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ABSTRACT

Pressure solution creep is a fundamental deformation mechanism in the
upper crust. Overburden pressure that acts upon layers of sediment leaves
grains densely packed. Nonhydrostatic stress distributed over the contacts
between grains brings an enhancement effect on surface dissolution. As
surface retreat over the contacts and hence grain repacking squeeze out pore
water in the voids, the layers of sediment are deformed to become denser
and denser.

This work aims to identify what process slows down pressure solution creep
over time. For this purpose, a new mechanistic model of pressure solution
creep is developed, derived from the reaction rate law for nonhydrostatic
dissolution kinetics under the hypothesis of a closed system. The present
mechanistic model shows that (1) the creep rate goes down as a combined
consequence of stress transfer across expanding contacts and concentration
build-up in the interlayer of absorbed water; and (2) solute migration process
acts as the primary rate-limiting process of pressure solution creep in the
long run.

This work then focuses on hydraulic evolution of channelling flow through
a single deformable fracture which is simultaneously subjected to pressure
solution creep. The developed 1-D reactive transport model is allowed to
capture the strong interaction between channelling flow and pressure solution
creep under crustal conditions. This numerical investigation provides a
justified interpretation for the unusual experimental observation that fracture
permeability reduction does not necessarily cause concentration enrichment.
Temperature elevation contributes to accelerating the progression of pressure
solution creep.
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ZUSAMMENFAS SUNG

Drucklösungskriechen ist ein grundlegender Verformungsmechanismus in
der oberen Kruste. Der übermäßige Druck, der auf Sedimentschichten wirkt,
hinterlässt die Körner dicht gepackt. Nichthydrostatische Spannung, die über
die Kontakte zwischen den Körnern verteilt ist, bewirkt eine Verbesserung
der Oberflächenauflösung. Wenn sich die Oberfläche über die Kontakte
zurückzieht und das Korn erneut verpackt wird, drückt es Porenwasser in
den Hohlräumen aus, und die Sedimentschichten werden so verformt, dass
sie dichter und dichter werden.

Diese Arbeit zielt darauf ab, zu ermitteln, welcher Prozess das Kriechen der
Drucklösung mit der Zeit verlangsamt. Zu diesem Zweck wird ein neues
mechanistisches Modell des Drucklösungskriechens entwickelt, das aus dem
Reaktionsgeschwindigkeitsgesetz für die nichthydrostatische Auflösungsk-
inetik unter der Hypothese eines geschlossenen Systems abgeleitet wird. Das
vorliegende mechanistische Modell zeigt, dass (1) die Kriechgeschwindigkeit
als kombinierte Folge von Spannungsübertragung über sich ausdehnende
Kontakte und Konzentrationsaufbau in der Zwischenschicht aus absorbiertem
Wasser abnimmt; und (2) der Migrationsprozess des gelösten Stoffes wirkt auf
lange Sicht als primärer geschwindigkeitsbegrenzender Prozess des Drucklö-
sungskriechens.

Diese Arbeit konzentriert sich dann auf die hydraulische Entwicklung des
Kanalflusses durch eine einzelne verformbare Bruchstelle, die gleichzeitig
einem Drucklösungskriechen ausgesetzt ist. Das entwickelte 1-D reaktive
Transportmodell kann die starke Wechselwirkung zwischen dem Kanalfluss
und dem Kriechen der Drucklösung unter Krustenbedingungen erfassen.
Diese numerische Untersuchung liefert eine begründete Interpretation für
die ungewöhnliche experimentelle Beobachtung, dass die Verringerung der
Bruchpermeabilität nicht notwendigerweise eine Konzentrationsanreicherung
verursacht. Die Temperaturerhöhung trägt dazu bei, das Fortschreiten der
Drucklösung zu beschleunigen.
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Part I

BACKGROUND



1
I N TRODUCT ION

1.1 motivations

Public concerns about global warming, radioactive waste safety, and fast-
growing demands for clean renewable energy prosper subsurface engineered
applications worldwide, such as geological carbon sequestration, nuclear
waste disposal, and deep geothermal reservoirs. In this context, problem-
oriented field-scale multiphysics simulation in coordination with specific
laboratory-scale experiments is regarded as an effective means of achieving
scientific decision-making in site selection and making proper assessment in
storage capacity, sustainability, and safety. Mechanisticmodel development in
terms of the process of major concern is thus placed uppermost in performing
field-scale multiphysics simulation.

This contribution focuses on pressure solution creep which is active through-
out the lifespan of geological applications as a fundamental deformation
mechanism in the upper crust. Pressure solution creep, in terms of termi-
nology, is the term that describes a microscopic deformation mechanism
by nonhydrostatic dissolution over the contacts between densely packed
grains. The open status of the subsystem where nonhydrostatic dissolution
takes place conditions that the dissolution process is not standalone, followed
by diffusive transport into the pores outside the contacts. Concentration
enrichment and hence probable solute supersaturation may further cause
secondary precipitates to be formed and cemented around the contacts over
geological time scales.

Developing a mechanistic model, in terms of pressure solution creep, has
far-reaching implications for diagnesis of sedimentary basins in the early
age (Tada and Siever, 1989), interseimic healing and sealing of fault gouge
(Evans and Chester, 1995), as well as reactive solute transport in densely
packed granular geomaterials. Based upon the desired mechanistic model,
field-scale multiphysics simulation would be a more powerful scientific tool
for assessing the long-term storage capacity of carbon dioxide in a target
stratum, barrier effect of bentonite to escaped radionuclides, and efficiency
of geothermal exploitation during designed operation period (Taron and
Elsworth, 2009).

2
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1.2 challenges and state of the art

Pressure solution creep has been moderately understood in the past decades
(Weyl, 1959; Paterson, 1973; De Boer, 1977; Rutter, 1983; Heidug, 1995; Lehner,
1995; Revil, 1999; Bos and Spiers, 2002; Yasuhara, Hideaki and Elsworth,
Derek and Polak, Amir, 2004; Taron, Joshua and Elsworth, Derek, 2010;
Neretnieks, 2014; Bernabé and Evans, 2014; Lang et al., 2015; Lu et al., 2018),
for one of the two most significant concerns has been addressed Ð how
does nonhydrostatic stress arouse dissolution enhancement. The classical
thermodynamic model developed by Weyl (1959), Paterson (1973), De Boer
(1977), Rutter (1983), and Heidug (1995) has established and accounted for
the association between nonhydrostatic stress and dissolution enhancement.
The other concern remains yet unresolved as to what process slows down
pressure solution creep over time. There is a common recognition that the
creep rate goes down as a consequence of contact area expansion. Stress
transfer across expanding contacts reduces the enhancement effect on surface
dissolution. If that is the case, pressure solution creep would not cease to the
end as observed in the flow-through experiments (Moore et al., 1994; Polak
et al., 2003; Polak et al., 2004; Yasuhara et al., 2006; Yasuhara et al., 2011). It
turns out that an additional process gets involved, thereby leading to the
ceasing of pressure solution creep. Thus, it does make sense to figure out
what process acts as the rate-limiting process of pressure solution creep in
the long run.

In effect, pressure solution creep makes pore volume reduction and contact
area expansion with the mass removal from contacts. As the volumetric
reduction shows apparently higher relevance to the evolution of hydraulic
properties which is one of the most concerns (e.g., porosity with respect to
granular matter and permeability to fractures), the focus on pore volume
reduction naturally outweighs on contact area expansion so that the inter-
action between contact area expansion and pressure solution creep has not
gained much attention either. In fact, such an overlooked interaction impacts
and runs throughout pressure solution creep process. Contact area expansion
brings out an attenuation effect on the surface dissolution via stress transfer
across expanding contacts, and in the meanwhile, intervenes the follow-up
solute migration process by lengthening the solute diffusion route. Since the
solute migration process is being regarded not as the primary rate-limiting
process of pressure solution creep, the first contribution of contact area
expansion is assigned a relatively higher priority than the second in investi-
gation. Nevertheless, to the authors’ knowledge, none other than Yasuhara,
Hideaki and Elsworth, Derek and Polak, Amir (2004) and Lang et al. (2015)
have made commitments to the first contribution. The commitments to the
second one are even less. Yasuhara, Hideaki and Elsworth, Derek and Polak,
Amir (2004) proposed a phenomenological law for characterizing attenuation
of dissolution enhancement at contacts. With successful applications of the
phenomenological law in reproducing typical flow-through experiments (Ya-
suhara et al., 2006; Yasuhara et al., 2011; Ogata et al., 2018), the interaction
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between contact area expansion and pressure solution creep regains focus
and is confirmed as the key to understand fracture permeability evolution
under hydrothermal conditions. On the other hand, the weakness of the phe-
nomenological law is rather apparent, most notably in loosely binding with
the target physical process - the extreme extent of contact area expansion
in reach of chemical compaction equilibrium is estimated from the latent
heat of fusion (Stephenson et al., 1992; Revil, 1999). Lang et al. (2015) further
tuned the phenomenological law where the complementary constraint on
the contact area ratio is relieved. To more accurately and inherently describe
the interaction between contact area expansion and pressure solution creep,
we are motivated to formulate a closure characteristic relationship which is
compatible with the new thermodynamic model.

To further consolidate the closure characteristic relationship once completed,
a well-designed demonstration experiment is desirable. Differing from the
conventional flow-through experiments which are designed for investigating
hydraulic feedback on pressure solution creep under varying hydrothermal
conditions (e.g., temperature (Polak et al., 2003), confining stress (Zhang et al.,
2010), differential hydraulic pressure / volumetric flow rate (Yasuhara et al.,
2006), and fluid chemistry (Zhang and Spiers, 2005)), the desired demonstra-
tion experiment aims at (1) measuring to what extent contact area expansion
will cease in the context of pressure solution creep; (2) examining the reliabil-
ity of the proposed closure characteristic relationship; and (3) identifying the
primary rate-limiting process in pressure solution creep. So far no experiment
of this type has been reported yet.

1.3 scope of this thesis

This contribution concerns formulation of a new mechanistic model of pres-
sure solution creep. As an essential supplement to the above mechanistic
model, the demonstration experiment in demand is now ongoing but not
about to be presented herein as part of the thesis. Following on the mech-
anistic model development, a more advanced reactive transport model is
developed to investigate hydro-chemical coupled problems in deformable
fractures in the context of pressure solution creep under crustal conditions.
This numerical investigation, on the one hand, aims at examining the exact
performance of the kernel mechanistic model in a real scenario. On the other
hand, we expect to accurately capture both hydraulic and concentration
features observed in the experimental work of Yasuhara et al. (2011) by our
present model and to physically account for these highlighted features.

1.4 outline of this thesis

This thesis is structured as follows. Chapter 2 focuses on stress-induced
dissolution enhancement. Chapter 3 highlights attenuation characteristic of
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pressure solution. Chapter 4 is on the formulation of the new mechanistic
model of pressure solution creep. Chapter 5 presents a complete theoretical
framework for addressing hydro-chemical coupled problems in deformable
fractures. Chapter 6 details numerical implementation for modeling chan-
nelling flow and reactive solute transport. Chapter 7 provides insights into
hydraulic and concentration features in response to pressure solution creep.



Part II

THEORY



2
STRE S S - I NDUCED D I S SOLU T ION ENHANCEMEN T

Nonhydrostatic stress distributed over the contacts between grains causes
chemical potential of the dissolving solid to increase. As a result, the chemical
potential of the solid phase under loading condition takes the form

µs (σn, T) = fs (σn, T) + σnVm − 2HγG, (2.1)

while the counterpart at elsewhere in the situation of hydrostatic pressure
has

µs (pw, T) = fs (pw, T) + pwVm, (2.2)

where σn [Pa] is the normal contact stress, pw [Pa] is the hydrostatic pressure,
T [K] is the absolute temperature, fs [J/mol] is the molar Helmholtz free
energy dependent on nonhydrostatic stress / hydrostatic pressure and tem-
perature, Vm [m3/mol] is the molar volume, H [-] is the interface curvature,
and γG [J/mol] is the molar Gibbs surface energy.

The stress-induced difference in the chemical potential of the solid phase
between the contacts and free-face grain surfaces is then given by subtracting
equation (2.2) from equation (2.1)

∆µs = µs (σn, T)− µs (pw, T) , (2.3)

i.e.,
∆µs = ∆ fs + (σn − pw)Vm − 2HγG, (2.4)

where ∆ fs [J/mol] is the molar Helmholtz free energy difference.

By utilizing the relation between the chemical potential and activity

µ (p, T) = µ∗ + RT ln a, (2.5)

the activity of the solid phase under nonhydrostatic stress condition is pre-
sented by reference to the situation of hydrostatic pressure

aσ
s = a

p
s exp

(︃
∆µs

RT

)︃

≈ a
p
s exp

[︃
(σn − pw)Vm

RT

]︃

, (2.6)

where µ∗ [J/mol] is the chemical potential of the solid / liquid phase under
a set of standard conditions (p, T), and a

p
s [-] is the activity of the solid

phase under hydrostatic pressure. For the sake of simplicity, the terms for
Helmholtz free energy difference and Gibbs surface energy are neglected.

7
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The normal contact stress is normally linked with the macroscopic confining
stress σcon which is imposed on the bisected dense rock mass as

σn =
σeff
Rc

=
σcon − pw

Rc
, (2.7)

where σeff [Pa] is the effective stress, and Rc [-] is the contact area ratio.

Dissolution kinetics under whatever conditions, in principle, depends upon
the chemical potential difference between the solid and liquid phase in a
system. Equation (2.6) shows that dissolution enhancement under loading
condition is due to the increase of the chemical potential of the solid phase
from the external work done by the nonhydrostatic stress.

To the knowledge of the presented classical thermodynamic model, the
enhancement effect on the surface dissolution will not vanish unless the state
of stress is fundamentally changed.



3
AT TENUAT ION CHARACTER I S T I C OF PRE S SURE
SOLU T ION

Pressure solution presents attenuation characteristic as free-face dissolution
does, specifically shown in the decrease of the rate of the mass removal from
contacts over time. In the context of pressure solution, the normalized mass
removal rate ṁ [mol/m2/s] follows a more general reaction rate law where
the activity of the dissolving solid is no longer implicit (Palandri and Kharaka,
2004; Taron, Joshua and Elsworth, Derek, 2010)

ṁc = ∑
n

k+
n aσ

s

(︃

1 −
Q

aσ
s Keq

)︃

, n = acid, neutral, and base, (3.1)

where k+ [mol/m2/s] and Keq [-] are the dissolution rate constant and equi-
librium constant at hydrostatic pressure and ambient temperature, and Q [-]
is the ion activity product representing the chemical potential of the liquid
phase.

The dissolution rate constant is calculated from the Arrhenius equation
(Palandri and Kharaka, 2004)

k+ = A eE/RT a
nH+

H+ , (3.2)

where A [mol/m2/s] is the pre-exponential factor, E [J/mol] is the activation
energy, aH+ is the activity of the hydrogen ion, and nH+ is the H+ catalysis
constant.

Attenuation characteristic arises from the decrease of the chemical potential
difference between the solid and liquid phase in the system. The reaction
rate law for pressure solution kinetics shows that decrease of the chemical
potential difference is a combined consequence of stress transfer across
expanding contacts and concentration build-up in the interlayer of absorbed
water. However, concentration build-up in the interlayer is being regarded
not as a primary rate-limiting process as stress transfer across expanding
contacts, because the concentration gradient between inside and outside is
thought steep throughout pressure solution process such that few of solutes
would remain in the interlayer under the overwhelming driving force. Solutes
mostly escape from the open system, migrating into the pores outside the
contacts. That may be not the case. As pressure solution creep proceeds,
stress transfer across expanding contacts, lengthening of the solute diffusion

9
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route, and concentration enrichment in the pore cause the concentration
gradient to decrease. More and more solutes are consequently constrained in
the interlayer.



4
FORMULAT ION OF CLOSURE CHARACTER I S T I C
RELAT IONSH I P

4.1 basic concepts

This chapter starts by introducing a number of geometrical quantities for
describing a representative elementary volume where two identical grains
are in contact under loading and draining conditions.

The contact area ratio Rc [-] is a measure of total contact area Ac [m2] over
representative elementary area At [m2]

Rc =
Ac

At
. (4.1)

Elsewhere pertains to free-face grain surfaces Ap [m2].

The geometric aperture b [m] is a measure of opening of intergrain voids
which becomes zero within the contacts and positive out of the contacts. The
mean aperture bm [m] is a frequently used statistical parameter, defined as

bm =
1

At

∫︂

At
b dA. (4.2)

As geofluid passes around contacts in channelling flow, statistics of non-
zero geometric apertures may make more sense to hydraulics. Thus, another
representative area-averaged quantity referred as averaged non-zero aperture
b
p
m [m] comes out with the definition of

b
p
m =

1

Ap

∫︂

Ap
b dA. (4.3)

Note that the two representative geometrical quantities bm and b
p
m can be

interconverted by
bm = (1 − Rc) · b

p
m. (4.4)

4.2 pore volume reduction

Surface retreat over asperity contacts often leads to pore volume reduction
and contact area expansion which can be properly parametrized by b

p
m and Rc.

11
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Given contact area expansion, the surface retreat in amount is not absolutely
equal to the averaged change of non-zero geometric apertures. For the sake
of simplicity, we assume the equality still holds

1

2
ḃ
pc
m = −Vm ṁc. (4.5)

Adding more superscripts to ḃ
p
m expects to exactly show what makes pore

volume reduction. The product of molar volume Vm and normalized mass
removal rate ṁc represents the average vertical retreat rate over the contacts.

4.3 contact area expansion

Contact area expansion can be precisely tracked on closure characteristic
curves where averaged non-zero mechanical aperture b

p
m and contact area

ratio Rc serve as the representative parameters. The closure characteristic
curves are ideally presented in form of scatter plot, converted from available
aperture distribution histograms. For most cases, aperture distribution his-
tograms are beyond the reach of model developers, yet there still remains a
chance to access the desired closure characteristic curves.

Methodologically, we first prototype the real-world flow channel by generat-
ing a reference closure characteristic curve from concerned physical process.
The generated reference closure characteristic curve is then calibrated toward
the target configuration. The following will go into detail about how to per-
form the process-based generation approach proposed herein to reproduce
the authentic closure characteristic relationship.

Substituting equations (2.6), (2.7), and (3.1) into equation (4.5) yields

1

2
ḃ
pc
m = −Vm ∑

n

k+
n a

p
s exp

[︃
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃

⏞ ⏟⏟ ⏞

F(t) · G(Rc) = F(t) · G(Rc(b
p
m))

+ Vm ∑
n

k+
n

Q

Keq
⏞ ⏟⏟ ⏞

P(t)

. (4.6)

The right-hand-side terms are split into two groups, i.e., one term depending
on Rc and one another which does not. The former can be abstracted as the
product of a time-dependent function F(t) and a function of contact area
ratio G(Rc), while the latter constitutes another time-dependent function
P(t). The function G(Rc) can be further understood as a function of averaged
non-zero aperture G(Rc(b

p
m)).

Functional abstraction of the right-hand-side terms unveils equation (4.6)
in standard form of first-order non-homogeneous differential equation. The
homogeneous part of the equation is readily solved

1

2
ḃ
pc
m = −Vm ∑

n

k+
n a

p
s exp

[︃
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃

. (4.7)
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Rearranging equation (4.7) and integrating on both sides produces

1

2

∫︂ b
p
m

b
p
m0

exp

[︃

−
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃

db
p
m =

∫︂ t

0
−Vm ∑

n

k+
n a

p
s dt + c, (4.8)

where c [m] is a constant.

We then assume that contact area expansion solely takes place around the pre-
existing contacts. Those independent contacts probably formed in aperture
closure are neglected, otherwise the continuity of the variable Rc cannot be
assured. Applying integration by parts to the left-hand-side term under the
assumption of continuity, we have

1

2
b
p
m exp

[︃

−
Vm

RT

(︃
σeff
Rref
c

− pw

)︃]︃

−
1

2
b
p
m0 exp

[︃

−
Vm

RT

(︃
σeff
Rc0

− pw

)︃]︃

−
1

2

∫︂ Rrefc

Rc0

b
p
m exp

[︃

−
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃
σeffVm

R2
cRT

dRc =

∫︂ t

0
−Vm ∑

n

k+
n a

p
s dt + c,

(4.9)

where Rref
c is the property of the prototyped flow channel.

Setting c as a time-dependent function c(t) and substituting equation (4.9)
into equation (4.6), we obtain the particular solution of the non-homogeneous
differential equation

c(t) =

∫︂ t

0
Vm ∑

n

k+
n exp

[︃

−
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃
Q

Keq
dt. (4.10)

The complete solution of the first-order non-homogeneous differential equa-
tion comes out

1

2
b
p
mexp

[︃

−
Vm

RT

(︃
σeff
Rref
c

− pw

)︃]︃

=
1

2
b
p
m0 exp

[︃

−
Vm

RT

(︃
σeff
Rc0

− pw

)︃]︃

+
1

2

∫︂ Rrefc

Rc0

b
p
m exp

[︃

−
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃
σeffVm

R2
cRT

dRc

+

∫︂ t

0

{︄

−Vm ∑
n

k+
n a

p
s + Vm ∑

n

k+
n exp

[︃

−
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃
Q

Keq

}︄

dt.

(4.11)

According to equation (4.8), the last integral term on the right-hand side can
be substituted by

∫︂ t

0

{︄

−Vm ∑
n

k+
n a

p
s + Vm ∑

n

k+
n exp

[︃

−
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃
Q

Keq

}︄

dt

=
1

2

∫︂ b
p
m

b
p
m0

exp

[︃

−
Vm

RT

(︃
σeff
Rc

− pw

)︃]︃

db
p
m.

(4.12)
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The first-order approximation of the solution, obtained from equation (4.11)
along with equation (4.12), reads

b
p
mexp

[︃

−
Vm

RT

(︃
σeff
Rref
c

− pw

)︃]︃

= b
p
m0 exp

[︃

−
Vm

RT

(︃
σeff
Rc0

− pw

)︃]︃

+
(︁

Rref
c − Rc0

)︁
b
p
m0 exp

[︃

−
Vm

RT

(︃
σeff
Rc0

− pw

)︃]︃
σeffVm

R2
c0RT

+
(︁
b
p
m − b

p
m0

)︁
exp

[︃

−
Vm

RT

(︃
σeff
Rc0

− pw

)︃]︃

.

(4.13)

The first right-hand-side term indicates the onset of pressure solution creep.
The following first-order terms respectively represent the move of the closed
reaction system toward chemical equilibrium by stress transfer across ex-
panding contacts and by concentration build-up in the interlayer. It does not
make physical sense to call for higher-order terms which are approachable
though.

Equation (4.13) shows in ultimate form as b
p
m/b

p
m0 = f

(︁
Rref
c , σeff, Vm, T, Rc0

)︁

(see Figure 1)

b
p
m

b
p
m0

= exp

[︃

−
σeffVm

RT

(︃
1

Rc0
−

1

Rref
c

)︃]︃
σeffVm

R2
c0RT

(︁
Rref
c − Rc0

)︁

1 − exp

[︃

−
σeffVm

RT

(︃
1

Rc0
−

1

Rref
c

)︃]︃ ,

(4.14)
with a complementary constraint on the upper limit

Rc0 ≤ Rref
c ≤ R

eq
c . (4.15)

The upper limit R
eq
c can be determined by solving the partial derivative of

equation (4.14) with respect to the variable Rref
c

f
′

Rrefc

(︁
Rref
c , σeff, Vm, T, Rc0

)︁
= 0 → R

eq
c . (4.16)

The upper limit represents the extent to which contact area expansion will
cease in the context of pressure solution creep and further when the closed
system is at chemical compaction equilibrium.

The critical nonhydrostatic stress is then given as

σ
eq
n =

σeff

R
eq
c

− pw. (4.17)

As yet the critical nonhydrostatic stress is normally estimated from the latent
heat of fusion (Stephenson et al., 1992; Revil, 1999)

σ
eq
n =

Em (1 − T/Tm)

4Vm
, (4.18)

where Em [J/mol] and Tm [K] are the heat and temperature of fusion.

Based upon the reference closure characteristic curve which is at the disposal,
three dimensionless geometry factors α, β, and θ [-] are called to reproduce





5
REACT I VE SOLU TE TRANSPORT IN FRACT URES

5.1 channelling flow

Low-velocity channelling flow in rough-walled fractures is treated as steady-
state laminar flow with no gravitational effects. For holding on to the classic
parallel plate model, cubic law is assembled into the governing equation
(Witherspoon et al., 1980)

∇ ·

(︃

−
b3
h

12η
∇pw

)︃

= 0, (5.1)

where bh [m] is the hydraulic aperture parametrizing synthesized hydraulic
characteristic of channelling flow, and η [Pa·s] is the fluid dynamic viscosity.

The hydraulic aperture bh integrating spatial complexity of path tortuos-
ity with channel topography can be estimated by combination of regular
representative geometric parameters (Walsh, 1981)

b3
h =

1 − Rc

1 + Rc
b3
m. (5.2)

Following on the solution of hydraulic pressure field, the flow velocity v

[m/s] is calculated

v = −
b2
h

12η
∇pw. (5.3)

5.2 reactive solute transport

Surface weathering takes place everywhere in through-going fractures due
to mineral dissolution. The dissolution reactions take the general form

X̄ + mH2O ↔ s X, (5.4)

where X̄ = (X̄1, ..., X̄i)
T, X =

(︁
X1, ...,Xj

)︁T
represent vectorized mineral re-

actants and solutes, m = (m1, ..., mi)
T, s =

[︂

(s11, ..., si1)
T

, ...,
(︁
s1j, ..., sij

)︁T
]︂

are the I-by-1 and I-by-J stoichiometric matrices.
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The intragranular roughness factor fr can be estimated via Brunauer-Emmet-
Teller (BET) analysis of N2 adsorption experiments (Tester et al., 1994)

fr =
SBET

SGEO
=

SBET d ρm
6

, (5.7)

where SBET [m2/kg] is the specific surface area of grains measured from
nitrogen adsorption isotherms, SGEO [m2/kg] is the specific geometric surface
area of ideally smooth spherical grains, d [m] is the grain diameter, and ρm
[kg/m3] is the mineral density.

The area fractions of constituent minerals φ
p
i and φc

i are defined as

φ
p
i =

A
p
i

Ap
φc

i =
Ac

i

Ac
. (5.8)

The effective surface area is not invariant but strongly related to such factors
as grain morphology, pH and hydrothermal conditions, as well as the distance
from equilibrium, though a consensus on this point has not yet been reached.
Gautier et al. (2001) reported in their experimental investigation of quartz
dissolution in natural systems that grain surface subjected to chemical weath-
ering may contain substantial unreactive etch pits due to diffusion-dominated
dissolution heterogeneity. Such advanced understanding on surface disso-
lution is in favor of adopting apparent surface area as the effective surface
area for the process outside asperity contacts. On the other hand, loading of
nonhydrostatic stress may prevail reactive sites over the asperity contacts,
which justifies substitution by the authentic surface area.

5.3 hydraulic feedback on surface dissolution

Surface retreat processes inside and outside asperity contacts have absolutely
opposite effects on channel topography, despite the collective contribution to
concentration enrichment. Surface retreat over asperity contacts guides the
flow channel toward closure and causes contact area expansion in opposition
to the retreat over non-contact surfaces. The combined effect of the surface
retreat processes determines hydraulic evolution of channelling flow.

The representative hydraulic parameter bh is normally associated with the
mean aperture bm and contact area ratio Rc (c.f. equation (5.2)). Since it
has been creatively addressed interaction between channel topography and
surface retreat over asperity contacts by means of the closure characteristic
curve which introduces averaged non-zero aperture b

p
m instead of the regular

representative geometric parameter bm (see Chapter 4), we pay attention to
the second contribution by surface retreat over non-contact surfaces and
make efforts to fill in the gap between the intermediate parameter b

p
m and

hydraulic parameter bh.

Taking the time derivative of equation (4.4) yields

ḃm = (1 − Rc) ḃ
p
m − Ṙc b

p
m. (5.9)
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So far alteration of channel topography has been well associated with diverse
surface retreat processes, particularly in aperture variation. The components
ḃ
pp
m and ḃ

pc
m along with the overall rate ḃ

p
m can be directly calculated from the

mass removal rates ṁ
p
i , ṁc

i .

Surface retreat over non-contact surfaces plays a minor role in the develop-
ment of contact area, resisting contact area expansion by sharpening shape
of grains in contact and shrinking independent contacts probable formed in
aperture closure. Thus, it is reliable enough to estimate contact area expan-
sion based upon the closure characteristic curve. The limited negative effect
on contact area expansion can be made by tweaking the geometry factors in
equation (4.19).
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6
MODEL ING

6.1 problem description

A typical flow-through experiment was conducted by Yasuhara et al. (2011),
where a centrally bisected granite core sample was exposed to confining stress
of 5MPa, ambient temperatures of 25◦C and 90◦C, and differential hydraulic
pressures of 0.04MPa and 0.1MPa. Deionized water was streaming through
out of an artificially induced fracture of 61.2mm in length and 29.4mm in
width. Volumetric outflow rate was real-time logged by weighing effluent.
Element concentrations were periodically measured after fluid sampling from
the effluent. Amorphous silica and calcite were detected in the examination
of precipitation post the flow-through experiment.

Figure 4 shows the fracture permeability evolution in form of hydraulic aper-
ture. Hydraulic aperture was calculated from measured volumetric outflow
rate Qmeas

out [m3/s], via the cubic law (Witherspoon et al., 1980)

bh =

(︃
12η · Qmeas

out

w · ∇pw

)︃1/3

, (6.1)

with the fracture width w [m]. Hydraulic aperture decreases from approxi-
mately 9 µm to 1.6 µm under varying hydrothermal conditions. Reduction
rate of hydraulic aperture becomes greater with temperature elevation from
25◦C to 90◦C. Increasing differential hydraulic pressure from 0.04MPa to
0.1MPa slightly raises the hydraulic aperture.

Figures 5 shows the evolution of effluent element concentrations including
Si, Al, K, Fe, Ca, Na, and Mg. Element concentrations keep stable at varying
temperatures and have stepwise increases by thermal stimulation. The finding
of calcite in the post-examination indicates dissolved carbon dioxide was
unexpectedly blended into the inflow.

6.2 model setup

A parallel computing 1-D reactive transport model is implemented into
the FEM-based simulator OpenGeoSys (Kolditz et al., 2012) integrated with

22
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IPhreeqc module for speciation calculation (Charlton and Parkhurst, 2011;
He et al., 2015).

6.2.0.1 Model settings for channelling flow and solute transport

The throughgoing fracture is represented as a one-dimensional entity dis-
cretized with 60 line elements. Each element has a length of 1.02mm. Inflow
and outflow pressures are prescribed as 0.04MPa | 0.1MPa and 0MPa. Ele-
ment concentrations at the inlet are held at zero. A small fixed time step size
∆t = 0.004 s is adopted at the onset and in the interim, otherwise the step
size is adjusted to 1.2 s. Hydraulic pressure field and concentration field are
solved with a uniform relative convergence tolerance of 10−16.

The initial contact area ratio Rc0 is arbitrarily set to 1.95 %, because of un-
availability of actual fracture channel topography (Luo et al., 2017). The
mean mechanical aperture bm is initialized to 9.12 µm, via equation (5.2). The
homogenized molar volume Vhom

m = 6.57×10−5 m3/mol is calculated based
upon mineralogical composition of Mizunami granite. Main physical proper-
ties of the constituent minerals are listed in Table 1. Parametric settings for
1-D reactive transport model are summarized in Table 3.

The closure characteristic curve used in the simulation takes the form

b
p
m

b
p
m0

= exp

[︃

−
σeffVhom

m β

RT

(︃
1

Rc0
−

1

Rc

)︃]︃ θ
σeffVhom

m

R2
c0RT

(Rc − Rc0)

1 − exp

[︃

−
σeffVhom

m

RT

(︃
1

Rc0
−

1

Rc

)︃]︃ ,

(6.2)
which is modified from equation (4.19) in use for polymineralic systems. The
geometry factors α, β, and θ are all set to unity. Taking advantage of α = 1.0,
Rref
c is replaced with Rc. The other parameters used for curve generation are

given as follows: b
p
m0 = 9.3 µm, σeff = 5MPa, Vhom

m = 6.57×10−5 m3/mol, T =
298 K | 363 K, and Rc0 = 1.95%.

6.2.0.2 Model settings for speciation calculation

Water-granite interaction involves kinetic dissolution reactions (see Table 4),
considerable equilibrium aqueous reactions, and probably active precipitation
reactions. Amorphous silica and gibbsite serve as secondary precipitates in
configuring geochemical system which can be accounted for by diagnosis of
secondary mineral paragenesis (Zhu and Lu, 2009; Lu et al., 2017), though
there is no direct experimental evidence in support of this move. Dissolution
kinetics datasets are listed in Table 2. Speciation calculation is based on the
LLNL thermodynamic database. Furthermore, we move on using equation
(4.18) for estimating the critical nonhydrostatic stress. Table 1 lists sets of
mineral-specific critical nonhydrostatic stress and upper limit of contact area
ratio.



6.2
m
o
d
e
l
s
e
t
u
p

25

Table 1: Mineralogical composition of Mizunami granite and main physical properties of constituent minerals

Mineral
φ 1φp 1φc ρm Vm

2 fr
3Em

3Tm σ
eq
n [MPa] R

eq
c [%]

[%] [%] [%] [g/cm3] [m3/mol] [-] [KJ/mol] [K] 25◦C 90◦C 25◦C 90◦C

Quartz 50 50 50 2.65 2.27×10−5 40.10 8.57 1883 79.45 76.19 6.29 6.56
K-feldspar 25 25 25 2.55 1.09×10−4 38.58 57.74 1473 105.63 99.80 4.73 5.01
Albite 10 10 10 2.62 1.00×10−4 39.64 62.76 1373 122.83 115.42 4.07 4.33
Anorthite 10 10 10 2.75 1.01×10−4 41.61 133 1830 275.57 263.91 1.81 1.89
Biotite 5 5 5 2.10 1.40×10−4 31.77 / / / / / /
1 Assumed in conformity with the overall mineralogical configuration.
2 Calculated by equation (5.7). The grain diameter d = 178 µm and BET surface area SBET = 0.51m2/g source from
Yasuhara et al. (2011).
3 Data source: quartz - from Stephenson et al. (1992); k-feldspar and albite - from Stebbins et al. (1983); anorthite - Lange
et al. (2009); biotite - not found.

Table 2: Dissolution kinetics data

Mineral
Acid Neutral Base

log k1 n1 E1 log k2 E2 log k3 n3 E3

Quartz / / / -13.99 87.7 / / /
K-feldspar -10.06 0.500 51.7 -12.41 38.0 -21.20 -0.823 94.1
Albite -9.87 0.457 65.0 -12.04 69.8 -16.98 -0.572 71.0
Anorthite -3.32 1.5 18.4 -11.6 18.4 -13.5 -0.33 18.4
Biotite -9.84 0.525 22.0 -12.55 22.0 / / /

Data source: anorthite - from Li et al. (2006); the others - from Palandri and
Kharaka (2004).



6.2 model setup 26

Table 3: Parametric settings for 1-D reactive transport simulation

Parameter Value Unit

Confining stress σcon 5 MPa
Length of the fracture l 61.2 mm
Initial contact area ratio Rc0 1.95 %
Initial mean mechanical aperture bm0 9.12 µm
Initial averaged non-zero mechanical
aperture b

p
m0

9.3 µm

Homogenized molar volume Vhom
m 6.57×10−5 m3/mol

Geometry factors α, β, and γ 1.0 /

Water dynamic viscosity η
9×10−4 (25◦C) Pa·s
3.15×10−4 (90◦C) Pa·s

Molecular diffusion coefficient Dm
2.24×10−10 (25◦C) m2/s
5.94×10−10 (90◦C) m2/s

Longitudinal dispersion coefficient αL 0.001 m
1Fracture surface roughness factor f

′

r 1.0 -
Element length ∆x 1.02 mm
Time step size ∆t 0.004 | 1.2 s
1 Estimated from numerically generated fracture surface topography
(Sidick, 2009; Lu et al., 2017).

Table 4: Calibrated reaction configurations for geochemical system

Mineral Chemical reaction

Quartz SiO2+2H2O → H4SiO4

K-feldspar KAlSi3O8 + 4H+ + 4H2O → Al3+ + K+ + 3H4SiO4

Albite NaAlSi3O8 + 4H+ + 4H2O→ Al3+ + Na+ + 3H4SiO4

Anorthite CaAl2(SiO4)2 + 8H+ → 2Al3+ + Ca2+ + 2H4SiO4

Biotite [5 Phlogopite : 1 Annite] + 10H+ → Al3+ + K+ +
2.5Mg2+ + 0.5 Fe2+ + 3H4SiO4

Amorphous silica SiO2 + 2H2O ↔ H4SiO4(am)
Gibbsite Al3+ + 3H2O ↔ Al(OH)3 + 3H+

Note. Biotite in examination consists of phlogopite KAlMg3Si3O10(OH)2
and annite KFe3AlSi3O10(OH)2 with a mixing ratio of 5 : 1.
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RE SULT S AND D I SCUS S ION

7.1 comparison against laboratory experiments

Figure 6 and Figure 7 present predicted evolutions of fracture permeability
and effluent element concentrations along with the experimental data. Over-
all, the serial predictions are consistent with the measurements. The good
agreement has proven the success in reactive transport modeling, particularly
in the mechanistic model development. The updated reactive transport model
is allowed to precisely capture the strong interaction between channelling
flow and pressure solution creep. Despite great advancement in addressing
hydro-chemical coupling problems within deformable fractures, localized
discrepancies against the measurements draws more attentions. The dis-
crepancy of hydraulic aperture in the initial dozens of hours may result
from the attendant mechanical mechanisms. Fracture reopening has not
been captured since the pressurization-induced lifting effect was beyond
the consideration of the present model. Ca concentration is underestimated
throughout the simulation, probably because concentration enrichment by
mass removal from anorthite contacts was taken out. The considerable dis-
crepancy in K concentration may arise from the the overestimation to the
critical nonhydrostatic stress.

7.2 insights into fracture permeability evolution

Surface retreat over asperity contacts undergoes two main phases during
fracture permeability evolution. Diverse mechanical mechanisms (e.g., un-
dercutting and stress corrosion) and pressure solution are jointly contributed
to the fast-decreasing fracture permeability at early age via surface retreat
over asperity contacts Ð approximately two-fifth of the total net reduction of
hydraulic aperture within the initial dozens of hours. Followed by the steep
decline, pressure solution becomes the unique driving mechanism for surface
retreat over asperity contacts until compaction equilibrium is reached. Pres-
sure solution in progress is accompanied by contact area expansion which
reversely makes attenuation of pressure solution by stress transfer. The
hydraulic aperture consequently slopes down towards convergence. Temper-
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7.4 comparison against existing relations

Yasuhara, Hideaki and Elsworth, Derek and Polak, Amir (2004) gave a closure
characteristic regression relationship which preserves the regular represen-
tative geometric parameters

bm = br + (bm0 − br) exp [− (Rc − Rc0) /ζ] , (7.1)

where br [m] is the residual mean mechanical aperture, and ζ [-] is a fitting
parameter.

Inserting equations (5.9) and (5.10) into equation (7.1) after taking the time
derivative of both sides yields

1

1 − Rc

{︃

b
p
m −

bm0 − br

ζ
exp [− (Rc − Rc0) /ζ]

}︃

Ṙc = ḃ
pp
m + ḃ

pc
m . (7.2)

The rate of change of contact area ratio Ṙc is actually linked with the two
components of the rate of change of averaged non-zero aperture in using
the closure characteristic regression relationship. The first component ḃ

pp
m as

an average product is hard to be viewed as the local surface retreat around
asperity contacts in cases of polymineralic systems which is the part of
resisting contact area expansion in fracture closure. Furthermore, it may be
too simplistic to describe contact area development in response to surface
retreat both inside and outside asperity contacts in a uniform manner which
are governed by varying dissolution mechanisms.

The closure characteristic relationship has been updated with a new ap-
pearance, characterized by the averaged non-zero aperture b

p
m instead of

the regular representative geometric parameter bm. The redefined closure
characteristic relationship is herein formulated by process-based genera-
tion approach, in association with the the dominant surface retreat process.
The rate of change of contact area ratio Ṙc is thus specified on the second
component ḃ

pc
m rather than on the overall rate ḃ

p
m. The philosophy of the

process-based generation approach is to first prototype the real-world flow
channel by generating a reference closure characteristics curve from the
featured physical process, and then calibrate the reference closure character-
istics curve toward the target configuration. Three dimensionless geometry
factors α, β, and θ are called for filling in the gap between reference and
target closure characteristic curves, accounting for the difference in fracture
channel topography at varying length scales.

7.5 impact of fracture channel topography

Fracture channel topography impacts on fracture permeability evolution
(see Figure 8). With the decrease of initial contact area ratio, the reduction
rate of fracture permeability turns out to be higher in the first phase and to
be lower in the subsequent higher-temperature phase. The higher nonhy-
drostatic stress, the more active pressure solution creep. With approach of





7.5 impact of fracture channel topography 32

chemical compaction equilibrium, fracture permeability evolution becomes
less sensitive to thermal stimulation.

Fracture permeability evolutions with the initial mean aperture increasing
from 8 µm to 10 µm are converged by the end. Varying the mean aperture
under a fixed contact area ratio acts like adjusting the geometry factor α

which accounts for the impact of grain morphology.

Fracture surface roughness at varying length scales determines pressure solu-
tion creep in magnitude and rate of change (see Figure 1). Grain morphology
has a significant effect on contact area expansion around those existing ones,
while surface roughness at greater length scales intermittently and negatively
intervenes pressure solution creep by forming new independent contacts in
fracture closure.
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CONCLUS IONS AND OU TLOOK

Advancing the understanding of pressure solution creep as a fundamental
deformation mechanism in the upper crust has far-reaching implications for
diagenetic compaction in sedimentary basins, interseimic healing and sealing
of fault gouge, and reactive solute transport in deformable geomaterials.

For this purpose, this work puts forward a newmechanistic model of pressure
solution creep which is developed based upon the classical thermodynamic
model for describing stress-induced dissolution enhancement and the general
reaction rate law for describing attenuation characteristic of pressure solution
along with the hypothesis of closed system. The presented mechanistic model
demonstrates that: (1) stress transfer across expanding contacts and con-
centration build-up in the interlayer of absorbed water slow down pressure
solution creep over time; (2) the ceasing of pressure solution creep depends
upon the concentration build-up in the interlayer which is constrained by the
follow-up solute migration process; (3) solute migration process is a primary
rate-limiting process of pressure solution creep.

This work then sheds light on hydro-chemical coupled problems in de-
formable fractures in the context of pressure solution creep. With the integra-
tion of the new mechanistic model into the reactive transport model, one is
allowed to capture the strong interaction between channelling flow and pres-
sure solution creep under crustal conditions. This numerical investigation
provides a justified interpretation for the unusual experimental observation
that fracture permeability reduction does not necessarily cause concentration
enrichment. Contact area expansion makes attenuation of dissolution en-
hancement at asperity contacts, which compensates the volumetric reduction
of the flow channel. Temperature elevation greatly contributes to accelerat-
ing the progression of pressure solution creep with no effect on prolongation
of the lifespan of the process.
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APPEND IX

9.1 geometry factors

The geometry factor α narrows the gap from the perspective of grain mor-
phology. For an extreme case where columnar shaped grains prop fracture
opening, the geometrical relation is shaped with α = 0.001. α > 1 suits for
a situation where compacted grains have a more gentle surface slope than
those in the prototyped fracture channel. The other two geometry factors
β and θ give discontinuity of contact area expansion full consideration as
a result of surface roughness at greater length scales. The increments at
the discontinuity points functionally constrain the total amount of fracture
closure.

∆Rc =
f
′

Rrefc

(︁
Rref
c , σeff, Vm, T, Rc0

)︁

f
′

Rc
(Rc)

· ∆Rref
c = α

(︁
Rc, Rref

c

)︁
· ∆Rref

c . (9.1)

As grain shape of those in contact turns sharper by water-rock interaction,
surface retreat around the peripheries of grain contacts indirectly acts upon
contact area expansion.

The newly inserted geometry factors β [-] and θ [-] are both expressed as
piecewise functions of contact area ratio

β
(︁

Rref
c

)︁
=

⎧

⎪⎪⎨

⎪⎪⎩

1 Rc0 ≤ Rref
c < Rc1 − ∆Rc1

1 −

n

∑
i=1

(︂
1

Rci−∆Rci
− 1

Rci

)︂

1
Rc0

− 1

Rrefc

Rcn ≤ Rref
c < Rc(n+1) − ∆Rc(n+1)

,

(9.2)
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θ
(︁

Rref
c

)︁
=

⎧

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1,
(︁

Rc0 ≤ Rref
c < Rc1 − ∆Rc1

)︁

n−1

∏
i=0

σeffVm
R2
ci RT

(︂

Rc(i+1) − ∆Rc(i+1) − Rci

)︂

1 − exp
[︂

−
σeffVm

RT

(︂
1

Rci
− 1

Rc(i+1)−∆Rc(i+1)

)︂]︂

·

1
R2
cn

(︁
Rref
c − Rcn

)︁

1
R2
c0

(Rref
c − Rc0)

·

1 − exp

[︃

−
σeffVm

RT

(︃

1
Rc0

− 1

Rrefc

)︃]︃

1 − exp

[︃

−
σeffVm

RT

(︃

1
Rcn

− 1

Rrefc

)︃]︃

(︁
Rcn ≤ Rref

c < Rc(n+1) − ∆Rc(n+1)

)︁

,

(9.3)
with a series of discontinuity points of contact area ratio Rc1, ..., Rc(n+1), and
increments in the ratio at the discontinuity points ∆Rc1, ..., ∆Rc(n+1). By
definition, it is clear that the geometry factors β and θ, varying between 0
and 1, are determined by roughness of pristine surface topography as well
as rate difference between the surface retreat on pore walls and at grain
contacts. The progressive surface retreat on pore walls shrinks independent
contacts being formed over the fracture surface.
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