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ARTICLE INFO ABSTRACT
Article history: The mechanical strength of calcite bearing rocks is influenced by pore fluid chemistry due to the variation
Received 29 November 2017 in nano-scale surface forces acting at the grain contacts or close to the fracture tips. The adhesion of two
ie‘”sed j;{‘\”y 20]28018 contacting surfaces, which affects the macroscopic strength of the material, is not only influenced by the
ceepte ugust fluid chemistry but also by the surface topography. In this paper, we use Atomic Force Microscope (AFM)
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to measure the interfacial forces between two freshly cleaved calcite surfaces in CaCOs-saturated solu-
tions with varying NaCl concentration. We show that calcite contacts become stronger with increasing
Keywords: . . . . .
Nano-scale interaction NaCl concentration (>100 mM), as a result of progressively weaker secondary hydration and increasing
Nano-confinement of calcite attraction due to instantaneous ion-ion correlation. Moreover, we discuss the effect of normal applied
Normal stress force (F,) and surface roughness on the measured adhesion forces (F.q). We show that the measured
Surface roughness pull-off force (adhesion) is linearly correlated with the magnitude of F,, where an increase in applied
Adhesion forces force results in increased adhesion. This is attributed to a larger number of contacting surface asperities
lonic strength and thus increase in real contact area and the contact-bond strength. We discuss that the possible vari-

ation in local topography at contacts, together with strong dependence on ionic strength of the solution,
can explain the inconsistent behavior of calcite rocks in NaCl solutions.
© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Calcite is an abundant mineral in nature. It is a crystalline poly-
morph of calcium carbonate with a cleavage plane along the
(101 4) direction [1-3]. Calcite plays a key role in biomineraliza-
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invertebrates [4]. Moreover, it is one of the most common rock-
forming minerals of importance to hydrocarbon recovery, CO,
sequestration [5,6] and nuclear waste storage [7]. Calcite is the
main constituent mineral of chalk (>99%). Chalk deposits form
many of the world’s oil and gas reservoirs, such as the North Sea
oil reserves, where they alone account for 25 million barrels of
oil since the 1970s [8].

Chalk reservoirs are prone to strong compaction, due to water
injection associated with Enhanced Oil Recovery (EOR) projects
[9-13]. The mechanical behavior of chalk and calcite-bearing rocks
is known to be influenced by the pore fluid chemistry [9,14-17], an
effect that is often referred to as water-weakening (the significant
loss of mechanical strength of chalk in water-saturated rocks
[12,18]). Several mechanisms have been proposed to describe this
phenomenon, such as pressure solution [19,20], chemical influ-
ences [19], invading the capillary bridges/menisci by water flood-
ing [21], time-dependent water adsorption on calcite surfaces
[11,22] and subcritical crack growth at the grain boundaries [23].
In the early 2000s, Risnes et al. [12,18] proposed that water activity
is a key parameter behind the strength loss in chalk in aqueous
solutions. Hellmann et al. [13] suggested that water-weakening
may be also related to the repulsive forces due to adsorbed water
molecules on adjacent calcite surfaces. These two hypotheses were
further supported by atomic force microscope (AFM) experiments
by Reyne et al. [24], in which adhesion between two surfaces
depended on water activity, with strong repulsion measured in
pure water.

At the nano-scale, repulsive and attractive forces operate
between two calcite surfaces that are separated by a thin fluid film.
Surface forces between two charged surfaces in an electrolyte solu-
tion can be described by the Derjaguin-Landau and Verwey-
Overbeek (DLVO) theory [25,26] that includes van der Waals
(vdW) and Electrical Double Layer (EDL) forces [27,28]. However,
at separations significantly shorter than the Debye length, and
for solutions with high ionic strength (>0.1 M) [28,29], where
specific ion interactions and hydration effects become exceedingly
important, [30-36] the DLVO theory cannot accurately describe the
interaction between surfaces in aqueous solutions. The AFM direct
force measurements by Rayne et al. [24] shows that the observed
repulsion in water is due to hydration forces acting between two
hydrophilic calcite surfaces. A similar experiment by Pourchet
et al. [37] indicates that attractive forces act between calcite sur-
faces in high pH and higher ionic strength solutions (0.12 M),
which were attributed to the ion-ion correlation forces. Both
hydration and ion-correlation forces are not included in the DLVO
theory.

Several studies have shown that the degree of water weakening
is also affected by the salinity of the pore fluid [12,18,38]. The
salinity of the solution affects both the EDL component of the DLVO
forces, and the water activity [39,40]. It also changes the calcite
dissolution kinetics in aqueous solutions [41-44].

In general, calcite and other natural mineral surfaces display
some degree of roughness at a molecular scale. Several studies
have shown that surface roughness affects the water wettability
of calcite [45,46] and oil desorption from calcite surfaces [47]. It,
also, influences the interfacial forces between mineral surfaces in
molecular scale. This is because of the actual contact area is always
smaller than the nominal surface area (see Fig. 1) [48-57]. For
rough surfaces, contacting surface asperities give rise to an expo-
nentially decaying repulsive force upon loading [58], which can
potentially be interpreted as hydration repulsion, as in the past
studies [58,59].

Calcite surfaces are dynamic in aqueous solutions, with contin-
uous dissolution and recrystallization on the timescale of hours
even in saturated solutions, as shown by Stipp et al. [60,61]. We,
therefore, expect the distribution and geometry of surface asperi-

a)

b)

Fig. 1. A simple sketch of two opposing, cleaved calcite surfaces with nano-scale
roughness characterized by steps and terraces on the (10 14) surface. (a) Dotted
lines represent the midline of surface asperities with H as the surface separation,
and “h” is the distance between highest asperities. (b) When two surfaces pushed
into contact by an applied normal load (F,), a discrete number of asperities are
forced into contact, as represented by the red dots and lines. The sum of these
discrete areas of contact are referred to the actual area of contact for rough,
contacting surfaces. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

ties to change with time, which in turn influence the magnitude
of repulsive mechanical effects due to asperity deformation.
Recently Dziadkowiec et al. [62] performed force measurement
experiments between two rough calcite surfaces (with nm-scaled
asperities), using the Surface Force Apparatus (SFA). They observed
repulsive forces with a decay length that increases with time,
which was explained by repulsive hydration forces combined with
continuous recrystallization and roughening of the calcite films in
saturated CaCOs3 solutions.

The effect of NaCl on the interaction between calcite surfaces is
of interest because both Na*, and Cl™ are the two most abundant
monovalent ions in seawater. The influence of NaCl on the strength
of carbonate rocks [15,16,63] and EOR systems has been exten-
sively investigated in surface science and reservoir engineering,
e.g. [64-66]. Liu et al. [64] observed that injection of NaCl solution
(low and high concentrations) into a carbonate rock increases the
oil desorption rate from calcite surfaces. They explained this result
by increased solubility of calcite in high concentration NaCl solu-
tion, which in turn increases the local pH, leading to more nega-
tively charged calcite surfaces and hence repulsive forces
between the calcite and the oil. For low NaCl concentrations, they
relate the high-rate oil desorption to the EDL repulsive forces
between oil and calcite surfaces. Interestingly, in contrast, Fathi
et al. [65,66] showed that oil recovery improves when the NaCl
(named as non-active salt) is removed from the seawater. This
effect was attributed to a high population of Na* and Cl~ near
the calcite surfaces that prevents the potential determining

cations/anion (Mg?*, Ca®* and SO,?) to reach to the surface. As a
result, a more positively charged calcite surface attracts oil to a
higher extent. However, they show that surface reactivity and ulti-
mately wettability of the surface varies with the temperature as
well as the solution ionic strength. This shows the increased com-
plexity of the calcite-brine-calcite system once the oil is present. In
fact, the type and history of mineral surfaces, and the components
of oil and brine are inevitable parameters and shall thus be consid-
ered when investigating such a system.

In this study, we aim to understand the role of ionic strength in
compaction of calcite-bearing rocks, and its potential relation to
the nm-range forces between calcite surfaces. To achieve this, we
use the colloidal probe AFM with a calcite probe against a freshly
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cleaved calcite surface. We investigate the pull-off force between
two calcite surfaces, as a measure of the adhesion and surface
energy between two surfaces, [41,67] in NaCl solutions with con-
centrations ranging from 1 mM to 1.2 M, pre-saturated with cal-
cium carbonate. We additionally address, indirectly, the effect of
applied normal force (F,) on the pull-off forces and its relation to
intrinsic roughness of natural cleaved calcite surfaces.

2. Experimental method
2.1. Force measurement using AFM

To measure forces between two calcite surfaces we use a JPK
NanoWizard® 4 Bioscience AFM, in force spectroscopy mode. The
AFM is situated on an inverted Olympus IX71 microscope. The
approach and retract velocities are set to 200 nm/s, where we
observe negligible hydrodynamic effects. The maximum applied
normal load, or set point (Fig. 2), is varied from 5 to 30 nN in steps
of 5 nN. For each approach-retract curve, we record one value for
the pull-off (adhesion) force (Fig. 2). The temperature inside the
AFM enclosure is continuously monitored, and found to be stable
at 24.5+0.5°C.

2.2. Sample preparation

2.2.1. Calcite surface and fluid cell

Each experiment is performed with a freshly cleaved Iceland
spar calcite crystal. A5 x 5 mm crystal is first glued to a glass slide
using a UV-curing adhesive (Casco Glaslim) and cleaved in situ. To
make the fluid cell, we use a plastic ring (20 mm inner diameter,
6.5 mm height, final capacity approx. 3.5 ml) with inlet and outlet
ports connected to plastic tubing, and fix it around the sample
using a self-cure rubber (Reprorubber). The fluid cell is loosely
sealed at the top by a silicone membrane to reduce the fluid evap-
oration rate. Fig. 3a-c show the production of calcite probe and
assembling the fluid cell (with calcite crystal in) on the AFM stage.
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Fig. 2. One representative force curve measured in 800 mM NaCl solution, with
setpoint F,=5nN. The approach curve (blue line) shows a sudden small vdW
attraction at short distance, and repulsion closer to or at the contact. The
measurement shows a characteristic jump-out upon retraction (red line) and the
minimum value of this curve, called the pull-off force, is used as a measure of the
adhesive interaction of the surfaces. The non-contact area shows the force zero line
obtained by fitting a straight line to the corresponding data points of the cantilever
deflection versus piezo position curve. In this description, some terminologies are
used from [24,68]. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

2.2.2. AFM-probe modification

We adapt the method described by [24] (see Fig. 3a-b) for AFM-
tip fabrication. A suitable calcite fragment (size between 40-70 pm
in length and 15-25 pm in width) is identified under the micro-
scope. A tipless cantilever (All In One-TL, 15 kHz, 0.2 N/m) is
moved over a drop of two component epoxy glue (Epoxy Universal
335, DANA LIM, mixing ratio 1:1), picks it up and moves back to
the position of the chosen particle. The cantilever is then brought
into contact with the particle and left at a constant applied force
overnight to set (12-16 h). In order to ensure two parallel interact-
ing surfaces, all measurements are made without moving the par-
ticle from its initial position. Before each gluing process, we
measure the spring constant of the cantilever using the thermal
tune calibration method [69]. In addition, we measure the can-
tilever sensitivity using a contact based force-distance curve, after
each solution injection.

2.2.3. Solutions

Solutions are made using various concentrations of NaCl
(VWR, 100.2%) (see Table 2) in deionized (type II) water. All solu-
tions are saturated with CaCOs; (excess powder of CaCOs in
deionized water). The CaCO; powder (MERCK) is heat treated
at 300 °C in a clean laboratory environment to minimize any
possible organic contamination. All solutions are shaken and left
stationary for at least 2 weeks to equilibrate. Before each mea-
surement, we place the vials containing the solutions inside
the AFM enclosure for at least 12 h, for thermal equilibration.
The pH of each solution is measured before and after the exper-
iment (see Table 1), and shows no significant change. We com-
pare these results with pH-values calculated using PHREEQC
[70], for open systems (OS) in equilibrium with atmospheric
CO, (log(pCO,) = —3.5), and for closed systems (CS) with no
exchange of CO, with the atmosphere. Most of the measured val-
ues are between those calculated for OS and CS. This shows that
the equilibrium with atmospheric CO, and calcite had not been
fully reached; however, since the pH did not change during the
measurement, we do not expect this process to influence our
results. We also calculate the equilibrium Ca?* concentration
and find it to be of negligible influence on the ionic strength
for NaCl concentrations higher than 5 mM.

2.3. Procedure

Once the calcite probe is fabricated, we start the experiment
by performing a few force measurements in air, and then inject-
ing the first solution (see Fig. 4 for the workflow of a typical
experiment). We allow the system to equilibrate for 15 min after
each fluid injection. To separate the effect of salt concentration
and elapsed time, we inject the solutions in random order.
Experiments continue for at least 10 h unless they have to be
aborted because of a lost particle during measurement, or a piece
of dust becomes permanently trapped between the surfaces after
fluid injection. The AFM probe is stored in a sealed container
after each successful measurement to be imaged by a Scanning
Electron Microscope (SEM, TM3030Plus), after no more than
one week (Fig. 3d-left). The results of EDS analysis do not show
any precipitation of secondary minerals on these surfaces. We,
also, use a white light interferometer (WLI) optical profiler
(GTK-contour Bruker) to measure the topography of the calcite
probes. Each surface is characterized by steps and terraces and
the rms-values (root mean squared) indicate the height differ-
ences between microscopic terraces over the total surface area
(see Fig. 3d for the SEM and WLI scans of a representative
particle).
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Fig. 3. AFM-tip modification procedure. (a) Freshly cleaved calcite crystal with small fragment on surface, and cantilever with a drop of Epoxy glue is about to be in contact.
(b) After 16 h the cured Epoxy glue yields attached particle to cantilever. By separating them from the surface, we can start the measurement. (c) AFM-stage with a mounted
fluid cell containing a cleaved calcite ready for the tip-fabrication process. Fluid exchange happens through the inlet/outlet tubes. (d-left) SEM image of a representative
particle, after the experiment, with rms = 583 nm over A = 1352 um?2. (d-right) WLI scan showing the surface topography of the same particle.

Table 1
Measured pH after the experiment (with +0.1 deviation for all used solutions) and PHREEQC simulation results for open (OS) and closed systems (CS). The equilibrium
concentration of Ca*2is also calculated by PHREEQC in both OS and CS. The ionic strength for the highest concentration is calculated as 1290 mM (including Ca*? and CO;2 ).

NaCl (mM) Measured pH(after exp. in OS) Calculated pH (CS) Calculated pH (0OS) Calculated Ca®*(0S) (mM) Calculated Ca?*(CS) (mM)
0 9.00 9.91 8.27 0.48 0.12
1 8.96 9.91 8.28 0.49 0.13
2 8.42 9.91 8.28 0.50 0.13
3 9.03 9.91 8.28 0.51 0.14
4 8.38 9.91 8.29 0.52 0.14
5 8.36 9.91 8.29 0.54 0.14
10 8.27 9.92 8.30 0.56 0.15
20 8.50 9.92 8.31 0.60 0.17
30 8.16 9.92 8.32 0.63 0.19
40 8.67 9.92 8.33 0.66 0.20
50 8.14 9.92 8.33 0.68 0.21
100 8.87 9.92 8.35 0.76 0.26
200 8.00 9.91 8.36 0.87 0.34
300 8.09 9.90 8.36 0.96 0.40
400 8.50 9.89 8.37 1.02 0.45
500 8.22 9.88 8.36 1.07 0.49
600 8.34 9.87 8.36 1.11 0.53
700 8.23 9.86 8.36 1.15 0.56
800 9.78 9.86 8.35 1.18 0.58
900 8.75 9.85 8.35 1.21 0.60
1000 9.80 9.85 8.35 1.23 0.63
1100 7.86 9.84 8.34 1.25 0.65

1200 8.23 9.84 8.34 1.27 0.66
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Table 2

List of particles, used solutions (shown by marker (x)), measured surface area by optical camera before experiment (A,,) and SEM after the experiment (Asgv) and measured
roughness (rms) by white light interferometer (WLI) for each particle. There is no information on Asgy and rms for particles that were lost at the end or during the experiment.
Zero value for NaCl concentration represents a saturated CaCOs solution only.

NaCl (mM)
P Aop Asem rms 0 1 2 3 4 5 10 20 30 40 50 100 200 300 400 500 600 700 800 900 1000 1100 1200
(#) (um?) (um?) (nm)
1 918 788 X X X X X X X X X X X X
2 2562 1242 X X X X X X x X X X X X X
3 1905 X X X X X X X X X X X X
4 564 X X X X X X X X X X X X X
5 1099 X X X X X X X X X X
6 650 499 443 X X X X X X X X X X X X X x
7 1195 958 761 X X X X X X X X X X X X X
8 693 708 X X X X X X X
9 1489 1017 931 X X X X X X X X x x X x
3. Results
Calcite fragment (particle) is attached to the AFM cantilever The measured pull—off forces (Fad) from all experiments are

summarized in Fig. 5, plotted as cumulative distributions for each
concentration and particle (p; - pg), where the results of different
applied forces are plotted as different colored lines. Each panel is
marked with a number representing the order of fluid injections
(ti, wherei=1,2,...,14).

5 loops of 10

lifting-up
the tip
200 p1m

setpoint:
F =5nN
F=10nN
F=15nN
F=20nN
F=25nN
F=30nN

3.1. Effect of NaCl concentration

As seen in Fig. 5, the general trend for each experimental day
Fig. 4. Flowchart of the experimental procedure. (particle) is that the measured pull-off forces increase with
increasing concentration of NaCl. At low concentrations (below
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Fig. 5. Cumulative measured adhesion for all experimental days and salt concentrations. y-axis stands for experimental NaCl concentration and x-axis for measured adhesion,
whose limitation depends on the maximum measured F,4 for each day. Different colors show the measured values at different applied force (F,). In these plots, t; represent
the injection order, where i = 1,2, ..., 14. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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100 mM), Foq is either zero or very low in almost all measurements,
consistent with the observations of Reyne et al. [24]. At higher con-
centrations, F,q is non-zero in all cases.

In some experiments, the increase in F,q with concentration is
not monotonic. Abrupt changes in F,q can take place when the
solution is exchanged. This is clear, in Fig. 5, for particle p,, where
Faq is reduced from t; (0.7 M) to to (0.9 M) and then behaves the
same for the rest of the measurements. We believe that these sud-
den changes can be caused by lateral movement of the cantilever
[67] relative to the cleaved surface, or, less likely, by surface con-
tamination (small particle(s) of calcite or other dust) getting
caught between the surfaces, undetected by the subsequent force
curves.

3.2. Effect of applied force

As seen in Fig. 6, for all experiments, the measured pull-off force
increases with increasing applied normal stress. This behavior can
be fitted, for all experiments, to a linear function of the form,

Fag = 0F + Foy (1)

where F.q is the measured pull-off force and F, is the setpoint
(applied normal force). Fig. 6 shows the results of all experiments
collapsed onto a single curve by rescaling with the fitted parame-
ters, where the slope of the fitting curve increases between 0.01
and 0.19, independently of concentration (Fig. 6, top-left inset).

3.3. Effect of time

Given that calcite surfaces are known to be dynamic in aqueous
solutions [71], with continuous dissolution and recrystallization at
the nano-scale, we expect that the actual area of contact (the sum
of discrete nano-asperities) could change through time. Since the
measured pull-off forces reflect the number of asperities in contact,
we can detect such variation by looking at a possible gradual
change in measured pull-off forces as a function of time. Fig. 7
shows the result of F,4 for pg in 500 mM NaCl solution. Each of
the clusters represents the measured F,4 values in each loop (fol-
lowing the procedure as shown in Fig. 4), where the results of dif-
ferent F,, are plotted in different colored circles. We observe a slow
change with time in F,4 for each F,,. However, there is no consistent
trend: sometimes we see increase in F,q with time, sometimes

10 Fu(nN) 20 30
1

3 4

Fig. 6. Data collapse of pull-off force vs. applied normal load, for all experiments,
with X* = oF, and F* = F,q — F2,. The insets represent, (top-left) the slope () of the
fitting curve vs. concentration (x-axis is plotted in logarithmic scale), and (right-
bottom) a representative result for pg in NaCl 800 mM solution.
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Fig. 7. Measured adhesion with time for ps in 500 mM NaCl solution. Adhesion
forces increase by F, in each loop, and mostly return to their initial state (at low
value of F,) for the next loop.

decrease. The trend can change from increasing to decreasing or
vice versa.

3.4. Effect of particle size

Fig. 8 shows the measured pull-off force for 6 different particles
at three values of applied force, F, =5, 20 and 30 nN in NaCl con-
centration of 1200 mM. There is no clear correlation between nom-
inal particle area and measured pull-off force, indicating that
surface roughness and actual area of contact, are more important
parameters than the nominal surface area. Note that this result is
independent of the fluid composition and setpoint values.

We could expect that the magnitude of the pull-off force in air
would be a measure of the actual area of contact, which would
mean that normalizing by the adhesion in air, should give a mea-
sure of adhesive energy per unit area. However, this normalization
does not reduce the variation in adhesion values for different par-
ticles for any given salt concentration nor setpoint. This is probably
because the pull-off force in air is dominated by the breaking of

14 T T T T
* F = 5nN
10} *F = 20nN |
*F = 30nN
10 1
— I ]
= ° ;
=
S T
4 L .
21 ] ¥ 4
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Fig. 8. We see no correlation between pull-off force and surface area. This plot
shows the measured pull-off force vs. surface area (optical measured values) for
different particles in 1200 mM NacCl solution at 3 different values for F,.
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capillary bridges, which is more influenced by the specific contact
geometry than the actual area of contact.

4. Discussion

Our results can be summarized as follows: (1) the interactions
between calcite surfaces goes from repulsive to adhesive at NaCl
concentrations around 100 mM, and the adhesive interaction
(pull-off force) increases with salt concentration; (2) for adhesive
interactions, pull-off forces increase with increasing applied nor-
mal load; and (3) the pull-off forces change slightly with time in
a non-monotonic fashion.

When two surfaces are in an electrolyte solution, the interac-
tion potential between them determines the compressive force
necessary to push them into adhesive contact. Fig. 9 shows the dis-
joining pressure, force per area for two flat calcite surfaces, given
by DLVO theory as the sum of van der Waals (vdW) and electric
double layer (EDL) forces [28]:

52
and Fgpy = <2A—n> Ze P 2)

FVdW = 67'ED3

where / is the Debye length and Z is the interaction constant calcu-
lated by Z = 64mege(kT/e)*tanh® ey, /4kT) [28]. W, is the surface
potential and a function of the pH of solution, Ca* concentration
[43,44] and Pco, [72]. For a monovalent electrolyte, Z differs
between 1.95 x 107" and 3.47 x 107"® m~1, where v, is expected
to vary between 15 and 20 mV throughout the experiment for pH
between 8 and 9 |72, Figure B]. A is the non-retarded Hamaker con-
stant, calculated based on Lifshitz theory through [28],

2
A= §I<T<El - 63) +
4 €1+ €3
where n; = 1.48 and ¢, = 8 are refractive index and dielectric per-
mittivity of calcite [29], and n3 = 1.33 and €3 = 80 are the refractive
index and dielectric permittivity of water. h = 6.6 x 107>* m? kg/s
is the Planck constant and v, = 3 x 10" s~ is the main electronic
absorption frequency in the UV [28]. In general, the DLVO interac-
tion energy is affected by the ionic strength of the electrolyte solu-

tion [53]. Increasing salt concentration, changes the position and
height of EDL repulsive barrier. As the salt concentration increases,

3hv, (12 —n2)
16V2 (1 +2)”

10 — T T T T
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T

Disjoioning pressure (kPa)
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Fig. 9. Calculated DLVO for two flat, smooth calcite surfaces in NaCl solution with a
few values of ionic strength, Eq. (2). It shows a higher repulsive barrier by reducing
the Debye length and its diminishing effect at low values. Dotted lines: for v, = 20
mV, and Solid lines: for y, = 15 mV.

the van der Waals attractive forces contribution overcomes the EDL
repulsive forces (Fig. 9).

At first glance, this could explain the increased adhesion we see
at high salt concentration. However, two observations do not fit
this hypothesis: (1) as noted by Reyne et al. [24], the magnitude
of the EDL repulsive barrier for calcite surfaces in low ionic
strength solution is very small, and unlikely to explain the purely
repulsive behavior observed under these conditions; and (2) the
observed pull-off forces increase in magnitude even as the ionic
strength is increased beyond what should be the limit of the DLVO
theory [29,31,48,73-75].

An increase in the measured pull-off force can be explained by a
decrease in any repulsive barrier present (due to EDL or hydrophi-
lic repulsion), to an increase in the adhesive interaction (van der
Waals or ion correlation forces), or both.

It has been suggested by Blandamer et al. [40] that water activ-
ity, which is known as the effective mole fraction of water (ay),
defined by the product of activity coefficient (y,,) times by mole
fraction of water (x,,) in that solution, a,, = y,,Xw, controls water
adsorption and thereby hydrophilic repulsion. By increasing the
concentration of ions in solutions, water molecules become more
involved with ion-dipole interactions in the bulk fluid that gives
rise to hydrated ionic species. This affects surface water absorption
on both hydrophilic surfaces, and results in less required force to
make adhesive contacts due to the decrease in both magnitude
and onset of the hydration forces [50]. Risnes et al. [12] and Ros-
tom et al. [38] also showed that the strength of carbonate rocks
and fracture threshold of calcite are affected by the salinity level
of pore fluid and attributed this to the level of water activity in
the solution [39,76,77]. However, in our system the difference
between water activity at highest and lowest values is trivial
(0.95 < ay < 1, calculated by PHREEQC). The increased adhesion
we observe is unlikely to be a function of decreased water adsorp-
tion. As shown by Heuberger et al. [ 78], secondary hydration forces
due to compressed dehydrated ions (“two-stage collective ion
dehydration” in high salt concentration) might be more important
in modifying the repulsive interaction between contacting asperi-
ties than simply water adsorption directly onto the calcite surface.
We propose that the increase in pull-off force for increasing salt
concentration can be explained by a combination of reduced repul-
sion (weak secondary hydration [29,36,78-80]) and increased
attraction between contacting asperities due to instantaneous
ion-ion correlation at high salt concentration [35].

The adhesive interaction energy of rough surfaces is not charac-
terized by the macroscopic, nominal area of contact (Fig. 8), but
rather by the actual contact area, which is a function of the distri-
bution of asperities on the contacting surfaces [81,82], and in the
first approximation, increases linearly with applied compressive
normal stress [83]. For rough surfaces, the area of contact depends
on the number, size and height of asperities (see Fig. 1) and surface
forces are measured depending on the geometry, density
[53,54,84] and height distribution of contacting surfaces [49,58].

For rough, inorganic surfaces, the macroscopic, effective interfa-
cial energy y may be expressed as the sum of the product of
contact-bond strengths, g, and actual area, g, of all contacting
asperities that define the real surface area, both of which may
change with time (t) and applied normal load (F,):

V(Fn, t) = Ziﬁi(Fm t)o-i(Fm t) (3)

For purely elastic processes, the force required to separate two
adhesive surfaces will be independent of both time and applied
load as long as the macroscopic surface energy on approach equals
that on retraction, y; = y, (point A to B in Fig. 10). When y is not
constant (Eq. (3)), the measured adhesion force will depend on
the maximum applied load at the contact and time, point B to C
vs. D to E, Fig. 10.
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Fig. 10. “Adhesion hysteresis”, modified from Israelachvili [28], presenting
reversible and irreversible cycles. Upon approach of adhesive surfaces, they jump
into contact at A and move along the path to B with increasing normal load. In the
case of constant interfacial energy (y; = y,), unloading follows the same path back
to A and the force measured at separation is independent of the maximum applied
load. If y; > 7,, separation follows the path from B to C. The measured force of
adhesion in this case depends on the maximum applied load (C vs E).

Here, the contact-bond strength g will be given by the fluid
chemistry as discussed above, while F, determines whether a given
contact will be pushed past any repulsive barrier into adhesive
contact. Therefore, when repulsive barriers are small enough to
be overcome, the number of asperities that make it into adhesive
contact, and correspondingly the measured pull-off force will be
a function of the applied normal load. This is consistent with what
we observe. The time dependence of f takes into account any pos-
sible chemical strengthening of asperities that might result from
diffusion of ions or slow chemical reactions.

Irreversible changes in ¢ can take place through nonelastic pro-
cesses such as twinning [23,85] or breakage of asperities upon
pressure, or through stress-induced dissolution and re-
precipitation (pressure solution) [29,49,84,86-88] of highly
stressed asperities and increase in size of contact area, ¢ (“asperity
creep”). However, all these processes cause a permanent change in
the surface topography that would remain present as a different
measured pull-off force when lower loads are applied. We observe
otherwise; as seen in Fig. 7, the pull-off force returns to the initial
value when the setpoint (normal load) is reduced. The slow, non-
monotonic change in F,q indicates that there is no consistent flat-
tening of asperities and increase of actual contact area with time.
Therefore, we propose that the slow changes in F,q with time
may be caused by slow lateral drift or recrystallization.

5. Conclusion

Our measurements show a significant effect of normal load and
salinity of the contacting solution on the adhesion of calcite sur-
faces. We discuss the effect of roughness on pull-off force measure-
ments in NaCl solutions, and categorize it into mechanisms
responsible for (1) strengthening the contact-bonds, that is dis-
cussed to be mostly due to the combination of weak secondary
repulsion and ion-ion correlation forces along with the applied
normal stress that generate strong contact-bonds at high salt con-
centration, and (2) variation in the contact area that is mostly
attributed to the local recrystallization of single asperities in a mul-
tiple asperity system. The measured pull-off force increases with

the applied normal stress, indicating that the population of asper-
ities generate the total contact area which differs from nominal
surface area of contacting surfaces. In agreement with [24], we
measured strong repulsion in low concentration and CaCOs solu-
tions due to the repulsive hydration forces.

Previous studies suggested that water activity is the key param-
eter in the strength of calcium carbonate bearing rocks [10,12,24]
and single calcite crystals in salt solutions [38]. Based on our mea-
surements, the strengthening process can be explained through
progressively weaker secondary hydration and stronger ion-ion
correlation forces in NaCl solutions with higher concentration than
100 mM. In addition, we see no indication of consistent flattening
of asperities, which could have been related to progressive calcite
recrystallization or asperity creep.
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