
ORIGINAL ARTICLE

What process causes the slowdown of pressure solution
creep

Renchao Lu . Chaojie Cheng . Thomas Nagel . Harald Milsch .

Hideaki Yasuhara . Olaf Kolditz . Haibing Shao

Received: 12 January 2021 / Accepted: 15 April 2021 / Published online: 15 May 2021

� The Author(s) 2021

Abstract The slowdown of pressure solution creep

has been thought to be caused by stress redistribution.

This study presents a fresh view towards this creep

behaviour. Basically, two rate-limiting mechanisms

come into play amid pressure solution creep: (1) stress

redistribution across expanding inter-granular con-

tacts and (2) solute accumulation in the water film.

Because non-hydrostatic dissolution occurs under

open system conditions, solute accumulation in the

water film is constrained by the ensuing solute

transport process. Relying on the matter exchange

across the contact surface boundary, the active

processes in the voids, e.g., solute migration and

deposition, affect pressure solution creep. Based upon

the above, we sum up two requirements that have to be

met for achieving chemical compaction equilibrium:

(1) the Gibbs free energy of reaction, i.e., the driving

force of non-hydrostatic dissolution process, gets

depleted and (2) the concentration gradient between

the water film and surrounding pore water vanishes.

Highlights

• The slowdown of pressure solution creep is a

combined result of stress migration across contacts

and solute accumulation in the water film.

• Matter exchange with the surroundings inhibits

solute accumulation in the water film.

• This article identifies two prerequisites that need to

be fulfilled for achieving chemical compaction

equilibrium.
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1 Introduction

Pressure solution creep is the dominant mechanism in

marine burial diagenesis (Tada and Siever 1989;

Spiers et al. 1990; Wang and Budd 2012; Gratier et al.

2009), initiated by the overburden pressure acting

upon the marine sedimentary system (see Fig. 1). The

ever-increasing overburden pressure densifies the

loosely-packed sediments via pressure solution creep

during burial. With an insight into the grain scale, the

non-hydrostatic stress distributed over the inter-gran-

ular contacts (defined as the contact normal stress

minus the hydrostatic pressure, c.f., Kamb (1961) and

Paterson (1973)) enhances surface dissolution. As

surface retreat over the contacts and hence grain

repacking drain out pore water in the voids, the

sediment layers are deformed to become increasingly

denser and denser.

From a thermodynamic point of view to understand

pressure solution creep, the open system conditions

under which non-hydrostatic dissolution takes place

imply that the dissolution process is not standalone but

rather, accompanied by diffusive transport into the

pore water outside the contacts. Therefore, the non-

hydrostatic dissolution and the ensuing solute migra-

tion need to be understood as a whole constituting the

mechanism of pressure solution creep.

Towards a systematic understanding of pressure

solution creep, two significant scientific questions are

then raised: (1) how does non-hydrostatic stress

enhance mineral dissolution; and (2) what process

slows down pressure solution creep over a time scale

of millions of years. The former question has been

well addressed by the classical thermodynamic model

developed by Weyl (1959), Paterson (1973), De Boer

et al. (1977), Rutter (1983), and Heidug (1995), while

the latter remains to be addressed on a theoretical

level. The mainstream view claims that stress redis-

tribution causes the slowdown of creep (Revil 1999;

Yasuhara et al. 2003; Gratier et al. 2013; Taron and

Elsworth 2010; Bond et al. 2016; Lu et al. 2018, 2017).

Stress migration across expanding contacts reduces

the enhancement effect on surface dissolution so that

the creep rate decreases. This plausible point of view is

likely untenable or rather incomplete. If that were the

case, pressure solution creep would never come to a

halt as observed in the flow-through experiments

where the decreasing fracture permeability is levelled

Fig. 1 Schematic representation of early diagenesis in sedi-

mentary basins. The sediments become consolidated after

undergoing the weathering of pressure solution which involves

non-hydrostatic dissolution over the inter-granular contact

surface, diffusive transport into the pore water outside the

contacts, and possible secondary mineral precipitation

123

57 Page 2 of 11 Geomech. Geophys. Geo-energ. Geo-resour. (2021) 7:57



off after a long runtime (Moore et al. 1994; Niemeijer

et al. 2002; Polak et al. 2003; Yasuhara et al.

2006, 2011; Okamoto et al. 2017; Cheng and Milsch

2020; Feng et al. 2020). To remedy this issue, the

cessation of pressure solution creep was attributed to a

reduction of the non-hydrostatic stress to the point

where it is no longer sufficient to supply the required

activation energy (Stephenson et al. 1992; Revil 1999;

Yasuhara et al. 2003; Van Noort et al. 2008b; Taron

and Elsworth 2010; Lu et al. 2017, 2018). The external

work done by non-hydrostatic stress shall have been

dissipated in part for crossing the activation energy

barrier. The remainder of the work input gives rise to

the high reactivity. Relying on the above interpreta-

tion, the established view appears convincing. How-

ever, after reviewing the derivation of the classical

thermodynamic model, we find no theoretical grounds

for the practice of deducting the alleged activation

energy. To the authors’ knowledge, the nature of the

activation energy remains elusive in the context of

pressure solution creep. In addition, the mineral-

specific activation energy was thought to be only

dependent on temperature (Stephenson et al. 1992). If

so, the mineral-specific activation energy at a fixed

temperature could be measured reliably. Surprisingly,

we have not found any experimental study reported in

this regard, which questions the plausibility of this

assumption.

This study aims to explore the processes causing the

slowdown of pressure solution creep further, and to

remedy the confusion that has prevailed around the

term activation energy in the context of pressure

solution creep. For this purpose, we proceed in three

steps: (1) a mathematical model of pressure solution

creep is derived; (2) the rate-limiting mechanisms are

identified by means of analyzing two limiting scenar-

ios; (3) the role of solute migration is clarified.

2 Theory

2.1 Non-hydrostatic dissolution

2.1.1 High reactivity

A significant characteristic of non-hydrostatic disso-

lution is its high reactivity. Apparently, non-hydro-

static stress distributed over the dissolving surface is at

the core of this feature. On the basis of this general

understanding, the classical thermodynamic model

developed by the aforementioned pioneers intrinsi-

cally interprets how non-hydrostatic stress enhances

surface dissolution—the external work done by non-

hydrostatic stress elevates the chemical potential of

the solid phase which in turn speeds up the dissolution

reaction. To formulate this dissolution enhancement

mechanism, the activity of the solid under non-

hydrostatic stress conditions ars [-] is presented by

reference to that in the case of free-face dissolution aps
[-] (Paterson 1973) (see ‘‘Appendix A.1’’ for further

details)

ars ¼ aps exp
Dls
RT

� �
� aps exp

rn � pð ÞVm

RT

� �
; ð1Þ

where Dls [J/mol] represents the mechanically-in-

duced difference in the chemical potential of the solid

phase, R [J/K/mol] is the ideal gas constant, T [K] is

the temperature, rn [Pa] is the contact normal stress,

p [Pa] is the hydrostatic pressure, and Vm [m3/mol] is

the molar volume. Note that rn � p [Pa] is the bearing

non-hydrostatic stress.

The contact normal stress rn is related to the

effective stress acting on the grain reff [Pa] and contact
area ratio Rc [-] by

rn ¼
reff
Rc

: ð2Þ

To the knowledge of the classical thermodynamic

model, the non-hydrostatic stress will continue to have

an effect on surface reactivity until the state of stress is

fundamentally changed.

2.1.2 Attenuation characteristics

Non-hydrostatic dissolution features high reactivity,

and moreover possesses attenuation characteristics as

if free-face dissolution behaves. The attenuation

characteristics show in the manner that the dissolution

rate decreases over time, c.f., Yasuhara et al. (2006),

Van Noort et al. (2008a), Yasuhara et al. (2011), and

Cheng and Milsch (2020). Given these two kinetic

characteristics, the normalized dissolution rate _m

[mol/m2=s] (normalized mass removal rate) in this

particular situation follows a more general reaction

rate law where the activity of the solid is no longer

implicit (Palandri and Kharaka 2004; Taron and

Elsworth 2010) (see ‘‘Appendix A.2’’ for more

information)
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_m ¼ kþars 1� Q

arsKeq

� �
; ð3Þ

where kþ [mol/m2=s] and Keq [-] are the dissolution

rate constant and equilibrium constant at hydrostatic

pressure p and ambient temperature T, and Q [-] is the

ion activity product.

2.2 Process description

As pressure solution creep densifies packed sediments,

the inter-granular contact surface is enlarged. The

extent of the growing contact surface largely depends

upon the pristine grain surface morphology. Contact

area growth disturbs the local sedimentary system

which has been in mechanical equilibrium, triggering

stress redistribution across the contact surface so as to

restore equilibrium. Through such local re-equilibra-

tion processes, local stress concentrations and the

resulting chemical potential of the solid phase are

reduced. The decrease of the chemical potential of the

solid phase inhibits the forward reaction rate, i.e., the

dissolution rate, so that pressure solution creep slows

down. In order to describe the overall process of

pressure solution creep, the closure characteristic

curve b Rcð Þ is required for the acquisition of contact

area growth from grain deformation (see Fig. 2). The

closure characteristic curve is a function linking the

contact area ratio Rc [-] to the geometric aperture b

[m], and is purely determined by the pristine grain

surface morphology. The creep rate is naturally

parameterized by the rate of change of the geometric

aperture _b [m/s], equal to twice the average rate of the

contact surface retreat

1

2
_b ¼ �Vm _m: ð4Þ

Substituting Eq. (3) into Eq. (4), along with the closure

characteristic curve b Rcð Þ, leads to an elementary

equation for the process description

1

2
_b ¼ �Vmk

þars 1� Q

arsKeq

� �
; with b Rcð Þ: ð5Þ

3 Limiting-scenario analysis

3.1 Limiting scenario I

Aside from the stress redistribution, pressure solution

may also result in localized thermodynamic non-

equilibrium in the liquid phase due to solute accumu-

lation in the water film. Specifically, a concentration

gradient between the water film and surrounding pore

water is established across the contact surface bound-

ary. As the water film is not enclosed from all sides,

solutes dissolved in the water film tend to diffuse into

the pore water surrounding the contact under the

driving force of the concentration gradient. The

triggering of diffusion process would reduce the

chemical potential of the liquid phase within the water

film. With the continuous mass transfer the localized

thermodynamic non-equilibrium, in terms of the

concentration difference between the water film and

pore water, gets relieved.

The ion activity product Q in Eq. (5) refers in

particular to the chemical potential of the liquid phase

remaining in the water film. This portion of chemical

potential comes into play to resist contact surface

retreat via the backward reaction, i.e., the precipitation

reaction. The magnitude of this portion of chemical

potential affects the contact surface retreat rate,

depending upon the subsequent solute migration

process. In a limiting scenario, we hypothesize that

the solute outflux is infinitely large and instantaneous

throughout the pressure solution process. This hypoth-

esis implies in a sense that no chemical potential of the

liquid phase would remain in the water film at all.

Eq. (5) is thus reduced into a simplified form as

1

2
_b ¼ �Vmk

þars ; with b Rcð Þ: ð6Þ

Eq. (6) is applied in the situation where the contact

area ratio is low. A low contact area ratio not only

significantly intensifies the local stress concentration

over the inter-granular contact points, but also implies

short diffusion pathways around the contact points and

favorable conditions for solute leaching, resulting in a

comparable mass out-flux against the infinitely large

hypothesized in the limiting scenario. Such a situation

typically occurs during the initial phase of pressure

solution creep. In the illustrative example shown in

Fig. 3, the yielded normal contact stress initially

reaches up to 363 MPa, because the low contact area
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Fig. 2 A typical closure characteristic curve bðRcÞ, constructed
according to the surface morphology of the grain pair displayed

on the right-hand side. The grains in pair are assumed to have a

sphere-like shape in the scenario analysis. The consolidation

state of the grain pair develops along the closure characteristic

curve irrespective of the physiochemical process the grain pair

has undergone. In the current context, pressure solution causes

the consolidation state to change. The cumulative mass removal

during pressure solution can be represented by the coloured area

under the closure characteristic curve as At

Vm

R
b�1ðRcÞdb, where

At [m2] is the area of the chosen reference plane

Fig. 3 Evolution of normal contact stress and geometric

parameters (geometric aperture and contact area ratio) in the

limiting scenario I. The parameters used for the illustrative

example are: reff ¼ 17 MPa, p ¼ 0:1 MPa, Vm ¼ 1:0 � 10�4

m3=mol, T ¼ 60�C, and kþ ¼ 5:3 � 10�12 mol/m2=s. The circu-
lar contact area (coloured in red) is enlarged with the time

elapsed
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ratio of 4.68% amplifies the effect of stress concen-

tration. The ultra-high applied stress exponentially

raises the contact surface retreat rate by orders of

magnitude, thereby leading to a sharp decrease in

geometric aperture in a short period of time. As the

normal contact stress is extremely sensitive to the

variation of contact area in the case of low contact area

ratio, sustained contact area growth will to a large

extent mitigate stress concentration via its redistribu-

tion. In this example, the normal contact stress drops

down rapidly below 120 MPa in response to the

increasing contact area. In parallel with the stress

migration across expanding contacts, the creep rate

reduces in a nonlinear fashion from 4:0 � 10�10 to 6 �
10�15 m/s. Through such illustrative example, the

nonlinear creep behavior during the initial phase can

be fully understood. The interpretation being in line

with the established point of view, the decease of the

creep rate is dominated by stress redistribution across

expanding contacts. Subsequently, the creep rate

continues to decrease and is slower than in the limiting

scenario; however, the dominant rate-limiting mech-

anism behind this further decrease may have radically

changed. As argued above, the eventual cessation of

the creep cannot be accounted for by stress migration

across expanding contacts at all. The mechanically

induced enhancement effect on surface reactivity does

not vanish, despite becoming weaker as a result of

stress redistribution (see Fig. 3). Eq. (6) fails to capture

the creep behavior during later phases because the

hypothesis of an infinitely large mass outflux is no

longer justified.

3.2 Limiting scenario II

In order to figure out what other rate-limiting mech-

anism is involved in the long-term response, we

hypothesize that mass outflux now reaches the oppo-

site extreme—no flux across the contact surface

boundary. This hypothesis forbids the transfer of the

chemical potential of the liquid phase from the water

film to the surrounding pore water. The chemical

potential of the liquid phase within the water film thus

steadily increases as the solutes dissolved in the water

film accumulate. On the other hand, stress migration

across the contact surface proceeds forward, decreas-

ing the chemical potential of the solid phase. The

chemical potentials of the solid phase and of the liquid

phase consequently converge. Once the chemical

potential difference between the solid and liquid

phases, i.e., the Gibbs free energy of reaction,

vanishes, pressure solution creep and densification of

the packed sediments will cease. From the thermody-

namic perspective, we thus ascertain two individual

processes that lead to the decrease of the Gibbs free

energy of reaction: (1) concentration build-up in the

water film, and (2) stress migration across expanding

contacts.

Let us consider the functional link between the

Gibbs free energy and the extent of the reaction for

illustrative purpose. In this particular scenario, we

may illustrate the kinetic process of non-hydrostatic

dissolution which is presumed to occur under closed

system conditions alternatively by using the process-

based closure characteristic curve

b Rc; reff ;Vm; T ; b0;Rc0ð Þ (see Figure 4)

b

b0
¼

1 Rc ¼ Rc0

exp � reffVm

RT

1

Rc0

� 1

Rc

� �� � reffVm

R2
c0RT

Rc � Rc0ð Þ

1� exp � reffVm

RT

1

Rc0

� 1

Rc

� �� � Rc0\Rc�Req
c ;

8>>>>><
>>>>>:

ð7Þ

with the initial geometric aperture and contact area

ratio b0, Rc0. See Lu et al. (2017) for a detailed

derivation of Eq. (7). The process-based closure

characteristic curve may coincidentally be constructed

from a representative grain pair of particular surface

morphology that may exist in the natural system.

Moreover, it illustrates the dissipation path of Gibbs

free energy of reaction towards the point at which

chemical equilibrium is attained under closed system

conditions, i.e., situations without any matter

exchange with the surroundings and under the expo-

sure to constant overburden pressure, hydraulic pres-

sure, and temperature. Under such conditions, the

equilibrium point can be determined by solving the

partial derivative of Eq. (7) with respect to Rc

db

dRc

����
reff ;T

¼ 0 ! Req
c : ð8Þ
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4 Discussion

4.1 Role of solute migration

In the foregoing analysis of two limiting scenarios, we

postulated the existence of either an infinitely great

and instantaneous solute outflux or no mass outflux

across the contact surface boundary. As a matter of

fact, the actual mass outflux is situated in between the

considered limiting scenarios, determined by the

solute transport process. For better understanding the

role of solute migration, we assume that the saturated

voids outside the contact is a lower-concentration

region. This assumption ensures in a sense that the

matter exchange with the surroundings produces a net

outflow in terms of the local sedimentary system.

Driven by the concentration gradient, the solutes

within the water film diffuse into the pore water so that

less solutes remain in place than under closed system

conditions. As long as there remains a concentration

gradient across the contact surface boundary, solutes

will constantly diffuse out of the water film. The

continuous mass outflow, on the one hand, is unfa-

vorable for the solute accumulation in the water film,

and on the other hand, lowers the natural concentration

gradient across the contact surface boundary, which in

turn slows down the mass outflow. The diffusion

process will not cease until the concentration gradient

across the contact surface boundary absolutely van-

ishes. This implies that we may intervene non-

hydrostatic dissolution by altering the fluid chemistry

in the saturated voids. For example, we raise the solute

concentration in the pore water to constrain the solute

outflow from the water film which results in higher

concentration levels inside the sedimentary system. As

its result, the sedimentary system enables to attain

chemical equilibrium earlier, i.e., at a lower contact

area ratio. Alternatively, after pressure solution creep

comes to a halt, we suddenly reduce the solute

concentration in the pore water to re-develop a

concentration gradient between the water film and

surrounding pore water under which solutes resume to

diffuse out into the pore water. The relaunch of

diffusion process disturbs the equilibrium attained,

Fig. 4 A typical process-based closure characteristic curve

obtained by setting reff ¼ 17 MPa, Vm ¼ 1:0 � 10�4 m3=mol,

T ¼ 60 �C, and Rc0 ¼ 0:1. The coloured area under the process-
based closure characteristic curve corresponds to the mass of the

solutes dissolved into the water film by the time the chemical

equilibrium is attained. Because of no mass exchange between

the water film and the surrounding pore water under closed-

system conditions, the chemical potential of the liquid phase

within the water film increases steadily
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lowering Gibbs free energy of the system until

chemical equilibrium is re-established.

As shown in Fig. 2, the area under the realistic

closure characteristic curve represents the cumulative

mass removal during pressure solution. In this period

the solutes dissolved in the water film either remain in

place or diffuse out into the pore water. By overlap-

ping the realistic and process-based closure charac-

teristic curves, wemay further set apart the solutes that

remain in place and spread out (see Fig. 5). On a

graphical display, the onset of mass transfer makes the

shifting of the process-based closure characteristic

curve to the left. Affected by the continuous matter

exchange with the surroundings, the process-based

closure characteristic curve breaks down into seg-

ments (Lu et al. 2017). Mass outflux conditions how

far the segments would shift towards the right (in the

case of decreasing outflux) or even towards the left (in

the case that the outflux is increased). The intersection

point of the two closure characteristic curves repre-

sents the point at which chemical equilibrium is

attained under variable open system conditions. In this

way, we reconfirm two requirements that have to be

met for achieving chemical compaction equilibrium:

(1) the reaction Gibbs free energy for non-hydrostatic

dissolution gets depleted, and (2) the concentration

(a) (b)

(c)

Fig. 5 Schematic diagram of the thermodynamic principle of

causing the slowdown of pressure solution creep: (a) Overlapped
closure characteristic curves. The parameters used to create the

process-based closure characteristic curve are reff ¼ 17 MPa,

Vm ¼ 1:0 � 10�4 m3=mol, T ¼ 60�C, and Rc0 ¼ 0:015. (b) The
evolution of the process-based closure characteristic curve in

response to the mass exchange with the surroundings. c) The
intersection of the two curves. The coloured areas between the

realistic and process-based closure characteristic curves and

under the process-based closure characteristic curve, respec-

tively, represent the mass of the solutes that go into the

surrounding pore water and that remain in the water film
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gradient between the water film and the surrounding

pore water goes zero.

4.2 Model limitations

In this study, we constrain ourselves to a simpler case

of rn � 2Hc in which the work input by normal

contact stress acts as the sole driving force of

dissolution enhancement (see Eq. (9) in the ‘‘Ap-

pendix A.1’’). This corresponds to the situation where

grain size is relatively large and the local curvature

around the grain contact surfaces is small. As the grain

size decreases and the local curvature increases, the

interfacial free energy will linearly increase to the

same magnitude as the work input by normal contact

stress, i.e., rn � 2Hc. In that case, the effect of mean

curvature can no longer be neglected, as discussed in

Guével et al. (2020).

In the natural system, the packed grains may vary

greatly in size, geometric shape, and surface morphol-

ogy (Hodge et al. 2009; Sandeep and Senetakis 2019).

Different grains in combination would have specific

forms of creep rate equation, different from Eq. (4).

Equation (4) holds for the case that two identical

grains are ideally positioned and arranged in symmet-

ric layout at the contact surface. In addition to the

symmetry requirement, the morphology of the contact

faces is simplified without the influence of intra-

granular surface roughness (Taron and Elsworth 2010;

Liao et al. 2020). This simplification minimizes the

morphological complexity but facilitates the qualita-

tive assessments and scenario analysis in order to

identify the rate-limiting mechanisms of pressure

solution creep. The drawback of such simplification

is that the normal contact stress is obviously under-

estimated and the cumulative mass removal from the

grain contact surfaces is overestimated, as shown in

Figs. 2, 4, and 5.

5 Conclusions

This study expounds a fresh view of the mechanisms

causing the slowdown of pressure solution creep.

Basically, two rate-limiting mechanisms dominate

pressure solution creep: (1) stress migration across

expanding contacts and (2) concentration build-up in

the water film. The rate-limiting effect is achieved by

reducing the reaction Gibbs free energy for non-

hydrostatic dissolution. Because non-hydrostatic dis-

solution occurs under variable open system condi-

tions, concentration build-up in the water film is

affected by the ensuing solute migration. Relying on

the matter exchange between the water film and the

surrounding pore water, the active processes in the

saturated voids outside the contacts, i.e., solute

migration and deposition, affect pressure solution

creep. On the basis of the above findings, we sum up

two prior conditions for achieving chemical com-

paction equilibrium: (1) the reaction Gibbs free energy

for non-hydrostatic dissolution gets depleted, and (2)

the concentration gradient between the inside and

outside of the contact vanishes in order to maintain this

equilibrium.

Furthermore, it becomes clear that the activation

energy in the context of pressure solution creep refers

to the energy required for overcoming the chemical

potential of the liquid phase remaining in the water

film. The hydraulic pressure, temperature, overburden

pressure, pristine grain surface morphology, and

matter exchange with the surroundings all determine

the activation energy.
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Appendix

Activity of non-hydrostatically stressed solid

In an isothermal two-phase mixture system, the

chemical potential of the solid under loading condi-

tions can be expressed as (Heidug 1995)

ls rnð Þ ¼ lHs þ rnVm � 2HcVm; ð9Þ

where lHs is the standard chemical potential of the

solid,H [1/m] is the mean curvature, and c [J/m2] is the

surface tension.

Taking its chemical potential under hydrostatic

conditions which has the form

ls pð Þ ¼ lHs þ pVm; ð10Þ

as the reference state, the stress-induced elevation in

the chemical potential reads

Dls ¼ rn � p� 2Hcð ÞVm: ð11Þ

By utilizing the relation between the chemical poten-

tial and the activity

l p; Tð Þ ¼ lH þ RT lna; ð12Þ

we may construct the activity of the stressed solid

based on the reference configuration

ars ¼ aps exp
Dls
RT

� �
¼ aps exp

rn � p� 2Hcð ÞVm

RT

� �
:

ð13Þ

Non-hydrostatic dissolution kinetics

Let us consider a general reversible dissolution-

precipitation reaction that occurs under non-hydro-

static conditions,

Ms þ H2O $
Xn
p¼1

spAp: ð14Þ

Given the contribution of mechanical stress to chem-

ical affinity, the expression for Gibbs free energy of

reaction is extended to

DG ¼ DGH þ RT ln
Yn
p¼1

aspp � RT lnars ; ð15Þ

where DGH [J/mol] is the standard free energy of

reaction, and ap [-] is the activity of a species Ap in the

solution. The sign of DG determines the direction of

the reaction. DG\0 indicates the reaction proceeds by

spontaneous dissolution. Otherwise, if DG[ 0, min-

eral precipitation overwhelms dissolution. Unlike

under hydrostatic conditions, the extra work input by

the imposed normal stress linearly increases the

deviation from the chemical equilibrium.

At equilibrium and under standard-state conditions

(ars ¼ 1), we have

DGH ¼ �RT lnKeq: ð16Þ

Inserting Eq. (16) into Eq. (15) recasts the equation

into

DG ¼ �RT lnKeq þ RT ln
Yn
p¼1

aspp � RT lnars ¼ RT ln
Q

arsKeq

;

ð17Þ

with the ion activity productQ [-] in place of
Qn

p¼1 a
sp
p .

The non-hydrostatic dissolution process can be

described by an extended reaction rate law which links

the kinetics of the reaction to the free energy of

reaction

_m ¼ kþars 1� exp
DG
RT

� �� �
¼ kþars 1� Q

arsKeq

� �
:

ð18Þ
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