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Abstract: The sealing and healing behaviour 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 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, allow-
ing 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 exper-
imental 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 dif-
fusion-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

CO, storage time scales and with the recurrence interval for seismicity in the Apennines.

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 latter via fault-valve be-
haviour for example. Second, they are central to
determining the containment integrity of geological
storage systems for fluids such as CO,, natural gas
and hydrogen fuel, notably when the storage reser-
voir 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 and hence strength throughout the
seismic cycle of active faults (e.g. Sibson 1992;
Faulkner & Rutter 2001; Wibberley & Shimamoto
2003; Wibberley et al. 2008; Faulkner et al. 2010;
Chen et al. 2013).

When faults are inactive, fault rocks are gener-
ally expected to compact and heal by processes
such as diffusive mass transfer, leading to strength
recovery and a reduction in fault zone permeabil-
ity (e.g. Angevine et al. 1982). Upon fault reactiva-
tion due to tectonic loading, to fluid over-pressuring
or to stress changes induced by subsurface exploita-
tion activities, new fault zone damage and fault
gouge may be formed, increasing porosity and per-
meability (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 func-
tion of time. To estimate the time scales over 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 for anhydrite gouge in particular,
which is currently of special interest in relation to
two of the three reasons listed above. Many hydro-
carbon reservoirs and many potential CO, storage
reservoirs are sealed by (faulted) anhydrite or inter-
bedded 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 c. 14% of the
global gas supply; Oil & Gas Journal 2013), the
K12-b CO, storage pilot-site in the Dutch North
Sea (Vandeweijer et al. 2011) and the (onshore)
CO, injection field at Weyburn in Canada (Can-
tucci et al. 2009). Additionally, much of the highly
damaging seismicity experienced in the Italian
Apennines in recent years involves rupture nuclea-
tion in the anhydrite-carbonate cover sequence
that characterizes the Apennines region (De Paola
et al. 2008; Mirabella et al. 2008; Collettini et al.
2009; Trippetta et al. 2010).

Motivated by these considerations, Pluymakers
et al. (2014) recently performed uniaxial com-
paction experiments on simulated anhydrite fault
gouge with different initial mean grain sizes (d =
20-500 pwm), under both dry and wet conditions,
at near in situ temperatures and stresses, that is, at
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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 one-dimensional
(1D) compaction vessel and method used, refer
to Schutjens (1991), Hangx et al. (2010), Zhang
et al. (2010) and Pluymakers et al. (2014). All
samples were first lightly pre-compacted to obtain
a more or less constant porosity (¢oc) prior to initi-
ating creep testing (see also Niemeijer et al. 2002;
Hangx et al. 2010). 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 1-3 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 that fluid-assisted processes controlled
anhydrite compaction and that plasticity played a
negligible role under the experimental conditions.
Interestingly, samples tested wet, that is, in the pres-
ence of the solution phase, showed two compaction
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regimes (see Fig. 1). At fine grain sizes (grain dia-
meter <70 wm), 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
(Fig. 1) and a low stress sensitivity of strain rate.
This, plus retardation of creep observed upon addi-
tion of a precipitation reaction (i.e. scale) inhibitor,
along with microstructural evidence for solution
transfer with little or no grain size reduction, sug-
gested diffusion-controlled pressure solution as the
controlling mechanism of compaction in this fine
grain size regime (cf. pressure solution in NaCl
or calcite; Spiers & Schutjens 1990; Zhang et al.
2010; Liteanu et al. 2012). With increasing grain
size, this behaviour gave way to a regime show-
ing a direct dependence of creep rate on grain size
(Fig. 1). Microstructural evidence for grain scale
brittle failure and grain size reduction, and a high
stress sensitivity of strain rate visible in the mechan-
ical data, led to the conclusion that for these coarse-
grained samples (grain diameter >200 wm) defor-
mation was controlled mainly by a subcritical
microcracking mechanism (cf. Liteanu et al. 2012
for calcite). The two regimes were separated by a
transition region, in which the stress and grain size
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Fig. 1. Strain rate measured at fixed normalized porosity ¢/¢oc v. grain size, as reported by Pluymakers ez al.
(2014), for 1D compaction of simulated anhydrite fault gouge tested wet at an applied effective stress (o) of

8.5 &+ 0.5 MPa 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 >70 wm. Note that ¢ represents sample porosity at a given instant
during creep of the samples, while ¢oc is a normalizing porosity measured at the initiation of creep. Porosities ¢,
normalized with respect to the porosity ¢, of a simple cubic pack of spheres, are also given for later comparison with

model calculations.
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dependence of strain rate indicate mixed pres-
sure solution and subcritical microcracking mech-
anisms. Despite this complexity, it was argued by
Pluymakers et al. (2014) 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 sub-
sequent gouge compaction. However, only a quali-
tative comparison was made with pressure solution
models.

In the current paper, we make a detailed, quanti-
tative comparison between the above experimental
results obtained for the fine-grained creep regime
(Fig. 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 use-
ful for understanding fault rock compaction proper-
ties in a general sense, but can also be compared
directly with the results of the compaction exper-
iments on anhydrite reported by Pluymakers er al.
(2014). These models build upon the classical
model for diffusion-controlled pressure solution
presented by Rutter (1976) by including the possi-
bility of interfacial reaction control. We go on to use
the model that best explains the experimental data
reported by Pluymakers ef al. (2014) to provide an
order of magnitude estimate of fault sealing rates
and times for anhydrite fault gouge compacting at
in situ crustal conditions, and consider the impli-
cations for anhydrite-capped CO, storage systems
and for the seismic cycle in the anhydrite-carbonate
cover sequences of the Italian Apennines.

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 pres-
sure solution (Raj 1982; Lehner 1990, 1995; Spiers
& Schutjens 1990; Shimizu 1995; Renard et al.
1997; Schutjens & Spiers 1999; Gundersen et al.
2002; Spiers et al. 2004). However, these models
frequently ignore the possibility of dissolution
or precipitation as a rate-controlling mechanism,
focusing instead on grain boundary diffusion con-
trol (e.g. Rutter 1976; Schutjens & 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 sol-
ution rates under certain conditions (see De Meer
& Spiers 1997; Zhang et al. 2010). In develop-
ing pressure solution models for comparison with
compaction experiments on fine-grained anhydrite
gouge, it is therefore important to consider dis-
solution, precipitation and grain boundary diffusion

as potential rate-controlling processes. For highly
porous aggregates with a large molar volume such
as anhydrite (0 = 4.6 x 107> m> mol ') 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 enhance-
ment (AC/Cy) that drives pressure solution to be
approximated by an asymptotic linear relation of
the form AC/Cy = oSQ/RT, as opposed to the
form AC/Cy = [exp (o Q/RT) — 1]. Here, AC is
the absolute enhancement in the solubility of the
solid at stressed grain contacts, C is the solubility
in the unstressed reference condition (i.e. surrounded
by pore fluid at hydrostatic pressure Py), oy is the
effective normal stress at grain contacts, R is the
gas constant and 7 is the absolute temperature (see
Spiers et al. 2004). A further step that is useful in
a practical sense, is to design models for pressure
solution creep using porosity to represent aggregate
structure instead of using grain geometry or strain
(cf. Spiers & Schutjens 1990; Schutjens 1991;
Zhang et al. 2010).

In the following, we combine all of these ‘refine-
ments’ 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 ef al. (2014).

Microstructural model and driving force

In a granular aggregate, such as a monomineralic
fault gouge, loaded in the presence of a pore fluid
solution phase, stress-induced differences in che-
mical potential (hence solubility) between the load-
bearing grain contacts and the free pore walls drive
material to dissolve at the contacts and to precipi-
tate on the pore wall surfaces (Rutter 1976, 1983;
Raj 1982; Lehner 1990, 1995). 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 satu-
rated solution filling the open pore space (Fig. 2).
We further assume that grain contacts are penetrated
by a thin fluid film present in microscopic island-
channel form (e.g. Raj 1982; Lehner 1990; Spiers
& Schutjens 1990; Paterson 1995), 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 develop-
ment of a creep model for pressure solution, only the
value of the parameters describing the grain bound-
ary properties. Following the derivations given
by numerous previous authors (e.g. Paterson 1973;
Rutter 1976; Raj 1982; Lehner 1990, 1995; Spiers
et al. 2004), when an effective stress is applied
to the solid framework, the drop in the normal
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Fig. 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 Py. The
approximation is made that d; ~ d, the equivalent
circular grain diameter or grain size. Grain contacts are
assumed circular with an area a.. 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, g and Z as defined in
the text.

component of solid chemical potential A, between
grain contact and pore wall sites is given by

A, = (6 — Pp)S) )

where o, is the local mean normal stress (MPa)
acting on a given grain boundary element (i.e.
site) and P is the pore fluid pressure (MPa) acting
on the free pore walls. Assuming the aggregate is
subjected to a total hydrostatic stress P, the nor-
mal force balance across any planar grain-to-grain
contact area (a.) leads to the relation oa.+
Pi(d® — a;) = Pdi%, where d is the centre-to-
centre grain spacing (see Fig. 2) and where o, is
the average normal stress transmitted across entire
grain contacts. Rearranging this leads to o, =
(P — Pf)(dsz/ac) + Py, which, setting o, = P — Py
for the applied effective stress and combining with
Equation (1), yields

030 d?

dc

Ap, ~ )

for the average difference in solid chemical poten-
tial between grain contacts and pore walls. As an
approximation, easily shown (from grain pack geo-
metry) to be reasonable for porosities down to
5-10%, we assume that dy = d, = d where d is
the sample grain size (e.g. equivalent circular dia-
meter) as measured in a thin section for example;
dy is the truncated diametral grain spacing and d,
is the grain diameter as measured between pore

walls (see Fig. 2). We further assume that the mean
grain contact area (a.) can be adequately approxi-
mated as a continuous function of porosity f(¢),
via the relation

2
ac="0 1) 3)

where F is a shape factor of value 7 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(¢) should
be chosen such that (a) f(¢) — O when ¢ — ¢,
where ¢ is the starting porosity at which grain con-
tacts show negligible contact area, and (b) f(¢$) — h
as ¢ — 0, where & is the geometric factor needed to
recover the correct value of a. from Equation (3)
when ¢ = 0. A simple porosity function roughly
satisfying these constraints is

q—2¢
q

f(d) =

“

where g = 2¢ (cf. Spiers et al. 2004). Down to
porosities of ¢. 5%, this function, with the implicit
assumption that 7 = 1, provides a good approxi-
mation for a. 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 Equations
(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:

Z q
Ap, = —0o;
M, o,

Q . 5
Y )

n

Rate-controlling steps

Since pressure solution is a serial process, 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 Apu,
between source (dissolution) and sink (precipita-
tion) sites is given by the sum A, = A, + Apg +
A;Lp (Raj 1982; Paterson 1995; Spiers et al. 2004),
in which the subscripts s, d and p denote the poten-
tial drop or driving force associated with the
dissolution, diffusion and precipitation steps res-
pectively. This relation applies at the local
source—sink scale (i.e. to Ag,) and to the average
potential drop between grain contacts and pore
walls (i.e. to Auy,). In the limit when one of the
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kinetic steps is the slowest, hence rate controlling,
Ap, and A, will be solely consumed in driving
that specific process (Raj 1982; Spiers et al. 2004).
This is precisely equivalent to the statement (follow-
ing Lehner 1990) that the total dissipation due
to pressure solution creep is the sum of the dissipa-
tion due to the kinetic processes operating, that is, to
dissolution, diffusion and (in a closed system) pre-
cipitation, and that, when one of these processes
is rate controlling, then all mechanical work is
dissipated by that process (see also Spiers & Schut-
jens 1990).

Dissolution-controlled compaction creep. Against
this background, when dissolution at grain con-
tacts is rate controlling, Au, =~ Au, = (Z/F)oy
Olq/(g — 2¢)]. Assuming a linear dissolution law
typical of many minerals (Brantley et al. 2008),
the dissolution rate in local grain elements (i.e.
at local source sites) is given in terms of the velo-
crty Vc(m s~y of the dissolving interface as
V. = ak+Q[(C - Cf)/Cf] (Van Noort & Spiers
2009), where « is a factor allowing for the influence
of grain boundary structure on dissolution rate
(a~ 0.9, Van Noort & Spiers 2009), k. is the
geochemical dissolution rate constant for the
unstressed solid at the reference pressure Py (mol
m 2s7h, Ct is the concentration of the dlssolved
solid in the graln boundary fluid (mol m~?) and
C (mol m~?) can be viewed as the mean enhanced
solubility of the solid at grain boundary dissolution
sites due to the local mean grain boundary stress y.

Alternatlvely, we can write V = I (AC / Cf) where

AC = C — Cr is the enhanced solubility at grain
contact sites, expressed as the local mean under-
saturation of the grain boundary solution phase
with respect to the adjacent stressed solid and
where I, = ak, ).

The enhancement of solid solubility at stressed
grain contact sites relative to the solute concen-
tration 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 0y, the normal component of the chemical
potential of the solid at the element boundary
(Lehner 1990; Van Noort & Spiers 2009) can be
written as W, = pyo +RT1n(a,/Co) where uq is
the solute potential at the reference concentra-
tion Cy. 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 ppy =
to+ RTIn(Cpy/Co) where C,, is the solubility

of the solid at such pore wall (sink) sites. The che-
mical potential difference between source and
sink sites A, can_therefore be written Au, =
o — Mpw = RT In (Cy/Cpy). However, in the case
of dissolution-controlled pressure solution, that
is A, = Af, the potential drop is driving the
grain boundary dissolution reaction and Ay ~
A[i]’, ~ 0. This means that there is negligible poten-
tial difference between the solute in the grain bound-
ary fluid ({;) and the solid phase at the pore walls,

so that iy ~ p,, and hence Cr~ Cpy. On this
basis, we can write
- G Cr +AC
Al = o — [ RTln—_RTl —_—
n n f — Cf Cf

=RTIn[ 1 +£
Cr

AC AR, AC
— = |:exp< M“) - 1] N —
Cr RT Cpw
The velocity of dissolution at local grain bound-
ary source sites is hence given as

‘7c = Is[exp(il?) — 1].

Since we assume that dissolving grain-to-grain
contacts remain flat, this dissolution velocity must
be uniform over each grain contact area so that
Az, and hence &, and the normal stress &, must
also be uniform across the grain contact area.
Accordingly, we can write the average potential

or

drop across grain contacts as Au, = Ay, and the

average contact stress as o, = 0,. The uniform
velocity of dissolving grain contact surfaces V.,
the uniform average velocity measured at the grain
contact scale, can therefore be written as

~ Ap,
c = c:Is ) -1
Ve =V, |:exp(RT> :|

which, upon insertion of Equation (5), yields

_ 0,QZ ¢
VC_IS[eXp(RT Fq_zd))—l] (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 &, & Vi/(d/2), so that the (isotropic) 3D
volumetric strain rate response to applied hydro-
static stress can be written as

b3 = 36, — % . )
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Combining this with Equation (6) gives our rate
expression for compaction by dissolution-controlled
pressure solution as

o= Ao exp(BRZ_4 )
=S| P\ RT Fq—24
(8) [Model S]

where A; = 6 for 3D isotropic compaction. For pure
1D compaction, the factor 3 in Equation (7) disap-
pears so that A; = 2. This implies that for 1D com-
paction of a real, imperfectly packed, granular
aggregate, in which the stress state will be interme-
diate between uniaxial and hydrostatic, A 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 0.

For completeness, we note that an identical
result to Equation (8) is obtained by assuming that
all of the mechanical work W = 0%, U m—3 s~ ")
done per second in compacting the aggregate by
pressure solution is dissipated by the dissolution
step. The dissipation or energy release rate by dis-
solution per grain contact is given by A, =
Ap,Veac/Q (cf. Lehner 1990) and hence per unit
volume of aggregate by As = Ac[(l/ds3)(2/Z)]
where the term in square brackets is the number of
grain contacts per unit volume. Combining these
relations for Ay with the approximation d; ~ d with
Equation (3) for a. and with Equation (5) for A,
and setting W = o és = A, leads to Equation (8).

Precipitation-controlled compaction creep. When
precipitation is rate controlling, Am, ~ Aw,.
Neglecting small changes in the mass of solid
stored in the (supersaturated) pore fluid during
precipitation-controlled compaction, mass conser-
vation requires that the amount of material that pre-
cipitates on pore walls also dissolves from grain
contacts. This means that Vp,Ap, ~ VA, where
Vpw is the pore wall growth velocity controlled by
the precipitation rate, Ap,, is the pore wall area per
grain, V. is the contact dissolution velocity and A,
is the total contact area per grain. Recalling that
F = 7 for spherical grains, then by taking the total
grain contact area per grain as A. = Za. the total
pore wall area per grain can be written as
Apw = Fd* — A.. Rearranging our expression for
mass conservation yields V.= V,wApw/Ac=
Voul(Fd® — Za.)/Za.). Use of Equation (3) now
leads to an expression for the precipitation-
controlled velocity of dissolution at grain contacts:

1—f(¢)
fd) -

Fd*> — Fd*f($)
F&f(p) ™

Ve = pw

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 con-
tacts, but written without any influence of grain
boundary structure on precipitation rate (i.e. with
a = 1), then the precipitation velocity V,,, can be
expressed as V., = ki Q(ACyy/Cpy) Where AC,,,
is the solute supersaturation in the pore fluid with
respect to the pore walls, or alternatively as Vi, =
Iy (ACpyw/Cpyw) (Where I, =k Q). At the same
time, for precipitation control we know that
Al =~ Apg ~ 0 and that A, =~ Auy = 0, 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 & Spiers 1997). Con-
sistent with the assumption that the dissolving grain
contacts remain flat, and with the mechanics of uni-
form contact loading, we further assume that the
enhanced solubility of the solid within individual
grain boundary elements (C,) is uniform across
the contacts, so that the average enhanced solubility
at the contact scale can be written as C,, = C,. The
average potential of the solid at grain contacts can
accordingly be written as ., = f, and the average
normal stress as o, = 0,, whereby both i, and
on, like C,, are uniform across the contacts. This
means that ACpy, ~ C, — Cpy, so that V, =
Iyw[Cn/Cpw — 11 which, applying u = uo+ RT
In(C/Cp) for p, and p,y, yields Vou =Ly
[exp(Au,/RT) — 1] as the precipitation velocity
on pore walls, where Au, = A, = py — tpw-
Applying Equation (5) now yields V,y, = Iy {exp
[(csQ/RT)Z/F)q/(q — 2¢)] — 1} which, together
with V. = V,u[(1 — f($))/f(¢)] and Equations (4)
and (7) leads to the precipitation-controlled com-
paction rate:

ey [eo(%2_ 2 ) ]2
®= IPW[eXp<RT Ff(¢)> 1] G- 26)
(9) [Model P]

where A, = 6 for isotropic compaction, while for 1D
compaction of a granular aggregate A, =4 + 2.
As for dissolution control, the [exp(x) — 1] term
can be approximated by x when applied stresses are
low, leading to a linear dependence of strain rate on
applied effective stress oy .

Also in this case, an identical result to Equa-
tion (9) can be obtained by assuming that all of
the mechanical work W = o¢%, done per unit
volume of aggregate per second is dissipated by
the rate-controlling process, that is, precipitation.
This dissipation is given as Apy = Ap, VpwApw/2
per grain and as A, = A,y /ds® &~ Apy/d® per unit
volume. Combining these relations for A,with the
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approximation ds ~ d with A, ~ Fd* — A., with
Equation (3) for a., and with Equation (5) for
Ap,, and putting W = 0 &, = Ap also leads to
Equation (9).

Diffusion-controlled compaction creep. In the case
of diffusion-controlled creep, all of the potential
drop A, between local grain boundary source
sites and pore walls is consumed in driving grain
boundary diffusion, as is the average potential
drop Ap, between the entire grain contact and
pore walls, so that A, = Apgy. Again, this is equiv-
alent to stating that the mechanical work done in
causing compaction is fully dissipated in driving
grain boundary diffusion (Lehner 1990; Spiers &
Schutjens 1990). Many authors have derived models
for creep by diffusion-controlled pressure solution
using a variety of approaches. However, all make
essentially equivalent assumptions and approxi-
mations. The result obtained for the strain rate was
elegantly given by Rutter (Rutter 1976; see also
Lehner 1995) as

o 320DCoS 0w (10)

RTp d&°
which is the classical result for the process, where
D (m” s~ is the diffusion coefficient, Cy is the
solubility of the solid (measured here in kg mol '),
p is the density of the solid and S is the fluid film
thickness. Here we will derive models for com-
paction creep by diffusion-controlled pressure sol-
ution using several different approaches, explicitly
making or avoiding the assumptions and approxi-
mations employed previously.

In the simplest approach, the average poten-
tial difference between the solid within grain con-
tacts and at pore walls can be written as Aw, =
Apg = (00 — PO~ (Z/F) (0 )q/(q — 2¢) (see
Equations (1)—(5)). The equivalent concentration
difference driving diffusion is, of course, the mean
solubility difference between grain contacts and
pore walls. Using the standard relation w = uo+
RT IH(C/C()), this ylelds ACd/CpW ~ ACd/CO =
exp(Aug/RT) — 1. With reference to Figure 3,
the mean potential gradient driving diffusion
out of the contacts can now be approximated as
Opa/0r ~ Apg/(Ba) where a is the radius of the
contact periphery and B is a geometric factor of
the order 0.5 (noting that the average diffusion dis-
tance will be about half of the radius of the contact
periphery a). The corresponding mean concen-
tration gradient can be written as 3C/dr ~ ACq4/
(Ba) or aC/dr ~ Cylexp(Aua/RT) — 11/(Ba). The
resulting mean radial diffusion flux J is now
given using Fick’s first law as J = —D(3C/dr)
or J=—DColexp(Apq/RT) — 1]1/(Br), in which

Section normal to
contact d’2 x=d./2
sV i / C,.
* = mlmm pw
/TN
Plan view of
contact >

J (radial
diffusion flux)

annular element
of contact, width dr

Fig. 3. Grain contact geometry used for analysing
diffusion-controlled pressure solution. Symbols defined
in Table 1.

D (m®s™") is the diffusion coefficient and Cy is
the solubility of solute in the grain boundary fluid
under hydrostatic conditions (mol m~>). This flux
passes through a circular window at the grain con-
tact periphery (radius a) of area 27masS, where S is
the average thickness of fluid in the grain boundary
(Fig. 3). The number of moles of dissolved solid
diffusing out of the grain contact periphery is there-
fore 2maSJ, which corresponds to a volume flux of
27aSJ(). Mass balance then requires material to
dissolve from the grain contact with a velocity

v — 27DCySQ [exp (%) B 1]

Ba RT (an

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

. 2mADCSZ oiQZ ¢ {
ST RT Fq—2¢

X@ig

where C, = CoQ2 (m* m™?). When (6¢Q/RT)(Z/F)
q/(q — 2¢) is small this can be approximated as

(12) [Model D1]

_ 2mADCSZ o0 (g
2T RT \g— 24
(13) [Model D2]
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Table 1. Symbols used in text
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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, precipitation or dissolution control,
respectively
el Factor allowing for the influence of grain boundary structure on grain -
boundary dissolution rate
a Grain contact periphery radius m
Adp.s Geometric factor depending on packing plus deformation geometry -
(1D v. 3D compaction)
Apw Pore wall area per grain m?
¢ Grain contact area per grain m?
ac Area of an individual grain contact m?
B Geometric factor accounting for diffusion distance -
Co Solubility in the unstressed (hydrostatic) case mol m >
C Solubility of stressed material mol m >
Cy Concentration of dissolved solid in grain boundary fluid mol m™3
AC Absolute enhancement in the solubility of the solid at stressed grain contacts mol m >
C; Local mean concentration of dissolved solid in grain boundary fluid mol m™>
Cow Solubility of the solid at pore wall (sink) sites mol m 3
C Average solubility of solute in the grain boundary fluid m®m™3
ACy, Solute supersaturation in the pore fluid with respect to the pore walls mol m >
C, Enhanced solubility of the solid mol m ™3
dj Truncated diametral grain spacing m
dy Grain diameter measured at pore wall m
d Mean grain diameter m
D Grain boundary diffusion coefficient m?s”!
A Dissipation or energy release rate by dissolution per grain contact Js™!
Agps Dissipation per unit volume of aggregate for dissolution-controlled pressure Jm3s7!
. solution
Apw Dissipation per grain contact by precipitation-controlled pressure solution Js7!
dA; Incremental dissipation rate Is7!
Ay Total energy dissipation due to solute diffusion out of contact zone Tm 357!
& Strain rate !
b Porosity of grain aggregate -
o Maximum porosity of a regular pack of spherical grains at the point where -
grains just touch
boc Porosity at initiation of creep in uniaxial compaction experiments -
(Pluymakers et al. 2014)
F Grain shape factor (7 for spherical grains) -
h Geometric factor, in current models equal to 1 -
I Dissolution rate constant (ak () ms!
Ly Precipitation rate constant (k,{2) ms™!
J Pointwise solute flux in the grain contact fluid molm >s~!
ks Geochemical dissolution rate constant for the unstressed solid mol m~2s™!
Mo Solute chemical potential at a reference concentration (Cy) in solution J
Jirs Chemical potential of the solute in grain boundary fluid J
M Chemical potential ]
Mpw Chemical potential of the solid at the pore wall J
Apap s Chemical potential drop associated with d-, p- or s-controlled J
pressure solution
Apy Drop in normal component of chemical potential J
P¢ Fluid pressure acting on the free pore walls MPa
P Total applied hydrostatic stress MPa
q Geometric term equal to 2¢y -
p Solid density kgm
R Gas constant Jmol ' K™!
r Radial coordinate within grain contacts m
ot Effective normal stress imposed on the aggregate MPa

(Continued)
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Table 1. Continued.
Symbol Definition Unit
o Average normal stress transmitted across grain contacts MPa
S Mean fluid film thickness m
T Absolute temperature K
Ve Uniform velocity of dissolving grain contact surfaces ms~!
Vow Pore wall growth velocity ms !
14 Mechanical work rate (o &) Jm 37!
V4 Grain coordination number -
Q Molar volume of solid phase m® mol ™!

since [exp(x) — 1] — x for small x. For appropriate
values of the constants 3, 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 & Schutjens
(1990) and Schutjens & Spiers (1999) and ultima-
tely equivalent to that adopted by Rutter (1976),
involves equating the mechanical work rate
Wdm3shto the rate of dissipation by grain
boundary diffusion Ay. We pursue this here, first
including and then avoiding the approximations
used in previous treatments, to arrive at fully rigor-
ous results. We prefer this to Rutter’s approach as
it avoids his assumption of static stress equilib-
rium 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 centres is 2V. (m s™Y) where V. 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 thick-
ness S (see Fig. 3), mass conservation requires that
at steady state the total outward flux (mol s h
equals the total material input due to dissolution
(mol s 1), so that

J(r) - 23S = 2V a2 /). (14)
Combining this with Fick’s law gives:
V.r aC
J(r) = SQ__DE' (15)
Differentiating p = uo+ RTIn(C/Cy) (e.g.

Chang 2000) with respect to C now Yyields
du/dC = RT/C which, combined with Equation
(15), leads to:
Ve aCd DC(r) 0
Jry = Yer _ _pdComk D) op
SQ o or RT or

(16)

for the diffusion flux at any point in the grain bound-
ary fluid. This flux produces an energy dissipation

per unit volume of magnitude Ar = —J(r)(0u/or)
dm™3 s__', Lehner 1990). The dissipation incre-
ment dA, (Js™") occurring in a radius interval dr
of the contact zone (i.e. at r < a; see Fig. 3) can
hence be written as:

dA, = —J(r)%—“s 27 rdr. 17
r

Substituting for du/dr from Equation (16) and
integrating Equation (17) over the entire grain
contact (radius a) now gives the total dissipation
A due to solute diffusion out of the contact zone as:

a

A _2@SRT (J(r)*r
‘D J C(r)

0

_27TRTVC2 I P (18)

s J oo &

0

All authors (Lehner 1990; Spiers & Schutjens
1990; Schutjens & Spiers 1999) 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 &~ Cp, which is valid for low grain
contact stresses, that is, small departures from C,.
The integral in Equation (18) can then be evaluated
simply as:

a
_ 2@RTV,?

= 2 jr P or = 2
DSQ’Cpy, 2DSO Cpy
0

19)

t

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:

W =20,V.ma* = A, (20)
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which, using Equation (19), yields:

_ 4DCp SO o, o
‘" RT &
for the velocity of contact dissolution. Noting that
the grain contact radius a is related to its area a.
via a. = ma®, and using Equations (3) and (4), we
can subsequently write:

a= /Lq _2¢d2.
Zm q

Combining this with Equations (21) and (7)
leads to our final expression for diffusion-controlled
pressure solution obtained using the energy dis-
sipation balance approach plus the assumption
C(r) = Cpw = Cy in Equation (18):

(22)

BT TS RT F\g—2¢

(23) [Model D3]

_ 4mAZDCS o0 Z ( q )2

where A4 is 6 for isotropic compaction and lies
in the range 4 + 2 for 1D strain, as in the case
for dissolution- and precipitation-controlled creep.
Note that Co() is again replaced by Cs, where C; is
now in m>m~>. Note also that Equation (23) is
exactly equivalent to Equation (13) for 8= 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 (Rutter 1976; Lehner 1990; Schut-
jens & 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
Equation (18). This can be done by rewriting
Equation (15) to obtain dC = —V,.r/(SQD)dr, or
C(r) = =V, /(SQD) j rdr. Solving this integral and
noting that C = C,,, when r = a yields

Ve (@® = 1.

€0 =C + 550D

(24)

Inserting this into the integral in Equation (18)
and making use of the Lambert W function, which
gives the solution for X in ¥ = Xe* as X = W(Y),
then the expression obtained via Equations (18—
20) for the contact dissolution velocity V. is

2 B—WBP
Ve = ;DCSSW (25)
in  which B=—[(6,Q}/RT)+ 1] = —[(Z/F)
q/(q —2¢)0:Q/RT) + 1]. Use of Equations (7)

and (22) then leads to the following, fully rigorous
expression for the diffusion-controlled compaction
strain rate, namely:

2mAZ
Fd3

B — W(BeP) q
W(BeB) g —2¢
(26) [Model D4]

DC,S

Eqq =

with Agis 4 + 2 for 1D strain.

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 dis-
solution-controlled (Equation (8)), precipitation-
controlled (Equation (9)) and diffusion-controlled
pressure solution (models D1, 2, 3 and 4 in Equa-
tions (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 pro-
gressively decreasing (normalized) porosity (¢/ ¢o)
for anhydrite fault gouge, and to compare the pre-
dictions obtained for the different rate-controlling
processes. Recall here that ¢ in our models is the
porosity at which grain contact areas are infinitesi-
mally small, that is, 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
Pluymakers et al. (2014) in their experiments per-
formed at 80 °C and 5-12 MPa effective stress
(see Fig. 1), using the experimentally measured
values of ¢/dgc to cast the experimental data in
the form of strain rate v. equivalent ¢/¢, data
(see Fig. 1). This recasting operation was carried
out 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
o = 48.5%, characterizing our model grain pack),
then simply multiplying ¢/doc by ¢oc/(0.485).
The resulting comparison of experiment v. theory
enables us to simultaneously test the applicability
of the models derived above, and to test the hypoth-
esis advanced by Pluymakers et al. that compaction
of anhydrite in the fine-grained creep regime of
Figure 1 involved diffusion-controlled pressure sol-
ution (Fig. 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 compounds,
such as NaCl and calcite (e.g. Spiers & Schutjens
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1990; Spiers et al. 2004; De Meer et al. 2005; Zhang
and Spiers 2005; Zhang et al. 2010; Koelemeijer
et al. 2012).

Our calculations on creep rate v. ¢/¢,, made
using the full set of models, are compared in
Figure 4. This shows that diffusion-controlled
pressure solution is predicted to be 1-3 orders of
magnitude slower than either dissolution-controlled
(S) or precipitation-controlled (P) pressure solu-
tion in anhydrite under the conditions of the
experiments reported by Pluymakers er al. (2014)
(Fig. 4), regardless of the specific diffusion model
applied (D1-D4) and despite the range in the
values taken for the grain boundary diffusion prod-
uct DS. Note here that the available data on anhy-
drite dissolution kinetics determined by Blount &
Dickson (1969) likely underestimate the 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 tempera-
tures as well as 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.
Regarding the linearized models for diffusion-
controlled creep, that is, models D2 and D3
plotted in Figure 4b, these are equivalent to each
other and so give identical results despite the differ-
ence in derivation. They yield lower creep rates
than either D1 or D4 at normalized porosities
¢/ o > 0.95, that s, for small grain-to-grain contact

117

areas and high contact stresses. At ¢/¢y < 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 ¢/¢y < 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) with the predictions of the diffusion-
controlled rate models (D1-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,
although the sensitivity of compaction strain rate
to changing porosity (expressed as ¢/¢p) 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 pres-
sure solution (compare Figs 4 & 5). The similarity
between the diffusion-controlled pressure solution
models and the experimental strain rates strongly
suggests that our diffusion-controlled pressure
solution models offer a rough estimate and explana-
tion of the compaction creep rates measured for the
fine-grained anhydrite fault gouges, despite differ-
ences in assumed v. real grain shape, packing and
grain size distribution. This supports the inference
by Pluymakers et al. (2014) that the behaviour of
fine-grained anhydrite is dominated by pressure sol-
ution and specifically by diffusion-controlled
pressure solution. The order of magnitude agree-
ment between the creep rates predicted by our
diffusion-controlled models and the experimental
data also imply that the models provide a basis for

Table 2. Values of the parameters used in applying the present pressure solution models

Symbol Definition Value/range Source and additional information
(where applicable)
a Geometric factor 0.9 Van Noort & Spiers (2009)
A Geometric constant 4 Average value for simple cubic pack
of grains
C, Anhydrite solubility (m® m™?) 47 x 1074 Blount & Dickson (1969)
DS Product equal to diffusion coefficient 107" t0 1072°  Range determined for diffusion-
D times mean grain boundary fluid controlled pressure solution in other
thickness S (m3 s~ ") ionic compounds such as NaCl and
calcite (e.g. De Meer et al. 2005;
Koelemeijer et al. 2012; Zhang
et al. 2010)
F Grain shape factor T Value for simple cubic pack of grains
Kt Rate constant for dissolution/ A1 x 1077 Minimum values determined by
precipitation of anhydrite (m s~ D) 1186902 Bildstein ef al. (2001)
R Gas constant (J mol-1 K™ 1) 8.314 For example Chang (2000)
Z Coordination number 6 Value for simple cubic pack of grains
Q Molar volume of anhydrite CaSO,4 4.6 x 1073 Hummel et al. (2002); Thoenen &

(m> mol ™ 1)

Kulik (2003)
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Fig. 4. Comparison of predictions of all pressure solution models derived here, for all rate-controlling steps considered
(dissolution-controlled Model S, precipitation-controlled Model P, diffusion-controlled Model D1, D2, D3 and D4; see
text for details). The temperature 7, applied effective stress o, starting porosity ¢, and grain size d used for these
calculations are chosen to be representative of the compaction experiments on wet anhydrite reported by Pluymakers
et al. (2014). The model parameter values used are given in Table 2. Note that the diffusion-controlled models D1 to D4
are plotted for DS values of 107" m* s ™! (top) and for 1072° m? s ™! (bottom). (a) Model predictions for S and P v. D1
and D4. (b) Model predictions for S and P v. D2 = D3.
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Fig. 5 Prediction of compaction strain rate v. normalized porosity (¢/ ¢) for the different diffusion-controlled pressure
solution models derived here (D1—D4) plus comparison with the experimental data reported by Pluymakers ez al. (2014)
(errors in log strain rate fall (just) within the symbol size). DS-values are 107°-10"* m? s~ L. (a) Grain size

d = 20 pm; (b) grain size d = 31 wm; and (¢) both grain sizes plus total range covered by the predictions of model D4
only. Symbols as in Figure 4 and Table 2.
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roughly predicting rates of pressure solution in
anhydrite gouges under natural conditions, that is,
for extrapolating to nature.

As indicated above, however, a clear discrep-
ancy exists between the experimental results and
models D1-D4 as plotted in Figure 5, in that the
experimental strain rates (1) are initially too rapid
if extrapolated to higher values of ¢/¢y and (2)
decelerate more rapidly than the models predict at
the sample porosities investigated (c. 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 et al. 2014). These factors will strongly
influence the evolution of grain contact area, con-
tact stresses 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 rap-
idly until the grain contact is smoother. This type
of behaviour may explain the initially rapid decel-
eration of strain rate with increasing strain seen in
the experiments (see Fig. Sa—c). Such behaviour 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 (Fig. 5c), suggesting that
contact roughness and irregularities are being pro-
gressively removed and the model microstructure
more closely approached. Seen in this context, the
fact that the grain size dependence on 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 irre-
gularities, seen in the microstructure of the granular
anhydrite used in the experiments, do scale roughly
with grain size (Pluymakers et al. 2014). Purely
plastic deformation or else brittle crushing of grain
surface asperities are difficult to eliminate as
alternative mechanisms of grain contact smoothen-
ing, as opposed to dissolution. These mechanisms
do seem unlikely however, given that Pluymakers
et al. (2014) reported negligible creep deformation
in dry-tested samples.

Implications for fault healing and CO,
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
CaSO, at depths greater than 2-2.5km). We
assume that the (re)activated cores of the faults
considered are filled with mainly fine-grained anhy-
drite fault gouge and are fully wetted by CaSOy4-
saturated aqueous fluid. We first apply our models
to estimate sealing times for anhydrite fault gouges
under in situ stress, pressure and temperature con-
ditions similar to those employed in the experiments
of Pluymakers et al. (2014). We then extrapolate our
models to in situ conditions more directly relevant
to subsurface CO, 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 wm. Increasing the effective stress to
40 MPa and the temperature to 150 °C indicates
reaction control will become important only at
grain sizes below about 1 wm under these condi-
tions (using DS = 10" m?s™', which gives the
maximum value here). Natural and experimental
fault gouges contain a range of grain sizes, mainly
in the range 2—100 pm with over 50% of grains
smaller than 10 pm (Logan et al. 1979; Keulen
et al. 2007). 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, that is, the rate equation

. 2mAZ . B—W@BP) ¢
= Tmn PSS By -2
where B = —[(Z/F)q/(q — 2$)(0°Q/RT) + 1].

This equation provides the most complete descrip-
tion 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 percola-
tion threshold for a porous medium and hence the
porosity at which sealing should be complete (i.e.
at which all remaining porosity becomes discon-
nected, regardless of the permeability before reach-
ing this threshold porosity). Note that for high
porosity after reactivation it is likely other pro-
cesses, such as grain fragmentation plus subsequent
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rotation and translation, will most likely cause a
(near-instantaneous) porosity decrease, whereas
pressure solution will dominate the longer-term
compaction behaviour 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=35pm and DS=
10720 m3 s~ ! (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 CO, 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 1-3.5km), shows that sealing times decrease

A. M. H. PLUYMAKERS & C. J. SPIERS

rapidly with increasing normal stress and thus
depth (Fig. 6). Additionally, in nature fault gouges
consist of a broad range of (fine) grain sizes (e.g.
Logan et al. 1979; Keulen et al. 2007) which
speed up compaction creep (Niemeijer et al. 2009)
and hence fault sealing. In practice sealing should
occur over a few decades or less, which is short
compared to the time scales relevant for CO,
storage (thousands of years; IPCC 2007). The impli-
cation is that even if faults in an anhydrite caprock
system are reactivated during the active CO, injec-
tion 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 CO, (i.e. the CO, pressure is
less than the pore fluid pressure in the surrounding
rocks), such that penetration of CO, 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

depth (assuming P=0.85c,) [km]

2 4 6

8 10 12

depth (assuming hydrostatic £,) [km]

100
0
= 10|
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=
+
o 11
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5 10 15 20 25 30 35 40

effective stress [MPa]

Fig. 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 80 wm as a function of effective
normal stress (MPa) and depth (m), at a constant temperature of 80 °C. Depth values are calculated assuming the normal
stress on the fault equals the effective stress caused by the overburden pressure (o). Depth values in black are
representative of a storage reservoir setting, assuming a hydrostatic pore fluid pressure head, whereas depth values in
grey are representative of the Italian Apennines where Py = 0.850.
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occur even more rapidly following a fault reacti-
vation 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 after-
shocks 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 (Collettini &
Barchi 2002; Chiodini et al. 2004; Miller et al.
2004; Trippetta et al. 2013), leading to relatively
low normal stresses. Assuming then that the pre-
sence 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 wm (cf. our experiments). Consider now the
model predictions of fault sealing times for a temp-
erature 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 c. 2 and 12.5 km (see upper scale, Fig. 6).
Taking the temperatures expected at depths beyond
3 km, that is, higher than 80 °C into account, the
fault sealing times calculated in Figure 6 will likely
be overestimates, since activation of other defor-
mation 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 of the order 2000-5000 years
(Pantosti et al. 1993; Cello et al. 1997; Palumbo
et al. 2004; Galli et al. 2008). 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 such faults, the repeat frequency is more likely
controlled by tectonic loading rate, pore fluid
pressure build-up due to the natural CO, accumu-
lation reported in the Apennines (Chiodini et al.
2004; Collettini et al. 2008; Walters et al. 2009;
Ciotoli er al. 2013; Trippetta et al. 2013) or factors
such as the re-strengthening behaviour of faults cut-
ting the carbonate units present in the carbonate-
anhydrite cover stratigraphy (i.e. by the behaviour
of calcite and especially dolomite-rich gouges). In
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.

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). Our conclusions are as
follows.

(1) Regardless of the detailed assumptions and
simplifications made in deriving pressure
solution models, diffusion-controlled pres-
sure solution in anhydrite fault gouge will be
rate controlling for grain sizes greater than
1-2 pm, at least for effective stresses of the
order of 10—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),
that is, compaction most likely occurred by
diffusion-controlled pressure solution.

(2) Kinetic models for diffusion-controlled pres-
sure solution, derived by either classical
approaches (e.g. Rutter 1976) or using a dissi-
pation approach (Lehner 1990; Spiers &
Schutjens 1990), produce essentially identical
predictions for the compaction creep rate of
fine anhydrite fault gouges for normalized
porosities (¢/ ¢o) 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 magni-
tude (low stress approximation) and grain
boundary solute concentration.

(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 concentra-
tion as well as the assumption of low grain
contact stress. This model, along with the
other diffusion-controlled models considered,
predicts sealing times (time to reach the per-
colation threshold) of up to several tens of
years for faults filled with anhydrite gouge
with a grain size of 5-80 wm at in situ upper
crustal conditions.

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

(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 therefore cannot be the factor that con-
trols this repeat frequency, though it may
play a role in controlling recurrence time for
(much) smaller events.

This research was performed within Work Package 3.3
(Storage) of the Dutch national carbon capture and
storage research programme, CATO-2. We thank J. Pen-
ninga (Nederlandse Aardolie Maatschappij B.V.) and
S. 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.
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