 14.25-15.25 
MPa (μ1.9=0.57-0.61mm) at displacements between 0.57-1.7 mm. All samples show 
steady displacement weakening behavior thereafter (up to 20% reduction of friction 
values, comparable to wet and dry+CO2 samples) (Figure 4c). Measured shear strength 
decreases by about 10% with increasing temperature, from ~15 MPa at a displacement 
of 1.9 mm at 80°C, to 13.6 MPa at 150°C (µ1.9 decreases from 0.59 to 0.53). This 
trend is similar at high displacement, though friction values are up to 20% lower due 
to displacement weakening (Table 1; Figure 4). All wet+CO2 experiments exhibit (a-b) 
values that cluster around zero, with a range from -0.0015 to 0.0043 (Figure 5d). Average 
(a-b) values increase slightly with an increase in velocity (Figure 6d). Note that on average 
the wet+CO2 samples exhibited the lowest shear strength of all samples investigated, up 
to 15% weaker than wet samples without CO2 (Table 1 and Figure 4). 
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4.3.5	Sample	scale	observations	and	mineralogical	analysis	
Upon extraction from the triaxial testing vessel, wet samples, dry+CO2 samples and 
wet+CO2 samples all showed a greater layer reduction (0.25-0.7 mm) than dry samples 
(~0.2mm, see Figure 4d and Table 1). After disassembly of the direct shear blocks, dry 
and dry+CO2 samples exhibited a powdery, granular appearance, becoming progressively 
more cohesive when tested at the higher temperatures. Most of these showed traces 
of R1 shears, using the terminology of Logan et al [1979]. Some samples exposed to dry 
CO2 showed a pattern of brown spots on the (grooved) surface of the gouge, interpreted 
to be corrosion spots corresponding to the location of the pore fluid pipe inlets behind 
the porous plates enclosing the sample. By contrast, wet and wet+CO2 samples were 
denser in appearance and were generally more cohesive than dry-tested samples. Viewed 
edge-on, features indicative of R1 shears were only vaguely present, if present at all. None 
of the samples recovered were of good enough quality to enable sectioning and further 
microstructural analysis. However, independently of fluid conditions, some samples tested 
at 120°C and higher did show patchy shiny surfaces, resembling fault mirrors seen in 
natural fault zones [e.g. Siman-Tov et al., 2013] and in friction experiments on carbonates 
[e.g. Fondriest et al., 2013; Verberne et al., 2013b].

TGA conducted on chips of material recovered from experiments performed at 150°C 
indicated no measurable mineralogical changes compared with the starting material, 
regardless of pore fluid type. Laser particle sizer analysis of samples sheared at 150°C, 
for all four fluid conditions explored, showed aggregation of particles into clusters of 
200-400 µm. Sub-micron material present in the starting material was completely absent 
in all but the dry-tested samples. 

4.4	Discussion
We have determined the frictional properties of anhydrite fault gouge in velocity-
stepping direct shear experiments at 80-150°C, using four different pore fluid conditions. 
The results show that, in this temperature range, shear strength is highest for dry 
fault gouge and lowest for fault gouge tested wet with CO2 (see Table 1). In addition, 
the data show that temperature, the presence of water and the presence of CO2 all 
have an effect on gouge strength and/or displacement weakening behavior (Figure 4c). 
Most samples showed velocity-strengthening slip behavior (Figs. 5 and 6). Only dry 
and dry+CO2 anhydrite fault gouges showed velocity-weakening behavior, and then 
only at T≥120°C (Figure 5). Insofar as the potential for earthquake nucleation can be 
described by negative (a-b) values in the framework of RSF theory, our results imply that, 
within the temperature range investigated, seismic slip can only nucleate under dry and 
dry+CO2 conditions. Given the typical frictional behavior exhibited by dry samples, as 
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well as the powdery nature of these samples after deformation, dry deformation was 
presumably dominated by (localized) cataclastic flow, involving both grain size reduction 
and intergranular sliding. Since anhydrite exhibits intracrystalline plastic flow at relatively 
low temperatures [Müller and Siemes, 1974; Müller et al., 1981], minor crystal plasticity 
may also have played a role. In the following, we will discuss the nature of the observed 
effects of fluids on shear strength, displacement weakening and velocity dependence, as 
well as the deformation mechanisms that may be responsible for the behavior observed. 
Lastly, we discuss the implications of our results, both in the context of geological storage 
of CO2 (induced seismicity) as well as with respect to natural seismicity occurring in 
evaporite sequences, with a focus on the geological setting of the Italian Apennines.

4.4.1	Effect	of	water	on	shear	strength
4.4.1.1. Processes controlling strength
The samples tested wet without CO2 were up to 10% weaker than their dry equivalents 
at the same conditions and displacement (Figure 4). In addition, the wet samples showed 
much more layer thinning than the dry samples without CO 2 (Figure 4d). Since we assume 
simple shear, there is no thinning related to shear displacement. Furthermore, in our set-
up, layer extrusion is prevented by the indium bars plus the (hydrostatically pressurized) 
silicone putty fillers included in the sample assembly, i.e. the measured reduction in layer 
thickness cannot be related to extrusion. This, combined with the fact that the initial 
sample mass for all experiments is similar, implies that wet samples compact more than 
dry samples, i.e. that additional deformation mechanisms are operating. In the presence 
of water, candidates include fluid-assisted microcracking or cataclasis, as well as solution 
transfer processes such as pressure solution.

Both instantaneous and time-dependent microcracking are known to be enhanced in 
the presence of water in many geological materials [e.g. Atkinson, 1982]. Water has also 
been shown to accelerate compaction by microcracking in coarse (>50μm) granular 
aggregates of anhydrite [Pluymakers et al., 2014; Chapter 2]. Furthermore, water may 
facilitate intragranular sliding by decreasing friction at grain contacts through a lubricating 
effect of an adsorbed water layer, as postulated to occur in phyllosilicates [e.g. Moore 
and Lockner, 2004]. It has also been proposed that the finest particles may dissolve via 
Ostwald ripening in water-saturated gouges, potentially facilitating grain translation and/
or rotation [cf. Giger et al., 2008]. Viewing cataclastic flow of a gouge as a combination 
of both grain fracture and translation/rotation, facilitating any of these mechanisms 
should reduce resistance to cataclastic flow, i.e. cause some degree of water weakening. 
Moreover, allowing for time-dependent (i.e. subcritical) microcracking and the possibility 
of viscous behavior of thin water films would imply some rate dependence of strength, 
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potentially contributing to the difference in (a-b) values seen between wet and dry 
samples. All these effects of water on microcracking and grain boundary friction could 
therefore have played a role in our experiments conducted with water. 

To determine the possible role of pressure solution in our wet samples, we apply the 
models for (compaction) creep by dissolution-, precipitation- and diffusion-controlled 
pressure solution derived by Pluymakers and Spiers [2014; Chapter 3]. These authors 
showed that, for the present P-T conditions, pressure solution in anhydrite will be 
diffusion-controlled at grain sizes down to ~1µm. In evaluating possible compaction 
strain rates by pressure solution in our gouges, we therefore use their equation for 
diffusion-controlled pressure solution, given as:

3
4 Z exp 1

2 2

e
d s nA DC S Z q q
Fd RT F q q

π sε
φ φ

    Ω
= −    − −   


    (3)

Here Ap is a geometric constant, D (m2 s-1) is the diffusion coefficient for solid dissolved 
in the grain boundary fluid, CS is the solubility of the solid (kg kg-1), S is the mean grain 
boundary fluid film thickness (m), Z is the coordination number, which can be taken as 
6, F is a geometric factor of value π, e

ns  is the imposed effective stress, Ω  is the molar 
volume of the solid, R is the gas constant, T is the temperature (K), q is a geometric 
constant close to 1 [see also Pluymakers and Spiers, 2014; Chapter 3] and ϕ is porosity. 
Inserting parameter values appropriate for anhydrite, as listed by Pluymakers and Spiers, 
and using the present experimental conditions (Table 2) plus a porosity of 10 to 20% 
(calculated from final sample dimensions and mass) yields the results for compaction 
strain rate vs. grain size shown in Figure 7. 

In this figure, our predicted compaction rates are compared with a) the bulk shear 
strain rates imposed in the present velocity-stepping experiments (so assuming no strain 
localization), and b) the mean compaction strain rates estimated for our water-bearing 
samples by dividing the finite thickness change (Δh) by the duration of our experiments 
(5.5-25 hours at test conditions, Table 1) and the initial thickness (Figure 7). The rationale 
for comparing the predicted compaction strain rates with imposed shear strain rates 
is as follows. Since the friction coefficient measured in our samples is ~0.6, then for 
an effective normal stress σn

e the bulk shear stress is ~0.6 σn
e. This means that grain 

contact stresses contributed by the shear stress produced during gouge shearing will be 
of the same order as those related to the normal stress. Therefore, the driving force for 
compaction and shear strain rates are similar so we need to evaluate the importance 
of pressure solution in accommodating shear deformation by comparing the predicted 
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compaction strain rates, applied shear strain rates and predicted pressure solution rates 
[cf. Niemeijer et al., 2010]. 

The comparison of predicted pressure 
solution strain rates (using (3)) with the 
imposed shear strain rates and estimated 
compaction rates, shown in Figure 7, 
demonstrates that pressure solution 
proceeds at rates similar to the imposed 
average shear strain rates (10-4 s-1) only if 
(local) grain size reduction reduces the 
grain size to 2.5 µm or less. For a further 
grain size reduction to 1 μm, pressure 
solution will be an important deformation 
mechanisms also at the highest imposed 
shear velocity, disregarding effects of 
strain localization on shear strain rate. If 
strain localizes, the imposed shear strain 
rate increases accordingly, which implies 
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Figure 7. Range of  strain rates predicted for different grain 
sizes, using the pressure solution model of  Pluymakers et 
al [2014; Chapter 2], compared to the ranges in bulk shear 
strain rate and in mean compaction strain rate applying to 
the present wet and wet+CO2 samples. Strain rate ranges 
calculated at 80°C and 150°C correspond to the range of  
porosities as expected in present samples.

Symbol Definition Typical value Source & additional information 
A Geometric constant 6 Assuming a simple cubic pack of grains

Cs

Anhydrite solubility 

at 80°C [m3 m-3] 4.4·10-4 [Blount and Dickson, 1969]
at 150°C [m3 m-3] 1.3·10-4 [Blount and Dickson, 1969]

DS
Product of diffusion coefficient 
D and mean grain boundary fluid 
thickness S [m3 s-1]

10-20 [Pluymakers et al., 2014; Chapter 2; 
Pluymakers and Spiers, 2014; Chapter 3]

F Grain shape factor π General value for simple cubic packed 
spherical grains

q Geometric constant 0.97 [Pluymakers and Spiers, 2014; Chapter 3]
R Gas constant [J mol-1 K-1] 8.314 [e.g. Chang, 2000]

Z Coordination number 6 General value for simple cubic packed 
spherical grains

 
  Ω

Molar volume of anhydrite 
[m3 mol-1] 4.6·10-5 [Hummel et al., 2002; Thoenen and Kulik, 

2003]
Variables, comparable to experiments

d Grain radius [µm] 0.5 - 35 From particle sizer data

 
  

e
ns Effective normal stress [MPa] 25 

T Absolute temperature [K] 353 and 423 80°C and 150°C

Table 2. Values of  parameters and variables used in applying the diffusion-controlled pressure solution model of  
Pluymakers and Spiers [2014; Chapter 3] to estimate strain rate due to pressure solution within our fault gouge.
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that only very small grains will deform by pressure solution. The grain size required to 
explain compaction of our samples by pressure solution would be 10 µm or less (Figure 
7). Since the mean grain size of our starting material was 29.5 µm, we suggest that 
pressure solution will only be important if the grain size is reduced, for example in fine-
grained shear bands. In that case, the grain size would need to be reduced to perhaps 
0.1µm for pressure solution to accommodate the enhanced shear band strain rate. 

When pressure solution operates in fault gouges opposite effects on shear strength are 
possible, depending on the relative rates. On one hand, if pressure solution is (much) 
faster than the shear rate, it may decrease shear strength by facilitating ductile shear 
deformation of single clasts [cf. Bos and Spiers, 2002; Rutter and Mainprice, 1979], though 
grain sliding is still needed to accommodate deformation. Predicted pressure solution 
rates of anhydrite are fairly slow, and since the mean initial grain size of our gouge is 
~29.5 µm, most grains will probably not deform in such a ductile fashion. On the other 
hand, if pressure solution operates slower than cataclastic flow, but still at significant rates 
compared to the duration of the experiment, it may lead to increased cataclastic flow 
strengths by increasing grain-to-grain contact area, cohesive strength and/or dilatation 
angle [cf. Bos and Spiers, 2002; Giger et al., 2008; Muhuri et al., 2003; Niemeijer et al., 2008; 
Niemeijer and Spiers, 2007; Yasuhara et al., 2005]. Such strengthening may in turn force 
localization on boundary Y-shears, thereby ultimately weakening the gouge compared 
to gouge in which pressure solution is less active, which could (partially) explain the 
observed weakening of wet gouges compared to dry gouges.

As our samples were insufficiently cohesive to be preserved for detailed microstructural 
analysis, we were unable to explore whether any microscale evidence for pressure 
solution or for shear localization in the form of fine-grained Y-shears is present. However, 
the qualitative increase in cohesion noted upon disassembly of our wet samples compared 
to dry equivalents suggests compaction by pressure solution may have played a role 
during deformation. At the same time, the imperfect cohesion, the weakly developed R1-
shear zones and the more or less velocity-neutral behavior of wet samples demonstrates 
that pressure solution was certainly not important enough to render the clasts in 
wet samples fully ductile (hence rate strengthening). In the absence of more detailed 
observations on microstructure, we therefore suggest that deformation of wet samples 
was likely dominated by fluid-enhanced cataclasis and/or granular flow, presumably with 
some degree of compaction by pressure solution and with the development of R1 shear 
bands and possibly Y-shears. Behavior of this type was recently inferred for wet calcite 
gouges of similar initial grain size, sheared in the same direct-shear set-up and at similar 
temperatures as used in the current paper (but with σn

e = 50 MPa) leading to nano-gouge 
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formation within boundary Y-shears [Verberne et al., 2013a; Verberne et al., 2013b]. Indeed, 
since calcite has similar mechanical, dissolution/precipitation and solubility properties to 
anhydrite at the conditions investigated, similar frictional behavior seems not unlikely. 

4.4.1.2 Strain weakening in wet samples
We turn now to attempting to explain the displacement weakening, or slip weakening, 
seen in our wet samples. Though displacement weakening is not well understood, it has 
recently gained attention as a potential mechanism, besides velocity-weakening, for the 
nucleation of slow slip earthquakes [Ikari et al., 2013]. Many of our experiments exhibited 
significant displacement weakening (10% or more over ~5mm displacement, see Table 
1 and Figure 4), this being most pronounced in samples tested with water present 
(with or without CO2, Figure 4c), and at low sliding velocity (Figure 3). These links to 
the presence of fluid and to sliding velocity suggest displacement weakening is caused 
by a fluid-assisted, time-dependent process. Previously, strain weakening in halite has 
been correlated with increasingly localized cataclasis and with concomitantly decreased 
effectiveness of pressure solution due to increased shear strain rates occurring in 
localized boundary shears [Niemeijer et al., 2010]. Similar interpretations have been put 
forward for post-peak strain weakening in quartz gouge at high P-T conditions [Giger et 
al., 2008; Kanagawa et al., 2000]. Implicitly, Verberne and coworkers also explain strain 
weakening of wet calcite gouges as likely related to development of localized Y-shear 
bands [Verberne et al., 2013a; Verberne et al., 2013b]. Microstructural analyses would be 
needed to confirm whether the strain weakening seen in our wet samples is also related 
to progressive strain localization in Y-shears. 

As a further possibility, following the analysis of Scott et al [1994] of results obtained 
in double direct shear experiments, we consider whether the displacement or strain 
weakening seen in our wet samples can be explained by water-enhanced layer thinning 
during shear. Assuming coaxiality of the deviatoric stress and strain rate, and assuming 
plane strain, these authors have shown that layer thinning due to either compaction or 
extrusion during shear (note that the latter is not possible in the current set-up) can 
cause a rotation of the principal stresses, leading to a decrease in measured ‘apparent 
friction’ compared to the real internal friction [Scott et al., 1994]. If, in our wet samples, 
the deviatoric stress is indeed coaxial to the plastic strain, the increased compaction, 
attributed to water-enhanced gouge densification (Figure 4c), may have led to a similar 
stress-rotation and thus to a decrease in measured frictional strength, and would not 
necessarily point to a decrease in internal friction. This, however, does not explain the 
cause of gouge densification, nor does it account for any potential chemical effects of the 
presence of water. 
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4.4.2	Effects	of	CO2	on	strength
Inspection of our results for dry samples suggest that pressurizing them with CO2 leads 
to an overall reduction in shear strength of ~4% at low displacement, and ~9% at high 
displacement (Table 1; Figure 4). This strength reduction is only slightly greater than the 
variability seen between experiments. It may reflect some minor interfacial effect of 
supercritical CO2 at grain contacts or within localized shear bands, such as an effect of 
adsorbed CO2 on microscale friction, or possibly reaction of CO2 with adsorbed water 
and anhydrite to dissolve load-bearing asperities. It is also possible that the bottle-dry 
CO 2 picked up residual water in the pore fluid system before entering the sample, since 
dry and wet experiments were sometimes alternated during use of a given vessel. The 
observed strength reduction in dry+CO2 samples could therefore be due to effects of 
small amounts of water transported into the sample by the supercritical CO2, with or 
without a role of CO2. 

However, wet gouge samples saturated with CO2 are up to 15% weaker than their CO2-
free equivalents, demonstrating a weakening effect in addition to that caused by the 
presence of water alone (Table 1; Figure 4). The wet+CO2 samples compacted by about 
the same amount as wet samples without CO2 (Figure 4c), so the reduction in shear 
strength in wet+CO2 samples cannot be attributed to differences in layer thickness and/
or related stress rotations [cf. Scott et al., 1994]. In line with this, Pluymakers et al [2014; 
Chapter 2] reported no measurable effect of CO2 on the compaction creep rate of 
wet, fine-grained anhydrite gouges, deforming by pressure solution and/or subcritical 
microcracking. An effect of CO2 on frictional behavior via these mechanisms therefore 
seems unlikely too. A remaining possibility at the test temperatures is enhanced 
dissolution of anhydrite due to pore fluid acidification [Azimi and Papangelakis, 2010], plus 
reaction to precipitate calcium carbonate [as suggested by Kuhn et al., 2009; Pluymakers et 
al., 2014; Chapter 2; Rochelle et al., 2004]. Microscale dissolution of asperities in anhydrite 
grain contacts or shear bands could have reduced friction in this way. Even though TGA 
analyses indicated no measurable carbonate formation, if reaction occurred only locally, 
for example at grain boundary asperities or within fine-grained shear bands, it is possible 
that the limited sample mass analyzed by TGA (25-35 mg or ~0.01wt% of the total 
weight) did not contain sufficient reaction product to be detected. In addition, while 
calcite is a frictionally strong phase [Verberne et al., 2013a; Verberne et al., 2010; Verberne et 
al., 2013b], its formation might lead to strength reduction since the lower molar volume 
of calcite compared with anhydrite can potentially provide a mechanism for (local) 
porosity increase. Though highly speculative, such a reaction-related mechanism would 
be consistent with the slight decrease in shear strength with increasing temperature 
observed in wet+CO2 samples (Figure 4), whereas water-wet samples strengthened with 
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increasing temperature. At present, without detailed microstructural and microchemical 
analysis, we cannot discriminate which of these possible effects of CO2 caused weakening 
in our wet samples, but fine-scale dissolution/reaction does seem a compelling possibility.
 
4.4.3	Effects	of	fluids	on	velocity	dependence
Only dry samples without CO2 showed a clear transition from velocity-strengthening to 
velocity-weakening behavior at T≥120°C (Figs. 5 and 6). The dry+CO2 samples showed a 
similar trend at low displacement (Figure 5c, top), but at high displacement they mainly 
showed velocity-strengthening throughout the temperature range tested (Figure 5c, 
bottom). Wet samples (±CO2) show predominantly velocity-neutral to strengthening 
behavior (Figure 5 and 6). This suggests that the onset of velocity-weakening behavior 
in dry and dry+CO2 samples, under these conditions, cannot be controlled by a water-
assisted process, leaving cataclastic flow and intracrystalline plasticity as the remaining 
candidate mechanisms. Previous studies of the frictional behavior of calcite, a material 
that shows broadly the same succession of deformation mechanisms with increasing 
temperature as anhydrite [for calcite, see: De Bresser and Spiers, 1990; De Bresser and 
Spiers, 1997; Schmid et al., 1987] [for anhydrite, see: Dell'Angelo and Olgaard, 1995; Müller 
and Siemes, 1974; Müller et al., 1981], have shown a roughly similar transition temperature 
from velocity-strengthening to velocity-weakening behavior [Verberne et al., 2010]. In calcite 
this transition occurs in both wet and dry samples at approximately 80-100°C [Verberne 
et al., 2013b]. The transition in calcite has been qualitatively explained by the onset of a 
thermally-activated creep mechanism [Verberne et al., 2010], preliminary interpreted to 
be dislocation glide operating at the grain scale alongside cataclasis and dilatant granular 
flow [Verberne et al., 2013a]. In calcite, following earlier models proposed by Niemeijer and 
Spiers [2006; 2007], the proposed explanation is that, at low temperatures (20-70°C), the 
thermally-activated creep mechanism (dislocation glide) is too slow to influence friction. 
Towards higher temperatures and lower sliding velocities, however, compaction by this 
mechanism competes more effectively with dilatant granular flow, leading to enhanced 
porosity reduction and a decrease in the contact angle, resulting in lower strengths at 
high velocities and hence velocity-weakening behavior. The trend of decreased (a-b) at 
lower velocity (Figure 6) is consistent with such an interpretation. Pending more detailed 
investigation of the mechanical behavior and microstructures exhibited by our samples, 
our results for dry anhydrite (±CO2) can potentially be explained by a similar line of 
reasoning. 

In our wet and wet+CO2 samples we observe mainly velocity-neutral to velocity-
strengthening behavior. This could potentially be explained by a significant role of 
pressure solution in accommodating shear, for example in fine-grained shear bands. In 
anhydrite, predicted pressure solution rates decrease with increasing temperature (as 
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illustrated in Figure 7), so that shear deformation should become increasingly difficult 
with increasing temperature. This is consistent with our strength data for wet samples, 
but not for wet+CO2 samples (Figure 4). In principle, fluid-assisted subcritical cracking 
could produce similar effects to pressure solution. For wet+CO2 samples local porosity 
increase through carbonate precipitation (as speculated in section 4.2) also cannot be 
excluded. 

4.4.4	Implications
4.4.4.1 Geological storage of CO2 and induced seismicity
One of the goals of the research conducted here was to determine any influence 
that CO2 may have on the frictional behavior of anhydrite fault gouge, in relation to 
absolute frictional strength and criteria for fault reactivation, and in terms of the velocity 
dependence of friction and its implications for the potential for (induced) seismic vs. 
aseismic fault slip. 

Our mechanical data (Figure 4) indicate that a strength decrease for wet anhydrite 
fault gouge up to 15% upon penetration by CO2 should be taken into account when 
modeling CO2 storage systems sealed by anhydrite caprocks or anhydrite-rich faults, 
e.g. in determining allowable injection rates and reservoir pressures. For systems with 
critically stressed (bounding) faults such a strength decrease may be critical in assessing 
the potential for fault reactivation – though our results indicate that wet anhydrite fault 
slip will be predominantly aseismic. When using these reduced friction coefficients (μ) for 
field management (as opposed to a generic Byerlee friction coefficient of 0.6 or above), it 
is important to recall that our reported values of μ include any effect of cohesion, so that 
in reality, µ may decrease with increasing effective normal stress (1). Double direct shear 
experiments performed on pure, wet anhydrite fault gouge at similar conditions (normal 
stresses of 10, 20 and 35 MPa and a temperature of 75°C) by Scuderi et al [2013], have 
yielded an estimate of cohesion (S0) of 4.4 MPa and a friction coefficient in (1) of ~0.43, 
so that (1) becomes τ = 0.43 (σn - Pf ) + 4.4. Our friction coefficient values (Table 1) for 
wet anhydrite fault gouge (±CO2) are slightly lower, µ1.9 = 0.53-0.66, but taking S0=4.4 
MPa, as opposed to an assumed value of zero, would decrease our values for µ from 0.53-
0.66 to 0.35-0.48 (1), as shown in Figure 8. Regardless of this treatment, the τ - σn

e data 
points obtained by Scuderi et al fall within the range defined by our dataset for similar 
effective normal stresses (20-30 MPa vs. 25 MPa). Our data-set shows that below 25 MPa, 
the worst-case (weakest) short-term failure criterion for a wet fault penetrated by CO2 
would be a criterion of the form τ = 0.53 (σn - Pf ), while above 25 MPa it would be of the 
form τ = 0.35 (σn - Pf ) + 4.4 (assuming a cohesion of 4.4 MPa, see Figure 8). 
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Assuming a geothermal gradient of 20 to 30°C/km, temperatures at targeted CO2 storage 
depths of typically 2 to 4 km are expected to be 60-120°C. Our results show that at 
T≥120°C dry anhydrite fault gouge displays velocity-weakening frictional behavior (i.e. (a-
b)<0; see Figure 5a), whereas dry anhydrite pressurized with CO2 shows a wider spread 
of velocity dependence, including some tendency for velocity-strengthening (Figure 
5c), i.e. for a possible stabilizing effect of CO2 (either related to the CO2 or to minor 
amounts of water transported into our samples by the CO2). In wet anhydrite fault gouge 
(a-b)-values cluster around zero, as they do for CO2-saturated wet samples (Figure 5b, 
5d). Faults at depth are expected to be wet, so our results suggest no increased risk of 
(micro-)seismicity in natural anhydrite-bearing faults upon short-term exposure to CO2 
(i.e. excluding possible mineralogical alterations in the longer term) and indeed little 
seismogenic potential for anhydrite-rich faults in general at depths up to 4 km. The effects 
of complete alteration of anhydrite fault gouge to form calcite, as a result of longer term 
reaction with CO2, would lead to stronger faults (if porosity is not increased significantly) 
since friction coefficients for calcite are 0.7-0.8 [Morrow et al., 2000; Shimamoto and Logan, 
1981; Verberne et al., 2010; Verberne et al., 2013b]. More work is needed on the possible 
effects of the calcite-forming reaction. 

A further important point is that many anhydrite sequences, including parts of the 
Zechstein anhydrite caprock overlying the Dutch Rotliegend gas reservoirs, often contain 
dolomite interbeds or floaters, which implies that faults might contain both dolomite 
and anhydrite gouges. It has been shown that a 50-50% anhydrite/dolomite mixture can 
be more velocity-weakening ((a-b)<0) than either of the pure end-members at 75°C 
[Scuderi et al., 2013]. This observation indicates that further research needs to address 
the effect of increasing dolomite content on the onset of velocity-weakening behavior in 
anhydrite gouges in order to better understand the potential for induced seismicity in 
anhydrite/dolomite caprock formations. 
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4.4.4.2 Natural seismicity in the Apennines
In order to understand the implications of our results for natural seismicity in the 
Apennines in Italy, we first need to consider what is known about fault core geometry 
and composition at seismogenic depths in this region. 

Surface outcrops of faults cutting the Triassic Evaporites of the Burano Formation in the 
Apennines show heavily deformed fault cores, with mixed Ca-sulphates and dolomite 
fault gouge, dolostone-rich breccias and cataclasites [Collettini et al., 2008; 2009; De Paola 
et al., 2008]. Borehole samples suggest that the bulk of the Burano Formation (at depths 
up to 5 km) consists of a mixture of cohesive, low porosity anhydrite and intensely 
fractured dolomite [Collettini et al., 2008; 2009; Trippetta et al., 2013; Trippetta et al., 
2010], though the sampled boreholes do not cross any of the major faults. Nonetheless, 
failure experiments on dry and wet anhydrite and anhydrite-dolomite cylinders show 
that cataclastic processes are important at effective processes up to 100 MPa and 
80°C, [De Paola et al., 2009; Hangx et al., 2014; Hangx et al., 2010b], with thin layers of 
anhydrite fault gouge (100-200µm) forming in the faults produced. Combining all data 
obtained from outcrop, borehole and experiments, with the phase diagram [Blount and 
Dickson, 1973; Somasundaran et al., 1985] for anhydrite-gypsum-dolomite under the P-T 
conditions at seismogenic depths in the Apennines, accordingly implies that faults in the 
Burano Formation at these depths will have a heavily deformed fault core dominated by 
anhydrite and dolomite gouge, surrounded by a damage zone of variable width in the 
same lithologies. 

By comparison with typical seismogenic depths of 5-10 km in the Apennines, our 
experiments were conducted at a relatively low normal stress. However, due to the 
presence of high fluid pressure in and at the base of the Burano unit, yielding l = Pf /σv = 
0.85 where σv is lithostatic load [see Collettini and Barchi, 2002; Trippetta et al., 2013], the in-
situ effective normal stress may well be as low as 20-40 MPa. Assuming that the effective 
normal stress, rather than the absolute overburden and pore fluid pressures, controls 
seismogenesis, our findings are therefore applicable to earthquake nucleation depths in 
the Apennines. Our results on the effects of CO2 on wet anhydrite friction indicate that 
the observed regional CO2 degassing in the Apennines has the potential to reduce fault 
shear strength compared to the CO2-free case up to 15%, depending on temperature. In 
cases where a previously sealed, anhydrite-rich fault zone is suddenly saturated with CO2, 
the reduction in shear strength observed in our experiments may indicate an increased 
potential for fault reactivation, especially for critically-stressed faults. However, for a 
wet fault, seismic reactivation seems unlikely, with or without CO2 penetration, because 
of the overall velocity-neutral and velocity-strengthening behavior in the presence of 
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water (although a transition to velocity-weakening at higher temperatures cannot be 
ruled out). The implication is that seismogenesis on faults in the Burano formation in 
the Apennines is more likely related to the presence of velocity-weakening dolomite 
and/or anhydrite/dolomite mixtures in the sequence [Scuderi et al., 2013] than to the 
properties of anhydrite. On the other hand, desiccation of an anhydrite-rich fault gouge 
by through-flowing CO2 could conceivably lead to velocity-weakening as seen in our dry 
and dry+CO2 samples.

4.5	Conclusions
We have conducted velocity stepping direct shear experiments on simulated anhydrite 
fault gouges at T=80-150°C and an effective normal stress of 25 MPa under dry and wet 
conditions, with the aim of investigating the influence of temperature and short-term 
exposure of CO2 on the frictional strength and its velocity dependence. We can conclude 
the following:
1) In the investigated temperature range of 80 to 150°C the strength of CO2-free 

anhydrite fault gouges is independent of temperature when dry, with a steady state 
sliding strength μ = 0.64 (excluding displacement weakening effects). It exhibits a 
slight increase in frictional strength under wet conditions, with µ increasing from 
0.59 to 0.65 (~10%) going from 80°C to 150°C. When saturated with CO2, both dry 
and wet anhydrite gouges show µ-values of 0.65 and 0.59 respectively, decreasing to 
0.61 and 0.53 over the same temperature range, i.e. a ~4% decrease for dry+CO2 
samples and a ~10% decrease for wet+CO2. 

2) Over the entire range of temperatures explored, water-saturated samples, tested 
in the absence of CO2, are up to 15% weaker than their dry equivalents. CO2-
saturated samples are up to an additional 15% weaker than their CO2-free dry and 
wet equivalents. This implies that a critically stressed fault may be reactivated if 
suddenly penetrated by CO2. 

3) We postulate that the weakening of wet anhydrite gouges with respect to dry gouges 
likely is due to fluid-enhanced cataclasis and/or granular flow, presumably with a 
contribution of pressure solution, especially within fine-grained R1 and possibly 
Y-shear bands, though microstructural analysis would be needed for confirmation.

4) Dry anhydrite fault gouge, tested with and without CO2, showed velocity-
strengthening behavior at T>120°C, with a transition to velocity-weakening behavior, 
and hence potential for (micro-)seismicity, at temperatures of 120°C and higher 
(equivalent to depths of 4 km and more). However, dry gouge saturated with CO2 
showed this velocity-weakening behavior only at low displacement (<3mm), with a 
switch to velocity-strengthening occurring at higher displacements

5) Wet anhydrite fault gouges showed mainly velocity-strengthening behavior, with 
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and without CO2, over the entire temperature range investigated. This implies that 
earthquake nucleation in anhydrite-rich fault gouges (e.g. in the Zechstein formation 
topping Rotliegend gas reservoirs in the Netherlands, or in the Apennines in Italy) 
is unlikely under the wet conditions normally pertaining to natural fault zones. 
Our results therefore suggest that carbon sequestration should pose no increased 
risk of (micro-)seismicity through effects on the properties of wet anhydrite-rich 
fault gouges, at least provided there is no major conversion to calcite. However, in 
order to consider the high probability that natural anhydrite fault gouges contain 
some dolomite and the possible effects of conversion to calcite , it is necessary to 
investigate friction of fault gouges consisting of mixtures of anhydrite/dolomite and 
anhydrite/calcite.
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Abstract	

Anhydrite-bearing faults are currently of interest to 1) CO2-storage sites capped by 
anhydrite caprocks (such as found in the North Sea) and 2) seismically active faults in 
evaporite formations (such as the Italian Apennines). In order to assess the likelihood of 
fault reactivation, the mode of fault slip and/or fault leakage, it is important to understand 
the evolution of frictional strength during periods of no slip and upon reloading (healing 
and relaxation behavior) and of the velocity dependence of friction of anhydrite fault 
gouge. Therefore, we performed slide-hold-slide experiments combined with a velocity-
stepping sequence using simulated anhydrite fault gouge (>95wt% CaSO4). Vacuum-dry 
and wet experiments were performed at a temperature range of 20-150°C, an effective 
normal stress of 25 MPa, and if pore fluid was present, a fluid pressure of 15 MPa. We 
also performed tests using dry CO2, water-wetted CO2 and CO2-saturated water as 
pore fluid, but only at 120°C. Our results show healing even for vacuum-dry samples, but 
healing is significantly enhanced in wet samples. Dry samples exhibit velocity-weakening 
behavior at T≥120°C, and wet samples exhibit velocity-strengthening behavior over the 
full temperature range. The presence of CO2 does not influence the healing behavior 
or the velocity-dependence of friction. Samples containing water-wetted CO2 exhibit 
behavior similar to wet samples. We infer that the healing in dry samples is controlled 
by plastic asperity creep (Dieterich-type), probably through dislocation creep. In wet 
samples healing is inferred to be controlled by pressure solution. Extrapolation of the 
experimental results to natural reservoir conditions for wet anhydrite fault gouges using 
a pressure solution rate law shows that complete healing will occur within (tens of) days.
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5.1	Introduction
For CO2 storage in geological storage systems, such as depleted gas reservoirs, it is 
crucial that the storage process will not lead to fault reactivation, since this may lead 
to an increased likelihood of a) gas leakage and b) induced seismicity [Benson and Cook, 
2005; Miocic et al., 2013; Rutqvist et al., 2013]. Many natural gas fields (both on- and 
offshore) currently under consideration for storage of anthropogenic CO2 are overlain 
by anhydrite-rich caprock formations, such as the gas fields in the northwest of the 
Netherlands and North Sea [Geluk, 2000, 2007] and many fields in the Middle-East, 
including the Qatar fields [Alsharhan and Nairn, 1994; Bai and Xu, 2014]. Reservoir-caprock 
systems are cut and often laterally sealed by faults, which – especially when cross cutting 
the caprock – will most likely contain caprock-derived damage and wear material (fault 
gouge). In order to evaluate if and when faults might be reactivated, possibly diminishing 
their sealing capacity by increasing their permeability, it is important to understand how 
fault strength evolves during periods of zero slip and whether this evolution is affected 
by the presence of (supercritical) CO2. Moreover, understanding fault healing behavior is 
of importance to further our understanding of the seismic cycle in natural faults [Marone, 
1998b]. An example of anhydrite-bearing faults in a tectonically active setting are the 
central Apennines in Italy, a well-studied locality for which it has been shown that M≥6 
earthquakes have nucleated in an anhydrite/dolomite sequence [Mirabella et al., 2008; 
Collettini et al., 2009]. Exhumed fault cores, believed to be an analogue for those faults 
currently (seismically) active at depth, contain Ca-sulphate and dolomite fault rocks in 
outcrops. Combined with anhydrite and dolomite found in borehole samples (at depths 
up to 5 km), this implies that anhydrite fault gouges may be present in fault cores at depth 
and thus might control earthquakes nucleation in the Italian Apennines [e.g. Collettini et al., 
2008; De Paola et al., 2009; Trippetta et al., 2013]. 

It is well-established that experimental faults may regain their strength (“fault healing”) 
[among others Dieterich, 1972; Beeler et al., 1994; Marone, 1998a; Olsen et al., 1998; Bos 
and Spiers, 2002; Yasuhara et al., 2005; Niemeijer et al., 2008] during laboratory simulations 
of interseismic periods, i.e. periods of zero imposed slip. Since laboratory experiments 
are typically of short duration compared to natural processes, identification of the 
deformation mechanisms operating in the experiments is needed to more reliably 
extrapolate laboratory results to nature. Several different mechanisms for fault healing 
have been proposed in literature. In the seminal works in the ‘70s, it was observed that 
strengthening increases log-linearly with hold time for bare surfaces as well as for gouges 
[Dieterich, 1972; Scholz and Engelder, 1976; Johnson, 1981; e.g. Beeler et al., 1994]. The 
log-linearity could be explained in the context of rate-and-state-friction (RSF) by time-
dependent growth of asperity contacts and hence has been termed “Dieterich-type” 
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healing, although the exact physical mechanism of contact growth was not identified 
or specified. In later work, it was observed that in the absence of a fluid (i.e. under 
vacuum or 0% humidity conditions) healing did not occur for various materials, such as 
interfaces of granite, quartz single crystals, quartzite, Perspex and gouges of quartz and 
alumina powders [Dieterich and Conrad, 1984; Dieterich and Kilgore, 1994; Frye and Marone, 
2002], indicating that, whatever the mechanism responsible, it must be activated by the 
presence of water, at least at room temperature conditions. At the same time, in the 
presence of a (chemically active) fluid, additional mechanisms, such as pressure solution, 
fluid-assisted neck growth and/or cementation of pores are likely to operate [Olsen et 
al., 1998; Niemeijer et al., 2002, 2008; Yasuhara et al., 2005; Renard et al., 2012; Tesei et al., 
2014]. Note that when such fluid-assisted processes are activated, healing is typically at 
least an order of magnitude larger and often does not obey a log-linear relation to hold 
time. Pressure solution [Raj, 1982; Rutter, 1983; Spiers and Schutjens, 1990; Lehner, 1995; 
Pluymakers and Spiers, 2014; Chapter 3] involves fluid-diffusional transport of material 
from localities of high stress (i.e. grain contacts) to localities of low stress. This typically 
decreases porosity and increases packing density, and may strengthen individual contacts 
[Bos and Spiers, 2002]. Fluid-assisted neck growth and pore cementation [Hickman and 
Evans, 1992; De Meer and Spiers, 1999] are processes that lead to contact strengthening as 
well, but they do not lead to increased packing density. Note that, in contrast to pressure 
solution, these processes are not stress-driven, and therefore do not result in shear 
stress relaxation during hold periods [e.g. Bos and Spiers, 2002]. 

In order to identify which mechanisms are responsible for fault healing in anhydrite fault 
gouges, and to determine the effects of periods with no imposed slip (“holds”) on the 
frictional strength and velocity dependence of friction of such gouges, we performed 
slide-hold-slide experiments followed by a velocity-stepping sequence. This series of 
experiments was performed at temperatures between room temperature and 150ºC 
under vacuum and wet conditions. At 120°C, we performed experiments without holds 
but with an otherwise identical sliding history for comparison purposes. To assess the 
short-term effects of CO2 on anhydrite fault gouge healing, we also performed slide-
hold-slide experiments in the presence of dry CO2, water-wetted CO2 and CO2-
saturated water at 120°C. In the following, we report our findings and we will discuss 
the implications for fault strength recovery in the context of subsurface CO2 storage 
reservoirs and for the Italian Apennines.
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5.2	Method
We conducted no-hold (NH) and slide-hold-slide (SHS) sliding experiments on simulated 
anhydrite fault gouge using a direct shear assembly located inside an externally heated, 
triaxial vessel which uses silicone oil as a confining medium. We performed SHS 
experiments on dry samples connected to a vacuum (“VAC”) at 22°C / 80°C / 120°C 
/ 150°C, as well as on wet samples pressurized with deionized water (“W”) at 80°C / 
120°C / 150°C. At our reference temperature of 120°C we performed both SHS and NH 
experiments under six different pore fluid conditions, being:

1) dry samples connected to a vacuum (VAC)
2) dry samples vented to lab air (D)
3) samples pressurized with dry supercritical CO2 (dry CO2, or DC)
4) samples pressurized with deionized water (W)
5) samples pressurized with water-wetted supercritical CO2 (WC)
6) samples pressurized with CO2-saturated water (CW)

All experimental conditions are listed in Table 1. For all experiments the effective 
confining pressure Pc,eff equals the effective normal stress σn

e, where Pc,eff = σn
e = 25 MPa. 

If a fluid was present, a pore fluid pressure of 15 MPa was used.
 
5.2.1	Sample	material
The anhydrite was obtained from core material retrieved from the Hoogeweg 1 well, 
Overijssel, the Netherlands (courtesy of Shell Global Solutions). It was taken from the 
Zechstein 1 Anhydrite Member at the base of the Permian Zechstein Formation [Geluk, 
2000, 2007], from 2437m depth. The core material is described in detail by Hangx et al 
[2014]. It was crushed and sieved to obtain a fraction smaller than 50 µm to simulate natural 
wear material (“fault gouge”) typically found in the principal zone of slip in faults [Engelder, 
1974]. X-Ray Diffraction (XRD) showed the gouge composition to be predominantly 
anhydrite with minor amounts of dolomite, quantified with ThermoGravimetric Analysis 
(TGA; detection limit <0.005 wt%) to be ≤ 4 wt%.

5.2.2	Experimental	apparatus	and	direct	shear	assembly
Experiments were conducted using a direct-shear assembly (Figure 1b) mounted in an 
externally heated, oil-filled, triaxial pressure vessel (Figure 1a). The apparatus is described 
in detail by Hangx et al. [2010] and apparatus and direct shear assembly are also described 
by Samuelson and Spiers [2012]. 

The direct-shear assembly consists of two inverted forcing or shear blocks (Figure 1b; 
see also Samuelson and Spiers [2012] and Verberne et al [2013a]). They are fitted with 
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pore fluid channels, which lead to a porous stainless steel plate at the shearing interface, 
which allows even fluid distribution throughout the layer (the permeability of the plate 
is 3.1·10-14 m2) [Samuelson and Spiers, 2012]. The plate surface is grooved to ensure 
deformation will take place within the layer of gouge material and not on the interface 
(see Figure 1c for groove height and spacing). Water was pressurized using a servopump 
and pressure was measured using a Jenssen pressure transducer (50 MPa range; resolution 
±0.02 MPa). CO2 pressure was kept constant using a ISCO 65D pump, with a built-in 
Honeywell pressure transducer both for control and pressure measurement (150 MPa 
range; pressure resolution ±0.00138 MPa). 

5.2.3	Sample	assembly	and	testing	procedure
A 1.4 mm thick simulated gouge layer is dry-pressed at 25 MPa in a pneumatic Matra 
press onto one of the forcing blocks using a custom made steel jig plus top plate. Both 
ends of the gouge layer are capped by an indium bar of 1 mm x 1 mm x 35 mm (the 
width of the gouge layer). At the testing conditions, indium is sufficiently soft that it has a 
negligible effect on the measured shear strength [see supplementary material in Verberne 
et al., 2013b]. Following placement of the second shear block, the gaps at either end of 
the gouge layer are lined with Teflon foil (50 µm thick) and filled with soft, commercially 

a) b)
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Figure 1 a) Schematics of the triaxial deformation apparatus (from Hangx et al, 2010). b) Schematics of  the direct 
shear assembly before and after deformation. c) Close-up of  the teeth on the porous plates.
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available, silicone rubber plugs (Ecoflex 00-10, manufactured by Smooth-on), to 
accommodate the shear displacement and to prevent the jacket from tearing when a 
confining pressure is applied. The diameter of the assembly is measured using calipers to 
within 0.01 mm, and the cylindrical shape is jacketed in a FEP shrink tube sleeve, wrapped 
in Teflon tape and finally fitted with an EPDM rubber outer jacket. This cylinder is then 
sealed against the driver blocks using steel wire tourniquets. For experiments using CO2-
saturated water as a pore fluid the whole assembly of driver blocks plus cylinder are then 
placed in a DI water bath, after which the water is drawn into the assembly via a vacuum. 

The sample assembly is lowered into the pressure vessel, which is then pressurized to 
18 MPa for experiments in which a fluid or CO2 pressure was used, to ensure Pc>Pf at all 
times. The pore fluid system is emptied of water and air either through evacuation (in the 
case of application of water pressure) or through flushing of the pipeline with CO2 (in the 
case of application of CO2 pressure), and then pressurized to 15 MPa. Due to the longer 
duration of the SHS procedure compared to the NH procedure, the subsequent heating 
of the pressure vessel took place overnight for SHS experiments (~16 hours), whereas for 
the NH experiments we only heated the vessel for the ~4 hours that are needed to reach 
thermal equilibrium. After heating, confining pressure was brought to target pressure, and 
left to equilibrate for about 30 minutes. Once pressure and temperature stabilized, the 
loading ram was brought into contact with the sample assembly at a velocity of 1 µms-1. 
After a touch point was established and noted, sliding was initiated. For experiments with 
holds the first hold was performed after ~1.8mm of displacement, and subsequent holds 
were performed at 0.3 mm intervals until a total displacement of ~4.9mm was reached. 
The standard hold sequence (sequence 1 in Table 1) was 10 s – 30 s – 100 s – 300 s – 900 
s – 1800 s – 3600 s – 1800 s – 900 s – 300 s, though for three samples we also imposed 
hold times up to 27 hours (wet and CO2-saturated water, for details see Table 1). At a 
displacement of 4.9 mm a velocity step to 11 µms-1 was performed, with subsequent 
steps to 1 and 0.2µms-1 at ~0.3 mm displacement intervals. The piston was not halted 
in NH experiments, i.e. sliding continued at 1 µms-1 until a displacement of 4.9 mm, 
after which an identical velocity-stepping sequence was performed (i.e. 1-11-1-0.2 µms-1). 
After the final step from 1 to 0.2 µms-1, sliding was continued for another ~0.3 mm for 
SHS and in NH experiments. The piston was then retracted at 2.2 µms-1 until the sample 
was completely unloaded, and then retracted at a higher velocity (usually 22 µms-1) to its 
initial position, followed by depressurization of fluid and oil pressure, overnight cooling, 
and extraction of the sample assembly from the vessel. During cooling the pore fluid 
system was left open to the atmosphere, effectively drying the wet samples inside the 
depressurized pressure vessel. Finally, the direct shear forcing blocks were taken apart 
and chips of the gouge were salvaged where possible. Selected samples were analyzed 
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by TGA to detect any possible chemical changes (gypsum and/or carbonate formation; 
sample size 25-65 mg). Grain size analysis on disaggregated samples was performed using 
a laser particle sizer. 

5.2.4	Data	acquisition	and	processing	
Throughout the experiments, internal axial load, piston displacement, confining pressure, 
temperature, pore fluid pressure and pore fluid volume change (both for water and CO2) 
were logged at a frequency of 5 Hz, using a 16-bit National Instruments A/D converter 
and VI-Logger software. All displacement data were corrected for apparatus distortion 
using pre-determined polynomial stiffness calibrations. The raw data were processed to 
obtain shear strength τ (MPa), effective normal stress σn

e (MPa), friction coefficient µ (-) 
and shear displacement (mm). Friction coefficient µ was calculated as τ / σn

e, assuming 
zero cohesion. In order to evaluate the evolution of strength with shear displacement, 
we have determined the frictional strength both at low displacement (µ1.68 in Table 1) and 
high displacement (µ5.4 in Table 1). The velocity dependence of friction was analyzed in the 
framework of the rate-and-state (RSF) friction equations with a Dieterich-type evolution 
equation (“slowness law”) [Dieterich, 1978, 1979]: 

0
0

0

 ln
c

V Va ln b
V d

θµ µ
   

= + +   
   

, with   1
c

d V
dt d
θ θ

= −   (1)

where µ0 and µ are the friction coefficients before and after the velocity step, respectively, 
V0 and V the velocity before and after a velocity step, a represents the magnitude of the 
direct effect and b that of the evolution effect,  is a state variable thought to describe 
the average contact lifetime, and dc is interpreted to be the slip distance necessary to 
renew the contact population. Positive values for (a-b) describe velocity-strengthening 
behavior, where frictional strength increases with increasing velocity, whereas negative 
values of (a-b) describe the opposite, velocity-weakening behavior. The evolution of 
friction upon a change in load-point velocity can be calculated using equations (1) 

Table 1. List of  experiments, conditions and key data. Symbols: T denotes temperature, FT fluid type, σn
e normal 

stress, Pf fluid pressure, φ0 starting porosity, φf  final porosity, HS hold sequence, µ1.68 the friction coefficient measured 
at 1.68 mm shear displacement (all at 5.3µms-1), µ5.4 is that measured at 5.4 mm shear displacement (at 1.1 or 
0.21µms-1), β1 is the best fit healing-rate-per-decade using Δµ1, β2 is the best fit healing-rate-per-decade using Δµ1, γ 
is the best fit stress-relaxation-rate-per-decade, and for all three the associated R2 is listed in the column to the right. 
V indicates samples are tested under vacuum, W stands for wet, LA for lab air, DC for dry CO2, WC for wetted 
CO2, WC for water-saturated CO2 and CW for CO2-saturated water. The different hold sequences are indicated with 
numbers, where 1 indicates the standard sequence of  10s - 30s - 100s - 300s - 900s - 1800s - 3600s - 1800s - 900s - 
300s, 2 the shortened standard sequence of  10s - 30s - 100s - 300s - 900s - 1800s - 3600s, 3 the intermediate hold 
sequence of  10s - 30s - 100s - 300s - 900s - 1800s - 3600s - 73800s - 3600s - 1800s and 4 the long hold sequence of  
10s-30s-100s-300s-900s-1800s-3600s-14400s-57600s-97200s. Finally, “vs” indicates that a sample exhibited velocity-
strengthening behavior, while “vw” indicates velocity-weakening.
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coupled with an equation describing the interaction with the elastic loading frame. To 
obtain values for the RSF parameters we followed the inversion technique, described 
elsewhere [e.g. Reinen and Weeks, 1993; Saffer and Marone, 2003]. If stick-slip behavior 
occurred, inversion was not possible and no individual rate and state parameters were 
obtained. Note that we do not report dc values, since inversions typically showed large 
errors. These are attributed to the use of a manually operated gear-box, where changing 
gears takes slightly different amounts of time and as such encompasses different amounts 
of displacement. Since the magnitude of a and b should not depend on the displacement 
over which a velocity-change is imposed, these are considered reliable, especially since 
fitting the Ruina RSF equation [Ruina, 1983] instead of the Dieterich equation resulted in 
practically indistinguishable values for a, b and thus of (a-b).

5.3	Results
Typical curves of shear stress vs. displacement and/or time are shown in Figure 2. Shear 
stress increases rapidly with displacement. Most experiments show a small but abrupt 
drop between 0.1 and 0.6 mm, attributed to alignment of the assembly with the loading 
ram. Macroscopic yield occurs between 0.6 to 1 mm. Dry samples (±CO2 or lab air) are 
stronger than wet samples ±CO2 (see Table 1), similar to previous results on the same 
material [Pluymakers et al., 2014b; Chapter 4]. Samples containing water-wetted CO2 as 
a pore fluid have similar strength to that of fully wet samples (Table 1). Displacement 
weakening is comparable in all experiments. 

In order to describe the strength evolution during and after hold periods, we define a 
number of strength parameters, illustrated in Figure 2d. Here, Δμ1 describes the difference 
between peak strength and sliding strength before the hold period, which is the strength 
at almost the same load-point displacement. A healing-rate-per-decade β [c.f. Beeler et al., 
1994; Karner and Marone, 1998; Marone, 1998a; Nakatani and Scholz, 2004; Yasuhara et al., 
2005; Niemeijer et al., 2008] is constrained by a log-linear least squares regression of Δμ 
vs. hold time. We indicate the results of this regression for Δµ1 with β1. Second, we define 
Δμ2, which is the difference between peak strength and the average sliding strength after 
the hold period, which is taken as the average shear stress between 100 and 300µm 
after shear has been re-initiated. It took more displacement to reach a new steady state 
shear strength for experiments with hold periods longer than 1 hour, in which cases 
the average shear stress during sliding was taken between 180 and 300 µm after re-
shear. Note that, as a consequence of using the average sliding strength over a distance 
of 120 or 200µm, Δμ2 records the total net effect of changes in steady state strength, 
so both effects of displacement weakening as well as any potential changes in strength 
resulting from processes occurring during holds. The slope of a log-linear fit of Δμ2 vs. 
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hold time will be indicated with β2. Third, we define ΔμSS as Δμ1 – Δμ2, as a measure 
of changes in steady state sliding strength µSS. Positive values of ΔµSS indicate that the 
presence of a hold period leads to a net increase in steady state sliding strength, and 
negative values indicate a net decrease. However, since this definition involves Δµ2 and 
experiments displayed significant displacement weakening, this definition for ΔµSS also 
incorporates displacement weakening effects. Therefore, we also determined a ΔµSS for 
the NH equivalent experiments at 120°C in order to isolate the effects of displacement 
weakening and the presence of holds. For an NH experiment, ΔµSS was determined 
using values for sliding strength at the same displacements as for an equivalent SHS 
experiment (i.e. the strength at which the hold would have been initiated, and the average 
sliding strength over the same displacement interval over which the average strength 
was determined in each SHS experiment). Last, we define ΔμC as the difference between 
steady state strength and the value of stress just before re-shear (i.e. the minimum shear 
stress during a hold), so it is the amount of stress relaxation that occurs during a hold 
period. The slope of a log-linear fit of ΔμC vs. hold time will be indicated with γ. 
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Figure 2 Typical friction vs displacement curves for two dry and two wet samples. a) shear stress vs shear 
displacement. b) Close-up of  1 hold period of  5min for a dry SHS and equivalent NH experiments. Note 
unstable, oscillatory behavior upon re-shear. c) Close-up of  1 hold period of  5min for a wet SHS and equivalent 
NH experiment. Note oscillations after hold period. d) Schematic definitions of  the two different healing types, 
including schematic definitions of  steady state strength µSS, the amount of  healing Δµ1 and Δµ2, changes in steady 
state strength ΔµSS, and stress relaxation ΔµC.
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These definitions allow us to distinguish and define two distinct different behaviors, 
where type I (Figure 2d) is characterized by Δμ1 =Δμ2, i.e. ΔμSS = 0. A positive ΔμSS is 
indicative of type II (Figure 2d) behavior, i.e. Δμ1 < Δμ2, or ΔμSS > 0: the steady state 
sliding strength after hold is higher than before hold. Note that if an experiment displays 
significant displacement weakening, a negative ΔμSS is not necessarily indicative for a 
change in steady state sliding strength, but may be a symptom of displacement weakening 
instead.

5.3.1	Healing	and	relaxation
5.3.1.1 Dry samples (±CO2)
A peak strength is typically observed upon re-shear after most hold periods, followed 
by weakening over a displacement of 50-100 µm until a steady state sliding strength is 
reached. Occasionally, peak strength is followed by one or two cycles of oscillations in 
shear strength, the amplitude of which increases with increasing hold duration (see Figure 
2c). Identical experiments without holds (NH) showed stable sliding (so no oscillations) 
within the same displacement interval (Figure 2c).

Even though dry experiments were performed under vacuum, they all demonstrate 
measurable strengthening, i.e. measurable Δμ1 values (see Figure 3a). At the same time, 
the dependence of Δµ1 on hold time is in some cases poorly fit with a log-linear fit 
(Figure 3a), giving slopes β1 of – 0.0004 to 0.0021, with low coefficients of determination 
(R2=0.408-0.7904, Table 1). Figure 3d shows a minimum in healing rate β1 at 80°C, where 
it is negative. When treating this value as an outlier, the data suggests (almost) no change 
in healing rate β1 with temperature. Use of Δµ2 instead of Δµ1 to constrain a healing rate 
gives better log-linear fits for all dry experiments (Figure 3a, 3e, Table 1), where β2=0.0024-
0.004 (Table 1) with higher coefficients of determination (R2=0.5904-0.9754). β2 shows 
a slight linear increase with increasing temperature (Figure 3d, Table 1). The discrepancy 
between Δμ1 and Δμ2 can be attributed to a net decrease in steady state strength before 
and after hold periods of 300 seconds or longer (i.e. negative ΔµSS in Figure 3b and 3e). 
However, upon comparison with the equivalent NH ΔµSS (at 120°C, Figure 3f), these 
changes in steady state sliding strength before and after the hold periods seem largely 
to be the result of displacement weakening and not of the presence of the holds. When 
taking the displacement weakening into account, the residual changes in steady state 
strength are of similar magnitude as the reproducibility between the experiments, with 
the possible exception of the hold period of 60 minutes. At 60 minutes, ΔµSS for the SHS 
experiments is more negative than for NH experiments, suggesting a slight decrease in 
steady state sliding strength. This implies trends in Δµ2 and β2, rather than in Δµ1 and 
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β1, are the most representative for dry samples. The amount of stress relaxation ΔμC 
depends log-linearly on hold time at all temperatures (Figure 3c), giving γ=0.0043 to 
0.0107, with a minimum at 120°C, and the highest value at room temperature (Figure 3d). 
Comparing values for ΔµC for hold periods of similar length but at larger displacement 
shows smaller ΔµC for later hold periods, which can be either a displacement effect, or 
an effect of the decrease in pre-hold sliding stress (due to the displacement weakening). 
Since ΔµC usually correlates with pre-hold sliding stress (Figure 3g) [c.f. Bos and Spiers, 
2002], the latter seems more likely. 

At 120°C, we tested one sample using lab-air instead of vacuum (DSHS-2), as well as one 
sample pressurized with pre-dried CO2 (DCSHS-1, Table 1). The results both for healing 
and stress relaxation were comparable to vacuum-dry samples (Figure 3e, 3f, 3g, 3h), i.e. 
at 120°C neither lab air nor CO2 seem to have a measurable impact on dry anhydrite 
healing and relaxation on the time-scale of these experiments.

5.3.1.2 Wet samples (±CO2)
Healing in wet samples can only be described by a log-linear relation with hold time 
(Figure 4a) if we only consider hold periods of 100 s and longer. Doing so leads to a 
healing-rate-per-decade β1 of 0.014 to 0.0321 for the samples which have experienced 
the “standard” SHS sequence 1 (R2=0.8991-0.9853, Table 1), where β1 is approximately 
the same at 80 and 120°C, and is clearly higher at 150°C (Figure 4d). Using Δµ2 instead 
of Δµ1 gives β2 of 0.012 to 0.0298 for the standard SHS sequence (R2=0.9094-0.989), 
similar to β1, and with a similar temperature dependence. The small difference between 
β1 and β2 is reflected by small ΔµSS (Figure 4b). The two experiments with hold times 
longer than 1 hour (WSHS-2 and WSHS-3, sequence 3 and 4 respectively, Figure 4e), 
show increased β1 and β2 compared to the “standard” experiments, with β1 and β2 of 
0.029-0.0383 (R2=0.8700-0.9579) and 0.0232-0.0325 (R2=0.8926-0.9743) respectively. As 
an alternative, since β depends on the hold durations included in the fit, we can fit the 
complete data-set with a power-law to constrain the healing rate [c.f. Bos and Spiers, 2002; 
Renard et al., 2012]. Doing so for the wet experiments (WSHS-1, WSHS-2 and WSHS-
3) gives for Δµ1 vs. hold time an exponent between 0.4541-0.5488 (R2=0.911-0.9938), 
and for Δµ2 it gives 0.3084-0.4026 (R2=0.9849-0.998), so quite close to an exponent 
of 1/2. Note that for the long hold periods (60m and more) there is a clear increase in 
steady state strength after hold (Figure 4e), i.e. type II behavior (Figure 2d). Moreover, the 
equivalent NH ΔµSS would predict weakening over similar displacement intervals (Figure 
4f), indicating that the change in steady state strength before and after hold is a result of 
the presence of hold periods. 
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The amount of stress relaxation ΔµC depends log-linearly on hold time over the entire 
range of hold durations (i.e. compare Figure 4c to Figure 4e), resulting in γ-values of 
0.0131 to 0.0223 (R2=0.9254-0.9854, Table 1). At 80 and 120°C, values for γ are similar, 
followed by a clear decrease in γ from 120 to 150°C (Figure 4d). Increasing the duration 
of the longest hold, i.e. going from WSHS-1 to WSHS-2 to WSHS-3, shows that the 
inclusion of longer hold periods results in smaller γ-values, even though the log-linear fit 
still holds. As in dry samples, when the steady state sliding strength before the initiation 
of the hold is higher, the stress relaxation during the hold ΔµC is higher as well.

The samples containing water-wetted CO2 or CO2-saturated water exhibit characteristics 
similar to wet samples with respect to both healing and stress relaxation (Figure 4). 
For the samples pressurized with water-wetted CO2, even the small amounts of water 
dissolved in the CO2 lead to behavior fully similar to wet samples. The only difference 
between samples that are wet vs. those with CO2-saturated water is between WSHS-
3 and CWSHS-2, which incorporate long hold times (~105 s). Here, in contrast to wet 
experiments WSHS-3, the experiment with CO2-saturated water did not show an 
increase in steady state strength after the long hold periods. 

For water-wet samples the decrease in pore fluid volume indicated continuous compaction 
during shear and during holds, whereas any anticipated dilatancy effects of re-shear were 
not visible, probably due to the lack of fine enough resolution on the fluid volume.

5.3.1.3 Stress relaxation: dry vs. wet samples 
An alternative way of looking at the behavior during the hold periods is to consider it as 
a stress relaxation experiment on the fault gouge layer. We can calculate the evolution 
in shear strain rate as a function of time, using the displacement that takes place during 
a hold period, and the final sample thickness Lf . Note that the displacement data are 
corrected for the elastic deformation of the triaxial machine, theoretically yielding only 
the shear displacement of the layer. A log-log plot of shear stress vs. shear strain rate 
gives a measure for the stress sensitivity n of the deformation mechanism(s) occurring 
during holds, with the underlying assumption that these processes obey a generic rate 
law ( ) /n mA T dγ τ=  , where γ  is the strain rate, A(T) is a constant that depends on 
temperature, τ is the shear stress with sensitivity n and d is the grain size with sensitivity 
m. We can calculate n for each hold period separately, or for all hold periods combined. 
Our analysis shows that the dry samples overall show (slightly) larger slopes for the 
best fit lines (Figure 5a), though the displacement reached in each hold period was not 
always sufficient to reliably calculate the strain rate (the displacement can be measured 
accurately within 8 µm). There are no clear trends with temperature for dry nor for 
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wet samples (Figure 5b), and there is no clear influence of the presence of CO2 on the 
calculated values (Figure 5c). Assuming that the use of the entire displacement vs. time 
data set leads to the best approximation of an average stress sensitivity we find that wet-
tested samples show n ~ 0.54-1.3, i.e. about 1, and dry-tested samples n ~ 0.83-1.75, so 
about 1.5 (Figure 5c).

5.3.2	Rate	and	state	friction	parameters
5.3.2.1 Dry samples (±CO2)
For dry samples without CO2 an increase from room temperature to 150°C shows 
a steady decrease in (a-b), resulting in a transition from positive to negative values 
around 120°C (Figure 6a), similar to what has been reported by Pluymakers et al [2014b; 
Chapter 4]. At all temperatures, (a-b) is lowest for the lowest post-step velocity (0.2 
µms-1). The values of a range between 0.0005-0.008 with no systematic dependence on 
post-step sliding velocity. With respect to temperature, they show a minimum in range 
and absolute magnitude at 120°C (Figure 6b), which coincides with minimum values for 
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the evolution effect b. The b-value for the highest post-step velocity (11 µms-1) is negative 
at this temperature (Figure 6c). 

Looking in more detail at the results at 120°C (Figure 7a), two out of five dry experiments 
(NH and SHS) exhibit negative (a-b) for the lowest post-step sliding velocity, whereas the 
other three show values just above zero for the lowest sliding velocities. At 120°C, a 
shows no obvious dependence on post-step sliding velocity, whereas b decreases with 
increasing velocity, and is even negative at the highest post-step velocity. NH experiments 
exhibit a range in (a-b) values from -0.0009 to 0.0028, and SHS experiments exhibit a 
range in (a-b) of -0.0027 to 0.0018, which suggests that the presence of holds slightly 
decreases (a-b) (Figure 7a). The magnitude of the direct effect a decreases with the 
presence of holds as well (Figure 7b), which could thus be the reason for the decrease 
in (a-b). The dry experiments DSHS-2, VACNH-1 and the dry CO2 experiment DCSHS-1 
showed unstable stick-slip behavior at the lowest sliding velocity of 0.2 µms-1.

The RSF parameters determined in NH and SHS experiment using dry CO2 as a 
pore fluid showed the same overall magnitude and trends as those described for dry 
experiments, except that in the presence of CO2, the presence of holds appears to lead 
to a small increase in b-values (Figure 7c), whereas without CO2 b-values were of similar 
magnitude. However, comparing this apparent change to the reproducibility of the three 
dry NH experiments shows that the apparent increase in b falls within the range of 
reproducibility.
 

5.3.2.2 Wet samples (±CO2)
To isolate the effect of temperature on the RSF parameters, we show only the results 
of experiments with identical slide-hold-slide histories in Figure 6. At all temperatures, 
(a-b) values are positive (Figure 6d) and increase with increasing temperature, whereas 
the individual parameters a and b both decrease in magnitude. Similar to the dry samples, 
samples exhibit the lowest a and b values at high post-step velocities, where at 120 
and 150°C b is negative for the intermediate and high velocities, which results in more 
strongly positive (a-b).

Comparing NH to SHS experiments at 120°C shows that individual a and b values are 
consistently slightly lower for SHS experiments in wet experiments and those with CO2-
saturated water, which, for the lowest sliding velocity, results in more strongly negative 
b-values in SHS than for NH experiments. However, because a and b decrease similarly 
for NH to SHS, they do not lead to different (a-b) values (Figure 7).
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The experiments with CO2-saturated water exhibit similar trends to those described 
for water-wet samples. On the other hand, samples with water-wetted CO2 do not show 
any effect of holds on individual a and b values when comparing NH to SHS experiments. 

5.3.3	Results	from	post-experimental	analyses
Post-experiment TGA analyses of sample chips showed no significant changes in 
carbonate and/or gypsum content for any of the samples, regardless of pore fluid type.

5.3.3.1 Laser particle sizer results
The results of the particle size analyses are shown in Figure 8. Dry pre-pressing of the 
material does not alter the grain size compared to the loose starting material. All sheared 
samples show significant changes in the grain size distribution. The NH dry sample shows 
mainly grain size reduction, through an increased percentage of grains smaller than the 
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median and a slight change in the median grain size (from 48 to 36 µm). The post-
experimental grain size distribution of the SHS dry sample is bimodal, with a secondary 
peak at 300 µm in addition to an increase in the percentage of fine grains (Figure 8a). The 
dry CO2 samples show more pronounced secondary peaks at 260 µm for the NH sample 
and at 600 µm for the SHS sample (Figure 8a). For all samples containing water (±CO2) 
the primary peak has decreased in height and shifted to the left, indicating significant 
grain size reduction (Figure 8b). Only WNH-2 and WSHS-1 do not show a secondary 
peak. The secondary peak for all other wet(ted) samples (±CO2) is at 240±50µm (Figure 
8b).

5.3.5.2 Secondary Electron Microscopy results for dry samples
In general, for samples deformed dry, no obvious differences are found between samples 
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deformed at the different temperatures, nor between samples deformed at 120°C 
and different fluid conditions, i.e. lab air (DSHS-2), vacuum (VACSHS-1) and dry CO2 
(DCSHS-1). Samples often separate on fractures in a R1-type Riedel shear orientation 
upon disassembly. Secondary Electron Microscopy (SEM) shows R1-type shear zones, 
though the boundaries are difficult to determine (Figure 9a). They have meandering 
orientations and widths of 10-100 µm and are characterized by finer grain sizes and 
higher porosities than the matrix of the gouge. Occasionally, parallel to the sample 
margins elongated patches with meandering edges are visible, interpreted to be remnants 
of a boundary Y shear bands (Figure 9a, both at the top and bottom of the zone, see also 
inset I). It is impossible to confidently estimate the total width of the boundary shears, 
since we only recovered part of the gouge. Grain-to-grain contacts are sharp, with cracks 
emanating from contact points (Figure 9a, inset I and II). The micrographs do not show 
any indication of clustered or clumped grains with a grain size of ~300 µm as indicated 
by the particle size analyses.

5.3.5.3 Secondary Electron Microscopy results for wet samples
For samples deformed wet, no obvious differences are visible between samples 
deformed with or without CO2, neither upon disassembly nor under the microscope. 
Only some samples separate on R1-oriented fractures upon disassembly, though it is 
never as obvious as for the dry samples, and there is no systematic dependence on 
temperature or pore fluid type. SEM shows all but two samples contain R1-type shear 
zones, which are well developed and characterized by higher porosity and finer grain 
sizes, with widths between a few microns up to 50µm (e.g. WSHS-1 in Figure 9b). Only 
in samples WSHS-3 (SHS-sequence 4, deformed at 120°C, Figure 9b) and WSHS150-1 
(SHS-sequence 1, deformed at 150°C), the R1 orientation is not visible in any part of the 
recovered gouge chip. In all samples, parallel to the sample margins, almost continuous 
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elongated patches with meandering edges are visible, interpreted to be remnants of a 
boundary shear (Figure 9b, inset I). The patches contain sub-micron sized particles. Since 
we only recovered part of the gouge layer we cannot estimate the full width or evaluate 
the continuation of the boundary shear. Grain-to-grain contacts are flat, occasionally 
with cracks emanating from the contact (Figure 9b, insets I, II, III). Frequently, grains 
contain sets of parallel intragranular cracks, interpreted to be cleavage cracks (Figure 9b, 
inset I and II). In the wet samples, these occur more frequently than in the dry samples. 
In WSHS-3, the experiment of longest total duration (~2.5 days), the small grains (< 
30μm) frequently show micron-sized indentations (Figure 9b, II and III, indicated with 
black arrows), whereas these features are more difficult to find in experiments of shorter 
duration (compare with Figure 9b inset I). 

5.4	Discussion
We performed direct shear experiments using variable fluid compositions, using both a 
no hold (NH) and a slide-hold-slide (SHS) procedure, followed by three velocity steps 
at similar displacements for the two types of experiments. We investigated the effect of 
temperature on the frictional and healing behavior of both dry and wet samples, as well as 
the effect of CO2 (at 120°C), where the CO2 contained different amounts of water. In line 
with results previously obtained by Pluymakers et al [2014b; Chapter 4], we found that 
steady state sliding strength is more strongly influenced by the presence of water than 
by the presence of CO2. In addition, the rate of re-strengthening during holds (healing-
rate-per-decade β) increases 5- to 20-fold when water is present, as does the amount 
of relaxation (Table 1, compare Figure 3d to Figure 4d). It has been shown previously 
that fluid-enhanced processes such as pressure solution and subcritical microcracking 
play an important role in wet anhydrite fault gouges at these temperatures [Pluymakers 
and Spiers, 2014; Pluymakers et al., 2014a; Chapters 2 and 3]. In the following, we will 
therefore discuss deformation mechanisms active in dry samples separately from those 
in wet samples, and their effects on stress relaxation, re-strengthening and rate and state 
friction parameters. We will go on to discuss the implications of these findings for fault 
strength recovery in the context of reservoir-bounding faults to subsurface CO2 storage 
sites and for the major faults in anhydrite/dolomite sequences in the Italian Apennines.

5.4.1	Deformation	mechanisms	in	dry	samples	
5.4.1.1 Effects on strengthening and relaxation behavior
The occurrence of a peak strength upon re-shear after a hold in a friction experiment on 
gouge is a combination of the changes in contact area, contact strength and the work done 
against the normal stress (the latter only if porosity changes during the hold) [e.g. Marone 
et al., 1990; Marone, 1998b; Muhuri et al., 2003; Yasuhara et al., 2005]. Previous work on 
frictional strengthening on a number of different materials has shown that healing does 
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not occur in the absence of water (vapor) at room temperature conditions [Dieterich 
and Conrad, 1984; Dieterich and Kilgore, 1994; Frye and Marone, 2002]. Surprisingly, here 
we found measurable re-strengthening after hold periods at all temperatures (Figure 3), 
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where it should be noted that dry samples at room temperature exhibit relatively strong 
stress relaxation (Figure 3c) compared to the samples at elevated temperatures. This may 
be explained by the presence of residual water adsorbed to the grain contacts, where 
the applied vacuum was not strong enough at room temperature to remove all water. At 
temperatures approaching the boiling point and above, (residual) water should become 
more mobile, and thus easier to remove. It seems thus reasonable to state that only our 
experiments at elevated temperature are fully water-free. 

Despite being water-free, these dry experiments still exhibited log-linear time-dependent 
healing, indicating that a time-dependent increase in the real area of contact (such as 
envisioned in the RSF framework) may explain this behavior, without invoking changes 
in porosity or in contact strength. The observation of stress relaxation during the hold 
periods, combined with the mildly increased values for β2 going from room temperature 
to 150°C (Figure 3a, Figure 3d) is also consistent with the interpretation of plastic 
asperity creep generally attributed to “Dieterich-type” healing [Dieterich, 1972; Dieterich 
and Conrad, 1984; Dieterich and Kilgore, 1994]. Comparing our experiments to previous 
experiments under vacuum-dry but room temperature conditions [e.g. Dieterich and 
Conrad, 1984; Dieterich and Kilgore, 1994; Frye and Marone, 2002], the main differences lie 
in the elevated temperature of the experiment, and in the relatively low temperature 
(~300ºC) at which anhydrite starts to deform in a fully ductile manner [Müller and Siemes, 
1974; Müller et al., 1981; Dell’Angelo and Olgaard, 1995; Hildyard et al., 2011]. Experimental 
work done on compression of anhydrite cylinders indicates that from room temperature 
up to ~450°C the main plastic processes are dislocation creep and twinning, with a stress 
exponent value n of ~1.5-2 for both processes [Müller et al., 1981]. A direct comparison 
between cylinders of low (close to zero) porosity with our porous granular gouges is 
probably not justified, but it is striking nonetheless that our stress relaxation vs. strain 
rate curves also indicate n ~ 1.5 (Figure 5c). This suggests that the Dieterich-type asperity 
creep responsible for the healing found in our vacuum-dry samples might be due to 
twinning and/or dislocation creep at the highly stressed contacts. Of these two, it seems 
hard to envision a mechanical model in which twinning would lead to a larger contact 
area, making dislocation creep the most likely candidate.

5.4.1.2 Effects on RSF parameters
The oscillations upon re-shear after a hold seen in the dry samples (Figure 2) also 
indicate negative (a-b), where the hold-slide sequence can be seen as a velocity-step. The 
combination of dc, (a-b), machine stiffness and normal stress is close to critical [e.g. Scholz, 
2002], and hence causes oscillations. This is not unsurprising, given that the transition 
from velocity-strengthening to velocity-weakening behavior is observed at 120°C for 
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our SHS experiments, i.e. the same as in velocity-stepping experiments on the same 
material [Pluymakers et al., 2014b; Chapter 4]. They interpreted the transition to velocity-
weakening as due to the onset of a time-dependent crystal plastic mechanism, operating 
at a sufficient rate to compete with (dilatant) displacement-dependent granular flow [c.f. 
Niemeijer and Spiers, 2006; Pluymakers et al., 2014b; Chapter 4]. Our healing data suggest 
that dislocation creep operates in our samples during the hold periods, which should 
become faster with increasing temperature, making it tempting to postulate that the 
thermally activated process leading to velocity-weakening behavior is dislocation creep.

The transition from positive to negative (a-b) at 120°C should be related to a larger 
decrease (going from 80°C to 120°C) in the direct effect a compared to the decrease (for 
the same temperature-change) in b. The similarity in trend with temperature for a and b 
suggests that the activated plastic process (postulated to be dislocation creep) influences 
the magnitude of both. Thermal activation of this process at 120°C is consistent with 
the observed increase in a and b between 120 and 150°C, and also consistent with the 
observed decrease in b with increasing post-step velocity. For ultrafine quartz gouges, 
Chester and Higgs [1992] reported a clear increase in a with a temperature increase from 
room temperature to 600°C, as do Blanpied et al [1998] from experiments on granite 
gouges. However, looking at the low temperature data in both datasets, their scatter 
in a–values is of the same order as what is observed in this set of experiments, implying 
that to firmly establish any temperature effects on a, a larger range in temperatures and/
or velocity-steps should be explored. 

The decrease in (a-b) as a result of the presence of holds is the result of a decrease in a 
while b does not change. Changes in a can be related to changes in 1) in the work done 
against normal stress through dilatancy (or compaction) needed to reach a new steady 
state porosity or 2) the inherent (velocity-dependent) strength of the grain contacts. 
Since the normal stress is the same for all experiments, the only way to satisfy option 
1 would be to assume changes in steady state sliding porosity (and associated changes 
in gouge volume). It is possible that, as a consequence of continuous compaction during 
holds, SHS gouges have lower steady state sliding porosities at constant velocity than 
the NH experiments. However, if this were true, a larger dilatancy would be needed 
upon a velocity-increase, i.e. implying increased a-values instead of decreased a-values. 
In contrast, a change in contact strength could be related to an increase in cohesion 
(through dislocation creep for example), which may also account for the occurrence 
of a secondary peak in the laser particle sizer data (Figure 8a), though not for the 
suggested decrease in steady state strength. Alternatively, creep during holds may lead 
to local contact strengthening in the gouge, so that upon re-shear sliding occurs on a 
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smaller, narrower shear zone than the one being active during an NH experiments. Since 
localized deformation has been shown before to be associated with velocity-weakening 
behavior [for example in Beeler et al., 1996] this could provide a viable explanation for the 
decrease in (a-b) and a with the occurrence of holds, as well as provide an explanation 
for the decrease in steady state sliding strength.
 
5.4.2	Deformation	mechanisms	in	wet	samples
5.4.2.1 Effects on strengthening and relaxation behavior
The break in slope at hold periods of ~100 s for the healing in wet samples, as well as the 
dependence of the log-linear slope on the inclusion of longer hold times in the fits, shows 
that the data can no longer be fitted with one log-linear line (Figure 4). This has been 
seen in many other friction experiments in which water was present [e.g. Bos and Spiers, 
2002; Frye and Marone, 2002; Nakatani and Scholz, 2004; Yasuhara et al., 2005; Niemeijer et 
al., 2008; Renard et al., 2012], especially for those at temperatures which allow for solution 
transfer processes to occur in the materials investigated. Microstructural models (based 
on thermodynamics) for compaction of granular aggregates by pressure solution show 
that contact area grows as t½-⅔, depending on the specific model geometry chosen [e.g. 
Spiers and Schutjens, 1990; Pluymakers and Spiers, 2014; Chapter 3]. A similar value is found 
in models mimicking contacts undergoing neck growth [Hickman and Evans, 1992]. An 
exponent of ⅔ is also specifically mentioned for SHS experiments on wet halite in which 
pressure solution was active [Bos and Spiers, 2000]. As such, it seems that the exponent 
of ~½ (when using a power-law fit) in our experiments could be an indication for 
solution transfer processes occurring in our wet samples. Alternatively, it is possible that 
subcritical microcracking occurs during hold times, which has been shown in compaction 
experiments to be rapid for anhydrite grains with grain sizes above 50 μm [Pluymakers 
et al., 2014a; Chapter 2]. However, since there is no systematic difference between NH 
and SHS experiments in post-experimental grain size distribution, it seems unlikely that 
subcritical crack growth plays a dominant role during hold periods (Figure 8). 

The grain indentations and overgrowths (Figure 9) observed in WSHS-3 (hold sequence 4, 
Table 1) combined with the average stress-dependence of strain rate during holds (stress 
exponent of n = ~1, see Figure 5c) suggest pressure solution as the most important 
deformation mechanism during hold periods. Assuming it is indeed the main process 
operating during holds, it should control healing and relaxation behavior. As such, due to 
the inverse solubility of anhydrite [Blount and Dickson, 1969], we would expect (slightly) 
decreasing rates of both with an increase in temperature. This is indeed true for the stress 
relaxation rate, but for the healing rate we see an increase in healing going from 120°C 
to 150°C (Figure 4d). Even though there is some scatter (Figure 4), when comparing 
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only those samples that have experienced a similar hold sequence, β is highest at 150°C 
(Table 1). There are two possible explanations for this. First, other process(es) may be 
activated at 150°C that lead to increased strengthening (on top of any strengthening 
due to pressure solution). Examples of such processes are (fluid-assisted) neck growth, 
pore cementation and (static) grain recrystallization. Of those, grain recrystallization 
should also occur in dry samples, but the dry sample showed a healing rate 10 times 
smaller than the wet sample at 150°C. This leaves fluid-assisted neck growth and pore 
cementation [Hickman and Evans, 1992; De Meer and Spiers, 1999], which cannot occur 
at the same contact as pressure solution. Hence, their importance will depend on their 
relative rates, and thus these processes cannot be excluded on the basis of our results. 
A second explanation for the difference between stress relaxation and healing rates 
going from 120°C to 150°C could lie in the disappearance of R1 shears at 150°C. This 
implies that shear localized (only) on a boundary shear(s). If this is the case, relaxation of 
shear stress during holds occurs only in a small part of the gouge, and thus leads to little 
stress relaxation. However, since the grain size in the (boundary) shear zones is much 
smaller (see also Figure 9b), pressure solution should actually operate faster in these 
high-temperature samples than in the less localized ones at lower temperatures. This 
could thus lead to an increase in Δµ (at constant hold time) at 150°C compared to 80°C 
and 120°C, but still lead to a decreased relaxation rate, γ (Figure 4). 

For hold durations of 1 hour and more, we see a clear increase in steady state sliding 
strength after the hold period, compared to the strength before the hold period (Figure 
4f). Delocalization is typically associated with an increase in shear strength [e.g. Beeler et 
al., 1996], but seems unlikely when taking the microstructures into account. If anything, 
the disappearance of R1 shears in WSHS-3 implies strain might have localized even more 
strongly on the boundary shears (Figure 9b). A more likely explanation is that pressure 
solution has led to increased contact cohesion, effectively welding grains together in 
larger clumps. Upon re-shear, these aggregated clumps are then forced to act as one 
grain, thereby effectively increasing the grain size and contact area, leading to an increase 
in supported shear stress [c.f. Yasuhara et al., 2005]. This requires contact cohesion 
to be high enough to withstand re-shear, which seems likely, since our laser particle 
size analysis indicates clumping of grains (Figure 8). Significant strengthening through 
healing by pressure solution has been shown previously to occur in fractured sandstones 
[Tenthorey et al., 2003; Tenthorey and Cox, 2006], where it was attributed to increased 
cohesion as well. 

Invoking pressure solution as the main deformation mechanism controlling healing and 
stress relaxation in wet samples may also explain the similarity of trends for samples 
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pressurized with water-wetted CO2. Our reasoning is as follows. CO2 is only capable of 
taking up very small amounts of water [Duan and Sun, 2003] before it is saturated with 
water, and for the amount of CO2 present in our pore-fluid system (~100 ml) only 1 
to 2 ml would suffice. It is very likely that the alternation of dry and wet experiments 
in the vessel has led to such small amounts of water in the system, which would have 
easily dissolved into the CO2, leading to (near-)complete saturation [Duan and Sun, 
2003]. Furthermore, it has also been shown that forsterite grains in contact with water-
bearing CO2 (respectively 47% and 81% of water) developed a 0.1 nm-thick water film 
on the grain surface. Moreover, at 95% saturation and more, water films were found with 
thicknesses of nanometers and more [Kwak et al., 2010; Loring et al., 2011]. This suggests 
that in the samples pressurized with water-wetted CO2, nanometer-thick water films are 
likely to be present, coating the grains. As long as there is a fluid film present on the grain 
contact, pressure solution will proceed [e.g. Spiers et al., 2004]. Note that the combined 
product of diffusion coefficient times fluid film thickness for anhydrite is assumed to be 
10-20 m3 s-1[c.f. Pluymakers et al., 2014a; Chapter 2]. Now, assuming the diffusion coefficient 
for anhydrite compares to that of calcite (10-10 m2 s-1 [c.f. Zhang et al., 2010]), the fluid film 
thickness required for pressure solution to proceed in anhydrite will be indeed ~0.1 nm. 
This indicates that our samples pressurized with water-wetted CO2 should be capable 
of deforming by pressure solution, and this, in turn, would explain why these samples 
showed identical behavior to the water-wet samples. 

5.4.2.2 Effects on RSF parameters
Our (a-b) values for wet samples showed a slight increase to more marked velocity-
strengthening with a temperature increase from 80 to 150°C (Figure 6), and showed no 
measurable differences between NH and SHS (Figure 7). Pluymakers et al [2014b; Chapter 
4] found, in a similar temperature range, mostly positive (a-b) values and a few negative 
values, with a hint of a possible transition to more negative (a-b) at temperatures just 
above 150°C. Our samples are slightly thicker, and have experienced a different history 
than the samples in the aforementioned study. Our NH experiments also experienced 
only a velocity-stepping sequence, and showed only velocity-strengthening behavior 
as well. Therefore it seems likely that the small differences in the gouge thickness are 
responsible for the increased stability of sliding in this study, similar to that previously 
shown for granite gouges by Byerlee and Summers [1976]. 

We observed some trends for individual a- and b-values. With increased temperature and 
velocity, both a and b decrease, but the total (a-b) remains at the same level, indicating 
that they are both similarly influenced by the same process(es), inferred to be pressure 
solution. As such, the decrease in a and b with increasing temperature and velocity may 
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be related to the decreased effectiveness in pressure solution [c.f. Pluymakers et al., 
2014b; Chapter 4]. With respect to a only, to explain our healing results, we inferred 
that at 150°C pressure solution is mainly active in a highly localized (boundary) shear. 
If deformation is accommodated in a smaller gouge volume, it may be expected that 
dilation upon a velocity-step will thus also be smaller [c.f. Marone et al., 1990]. This could 
also explain the observed decrease in a-values. With respect to the evolution effect only, 
it decreases such that it is even negative at 120°C and 150° for the two highest velocities, 
in NH and in SHS experiments. In general, negative b-values are fairly common and 
have been found for phyllosilicates as well as for non-phyllosilicate materials, often for 
experiments performed under hydrothermal conditions [Weeks and Tullis, 1985; Marone 
and Cox, 1994; Blanpied et al., 1998; Ikari et al., 2009; Niemeijer and Collettini, 2013; Niemeijer 
and Vissers, 2014]. Ikari et al [2009] speculated that negative b-values may be related to 
dilatant mechanisms unrelated to porosity, though exactly how that would correlate to 
our experiments would remain too speculative to include here. 

5.4.2.3 Comparison with model predictions 
To further test for the role of pressure solution, we can calculate the theoretical amount 
of re-strengthening Δµtotal, which should consist of two components: (1) contact growth 
by pressure solution, ΔµPS, and (2) the dilatancy that occurs upon re-shear, Δµdil [e.g. 
Marone et al., 1990; Niemeijer et al., 2008]. To model ΔµPS, we used the rate-expression 
for diffusion-controlled pressure solution in a system of cubic close packed spheres, as 
derived by Pluymakers and Spiers [2014; Chapter 3]. It is based on the same approach 
used by Rutter [1976] and Spiers et al [2004], and is fully equivalent to the expression 
used by Pluymakers et al [2014b; Chapter 4]:

4 Z exp 1
2 2

d s nA DC S Z q q
Fd RT F q q

π s
φ φ

    
= −    − −        (2)

in which ε  is the strain rate, A is a geometric constant with value 6, DS is the product 
of diffusion coefficient D and mean grain boundary fluid thickness S (m3 s-1), Cs is average 
solubility of solute in the grain boundary fluid (m3m-3), Z is the coordination number, 
which can be taken as 6, F is a geometric factor with value π, Ω is the molar volume 
of anhydrite (mol m-3), d is the grain size (m), R is the gas constant (J mol-1 K-1), T is the 
temperature (K), q is a geometric constant, close to 1 [see also Pluymakers and Spiers, 
2014; Chapter 3] and ϕ is the porosity (dimensionless). This can be coupled with the 
formulation relating contact area and porosity [Pluymakers and Spiers, 2014; Chapter 3]:

2 2
c

Fd qa
Z q

φ−
=         (3)

Using Equation (2) and (3), we can model ΔµPS, using the ratio between grain contact 



160

cHAPTER 5

area before (ac0) and at the end of the hold (ac) plus ΔµPS ~ (ac/ac0 - 1) [c.f. Niemeijer et 
al., 2008]. With the values listed in Table 2, we calculate an initial strain rate through 
inserting an assumed steady state sliding porosity in Equation (2) (which also gives our 
assumed initial contact area). The strain rate leads to a compaction strain in the gouge 
volume, with which a new aggregate geometry and thus a new porosity, and hence a 
new strain rate, contact area and thus ΔµPS, can be calculated in each time-step. Since 
our experimental set-up does not provide a direct way to measure dilatation upon re-
shear, it needs to be calculated from our modeled porosity change due to pressure 
solution. From a combined energy and entropy balance for a representative unit of 
fault rock volume during deformation [Lehner, 1995; Bos and Spiers, 2000, see for details 
2002; Niemeijer and Spiers, 2006, 2007; Niemeijer et al., 2008], it can be shown that the 
measured friction is / /e

x n vd dµ τ s ε γ= −  (rewritten from Niemeijer et al, 2008). In 
this expression τx represents the contribution in measured peak friction of all energy 
dissipation and storage processes in the gouge. The ratio /vd dε γ  is the contribution to 
the measured friction by dilatancy, so Δµdil = /vd dε γ , i.e. the change in volumetric strain 

vdε  over the change in shear strain dγ . From Equation (2) and (3), we can calculate the 
change in volumetric strain as /vdε φ φ= −∆ , i.e. from the modelled change in porosity 
(i.e. from Eq. 2 and 3), and to estimate dγ from our experimental data we take the 
average shear strain needed upon re-shear before the peak friction is reached (the values 
are listed in Table 2). 

Combining our modelled values for ΔµPS + Δµdil gives the results shown in Figure 10 for 
the different temperatures at which our wet experiments are performed. Considering 
the scatter between the different experiments and the uncertainties in steady state sliding 
porosity and the average grain size, the model reproduces the exponential dependence of 
re-strengthening on hold time reasonably well, especially at long hold times. This implies 
that for shorter hold times pressure solution in the bulk gouge is too slow to contribute 
significantly to the re-strengthening seen in our gouges, which is not unsurprising. Even 
in rock salt, a material in which pressure solution is much faster, it is not fast enough to 
explain re-strengthening for hold times below 300 s [Niemeijer et al., 2008]. The modelled 
results provide particularly good fits at 80°C, the temperature at which Pluymakers et 
al [2014a; Chapter 2] performed compaction experiments, in which pressure solution 
was inferred to be the dominant deformation mechanism. A significantly smaller grain 
size is needed at 150°C to bring the modelled curves close to the data. This implies 
that pressure solution in the bulk gouge is not fast enough to explain the observed 
healing, and that the healing behavior is controlled instead by the fine grains present in 
the localized (boundary) shear zones, as was suggested by the contrasting temperature 
dependence of β and γ (Figure 4). In short, contact growth by pressure solution can be 
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a viable explanation for the healing behavior as observed in our samples during the SHS 
tests, as well as explain deformation by pressure solution on localized, fine-grained zones 
in the 150°C sample. 

5.4.3	Implications	for	CO2	sequestration
We set out to better understand mechanisms of fault healing of simulated anhydrite fault 
gouges under in-situ reservoir conditions, to understand the implications both for induced 
seismicity in a CO2 sequestration scenario, as well as for natural seismicity in evaporite 
terrains. The reactivation of (CO2-) reservoir-bounding faults would involve reactivation 
of faults with a complex history, which we have tried to simulate by comparing results for 
sliding strength and velocity dependence of friction for experiments with a NH vs. SHS 
history. Our results show that, even without a continuous driving velocity and given time, 
simulated anhydrite fault gouge will exhibit fault creep under a shear stress, especially if 
fluids are present. These minor amounts of slip may lead to a change in fault strength (as 

Symbol Definition Typical value Source & additional information 

A Geometric constant 6 Assuming a simple cubic pack of 
grains

Cs
Anhydrite solubility 
at 80°C [m3 m-3] 6.3·10-4 [Blount and Dickson, 1969]
at 120°C [m3m3]

at 150°C [m3 m-3]

1.8·10-4

1.1·10-4

DS
Product of diffusion coefficient 
D and mean grain boundary 
fluid thickness S [m3 s-1]

10-20
[Pluymakers and Spiers, 2014; 
Pluymakers et al., 2014a; Chapters 
2 and 3]

F Grain shape factor π General value for simple cubic 
packed spherical grains

Porosity [-] 0.1-0.25 Assuming a typical porosity in a 
shear band

q Geometric constant 0.97 [Pluymakers and Spiers, 2014; 
Chapter 3]

R Gas constant [J mol-1 K-1] 8.314 [e.g. Chang, 2000]

Z Coordination number 6 General value for simple cubic 
packed spherical grains

Molar volume of anhydrite [m3 

mol-1] 4.6·10-5 [Hummel et al., 2002; Thoenen and 
Kulik, 2003]

Variables
d Grain radius [µm] 0.5 - 35 From particle sizer data

Effective normal stress [MPa] 25 or 50 Assumed value

T Absolute temperature [K] 353, 393 or 423 80°C, 120°C or 150°C

dγ
Change in shear strain 
between the end of the hold 
and peak strength

13·10-6/1·10-3

15·10-6/1·10-3 

17·10-6/1·10-3

From the results obtained at 80°C

at 120°C

at 150°C

Table 2. Values of  parameters and variables used in applying the diffusion-controlled pressure solution model of  
Pluymakers and Spiers [2014; Chapter 3] to estimate healing by pressure solution within our fault gouge.
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observed for wet samples) and sliding stability (as observed for dry samples). 

In a scenario in which a natural, mature anhydrite-bearing fault is (aseismically) 
reactivated as a consequence of fluid injection (or extraction), it may have a higher initial 
strength compared to the steady state strength of simulated fault gouges with little to 
no cohesion [such as reported by Scuderi et al., 2013; or Pluymakers et al., 2014b; Chapter 
4]. If, as suggested above, this strength change is indeed related to increased contact 
areas due to pressure solution, there should be a maximum contact area at which the 
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Figure 10 Modelled re-
strengthening and measured re-
strengthening vs. time. a) Grain size 
of  10μm at 120°C, with different 
steady state sliding porosities. b) 
Steady state sliding porosity of  
20% at 120°C, different grain 
sizes. c) Grain size of  10μm at 
80°C, different steady state sliding 
porosities. d) Steady state sliding 
porosity of  20% at 80°C, different 
grain sizes. e) Grain size of  10μm at 
150°C, different steady state sliding 
porosities. f) Steady state sliding 
porosity of  20% at 150°C, different 
grain sizes. g) Total healing time as 
a function of  grain size (assuming a 
porosity of  20%). h) Total healing 
time as a function of  initial porosity 
(assuming a grain size of  10µm). 
Total healing time is defined as the 
time it takes to reach a porosity of  
5%, with the underlying assumption 
that pressure solution is the only 
process creating new grain contact 
area, and that pressure solution will 
operate until these low porosities 
are reached.
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driving force becomes too low to lead to further growth i.e. when the contact stresses 
become too low for further growth. We can use the Equations (2) and (3) to obtain an 
estimate for the time-scale on which this maximum contact area is reached. We will 
assume that full fault healing occurs at a porosity of 5% (the porosity at which Equation 
3 is no longer valid [Pluymakers and Spiers, 2014]) and we assume that the initial porosity 
of the fault gouge is 20%. The values for the remaining parameters and variables of the 
model are listed in Table 2. With these assumptions, our model calculations show that 
fine-grained anhydrite fault gouges will reach their maximum healing potential within 
tens of days, rather than years (Figure 10g and Figure 10h). The recurrence times of large 
(M≥6) magnitude earthquakes in the Italian Apennines, constrained by field evidence, is 
on the order of 2000 to 5000 years [Pantosti et al., 1993; Cello et al., 1997; Palumbo et al., 
2004; Galli et al., 2008]. Assuming recurrence interval scales according to the Gutenberg-
Richter law, this means that smaller events will still have a recurrence times of centuries 
to decades. The re-strengthening of anhydrite occurs much more rapid than this, so it 
seems unlikely that the re-strengthening of anhydrite fault gouge alone controls the long-
term repeat frequency of earthquakes in the Apennines [c.f. Marone, 1998b], but rather 
tectonic loading rates or the rate of pore fluid pressure build-up due to the natural CO2 
accumulation reported for the region [Chiodini et al., 2004; Collettini et al., 2009; Trippetta et 
al., 2013]. Furthermore, our results imply that the anhydrite fault rocks will be fully healed 
between the major ruptures, and, assuming that similar β values indicate similar healing 
potentials, the relatively pure carbonates in the region should be fully healed as well [c.f. 
Carpenter et al., 2014; Tesei et al., 2014].

With respect to the possible effects of CO2 penetration into anhydrite-bearing reservoir-
bounding faults, all results so far indicate that, excluding any (long-term) mineral 
reactions, CO2 itself does not exert a major influence on the frictional behavior of dry 
and wet anhydrite fault gouges. What our results clearly illustrate though, is that CO2 
may act as an effective transport agent for small amounts of water. The small amounts of 
water present in our water-wetted CO2 lead to fault healing, velocity dependence and 
frictional strength as if the gouge was fully wet, where it is important to note that wet 
gouges with and without CO2 all exhibit little to no seismogenic potential. Long-term 
CO2 injection will lead to a chimney of relatively dry (supercritical) CO2, surrounded by 
progressively wetter CO2 [Johnson et al., 2004; Rochelle et al., 2004]. In order to fully dry 
out a (previously wet) fault zone, a significant flux of CO2 undersaturated with respect 
to water would be needed. In a CO2 sequestration scenario, a site should be chosen with 
a high (expected) probability of being leak-free, which should render the occurrence of 
such a flux unlikely – especially since proximity to detectable fault zones can easily be 
avoided by careful planning. This implies that the velocity-weakening as displayed by our 
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dry samples should thus be relatively easy to avoid as well. However, in a naturally CO2 
degassing environment such as the Italian Apennines [e.g. Chiodini et al., 2004; Collettini 
et al., 2008; Mirabella et al., 2008], faults are known to be permeable fluid pathways [e.g. 
Annunziatellis et al., 2008], for which such a desiccation-scenario may not be so easily 
discarded and could thus lead to a change in the frictional stability of the fault zone as it 
dries out over time. Desiccation may also slow down healing, since dry samples exhibit 
a factor 5-20 less re-strengthening than wet samples, possibly explaining longer fault 
recurrence times, and possibly even associated with time-dependent desiccation of the 
fault zone.

5.5	Conclusions
We have performed slide-hold-slide experiments on simulated anhydrite fault gouge, 
where a sequence of slide-hold-slides was followed by a velocity-stepping sequence. 
We have compared the velocity-dependence of friction in these experiments to that 
in experiments during which no holds occurred. We have investigated the influence of 
temperature, as the well as the effect of the presence or absence of water and/or CO2. 
We can conclude the following:
1) Dry samples tested under vacuum show measurable healing and stress relaxation at 

all investigated temperatures (22°C-150°C), with a factor 5 to 20 less healing than 
wet samples. Dry samples are inferred to heal by plastic asperity creep (“Dieterich-
type healing”), surmised to be due to dislocation creep. 

2) Wet samples are inferred to heal by an increase in contact area and packing density 
due to compaction by pressure solution creep. In addition, we observed an increase 
in steady state sliding strength for hold periods of 60 minutes or more, interpreted 
to be related to a (pressure solution induced) increase in cohesion. 

3) Dry samples show velocity-weakening behavior at temperature of 120°C and 
higher, where the presence of holds slightly decreases (a-b)-values. This decrease is 
correlated with decreased a-values, postulated to be related to local re-strengthening 
and an associated increase in localization.

4) Wet samples show slightly more marked velocity-strengthening behavior when 
increasing the temperature from 80 to 150°C, even though a and b values decrease 
over the same temperature interval. There is no visible effect on (a-b) from the 
presence of hold periods. The decrease in a and b is assumed to be related to the 
decreased effectiveness of pressure solution or to an increase in localization.

5) On the time-scale of these experiments CO2 does not influence anhydrite healing 
behavior nor the velocity-dependence of friction. Samples pressurized with water-
wetted CO2 show similar behavior to fully wet samples, which is inferred to be 
related to CO2 acting as an effective transport agent for water. This may lead to 
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nanometer-thick water films coating the grains, thus enabling pressure solution.
6) Extrapolation of our experimental results for wet gouges using a rate model for 

pressure solution indicates that full re-strengthening of anhydrite fault gouges will 
take only days to tens of days, which is short compared to the recurrence time of 
earthquakes occurring in the Italian Apennines (2000-5000 years for M≥6). 

7) Assuming faults in natural settings are wet, our results show little seismogenic 
potential for anhydrite-bearing faults. Furthermore, since only small amounts of 
water are needed to generate velocity-strengthening behavior, it seems unlikely that 
CO2 stored in a subsurface reservoir will fully desiccate a reservoir-bounding fault 
zone, especially since careful planning can help to avoid proximity of the injection 
well to the fault zone.
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Abstract

The frictional properties of anhydrite-dolomite fault gouges, and the effects of CO2 
upon them, are of key importance in a) assessing the risks associated with CO2 storage 
in reservoir formations capped by anhydrite-dolomite evaporite sequences, and b) 
understanding seismicity occurring in such formations in tectonically active regions. To 
explore these properties, we performed velocity-stepping direct-shear experiments on 
simulated dolomite, anhydrite and 50:50 anhydrite/dolomite gouges, at representative 
in-situ conditions of 120°C and an effective normal stress of 25 MPa. The experiments 
were conducted dry, with the pore fluid system under vacuum, or else using water or 
CO2-saturated water as pore fluid at 15 MPa pressure. All samples displayed a friction 
coefficient of 0.55 to 0.7. The mixed gouges showed a strength similar to dolomite, 
which tended to be a little weaker than anhydrite when dry, and a little stronger than 
anhydrite when wet. Dry gouges were slightly stronger than samples tested wet, which 
in turn were slightly stronger than those tested with CO2-saturated water. All dry 
samples showed velocity-weakening behavior, whereas wet samples showed velocity-
strengthening behavior, without or with CO2. The observed behavior is consistent with 
trends previously reported for anhydrite, dolomite, calcite and anhydrite/dolomite 
gouges, all of which show a transition from velocity-strengthening at temperatures below 
80-120°C when dry, and below 100-150°C when wet, to velocity-weakening at higher 
temperatures. Since we found only velocity-strengthening behavior in wet samples, 
tested without and with CO2 at the investigated temperature (120°C), we infer little 
seismogenic potential for wet dolomite, anhydrite and mixed gouges under CO2 storage 
conditions. Seismic slip in the Italian Apennines at depths of ~6 km and beyond may 
be explained in terms of the velocity-weakening behavior expected in anhydrite and 
especially dolomite at temperatures above 150°C, but for shallower earthquakes in the 
Apennines other explanations are needed.



ANHYDRITE/DOLOMITE FAULT GOUGE

171

6.1	Introduction
Many hydrocarbon fields are capped by evaporites, the base of which often contains 
thick anhydrite layers, interbedded with dolomite. Examples include the Zechstein 
sequence that overlies many of the Rotliegend gas fields in the Netherlands and North 
Sea area [Geluk, 2000, 2007], and the (more clay-rich) Sudair Formation overlying many 
of the gas fields in the Middle-East, including the Qatar fields [Alsharhan and Nairn, 1994; 
Bai and Xu, 2014]. Once depleted, such hydrocarbon fields offer attractive options for 
CO2 storage. To ensure safe and effective CO2 storage, it is important to evaluate the 
geomechanical stability of faults that crosscut the caprock. These will generally contain 
anhydrite-rich fault gouges, with variable amounts of dolomite. A thorough understanding 
of the frictional properties not only of anhydrite but also of dolomite and mixed fault 
gouges is therefore needed, as well as of effects of CO2-bearing fluids. Such data is 
also relevant to understanding natural seismicity in tectonically active regions dominated 
by carbonate/anhydrite evaporite formations, of which the Italian Apennines are a well-
studied example. There, the M~6 Colfiorito sequence (1997-1998) and the destructive 
M~6 L’Aquila earthquake (2009) nucleated in respectively the interbedded anhydrite/
dolomite formation [Mirabella et al., 2008; Collettini et al., 2009] and a thick dolomite 
sequence [Speranza and Minelli, 2014], with nucleation depths lying between 5 and 10 km. 
Moreover, this region is characterized by major CO2 degassing from deeper levels [e.g. 
Chiodini et al., 1999; Collettini et al., 2008; Improta et al., 2014], so that data on the effects 
of CO2-bearing fluids on the frictional properties of carbonate/anhydrite fault rocks is 
also directly relevant here. 

One of the prerequisites for a fault to be able to generate an earthquake, is its capacity 
to weaken when motion accelerates, via “velocity-weakening behavior”. If, on the other 
hand, a fault becomes stronger with increasing slip velocity, i.e. “velocity-strengthening”, 
it is not capable of generating accelerating slip. The velocity dependence of friction is 
classically described by the rate-and-state friction (RSF) equations [Dieterich, 1978, 1979; 
Ruina, 1983]. The Dieterich-type RSF equation describes fault strength evolution upon a 
velocity step as follows: 

0
0

0

 ln
c

V Va ln b
V d

θµ µ
   

= + +   
    ,  with 1

c

d V
dt d
θ θ

= − .   (1)

Here µ0 and µ are the friction coefficients measured before and after individual velocity 
steps, V0 and V represent the sliding velocities imposed before and after each step, a 
represents the magnitude of the direct effect, b represents that of the evolution effect, 

 is a state variable, generally interpreted as reflecting the average lifetime of load 
supporting contact points or asperities, and dc is the slip distance necessary to establish a 
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new steady state strength and internal structure. Positive values of (a-b) describe velocity-
strengthening behavior, whereas negative values of (a-b) describe velocity-weakening 
behavior. The velocity-dependence of friction exhibited by fault gouges depends on many 
factors, with temperature and the presence or absence of chemically active fluids being 
important controls in most materials [e.g. Moore et al., 1986; Reinen et al., 1994; Blanpied et 
al., 1995, 1998; Frye and Marone, 2002; Verberne et al., 2010, 2013b; Niemeijer and Collettini, 
2013]. 

In contrast to quartz and clay, carbonates like calcite and dolomite, and sulphates, like 
anhydrite, are ionic solids, characterized by a crystal structure displaying distinctive brittle 
cleavage properties [e.g. Johnsen, 2004] and similar indentation and Moh’s hardness [e.g. 
Mohs, 1820; Taylor, 1949; Tabor, 1956, 1970; Johnsen, 2004]. They also show a transition 
from brittle to plastic behavior at relatively low temperatures [Müller and Siemes, 1974; 
Rutter, 1974; Wenk and Shore, 1975; Barber et al., 1981; Müller et al., 1981; Schmid et al., 
1987; Dell’Angelo and Olgaard, 1995; Bruhn et al., 1999; Davis et al., 2008; Delle Piane et al., 
2008], they show a decrease in solubility with increasing temperature [e.g. Langmuir, 
1997] and, through their solubility, they are prone to deformation by diffusive processes 
such as pressure solution, even at low temperature. Pressure solution has been shown 
to be an important deformation mechanism under upper crustal conditions in anhydrite 
[Pluymakers et al., 2014a; Chapter 2] and calcite [Zhang and Spiers, 2005; Zhang et al., 2010] 
gouges. 

On this basis, carbonate and anhydrite fault gouge can be expected to show similarities 
in their frictional behavior at upper crustal conditions, while differing significantly from 
silicate gouges at similar pressures and temperature. Previous work on the velocity-
dependence of friction in wet anhydrite gouges, at P-T conditions relevant to CO2 storage, 
has demonstrated velocity-strenghtening behavior, both without and with supercritical 
CO2 [Pluymakers et al., 2014b; Chapter 4]. However, limited data recorded by Scuderi et 
al [2013], 50:50wt% mixtures of anhydrite and dolomite, tested wet at 75°C, suggests 
that (a-b) may decrease compared to the end-member compositions, and may produce 
velocity-weakening [Scuderi et al., 2013]. If mixing anhydrite and dolomite decreases (a-b) 
such that marked velocity-weakening behavior occurs under CO2 storage conditions, 
this would have important consequences with respect to induced seismicity and risk 
assessment. 

To understand the risks associated with subsurface CO2 storage, and to better 
understand natural seismicity in carbonate/anhydrite formations, the frictional properties 
of simulated carbonate and anhydrite fault gouges have been widely studied in the lab 
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in recent years [Verberne et al., 2010, 2013b; Scuderi et al., 2013; Carpenter et al., 2014; 
Pluymakers et al., 2014a, 2014b (Chapters 4 and 5); Tesei et al., 2014], while natural faults 
in these rock types have been extensively studied in the field [De Paola et al., 2008; Tesei 
et al., 2013, 2014; Collettini et al., 2014]. However, data on the frictional behavior of mixed 
anhydrite-dolomite fault gouges at upper crustal pressure and temperature conditions 
are very few, despite intimate mixing inferred from field studies [e.g. De Paola et al., 2008; 
Collettini et al., 2009], and to our knowledge no data whatsoever exist on how this is 
affected by the presence of CO2-bearing fluids. 

To fill this knowledge gap, we have performed direct-shear experiments on simulated 
gouges of anhydrite, dolomite and on 50:50wt% anhydrite/dolomite mixtures. The 
experiments were performed at a temperature of 120°C and an effective normal stress 
of 25 MPa with the pore fluid system under vacuum (dry testing conditions) or else 
pressurized with water (assumed to be saturated with respect to CaSO4 during testing) 
or with CO2-saturated water. These conditions were chosen to be relevant to anhydrite/
dolomite capped CO2 storage reservoirs at 3 km depth, assuming hydrostatic pore 
fluid pressure and a rock density of ~2300 kgm-3, and to natural seismicity in anhydrite-
dolomite cover sequences such as found in the Italian Apennines. Even though seismicity 
in the Apennines nucleates at greater depths (5-10 km), the in-situ normal stresses 
expected may be as low as 20 MPa due to the occurrence of high fluid pressures [e.g. 
Collettini et al., 2008; Trippetta et al., 2013]. Our results show no evidence for velocity-
weakening slip under the conditions investigated, so to expand our understanding of the 
frictional behavior of ionic gouges (i.e. carbonate and anhydrite) further, we compare our 
results with previous data on the frictional properties of dolomite, anhydrite and calcite, 
and discuss these findings for CO2 storage and the natural seismicity occurring in the 
Apennines.

6.2	Experimental	methods
We conducted velocity-stepping, direct shear experiments on simulated fault gouges 
consisting of crushed dolomite (coded D in figures and in Table 1), of crushed anhydrite 
(coded A) or of a 50:50wt% mixture (coded 50:50). Runs were performed dry, with 
the pore fluid system under vacuum (coded dry or VAC), or with the pore fluid system 
pressurized with water (coded wet or W), or using pre-wetted samples pressurized with 
supercritical CO2 (labeled wet+CO 2 or CW). The temperature in all experiments was 
120°C, and the effective normal stress (σn

e) was 25 MPa. When using a pore fluid phase, 
its pressure was 15 MPa. All experiments and corresponding conditions are listed in Table 
1. In the following, we briefly summarize the main characteristics of the materials, the 
triaxial vessel, the direct shear set-up and the experimental procedure employed. 
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The dolomite gouge used was prepared by crushing cleavaged single crystals from Butte, 
Montana, obtained commercially through Ward’s Natural Science. Anhydrite gouge 
was prepared by crushing core material retrieved from a borehole in Overijssel, the 
Netherlands (courtesy of Shell Global Solutions), where it was taken from the Permian 
Zechstein 1 Anhydrite Member, at 2-3 km depth (see also Hangx et al 2014). After 
crushing, the powders were sieved to obtain simulated end-member gouges with a grain 
size smaller than 50 µm. The resulting powders were analyzed using ThermoGravimetric 
Analysis (TGA) and/or X-Ray-Diffraction (XRD), which confirmed the anhydrite gouge to 
be >95 wt% anhydrite with trace amounts of dolomite. The dolomite gouge consisted of 
>90 wt% dolomite with trace amounts of calcite, albite and quartz. For the experiments 
on the 50:50 wt% mixtures, we mixed a single batch of 8 grams of the anhydrite with 8 
grams of the dolomite powder, which was sufficient to perform all our 50:50 experiments. 

The experiments were performed using a direct shear testing assembly mounted in 
a constant-velocity triaxial testing machine (Figure 1a), allowing sliding velocity to be 
stepped near-instantaneously using a manually operated motor/gear-box/ball-screw 
system. Confining pressure (hence normal stress) and pore fluid were kept constant 
as follows. Water pressure in the pore fluid system was measured using a Jenssen 
pressure transducer (50 MPa range; resolution ±0.02 MPa) and maintained constant 
using a lab-built, servo-controlled syringe pump. Applied CO2 pressure was kept constant 

FT T
[°C]

σn
[MPa]

Pf
[MPa]

h0
[mm]

hf
[mm]

mass 
[g]

φ0
[-]

φf
[-]

μ2mm
[-]

μ4.8mm
[-]

dolomite samples
VAC100D-2 V 120 25 - 1.44 1.12 3.99 0.43 0.18 0.629 0.578
W100D-1 W 120 40 15 1.37 1.47 3.97 0.40 - 0.611 0.584

WC100D-1 CW 120 40 15 1.34 1.10 4 0.39 0.16 0.588 0.556
50:50 anhydrite/dolomite samples

VAC5050-1 V 120 25 - 1.40 1.10 3.99 0.42 0.16 0.634 0.607
VAC5050-2 V 120 25 - 1.40 1.12 3.94 0.42 0.19 0.610 0.618
W5050-1 W 120 40 15 1.52 1.00 3.97 0.46 0.09 0.635 0.551

WC5050-1 CW 120 40 15 1.27 1.12 3.99 0.35 0.18 0.604 0.562
anhydrite samples

VAC100A-1 V 120 25 - 1.40 1.20 4 0.41 0.23 0.684 0.681
VAC100A-2 V 120 25 - 1.50 1.15 4 0.45 0.20 0.708 0.658
W100A-1 W 120 40 15 1.80 1.10 4 0.54 0.16 0.572 0.473

WC100A-1 CW 120 40 15 1.16 0.61 2.5 0.56 0.05 0.547 0.490
Table 1. Conditions of  all experiments plus key data. The anhydrite end-member experiments were reported 
previously by Pluymakers and Niemeijer [Chapter 5] and by Pluymakers et al. [2014b; Chapter 4]. FT represents fluid 
type, T temperature, σn the applied normal stress, Pf the fluid pressure, h0 initial gouge sample layer thickness, hf final 
layer thickness, φ0 the starting porosity, φf  the final porosity, μ2mm the friction coefficient measured at a displacement 
of  2 mm, μ4.8mm that at a displacement of  4.8 mm and Δµ=μ2m - μ4.8mm. In addition, V denotes vacuum-dry samples, W 
wet samples (no CO2), and CW samples containing CO2-saturated water.
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using an ISCO 65D pump, with a built-in Honeywell pressure transducer for pressure 
measurement and control (150 MPa range; pressure resolution ±0.00138 MPa). For more 
details on the triaxial machine and pore fluid control system we refer the reader to 
Peach and Spiers [1996] and Hangx et al [2010].

Samples consisted of a layer of simulated gouge sandwiched in the direct shear assembly, 
shown in Figure 1b (for a detailed description see Samuelson and Spiers, 2012). The layer 
was pre-pressed onto one of the direct shear driver blocks by distributing and compacting 
4 grams of simulated gouge in a specially designed jig, leading to a layer thickness of 1.24 ± 
0.23 mm, and a length and width of 47 mm and 35 mm respectively. Once assembled, with 
silicone polymer filler plugs in place, the direct shear set formed a smooth cylinder that 
could be jacketed easily, first with FEP heat-shrink tube and then an EPDM rubber sleeve. 
The latter was sealed against the two direct shear driver blocks using wire tourniquets. 
For the experiments performed using CO2-saturated water as pore fluid, the assembly 
was then placed in a water bath, and water was drawn in under a vacuum. The dry or 
wet assembly was subsequently emplaced in the pressure vessel and brought to the 
target confining pressure, fluid pressure, and temperature. In the wet-only experiments, 
fluid pressure was applied using deionized water in the pore fluid system, assuming 
local equilibrium to be approached before initiating each experiment. In experiments 
performed using CO2-saturated pore water, CO2 was applied to the pre-wetted samples. 
Dry samples were evacuated during heating, pressurization of the confining pressure 
and testing. Temperature equilibration took ~4 hours. Once pressure and temperature 

Figure 1 Schematic diagram of  a) the triaxial testing apparatus (from Hangx et al, 2010) and b) the direct shear 
assembly used in this study. The direct shear assembly is drawn before (left) and after shearing the sample by ~5mm 
displacement (right).
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were stable, the loading ram was brought into contact with the sample at a velocity of 
5µms-1. Velocity steps cycled through the sequence 5.3→0.21→1.1→11→1.1→0.21µms-

1, employing 2 - 0.4 - 0.7 - 0.7 - 0.7 - 0.7 mm displacement intervals. After completing 
this sequence, the piston was retracted at 2.2µms-1 until the sample was fully unloaded. 
The piston was then retracted further at 22µms-1, followed by depressurization of the 
pore fluid and oil pressure systems, and then by cooling and extraction of the sample 
assembly. Following extraction, the sample assembly was opened, and fragments of the 
gouge salvaged where possible. After impregnation with epoxy, these were then cut into 
thick sections, which were polished for analysis using scanning electron microscopy 
(SEM). Further details on the sample assembly and procedure are given by Samuelson 
and Spiers [2012] and Pluymakers et al [2014b; Chapter 4].

Internal axial load, piston displacement, confining pressure, temperature, pore fluid 
pressure (water and CO2) and pore fluid volume change (water only) signals were logged 
at a frequency of 5 Hz, using a 16-bit National Instruments A/D converter and VI-Logger 
software. The raw data were processed to obtain shear strength τ (MPa), effective normal 
stress σn

e (MPa) and friction coefficient µ (-),defined µ = τ / σn
e, i.e. ignoring cohesion. 

To obtain shear displacement (mm) we corrected all displacement data for apparatus 
distortion using pre-determined polynomial stiffness calibrations. 

The velocity dependence of friction was analyzed using the Dieterich-type evolution RSF 
equation (“slowness law”) [Dieterich, 1978, 1979]. The evolution of friction upon a change 
in load-point velocity from V0 to V can be calculated using equation (1), coupled with an 
equation describing the dynamic interaction with the elastic loading frame of the testing 
system [c.f. Reinen and Weeks, 1993; Saffer and Marone, 2003]. To obtain values for the RSF 
parameters in (1), we used the inversion technique described elsewhere [e.g. by Reinen 
and Weeks, 1993; Saffer and Marone, 2003]. We do not report dc values however, since 
inversions typically showed large uncertainties in this parameter. These were attributed 
to the use of the manually operated gear-box, where changing gears always takes slightly 
different amounts of time and encompasses different “apparent” displacements. Since 
the RSF parameters a and b are insensitive to the time over which a velocity-change is 
imposed, the values obtained for these parameters are considered to be reliable, notably 
since fitting the Ruina evolution equation [Ruina, 1983] instead of the Dieterich equation 
resulted in practically indistinguishable values for a and b (see Appendix Table A1).

6.3	Results
6.3.1	Dry	experiments
The results for vacuum-dry experiments show that the shear stress supported increases 
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rapidly in the first millimeter of displacement, in a similar manner for all compositions 
(Figure 2a). Macroscopic yield occurs at a displacement of approximately 1 mm, 
followed by a broad maximum in strength and mostly fairly minor but continuous slip 
weakening beyond about 2 mm displacement. Pure anhydrite samples are the strongest, 
showing near-peak friction coefficients, measured at 2 mm displacement, of μ2mm=0.684 
and μ2mm=0.708, which is slightly higher than the similar values obtained for dolomite 
(μ2mm=0.629) and the 50:50 mixture, (μ2mm=0.610 and μ2mm=0.634) – see Figure 2a, Figure 
3a and Table 1. The rate of post-peak displacement-weakening is similar for the three 
compositions tested dry (Figure 2a, Table 1) and tends to increase with decreasing sliding 
velocity (Figure 4a). 

All dry samples exhibit both positive and negative (a-b) values, with negative values, i.e. 
velocity-weakening behavior, occurring mainly at the lowest velocities investigated (0.21 
and 1.1 μms-1, see Figure 5a). Stick-slip behavior occurs during all of these low velocity 
intervals in the dry anhydrite and dolomite samples (Figure 2a), whereas the 50:50 
mixtures exhibit stick-slip only during the 0.21 µms-1 interval at the highest displacements 
reached (Figure 2a). The range of (a-b) values obtained for each composition is shown in 
Figure 5a and is widest for the anhydrite gouge (-0.0081<(a-b)<0.0027), followed by the 
50:50 mixtures (-0.0019<(a-b)<0.0015) and then the pure dolomite samples (-0.0017<(a-
b)<0.0007). Ignoring the single strongly negative (a-b) value obtained for anhydrite gouge 
at 1.1 µms-1, (a-b) values increase with increasing velocity in a similar manner for all three 
gouge types (Figure 6a). Individual values of a and b are strongly variable, with no clear 
trends with velocity or composition, so were accordingly not plotted. 

6.3.2	Wet	experiments
All wet-tested samples show a similar evolution of shear stress with displacement to 
that observed for the dry samples. All show displacement weakening at displacements 
beyond 2.5 mm (Figure 2b). Wet anhydrite samples exhibit the lowest friction coefficient 
(µ2mm=0.572) at a displacement of 2 mm compared to dolomite and the 50:50 mixture, 
which show similar values of 0.611 and 0.635 respectively (Figure 2b, Figure 3a, Table 1). 
Hence, the wet anhydrite samples are weaker than the dry equivalents, but for dolomite 
and the 50:50 mixtures, their strengths are similar both dry and wet. Wet samples exhibit 
similar displacement weakening trends as observed in the dry samples (see Figure 4b). 

All wet samples exhibit velocity-strengthening behavior. Dolomite shows a range of 
(a-b) values between 0.0025 and 0.006, anhydrite between 0.002 and 0.004, and the 
50:50 mixture between 0.0005 and 0.0035 (Figure 5b). The mixture thus shows slightly 
less marked velocity-strengthening than either end-member. At the intermediate sliding 
velocity of 1.1 µms-1, (a-b) values show a maximum for all three compositions (Figure 6b). 



178

cHAPTER 6

D A50/50 VAC WET
+CO2

WET0.4

0.5

0.6

0.7

0.8

µ

0.4

0.5

0.6

0.7

0.8

µ

vacuum-dry
wet
wet+CO2

dolomite
50/50
anhydrite

a) b)
D A50/500.4

0.5

0.6

0.7

0.8

µ

vacuum-dry
wet
wet+CO2

c)

σn
e=20 MPa

σn
e=35 MPa

Scuderi et al, 2013: 

Figure 3 Frictional strength, measured at 2 mm (closed symbols) and 4.8 mm (open symbols) displacement 
versus a) gouge composition and b) fluid type. c) Frictional strength versus gouge composition measured at 2 mm 
displacement in the current study, plus the corresponding values obtained by Scuderi et al [2013] (wet only). D = 
dolomite samples, A = anhydrite samples, 50:50 = dolomite/anhydrite mixture, VAC = vacuum-dry samples, WET 
= wet samples (no CO2), WET+CO2 = samples containing CO2-saturated water.
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The separate a- and b-values again vary considerably without any clear trends and are 
thus not presented.

6.3.3	Wet+CO2	experiments
All samples deformed tested with CO2-saturated pore fluid (Table 1) show an evolution 
of shear strength with displacement that is again similar to the dry, and hence to the wet, 
experiments (Figure 2). The samples tested wet with CO2 show displacement weakening 
from a displacement between 0.92 and 2.1 mm onwards. For all gouge compositions the 
friction coefficient, e.g. µ2mm, for wet+CO2 samples is 3-5% lower than for wet tested 
samples without CO2, i.e. only just above experimental variability (Figure 3b). As for 
the wet tested samples, though, anhydrite is still the weakest of the three compositions 
(μ2mm=0.547), while the values for the 50:50 mixture and dolomite are similar (0.604 and 
0.588, respectively – see Figure 2c, Figure 3a, b and Table 1). Wet+CO2 samples exhibit 
similar trends with respect to displacement weakening as to the dry and the wet samples 
(Figure 4c).

Regarding the velocity-dependence, just like wet samples, samples tested wet with CO2 
only exhibit velocity-strengthening behavior. The dolomite sample tested shows the 
widest range of (a-b) values, with (a-b) falling in the range 0.00075 < (a-b) < 0.0055. The 
anhydrite sample is characterized by (a-b) values in the range 0.00025 < (a-b) < 0.00325, 
and the 50:50 samples by 0.0025 < (a-b) < 0.004 (Figure 5c). Accordingly, there are no 
systematic differences between the end-member samples and the mixed sample. For all 
three compositions, an increase in velocity leads to an increase in (a-b) (Figure 6c). The 
separate a- and b-values obtained by inversion again show no clear trends with changing 
velocity or displacement.

6.3.4	Microstructural	observations
We could only recover and successfully section isolated platy fragments of the 50:50 and 
the anhydrite gouges. In no case were impressions of the grooves present in the forcing 
block interfaces preserved (Figure 1b), indicating that the upper and lower surfaces of 
the gouge were lost. Dolomite gouge samples were recovered but the sections that 
could be prepared from them were of insufficient quality to make reliable observations, 
so we will report here only on the microstructures of the mixed gouges and the pure 
anhydrite gouges, using the shear band terminology of Logan et al [1979]. 

Imaged using electron backscatter mode in the SEM, the dry tested 50:50 gouge shows 
the highest porosity, estimated at about 25%, and a few dilated sample-sized cracks aligned 
in a direction consistent with R1 Riedel shear bands (Figure 7a). At the boundaries of 
these cracks we observe patchy zones of grain size reduction. The overall grain size of 
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this sample is significantly lower than the sieve size of 50 µm used to prepare the starting 
gouges, with an abundance of grains of 10µm and smaller (see Figure 7b). Grain contacts 
are sharp, and most grains are angular and contain intragranular and transgranular cracks 
(Figure 7b). By comparison, the wet-tested mixed sample shows the lowest porosity, 
which we estimate at ~10% (Figure 7c, d, e). Dilated cracks in the R1 orientation are 
present here as well (Figure 7c), surrounded by a up to 20 µm wide zone of reduced 
grain size (Figure 7d). At the margins of the sample, patchy zones with intense grain size 
reduction are visible (Figure 7e), implying that a boundary Y shear was present but not 
fully preserved. Outside these localized zones of grain size reduction, the grain size and 
grain size distribution appears similar to that found in the body of the dry sample. Where 
visible, grain contacts are relatively flat in the wet sample, compared to the dry mixed 
sample. Again, most grains contain intragranular and transgranular cracks (Figure 7d).

The dry-tested anhydrite sample studied using SEM is characterized by a porosity 
estimated to be ~20%. En echelon R1 shear zones with intense internal grain size 
reduction (Figure 7f-h) are present, as well as dilated cracks aligned in the R1 direction. 
The grain size outside these localized zones is variable, but overall the grain size is larger 
than in the dry mixed sample (Figure 7h) and closer to the sieve size of 50 µm used in 
sample preparation. Grain contacts are sharp and most grains are angular. Most grains 
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contain intragranular and transgranular cracks, but they appear less damaged than in 
the dry mixed sample. The wet-tested anhydrite sample has a lower porosity than the 
dry anhydrite sample (~15%), and shows up to 50 µm wide, closely spaced en echelon 
R1 shear zones, about half of which are dilated by late fracturing of the sample (Figure 
7i). As in the dry-tested anhydrite sample, the wet-tested equivalent contains localized 
patches of intense grain size reduction scattered along the boundary of the sample, 
implying the likely presence of boundary Y-shear bands (Figure 7j), as well as intense 
grain size reduction within the narrow R1 shears. The overall grain size is finer than in 
the dry anhydrite sample. Grain contacts are flat, as in the wet-tested mixed sample, and 
practically all visible grains contain intragranular plus transgranular cracks (Figure 7j). 
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Figure 7 Electron backscatter images of  the microstructure displayed by 50:50 anhydrite/dolomite samples 
and by the anhydrite samples after velocity-steps tests at 120°C. a&b) Mixed gouge sample, tested dry (coded 
VAC5050-2). c-e) Mixed gouge sample, tested wet (coded W5050-1). f-h) Pure anhydrite sample, tested dry (coded 
VAC100A-2). i-j) Pure anhydrite sample, tested wet (coded W100A-1).
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6.4	Discussion
We have determined the frictional strength and velocity dependence of friction for 
simulated fault gouges composed of nominally pure dolomite, a 50:50 mixture of 
anhydrite and dolomite and pure anhydrite, at representative upper crustal and reservoir 
conditions. The dolomite and the mixed gouges tested show similar friction coefficients, 
regardless of pore fluid type (Figure 3, Table 1), both being slightly stronger than pure 
anhydrite gouge when tested wet (±CO2), and slightly weaker than the pure anhydrite 
when dry. Displacement weakening is similar and marked in the 50:50 and anhydrite 
gouges (regardless of fluid composition, see Figure 4), whereas less marked displacement 
weakening occurs in the dolomite gouge. All three compositions investigated show 
velocity-weakening behavior when dry, and velocity-strengthening behavior when wet 
(±CO2). Mixed gouge samples pressurized with water only (i.e. without CO2) show 
decreased (a-b) values compared to the end-member compositions, but the (a-b) values 
remain positive (Figure 5). 

There has been much research on the brittle-ductile transition and on the ductile 
deformation behavior of dense samples of calcite, dolomite and anhydrite rock [Müller 
and Siemes, 1974; Rutter, 1974; Wenk and Shore, 1975; Barber et al., 1981; Müller et al., 1981; 
Schmid et al., 1987; Dell’Angelo and Olgaard, 1995; Bruhn et al., 1999; Davis et al., 2008; Delle 
Piane et al., 2008]. In general, these experimental studies have shown that dolomite is 
stronger than calcite, which is stronger than anhydrite in the brittle and ductile fields at 
similar testing conditions By virtue of their ionic character, the deformation mechanisms 
operating in calcite, dolomite and anhydrite are similar and relatively well understood, 
and include cataclasis, pressure solution, twinning and dislocation plasticity, under upper 
crustal P-T conditions [Müller and Siemes, 1974; Rutter, 1974; Wenk and Shore, 1975; 
Barber et al., 1981; Müller et al., 1981; Schmid et al., 1987; Dell’Angelo and Olgaard, 1995; 
Bruhn et al., 1999; Davis et al., 2008; Delle Piane et al., 2008]. The frictional and healing 
properties of simulated fault gouges derived from these minerals are currently receiving 
increasing attention [Verberne et al., 2010, 2013b; Scuderi et al., 2013; Carpenter et al., 2014; 
Pluymakers et al., 2014a, 2014b (Chapters 4 and 5); Tesei et al., 2014]. In the following, we 
will compare our friction data on anhydrite, dolomite and mixed gouges with previous 
work, first with that done by Scuderi et al [2013], which motivated the present work 
because of its indications that gouge weakening may cause velocity-weakening behavior 
in wet faults in anhydrite/dolomite sequences. Scuderi et al performed velocity-stepping, 
double-direct-shear experiments in a biaxial loading frame on anhydrite, dolomite and 
50:50 mixed gouges. Their samples were tested room-dry, at room temperature and at 
normal stresses ranging from 10 to 150 MPa, as well as wet at 75°C with normal stresses 
between 10 and 30 MPa. The experiments presented here differ in temperature (120°C) 
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and imposed bulk shear strain rate (between 10-4 to 10-2 s-1 here, versus 10-3 to 10-1 s-1 
by Scuderi et al) and in the systematic variation employed in pore fluid type. However, 
it is well established that in anhydrite and calcite an increase in temperature promotes 
velocity-weakening behavior [Verberne et al., 2010, 2013a; Pluymakers et al., 2014b; Chapter 
4], as does a decrease in strain rate. Hence, any effects of mixing anhydrite and dolomite 
on the velocity-dependence of friction (i.e. in bringing about velocity-weakening under 
wet, upper crustal or CO2 storage conditions) should be clearly visible in the current data. 
Aside from this comparison with the data of Scuderi et al [2013], we also compare our 
results with broader data obtained on dolomite, anhydrite and calcite gouges, recognizing 
that all may be present in faults in anhydrite/dolomite formations. Finally, we will discuss 
the implications of our findings for geological storage of CO2 and for natural seismicity 
in the Apennines, with emphasis on the seismicity that nucleates in the interbedded 
anhydrite/dolomite Burano Formation. 

6.4.1	Comparison	with	previous	work	
Comparing our results to those of Scuderi et al [2013] obtained for wet samples at 75°C 
at an effective normal stress of 20 MPa, steady state friction coefficient values obtained 
by Scuderi et al (2013) are consistently higher than our wet values (by differences in µ of 
0.02 to 0.13), for all three compositions addressed in both studies (Figure 3c). Possible 
explanations may lie in differences in temperature (our 120°C versus their 75°C), in 
gouge layer thickness (our ~1.4mm versus their ~2.8mm), in the velocity (and hence 
shear strain rate) at which the strength was measured (our 5.3 µms-1 versus their 10 
µms-1), in normal stress (our 25 MPa versus their 20 MPa) and in sample assembly. 

As recalled above, we set out to determine if, at pressure and temperature conditions 
relevant to CO2 storage, the mixing of anhydrite and dolomite fault gouges could decrease 
(a-b) such that they would exhibit velocity-weakening behavior. For dry gouges (velocity-
weakening, Figure 5a) and wet+CO2 gouges (velocity-strengthening, Figure 5c), we found 
no systematic differences concerning variations in (a-b) (or in trends of (a-b) with velocity) 
with composition. However, comparison between wet-tested mixed gouges (without 
CO2) and the wet end-member compositions shows less marked velocity-strengthening 
for the mixed gouge (Figure 5b), a decrease in (a-b) which is consistent with the results 
obtained by Scuderi et al [2013] (see Figure 8). Scuderi et al explored shear strain rates 
up to 10-1 s-1, and found negative (a-b) at the high end of this strain rate range. Our 
data follow the same trend at shear strain rates between 10-3 and 10-2 s-1 (Figure 8), 
with a maximum at 10-3 s-1, thus also pointing to velocity-weakening behavior at shear 
strain rates exceeding 10-1 s-1 (Figure 8). At the lowest shear strain rate investigated 
of 10-4 s-1, wet 50:50 mixtures show lower (a-b) than their end-member compositions, 
which raises the question of whether they would exhibit velocity-weakening behavior at 
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lower velocities, i.e. velocities approaching nucleation velocities. We have too little data 
to confirm or eliminate that possibility at present. By contrast, samples pressurized with 
CO2-saturated water (not investigated by Scuderi et al) show positive (a-b) over the 
entire strain rate range investigated, with no clear dependence of (a-b) on shear strain 
rate (Fig. 8b) and hence no increase in seismogenic potential towards higher and lower 
shear strain rates.

6.4.2	Broader	comparison
To gain insight into the variability reported in the literature in frictional strength and 
its velocity dependence in anhydrite, dolomite and calcite gouges, i.e. in ionic minerals, 
sheared in different experimental setups and at a range of temperatures and normal 

stresses, we will now compare our data and that of Scuderi et al [2013] with literature 
data obtained in friction experiments performed on gouges consisting of >80% pure 
calcite, anhydrite and dolomite (see Appendix Table A2 to A5). We only consider data 
from experiments performed under upper crustal conditions, i.e. for normal stresses up 
to 200 MPa and temperatures up to 200°C, focusing on low velocity data (strain rates of 
10-3 - 10-4 s-1), which we assume to be the most representative for earthquake nucleation 
velocities. We also restrict our attention to dry and wet samples without CO2, as only 
our experiments address the effects of CO2. 

In terms of practical use (for modeling purposes for example), the frictional strength 
of all three of these minerals under the investigated P-T conditions falls close to a 
Byerlee friction coefficient, with the majority of friction coefficient values lying between 
0.55 and 0.75. This implies that the variability we found in our experiments, and the 

Figure 8 a) (a-b) values versus bulk shear 
strain rate (s-1) for wet experiments on 
anhydrite gouge, dolomite gouge and 
50:50 mixtures. Data-points in black 
represent results from the current study 
(T=120°C, σn

e=25 MPa). Data-points 
in grey are from Scuderi et al [2013] 
(T=75°C, σn

e=20 MPa). The (a-b) values 
obtained by Scuderi et al are positive at 
shear strain rate of  10-3 s-1, becoming 
negative at 10-1 s-1, and our data follow 
the same trend between 10-3 and 10-2 s-1. 

At 10-3 s-1, our data suggest a maximum in (a-b), implying that at slower strain rates, i.e. closer to nucleation velocities, 
50:50 mixtures could potentially become velocity-weakening at the pressure and temperature conditions investigated 
here. The present data are too limited to draw firm conclusions, but velocity-weakening at high (≥10-1 s-1) and 
perhaps at low (<10-4 s-1) shear strain rates is implied. b) Data on (a-b) versus bulk shear strain rate (s-1) for wet+CO2 
experiments on anhydrite, on dolomite and on 50:50 mixtures, as obtained in the current study (T=120°C, σn

e=25 
MPa) (adapted from Figure 6c). These samples show positive (a-b) over the entire strain rate range investigated, with 
little influence of  shear strain rate.
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Figure 9 Near-steady state friction coefficient values (μ) for dry and wet fault gouges (without CO2) composed 
of  calcite, anhydrite, dolomite and 50:50 anhydrite/dolomite mixtures. Data sources as indicated. Color coding 
indicates temperature or normal stress at which the experiments were performed. The majority of  μ-values fall 
between 0.55 and 0.7, with effects of  normal stress and temperature being minor. a) μ vs. normal stress for dry 
samples at temperatures between 20-200°C. b) μ vs. temperature for dry samples at normal stresses between 10 and 
150 MPa. c) μ vs. normal stress for wet samples at temperatures between 20-200°C. d) μ vs. temperature for wet 
samples at normal stresses between 10 and 150 MPa.
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difference between our results and those of Scuderi et al, is negligible compare to the 
overall variability seen in these materials when tested in different settings. It is difficult 
to extract strong, common trends as a function of composition, normal stress and/or 
temperature (Figure 9). There is a weak tendency for wet anhydrite and dolomite gouges 
at ~80°C (10-35 MPa) to exhibit a slightly decreasing friction coefficient with increasing 
normal stress (Figure 9c). This may be related either to an effect of cohesion, or to 
a friction coefficient that depends on normal stress [c.f. Scuderi et al., 2013]. Second, 
despite the large variability in testing conditions, dolomite, anhydrite and calcite all are 
slightly weaker in the presence of water (Figure 9). Possible explanations for this may lie 
in lubrication of grain contacts, activation of solution-transfer processes, an increase in 
grain fragmentation by promotion of subcritical microcracking, or a combination of these 
[c.f. Pluymakers et al., 2014b; Chapter 4]. 

With respect to the velocity-dependence of friction, trends in (a-b) with normal 
stress for anhydrite, dolomite and calcite gouges are weak (Figure 10). Dry anhydrite 
and dolomite gouges at room temperature show a slight increase in (a-b) values with 
increasing normal stress from 10 to 150 MPa, with (a-b) being mostly positive (Figure 
10a, c). Wet anhydrite and dolomite gouges at 75-80°C show the opposite trend of 
slightly decreasing (a-b) with increasing normal stress between 10 and 35 MPa (Figure 
10i, k), again with (a-b) being mostly positive. In sharp contrast, there are clear trends 
for (a-b) with increasing temperature, not only for anhydrite and dolomite, but also 
for calcite. Dry anhydrite gouges (tested between 20 and 30 MPa) transition from 
velocity-strengthening to velocity-weakening at the highest temperature of the three, 
being velocity-weakening around 120°C (Figure 10g). Dry dolomite gouge is velocity-
strengthening at room temperature and velocity-weakening at 120°C, transitioning at 
some intermediate temperature (Figure 10e). Dry calcite (tested at 50 MPa) transitions 
from velocity-strengthening to velocity-weakening behavior at around ~80°C (Figure 
10h). Of these three dry materials considered, at temperatures up to 150°C, dry calcite 
shows the most strongly negative (a-b), followed by anhydrite, followed by dolomite – 
though this might be biased by the small number of data-points available for dolomite. 

When wet, transition temperatures from velocity-strengthening to velocity-weakening 
are shifted upwards slightly: wet calcite gouges (tested at 50 MPa) transition from positive 
to negative (a-b) between 100-150°C (Figure 10p) and wet dolomite (tested at 25 to 35 
MPa) transitions between 120-150°C (Figure 10m). Wet anhydrite exhibits a range of 
(a-b) values at all temperatures investigated (75-150°C), including some mildly velocity-
weakening values, but tending towards stronger velocity-weakening behavior just above 
150°C (Figure 10o) [c.f. Pluymakers et al., 2014b; Chapter 4]. For wet gouges, calcite 
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exhibits still the most strongly negative (a-b), followed by dolomite, followed by anhydrite. 
So, under both dry and wet conditions, calcite transitions to velocity-weakening at the 
lowest temperature, then dolomite, and last anhydrite. The order in which they become 
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Figure 10 Velocity-dependence of  friction for dry and wet fault gouges (without CO2) composed of  dolomite, 
50:50 anhydrite/dolomite, anhydrite and calcite. Color coding indicates temperature or normal stress at which the 
experiments are performed. Gouge type is indicated at the top of  each graph, data sources at the bottom. a-d) Data 
on (a-b) vs. normal stress for dry samples at temperatures between 20-200°C. e-h) Data on (a-b) vs. temperature 
for dry samples at normal stresses between 10 and 150 MPa. i-l) Data on (a-b) vs. normal stress for wet samples at 
temperatures between 20-200°C. m-p) Data on (a-b) vs. temperature for wet samples at normal stresses between 
10 and 150 MPa.
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velocity-weakening does not correspond to their relative solubilities (see Figure 11), or 
to differences in their relative strength or hardness. This shows that there are no easy 
proxies to predict velocity dependence for these gouges. With regards to the 50:50 mixed 
gouges, it is difficult to estimate if they are more similar to dolomite or to anhydrite with 
respect to their velocity-strengthening to velocity-weakening transition temperature, 
since only data is only available at two different temperatures (room temperature plus 
120°C for dry samples, and 75°C plus 120°C for wet samples).

6.4.3	Implications
We have shown that simulated fault gouges derived from anhydrite, dolomite and calcite 
display similar friction coefficients (Figure 9), and that, as a gouge, these three materials 
also exhibit a similar velocity dependence of friction (Figure 10). Comparing the potential 
of all three, under dry and wet conditions, for velocity-weakening behavior – and thus the 
potential for earthquake nucleation – shows that this shifted to higher temperatures for 
wet gouges compared to dry ones (Figure 10). This implies that, at a given depth (and thus 
temperature) in the upper crust, the seismic potential of these materials is reduced by the 
presence of water. In line with our previous results for wet anhydrite gouges [Pluymakers 
et al., 2014b; Chapter 4], we observed no systematic effects of CO2 on µ or on (a-b) in 
experiments on wet dolomite, or on the wet 50:50 mixture, on the timescale of our 
velocity-stepping sequences. It is important to note, however, that CO2 was introduced 
in the present wet experiments via a static pore fluid phase. Flow-through of dry CO2 
has the potential to cause desiccation [Duan and Sun, 2003], and may thus switch gouge 
behavior from wet to dry, and hence from velocity-strengthening to velocity-weakening. 
In the following, we will discuss the implications of these effects of water and CO2 
on anhydrite/dolomite fault gouges for two different settings, namely, 1) potential CO2 
storage sites sealed by faulted anhydrite/dolomite caprocks, and 2) seismicity generated 
in the anhydrite/dolomite Burano Formation in the Italian Apennines. 

6.4.3.1 Implications for CO2-storage sites
The various effects of water and CO2 on the frictional behavior of anhydrite/dolomite 
fault gouges referred to above can be envisaged to have the following potential effects 
on faults in a caprock of this composition overlying a prospective CO2 storage reservoir 
located at a depth of say 3 to 4 km, and thus a temperature of 90-120°C. First, the presence 
of water in individual faults, with or without dissolved CO2, can be expected to lead to 
fault friction coefficients of 0.6 to 0.635 for mixed anhydrite/dolomite composition, and 
to promote velocity-strengthening behavior over velocity-weakening, i.e. to promote 
stable slip (Figure 5). At the same time, in wet anhydrite/dolomite mixtures, velocity-
weakening slip cannot be eliminated at very low slip rates (Figure 7a). Note here that 
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even damp CO2 has been shown to produce 
a similar velocity-dependence of friction to 
that exhibited by water-saturated samples 
allowed to equilibrate with CO2 (Chapter 
5). Second, flow of dry (supercritical) CO2 

through or along a fault, or juxtaposition of a large body of dry CO2 against a fault, could 
potentially desiccate the fault, promoting “dry behavior” of anhydrite/dolomite gouge, 
and thus promote velocity-weakening behavior over velocity-strengthening behavior 
at temperatures in the range 120-150°C (see Fig 10). Effects of dry CO2 on steady 
state friction coefficient will be minor [c.f. Pluymakers et al., 2014b; Chapter 4]. Assessing 
the implications of the present results for CO2 storage systems therefore reduces to 
evaluating whether faults in such systems are likely to be dry or wet under in-situ storage 
conditions. 

At a given CO2 storage-site, the injected CO2 will be dry, to avoid corrosion of the 
transport infrastructure. It is generally expected, especially in the case of depleted oil 
and gas reservoirs, that, even post-injection, much of the CO2 will be present as a free 
supercritical phase, structurally or stratigraphically trapped by the caprock [Gaus, 2010]. 
Over time, some of the initially dry CO2 will dissolve in the formation water and/or react 
with the minerals in the reservoir [e.g. Spycher et al., 2003], and some water will dissolve 
in the injected CO2. The extent to which mutual dissolution occurs depends on local 
conditions, including the surface area over which water and CO2 are in contact (which 
depends on factors such as the injection rate, porosity, permeability, water-saturation 
and the extent of the two-phase inter-fingering [Rochelle et al., 2004; Gaus, 2010]), the 
dissolution kinetics (hence pressure and temperature), pore fluid composition and 
reservoir composition (reactive mineral content) [e.g. Rochelle et al., 2004]. 

To evaluate whether faults are likely to be wet or dry, we consider the Fizzy field (off-shore 
United Kingdom), where CO2-rich gas is naturally trapped in a Rotliegend sandstone 
reservoir rock capped by Zechstein Evaporites, including a thick anhydrite sequence 
at its base (which contains dolomite floaters). The Fizzy field has been investigated in 
detail as a natural analogue for a CO2 storage field in the North Sea area [Wilkinson et 
al., 2009], since its stratigraphy is similar to many of the North-Sea and onshore Dutch 

100

10-2

10-4

10-6

10-8

10-10

10-12

20 50 100 150 200
temperature [°C]

so
lid

 s
ol

ub
ili

ty
 C

0 [
-]

anhydrite
calcite
dolomite

Figure 11 Solubility of  anhydrite [Blount and Dickson, 1969], 
calcite [Plummer and Busenberg, 1982] and dolomite [Langmuir, 
1997, p.206] as a function of  temperature in water, at 
atmospheric pressure or, above 100°C, at the vapor pressure 
of  water above the solution phase. Solubility values are given 
in units of  m3/m3, calculated by multiplying the solubility 
(mol m-3) by the molar volume (m3 mol-1).



190

cHAPTER 6

gas fields. Detailed mineralogical analyses of core from the reservoir rocks suggests 
that most of the CO2 present existed as a free supercritical phase since charging, which 
was estimated to be 50 Ma ago or more. The presence of (some) relatively dry CO2 
in a storage scenario in a depleted gas reservoir thus seems possible [c.f. Schaef et al., 
2012; Miller et al., 2013]. Indeed, on the basis of geochemical modelling, some researchers 
have inferred that long-term CO2-injection will lead to a chimney of dry (supercritical) 
CO2, surrounded by progressively wetter CO2 – even for injection into saline aquifers 
[Johnson et al., 2004; Rochelle et al., 2004]. In the case of reservoirs or aquifers topped by 
anhydrite/dolomite caprocks, this emphasizes the need to ascertain that the injection-
point is not too close to detectable faults, since dessication of anhydrite/dolomite fault 
gouge at T≥120°C might increase the potential to generate seismogenic slip, especially 
as near-fault injection may significantly perturb the local stress, strain and temperature 
field. Precautionary measures could include modelling the expected migration path and 
thermomechanical impact of the CO2-plume, including an assessment of the volume that 
may be dry. On the other hand, wet faults containing gouges derived from anhydrite/
dolomite formations at depths of ~4 km, and located well away from any CO2 injection 
points, should be velocity-strengthening and hence have little seismogenic potential 
from this perspective, assuming that the investigated strain rates are representative for 
earthquake nucleation rates. Neglecting long-term reaction of anhydrite with CO2 and 
water to form calcite, our results suggest no increased risk of (micro-)seismicity due 
to CO2 exposure. However, more work is needed to establish how much reaction to 
calcite can be expected, as this may increase gouge porosity and thus permeability [e.g. 
Czernichowski-Lauriol et al., 1996; Rochelle et al., 2004; Hangx et al., 2010; Pluymakers et al., 
2014a; Chapter 2]. It should also be noted that calcite present in sufficient amounts in 
an anhydrite/dolomite sequence could also lead to velocity-weakening slip [Verberne et 
al., 2010, 2013a]. 

6.4.3.2 Implications for seismicity in the Italian Apennines
The present results on the frictional properties of anhydrite and dolomite are also 
applicable to the seismicity nucleating at depths of 5 to 10 km in the Burano Formation 
of Italian Apennines [Mirabella et al., 2008; e.g. Collettini et al., 2009; Speranza and Minelli, 
2014], since the active normal faults in the region are expected to contain anhydrite 
and dolomite gouges [Collettini et al., 2008, 2009; De Paola et al., 2009]. Temperatures at 
seismogenic depths in the region are expected to lie between 100 and 300°C, and, due to 
the high pressure CO2-rich fluids present at depth in the region [e.g. Trippetta et al., 2013], 
effective normal stresses on the normal faults could be as low as 20 MPa. Our results, 
combined with previous work, indicate that dry fault gouges, derived from anhydrite and 
dolomite, will show velocity-weakening behavior across this full range of temperatures 
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and depth (i.e. 5 to 10 km), whereas wet anhydrite and dolomite gouges will only exhibit 
velocity-weakening behavior at temperatures above 150°C (i.e. at depths > 6 km). At 
depths < 6 km, wet fault gouges are expected to deform aseismically (creep) (Figure 
10). Earthquake nucleation in the shallower part of the Apennines thus needs additional 
explanations. Desiccation by the high CO2-fluxes present in the region [e.g. Chiodini et 
al., 2004] seems unlikely, since these fluxes are related to metasomatism by crustal fluids 
of mantle rocks overlying the Adriatic subduction zone [Chiodini et al., 2004; Collettini 
et al., 2009]. Moreover, to explain the microstructures seen in exhumed fault rocks in 
the region, Collettini et al [2009] invoke transitions from solution-transfer to brittle 
processes. It thus seems more likely that fault zones in the Apennines are wet at depth, 
and that fault behavior will be controlled by the frictional properties of wet gouges. 
Alternative explanations for the shallow (and perhaps some of the deeper) seismogenic 
behavior seen in the Apennines include a role played by (a) marked slip weakening effects 
following reactivation (not explored), similar to that seen in our experiments and in 
previous experiments on anhydrite gouges [Pluymakers et al., 2014b; Chapters 4 and 5 
], or (b) calcite present in the system, which showed velocity-weakening behavior from 
100°C (Figure 10). As pointed out by Verberne et al [2013a], this corresponds to the 
top of the seismogenic zone in the Apennines. For calcite (a-b) values are more strongly 
negative than for dolomite, and dolomite exhibits more strongly negative (a-b) than 
anhydrite (Figure 10). This implies that for earthquake nucleation in the Apennines the 
role of dolomite (and/or calcite) may be more important than that of anhydrite [Dieterich, 
1972; Scholz and Engelder, 1976; Marone, 1998; Scholz, 2002].

6.5	Conclusions
Direct shear experiments have been conducted on simulated gouges composed of 
anhydrite, dolomite and 50:50 wt% mixtures of these two, under vacuum-dry and wet 
conditions, as well as on wet gouges pressurized with CO2. These materials can be 
expected to control the frictional behavior of fault zones cutting anhydrite/dolomite 
caprocks overlying CO2-storage reservoirs, as well as natural seismicity nucleating in 
anhydrite/dolomite-rich formations found in tectonically active regions, such as the Italian 
Apennines. The experiments were carried out at 120°C and an effective normal stress 
σn

e of 25 MPa, and sliding velocities between 0.21 and 11µms-1, attaining displacements up 
to ~6mm. In addition to presenting new data, we compared our results on the frictional 
strength and velocity-dependence of friction with previous data for anhydrite, dolomite 
and calcite gouges, and for mixed gouges. We found the following:
1) After macroscopic yield, all samples showed a near steady-state frictional strength 

μ in the range 0.55 to 0.71. All gouges tended to be slightly weaker in the presence 
of water, and weaker still in the presence of CO2-saturated water, though with the 
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frictional strength still falling in the above range. The 50:50 anhydrite/dolomite gouge 
exhibited a frictional strength similar to dolomite (µ~0.625 when dry, µ~0.61 when 
wet). Anhydrite was found to be slightly stronger than both anhydrite/dolomite 
and dolomite gouges when dry (µ~0.69), and slightly weaker than both when wet 
(~0.57). 

2) All dry gouges exhibited velocity-weakening behavior, whereas all gouges tested wet, 
with or without CO2 exhibited velocity-strengthening behavior at the conditions 
studied. The wet gouges showed an effect of mixing, displaying a slight decrease in 
the velocity dependence of friction, i.e. in (a-b) values, for mixed gouges compared 
with anhydrite and dolomite end-member compositions, though (a-b) remains 
positive across the full velocity-range studied. 

3) Despite differences in conditions and sample set-up, our results indicate 
that (a-b) for wet anhydrite, dolomite and mixed fault gouges, without CO2, exhibits 
similar trends with composition and shear strain rate as seen in the data presented 
by Scuderi et al [2013]. Furthermore, for wet, mixed gouges without CO2, our 
observations also point to negative (a-b) at strain rates exceeding 10-1 s-1, as well 
as below 10-4 s-1, i.e. approaching slip nucleation velocities. More work is needed to 
confirm whether this is the case. 

4) Temperature is an important control on the transition from velocity-strengthening 
to velocity-weakening behavior in anhydrite, dolomite and also in calcite gouges. 
When dry, all three minerals show a transition from velocity-strengthening to 
velocity-weakening behavior in the range 80-120°C. When wet, the transition 
temperature is increased to lie in the range 100-150°C. The absolute magnitude of 
(a-b) values (positive and negative) for wet fault gouges is largest for calcite, followed 
by dolomite, followed by anhydrite.

5) In a CO2-storage scenario at 2-4 km depth, expected temperatures will be 80-
120°C, i.e. in a range where only dry anhydrite and/or dolomite gouges exhibit 
velocity-weakening behavior at laboratory sliding rates. Injected CO2 will be dry, 
and probably not all the complete CO2 stream or plume will incorporate formation 
water. Aside from injection-related stress and temperature changes which can 
potentially promote fault reactivation, the possibility of fault zone desiccation by dry 
CO2 accordingly presents an additional reason not to place an injection well close to 
(detectable) faults. For persistently wet fault zones, little seismogenic potential for 
dolomite, anhydrite and mixed composition gouges is expected, whether in contact 
with CO2 or not.

6) There are multiple indications that the anhydrite/dolomite fault zones in the Italian 
Apennines fault zones will most likely contain water. Hypocentral depths are 5 to 10 
km, and for earthquakes deeper than ~6 km, where temperatures are expected above 
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150°C, the velocity-weakening behavior of wet dolomite and anhydrite occurring 
at these temperatures is consistent with earthquake nucleation. However, more 
strongly negative (a-b) values are found to characterize dolomite gouges suggests 
dolomite may be more important for nucleating seismogenesis. For the shallower 
seismicity, other nucleation mechanisms besides velocity-weakening of anhydrite/
dolomite mixtures must apply. One possibility is a role played by (wet) calcite (above 
and below 6 km), which shows velocity-weakening behavior from 100°C. 
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In this thesis, I have reported a range of experiments, plus the development and application 
of a microphysical model, aimed at characterizing the frictional properties and sealing 
behavior of simulated anhydrite fault gouges. The experiments were performed using 
crushed and sieved, relatively pure (>95wt%) anhydrite, obtained from core material 
from the base of the Permian Zechstein Formation (2 to 3 km depth) in Overijssel, 
the Netherlands. Dolomite and anhydrite/dolomite gouges were also investigated, using 
crushed dolomite derived from a single crystal source. The results have been interpreted 
and applied primarily in the context of subsurface CO2 storage in depleted hydrocarbon 
reservoirs, but also in the context of natural seismicity occurring in interbedded 
anhydrite/dolomite layers in tectonically active regions, taking the Italian Apennines as a 
specific example. In the following, I will summarize and integrate the main conclusions, 
and assess the overall implications for CO2 storage and for the Apennines. I will also 
identify the open questions left, as well as providing suggestions for further research.

7.1	Conclusions
7.1.1	Fault	sealing	experiments
Experiments. I performed uniaxial compaction experiments at 80°C on simulated 
anhydrite fault gouges of different initial grain size, at effective stresses between 5 and 12 
MPa, under vacuum-dry and wet conditions (Chapter 2). The aim was to determine the 
rates, as well as to identify the rate-controlling mechanisms, of compaction, in order to 
improve our understanding of healing and sealing processes in natural fault gouges. Low 
effective stresses were used to avoid rapid compaction by instantaneous compaction 
processes of the initially highly porous simulated gouges. Selected samples were 
pressurized with CO2-saturated water to assess the effects of CO2. Vacuum-dry gouges 
tested under vacuum showed no measurable compaction creep on laboratory time-
scales (<140 hours). For wet gouges, these experiments have shown that time-dependent 
creep in anhydrite gouge is a complex interplay between pressure solution and fluid-
assisted microcracking. Compaction of wet fine-grained gouges (<50μm) is dominated by 
diffusion-controlled pressure solution, and that of wet coarse-grained gouges (>99μm) by 
fluid-assisted subcritical microcracking. The presence of CO2-saturated water does not 
influence creep of wet, fine-grained samples deformed in the pressure solution regime. 
However, in the microcracking regime, it slows the creep rate of wet coarse-grained 
samples down by more than 1 order of magnitude. In these samples, CO2 reacted with 
the fault gouge to form carbonates (analysis took place after 30 and 4 days respectively). 
A preliminary extrapolation of these results implies that anhydrite-bearing faults will seal 
within decades, though the possibility of carbonate formation (and associated potential 
for increased porosity and permeability) requires more attention. 

Kinetic models. I have derived kinetic models for compaction of granular aggregates 
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by dissolution-controlled, precipitation-controlled and diffusion-controlled pressure 
solution (Chapter 3), clarifying and/or avoiding many of the assumptions made in previous 
work. The aim was to develop a set of microphysical models as basis for the extrapolation 
of my results, i.e. to scale up from the short-term laboratory experiments to the long 
term commonly associated with CO2 storage or the natural seismic cycle. Making use of 
independent data on dissolution, diffusion and precipitation kinetics, the models imply that 
diffusion-controlled pressure solution will be rate controlling for anhydrite grains larger 
than 1–2µm, at least for effective stresses of the order of 10 to 40 MPa and for upper 
crustal temperatures. The different models for diffusion-controlled pressure solution 
produce essentially identical predictions for absolute porosities below 40%, regardless 
of detailed approach and assumptions. The similarity between the predicted diffusion-
controlled pressure solution rates and the experimental data obtained in Chapter 2 
on compaction of granular anhydrite shows these models may be used to provide an 
upper bound to the time-scale on which anhydrite healing and self-sealing will take place. 
Assuming pressure and temperature conditions representative for CO2 storage and/or 
earthquake nucleation in the Apennines, this results in estimates for fault healing within 
tens of days (Chapter 5, stresses of 25 and 50 MPa, temperatures of 80/120/150°C), and 
for self-sealing to occur within decades (Chapters 2 and 3, stresses from 5 to 40 MPa, 
and a temperature of 80°C).

7.1.2	Frictional	properties	of	simulated	anhydrite	fault	gouges	
I have conducted direct shear experiments on simulated anhydrite fault gouges using 
velocity stepping (VS) and slide-hold-slide (SHS) testing procedures, at temperatures 
between room temperature and 150°C and an effective normal stress of 25 MPa. At the 
same effective normal stress and at a temperature of 120°C, I also performed velocity-
stepping experiments on dolomite and 50:50 anhydrite/dolomite gouges. Maximum 
shear displacement in my experimental set-up was between 5 and 7 mm. Samples were 
tested dry (under vacuum and drained to lab air), and using different types of pore fluid: 
fully dry CO2, DI water (assumed to be saturated at the sample-scale with respect to 
CaSO4), CO2 containing traces of water derived from residual fluid present in the pore 
fluid system, and CO2-saturated water. For the purpose of drawing the present general 
conclusions, the term “dry” will be used for samples tested either under vacuum or 
drained to lab-air (as the frictional behavior of both was similar), whereas the term “wet” 
will be used to refer to samples tested in the presence of either liquid water (±CO2) or 
trace water (transported by CO2). These experiments were performed with the aim of 
determining 1) fault strength under conditions representative for CO 2 storage, 2) the 
potential of faults in an anhydrite/dolomite sequence for earthquake nucleation, and 3) 
the capacity of anhydrite fault gouge to regain its strength during periods of no slip, i.e. 
to undergo “fault healing”, an effect which is usually quantified in terms of the difference 
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between steady state sliding strength and the peak frictional strength observed on re-
shearing after a period with no imposed slip. 

Note that the choice of effective normal stresses and temperatures used in these 
experiments was based on expectations for normal faults bounding CO2 reservoirs at 
2-4 km depth, which fall respectively in the ranges of 20 to 40 MPa, and 60°C to 120°C. 
In line with this, an effective normal stress of 24 MPa is representative for a caprock at 
~3km depth, assuming hydrostatic pore fluid pressure and an average rock density of 
~2300kgm-3. In the Apennines region, the occurrence of high fluid pressures trapped 
under the anhydrite/dolomite sequences hosting seismicity there [e.g. Collettini and Barchi, 
2002; Miller et al., 2004; Trippetta et al., 2013] implies that the effective normal stress at 
seismogenic depths (5 to 10 km) may be as low as 20 MPa, with temperatures ranging 
between 100 and 300°C. To assess the importance of these differences in pressure and 
temperature, Chapter 6 contains a summary of current literature of friction experiments 
on comparable materials.

Fault strength. Under the above-mentioned pressure, temperature and pore fluid 
conditions, anhydrite fault gouge shows more or less Byerlee frictional strength during 
near steady-state sliding, with a friction coefficient µ of 0.53 to 0.71. In detail, all samples 
exhibit ongoing displacement weakening (more marked at low velocities), indicating the 
need for friction experiments in which larger shear displacements can be reached, i.e. 
beyond the values of 5 to 7 mm reached here. Any temperature-dependence of µ, if 
present, is weak, but there are a few other consistent trends. First, over the entire range 
of temperatures explored, wet samples, tested in the absence of CO2, are up to 15% 
weaker than their dry equivalents (no CO2), and samples that contain CO2-saturated 
water are up to an additional 15% weaker than their wet-only equivalents (Chapters 
4, 5 and 6). At 120°C, simulated gouge samples composed of 50:50 dolomite/anhydrite 
exhibit a frictional strength similar to pure dolomite (μ~0.62). When dry (no CO2), the 
50:50 mix and dolomite gouges are slightly weaker than dry anhydrite, and when wet, 
they are slightly stronger than wet anhydrite (±CO 2; see Chapter 6). My slide-hold-slide 
experiments (Chapter 5) on wet anhydrite fault gouges showed an increase in steady 
state sliding strength after long hold periods (>60 minutes), attributed to an increase 
in cohesion. This suggests that cohesion cannot be ignored when assessing the strength 
of wet anhydrite-bearing fault gouges at elevated temperatures, as suggested previously 
for wet anhydrite gouge at elevated temperature [Scuderi et al., 2013]. In summary, wet 
anhydrite is weaker than anhydrite/dolomite mixtures or dolomite, and in the presence 
of CO2 it is weaker still, which should be taken into account when modelling fault stability 
over the full lifetime of CO2 reservoirs. 
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Velocity dependence At the effective normal stress investigated (25 MPa), dry anhydrite 
fault gouge, tested without and with fully dry CO2, showed velocity-strengthening behavior 
up to 120°C, and at this temperature it showed a transition to velocity-weakening 
behavior (i.e. equivalent to depths of ~4 km and more when assuming a geothermal 
gradient of 30°C/km; Chapters 4 and 5). Dry dolomite gouges and 50:50 anhydrite/
dolomite mixed gouges also exhibited velocity-weakening behavior at 120°C (Chapter 6). 
I postulated this transition from velocity-strengthening to velocity-weakening behavior to 
be related to the thermal activation of a crystal plastic compaction mechanism (Chapter 
4) [c.f. Niemeijer and Spiers, 2006, 2007; den Hartog and Spiers, 2014], which for anhydrite 
was surmised to be some kind of dislocation creep process (Chapter 5). The presence 
of holds (SHS testing sequences) leads to more negative (a-b) compared to experiments 
without holds, possibly due to increased localization upon re-shear (Chapter 5). Gouge 
saturated with wet CO2 showed only velocity-weakening behavior at low displacement 
(<3 mm), with a switch to velocity-strengthening occurring at higher displacements 
(Chapter 4). Fully wet anhydrite gouge samples showed mainly velocity-strengthening 
behavior over the entire temperature range investigated, without and with CO2, but 
with evidence of the beginnings of a transition to velocity-weakening behavior at 150°C 
(Chapters 4 and 5). At 120°C, wet dolomite and wet 50:50 mixtures of anhydrite and 
dolomite showed velocity-strengthening behavior, also in the presence of CO2. At this 
temperature, the wet mixture without CO2 showed less marked velocity-strengthening 
behavior. In summary, on the time-scale of my experiments, the presence of CO2 has 
little to no influence on the velocity-dependence of anhydrite and/or dolomite fault 
gouges (Chapters 4, 5 and 6). Combining and comparing all these results with previous 
research on dolomite, anhydrite and calcite, indicates that pure gouges composed of 
these three ionic compounds behave similar with respect to frictional strength and 
velocity dependence. Temperature exerts a strong control on the velocity dependence 
of these compounds. When dry, gouges derived from any of these three minerals show 
a transition from velocity-strengthening to velocity-weakening behavior between 80 and 
120°C. When wet, this transition temperature is increased to 100-150°C. The absolute 
magnitude of (a-b) values for wet fault gouges is largest for calcite, followed by dolomite, 
followed by anhydrite (Chapter 6). 

Frictional healing potential and deformation mechanisms. Both air- and vacuum-
dry anhydrite gouge samples, tested in slide-hold-slide mode, showed measurable stress 
relaxation and healing (post-hold re-strengthening) at all temperatures investigated 
(22°C-150°C), though the amount of healing in these dry samples is a factor 5 to 20 less 
than for wet samples (recall that healing is measured as the difference between steady 
state sliding strength and peak strength after a period of no slip). The magnitude of the 



202

cHAPTER 7

healing effect seen in air- and vacuum-dry samples exhibited a linear dependence on 
log hold time, i.e. Dieterich-type healing. These samples are hence inferred to heal by 
plastic asperity creep, presumably with dislocation creep as the underlying deformation 
mechanism. Samples tested with the pore fluid system drained to lab air or pressurized 
with fully dry CO2 (at 120°C) showed identical behavior to vacuum-tested samples, 
both with respect to healing and to the velocity-dependence of friction. By contrast, wet 
samples showed an exponential dependence of the magnitude of healing on hold time 
(±CO2), and they are inferred to heal by pressure solution creep. Results of experiments 
with wet CO2 and with CO2-saturated water are identical to those obtained with fully 
wet samples. Therefore, at least on the time-scale of these experiments (≤ 4 days), it is 
inferred that CO2 does not influence anhydrite healing behavior. 

7.1.3	Implications	of	the	present	results	for	CO2	storage	
In the context of CO2 storage, notably in depleted gas or oil fields but also in aquifers, it is 
generally assumed that the highest risk of reactivation occurs during the injection phase, 
through locally increased reservoir pressures, through the poro-elastic impact of these 
pressure changes, and through decreased reservoir temperature related to expansion 
and phase changes of the injected CO2 [Oldenburg, 2007; Orlic et al., 2011; Hangx et al., 
2014; Vilarrasa et al., 2014]. When the frictional strength of the reservoir-bounding faults 
is known, avoiding their reactivation should largely be an engineering issue of limiting 
induced changes in pore fluid pressure and reservoir temperature, and hence any stress 
changes in the reservoir-seal system. Effectively this comes down to limiting the total 
amount of CO2 that can be stored in the reservoir, and carefully controlling injection 
rates. 

Assuming that CO2 injection wells are located at a reasonable distance from any 
detectable faults, and assuming that the faults and fault rocks present in the system are 
wet (i.e. water saturated or at least containing liquid-phase water in equilibrium with the 
water and water vapor in the surrounding strata), then, to estimate fault strength at the 
onset of CO2 injection, one needs to consider only results from wet experiments (as 
CO2 will not yet have penetrated into any faults). In the investigated temperature range, 
wet anhydrite exhibits a weakly temperature-dependent friction coefficient, where μ = 
0.590-0.659 (Chapters 4 and 5), whereas wet 50:50 anhydrite/dolomite and wet dolomite 
gouges (tested at 120°C) exhibit a closely similar frictional strength of μ = 0.611-0.635 
(Chapter 6). So, after comparison of frictional strength for anhydrite, dolomite and mixed 
gouges, it is clear that under the wet conditions pertaining to natural faults, anhydrite 
gouges will be weakest. A worst-case failure criterion should thus be based on friction 
values for wet anhydrite gouges (c.f. Chapter 4). Comparison of failure criteria with 
and without cohesion shows that for low normal stresses (< 25 MPa), a worst-case 
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failure criterion should include a cohesion-less fault, whereas for higher normal stresses 
a failure criterion should include cohesion (see Chapter 4). The results presented by 
Scuderi et al [2013] for wet gouges at 75°C indicate that 4.4 MPa would be a reasonable 
value for this cohesion. A comparison of such a worst-case failure envelope with the 
stress changes expected in an anhydrite caprock overlying an example reservoir at ~4 
km depth, due to CO2 injection [taken from Hangx et al., 2010] is shown in Fig 1, assuming 
an initial tectonic stress state with the vertical stress σv = σ1 > σ2 = σ3. This demonstrates 
that, at least for the initially non-critically stressed example considered (Figure1), fault 
reactivation of gouge-bearing faults cross cutting an anhydrite caprock is unlikely.

After injection of initially dry CO2 into a given storage reservoir or aquifer, the CO2 will 
mix with the reservoir water. Some of the formation water will dissolve in the CO2, and 
vice versa. In the case of injection into depleted gas or oil fields, migration of CO2 or 
CO2-charged water into or through a given fault will only occur when the fluid pressure 
at the point of access to the fault rises to values in excess of the fluid pressure present 
in the fault and at higher structural levels along it (where it will be near hydrostatic). This 
may occur only under CO2 buoyancy forces in the long term. In the case of injection into 
aquifers, as the reservoir pressure will already be near-hydrostatic, migration of CO2 and 
CO2-charged water into faults may occur over shorter time scales. In my experiments, 
anhydrite, dolomite and 50:50 mixed gouges all showed a decrease in frictional strength 
when in contact with CO2-saturated water, by 5-15%. This weakening phenomenon may 
provide a mechanism for reactivation of gouge-bearing faults cutting anhydrite, dolomite 
or anhydrite/dolomite caprocks, especially in the case of critically stressed faults. For 
modelling fault stability over the full lifetime of a CO2 storage reservoir, in a depleted 
hydrocarbon field or aquifer sealed by faulted anhydrite and/or dolomite caprocks, 
a frictional failure envelope with μ = 0.53 should therefore be used (Chapter 4, see 

Figure 1. Worst-case failure criterion, with μ-values 
for anhydrite fault gouge with water only (in grey, this 
study) and for gouge saturated with CO2-saturated water 
(in black, this study), and a cohesion of  4.4 MPa [c.f. 
Scuderi et al., 2013]. We assumed an extensional regime, 
where the principal stress values before CO2 injection 
are taken from Hangx et al [2010], and are assumed to 
be representative for an anhydrite caprock, overlying 
a reservoir formation at a depth of  3800 m. Youngs 
Modulus of  the anhydrite unit is taken to be 5 GPa, 
the Poisson’s ratio is taken to be 0.25 and the vertical 
overburden stress σv is taken to be 90 MPa. Comparison 
of  the initial stress state (dashed black circle) and a 

worst-case scenario after injection [dashed grey circle, also from Hangx et al, 2010] shows that fault 
reactivation of  an anhydrite-bearing fault is unlikely in this deep reservoir, though for a shallower 
reservoir/caprock levels the initial stress state shifts left, i.e. closer to the failure envelope. Moreover, 
if  the Youngs Modulus would increase, induced stresses will be more severe and may potentially lead 
to fault reactivation.
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also Fig. 1). At least during the injection phase, provided injection rates, pressures and 
temperature changes are not too high, even for this low friction coefficient, anhydrite-
bearing faults, bounding or compartmentalizing a reservoir at ~4 km depth, should not 
be reactivated (see Fig. 1) [c.f. initial conditions and stress changes as noted by Hangx 
et al., 2010, 2014]. Nonetheless, the lowering in friction coefficient to 0.53 observed in 
the presence of CO2, compared to the “standard” Byerlee value of ~0.6 or more, places 
important constrains on allowable injection rates, and allowable reservoir pressures.

At the same time, even if a fault would be reactivated, our results for samples tested wet 
(±CO2) indicate that anhydrite, dolomite and 50:50 mixed fault gouges will yield velocity-
strengthening behavior at depths up to 4 to 5 km – assuming that our testing strain rates 
are indeed representative for earthquake nucleation rates. This implies that reactivation 
of a fault in anhydrite/dolomite caprocks overlying an anthropogenic CO2 reservoir will 
most likely be aseismic, regardless if reactivation occurs during the injection-phase (i.e. 
for a wet anhydrite-bearing fault before CO2 penetration) or during a later stage (i.e. for a 
fault containing CO2-saturated water). CO2 storage should, therefore, pose no increased 
risk of (micro)seismicity through any effects of CO2 on the properties of wet anhydrite-
rich fault gouges (Chapters 4, 5 and 6), at least provided there is no major conversion 
to calcite. Since my results have shown that small amounts of dissolved water present 
in CO2 already suffice to bring about velocity-strengthening behavior characteristic of 
wet gouge, enhancement of (micro)seismic slip by CO2 migration into faults in anhydrite/
dolomite caprocks is very unlikely, except possibly in the case of fault desiccation by an 
already established flow of completely dry CO2 into or through a fault. In a CO2-storage 
context, such a scenario, and the associated increase in risk of (micro-)seismicity, seems 
easy to avoid, provided injection wells are placed well away from any detectable faults 
(Chapters 5 and 6). 

Furthermore, if a fault should be reactivated due to stress changes related to injection 
or reservoir pressure build up in the longer term, application of the kinetic models for 
intergranular pressure solution derived in Chapter 3 indicate that healing and sealing 
should occur rapidly, i.e. on short times scales compared to CO2 storage integrity 
requirements [time scales of 10 000 years; see Benson and Cook, 2005; Hepple and Benson, 
2005]. Assuming normal stresses remain relatively unchanged after reactivation, and 
assuming pressure solution will indeed operate to the low porosities assumed to be 
representative for healing and sealing, the implication is that (reactivated) anhydrite-
bearing faults will pose only a minor leakage risk, with healing times within tens of days, 
and sealing times within decades (important factors include grain size, initial porosity and 
pressure and temperature conditions, see also Chapters 2 and 5). Preliminary results 
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indicated that the presence of CO2 did not influence the rate of pressure solution in 
anhydrite, i.e. the reported timescales for healing and sealing should be unaffected for 
faults in contact with CO2-bearing water (Chapter 2) – though more research is needed 
regarding the consequences of the possible conversion to carbonate.

7.1.4	Implications	for	seismicity	in	the	Apennines
Multiple field data indicate that the seismically active anhydrite/dolomite fault zones in 
the Italian Apennines are wet, i.e. most likely contain pore water. In this environment 
too, saturation of the fluids present in the fault with CO2 might provide a mechanism 
for reactivation of faults that are critically stressed. In this region, critical stressing likely 
results from the build-up of both tectonic stresses and pore fluid pressure associated 
with the recorded upward flux of CO2 from depth [e.g. Chiodini et al., 2004; Collettini et al., 
2008]. Hypocentral depths of earthquakes in the Apennines are 5 to 10 km, so assuming 
a geothermal gradient of 20°/km implies that the velocity-weakening behavior seen in 
wet dolomite and anhydrite may explain earthquake nucleation in the region, at least 
for depths exceeding 6 to 7 km (Chapters 4 and 6). The more strongly negative (a-b) 
value characteristic of dolomite gouges suggests that dolomite may be more important 
than anhydrite with respect to earthquake nucleation. The higher frictional strength of 
dolomite also implies that stress-drops associated with rupturing of dolomite gouges 
would be larger than those associated with anhydrite gouge [e.g. Scholz, 2002]. For the 
shallower seismicity observed in the Apennines, other explanations are needed, such as 
an effect of normal stress [see Chapter 6, and also in Marone et al., 1990; Scholz, 2002], 
possible roles of other minerals such as calcite (Chapter 6), or marked slip weakening 
effects that are insensitive to slip rate on reactivation [Ohnaka, 2004, 2013; Ikari et al., 
2013]. 

In the Apennines, earthquake recurrences times for earthquakes with M≥6 are 2000–
5000 years. Extrapolation of our experimental results for wet gouges (±CO2, though 
without taking carbonate formation into account) to pressure and temperature 
conditions representative for the Apennines (T=80-150°C and stresses of 25 or 50 
MPa) using the rate model for pressure solution presented in Chapter 3 indicates that 
healing of anhydrite fault gouges should take only tens of days (Chapter 5), depending 
on grain size, initial porosity and pressure and temperature conditions. This is much 
shorter than the recurrence time of large events in the Apennines, so that healing by 
pressure solution does not seem to explain the observed recurrence intervals. However, 
full sealing of anhydrite fault gouges could possibly play a role for smaller events with 
M≤5, for which recurrence times should be years to decades (assuming scaling according 
to the Gutenberg-Richter Law). Alternative explanations for longer recurrence times 
involve tectonic loading rate, the pore fluid pressure build-up due to the natural CO2 
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degassing, or possibly the healing behavior of the carbonate units (see also Chapters 2 
and 5). Calcite is ~50x less soluble than anhydrite, and dolomite ~100x less soluble than 
anhydrite. On the basis of pressure solution theory (Chapter 3) and assuming that the 
kinetics of pressure solution are similar for calcite, dolomite and anhydrite, as expected 
if diffusion is rate controlling [as it is in anhydrite, see Chapter 2, and in calcite, see Zhang 
et al., 2010], the implication is that pressure solution is slowed by the same factors of 50 
or 100, bringing predicted healing and sealing timescales closer to observed recurrence 
times (Chapter 6). 

7.2	Suggestions	for	further	research
This work has provided new experimental data on the frictional, healing and sealing 
behavior of anhydrite fault gouges under in-situ conditions, and on the effects of CO2 
on these aspects of behavior. I have assessed the implications concerning potential risks 
of fault leakage and of induced seismicity associated with CO2 storage, as well as the 
implications for natural seismicity occurring in the anhydrite/dolomite sequence in the 
Apennines region in Italy. Nonetheless, some unanswered questions still remain, and my 
work has also brought up new questions, which together point the way forward for new 
research. I will summarize these questions arising below, indicating how these may be 
addressed in future work. 

Effects of surface energy on compaction, healing and sealing of anhydrite fault 
gouges. In order to provide an estimate for anhydrite fault healing and sealing after 
reactivation, I made the assumption that pressure solution dominates and remains active 
as the rate-controlling deformation mechanism in fine-grained anhydrite gouge materials 
as they compact from high porosity (i.e. 35 to 20%) to low porosities (5 to 3%; see 
Chapters 2 and 5), at which I assumed the percolation threshold for fluid transport is 
reached. However, many natural (reservoir) sandstones, which show ample evidence for 
having undergone pressure solution, still have a porosity of 15-25% [e.g. Ramm, 1992]. 
A possible explanation for this persistence of porosity in sandstones is the onset of 
surface-energy-driven grain boundary healing, through fluid-assisted neck growth and 
related processes [e.g. van Noort et al., 2008; Visser et al., 2012; S. Hangx, in prep.]. This 
type of process begins to compete with pressure solution when the surface-energy-
related driving forces for mass transfer become of similar magnitude to the stress-
related driving forces. Such competition is expected to come into play as grain contact 
stresses decrease with increasing contact area during progressive compaction [van Noort 
et al., 2008; Visser et al., 2012; S. Hangx, in prep.]. To determine at which porosity (and 
hence contact geometry) pressure solution has increased contact area to the point that 
grain boundary healing becomes dominant (effectively halting compaction), the grain 
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boundary healing model, as devised for and applied to quartz by Van Noort et al [2008], 
should be implemented for anhydrite. This will provide a lower limit for the porosity 
that an anhydrite-bearing fault zone can reach through pressure solution. However, 
compaction to that limiting porosity, which may lie above the percolation threshold, does 
not necessarily mean that the fault zone would remain permeable. This depends on the 
distribution of equilibrium dihedral angles that characterizes a wet anhydrite aggregate. If 
the average dihedral angle is greater than 60° then pores will disconnect [e.g. Smith, 1948; 
Beere, 1975; Laporte and Provost, 2000], and pore occlusion may be effective such that the 
permeability of the bulk aggregate is decreased. An additional effect that may occur at low 
porosities is grain growth by an Ostwald ripening process, also leading to pore occlusion 
[Visser et al., 2012]. Alongside pressure solution, all of these surface energy driven effects 
will also affect mechanical strength recovery or frictional healing during periods of 
zero fault slip. To determine how the porosity and permeability of anhydrite gouges, 
or indeed of any fault gouge, evolve during compaction at low porosities (< 5%), under 
conditions favorable to pressure solution and to surface energy driven transport, novel 
experiments are required. These need to be capable of both intermittent and continuous 
in-situ measurement of the permeability of a pore-fluid-saturated granular aggregate 
under confining load. An alternative technique that would be suitable for measuring the 
breakdown of pore connectivity would be to measure the electrical conductivity [c.f. 
Watanabe and Peach, 2002].

Effect of microcracking on gouge compaction. In the compaction experiments on 
simulated anhydrite gouge reported in Chapter 2, conditions were chosen to ensure 
minimum grain scale microcracking before initiating the creep phase of the experiments. 
This made it possible to investigate time-dependent deformation in samples of (initially) 
known grain size, and to focus on identifying the dominant compaction mechanisms 
operating. In fine-grained gouge aggregates, this was shown to be pressure solution, 
and I assumed that in gouges produced during fault reactivation the resulting fine grain 
size [e.g. Engelder, 1974; Keulen et al., 2007] would mean that pressure solution is the 
dominant compaction mechanism under in-situ post-reactivation conditions. However, it 
is very likely that time-dependent (sub-critical) crack growth will play some role as well, 
though compaction by sub-critical microcracking mechanisms is not yet characterized by 
microphysically based rate laws. Such processes have received more attention lately, see 
for example Brzesowsky et al [2014] or Brantut et al [2013]. Nonetheless, for anhydrite 
and for fault gouges in general, new microphysical modelling work and new experimental 
work are needed to determine how microcracking influences the deformation, compaction 
and healing/sealing behavior of fault gouges at wet, in-situ conditions. Experiments on 
anhydrite (and other gouges) could involve compaction experiments performed on 
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samples with narrow initial grain size distributions and high stresses, accompanied by 
acoustic emission monitoring and detailed microstructural studies to determine crack 
type and density [c.f. Brzesowsky et al., 2014]. In such experiments on anhydrite gouges, 
the effect of CO2 dissolved in the pore fluid solution phase on crack growth should also 
be investigated more rigorously, to determine better how and why the compaction rate 
measured for coarse-grained samples in the presence of CO2 was lower than measured 
for the CO2-free equivalents.

Interplay of pressure solution and microcracking. Since microcracking creates a 
fine(r) grained gouge, it will most likely be accompanied by pressure solution. Hence, 
it would be interesting to investigate in more detail the interplay between pressure 
solution and the effect of microcracking in a more quantitative sense, for example 
through indenter techniques combined with microscopy, such as employed by Gratier 
et al [2014]. The interplay of pressure solution and microcracking has been a subject of 
discussion for many years, and it has been shown that microcracking will tend to speed 
up pressure solution rates, via the associated grain size reduction , as well as through 
shortening diffusion distances in cases where diffusion is the rate controlling process 
[see for example Gratier et al., 1999; Renard et al., 2000; Croizé et al., 2010]. 

Carbonate formation in anhydrite fault gouges exposed to CO2 and long term 
effects on porosity and permeability. Our compaction experiments on simulated 
anhydrite gouge in contact with a CO2-saturated pore fluid phase showed limited 
carbonate formation. The lower molar volume of calcite compared to that of anhydrite 
poses the question as to what effect this mineral transformation would have on fault 
permeability if CO2-charged fluid penetrates the fault rock. On the one hand, a porosity 
increase should lead to increased permeability. On the other hand, the dissolution step 
of the anhydrite to calcite reaction, plus increased porosity, may also lead to enhanced 
compaction through enhanced dissolution of locked grain contact points, increased grain 
contact stresses, and increased possibilities of grain rotation and translation, especially 
in the presence of a normal stress that drives compaction. To address these issues, flow-
through or core-flood experiments on long, confined gouge samples are needed, coupled 
with permeability measurements using water saturated with CO2 at in-situ conditions. 
While experiments of this type have been done on some materials [for example, Zoback 
and Byerlee, 1976; Normand et al., 2002], much longer samples are needed to evaluate the 
effects of advective reactive transport, which may well increase permeability at some 
locations while drastically reducing it at others. An experimental method that can achieve 
meter instead of centimeter length scales has the advantages that the fluid residence 
time is increased, as well as allowing for dissolution at one site plus precipitation at 
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another, the necessity of which has been recognized before amongst the carbon storage 
community [see for example Armitage et al., 2013]. First efforts in this direction are 
presently in progress at the HPT laboratory under my supervision.

Effects of carbonate formation on the velocity dependence of friction in anhydrite 
gouges. Since calcite exhibits velocity-weakening behavior at lower temperatures than 
anhydrite (i.e. at temperatures above ~80°C compared to 120°C for anhydrite, Chapter 
6), major conversion of anhydrite to calcite might have an effect on the frictional stability of 
faults filled with (initially) anhydrite-rich gouge, at crustal depths where the temperature 
lies between 80 and 120°C . This could be assessed by long term reaction/friction 
experiments on simulated anhydrite, i.e. slide-hold-slide experiments with long-duration 
holds, employing CO2-saturated pore fluid, under conditions where wet anhydrite shows 
velocity-strengthening behavior, and wet calcite shows velocity-weakening behavior. An 
alternative approach, which could be coupled with geochemical modelling to provide a 
time-scale on the progress of reaction from anhydrite to calcite, would be to conduct 
friction experiments on mixed calcite-anhydrite gouges with systematically varied 
compositional ratio. The data obtained would be of interest in relation both to CO2 
storage in anhydrite capped reservoirs, but also in relation to natural seismicity in regions 
such as the Apennines. Note that the frictional strength of anhydrite/calcite mixtures 
should not be sensitive to their relative proportions, as both pure end members are 
characterized by similar friction coefficients (0.5 to 0.7) (a summary of frictional strength 
for these materials is given in Chapter 6).

Displacement-weakening in friction tests on anhydrite gouge. The velocity-
dependent displacement weakening effect that I found in all direct shear experiments on 
anhydrite, dolomite and mixed gouges presented in this study, is not yet fully explained. 
Displacement weakening was most prominent in the experiments on wet anhydrite 
(Chapters 4, 5 and 6). Ikari et al [2013] and Ohnaka [2013] have recently pointed 
out that the material property of displacement weakening (as opposed to apparatus-
related artifacts seen in some experiments) may, under certain circumstances, provide a 
mechanism for earthquake and/or slow slip nucleation. As such, displacement weakening 
deserves more attention in future research, where, with respect to anhydrite, one of the 
main questions should be whether displacement weakening seen during relatively small 
strain experiments is representative for the behavior of a (more) mature fault upon 
reactivation. In our experiments, microstructural analysis indicated the development of 
R1 shear zones and probably a boundary Y-shear, whereas a more mature fault fabric 
is expected to contain numerous Y- or shear-plane-parallel shear bands [e.g. Logan et 
al., 1979]. In other words, the observed displacement weakening (Chapters 4,5 and 6) 
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may be linked to the ongoing fabric development. A first step forward would be to 
perform ring shear experiments, in which larger shear displacements can be reached, 
at a range of constant velocities, whilst keeping total gouge mass constant, i.e. without 
material extrusion. This will remove the complication of geometric changes in the sample 
configuration during shear while allowing large displacements and steady state to be 
attained, thus avoiding any “apparent” or artifact-related changes in frictional strength 
[c.f. Scott et al., 1994]. 

Scaling of frictional data. An important challenge for future research in fault mechanics 
in general, and in relation to the reactivation behavior of gouge-bearing faults in anhydrite 
and anhydrite/dolomite sequences in the contexts addressed here, is to tackle the scaling 
issue from experiments to natural faults. This involves scaling in terms of fault length 
scales, fault area, fault thickness and fault throw and requires an integrated approach. 
Multi-scale models, validated against centimeter- to meter-scale shearing experiments 
are needed to upscale from the laboratory scale to nature, taking into account both 
geometric and strength heterogeneities in the fault plane. Modelling approaches could 
include multi-scale asperity-distribution models, discrete element models, finite element 
models and volume averaging models [Barbot et al., 2012; Niemeijer et al., 2012; Latour et al., 
2013; Noda and Lapusta, 2013; Noda and Hori, 2014; Platt et al., 2014; Rice et al., 2014; Rinaldi 
et al., 2014; Shimamoto and Noda, 2014; Van Wees et al., 2014]. The output of these should 
be used to upscale from the laboratory at least to the mesh-scale used in finite element 
and other continuum models [Rice, 1993; e.g. Rutqvist et al., 2007, 2013; Orlic, 2009; Orlic 
et al., 2011] as well as fault plane rupture models [Ampuero, 2002; Erickson and Dunham, 
2014; Huang et al., 2014; Trugman and Dunham, 2014]. At larger scales, the numerical code 
can be used to handle geometric and mechanical irregularities. 

Present friction data versus shallow seismicity in the Apennines. The present results 
on the rate dependent frictional strength properties of wet anhydrite, dolomite and 
mixed gouges are not directly consistent with observations on the natural seismicity 
occurring at depth on active faults involving these materials in the Apennines in Italy. 
Seismicity at depths of 5 to 10 km [e.g. Mirabella et al., 2008; Speranza and Minelli, 2014] 
in the Apennines implies unstable slip at temperatures of 100-300°C. At 150°C, wet 
dolomite gouges exhibit limited velocity-weakening behavior, but below ~150°C there 
is little to no evidence for velocity-weakening behavior in wet anhydrite, dolomite or 
mixed gouges. This may mean that the laboratory slip rates used in my study are too 
fast to apply to slip nucleation, effective normal stresses were not representative of 
the in-situ values, or it may imply other mechanisms of seismogenic rupture nucleation, 
such as slip weakening [Ohnaka, 2004, 2013; Ikari et al., 2013]. To test these possibilities, 
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the most promising avenues would be friction experiments on wet (mixed) anhydrite/
dolomite gouges at a larger range of slip rates, at higher (and lower) effective normal 
stresses, and addressing healing/re-shearing and displacement weakening behavior in 
more detail. Other factors that may influence seismogenesis in the Apennines include 
the role of (secondary) calcite-derived gouges, which exhibit velocity-weakening from 
above only 80-100°C [Verberne et al., 2010, 2013a, 2013b], or the effect of different pore 
fluid (brine) compositions. Since pressure solution has been proven to be an important 
internal deformation mechanism, at least in anhydrite gouges, pore fluid constituents 
that influence solubility and precipitation should also influence the rate of pressure 
solution, and likely also the velocity dependence of friction [Niemeijer and Spiers, 2006, 
2007]. Experiments using saline pore fluids are therefore desirable. A further possibility 
would be to add a scale inhibitor, such as the amino methylene phosphate solution used 
in Chapter 2 (shown to be a pressure solution retardant), to a wet anhydrite gouge 
in a friction experiment, preferably at pressure/temperature conditions close to the 
transition from velocity-strengthening to –weakening (e.g. 25 MPa normal stress and 
a temperature of 150°C). To test for the role of pressure solution creep in dolomite 
gouges, a practical approach would be first to perform uniaxial compaction experiments, 
analogous to the experiments on anhydrite described in Chapter 2, and subsequently 
add dissolution/precipitation reaction retardants (or enhancers), since in such a set-up 
any retardation or acceleration of pressure solution creep can be easily demonstrated 
[c.f. Chapter 2; Zhang and Spiers, 2005]. If successful, these could be followed by friction 
experiments using the same additives. 

Evidence for dislocation creep as a process controlling dry frictional behavior. 
The transition from velocity-strengthening to velocity-weakening that I recorded in dry 
anhydrite gouges with increasing temperature (i.e. above 120C, see Chapter 4) is inferred 
to be related to thermally enhanced dislocation creep rates, as reported for calcite 
gouges [e.g. Verberne et al., 2013b]. Even though this hypothesis is compelling, based on 
the power law n-values of 1.5 characterizing stress relaxation creep in the hold periods of 
slide-hold-slide experiments (Chapter 5), no microstructural evidence could be obtained 
to back this claim up. It would be good to perform a more rigorous microstructural 
search for evidence of dislocation activity and crystal plastic deformation, for example 
by searching for lattice distortions or crystallographic preferred orientations developed 
in slip bands [c.f. calcite, Verberne et al., 2013a, 2013b], using optical or Electron Back 
Scatter Diffraction methods, or for dislocation substructures using Transmission Electron 
Microscopy [e.g. Passchier and Trouw, 2005; Karato, 2008]. To do all this, high quality thin 
sections are needed, so first a way would need to be found to preserve and section the 
samples better than was possible in this study. 
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Micromechanical modelling of frictional behavior. In this thesis, the processes 
controlling the velocity-dependence of friction in simulated anhydrite gouges, and its 
temperature-dependence, have been interpreted in a qualitative way, based on a similar 
line of reasoning as embodied in the microphysical model for friction in granular gouges 
originally proposed by Niemeijer and Spiers [2006, 2007]. This model explains velocity-
weakening in gouges that can undergo compaction creep, by mechanisms such as pressure 
solution, as caused by competition between rate-independent, dilational granular flow and 
compaction creep. It would be useful to construct such a quantitative micromechanical 
model describing the velocity-dependence of friction in both dry and wet anhydrite, as 
this would provide a better basis for extrapolating lab data on anhydrite gouges to natural 
nucleation velocities (which are not accessible in experiments), and to a wider range of 
effective stresses. The approach could be extended to allow not only for compaction 
but also for shear by the assumed creep mechanism, following the approach recently 
used by Den Hartog and Spiers [2014]. To do this, a mechanism-based description of the 
relevant dilatational and creep mechanisms is needed. The former is interpreted here to 
be granular flow [c.f. Niemeijer and Spiers, 2007]. The latter would be dislocation creep 
for the dry samples (pending the results of a more detailed microstructural study) and 
pressure solution creep for the wet samples (i.e. the model as developed and tested in 
Chapter 3). I plan to develop such a model in the near future, so that my experimental 
results can ultimately be applied more effectively in quantitative, rupture nucleation 
models addressing fault reactivation in anhydrite and anhydrite/dolomite rock sequences.
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Uitgeputte olie- en gasreservoirs zijn aantrekkelijke locaties voor de opslag van CO2. 
Ze hebben een bewezen opslagcapaciteit, hun geologische opbouw en kenmerken zijn 
bekend, en er is infrastructuur die kan worden benut om CO2 de grond in te pompen. Veel 
reservoirs, zowel in Nederland als wereldwijd, worden aan de bovenzijde afgedekt door 
anhydriet en anhydriet/dolomiet gesteenten. Deze functioneren als een soort deksel, 
waardoor de reservoirs in principe niet lekken. In deze afdekgesteenten kunnen echter 
breuken zitten, waardoor CO2 mogelijk toch zou kunnen ontsnappen uit het reservoir. 
Lekkage kan op deze plekken optreden door het wegstromen langs (nieuwe) vrije ruimte 
(porositeit), die op drie manieren kan ontstaan: tijdens aseismische beweging, tijdens 
geïnduceerde seismische activiteit (m.a.w. aardbevingen*), of door chemische vloeistof/
gesteente-interacties. 

Voor dit proefschrift heb ik een aantal fysische processen bestudeerd die kunnen 
optreden in breukvlakken en gevolgen kunnen hebben voor het ontsnappen van CO2 
uit ondergrondse reservoirs. Daartoe heb ik een aantal experimenten uitgevoerd met 
nagemaakt gesteentegruis uit breuken, ‘gesimuleerd breukmeel’. Deze heb ik onderzocht 
bij een druk en een temperatuur die vergelijkbaar zijn met die op de diepte van CO2-
reservoirs (2 tot 4 km). Ik heb gekeken naar zowel de manier waarop breukmeel verdicht 
en de mate waarin breuken hierdoor worden versterkt (de versterkingspotentie), als 
naar de wrijvingseigenschappen van anhydriet breukmeel. Dit heb ik niet alleen gedaan 
met breukmeel van anhydriet, maar ook van anhydriet/dolomiet gesteenten. Los van 
de relevantie voor CO2-opslag zijn de onderwerpen die ik heb onderzocht namelijk 
ook direct relevant voor het begrip van tektonisch actieve breuken in gebieden met 
anhydriet/dolomiet-gesteenten in de ondergrond, zoals in de Italiaanse Apennijnen. Hier 
komen regelmatig grote aardbevingen voor op een diepte van 5 tot 10 km, die mogelijk 
gecorreleerd zijn aan de hoge CO2-fluxen die in het gebied worden waargenomen. De 
CO2 is in dit gebied afkomstig uit de dieper gelegen aardmantel. 

Hoofdstuk 1 beschrijft de achtergrond van mijn proefschrift en de doelstellingen van 
het onderzoek.

Hoofdstuk 2 beschrijft de resultaten van 1-D compactie-experimenten op gesimuleerd 
anhydriet breukmeel: hoe verdicht het breukmeel in breuken zich na een aardbeving 
en hoe snel verloopt dat proces? In wetenschappelijke termen: wat is de kruipsnelheid 
van anhydriet breukmeel en wat zijn de onderliggende microfysische mechanismen? 
De experimenten zijn uitgevoerd bij 80°C, onder constante druk (5-12 MPa) en onder 
stapsgewijs veranderende druk (5/7.5/10 MPa), op droog en nat gesimuleerd breukmeel, 
en op breukmeel met verschillende korrelgroottes (tussen 20 en 500µm). De uitkomsten 

1) seismische activiteit is een ander woord voor aardbevingen. Aardbevingen kunnen nagenoeg onvoelbaar zijn, tot zeer 
destructief. Ze worden gemeten op een logaritmische schaal, de momentmagnitude schaal (aangegeven met M). Bij twee tot 
vier kilometer diepte worden aardbevingen goed waarneembaar aan het aardoppervlak vanaf circa M3.
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laten zien dat in anhydriet onder droge omstandigheden weinig tot geen kruip voorkomt. 
Natte monsters vertoonden juist snelle kruip, en dus snelle verdichting. De mechanische 
en microstructurele data die ik heb verzameld, suggereren dat er sprake is van twee 
verschillende onderliggende mechanismen. De eerste komt vooral voor bij kleine 
korrelgroottes (<50 µm) en lage spanning. Hierbij vindt verdichting plaats doordat de 
korrels onder invloed van druk oplossen en elders weer neerslaan, ook wel drukoplossing 
genaamd. Dit proces bestaat uit drie stappen: oplossen, diffunderen en neerslaan. Mijn 
experimenten suggereren dat het proces van diffusie hierbij de meeste tijd in beslag 
neemt, en dat oplossen en neerslaan veel sneller gaan. Met toenemende korrelgrootte en/
of onder hogere spanning wordt een ander mechanisme dominant, namelijk dat van   sub-
kritische microscheurvorming. Dit is een tijdsafhankelijk proces waarbij, versneld door 
de aanwezigheid van water, scheurtjes in de korrels ontstaan. Hierdoor fragmenteren 
de korrels, en deze fragmenten roteren en verplaatsen onder invloed van de spanning, 
waardoor de laag breukmeel compacter wordt. Het onder druk zetten van natte 
monsters met CO2 (met een druk van 15 MPa), zoals in de realiteit zou kunnen gebeuren 
bij CO2-injectie in de ondergrond, had geen significant effect op kruip in fijnkorrelig 
materiaal. In grofkorrelige monsters vertraagde de kruip. In beide gevallen werden kleine 
hoeveelheden carbonaat gevormd. Aangezien natuurlijk breukmateriaal waarschijnlijk nat 
en fijnkorrelig is, concluderen we dat diffusie-gecontroleerde drukoplossing waarschijnlijk 
het belangrijkste proces is voor het verdichten en het versterken van anhydriet-rijke 
breuken in de ondergrond, zowel bij CO2 opslag als bij natuurlijke aardbevingen in de 
Apennijnen. 

Hoofdstuk 3 beschrijft de ontwikkeling van nieuwe microfysische modellen voor kruip 
door drukoplossing. Deze modellen kunnen we gebruiken om laboratoriumresultaten 
(zoals die van hoofdstuk 2) te extrapoleren naar de lange termijn die hoort bij CO2-opslag 
en de herhalingstijden binnen de natuurlijke seismische cyclus. De nieuwe modellen voor 
kruip komen goed overeen met de gegevens gerapporteerd in hoofdstuk 2. Dit bevestigt 
dat verdichting van fijnkorrelig anhydriet breukmeel in deze experimenten voornamelijk 
wordt verklaard door diffusie-gecontroleerde drukoplossing. Als we de nieuwe modellen, 
die we op basis van deze kennis hebben gemaakt, extrapoleren naar de lange termijn en 
naar andere drukken en temperaturen, wordt duidelijk dat het natuurlijk afdichten van 
breuken in anhydriet-gesteenten hooguit enkele decennia in beslag kan nemen. Dit is erg 
snel vergeleken met de 10.000 jaar die normaal gesproken wordt geassocieerd met CO2-
opslag, en het impliceert dat zelfs als een breuk gereactiveerd wordt tijdens de CO2-
injectiefase, deze relatief snel weer afgedicht zal zijn. Het risico op langdurige lekkage is 
dus relatief klein. In de Apennijnen hebben zware aardbevingen (M≥6) een herhalingstijd 
van 2.000 à 5.000 jaar, dus in de periodes tussen deze bevingen zullen anhydriet-rijke 
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breuken volledig afgedicht zijn, aangezien dit slechts tientallen jaren in beslag neemt. 
De natuurlijke afdichting van anhydriet-rijke breukgesteentes door drukoplossing 
kan wel een rol kan spelen bij lichtere aardbevingen (magnitude 5 of lager), aangezien 
aardbevingsmagnitude en herhalingstijd schalen volgens de logaritmische Gutenberg-
Richter-relatie. 

Hoofdstukken 4, 5 en 6 beschrijven de resultaten van experimenten die gericht zijn op het 
testen van de wrijvingseigenschappen van (gesimuleerd) anhydriet, dolomiet en anhydriet/
dolomiet breukmeel, door middel van zogeheten ‘direct shear’-experimenten. Hiermee 
heb ik zowel de sterkte van de genoemde materialen getest (de frictiecoëfficiënt), 
alsook de snelheidsafhankelijkheid van sterkte bepaald. Dit laatste is belangrijk, omdat 
het sterker worden van materiaal met toenemende snelheid (“snelheidsversterking”) 
het ontstaan van aardbevingen tegengaat, terwijl het zwakker worden met toenemende 
snelheid (“snelheidsverzwakking”) juist een van de vereisten is voor het ontstaan van 
aardbevingen. Alle experimenten die worden beschreven in deze drie hoofdstukken zijn 
uitgevoerd op laagjes breukpoeder van ca. 1 mm dik, die geklemd worden tussen twee 
half-cilinders. Deze worden bijeengehouden door een stuk krimpkous en een rubber 
beschermlaag, en in een oliehoudend vat aangebracht. Dit vat kan onder een gewenste 
druk en temperatuur worden gezet, waarna de half-cilinders ten opzichte van elkaar 
kunnen verplaatsen (maximale verplaatsing is 5 tot 6 mm) met verschillende opgelegde 
snelheden. Hiermee kunnen we dus de sterkte en de verschillen in sterkte (ten gevolge 
van het opleggen van verschillende snelheden) van het laagje breukmeel meten. Deze 
experimenten zijn uitgevoerd bij representatieve druk en temperatuur, met een effectieve 
normaalspanning van 25 MPa (ca. 250x de atmosferische druk) en bij temperaturen 
variërend van 20 tot 150°C. De breukmeel-laagjes zijn droog getest (onder vacuüm 
of blootgesteld aan de lucht), maar ook met verschillende soorten porievloeistof, te 
weten droge, superkritische CO2, water, natte superkritische CO2 (deze bevat sporen 
van water) en water verzadigd met superkritische CO2. Als er porievloeistof werd 
toegevoegd, gebeurde dat met een druk van 15 MPa. 

Hoofdstuk 4 beschrijft de resultaten van de ‘direct shear’-experimenten die ik heb 
uitgevoerd op gesimuleerd anhydriet breukmeel met stapsgewijs veranderende 
snelheden (tussen 0.2 en 10µms-1). Bij de gekozen condities en bij een verplaatsing van 2 
mm heeft anhydriet breukmeel een frictiecoëfficiënt tussen 0,53 en 0,71. Gedurende het 
hele experiment trad er een lichte, continue verzwakking met toenemende verplaatsing 
op, waardoor de frictiecoëfficiënt op het einde van het experiment lager was dan aan 
het begin. Natte monsters (zonder CO2) zijn tot 15% zwakker dan droge monsters, 
en als CO2 aanwezig is zijn natte monsters nogmaals 15% zwakker. CO2 heeft dus een 
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verzwakkend effect, wat mogelijk tot reactivatie van anhydriet-rijke breuken kan leiden, 
vooral als deze onder kritieke spanning staan. Wat betreft de snelheidsafhankelijkheid van 
sterkte vertoont droog anhydriet breukmeel bij temperaturen boven 120°C consequent 
snelheidsverzwakkend gedrag, terwijl natte monsters, met en zonder CO2, enkel 
snelheidsversterkend gedrag toonden onder de onderzochte condities. Met de aanname 
dat natuurlijke breuken water bevatten, impliceren deze resultaten dat breukreactivatie 
van anhydrietrijke breuken onder vergelijkbare druk en temperatuur als hier onderzocht 
niet zal leiden tot aardbevingen, met de kanttekening dat de aanwezigheid van dolomiet 
of (reactie-geproduceerd) calciet, alsmede het uitdrogen van breukpoeders (potentieel 
veroorzaakt door nabije CO2-injectie) de potentie voor seismische activiteit (en daarmee 
voor aardbevingen) zou kunnen veranderen.

Om de kans op breukreactivatie en/of lekkage goed te modelleren, is het belangrijk om niet 
alleen de sterkte van breuken en de snelheidsafhankelijkheid van sterkte te begrijpen, maar 
ook hoe dit zich ontwikkelt tijdens periodes zonder verplaatsing en het daaropvolgend 
herstarten van beweging. Daartoe rapporteer ik in hoofdstuk 5 de resultaten van 
‘direct-shear’-experimenten waarbij periodes van verplaatsing met constante snelheid 
worden afgewisseld met periodes zonder verplaatsing. Deze sequentie wordt na ca. 4 mm 
verplaatsing gevolgd door een interval met stapsgewijs veranderende snelheid. Hiermee 
kan ik de versterkingspotentie van gesimuleerde anhydriet breukpoeders evalueren. 
Deze wordt gemeten als het verschil tussen de evenwichtssterkte (tijdens beweging) en 
de pieksterkte gemeten tijdens het herstarten van beweging. In tegenstelling tot eerder 
gerapporteerd onderzoek, tonen mijn resultaten een meetbare versterkingspotentie 
aan in vacuümdroge monsters, die gelijk is aan die in monsters met droge CO2. Als 
er water aanwezig is, neemt de versterkingspotentie sterk toe, ongeacht of er CO2 
aanwezig is. De log-lineaire tijdsafhankelijkheid van de versterkingspotentie van droge 
monsters suggereert dat de versterkingspotentie gerelateerd is aan het optreden van 
plastische kruip tijdens periodes zonder beweging. Natte monsters (zonder en met CO2) 
vertoonden een exponentiele tijdsafhankelijkheid. Gecombineerd met microstructureel 
bewijs, suggereert dit dat de versterkingspotentie van natte monsters gerelateerd is aan 
het optreden van drukoplossing tijdens periodes zonder beweging. Met de aanname dat 
natuurlijke breuken nat zullen zijn heb ik de experimentele resultaten geëxtrapoleerd 
naar een langere tijdsduur, gebruik makend van de drukoplossingsmodellen zoals ik die 
omschreef in hoofdstuk 3. Dit deel van mijn onderzoek geeft aan dat tijdens perioden 
zonder beweging anhydriet breukpoeder zijn volledige versterkingspotentie binnen 
tientallen dagen zal benutten. Dit is wederom zeer snel in vergelijking met de tijdschaal 
die wordt geassocieerd met CO2-opslag en in vergelijking met herhalingstijden van zware 
aardbevingen in de Apennijnen. 



220

SAMENVATTING

Hoofdstuk 6 beschrijft de resultaten van ‘direct-shear’-experimenten op gesimuleerd 
breukmeel van anhydriet, dolomiet en 50:50 anhydriet/dolomiet, uitgevoerd bij 
120°C, op droog en nat breukmeel, en op natte monsters in contact met CO2. De 
verschillen in wrijvingssterkte tussen de monsters van verschillende samenstelling zijn 
relatief gering, ongeacht of ze droog of nat getest zijn, of met CO2 verzadigd water. 
In dit proefschrift zijn de zwakste monsters die van nat, puur anhydriet breukmeel, 
verzadigd met CO2, met de   laagste geobserveerde frictiecoëfficiënt van 0,53. Wat betreft 
de snelheidsafhankelijkheid van de sterkte, toonden alle droge monsters ongeacht 
de compositie snelheidsverzwakkend gedrag bij 120°C, terwijl natte monsters alleen 
snelheidsversterkend gedrag vertoonden, zonder en met CO2. Dit is in overeenstemming 
met eerder gerapporteerde trends voor anhydriet, dolomiet, calciet en anhydriet/
dolomiet poeders. Droog tonen deze in het algemeen snelheidsversterkend gedrag 
bij temperaturen onder 80-120°C, en nat onder 100-150°C. Bij hogere temperaturen 
vertonen ze snelheidsverzwakkend gedrag. De temperatuur van 120°C is aan de 
hoge kant voor wat verwacht wordt voor CO2-opslag, en zelfs bij deze relatief hoge 
temperatuur is er uitsluitend snelheidsversterkend gedrag geobserveerd. Er lijkt dus 
weinig seismisch potentieel te zijn voor natuurlijke breuken die bestaan uit nat dolomiet, 
anhydriet en gemengd breukmeel. Het gerapporteerde snelheidsverzwakkende gedrag 
van nat anhydriet en dolomiet breukmeel bij temperaturen boven 150°C kan seismische 
slip op een diepte van ca. 6 km en meer verklaren in de Italiaanse Apennijnen. Voor de 
ondiepere aardbevingen in dat gebied zijn andere verklaringen nodig.

Dit proefschrift wordt afgerond in hoofdstuk 7 met een samenvatting van de belangrijkste 
resultaten en conclusies, alsmede een synthese van de implicaties voor CO2-opslag en 
de seismische activiteit in anhydriet/dolomiet sequenties in tektonisch actieve gebieden, 
zoals de Italiaanse Apennijnen. Hier worden ook de onbeantwoorde vraagstukken en de 
nieuwe opgekomen vragen genoemd, alsmede suggesties voor verder onderzoek gedaan.
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