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Abstract—Using a surface forces apparatus (SFA), we have studied the interactions between mica surfaces
in pure and mixed NaCl and CaCsolutions at relevant geological conditions of pressure and electrolyte
composition. Our results show that the short-range (0-50 A) colloidal forces, including attractive van der
Waals and ion-correlation forces, repulsive electrostatic forces, and oscillatory or monotonically repulsive
hydration (surface-induced water structure-dependent) forces are involved in different stages of pressure
solution. These forces depend on the type(N@sf*, and H") and concentration (6—600 mM) of the cations
present in the solution. Equilibrium water film thicknesses were measured as a function of the applied (normal)
pressure up to 50 MPa (500 atm) and ranged from @M tA at pressures above 10 MPa (100 atm).
Measurements were also made of the rates of diffusion and exchange of ions into and out of such ultrathin
films, and on the nucleation and growth of ionic crystallites on and between the surfaces, which occurred only
in the presence of calcium ions. Diffusion of ions into and out of structured water films as thin as one to five
water molecules (3 to 15 A) were found to be surprisingly rapid and never less than two orders of magnitude
below the diffusion in bulk water. In contrast, the rates of binding and exchange of ions to the surfaces were
found to be the rate-limiting steps to adsorption and crystal formation. These findings imply that, for certain
systems or conditions, pressure solution rates could be limited by surface reactions rather than by ion diffusion
in thin fluid films. Copyright © 2003 Elsevier Science Ltd

1. INTRODUCTION AND BACKGROUND models do not specifically address the role of clay, a main
difference between the models is the thickness of the water film
and the path length through which material must diffuse (Fig-
ure 1). The models assume that if the water film becomes very
thin, its molecular-scale structuring will limit diffusion rates. In
the three models, the deformation rate (i.e., material transport
rate) varies considerably depending on the assumed diffusion
rates in the thin water films and the presence of channels.

1.1. Current Issues in Pressure Solution

Pressure solution is the preferential dissolution of minerals
along stressed grain boundaries resulting in the interpenetration
(suturing) of grains and, on a larger scale, the development of
stylolites (see extensive review by Tada et al., 1987). Geologic
studies of pressure solution have noted the almost ubiquitous .

The three models, following den Brok’s nomenclature (den

occurrence of clays along stylolitic seams at the outcrop scale, K heahin-fil h in-bound
and petrologic studies have also noted that the presence of micaB'0k, 1998), are thahin-film, the grain-boundary (Gratz,

enhances quartz dissolution (Heald, 1955; Houseknecht, 1987).1991)' and .the island-cha}nnel mode. Th? thin-film model
Recently, Bjarkum (1996) reported that quartz grains had dis- (Weyl: 1959; Rutter, 1983; Kruzhanov and"&kbert, 1998)
solved around mica flakes without deformation of the mica, 2SSumes two quartz grains are separated by a film of structured

suggesting that the role of pressure only serves to keep theWvater a fe_w nanometers_, thick. Mass is transf_erre_d from the
grains together. quartz grains along the film and pressure solution is relatively

Little is known at the submicroscopic and molecular levels Slow due to the low diffusion rate in the water. The Gratz
about fluid-filled interfaces between dissimilar minerals, al- 9rain-boundary model (Gratz, 1991; den Brok, 1998) consid-
though there are considerable data on mineral surfaces in free€rs stress corrosion micro-cracks that can occur along the grain
solution (Hochella, 1995). The role of clays in pressure solu- boundary or at the margin of contacts. The cracks, which cause
tion, including what kind of clays are involved and the nature €nhanced diffusion, are continuously extended by stress corro-
of their interaction with thin fluid films, is still not well under- ~ Sion at the crack tips, maintaining a plumbing network to the
stood. The general explanation is that diffusion is enhanced due grain boundary. In this model, material diffuses from the thin
to the increased water film thickness associated with clay fluid film between the rather narrow “islands” of quartz into the
surfaces (Renard et al., 1997). Different stages of pressurerelatively large channels being maintained by microcracks,
solution are believed to involve ion dissolution, diffusion plastic deformation and free face pressure solution (Tada et al.,
(transport), ion binding or exchange, and precipitation, al- 1987). In theisiand-channel model (Raj, 1982; Cox and
though some of these stages are obviously related or occurPatterson, 1991; Lehner, 1995; Spiers and Schutjens, 1995)
simultaneously. stress is transmitted across solid “island” quartz—quartz con-

Currently, three models of quartz pressure solution are pro- tacts and material diffuses through relatively large (nanometer
posed (den Brok, 1998; Renard et al., 1999) and although the to micrometer scale) adjacent channels. The islands and chan-
nels continuously move but the overall configuration is main-
tained. Models 2 and 3 fit geologic and experimental observa-
* Author to whom correspondence should be addressed. tions of pressure solution surfaces that show deep dissolution
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Thin-film model
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Fig. 1. Proposed mechanisms of pressure solution (after den Brok, 1998). Vertical arrows refer to pressures or crack
propagation directions; horizontal arrows refer to silica transport.

pits (Pittman, 1974; Welton, 1984; den Brok, 1998). The de-
formation rate in these models is faster than in Model 1 due to
the shorter diffusion path length. All of these models have in
common an estimate of the diffusion coefficient in water, which
varies according to the thickness of the fluid film.

Revil (1999) considered a model like Model 1, but he used
a much higher fluid diffusivity in thin fluid films between
quartz grains—one order lower than the bulk, based on the
work of Vigil et a. (1994), in contrast to the five orders used by
Rutter (1976). Revil postulates relatively open diffusion path-
way's between silica—silica surfaces, in part due to their unique
steric repulsive interaction. Notably, Revil’s model is also a
closed system in which he considerslocal precipitation of silica
at the scale of the representative elementary volume (Renard et
al., 1999; Revil, 1999).

Our interest in this problem is focused on the role of micain
the pressure solution of quartz. Workers have generally attrib-
uted this to thicker water films associated with mica—quartz
contacts (Renard et a., 1999), although measurements of such
films between quartz and mica have not been made. We are
studying mica—quartz interface interactions, including mea-
surements of water film thickness, viscosity, and diffusion
rates. Our initial work, described here, characterizes the mica—
fluid—mica interface in close contact. This will provide a ref-
erence for subsequent work on the mica—fluid-silica interface.
Our initial results suggest that even in the simple mica—fluid—
mica system, geologically realistic fluid compositions plays an
important but unexpected role in the behavior of the system,
and that—in agreement with (Revil, 2001) but for different
reasons—diffusion rates may not be as much of an issue as
once thought.

1.2. Current Issues in the Short-Range Colloidal Forces
Between Clay—-Mineral Surfaces

Force-distance, F(D), measurements using the Surface
Forces Apparatus technique have been applied to many differ-
ent surfaces, including mica and silica, immersed in different
electrolyte solutions (Israglachvili, 1991; Ducker et al., 1994;
Vigil et a., 1994). In general, at surface separations greater
than ~20 A, measured forces have been in good agreement
with theory—the so-called Derjaguin—Landau-V erwey—Over-
beek (DLVO) theory of colloidal stability (Verwey and Over-
beek, 1948), which includes the repul sive electrostatic “ double-
layer” force and attractive van der Waals force (Israelachvili,

1991). The DLVO theory is a nonspecific, continuum theory
that does not take into consideration the discrete molecular
nature of the surfaces, solvent, or ions, and other factors that
can become important at small distances (Israelachvili, 1991).
Between mica surfaces there is good agreement between theory
and experiment at all separations down to contact (at D = 0)
only in dilute electrolyte solutions—below 1 mM in 1:1 elec-
trolytes such as NaCl, and below 0.1-1 M in 2:1 electrolytes
such as CaCl, (Figure 2). In contrast, the measured forces
between smooth but amorphous silica surfaces show deviations
from DLVO behavior under all solution conditions, even in
pure water (Vigil et a., 1994). These additiona non-DLVO
forces have been found to depend on the specific nature of the
surfaces, the solvent, the ions in the solvent, and the ions
adsorbed on the surfaces. In the case of interactions between
clay and other mineral surfaces in aqueous solutions, these
interactions can be attractive, repulsive and/or oscillatory, and
they include the following (Figure 3):

() Monotonically repulsive forces between surfaces with
protruding charged groups as occur on amorphous silica
surfaces (Vigil et al., 1994), or surfaces having large
co-ions (Frens and Overbeck, 1972) or large adsorbed
counterions (Pashley, 1982). Protruding charges shift out
the repulsive Outer Helmholtz Plane (OHP) relative to the
attractive van der Waals plane.

(I1) Monotonicaly repulsive “steric-hydration” forces be-
tween surfaces with a strongly bound layer of water
molecules (van Olphen, 1977; Pashley, 1981; Viani et al.,
1983; Pashley and Israelachvili, 1984; Christenson et al.,
1987; Kjellander et a., 1988).

(I11) “Oscillatory-hydration” forces due to solvent structuring
into layers adjacent to smooth, crystalline surfaces. Os-
cillatory forces have a periodicity of the water molecule
(about 2.7 A) and have a range of about 15 A (Christen-
son et al., 1982; Israelachvili and Pashley, 1983; Is-
raclachvili and Wennerstrom, 1996). Their multiple ad-
hesive minima give rise to the discrete “crystalline
swelling” of clays (Caffrey and Bilderback, 1983; Quirk
and Marcelja, 1997).

(IV) Attractive “ion correlation” forces in divalent counterion
solutions such as CaCl,, can give rise to areduced double-
layer repulsion or even a short-range attraction which
originates from the van der Waals interaction between the
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Fig. 2. Colloidal forces previously measured between two mica surfaces in pure monovaent (10~°to 1 M NaCl, KClI,
KNO,) and divalent (1074 M only CaCl,) solutions (Pashley, 1981; Christenson et al., 1982; Israglachvili and Pashley,
1983; Pashley and Israelachvili, 1984; Christenson et al., 1987; Kjellander et al., 1988; McGuiggan and | sraelachvili, 1990;

Israelachvili, 1991; Israglachvili and Wennerstrom, 1996).

polarizable counterions of the two double-layers (van
Olphen, 1977; Viani et al., 1983; Guldbrand et al., 1984;
Kjellander et al., 1988; Kjellander et al., 1990; Kekicheff
et al., 1993). Finite counterion size effects can also give
rise to an additional “osmotic repulsion” at separations
above one Debye length and to a “depletion attraction” at
smaller separations (Paunov and Binks, 1999).

Steric-hydration
OHP shift

Structural oscillatory

DLVO (VDW +ES)

Secondary (DLVO) minimum
80 120 160
] 1 > D (A)

van der Waals (VDW)

lon correlation

Primary (VDW) minimum at D=0

Enhanced adhesion due to ion bridging

Fig. 3. Different types of short-range DLVO and non-DLV O forces
F(D) or energies E(D) —-dF/dD that can arise between clay surfaces
encountered in this study. DLVO (Derjaguin-Landau- Verwey-Over-
beek), VDW (van der Waals), ES (electrostatic double-layer), and OHP
(outer Helmholtz plane) are further defined and described in the text.

(V) Atmolecular contact (D = 0), the van der Waals adhesion
force can be enhanced due to “ion-correlation” and “ion-
bridging” effects, again most commonly observed with
divalent counterions. Of course, the adhesion can also be
reduced due to one or more of the repulsive interactions
mentioned above.

Most of these interactions are known to be important in
clays, giving rise to nonswelling or swelling clays. Clay swell-
ing can be continuous (full swelling) or limited (crystalline
swelling) depending on whether the short-range forces are
monotonically repulsive or oscillatory (van Olphen, 1977; Caf-
frey and Bilderback, 1983; Viani et a., 1983; Kjellander et al.,
1988).

Unfortunately, little systematic or detailed work has been
done on these short-range forces, either experimentally or the-
oretically. Thisis because it is difficult to measure and distin-
guish between the many different types of interactions that can
arise at short range, below 20-50 A. However, thisis precisely
the sort of information that is required for gaining a deeper
understanding of pressure solution mechanisms and clay sur-
face interactions in general.

The SFA technique has also been used to measure dynamic
interactions, such as the viscosities of liquids, including water,
in molecularly thin liquid films. Thus, the viscosities of pure
water and salt solutions have been found to be essentialy the
same as the bulk value for films as thin as 20 A between both
mica-mica and (amorphous) silica—silica surfaces (Israelach-
vili, 1986; Horn et a., 1989). However, the viscosity rises
sharply as the film thickness decreases below the range of the
oscillatory or monotonically repulsive structural forces of
10-15 A, and for films only one water molecule thick between
two mica surfaces, tribological measurements have found that
the effective viscosity is ~4 orders of magnitude higher than
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Fig. 4. Schematic of surface forces apparatus (SFA), showing the parametersthat can be directly measured and the surface
profiles that can be visualized when used with the FECO optical technique. (B) For non-adhering surfaces the adhesion force
is zero, F4 = 0, and the shape of the flattened surfaces under agiven load F is given by the Hertz theory. (C) For adhering
surfaces F4 is finite, and the shape of flattened surfaces is given by the Johnson—Kendall-Roberts (JKR) theory which

reduces to the Hertz theory when F_; = 0 (Johnson, 1996).

the bulk value, and to be non-Newtonian (Homola et al., 1989;
Drummond et al., 1998; Berman and Israglachvili, 2001).

This paper extends the earlier studies of the static and dy-
namic interactions between mica surfaces to higher pressures
and both pure and mixed NaCl/CaCl,, solutions.

2. EXPERIMENTAL AND THEORETICAL METHODS
2.1. The Surface Forces Apparatus (SFA)

An SFA (Israglachvili and Adams, 1978), which is shown
schematically in Figure 4, was used in these studies. This
apparatus allows for direct and accurate measurements of the
force F or pressure P between two curved or flattened surfaces
(of measurable radii R or flattened “contact” area A) as a
function of their separation or water film thickness D. Previous
SFA measurements of the forces between mica surfaces in
NaCl solutions (sodium-mica) have produced results in good
agreement with independent osmotic pressure measurements of
montmorillonite clay swelling using x-ray scattering to mea-
sure the interlayer spacings (Christenson et al., 1987).

The SFA technique is conceptually similar to the AFM or
any other mechanica force-measuring technique that employs
a cantilever spring to measure forces, and a series of springs
and piezoelectric crystals to control surface separations. In
addition, because the surfaces are macroscopic (of loca radius
R~1 cm and contact diameters 2r in the range 5-500 um) an
optical technique using multiple beam interference fringes
(known as Fringes of Equal Chromatic Order of FECO) can be
used to accurately and unambiguously measure the absolute
(rather than relative) surface separation D to 1 A or better
(Heuberger et a., 2001) as well as the mean refractive index n
of the liquid or solid film (of thickness D) between the surfaces
(Israelachvili, 1973). By recording the changing FECO fringe
pattern with time using a video camera-recording system, any
changes in these parameters can be visualized and monitored in
real time at the dngstrom-level, thereby providing direct infor-
mation on such phenomena as crystal growth, changes in film
thickness, refractive index and surface shape (Heuberger et al.,
1997), and—as a consequence—ionic diffusion rates and
changes in local stresses.

It is worth noting that since the optical technique used in
SFA experiments allows the measurement of absolute thickness
and refractive index changes occurring at the &ngstrom (10~ °
m) level over periods of days (1 day ~ 10° s), rates of change
in surface separations, film thicknesses, adsorbed layers and
other interfacial properties as slow as 10~ *> m/s— correspond-
ing to 1 mm per 32,000 years or 1 m per 32 million years—can
be monitored in the laboratory in an experiment lasting only a
few days.

2.2. Surfaces and Solutions Used

Thick sheets (blocks) of high quality ruby-clear muscovite
mica (ideal formula: KAI[Al,SiO5]O,,[OH],, purchased from
S & Jlmports, NY) were cleaved to produce step-free sheets of
2-3 um uniform thickness and area ~1 cm?, as previously
described (Israglachvili and Adams, 1978). Two such sheets
were glued to cylindrically curved silica disks of radius R~2
cm and mounted in the SFA in the “crossed cylinder” config-
uration which is equivalent to a sphere of radius R approaching
aflat, planar surface. Typical contact diameters during exper-
iments varied from 1-100 um, as described in the Results.

To mimic geologic water compositions, solutions of NaCl
and CaCl,, in the range 6 to 600 mM NaCl and 6 to 30 mM
CaCl, were used as both pure and mixed electrolyte solutions.
The pH was typically between 6 and 7, but afew measurements
were aso done at much lower and much higher pH. The water
was sometimes purged with nitrogen gas to remove dissolved
CO.,. Applied pressures P were varied from <0.1 to 50 MPa
(<1 to 500 atm). All measurements were made at 21 °C.

2.3. Experimental Procedure

After mounting the surfaces into the SFA chamber, the
chamber was purged with clean, dry nitrogen gas and then filled
with pure, distilled water. The surfaces were then brought into
contact. After establishing that the contact was adhesive and
perfectly flat across the whole contact circle (no particlesin the
contact zone), the zero of distance, which definesD = 0 for the
system, was recorded from the positions (wavelengths) of the
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straight FECO fringes (Israglachvili, 1973). The surfaces were
then separated and the electrolyte and pH were then changed in
succession, each time measuring the colloidal forces between
the surfaces on approach and separation, their adhesion, and
accompanying surface deformations. In some cases the solution
in the chamber was changed while the surfaces were kept
pressed together under alarge force. By monitoring the way the
film thickness and contact area changed with time, it was
possible to follow the rate of ion diffusion into or out of the
gap, as well as establish the changing stresses around the
contact junction from the changing shapes of the surfaces. In
other measurements, two surfaces were allowed to remain close
together for a long time (hours) to see whether crystal growth
occurred and, if so, at what place within or around the contact
region.

2.4. Theoretical Interpretation of Force and Diffusion
M easurements

Inatypical “force-run,” theforce F is measured as afunction
of surface separation D between two cylindrically curved sur-
faces of radius R. When the forces are weak (usually colloidal
DLVO-type forces at long-range) one generaly plots the re-
sults as F/R versus D. This enables comparison with other
measurements using surfaces of different radii since al colloi-
dal forces are theoretically expected to scale linearly with their
radius R (Israglachvili, 1991). At separations below ~20 A
where significant flattening of the surfaces occurs over a (mea-
surable) area A, one may now plot P = F/A versus D, which
gives the pressure as a function of water film thickness D.
However, even in the case where there is no flattening, one may
still plot P versus D by using the well-established “Derjaguin
approximation” (Israglachvili, 1991), which relates the forces
between curved and flat surfaces according to

F(D)/R=27E(D)  for D<R, )

where F(D) is the force-distance function between the two
curved surfaces of radius R, and where E(D) is the correspond-
ing energy-distance function between two flat (plane parallel)
surfaces per unit area. The pressure at D was obtained by
differentiating E(D) with respect to D:

P(D) = dE(D)/dD. @

Thus, by using the above two equations at different distance
regimes it was possible to obtain plots of P versus D over the
whole range of distance studied.

Equation 1 was also used to determine the adhesion energy
E, per unit area from the measured adhesion or pull-off force
F.q needed to detach the surfaces from adhesive contact (from
or closeto D = 0):

EO = Fad/27TR (3)

This equation is strictly valid for rigid surfaces or for particles
that hardly deform during an interaction. It differs by a factor
of 3/4 (25%) from the equation E, = 2F /3R of the Johnson—
Kendal—Roberts (JKR) theory for elastically deformed sur-
faces, as occurs at strongly adhering junctions. Given the large
variability in the measured adhesion energies (~3 orders of
magnitude) and their errors, no significant misrepresentation is

introduced by using Egn. 3 in al situations. More importantly,
it is worth noting that both equations describe the adhesion of
two surfaces that separate via a peeling process. Thus, the
molecular processes occurring at the bifurcating boundary
(crack tip) is what determines the measured adhesion forces.*

Since we use the DLV O theory as our reference theory for
the colloidal forces, we also give the two basic equations of that
theory. The expression for the attractive van der Waals energy
per unit area between two flat mica surfaces interacting across
aqueous electrolyte solutions may be expressed as

Evow(D) = — sd/127D?= — 2.2 X 10°%/127D? JIm?
(4)

where the Hamaker constant ¢ for the mica-water—-mica sys-
tem is known to be approximately & = 2.2 X 107%° J (Is-
raglachvili, 1991). By convention, surfaces in molecular con-
tact are assigned a “cutoff” distance of D = 0.165-0.20 nm
(Israelachvili, 1991). The corresponding expression for the
repulsive electric double-layer energy per unit area between
two flat surfaces interacting in a monovalent 1:1 agueous
electrolyte solution such as NaCl at 21 °C may be expressed as

Eed(D) = 1.46 X 10 k tanhZ(y/103) € Im?
()

where s, is the surface potential in mV, and «~* is the Debye
length, which for 1:1 electrolyte solutions is given by

k1= 0.304/ M nm, (6)

where M is the ionic strength in moleg/liter. Both of the above
energies for two flat surfaces may be differentiated with respect
to D to give the pressure P using Eqn. 2, and both are related
to the measured force functions F(D) between two curved
surfaces by the “Derjaguin approximation,” Eqgn. 1. While the
van de Waals force is not expected to depend on the solution
conditions, Eqn. 5 shows that with increasing ionic strength
(increasing k) the electrostatic repulsion decays more rapidly,
but the short-range repulsion increases in magnitude as D—0.2
One may further note that since tanh (=) = 1, the double-layer
force saturates at some finite value even when the surface
potential s, is infinite. Equation 5 assumes that s, remains
constant during an interaction, i.e., that it is not afunction of D
and, implicitly, of the ionic strength or Debye length. In prac-
tice, double-layer interactions generally lie between the con-
stant surface potential and constant surface charge limits, where
the latter is more repulsive than the former at small separations
but has no simple analytic form (Israelachvili, 1991). Previous
experiments involving mica surfaces have shown that the in-
teraction is closer to constant potential than to constant charge
(Israelachvili and Adams, 1978; Pashley, 1981).

L n principle, two initially flat surfaces may separate while remaining
flat and parallel at al stages of the separation, but this rarely occursin
practice, especially between elastic surfaces that separate slowly from
each other. If two surfaces were to separate in this way, their adhesion
force would be much higher than given by Eqgn 3.

2 AsD—0, eP—1, so that at constant s, Egg(D—0) =  -1697- VM,
which increases with increasing ionic strength, M.
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Finaly, the diffusion equation
(x)? = 9@t (7

was used to estimate the diffusion coefficient, %, of ions
diffusing a distance x through the thin water films over atime
t, as ascertained from the changing thicknesses D and contact
areas A = 7r? of the films with time (Figure 4). Such kinetic
measurements (cf. Figures 6—8) allowed us to distinguish be-
tween ionic diffusion and surface reactions following a change
in the solution conditions (e.g., the ionic strength or pH). Thus,
pure diffusive transport without surface binding or exchange
changes the Debye length and therefore the range of the dou-
ble-layer repulsion, which in turn modifies the water film
thickness. lonic reactions must come after the ions have dif-
fused into the grain boundary and these affect the short-range
hydration forces, which in turn modify the adhesion forces and
contact area. When these two processes have different rates
they can be easily distinguished from each cther.

2.5. Surface Chemical Characterization Techniques

X-ray photoelectron spectroscopy (XPS) was used to iden-
tify the ionic and molecular species present on the surfaces or
trapped between them (after experiments in which crystals
were seen to grow on or between the surfaces). In this study, we
were primarily interested in identifying the valence electrons of
Caand C to determine the nature of the crystals that formed at
the mica—mica contacts. XPS has a sampling depth of about 10
A (Sherwood, 1995). Also, secondary ion mass spectroscopy
(SIMS) was used to corroborate the findings obtained with
XPS, which confirmed the existence of Ca on the surfaces and
in the nucleated crystals.

At the end of each experiment the solution was drained from
the SFA chamber and the whole system was dried while the
surfaces and trapped crystallites were kept in contact. After
drying, the surfaces were separated and the contact region was
analyzed by XPS (Figure 10, panels A and B) and SIMS (data
not shown), which detected not only the elements that form
mica (Si, O, Al, K), but also Ca, N, and Cl.

3. RESULTS AND ANALYSIS

3.1. Pressure-Distance Profiles

As expected from previous studies, in dilute solutions the
mesasured force-distance profiles were in good agreement with
the DLVO theory, viz. a combination of attractive van der
Waals and repulsive electrostatic “double-layer” forces, as il-
lustrated in Figure 2. But at higher NaCl concentrations, espe-
cidly those above 1 mM NaCl which are in the range of
geologic interest, additional repulsive “hydration” forces were
measured. Hydration forces (cf. Figure 2) appear to be due to
the binding of hydrated cations to negatively charged clay
surfaces above some “critical hydration concentration,” which
depends on the type of ion, the nature of the surface and the pH
(van Olphen, 1977). Apparently, before binding to the mica
surface, only some of the water of hydration is removed from
the cation, leaving a “partial” hydration shell around it (see
Figure 11A, below) that is responsible for the hydration force
between the surfaces. This conclusion is based on previous

observations of a direct correlation between the strength of the
hydration force and the hydration number or size of the hy-
drated cation in solution (Israelachvili and Pashley, 1982). In
what follows, we concentrate most of our results on these high
concentration, hydration force regimes, in the range 6 to 600
mM NaCl and 6 to 30 mM CaCl,, as described in the Exper-
imental section.

3.1.1. Pure NaCl solutions

Figure 5 shows the short-distance profiles between various
mica surfaces in different solutions of NaCl. As can be seen
from Figures 2 and 5, with increasing ionic strength above 1
mM, the hydration repulsion steadily increases until it reaches
saturation between 6 and 60 mM NaCl. The decay length of the
monotonic repulsion remains at ~1 nm up to pressures of ~50
MPa, which is similar to what has been previously found at
lower pressures (Pashley, 1981; Christenson et al., 1987). Ap-
parently, the monotonic repulsion has a roughly constant os-
cillatory component superimposed on it (cf. inset in Figure 2)
that is due to water structuring or layering effects (Christenson
et a., 1982; Israelachvili and Pashley, 1983; Israelachvili and
Wennerstrom, 1996). For this reason, the oscillatory compo-
nent, which gives rise to the limited “crystalline swelling” of
clays, occurs only over a narrow range of solution conditions,
viz. when the monotonic component is still small but large
enough to lift the maxima of the oscillations above the zero-
force (F = 0) axis but not yet strong enough to lift the minima
above the F = 0 axis.

Also shown in Figure 5 are the theoretically expected DLVO
forces (pressures) based on Egns. 2, 4, and 5 assuming a
constant surface potentia of 5, = —75 mV [from Egn. 5 one
may note that the double-layer forces are not much higher at
higher values of iy, since tanh(x=) = 1]. The large deviations
from theory are in marked contrast to the good quantitative
agreement obtained in dilute solutions, below 1 mM NaCl, as
shown in Figure 2. Figure 5 also shows the swelling curves of
various sodium-montmorillonite clays in 10 M NaCl solutions
asreported by Viani et a. (1983). In these studies, the pressures
were applied osmotically and x rays were used to measure the
interlayer spacings, and the highest pressures reached were
about 8 atm., so a detailed comparison between our present
results on sodium-mica in more concentrated solutions and at
higher pressures cannot be made. However, as noted earlier
(Christenson et al., 1987), where a comparison can be made,
the magnitude, range and decay of the hydration forces of
Na-mica and Na-montmorillonite do appear to be very similar.
The measured hydration forces are further described in Section
33.

3.1.2. Pure CaCl, solutions

As previously reported (Pashley and Israelachvili, 1984),
calcium and other divalent cation solutions behave quite dif-
ferently from sodium and other monovalent cation solutions.
First, there is no strong calcium binding nor a repulsive hydra-
tion force until much higher concentrations, above 100 mM, are
exceeded, presumably because of the stronger water-binding
affinity of Ca®* which istherefore lessready to lose its primary
hydration shell in order to bind to the negative lattice sites on
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Fig. 5. Measured compressive pressures P as a function of water film thickness D under different solution conditionsin
pure NaCl solutions. Also shown are the theoretically expected DLV O forces based on Eqgns. 2, 4, and 5 assuming a constant
surface potential of —75 mV, and earlier measurements on swelling sodium—montmorillonite clays at pressures up to ~8
am (Viani et al., 1983; Christenson et al., 1987). These results show that the hydration force due to the binding of hydrated
Na* ions saturates between 6 and 60 mM NaCl (points @), increasing no further between 130 and 600 mM NaCl (points
O, O, and m, representing different experiments and force-runs).

the mica basal plane (Kekicheff et al., 1993), Second, previous
force measurements on a number of different surfaces, includ-
ing surfactant and lipid bilayer surfaces (Marra, 1986; Leck-
band and Israelachvili, 2001), suggest that short- to medium-
range attractive ion correlation forces (Kjellander et al., 1988;
Kekicheff et a., 1993), and calcium bridges between negatively
charged surfacesin adhesive contact, enhance the attractive and
adhesive forces above what is expected from the Lifshitz theory
of van der Waals forces. Our present results support the exis-
tence of both of these additional attractive forces between mica
surfaces, which we describe further below after we first com-
ment on the interactions in mixed NaCl—-CaCl,, systems.

3.1.3. Mixed NaCl—-CaCl,, solutions

As might be expected, the mixed solutions behave qualita-
tively in between the two pure solutions, but there are quanti-
tative subtleties arising from the competitive nature of the
binding of Na and Caions to mica and the antagonistic effects
that these ions apparently have on the contact adhesion and
short-range hydration forces [similar effects are observed be-
tween biological systems (Leckband and Israglachvili, 2001)],
which will now be described in turn.

3.2. Short-Range Adhesion Forces and Energies

It is instructive to first consider the theoretically expected
energies and forces between two mica surfaces over the last 20
A and especially as they approach contact in the “primary
minimum” at D = 0. For monovalent electrolytes such as NaCl
in the concentration range from 6 to 600 mM (corresponding to
Debye lengths ranging from «~* = 3.9 to 0.39 nm) the surface
potential is of order —75 mV at apH of 6—7, and the Hamaker
constant is s4 = 2.2x1072° Jwhich is largely independent of

the ionic conditions (Israelachvili and Adams, 1978; Pashley,
1981). With these values, one may estimate the energy (Eqgns.
4 and 5) and pressure (Egn. 2) at contact by putting e P = 1
for the electrostatic interaction, and an effective cutoff distance
of D, = 0.165 nm for the van der Waals interaction (Israelach-
vili, 1991). By inserting these values into the equations, one
finds that over the whole range of concentrations, both the
energies and forces (pressures) at contact are negative, i.e.,
adhesive, because the van der Waals attraction alwayswins out.
Thus, at 6 mM NaCl we obtain E(0) = E, = —20 mJm~2? and
P(0) = —2.6 X 108 Pa, while at 600 mM we obtain E(0) = E,
= —74mIJm 2 and P(0) = —2.2 X 10® Pa. For weaker
double-layer forces the adhesion energy will be higher, up to
E,~22 mJ m~ 2, while for stronger short-range electrostatic
forces or for interactions at constant surface charge density
rather than constant surface potential it should be weaker.
Based on the above calculations, we may therefore conclude
that any nonadhesive contact interaction is indicative of some
non-DLV O force operating between the surfaces.

In addition, at higher ionic strengths, we expect a much
weaker adhesion in the “secondary minimum” at some finite
separation ranging from >100 to 20 A. For example, in 60 mM
NaCl and {5, = 75 mV, Egns. 4 and 5 lead us to expect E,,;;,, =~
0.005mIm 2 a D ~ 100 A.

We first describe those situations where the measured forces
agree with the DLV O theory at all separations. As was previ-
ously found and illustrated in Figure 2, this occurs only in
dilute monovalent solutions: below 1 mM in the case of NaCl,
and below 1 M in the case of (pure) CaCl, (Israelachvili and
Adams, 1978; Pashley, 1981; Pashley and Israelachvili, 1984,
Kjellander et al., 1988; lsraglachvili, 1991), athough the
strength of the adhesion in the primary minimum is well
described by theory only in water and in dilute monovalent



1296 N. Alcantar, J. Israglachvili, and J. Boles

Table 1. Adhesion energies E, and their equilibrium film thicknesses D,

Measured adhesion

Solution energy E, and
conditions® separation Dy Type of attraction or repulsion (cf. Fig. 2B)
Pure water (<0.1 mM salt)
Pure water 24+2mIm2a02A Force-law agrees with DLV O theory at al separations.

Adhesion occurs in primary minimum (at D = 0-2 A)
and agrees with (Lifshitz) theory of VDW forces”

NaCl solutions

0.1-1 mM NaCl at pH 2.7 21mIm2a0-2A
10=3mIm2a02A
(in primary or first
oscillatory minimum)

0.1-1 mM NaCl, KCI and
KNOj; (previous work®)

6 mM NaCl No adhesion in primary
minimum

60 mM NaCl 0.08 m¥ym? at ~70 A
(secondary minimum)

130-600 mM NaCl 0

Near zero double-layer force. Almost pure VDW force in
agreement with Lifshitz theory of VDW forces®

Structural oscillatory force with multiple adhesion minima
at D < 15 A. Adhesive minima and forces at D > 20
A in agreement with DLVO theory

Monotonic hydration force grows in magnitude and range.
Wesak adhesion in secondary minimum

Hydration repulsion increases in magnitude and range.
Wesak adhesion in the secondary minimum

Hydration repulsion saturates. No more adhesion at any
separation. Corresponds to infinitely swelling clay

CaCl, solutions

0.1-10 mM CaCl, 40-50 mI¥m? at 0-2 A

Calcium bridging and ion-correlation forces increase
adhesion in primary minimum relative to sodium

Mixed NaCl + CaCl, solutions

6 mM CaCl, 43 mym? a 0-2 A
30 mM CaCl, 50 mym? at 0-2 A
6 mM NaCl + 26 mJm? at 18 A
30 mM CaCl,

Attractive ion-correlation force increases secondary
minimum, stabilized by short-range hydration repulsion

2pH 6-7 unless stated otherwise.

b Adhesion energies based on Eqn. 3: E, = F_/2mR. According to the DLV O theory (Eqns. 4 and 5) the adhesion energy in the primary minimum
at D~0 is expected to fall approximately from 20 to 7 mJ m~2 with increasing NaCl concentration from 0 to 600 mM, as calculated in the text. The
maximum adhesion energy in the primary minimum (D = 0-2 A) is expected to be about 22 mJ m~2,

¢McGuiggan and Israglachvili, 1990.

solutions. Table 1 gives the measured strengths E, and loca-
tions D, of the adhesive wells (potential energy minima) as
measured in both pure and mixed NaCl and CaCl, solutions.

Table 1 shows that only in pure water and in low pH
conditions is the adhesion fully accounted for (both in magni-
tude and surface separation) by the van der Waals forces alone.
At higher NaCl concentrations it is lower due to hydration
effects; while in dilute CaCl, solutions it is higher due to
ion-correlation forces and/or calcium cross-bridging effects, as
discussed in the Introduction.

3.3. Thickness of Hydration Layers

Figure 5 shows that when pressed together at up to 500 atm,
two mica surfaces cease to approach each other any closer due
to the existence of some additional short-range repulsive hy-
dration force, even though the DLV O theory predicts that the
two surfaces should come into adhesive contact at D = 0. The
hydration repulsion saturates above some ionic strength, which
gives further support to the hypothesis, described in Section
3.1, that it is due to the binding of hydrated sodium ions to the
mica surface. Presumably, this saturation occurs at a concen-
tration where al (or most of) the negative sites on ion-exchang-
ing mica surfaces have become occupied by sodium ions. At
lower NaCl concentration and/or lower pH the negative surface
sites are occupied by protons H* or hydronium ions H,O™"

which do not give rise to a hydration force (cf. Table 1),
supposedly because the protons penetrate into the mica lattice
(Quirk and Pashley, 1991a).

Table 2 gives the limiting film thicknesses attained under
normal pressures of 10-50 MPa (100-500 atm) under different
solution conditions. These effective hard walls® may be con-
sidered to reflect the finite film thickness occurring between
two clay surfaces (in this case of mica) through which ions can
diffuse and exchange with other hydrated films or with the bulk
reservoir solution.

3.4. Diffusion of lons Through the Thin Interfacial Water
Films

By in situ monitoring of the changing film thicknesses,
contact areas and forces with time after achange in the solution
conditions we could measure the rates of diffusion of ions into
and out of the thin water films (and, in some cases, distinguish
the diffusion from the rates of ion binding, unbinding or ex-
change with the surfaces). This was done by recording the
changing shapes of the FECO fringes following a change of the

3 Hard wall refers to the equilibrium water film thicknesses or surface
separation distances, D, measured at normal pressures above 10 MPa
(100 atm).
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Table 2. Limiting water film thicknesses in NaCl, CaCl, and mixed
NaCl-CaCl,, solutions.

Solution conditions Equilibrium water film thicknesses at

(at pH 6-7) (lithostatic) pressures above 100 atm
Pure water
Pure water 0-25A
NaCl solutions

0-1mM 0-10 A (multiple energy mimima

NaCl (previous and maxima®)

work?®)
6 mM NaCl <20 A
60 mM NaCl >20 A
130 mM NaCl ~25 A
600 mM NaCl ~30A

CaCl, solutions

0-100 mM CaCl, 0-25A
>100 mM CaCl, ~10 A (possible multiple energy
(previous work®) minima)

Mixed NaCl + CaCl, solutions
6 mM NaCl + 30 12 A
mM CaCl,

#McGuiggan and Israglachvili, 1990.
b Pashley and Israelachvili, 1984; Quirk and Pashley, 1991; Ke-
kicheff et al., 1993.

solution surrounding the contact junction/zone/region. Figure 6
shows the different types of experiments performed and the
corresponding changes observed, and Figures 7 and 8 show
results for the time evolution of NaCl-induced swelling (thick-
ening) and CaCl ,-induced thinning of water films, respectively,
at the low concentrations used here.

Figure 7 shows the swelling of a water film from D = 0-2
A to D = 20 A following the raising of the solution ionic
strength from 0 to 6 mM NaCl while the surfaces were kept
under ahigh pressure (cf. Table 2). The reduction of the contact
radius r with time arises from the penetration of sodium ions
into the gap (accompanied by an equal back-flow of protonsto
ensure charge neutrality), their binding to the surfaces, the
growth of a hydration layer and force, the separation of the
surfaces to 20 A, and the elimination of the adhesion force (cf.
Table 1). With the elimination of the adhesion, the contact area
falls, and the boundary becomes rounded rather than sharp as
the surface geometry is now described by the Hertz theory for
non-adhering surfaces rather than the Johnson—Kendall-Rob-
erts (KKR) theory for adhering surfaces (Israelachvili, 1991;
Wan et a., 1992). Since the externally applied force remained
congtant during this swelling process, the reduction in the
contact area resulted in an effective increase in the mean
pressure at the junction, rising from P = F/ar? = 3.2 MPa (32
am)att = 0,to P = 14.0 MPa (140 atm) at t = 14 swhen the
swelling was more or less complete. However, the elimination
of the adhesion alters the local pressure acting on the surfac-
es—the stress distribution within the contact area—in a subtle
way: at the boundary of the junction the initially high tensile
pressure is removed and replaced by a low compressive pres-
sure. The maximum compressive pressure occurs at the center
of the contact where, theoretically, it is 50% higher than the
mean pressure (of 140 atm) (Israelachvili, 1991; Johnson,
1996).

The observed rapid penetration of hydrated sodium ions into
acontact junction that isinitially thinner than the diameter of a
hydrated sodium ion (~4—7 A) is consistent with previous
observations of a similar effect in studies of water penetration
into unloaded but misoriented mica sheets in (initial) dry mo-
lecular contact (Wan et al., 1992), where a diffusion coefficient
of B~ 3 X 107° m?%s was obtained. Here we find that rapid
diffusion of hydrated sodium ions can occur even when the two
surfaces are pressed together under a very high pressure. The
surface shape changes observed during the penetration are
shown schematically in Figure 6A. Applying Egn. 7 to the
results of Figure 7 gives us an estimate for the diffusion
coefficient of hydrated sodium ion penetration of % ~ (20 X
1079?14 ~ 3 X 10~ m?/s, which istwo orders of magnitude
lower than the diffusion of water into mica-mica cleavage
(cracks), mentioned above (Wan et a., 1992), and afactor of 40
lower than the diffusion coefficient of @ ~ 1.3 X 10~° m%s of
sodium ions in bulk water at infinite dilution at 25 °C (Li and
Gregory, 1974).

Figure 8 shows an opposite example of a decreasing film
thickness and increasing contact area following the raising of
the calcium level in the NaCl solution. In further contrast to the
situation with pure NaCl, the contact area remained flat
throughout the “collapse” rather than having different regions
change their local thickness at different times (compare Figure
6B with 6A). In addition, the transition appears to have a fast
and a slow rate. We attribute the fast rate to the diffusion of
calcium ions into the gap, which lowers the Debye length and
thereby reduces the range of the repulsive double-layer force
and increases the attractive ion-correlation force. The slower
rate is most likely due to calcium binding or, more strictly,
exchange with the previously bound sodium ions on the sur-
face, which is presumably a much slower process. This would
reduce the net negative surface charge and thereby further
reduce the short-range electrostatic and/or hydration repulsion
between the surfaces. In a different experiment (results not
shown) the starting condition was similar to that in Figure 8 but
now the pH of the solution was lowered. This resulted in an
immediate (<10 s) coming together and strong adhesion of the
surfaces, again indicating the rapid diffusion and, in this case,
exchange of protons with the surface bound sodium ions.

Again, applying Egn. 7 to the results of Figure 8, we obtain
two diffusion coefficients, a fast one of & = 4 X 10-10~*°
m?/s, presumably due to pure ion diffusion, and a slow one of
% ~ 6 X 10~ m?/s due to ion binding/exchange. The mea
sured diffusion coefficient of calcium in water at infinite dilu-
tionis® = 8 X 10-10 m?/s at 25 °C (Li and Gregory, 1974),
which shows that calcium is diffusing into the narrow gap of
structured water at arate that is only a factor of 2 slower than
its diffusion in bulk water. However, the rate of ion binding or
exchange is much slower. We discuss the implications of these
results in the Discussion section.

3.5. Crystal Growth On and Between Mica Surfaces

Under certain conditions, but only in the presence of cal-
cium, small crystallites could be seen to grow, either at the
edges or within a contact junction (see Figure 6D). Typically,
these would nucleate or precipitate quickly (seconds to min-
utes), then grow much more slowly (days). It was not possible
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Fig. 6. Various surface shape changes, described in the text, of contact junctions following changes in the solution
conditions as determined from the changing shapes and wavelengths of the FECO fringes with time. Effects that were
measured (recorded) as a function of time included the film thickness D and its refractive index n, the contact radius r and
area A = 7 r?, the adhesion or long-range forces, the shape and sharpness of the contact boundary (which gives direct
information on the stresses and strains at different locations of the junction), and crystal growth, as in panel D.

to establish what triggers the nucleation: in some cases crys-
tallites could be seen to grow almost immediately after two
surfaces were brought into contact. In other cases they appeared
after two surfaces had been left in contact overnight. Figure 9A
shows a FECO fringe pattern of an initialy totally flat contact
junction in adhesive contact in air or dilute monovalent salt
solution. Figure 9B shows the FECO pattern in a solution of 30
mM NaCl + 6 mM CaCl, after a 24 A-high crystallite had
slowly grown inside the junction within 2 hours after calcium
ions were introduced into the solution. Figure 9C shows a
similar growth occurring just inside a boundary. It was aso
observed that the crystallites could move laterally within the
junctions.

The growth of crystals on isolated mica surfaces (in contrast
to their growth between two closely apposed surfaces) was not
observed so long as there was no precipitation of crystalsin the
bulk solution (presumably, because the solubility product for
the reaction Ca®* + CO,?~ = CaCO, was below the equilib-
rium constant of 1078 at STP). Thus, crystals only formed
after two surfaces had been brought into contact, or close to
contact, but were never seen to be already present when two
surfaces were brought together for the first time. On the other
hand, if the pH of the solution in the SFA chamber was raised
to above 10, rapid precipitation occurred both on the surfaces
and in the bulk solution. Once grown, the crystals did not
disappear but they could be moved by inducing lateral pressure
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Fig. 7. Contact radius r as a function of timet after raising the ionic strength from 0 (when the surfaces are in adhesive
contact) to 6 mM NaCl. The reduction in the contact radius was accompanied by the elimination of the adhesion and an
increase in the films thickness from ~2 to ~20 A (as measured at the center and shown schematically in Fig. 6(A)). Due
to the constant force applied during the penetration, accompanied by the reduced radius r and area of the contact zone, the
pressure increases, in this case from P, = 32 bar to P, = 40 bar (initialy, in pure water, the surfaces came into adhesive
contact at D = 0—2 A under no external force; however, an additional external force or pressure P, was applied before NaCl

was introduced into the solution).

gradients at the mica—mica interface, for example, during a
loading—unloading cycle. To put Figures 9B, 9C, and 6D into
perspective, Figure 9D, shows the common geologic occur-
rence of a calcium carbonate mineral crystal formed between
two mica cleavage planes.

We are currently studying the physical and chemical char-

acterigtics of these crystals, such as their detailed structure,
composition and growth kinetics. Our XPS and SIMS results
(Figure 10) clearly show the presence of calcium and carbonate
ions inside the contact junctions in which crystallites had
grown, but other compounds were also detected such as CaO,
CO, C, O, N (probably from the acid HNO,), and K™, but no
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Fig. 8. Water film thickness D as afunction of timet after the introduction of a 30 mM CaCl, solution into a6 mM NaCl
solution. Here, in contrast to the case shown in Figure 7, the film thickness (which was here finite at t = 0) decreased and
the contact radius increased (dlightly) with time due to the increased double-layer and ion-correlation attractive forces, as

shown schematically in Figure 6(B).
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Fig. 9. FECO fringe pattern corresponding to some of the geometries depicted in Figure 6D, showing crystal growth in
asolution of 30 mM NaCl + 6 mM CaCl,. (A) Adhesive contact in air and in pure water or dilute monovalent salt solution.
(B) A 24 A high and ~ 10 uwm wide crystal of refractive index 1.5+0.1 that had grown inside the contact area between two
mica surfaces over aperiod of 2 hours after CaCl, was introduced into the solution. The crystal lateral dimension was about
5-10 um typically (determined by SEM). (C) Crystal growing just inside the boundary of a contact junction within 15
minutes of calcium injection. (D) Photomicrograph of preferential growth of calcium carbonate mineral between two mica
cleavage planes. Sample from Miocene sandstone at 2700 m depth, North Coles Levee ail field, San Joaquin basin,

Cdlifornia.

Na*". Our FECO measurements show that the crystals have a
refractive index of 1.5 = 0.1, which could include calcite or
aragonite which have a refractive index of 1.49-1.68, but our
measuring error with such thin crystalsis too high at present to
alow us to exclude other possibilities.

4. DISCUSSION AND CONCLUSIONS

A number of novel conclusions can be drawn from our
studies that may also apply to other clay-minera surfaces.

4.1. Effects of Electrolyte on Hydration and Other Short-
Range Forces

Sodium and calcium have antagonistic effects (as mentioned
above) on the adhesion forces, attractive electrostatic forces,
and repulsive short-range hydration forces, as mentioned above
and summarized in Tables 1 and 2. These, and the additional
effects of pH on the surface charge and hydration, and solvent-
structural forces, make each system and the solution conditions
highly complex and specific, resulting in very different force-
distance or pressure-distance profiles under different condi-
tions. The range of equilibrium water gap thicknesses we find
for lithostatic pressures up to 50 MPa (500 atm) range from O
(or about one layer of water molecules) to ~30 A, and yet, as
discussed immediately below, this confinement still allows for
the amost free diffusion and exchange of ions and water into
and out of these gaps.

Another effect that was observed but not studied in detail
was the changing shape of the junction arising from achangein
the solution conditions. Thus, when calcium is added to a pure
water solution, the increased adhesion (cf. Table 1) also results
in a sharpening of the boundary where the surfaces bifurcate, as
shown schematically in Figure 6C. This induces high negative
(tensile) stresses at these boundaries that are likely to have both
physical and chemical consequences.

4.2. Mobility (Diffusivity) of lons and Water through
Molecularly Thin Structured Water Films

An ultrathin water film between two surfaces, whether the
water is “structured” or not, does not prevent the diffusion of
water or ions into or out of the film. Even a hydrated ion such
as Na* was found to rapidly enter into a film that is initially
thinner than the hydrated diameter of theion (cf. Figure 7); and
the even more hydrated calcium ion can till enter into a highly
structured water film (cf. Figure 8) with a diffusion coefficient
that is not very different from its value in bulk water. Thus the
ideathat structured water at or between two surfaces can lower
the diffusivity by many orders of magnitude is not supported by
our direct measurements, at least between two mica surfaces.
Compared to the diffusion coefficients of the common cations
and anions in bulk water, which fall in the range 0.5 X
107°-2.0 X 10~° m?%s (Li and Gregory, 1974) (protons and
hydroxide ions diffuse much faster), our values for sodium,
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Fig. 10. XPS data on mica surfaces after an experiment in which crystallites had spontaneously grown between two
surfaceswhilein contact in a30 mM NaCl + 6 mM CaCl,, solution at pH 6—7. The position of the Cashown in A represents
a binding energy of 347.2 €V, which is the binding energy of calcium carbonate (Moulder et al., 1995). Deconvolution
analysis of the carbon peaks in B corroborate the presence of C in the carbonate and carbony! configurations apart from the
usual carbon peaks that always appear from atmospheric contaminants.

calcium, water, and protons (or hydronium H;O™) ions in
ultrathin films fall in the range 0.4 X 107°-3 X 10~ m?s.
Thus, we conclude that the diffusivity is slowed down by two
orders of magnitude at the most, and that in some cases it may
not be very different from the bulk value. The same conclusion
was recently reached by Revil (2001) in his analysis of elec-
troviscous effects occurring at grain-to-grain contacts.

Significantly, for the conditions of our experiments (mica
against mica, T = 21 °C, grain diameter ~100 um), we find
that the rate-limiting step for binding or crystal growth is not
the rate at which ions reach their binding site, but the binding
itself, which presumably involves an exchange of two hydrated
species. Thus, in order to bind, the guest ion must first divest
itself of its hydration shell (or part of it) while the host ion must
remove itself from the surface to which it is bound. Since both
ionsareinitialy tightly bound, thefirst to water, the other to the
surface binding site, the activation barrier for the exchange can
well be imagined to be high and, therefore, rate limiting. This
conclusion is consistent with some very recent measurements
of ion release rates from single (unconfined) mica surfaces that
found a characteristic desorption time for monovalent ions on
the order of 11 minutes, corresponding to an activation energy
barrier of about 33 kKT (Raviv et al., 2002). Our results are also
consistent with those of Revil’s recent analysis of the kinetics
of dissolution/precipitation and diffusive transport in grain-to-
grain contacts, who concluded that at the temperature (~21 °C)
and effective grain diameters (~100 wm) used in our experi-
ments, pressure solution rates should be reaction-limited rather
than diffusion-limited (see Figure 12 in Revil, 2001).

Figure 11(A) illustrates some of the different transition states
or binding configurations whose energies must be considered

for understanding the complex process of ion binding, ex-
change and crystal growth. Figure 11(A) shows how the bind-
ing sitesmay be (i) free, i.e., dissociated of their potassium ions

1
and therefore negatively charged with a charge of Ee‘, or (ii)

occupied by a neutral water molecule, which has roughly the
same size as potassium ions, or (iii) occupied by a partialy
dehydrated sodium or calcium ion, which give rise to a hydra-
tion layer and steric-hydration force, or (iv) occupied by a
hydronium ion H;O* where the proton H™ is believed to be
able to penetrate into the lattice (Quirk and Pashley, 1991). The
binding of hydronium ions or protons to mica result in a
lowering of the negative surface charge (the pK of mica is
about 2) and, unlike the binding of alkali and akali earth
cations, do not give rise to an additional hydration force (cf.
Tables 1 and 2). These ionic exchanges can occur when the
electrolyte solution is changed (Cheng et al., 2001), or they can
be triggered when two repelling surfaces are pressed together.
For example, to aleviate the hydration repulsion, hydronium
ions replace the surface sodium or potassium ions (Claesson et
al., 1986).

The reasons for the observed high diffusivity through mo-
lecularly thin, highly structured confined liquid films may be
understood from the results of computer simulations of the
mobility of trapped liquid molecules in such films (Somers and
Davis, 1992). Figure 11(B) is a schematic of a “structured”
liquid film between two surfaces where, in spite of the struc-
turing of the liquid into a quasi-lattice, the existence of defects
alows for rapid molecular hopping to occur between occupied
and unoccupied sites (vacancies), which is reflected in a high
mobility (diffusion) through the highly structured interphase.
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(b)

Fig. 11. (A) Micabasal plane exposed to aqueous el ectrolyte sol ution
showing how the binding sites may be free, occupied, charged or
uncharged. (B) Schematic of “structured” liquid film between two
surfaces. (Based on a computer simulation by (Somers and Davis,
1992)).

Our results also show that by recording the changing shape,
thickness and area on a contact with time following a change in
the surrounding solution, it is possible to monitor and distin-
guish between diffusion and binding. Thus, the results shown in
Figure 8 clearly indicate that diffusion occurs more rapidly than
binding (or surface exchange) of ions, at least in the case of
calcium exchanging with sodium or protons on the surface.
Note that this ability to distinguish between different processes
going on simultaneously, but at different rates, should allow for
much greater insights to be obtained on the fine details of the
different stages during pressure solution.

4.3. Formation and Growth of Crystals On and Between
Two Closely Apposed Surfaces

The formation of crystallites between closely apposed mica
surfaces was observed only in calcium solutions under condi-
tions where such crystals do not normally form in the bulk
solution. That is, they required two surfaces to nucleate them.
At high pH (>10) we observed rapid precipitation even in the
bulk solution, as expected, and crystallites rapidly nucleated
and grew both between two closely apposed surfaces and on
single, isolated surfaces. However, crystallites nucleated and
grew sowly even at moderate pH and largely independent of
the NaCl concentration and dissolved CO, so long as there was
some calcium present in the solution. The XPS and SIMS data
clearly show the presence of Ca®* and CO,2~ on surfaces that
had crystallites grown between them, although other species
were also present (cf. Fig. 10). The most likely candidate for
these crystals is calcite (CaCO,). However, they till grew in

solutions that had been purged with nitrogen gas to remove
dissolved CO,, which suggests that even very low levels of
dissolved CO, is sufficient to induce their formation or that
they may be another species. Much more work has to be done
on identifying the nature of these crystallites and their involve-
ment in pressure solution, material deposition and transfer.

The growth of calcite in our experiments may be analogous
to natural systems. Carbonate is commonly found between
detrital mica cleavages in sandstones, typically biotite rather
than muscovite. In many examples, it appears to have prefer-
entially grown there to the exclusion of other mineral grain
surfaces (Boles, 1984) and the growth has expanded the mica
grain to several timesits original thickness. These calcites have
grown at temperatures of about 15 to 50 °C in pore fluids with
abundant sodium and calcium ion and salinites near seawater
values. The results of our experiments confirm that calcium
carbonate crystals readily form between mica cleavages in the
presence of calcium ion, even when the bulk solution is under
saturated with calcite. There would appear to be several mech-
anisms that could cause carbonate precipitation within the mica
cleavage including stripping of the hydrated water from the
calcium ion alowing bonding with carbonate ion or the strip-
ping of hydrogen ion from bicarbonate ion, freeing carbonate
ion (cf. Boles and Johnson, 1984).

4.4. Implications of Results for Understanding Pressure
Solution Mechanisms

Our results on mica surfaces alone do not alow us to
unambiguously determine the most likely mechanism of pres-
sure solution, for example, to favor or eliminate any one of the
three major mechanisms illustrated in Figure 1. To do this,
similar experiments will have to be done with quartz—quartz
surfaces, and especially with asymmetric systems, such as
quartz against mica, where we expect to see slow surface
dissolution of quartz under different solution conditions and
applied pressures (which does not occur with mica—mica con-
tacts). However, if our results apply to such systems as well,
and there is good reason to believe that they do, given the low,
bulklike, water viscosity previously measured at silica surfaces
(Horn et a., 1989), we should expect that diffusion is not
aways the rate-limiting step to pressure solution. Rather, the
rate of ion exchange, local dissolution or crystal growth at the
dissolution or nucleation site would be the rate-limiting step(s).

We are continuing these experiments with quartz—quartz,
quartz—mica, and with biotite surfaces.
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