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Abstract

The mechanical strength of calcite bearing rocks is influenced by pore fluid chemistry due to the variation in nano-scale surface
forces acting at the grain contacts or close to the fracture tips. The adhesion of two contacting surfaces, which affects the macro-
scopic strength of the material, is not only influenced by the fluid chemistry but also by the surface topography. In this paper, we use
Atomic Force Microscope (AFM) to measure the interfacial forces between two freshly cleaved calcite surfaces in CaCO3-saturated
solutions with varying NaCl concentration. We show that calcite contacts become stronger with increasing NaCl concentration (>
100 mM), as a result of progressively weaker secondary hydration and increasing attraction due to instantaneous ion-ion correlation.
Moreover, we discuss the effect of normal applied force (Fn) and surface roughness on the measured adhesion forces (Fad). We
show that the measured pull-off force (adhesion) is linearly correlated with the magnitude of Fn, where an increase in applied force
results in increased adhesion. This is attributed to a larger number of contacting surface asperities and thus increase in real contact
area and the contact-bond strength. We discuss that the possible variation 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.

Keywords: Nano-scale interaction, nano-confinement of calcite, normal stress, surface roughness, adhesion forces, ionic strength.

1. Introduction

Calcite is an abundant mineral in nature. It is a crystalline
polymorph of calcium carbonate with a cleavage plane along
the (101̄4) direction [1–3]. Calcite plays a key role in biomin-
eralization and it is a constituent of shells and skeletons of many5

marine invertebrates [4]. Moreover, it is one of the most com-
mon rock-forming minerals of importance to hydrocarbon re-
covery, CO2 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, such10

as the North Sea oil reserves, where they alone account for 25
million barrels of oil since the 1970’s [8].

Chalk reservoirs are prone to strong compaction, due to wa-
ter injection associated with Enhanced Oil Recovery (EOR)
projects [9–13]. The mechanical behavior of chalk and calcite-15

bearing rocks is known to be influenced by the pore fluid chem-
istry [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 pressure20

solution [19, 20], chemical influences [19], invading the cap-
illary bridges/menisci by water flooding [21], time-dependent
water adsorption on calcite surfaces [11, 22] and subcritical
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crack growth at the grain boundaries [23]. In the early 2000’s,
Risnes et al. [12, 18] proposed that water activity is a key25

parameter behind the strength loss in chalk in aqueous solu-
tions. 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) ex-30

periments by Røyne et al. [24], in which adhesion between two
surfaces depended on water activity, with strong repulsion mea-
sured in pure water.

At the nano-scale, repulsive and attractive forces operate be-
tween two calcite surfaces that are separated by a thin fluid35

film. Surface forces between two charged surfaces in an elec-
trolyte solution 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 the40

Debye length, and for solutions with high ionic strength (>
0.1M) [28, 29], where specific ion interactions and hydration
effects become exceedingly important, [30–36] the DLVO the-
ory cannot accurately describe the interaction between surfaces
in aqueous solutions. The AFM direct force measurements by45

Røyne 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] indi-
cates that attractive forces act between calcite surfaces in high
pH and higher ionic strength solutions (0.12M), which were at-50

tributed to the ion-ion correlation forces. Both hydration and
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ion-correlation forces have been accounted for non-DLVO in-
teractions.
Several studies have shown that the degree of water weakening
is also affected by the salinity of the pore fluid [12, 18, 38]. The55

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].
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Figure 1: A simple sketch of two opposing, cleaved calcite surfaces with nano-scale rough-
ness characterized by steps and terraces on the (1014) 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 (Fn), 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.

In general, calcite and other natural mineral surfaces display
some degree of roughness at a molecular scale. Several studies60

have shown that surface roughness affects the water wettabil-
ity 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 con-
tact area is always smaller than the nominal surface area (see65

Figure 1) [48–57]. For rough surfaces, contacting surface as-
perities give rise to an exponentially decaying repulsive force
upon loading [58], which can potentially be interpreted as hy-
dration repulsion, as in the past studies [58, 59].

Calcite surfaces are dynamic in aqueous solutions, with con-70

tinuous 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 asperities to change with time, which in turn influ-
ence the magnitude of repulsive mechanical effects due to as-75

perity deformation. Recently, Dziadkowiec et al. [62] used the
Surface Force Apparatus (SFA) to measure forces between two
rough calcite surfaces (with nm-scaled asperities), and observed
repulsive forces with a decay length that increased with time,
which was explained by repulsive hydration forces combined80

with continuous recrystallization and roughening of the calcite
films in saturated CaCO3 solutions.

The effect of NaCl on the interaction between calcite sur-
faces is of interest because both Na+, and Cl− are the two most85

abundant monovalent ions in seawater. The influence of NaCl
on the strength of carbonate rocks [15, 63] and EOR systems
has been extensively investigated in surface science and reser-
voir engineering, e.g. [64–66]. Liu et al. [64] observed that
injection of NaCl solution (low and high concentrations) into90

a carbonate rock increases the oil desorption rate from calcite
surfaces. They explained this result by increased solubility of
calcite in high concentration NaCl solution, which in turn in-
creases the local pH, leading to more negatively charged calcite
surfaces and hence repulsive forces between the calcite and the95

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 to100

a high population of Na+ and Cl− near the calcite surfaces that
prevents the potential determining cations/anion (Mg2+, Ca2+

and SO−2
4 ) to reach to the surface. As a result, a more positively

charged calcite surface attracts oil to a higher extent. How-
ever, they show that surface reactivity and ultimately wettability105

of the surface varies with the temperature as well as the solu-
tion ionic strength. This shows the increased complexity 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 considered110

when investigating such a system.
Despite extensive number of studies on calcite behavior in

NaCl solutions, there has been no prior study to couple the
effects of solution ionic strength with surface roughness evo-
lution on the observed repulsive and adhesive forces between115

calcite surfaces in aqueous solutions. 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 cleaved calcite120

surface. We investigate the pull-off force between two calcite
surfaces, as a measure of the adhesion and surface energy be-
tween two surfaces, [41, 67] in NaCl solutions with concentra-
tions ranging from 1 mM to 1.2 M, pre-saturated with calcium
carbonate. We additionally address, indirectly, the effect of ap-125

plied normal force (Fn) 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 JPK130

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 (Figure 2), is varied from 5135

to 30 nN in steps of 5 nN. For each approach-retract curve,
we record one value for the pull-off (adhesion) force (Figure
2). The temperature inside the AFM enclosure is continuously
monitored, and found to be stable at 24.5 ±0.5◦C.
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Figure 2: One representative force curve measured in 800 mM NaCl solution, with setpoint
Fn = 5 nN. 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].

2.2. Sample preparation140

2.2.1. Calcite surface and fluid cell
Each experiment is performed with a freshly cleaved Iceland

spar calcite crystal. A 5×5 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 mm145

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 evaporation rate. Figure 3 a-c present the150

production of calcite probe and assembling the fluid cell (with
calcite crystal in) on the AFM stage.

2.2.2. AFM-probe modification
We adapt the method described by [24] (see Figure 3 a-b) for

AFM-tip fabrication. A suitable calcite fragment (size between155

40 - 70 µm in length and 15 - 25 µm in width) is identified under
the microscope. 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. The160

cantilever is then brought into contact with the particle and left
at a constant applied force overnight to set (12-16 hours). In
order to ensure two parallel interacting surfaces, all measure-
ments are made without moving the particle from its initial po-
sition. Before each gluing process, we measure the spring con-165

stant of the cantilever using the thermal tune calibration method
[69]. In addition, we measure the cantilever sensitivity using a
contact based force-distance curve, after each solution injec-
tion.

2.2.3. Solutions170

Solutions are made using various concentrations of NaCl
(VWR, 100.2 %) (see Table 2) in deionized (type II) water. All
solutions are saturated with CaCO3 (excess powder of CaCO3
in deionized water). The CaCO3 powder (MERCK) is heat
treated at 300◦C in a clean laboratory environment to minimize175

any possible organic contamination. All solutions are shaken
and left stationary for at least 2 weeks to equilibrate. Before
each measurement, we place the vials containing the solutions
inside the AFM enclosure for at least 12 hours, prior to experi-
ment, for thermal equilibration.180

The pH of each solution is measured before and after the ex-
periment (see Table 1), which shows no significant change in
the pH-values. We compare these results with calculated pH-
values using PHREEQC [70], for open systems (OS) in equilib-
rium with atmospheric CO2 (log(pCO2) = -3.5), and for closed185

systems (CS) with no exchange of CO2 with the atmosphere.
Most of the measured values are between those calculated for
OS and CS. This shows that the equilibrium with atmospheric
CO2 and calcite had not been fully reached; however, since the
pH did not change during the measurement, we do not expect190

this process to influence our results. We also calculate the equi-
librium Ca2+ concentration and find it to be of negligible influ-
ence on the ionic strength for NaCl concentrations higher than
5 mM.

NaCl
mM

Measured
pH(after

exp. in OS)
Calculated
pH (CS)

Calculated
pH (OS)

Calculated
Ca2+(OS)

(mM)

Calculated
Ca2+(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

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 equilib-
rium concentration of Ca+2 is also calculated by PHREEQC in both OS and CS. The
ionic strength for the highest concentration is calculated as 1290 mM (including Ca+2

and CO−2
3 ).
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Figure 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
hours 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 µm2. d-right) WLI scan showing the surface topography of the same particle.

2.3. Procedure195

Once the calcite probe is fabricated, we start the experiment
by performing a few force measurements in air, and then in-
jecting the first solution (see Figure 4 for the workflow of a
typical experimental day). We let the system to equilibrate for
15 minutes after each fluid injection. To separate the effect of200

salt concentration from time effect, we inject the solutions of
varying concentrations in random order. Experiments continue
for at least 10 hours 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.205

The AFM probe is stored in a sealed container after each suc-
cessful measurement to be imaged by a Scanning Electron Mi-
croscope (SEM, TM3030Plus), not later than one week (Figure
3d-left). The results of EDS analysis do not show any precipi-
tation of secondary minerals on these surfaces. We, also, use a210

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
indicate the height differences between microscopic terraces
over the total surface area (see Figure (3d) for the SEM and215

WLI scans of a representative particle).

Calcite fragment (particle) is attached to the AFM cantilever

Force run  
in air

Fluid 
injection

15 minutes 
 wait

5 loops of 10 
measurements 

at each 
setpoint: 
F = 5nN 

F = 10 nN 
F = 15 nN 
F = 20 nN 
F = 25 nN 
F = 30 nN

Exchange fluid 

 lifting-up 
  the tip 
  200µm

 lifting-up 
  the tip 
  200µm

Figure 4: Flowchart of the experimental procedure.
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NaCl (mM)

P
(#)

Aop
(µm2)

ASEM
(µm2)

rms
(nm) 0 1 2 3 4 5 10 20 30 40 50

100

200

300

400

500

600

700

800

900

1000

1100

1200

1 918 788 × × × × × × × × × × × ×

2 2562 1242 × × × × × × × × × × × × ×

3 1905 × × × × × × × × × × × ×

4 564 × × × × × × × × × × × × ×

5 1099 × × × × × × × × × ×

6 650 499 443 × × × × × × × × × × × × × ×

7 1195 958 761 × × × × × × × × × × × × ×

8 693 708 × × × × × × ×

9 1489 1017 931 × × × × × × × × × × × ×

Table 2: List of particles, used solutions (shown by marker (×)), measured surface area by optical camera before experiment (Aop) and SEM after the experiment (ASEM ) and measured
roughness (rms) by white light interferometer (WLI) for each particle. There is no information on ASEM and rms for particles that were lost at the end or during the experiment. Zero value
for NaCl concentration represents a saturated CaCO3 solution only.

3. Results

The measured pull-off forces (Fad) from all experiments are
summarized in Figure 5, plotted as cumulative distributions for
each concentration and particle (p1 - p9), where the results of220

different applied forces are plotted as different colored lines.
Each panel is marked with a number representing the order of
fluid injections (ti , where i = 1, 2, ...,14).

3.1. Effect of NaCl concentration

As seen in Figure 5, the general trend for each experimen-225

tal day (particle) is that the measured pull-off forces increase
with increasing concentration of NaCl. At low concentrations
(below 100 mM), Fad is either zero or very low in almost all
measurements, consistent with the observations of Røyne et al.
[24]. At higher concentrations, Fad is non-zero in all cases.230

In some experiments, the increase in Fad with concentration
is not monotonic. Abrupt changes in Fad can take place when
the solution is exchanged. This is clear, in Figure 5, for particle
p2, where Fad is reduced from t7 (0.7M) to t9 (0.9M) and then
behaves the same for the rest of the measurements. We believe235

that these sudden changes can be caused by lateral movement
of the cantilever [67] relative to the cleaved surface, or, less
likely, by surface contamination (small particle(s) of calcite or
other dust) getting caught between the surfaces, undetected by
the subsequent force curves.240

3.2. Effect of applied force

As seen in Figure 6, for all experiments, the measured pull-
off force increases with increasing applied normal stress. Such
increase behavior can be fitted, for all experiments, to a linear
function of the form,245

Fad = αFn + F0
ad (1)

where Fad is the measured pull-off force and Fn is the setpoint
(applied normal force). Figure 6 shows the results of all experi-
ments collapsed onto a single curve by rescaling with the fitted

parameters, where the slope of the fitting curve increases upto
0.2, independently of concentration (Figure 6, top-left inset).250

3.3. Effect of time

Given that calcite surfaces are known to be dynamic in aque-
ous solutions [71], with continuous dissolution and recrystal-
lization at the nano-scale, we expect that the actual area of con-
tact (the sum of discrete nano-asperities) could change through255

time. Since the measured pull-off forces reflect the number of
asperities in contact (actual contact area), we can detect such
variation by looking at a possible gradual change in measured
pull-off forces as a function of time. Figure 7 shows the result
of Fad for p6 in 500 mM NaCl solution. Each of the clusters260

represents the measured Fad values in each loop (following the
procedure as shown in Figure 4), where the results of differ-
ent Fn are plotted in different colored circles. We observe a
slow change with time in Fad for each Fn. However, there is no
consistent trend: sometimes we see increase in Fad with time,265

sometimes decrease. This inconsistency can happen during one
experiment.

3.4. Effect of particle size

Figure 8 shows the measured pull-off force for 6 different
particles (6 experimental days) at three values of applied force,270

Fn= 5, 20 and 30 nN in NaCl concentration of 1200 mM. There
is no clear correlation between macroscopic 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 the275

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 measure of adhesive energy per unit area. However, this nor-280

malization does not reduce the variation in adhesion values for
different particles for any given salt concentration nor setpoint.
This is probably because the pull-off force in air is dominated
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Figure 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 Fad for each day. Different colors show the measured values at different applied force (Fn). In these plots, ti represent the injection order,
where i = 1, 2, ..., 14.

by the breaking of capillary bridges, which is more influenced
by the specific contact geometry than the actual area of contact.285

4. Discussion

Our results can be summarized as follows: 1) the interac-
tions between calcite surfaces goes from repulsive to adhesive
at NaCl concentrations around 100 mM, and the adhesive inter-
action (pull-off force) increases with salt concentration; 2) for290

adhesive interactions, pull-off forces increase with increasing
applied normal 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-295

tion potential between them determines the compressive force
necessary to push them into adhesive contact. Figure (9) shows
the disjoining pressure, force per area for two flat calcite sur-
faces, given by DLVO theory as the sum of van der Waals
(vdW) and electric double layer (EDL) forces [28]:300

FvdW = −
A

6πD3 and FEDL = (
λ2

2π
)Ze−λD (2)

where λ is the Debye length and Z is the interaction constant
calculated by Z = 64πε0ε(kT/e)2tanh2(eψ0/4kT ) [28], and

equals to 3.47 × 10−18Jm−1 for a monovalent electrolyte. ψ0
is the surface potential that is a function of the pH of solution,
Ca+ concentration [43, 44] and PCO2 [72]. We expect that sur-305

face potential varies between 15 and 20 mV throughout the ex-
periment for pH between 8 and 9 [72, Figure 3B]. A is the non-
retarded Hamaker constant, calculated based on Lifshitz theory
through [28],

A =
3
4

kT (
ε1 − ε3

ε1 + ε3
)2 +

3hνe

16
√

2

(n2
1 − n2

3)2

(n2
1 + n2

3)3/2

where n1 = 1.48 and ε1 = 8 are refractive index and dielectric310

permitivity of calcite [29], and n3 = 1.33 and ε3 = 80 are the
refractive index and dielectric permitivity of water. h = 6.6 ×
10−34m2kg/s is the Planck’s constant and νe = 3×1015s−1 is the
main electronic absorption frequency in the UV [28]. In general
the DLVO interaction energy is affected by the ionic strength315

of the electrolyte solution [53]. Increasing salt concentration,
changes the position and height of EDL repulsive barrier. As
the salt concentration increases, the van der Waals attractive
forces contribution overcomes the EDL repulsive forces (Figure
9).320

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 Røyne et al. [24], the
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<latexit sha1_base64="h06wgdp6268NNDJ0HRCVZqE///8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOl+/bjWa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmedVzq97dRaV2ncdRhCM4hlPw4BJqcAt1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/OwI14</latexit><latexit sha1_base64="h06wgdp6268NNDJ0HRCVZqE///8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOl+/bjWa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmedVzq97dRaV2ncdRhCM4hlPw4BJqcAt1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/OwI14</latexit><latexit sha1_base64="h06wgdp6268NNDJ0HRCVZqE///8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOl+/bjWa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmedVzq97dRaV2ncdRhCM4hlPw4BJqcAt1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/OwI14</latexit><latexit sha1_base64="h06wgdp6268NNDJ0HRCVZqE///8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBZBPJREBD0WvXisaD+gjWWznbRLN5uwuxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGN1O/9YRK81g+mHGCfkQHkoecUWOl+/bjWa9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmedVzq97dRaV2ncdRhCM4hlPw4BJqcAt1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/OwI14</latexit>

F
⇤

<latexit sha1_base64="mRXKl6mghkFhZh+juPOdY00Fano=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeiIB4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD64nffEKleSwfzChBP6J9yUPOqLHS/c3jabdUdivuFGSReDkpQ45at/TV6cUsjVAaJqjWbc9NjJ9RZTgTOC52Uo0JZUPax7alkkao/Wx66pgcW6VHwljZkoZM1d8TGY20HkWB7YyoGeh5byL+57VTE176GZdJalCy2aIwFcTEZPI36XGFzIiRJZQpbm8lbEAVZcamU7QhePMvL5LGWcVzK97debl6lcdRgEM4ghPw4AKqcAs1qAODPjzDK7w5wnlx3p2PWeuSk88cwB84nz+zVI1m</latexit><latexit sha1_base64="mRXKl6mghkFhZh+juPOdY00Fano=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeiIB4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD64nffEKleSwfzChBP6J9yUPOqLHS/c3jabdUdivuFGSReDkpQ45at/TV6cUsjVAaJqjWbc9NjJ9RZTgTOC52Uo0JZUPax7alkkao/Wx66pgcW6VHwljZkoZM1d8TGY20HkWB7YyoGeh5byL+57VTE176GZdJalCy2aIwFcTEZPI36XGFzIiRJZQpbm8lbEAVZcamU7QhePMvL5LGWcVzK97debl6lcdRgEM4ghPw4AKqcAs1qAODPjzDK7w5wnlx3p2PWeuSk88cwB84nz+zVI1m</latexit><latexit sha1_base64="mRXKl6mghkFhZh+juPOdY00Fano=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeiIB4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD64nffEKleSwfzChBP6J9yUPOqLHS/c3jabdUdivuFGSReDkpQ45at/TV6cUsjVAaJqjWbc9NjJ9RZTgTOC52Uo0JZUPax7alkkao/Wx66pgcW6VHwljZkoZM1d8TGY20HkWB7YyoGeh5byL+57VTE176GZdJalCy2aIwFcTEZPI36XGFzIiRJZQpbm8lbEAVZcamU7QhePMvL5LGWcVzK97debl6lcdRgEM4ghPw4AKqcAs1qAODPjzDK7w5wnlx3p2PWeuSk88cwB84nz+zVI1m</latexit><latexit sha1_base64="mRXKl6mghkFhZh+juPOdY00Fano=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSKIh5KIoMeiIB4r2g9oY9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8epYlhnsYhVK6AaBZdYN9wIbCUKaRQIbAbD64nffEKleSwfzChBP6J9yUPOqLHS/c3jabdUdivuFGSReDkpQ45at/TV6cUsjVAaJqjWbc9NjJ9RZTgTOC52Uo0JZUPax7alkkao/Wx66pgcW6VHwljZkoZM1d8TGY20HkWB7YyoGeh5byL+57VTE176GZdJalCy2aIwFcTEZPI36XGFzIiRJZQpbm8lbEAVZcamU7QhePMvL5LGWcVzK97debl6lcdRgEM4ghPw4AKqcAs1qAODPjzDK7w5wnlx3p2PWeuSk88cwB84nz+zVI1m</latexit>
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↵ <latexit sha1_base64="KUHqKUDnyo8M9vp7JyUUS87RHbg=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhN7JbDJkdnaYmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00ZU2ailR3IjRMcMmallvBOkozTCLB2tH4bua3n5g2PJWPdqJYmOBQ8phTtE5q91CoEZJ+perX/DnIKgkKUoUCjX7lqzdIaZYwaalAY7qBr2yYo7acCjYt9zLDFNIxDlnXUYkJM2E+P3dKzp0yIHGqXUlL5urviRwTYyZJ5DoTtCOz7M3E/7xuZuObMOdSZZZJulgUZ4LYlMx+JwOuGbVi4ghSzd2thI5QI7UuobILIVh+eZW0LmuBXwserqr12yKOEpzCGVxAANdQh3toQBMojOEZXuHNU96L9+59LFrXvGLmBP7A+/wB41GPQg==</latexit><latexit sha1_base64="KUHqKUDnyo8M9vp7JyUUS87RHbg=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhN7JbDJkdnaYmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00ZU2ailR3IjRMcMmallvBOkozTCLB2tH4bua3n5g2PJWPdqJYmOBQ8phTtE5q91CoEZJ+perX/DnIKgkKUoUCjX7lqzdIaZYwaalAY7qBr2yYo7acCjYt9zLDFNIxDlnXUYkJM2E+P3dKzp0yIHGqXUlL5urviRwTYyZJ5DoTtCOz7M3E/7xuZuObMOdSZZZJulgUZ4LYlMx+JwOuGbVi4ghSzd2thI5QI7UuobILIVh+eZW0LmuBXwserqr12yKOEpzCGVxAANdQh3toQBMojOEZXuHNU96L9+59LFrXvGLmBP7A+/wB41GPQg==</latexit><latexit sha1_base64="KUHqKUDnyo8M9vp7JyUUS87RHbg=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhN7JbDJkdnaYmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00ZU2ailR3IjRMcMmallvBOkozTCLB2tH4bua3n5g2PJWPdqJYmOBQ8phTtE5q91CoEZJ+perX/DnIKgkKUoUCjX7lqzdIaZYwaalAY7qBr2yYo7acCjYt9zLDFNIxDlnXUYkJM2E+P3dKzp0yIHGqXUlL5urviRwTYyZJ5DoTtCOz7M3E/7xuZuObMOdSZZZJulgUZ4LYlMx+JwOuGbVi4ghSzd2thI5QI7UuobILIVh+eZW0LmuBXwserqr12yKOEpzCGVxAANdQh3toQBMojOEZXuHNU96L9+59LFrXvGLmBP7A+/wB41GPQg==</latexit><latexit sha1_base64="KUHqKUDnyo8M9vp7JyUUS87RHbg=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUCyhN7JbDJkdnaYmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KlODG+v63t7a+sbm1Xdop7+7tHxxWjo5bJs00ZU2ailR3IjRMcMmallvBOkozTCLB2tH4bua3n5g2PJWPdqJYmOBQ8phTtE5q91CoEZJ+perX/DnIKgkKUoUCjX7lqzdIaZYwaalAY7qBr2yYo7acCjYt9zLDFNIxDlnXUYkJM2E+P3dKzp0yIHGqXUlL5urviRwTYyZJ5DoTtCOz7M3E/7xuZuObMOdSZZZJulgUZ4LYlMx+JwOuGbVi4ghSzd2thI5QI7UuobILIVh+eZW0LmuBXwserqr12yKOEpzCGVxAANdQh3toQBMojOEZXuHNU96L9+59LFrXvGLmBP7A+/wB41GPQg==</latexit>

c(M)
<latexit sha1_base64="tctzsJPHLOfx+qLmvM2MfU3VYpk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrwIFUxbaEPZbDft0s0m7E6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2//oHx41DRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9uZ33ri2ohEPeI45UFMB0pEglG0ks9I9f68V664NXcOskq8nFQgR6NX/ur2E5bFXCGT1JiO56YYTKhGwSSflrqZ4SllIzrgHUsVjbkJJvNjp+TMKn0SJdqWQjJXf09MaGzMOA5tZ0xxaJa9mfif18kwug4mQqUZcsUWi6JMEkzI7HPSF5ozlGNLKNPC3krYkGrK0OZTsiF4yy+vkuZFzXNr3sNlpX6Tx1GEEziFKnhwBXW4gwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AXygjc0=</latexit><latexit sha1_base64="tctzsJPHLOfx+qLmvM2MfU3VYpk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrwIFUxbaEPZbDft0s0m7E6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2//oHx41DRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9uZ33ri2ohEPeI45UFMB0pEglG0ks9I9f68V664NXcOskq8nFQgR6NX/ur2E5bFXCGT1JiO56YYTKhGwSSflrqZ4SllIzrgHUsVjbkJJvNjp+TMKn0SJdqWQjJXf09MaGzMOA5tZ0xxaJa9mfif18kwug4mQqUZcsUWi6JMEkzI7HPSF5ozlGNLKNPC3krYkGrK0OZTsiF4yy+vkuZFzXNr3sNlpX6Tx1GEEziFKnhwBXW4gwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AXygjc0=</latexit><latexit sha1_base64="tctzsJPHLOfx+qLmvM2MfU3VYpk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrwIFUxbaEPZbDft0s0m7E6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2//oHx41DRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9uZ33ri2ohEPeI45UFMB0pEglG0ks9I9f68V664NXcOskq8nFQgR6NX/ur2E5bFXCGT1JiO56YYTKhGwSSflrqZ4SllIzrgHUsVjbkJJvNjp+TMKn0SJdqWQjJXf09MaGzMOA5tZ0xxaJa9mfif18kwug4mQqUZcsUWi6JMEkzI7HPSF5ozlGNLKNPC3krYkGrK0OZTsiF4yy+vkuZFzXNr3sNlpX6Tx1GEEziFKnhwBXW4gwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AXygjc0=</latexit><latexit sha1_base64="tctzsJPHLOfx+qLmvM2MfU3VYpk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkoigh6LXrwIFUxbaEPZbDft0s0m7E6EUvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvDCVwqDrfjuFtfWNza3idmlnd2//oHx41DRJphn3WSIT3Q6p4VIo7qNAydup5jQOJW+Fo9uZ33ri2ohEPeI45UFMB0pEglG0ks9I9f68V664NXcOskq8nFQgR6NX/ur2E5bFXCGT1JiO56YYTKhGwSSflrqZ4SllIzrgHUsVjbkJJvNjp+TMKn0SJdqWQjJXf09MaGzMOA5tZ0xxaJa9mfif18kwug4mQqUZcsUWi6JMEkzI7HPSF5ozlGNLKNPC3krYkGrK0OZTsiF4yy+vkuZFzXNr3sNlpX6Tx1GEEziFKnhwBXW4gwb4wEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8AXygjc0=</latexit>
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Fn(nN)
<latexit sha1_base64="ncgZ4xO6z7+h3dNKW9htnH67QLw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXBD0GBfEkEcwDkiXMTjrJkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7K4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdD31m0+oNI/kgxnH6Id0IHmfM2qs1LrpSlKWd6fdYsmtuDOQZeJlpAQZat3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2b0TcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+pZ9yGScGJZsv6ieCmIhMnyc9rpAZMbaEMsXtrYQNqaLM2IgKNgRv8eVl0jireG7Fuz8vVa+yOPJwBMdQBg8uoAq3UIM6MBDwDK/w5jw6L8678zFvzTnZzCH8gfP5A6Rnjwo=</latexit><latexit sha1_base64="ncgZ4xO6z7+h3dNKW9htnH67QLw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXBD0GBfEkEcwDkiXMTjrJkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7K4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdD31m0+oNI/kgxnH6Id0IHmfM2qs1LrpSlKWd6fdYsmtuDOQZeJlpAQZat3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2b0TcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+pZ9yGScGJZsv6ieCmIhMnyc9rpAZMbaEMsXtrYQNqaLM2IgKNgRv8eVl0jireG7Fuz8vVa+yOPJwBMdQBg8uoAq3UIM6MBDwDK/w5jw6L8678zFvzTnZzCH8gfP5A6Rnjwo=</latexit><latexit sha1_base64="ncgZ4xO6z7+h3dNKW9htnH67QLw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXBD0GBfEkEcwDkiXMTjrJkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7K4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdD31m0+oNI/kgxnH6Id0IHmfM2qs1LrpSlKWd6fdYsmtuDOQZeJlpAQZat3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2b0TcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+pZ9yGScGJZsv6ieCmIhMnyc9rpAZMbaEMsXtrYQNqaLM2IgKNgRv8eVl0jireG7Fuz8vVa+yOPJwBMdQBg8uoAq3UIM6MBDwDK/w5jw6L8678zFvzTnZzCH8gfP5A6Rnjwo=</latexit><latexit sha1_base64="ncgZ4xO6z7+h3dNKW9htnH67QLw=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoMQL2FXBD0GBfEkEcwDkiXMTjrJkNnZdWZWCEt+wosHRbz6O978GyfJHjSxoKGo6qa7K4gF18Z1v53cyura+kZ+s7C1vbO7V9w/aOgoUQzrLBKRagVUo+AS64Ybga1YIQ0Dgc1gdD31m0+oNI/kgxnH6Id0IHmfM2qs1LrpSlKWd6fdYsmtuDOQZeJlpAQZat3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2b0TcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+pZ9yGScGJZsv6ieCmIhMnyc9rpAZMbaEMsXtrYQNqaLM2IgKNgRv8eVl0jireG7Fuz8vVa+yOPJwBMdQBg8uoAq3UIM6MBDwDK/w5jw6L8678zFvzTnZzCH8gfP5A6Rnjwo=</latexit>
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Figure 6: Data collapse of pull-off force vs. applied normal load, for all experiments,
with X∗ = αFn and F∗ = Fad − F0

ad. The insets represent, (top-left) the slope (α) of the
fitting curve vs. concentration (x-axis is plotted in logarithmic scale), and (right-bottom) a
representative result for p6 in NaCl 800 mM solution.
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Figure 7: Measured adhesion with time for p6 in 500 mM NaCl solution. Adhesion forces
increase by Fn in each loop, and mostly return to their initial state (at low value of Fn) for
the next loop.

magnitude of the EDL repulsive barrier for calcite surfaces in
low ionic strength solution is very small, and unlikely to explain325

the purely repulsive behavior observed under these conditions;
and 2) pull-off forces seem to 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 explained330

by a decrease in any repulsive barrier present (due to EDL or
hydrophilic repulsion), to an increase in the adhesive interaction
(van der Waals or ion correlation forces), or both.

It is suggested that water activity, which is known as the ef-
fective mole fraction of water (aw), defined by the product of335

activity coefficient (γw) times by mole fraction of water (xw) in
that solution [40], aw = γwxw, controls water adsorbtion 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 to340
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Figure 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 NaCl solution at 3 different values for Fn.
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Figure 9: Calculated DLVO for two flat, smooth calcite surfaces in NaCl solution with a
few values of ionic strength, Equation 2. It shows a higher repulsive barrier by reducing
the Debye length and its diminishing effect at low values. Dotted lines: for ψ0 = 20 mV,
and Solid lines: for ψ0 = 15 mV.

hydrated ionic species. This then affects surface water absorp-
tion 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 Rostom et al. [38] also showed that the strength of car-345

bonate rocks and the 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 low-
est values is trivial (0.95 ≤ aw ≤ 1, calculated by PHREEQC).350

The increased adhesion we observe is unlikely to be a function
of decreased water adsorption. As shown by Heuberger et al.
[78], secondary hydration forces due to compressed dehydrated
ions (”two-stage collective ion dehydration” in high salt con-
centration) might be more important in modifying the repulsive355

interaction between contacting asperities than simply water ad-
sorption directly onto the calcite surface. We propose that the
increase in pull-off force for increasing salt concentration can
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be explained by a combination of reduced repulsion (relatively
weak secondary hydration [29, 36, 78–80]) and increased at-360

traction between contacting asperities due to instantaneous ion-
ion correlation at high salt concentration [35].

The adhesive interaction energy of rough surfaces is not char-
acterized by the macroscopic, nominal area of contact (Figure
8), but rather by the actual contact area, which is a function of365

the distribution 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 asperi-
ties (see Figure 1) and surface forces are measured depending370

on the geometry, density [53, 54, 84] and height distribution of
contacting surfaces [49, 58].

For rough, inorganic surfaces, the macroscopic, effective in-
terfacial energy γmay be expressed as the sum of the product of
contact-bond strengths, β, and actual area, σ, of all contacting375

asperities that define the real surface area, both of which may
change with time (t) and applied normal load (Fn) :

γ(Fn, t) = Σiβi(Fn, t)σi(Fn, t) (3)

For purely elastic processes, the force required to separate
two adhesive surfaces will be independent of both time and ap-
plied load as long as the macroscopic surface energy on ap-380

proach equals that on retraction, γR = γA (point A to B in Fig-
ure 10). When γ is not constant (Equation 3), the measured
adhesion force will depend on the maximum applied load at the
contact and time.

Here, the contact-bond strength β will be given by the fluid385

chemistry as discussed above, while Fn determines whether a
given contact will be pushed past any repulsive barrier into ad-
hesive 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-390

off force will be a function of the applied normal load. This
is consistent with what we observe. The time dependence of
β takes into account any possible chemical strengthening of as-
perities that might result from diffusion of ions or slow chemical
reactions.395

Irreversible changes in σ can take place through nonelastic
processes 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, σ (”as-400

perity 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 Figure (7), the pull-off force
returns to the initial value when the setpoint (normal load) is405

reduced. The slow, non-monotonic change in Fad indicates that
there is no consistent flattening of asperities and increase of ac-
tual contact area with time. Therefore, we propose that the slow
changes in Fad with time may be caused by slow lateral drift or
recrystallization.410
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Fad
<latexit sha1_base64="v/ufUMnZrLkvaNFBt2cDNoMAO0Y=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURQZdFQVxWsA9oQ5hMJu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsKZ0rb9bVXW1jc2t6rbtZ3dvf164+Cwp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/elP4/UcqFYvFg54l1I3wWLCQEayN5DXqowjriYyyWy/DQZ57jabdsudAq8QpSRNKdLzG1yiISRpRoQnHSg0dO9FuhqVmhNO8NkoVTTCZ4jEdGipwRJWbzYPn6NQoAQpjaZ7QaK7+3shwpNQs8s1kEVMte4X4nzdMdXjlZkwkqaaCLA6FKUc6RkULKGCSEs1nhmAimcmKyARLTLTpqmZKcJa/vEp65y3Hbjn3F832dVlHFY7hBM7AgUtowx10oAsEUniGV3iznqwX6936WIxWrHLnCP7A+vwBUC+TgA==</latexit><latexit sha1_base64="v/ufUMnZrLkvaNFBt2cDNoMAO0Y=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURQZdFQVxWsA9oQ5hMJu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsKZ0rb9bVXW1jc2t6rbtZ3dvf164+Cwp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/elP4/UcqFYvFg54l1I3wWLCQEayN5DXqowjriYyyWy/DQZ57jabdsudAq8QpSRNKdLzG1yiISRpRoQnHSg0dO9FuhqVmhNO8NkoVTTCZ4jEdGipwRJWbzYPn6NQoAQpjaZ7QaK7+3shwpNQs8s1kEVMte4X4nzdMdXjlZkwkqaaCLA6FKUc6RkULKGCSEs1nhmAimcmKyARLTLTpqmZKcJa/vEp65y3Hbjn3F832dVlHFY7hBM7AgUtowx10oAsEUniGV3iznqwX6936WIxWrHLnCP7A+vwBUC+TgA==</latexit><latexit sha1_base64="v/ufUMnZrLkvaNFBt2cDNoMAO0Y=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURQZdFQVxWsA9oQ5hMJu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsKZ0rb9bVXW1jc2t6rbtZ3dvf164+Cwp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/elP4/UcqFYvFg54l1I3wWLCQEayN5DXqowjriYyyWy/DQZ57jabdsudAq8QpSRNKdLzG1yiISRpRoQnHSg0dO9FuhqVmhNO8NkoVTTCZ4jEdGipwRJWbzYPn6NQoAQpjaZ7QaK7+3shwpNQs8s1kEVMte4X4nzdMdXjlZkwkqaaCLA6FKUc6RkULKGCSEs1nhmAimcmKyARLTLTpqmZKcJa/vEp65y3Hbjn3F832dVlHFY7hBM7AgUtowx10oAsEUniGV3iznqwX6936WIxWrHLnCP7A+vwBUC+TgA==</latexit><latexit sha1_base64="v/ufUMnZrLkvaNFBt2cDNoMAO0Y=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURQZdFQVxWsA9oQ5hMJu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsKZ0rb9bVXW1jc2t6rbtZ3dvf164+Cwp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/elP4/UcqFYvFg54l1I3wWLCQEayN5DXqowjriYyyWy/DQZ57jabdsudAq8QpSRNKdLzG1yiISRpRoQnHSg0dO9FuhqVmhNO8NkoVTTCZ4jEdGipwRJWbzYPn6NQoAQpjaZ7QaK7+3shwpNQs8s1kEVMte4X4nzdMdXjlZkwkqaaCLA6FKUc6RkULKGCSEs1nhmAimcmKyARLTLTpqmZKcJa/vEp65y3Hbjn3F832dVlHFY7hBM7AgUtowx10oAsEUniGV3iznqwX6936WIxWrHLnCP7A+vwBUC+TgA==</latexit>

�F
<latexit sha1_base64="HvsfV7WqEmwvXIrZuXLyPV4b110=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4scyIoMuiIC4rWFuYlpJJM21oHkNyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJYJb8P1vr7Syura+Ud6sbG3v7O5V9w8erU4NZS2qhTadiFgmuGIt4CBYJzGMyEiwdjS+yf32EzOWa/UAk4T1JBkqHnNKwEnhWVcSGBmZ3U771Zpf92fAyyQoSA0VaParX92BpqlkCqgg1oaBn0AvIwY4FWxa6aaWJYSOyZCFjioime1ls8hTfOKUAY61cU8Bnqm/NzIirZ3IyE3mCe2il4v/eWEK8VUv4ypJgSk6/yhOBQaN8/vxgBtGQUwcIdRwlxXTETGEgmup4koIFk9eJo/n9cCvB/cXtcZ1UUcZHaFjdIoCdIka6A41UQtRpNEzekVvHngv3rv3MR8tecXOIfoD7/MHP2uROA==</latexit><latexit sha1_base64="HvsfV7WqEmwvXIrZuXLyPV4b110=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4scyIoMuiIC4rWFuYlpJJM21oHkNyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJYJb8P1vr7Syura+Ud6sbG3v7O5V9w8erU4NZS2qhTadiFgmuGIt4CBYJzGMyEiwdjS+yf32EzOWa/UAk4T1JBkqHnNKwEnhWVcSGBmZ3U771Zpf92fAyyQoSA0VaParX92BpqlkCqgg1oaBn0AvIwY4FWxa6aaWJYSOyZCFjioime1ls8hTfOKUAY61cU8Bnqm/NzIirZ3IyE3mCe2il4v/eWEK8VUv4ypJgSk6/yhOBQaN8/vxgBtGQUwcIdRwlxXTETGEgmup4koIFk9eJo/n9cCvB/cXtcZ1UUcZHaFjdIoCdIka6A41UQtRpNEzekVvHngv3rv3MR8tecXOIfoD7/MHP2uROA==</latexit><latexit sha1_base64="HvsfV7WqEmwvXIrZuXLyPV4b110=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4scyIoMuiIC4rWFuYlpJJM21oHkNyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJYJb8P1vr7Syura+Ud6sbG3v7O5V9w8erU4NZS2qhTadiFgmuGIt4CBYJzGMyEiwdjS+yf32EzOWa/UAk4T1JBkqHnNKwEnhWVcSGBmZ3U771Zpf92fAyyQoSA0VaParX92BpqlkCqgg1oaBn0AvIwY4FWxa6aaWJYSOyZCFjioime1ls8hTfOKUAY61cU8Bnqm/NzIirZ3IyE3mCe2il4v/eWEK8VUv4ypJgSk6/yhOBQaN8/vxgBtGQUwcIdRwlxXTETGEgmup4koIFk9eJo/n9cCvB/cXtcZ1UUcZHaFjdIoCdIka6A41UQtRpNEzekVvHngv3rv3MR8tecXOIfoD7/MHP2uROA==</latexit><latexit sha1_base64="HvsfV7WqEmwvXIrZuXLyPV4b110=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4scyIoMuiIC4rWFuYlpJJM21oHkNyRyhDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJYJb8P1vr7Syura+Ud6sbG3v7O5V9w8erU4NZS2qhTadiFgmuGIt4CBYJzGMyEiwdjS+yf32EzOWa/UAk4T1JBkqHnNKwEnhWVcSGBmZ3U771Zpf92fAyyQoSA0VaParX92BpqlkCqgg1oaBn0AvIwY4FWxa6aaWJYSOyZCFjioime1ls8hTfOKUAY61cU8Bnqm/NzIirZ3IyE3mCe2il4v/eWEK8VUv4ypJgSk6/yhOBQaN8/vxgBtGQUwcIdRwlxXTETGEgmup4koIFk9eJo/n9cCvB/cXtcZ1UUcZHaFjdIoCdIka6A41UQtRpNEzekVvHngv3rv3MR8tecXOIfoD7/MHP2uROA==</latexit>

+F
<latexit sha1_base64="3yLQWB0rd4BPC6P3oqsdIMqYgEw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSIIQpkRQZdFQVxWsLYwLSWTZtrQPIbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknSgS34PvfXmlldW19o7xZ2dre2d2r7h88Wp0aylpUC206EbFMcMVawEGwTmIYkZFg7Wh8k/vtJ2Ys1+oBJgnrSTJUPOaUgJPCs64kMDIyu532qzW/7s+Al0lQkBoq0OxXv7oDTVPJFFBBrA0DP4FeRgxwKti00k0tSwgdkyELHVVEMtvLZpGn+MQpAxxr454CPFN/b2REWjuRkZvME9pFLxf/88IU4qtexlWSAlN0/lGcCgwa5/fjATeMgpg4QqjhLiumI2IIBddSxZUQLJ68TB7P64FfD+4vao3roo4yOkLH6BQF6BI10B1qohaiSKNn9IrePPBevHfvYz5a8oqdQ/QH3ucPPE+RNg==</latexit><latexit sha1_base64="3yLQWB0rd4BPC6P3oqsdIMqYgEw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSIIQpkRQZdFQVxWsLYwLSWTZtrQPIbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknSgS34PvfXmlldW19o7xZ2dre2d2r7h88Wp0aylpUC206EbFMcMVawEGwTmIYkZFg7Wh8k/vtJ2Ys1+oBJgnrSTJUPOaUgJPCs64kMDIyu532qzW/7s+Al0lQkBoq0OxXv7oDTVPJFFBBrA0DP4FeRgxwKti00k0tSwgdkyELHVVEMtvLZpGn+MQpAxxr454CPFN/b2REWjuRkZvME9pFLxf/88IU4qtexlWSAlN0/lGcCgwa5/fjATeMgpg4QqjhLiumI2IIBddSxZUQLJ68TB7P64FfD+4vao3roo4yOkLH6BQF6BI10B1qohaiSKNn9IrePPBevHfvYz5a8oqdQ/QH3ucPPE+RNg==</latexit><latexit sha1_base64="3yLQWB0rd4BPC6P3oqsdIMqYgEw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSIIQpkRQZdFQVxWsLYwLSWTZtrQPIbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknSgS34PvfXmlldW19o7xZ2dre2d2r7h88Wp0aylpUC206EbFMcMVawEGwTmIYkZFg7Wh8k/vtJ2Ys1+oBJgnrSTJUPOaUgJPCs64kMDIyu532qzW/7s+Al0lQkBoq0OxXv7oDTVPJFFBBrA0DP4FeRgxwKti00k0tSwgdkyELHVVEMtvLZpGn+MQpAxxr454CPFN/b2REWjuRkZvME9pFLxf/88IU4qtexlWSAlN0/lGcCgwa5/fjATeMgpg4QqjhLiumI2IIBddSxZUQLJ68TB7P64FfD+4vao3roo4yOkLH6BQF6BI10B1qohaiSKNn9IrePPBevHfvYz5a8oqdQ/QH3ucPPE+RNg==</latexit><latexit sha1_base64="3yLQWB0rd4BPC6P3oqsdIMqYgEw=">AAAB8nicbVDLSgMxFM3UV62vqks3wSIIQpkRQZdFQVxWsLYwLSWTZtrQPIbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknSgS34PvfXmlldW19o7xZ2dre2d2r7h88Wp0aylpUC206EbFMcMVawEGwTmIYkZFg7Wh8k/vtJ2Ys1+oBJgnrSTJUPOaUgJPCs64kMDIyu532qzW/7s+Al0lQkBoq0OxXv7oDTVPJFFBBrA0DP4FeRgxwKti00k0tSwgdkyELHVVEMtvLZpGn+MQpAxxr454CPFN/b2REWjuRkZvME9pFLxf/88IU4qtexlWSAlN0/lGcCgwa5/fjATeMgpg4QqjhLiumI2IIBddSxZUQLJ68TB7P64FfD+4vao3roo4yOkLH6BQF6BI10B1qohaiSKNn9IrePPBevHfvYz5a8oqdQ/QH3ucPPE+RNg==</latexit>

A
<latexit sha1_base64="+XxxJm3v8cPy5/3yExA4iak2YVE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuqG5cVbC22Q8mkmTY0jyHJCGXoX7hxoYhb/8adf2OmnYW2HggczrmXnHuihDNjff/bK62srq1vlDcrW9s7u3vV/YO2UakmtEUUV7oTYUM5k7RlmeW0k2iKRcTpQzS+yf2HJ6oNU/LeThIaCjyULGYEWyc99gS2Iy2yq2m/WvPr/gxomQQFqUGBZr/61RsokgoqLeHYmG7gJzbMsLaMcDqt9FJDE0zGeEi7jkosqAmzWeIpOnHKAMVKuyctmqm/NzIsjJmIyE3mCc2il4v/ed3UxpdhxmSSWirJ/KM45cgqlJ+PBkxTYvnEEUw0c1kRGWGNiXUlVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwjO8wptnvBfv3fuYj5a8YucQ/sD7/AHM15D8</latexit><latexit sha1_base64="+XxxJm3v8cPy5/3yExA4iak2YVE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuqG5cVbC22Q8mkmTY0jyHJCGXoX7hxoYhb/8adf2OmnYW2HggczrmXnHuihDNjff/bK62srq1vlDcrW9s7u3vV/YO2UakmtEUUV7oTYUM5k7RlmeW0k2iKRcTpQzS+yf2HJ6oNU/LeThIaCjyULGYEWyc99gS2Iy2yq2m/WvPr/gxomQQFqUGBZr/61RsokgoqLeHYmG7gJzbMsLaMcDqt9FJDE0zGeEi7jkosqAmzWeIpOnHKAMVKuyctmqm/NzIsjJmIyE3mCc2il4v/ed3UxpdhxmSSWirJ/KM45cgqlJ+PBkxTYvnEEUw0c1kRGWGNiXUlVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwjO8wptnvBfv3fuYj5a8YucQ/sD7/AHM15D8</latexit><latexit sha1_base64="+XxxJm3v8cPy5/3yExA4iak2YVE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuqG5cVbC22Q8mkmTY0jyHJCGXoX7hxoYhb/8adf2OmnYW2HggczrmXnHuihDNjff/bK62srq1vlDcrW9s7u3vV/YO2UakmtEUUV7oTYUM5k7RlmeW0k2iKRcTpQzS+yf2HJ6oNU/LeThIaCjyULGYEWyc99gS2Iy2yq2m/WvPr/gxomQQFqUGBZr/61RsokgoqLeHYmG7gJzbMsLaMcDqt9FJDE0zGeEi7jkosqAmzWeIpOnHKAMVKuyctmqm/NzIsjJmIyE3mCc2il4v/ed3UxpdhxmSSWirJ/KM45cgqlJ+PBkxTYvnEEUw0c1kRGWGNiXUlVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwjO8wptnvBfv3fuYj5a8YucQ/sD7/AHM15D8</latexit><latexit sha1_base64="+XxxJm3v8cPy5/3yExA4iak2YVE=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuqG5cVbC22Q8mkmTY0jyHJCGXoX7hxoYhb/8adf2OmnYW2HggczrmXnHuihDNjff/bK62srq1vlDcrW9s7u3vV/YO2UakmtEUUV7oTYUM5k7RlmeW0k2iKRcTpQzS+yf2HJ6oNU/LeThIaCjyULGYEWyc99gS2Iy2yq2m/WvPr/gxomQQFqUGBZr/61RsokgoqLeHYmG7gJzbMsLaMcDqt9FJDE0zGeEi7jkosqAmzWeIpOnHKAMVKuyctmqm/NzIsjJmIyE3mCc2il4v/ed3UxpdhxmSSWirJ/KM45cgqlJ+PBkxTYvnEEUw0c1kRGWGNiXUlVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwjO8wptnvBfv3fuYj5a8YucQ/sD7/AHM15D8</latexit>

Fad
<latexit sha1_base64="v/ufUMnZrLkvaNFBt2cDNoMAO0Y=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURQZdFQVxWsA9oQ5hMJu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsKZ0rb9bVXW1jc2t6rbtZ3dvf164+Cwp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/elP4/UcqFYvFg54l1I3wWLCQEayN5DXqowjriYyyWy/DQZ57jabdsudAq8QpSRNKdLzG1yiISRpRoQnHSg0dO9FuhqVmhNO8NkoVTTCZ4jEdGipwRJWbzYPn6NQoAQpjaZ7QaK7+3shwpNQs8s1kEVMte4X4nzdMdXjlZkwkqaaCLA6FKUc6RkULKGCSEs1nhmAimcmKyARLTLTpqmZKcJa/vEp65y3Hbjn3F832dVlHFY7hBM7AgUtowx10oAsEUniGV3iznqwX6936WIxWrHLnCP7A+vwBUC+TgA==</latexit><latexit sha1_base64="v/ufUMnZrLkvaNFBt2cDNoMAO0Y=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURQZdFQVxWsA9oQ5hMJu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsKZ0rb9bVXW1jc2t6rbtZ3dvf164+Cwp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/elP4/UcqFYvFg54l1I3wWLCQEayN5DXqowjriYyyWy/DQZ57jabdsudAq8QpSRNKdLzG1yiISRpRoQnHSg0dO9FuhqVmhNO8NkoVTTCZ4jEdGipwRJWbzYPn6NQoAQpjaZ7QaK7+3shwpNQs8s1kEVMte4X4nzdMdXjlZkwkqaaCLA6FKUc6RkULKGCSEs1nhmAimcmKyARLTLTpqmZKcJa/vEp65y3Hbjn3F832dVlHFY7hBM7AgUtowx10oAsEUniGV3iznqwX6936WIxWrHLnCP7A+vwBUC+TgA==</latexit><latexit sha1_base64="v/ufUMnZrLkvaNFBt2cDNoMAO0Y=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURQZdFQVxWsA9oQ5hMJu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsKZ0rb9bVXW1jc2t6rbtZ3dvf164+Cwp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/elP4/UcqFYvFg54l1I3wWLCQEayN5DXqowjriYyyWy/DQZ57jabdsudAq8QpSRNKdLzG1yiISRpRoQnHSg0dO9FuhqVmhNO8NkoVTTCZ4jEdGipwRJWbzYPn6NQoAQpjaZ7QaK7+3shwpNQs8s1kEVMte4X4nzdMdXjlZkwkqaaCLA6FKUc6RkULKGCSEs1nhmAimcmKyARLTLTpqmZKcJa/vEp65y3Hbjn3F832dVlHFY7hBM7AgUtowx10oAsEUniGV3iznqwX6936WIxWrHLnCP7A+vwBUC+TgA==</latexit><latexit sha1_base64="v/ufUMnZrLkvaNFBt2cDNoMAO0Y=">AAAB+HicbVDLSsNAFL2pr1ofrbp0M1gEVyURQZdFQVxWsA9oQ5hMJu3QySTMTIQa8iVuXCji1k9x5984abPQ1gMDh3Pu5Z45fsKZ0rb9bVXW1jc2t6rbtZ3dvf164+Cwp+JUEtolMY/lwMeKciZoVzPN6SCRFEc+p31/elP4/UcqFYvFg54l1I3wWLCQEayN5DXqowjriYyyWy/DQZ57jabdsudAq8QpSRNKdLzG1yiISRpRoQnHSg0dO9FuhqVmhNO8NkoVTTCZ4jEdGipwRJWbzYPn6NQoAQpjaZ7QaK7+3shwpNQs8s1kEVMte4X4nzdMdXjlZkwkqaaCLA6FKUc6RkULKGCSEs1nhmAimcmKyARLTLTpqmZKcJa/vEp65y3Hbjn3F832dVlHFY7hBM7AgUtowx10oAsEUniGV3iznqwX6936WIxWrHLnCP7A+vwBUC+TgA==</latexit>
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Figure 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 interfa-
cial energy (γR = γA), unloading follows the same path back to A and the force measured
at separation is independent of the maximum applied load. If γR > γA, 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).

5. Conclusion

Our measurements show a significant effect of normal load
and salinity of the contacting solution on the adhesion of calcite
surfaces. We discuss the effect of roughness on pull-off force
measurements in NaCl solutions, and categorize it into mech-415

anisms responsible for 1) strengthening the contact-bonds, that
is discussed to be mostly due to the combination of weak sec-
ondary repulsion and ion-ion correlation forces along with the
applied normal stress that generate strong contact-bonds at high
salt concentration, and 2) variation in the contact area that is420

mostly attributed to the local recrystallization of single asperi-
ties in a multiple asperity system. The measured pull-off force
increases with the applied normal stress, indicating that finite
population of asperities generate the total contact area which
differs from nominal surface area of contacting surfaces. In425

agreement with [24], we measured strong repulsion in low con-
centration and CaCO3 solutions due to the hydration repulsive
forces.

Previous studies suggested that water activity was the key
parameter in the strength of calcium carbonate bearing rocks430

[10, 12, 24] and single calcite crystals in salt solutions [38].
Based on our measurements, 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 measure no435

consistent flattening of asperities, which could have been re-
lated to progressive calcite recrystallization or asperity creep.
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