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[ Abstract] Intergranular fluids within the nonhydrostatically stressed solids are a sort of important fluids in the crust.

Research on the mechanical and chemical behavior of the intergranular fluids in nonhydrostatically stressed rocks at low

temperature is a key for understanding deformation and syntectonic geochemical processes in mid to shallow crust. Theo-

retically, it is suggested that the fluid film sandwiched between solid grains is one of the main states of intergranular fluids

in the nonhydrostatically stressed solids. Their superthin thickness makes the fluid films have the mechanical and chemical

behavior very different from the common fluids. Because of hydration force, doublelayer repulsive force or osmotic pres

sure due to double-layer, the fluid films can transmit nonhydrostatic stress. The solid minerals intergranular fluids interac

tion and mass transfer by intergranular fluids is stress related, because the stress in solid minerals can enhance the free en-

ergy of solid matter on the interfaces. The thermodynamic and kinetic equations for the simple case of stress induced pro-

cesses are derived.
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1 INTRODUCTION

In the mid to shallow crust, all deformation and
syndeformatic metamorphism are closely related to
the interaction between mineral and intergranular flu-
ids and the mass transfer in intergranular fluids,
which are all influenced by the nonhydrostatic stresses

in the solid rocks!'™?!

. The diffusion creep in inter-
granular fluids induced by nonhydrostatical stress is
an important plastic deformation mechanism, of
which the activation energy is much less than that of
dislocation creep. The diffusion through intergranular
fluids is much faster than that through lattice or grain
boundaries'*” ® Furthermore, the different chemical
species may react one another when they are diffused
through the intergranular fluid nets. So the chemical
and mechanical behavior of intergranular fluids in
nonhydrostatically stressed rocks is very important for
understanding the geological and geochemical process
es in the syntectonic and low temperature settings.

2 MECHANICAL BEHAVIOR OF INTERGRAIN-
ULAR FLUIDS

Because of the weak intermolecular binding of
water and their isotropy, normal fluids can not trans-
mit shear stress. Water, even in the state of solid ice,
can only stand n X 10° Pa deviate stress, much less
than the least deviate stress in the nonhydrostatically

stressed solid rocks, n x 10’ Pal”'. So the shear

stress transmitting mechanism of rocks with inter
granular fluids is focus of the mechanical behavior of
intergranular fluids in nonhydrostatically stressed
rocks. There are two different models for explaining
the stress transmitting mechanism, the inert loading
frame model and the fluid film model. In the inert
loading frame model, it is suggested that a fluid per
meated inert loading frame can transmit arbitrary in-
tergranular traction while permitting contact between
a hydrostatically stressed grain-boundary fluid and a
dissolving solid. It means that the stress is transmit-
ted by the dry intergranular contact for the interac
tions of the solid molecule across the contact, while
fluids can only exist in the pores around the dry con-
tact!® ' In the fluid film model, it is suggested
that the fluids exist as fluid film sandwiched between
solid surface, which is so thin that the surface forces
are big enough to transmit the shear stress |”'"~ 4l
The inert loading frame model can explain the
mechanism for transmitting stress. But as the trans-
mitting mechanism of stress is not related to the in-
tergranular fluids, the contact zones are diminished
by dissolution of pore fluids, leading to stress eleva
tion in the contact and resulting in crush or plastic de-
U151 Q6 it is not stable

and can not bring stable stress inducing fluid diffusion

formation of the solid grains

creep. On the contrast, the fluid film model, in
which the mechanical actions of fluids and solid grains
are closely related each other, can bring stable fluid
diffusion creep induced by stress. Furthermore, the
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pore fluids and dry intergranular contacts are also per-
mitted in the fluid film model. So the fluid film model
is more reasonable, that is, there definitely are inter
granular fluid films in the nonhydrostatically stressed
rocks.

The disjoining pressure is one of the most impor-
tant mechanical actions of the intergranular fluids.
For a flat fluid film sandwiched between solid sur
faces, the disjoining pressure equals the amount by
which the fluid pressure acting on the film-solid inter
face exceeds the hydrostatic pressure in the bulk flu-

ids! " There are two different hypotheses about ori-
gin of the disjoining pressure. Heidug thought that
the disjoining pressure is the hydration force resulted
from the ordering of water molecules between two
surfaces in close proximity, and with amount in re-
verse relation to the thickness of fluid film''*. Re
nard et al'’! thought the disjoining pressure origins
from the electrical double-layer forces on the solid-flu-
id interface. Because of the surface chemical reaction,
surface lattice defects or the surface ions absorbed by
van der Wall forces and by hydrogen bonds, solid
minerals always have surface charges which attract
ions with reverse charges to the intergranular contact
zones to reach electrical neutral. It will result in os-
motic pressure between contact fluid film and pore
fluids. The osmotic pressure equals to the amount by
which the normal stress acting on the solid surface ex-
ceeds pore fluid pressure. According to the Debye
Hiicke osmotic layer model'™ | it is written as

RT

= 0,—- = — 1
{ n
Pe =P \/w X wp

P o is the osmotic pressure, 0, is the normal

e (1)

w here
stress acting on the solid surface, pis the pore fluid
pressure, that is hydrostatic pressure, R is the gas
constant, T is the absolute temperature of the sys-
tem, YV, is the molar volume of water, x . is the mo-
lar fraction of water in fluid film of contact zone and
% wp 1s the molar fraction of water in pore fluids. Sup-
pose that, the surface charge distributed on solid with
density of W, thickness of the fluid film of contact
zone is d, the concentration of all solutes is ¢y, it is
given that,

]
K=
wce uy‘ b
v, >
I+ V| ca+ Fd
1
o T (2
where  F is Faraday constant. Substitution of

Eqgn. (2) into Eqn. (1) gives
Po= = v M Fd+ V,(Fdea+ 2 W) (3)

If not considering the osmotic pressure, the re-

pulsive force of electrical double layers between two
sides of solid across the fluid film can decrease with
increasing electrolyte concentration in the fluids,

while the osmotic pressure increases with increasing
electrolyte concentration in the fluids.

From above analysis, it can be concluded that
the hydration forces are not related to electrolyte con-
centration, and the repulsive forces electrical double
layers between two solid-fluid interfaces would de-
crease with increasing electrolyte concentration in the
fluids. However, the osmotic pressure would increase
with increasing electrolyte concentration in the fluids.
As afact, these two mechanisms may play some roles
in transmitting stress of the fluid film sandwiched be-
tween solid surfaces. But which would be dominant
depends on the thickness of fluid film and component

of the fluids.

3 ROLE OF STRESS IN MINERALS INTER-
GRAINULAR FLUIDS REACTIONS

In principle, the fluid-mineral interface reac
tions, which ultimately form aquatically soluble
species and change component of solids and fluids,
would go in double directions. According to the tran-
sitive state theory! '™ when the reaction approaches

equilibrium enough, the net rate of reaction, R, is

R.. AG

_ _ Tl M
R .= RT (4)
where R, is the rate of positive reaction, AG is

the difference of Gibbs free energy between reactants
and products. AG is the drive force of the reaction.
When it is negative, the reaction kinetic process will
be from left to right, that is, solid mineral being dis-
solved. So, — AG is usually named as chemical affin-
ity. Nonhydrostatic stress can influence the solid
minerakintergrain fluid reaction process by changing
the Gibbs free energy of solid reactant, because the
Gibbs free energy of solid mineral is related closely to
its stress and strain at low temperature.

The contribution of nonhydrostatic stress to free
energy of solid had been noticed by Gibbs as early as
1876!"”! and has been discussed by a lot of scientists
since then' 2~ 2! But, because of the essential differ
ence between nonhydrostatic stress and hydrostatic
pressure, the scalar variable of pressure (p) in hy-
drostatic system can not be directly replaced by the
tensor variable of stress ( 0j) . So all the equations es-
tablished about relation between free energy of solid
and nonhydrostatic stress have still been argued.

In hydrostatic equilibrium system, according to
the definition of Gibbs free energy and Helmholtz free
energy, we obtain

G=F+pV (5)
where G is the Gibbs free energy of system, F is
the Helmholtz free energy, p is the hydrostatic pres-
sure of system, V is the volume. As to single compo-
nent system, its chemical potential can be written as

B=f+ pv (6)

where M is the chemical potential, f is its specific
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Helmholtz free energy, p is the pressure, and v is
the molar volume.

Suppose single component solid contacting with
fluid, the chemical potential of solid surface matter of
any position can be written as

W(xi)=fu(xi)+ po(xi) vs (7)
where the subscript s denotes solid, f denotes fluid,
H(x;) denotes the chemical potential of solid varied
with position. In the fluid film model, the mechant
cal action of fluid on solid is varied with position, so it
is written as p ¢(x;). For the mechanical equilibrium,
we can get

pi(xi) = Oufxi) (8)
where 0,(x;) is the normal stress on solid surface,
Substitution of Eqn. (8) into Eqn. (7) gives

W(x;) = fo(xi)+ Ou(x)vs (9)

As a matter of fact, the contribution of nonhy-
drostatic stress to the free energy of solid can not only
be reflected in second right item of Eqn. (9), but the
Helmholtz free energy of solid, f(x;), would also
vary with strain. From the related researches '~ %!,
it can be concluded that

folxi) = fo+ E(Exi) (10)
where  fo is the Helmholtz free energy of free
strained solid, E( § x,) is the strain energy of which
variation with position is induced by the variation of
b'* and Paterson'*'! only
consider the elastic strain energy, writing it as

E(g x;)= _2L 20 &%
y

where V) is the molar volume of free strained solid.

strain with position. Kam

That is obviously not correct. The strain energy
should include the energy stored in dislocations and
interfaces of crystals by plastic deformation. In the
strong shear setting with high differential stress such
as ductile shear zones, the plastic strain energy is very
considerable, which may be much greater than elastic

. [30,31]
strain energy

. But the relation of plastic strain
energy to stress and strain is much more complicated
than that of elastic strain energy, which has still not
been expressed as a correct equation. It is definite
that, the bigger the differential stress, the smaller
the crystals and the denser the dislocations, so the
greater the plastic strain energy. Based on the above
analysis, as to the nonhydrostatically stressed solid
with single component, the general form of chemical
potential of solid matter on the mineraltintergranular
fluid interfaces can be expressed as

W(xi) = fo+ E(&xi)+ Oufxi) V. (11)

4 MASS TRANSFER BY INTERGRAINULAR
FLUIDS

During the evolution process of crust rocks, the
most important role of intergranular fluids is mass
transfer. The mass transfer mediated by the inter

granular fluids is intrinsically important part of me-
chanical and chemical processes of the crust rocks,
with close relation to the stress in nonhydrostatically
stress setting.

For mass transfer by fluids, there are two com-
petitive mechanisms, diffusion in fluids and mechant
cal motion of fluids. The diffusion in fluid is driven
by the chemical potential gradient of diffused materr
als. The most common mechanical motion of fluids is
advectively driven by pressure gradient of the fluids.
The mechanism for mass transfer in the intergranular
fluid films considered here is diffusion.

There are two kinetic equations to express diffu-
sion, the Fick diffusion law,

Oc;
W=-D7 (12)

and the Onsager diffusion law,
3]

J=-1 aa—x‘ (13)
where J! denotes the diffusion flux of component i,
Oci/0x and O K/ 0x denote concentration gradient and
chemical gradient of component i in x direction, D
and L are the Fick diffusion coefficient and Onsager
diffusion coefficient. They are related as

D¢;

L, = RT (14)

Because the minerals-fluids reactions would in-
crease concentration of component i in fluids, while
the diffusion is on the contrary the net temporal vari-
ation of the concentration of component i is controlled
by the following equations.

D
%";‘ = Ji- %% (15)
JE= vt
= gl (16)
IF= R
R.. AG
= RT (17)
where | is the stoichiometric number component i

produced by reaction r, J¥ is the rate at which com-
ponent i is produced by reaction r, J¥ is rate of reac-
tion r, and A, is the chemical affinity of reaction r.
Substitution of Eqn. (12) into Eqn. ( 15) gives

Oc; Pe
o= Dognit It L1

Deduced from Eqns. (13), (14), (15), (16)
and (17),

we can also get

o _1_ Oc; O *u
ve r ve vy A}
at = RT ﬂLRr+Ar+ D ax ax + DCL axz

(19)

Suppose the solid grain is locally equilibrium
with the intergranular fluid, that is, the chemical po-
tential of any solid substance on the surface is nearly
equal to that of aqueous soluble specie of same compo-
nent immediately adjacent to the surface. And by de-
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ducing the diffusion from one dimension to three di
mensions. Eqn. (19) will be changed to

Qe L[

o = RTI Bkl A

D Zac(x ap-(x

l-li.( )
DCZ »r]

(20)
Substitution of Eqn (11) into Eqn (20) gives

Jc vr(RtiAt
- iy 2

ot~ RT
aE(&xi) 00,(x;)
axi T P axi
De 02E( € x;) 020,(x;)
RT < Ox ? i Ox;

(21)

This equation reflects the relation of spatial and
temporal variation of solid minerals-intergranular flu-
ids reactions and mass transfer by intergranular fluids
in nonhydrostatically stressed setting.

The actual chemical reactions and diffusion pro-
cesses are all irreversible dissipation; that is, a part of
free energy is transformed to the energy related to en-
tropy, which can not be used. According the local
equilibrium hypothesis for the irreversible processes,
we can obtain

TdS = du+ pdV- Dhdn, (22)
Deduced from this premise, we can get
o d p d R
0= Ji g~ T)+ 200 o= W)+ I,

(23)
where  Ois the local producing rate of entropy by the
irreversible process, J, is the entropy flux, and J? is
diffusion rate of component i. The T 0 is the dissipa-
tion function, usually signified by ©, of which the dr
mension is free energy/ unit time, showing the local
dissipation rate of free energy in the system by the ir-
reversible process.

Eqn. (23) shows that, the dissipation of system
is actually a sum of several products of a flux and its
driving force. As to a system involving n irreversible
processes each of which goes on at the rate of J; and
driven by the force X;, the dissipation function would

be
o= DX (24)

The dissipation function is the basis of dynamics
of irreversible process. A system without influences
from outside would evolve to dying out of all forces
and fluxes, the dissipation function becomes zero.
The most important influence from outside in the
nonhydrostatically stressed system is continuous act-
ing of direct forces which, together with anisotropy
and heterogeneity of the system itself, produce con-
tinuous chemical potential gradient. So the irre-

versible processes such as diffusion can continue.

S CONCLUSIONS

Fluid films sandwiched between solid surfaces
are important forms of intergranular fluids in the non-
hydrostatically stressed rocks, of which the mechant
cal and chemical behaviour is very different from the
common fluids. By hydration forces of super-thin wa-
ter films, repulsive forces of electric double-layer on
solidtfluid interfaces or osmotic pressure due to the
electric double-layer, which depends on thickness and
component of the fluid films, the intergranular fluid
films can transmit stress mainly. The mechanical and
chemical processes involved in intergranular fluids are
closely related to the nonhydrostatic stress. T he non-
hydrostatic stress can enhance solid mineralintergran-
ular fluid interface reaction and mass transfer in the
intergranular fluids by raising the free energy of solid
component on the interfaces. The thermodynamic
and kinetic equations are deduced for the simplest case
of stress induced solid-fluid reactions and diffusion

processes in fluid films.
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