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Abstract

Pressure solution of carbonate-based rocks participates in many geophysical and geochemical
processes, but fundamental knowledge of the interfacial processes is still lacking. By concurrently
pressing and sliding two single calcite crystals past each other, the pressure solution rate and the
friction force between the crystals were concurrently measured in calcium-carbonate saturated
water with an extended surface forces apparatus. These studies reveal that both a decrease and an
increase in frictional strength can originate from the pressure-solution of calcite single crystals. By
conducting nanoscale force measurements with an atomic force microscope, ion specific effects
were unveiled at the level of a single asperity. Pressure solution is promoted when the interfacial
water layers of calcite remain undisturbed under stress (e.g. with Ca(Il)) and the dissolved ions
and water lubricate the interface — a phenomenon called pressure-solution facilitated slip. The
mechanically induced disruption of the hydration layers of the calcite surface (e.g. with Mg(II)
and low Ni(II) concentration) correlates with the more fluid-like and lubricious behavior of the
confined fluid in the absence of pressure solution. Charge neutralization of the calcite surface leads
to an abrupt change of calcite’s hydration layers, which promotes pressure-solution facilitated slip.
This work advances the fundamental understanding of physicochemical interactions occurring at
confined surfaces of stressed calcite.
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1. Introduction

Pressure solution of minerals at grain boundaries is the major mechanism of ductile deformation
of the Earth’s upper crust [1], and plays a critical role in a variety of geological processes, such as
diagenesis [2] and inter-seismic fault healing [3]. Pressure solution happens because the contact
stress on mineral grains enhances the chemical potential of the stressed solid and thereby its
solubility above that of the stress-free mineral. The local increase in solubility leads to a dramatic
undersaturation of the interfacial fluid and thereby to mineral dissolution [4]. The fluid film
confined at the grain boundaries serves as a diffusion path for the transport of the dissolved mineral
toward less stressed regions nearby, where the mineral reprecipitates. Carbonate-based rocks
abound in the lithosphere and a number of studies have focused on the pressure solution of calcite,
which is the most stable crystalline polymorph of calcium carbonate [1]. These studies have been
largely focused on compaction of granular systems [5-7] and on indentation measurements on
single crystals [8, 9]. The effects of grain size, effective stress and fluid chemistry [10-12] on
crystal deformation have been investigated, but the complexity of the granular system and the high
indentation stress make it challenging to unambiguously deconvolute pressure solution from other
deformation mechanisms, including plastic deformation [5], grain boundary sliding [13] or crack
formation [9]. This limitation motivated the extension of our Surface Forces Apparatus (SFA) to
measurements on pairs of calcite single crystals [14]. This highly mechanically and thermally
stable technique measures the deformation rate of two single calcite crystals undergoing pressure
solution with ~1 nm measuring precision of the crystal thickness. The nanoscale studies revealed
how the pressure solution is influenced by the molecular composition of the calcite/fluid interface
and is sensitive to the ion concentration[ 14].

Calcite acquires a small negative charge upon exposure to water[15], as inferred from zeta
potential measurements of calcite microparticles[16]. The near-surface concentration of co-ions,
the ions with the same charge sign as the surface (CO3? and HCOys"), is thus expected to be smaller
than that of the counter-ions. The “hydration-driven” interaction of calcite with counterions relies
on the strong hydrophilicity of calcite, which leads to the adsorption of two highly ordered water
“ice-like” layers [17]. The term ice-like implies the pronounced order of the water molecules
bound to the calcite’s surface and the prominent slowdown of the diffusivity of these molecules.
Calculations of the free energy of adsorption by Kerisit and Parker [17] indicated that the outer-
sphere calcium ions (OS-Ca?* at ~4.9 A from the unconfined calcite surface) are favored compared
to the inner-sphere calcium (IS-Ca?") ions (at ~3.3 A from the calcite surface)[17]. Their
calculations also suggested that cations forming a strong bond with water can disrupt the hydration
layers of the surface and thus retain a full coordination shell once adsorbed as IS complexes on the
surface. For example, magnesium was predicted to form a more stable IS complex than calcium
due to its strong interaction with the solvent and the surface. Ricci et al.[18] also concluded that
Ca?" was present in the vicinity of the calcite surface, but weakly bound, and the tip was able to
push the cations away while scanning the surface. Their simulations also suggested that the energy
penalty to penetrate the “ice-like water layers of calcite prevented strongly hydrated ions from
directly adsorbing onto the surface. Later calculations by Raiteri et al. [19] did not found IS
complexes for Ca?* and concluded that calcium does not adsorb on the basal plane of calcite. In
agreement with this, recent computational studies and experiments have shown the lack of an
attractive potential energy well in the interaction between divalent ions and the calcite surface at
equilibrium, which explains the low coverage of the basal plane of the unconfined calcite surfaces
with counterions [15, 19, 20].



Deviations from this behavior have been reported for the “confined” calcite-solution interface,
which is of relevance during pressure solution [16]. For example, the studies by Ricci et al.
investigated adsorption of Rb™ on the calcite surface by Atomic Force Microscopy (AFM) imaging.
The adsorbed Rb* appeared to adsorb every other oxygen row along the [010] direction and the tip
had to apply a higher load to remove it [18]. This suggests a higher surface coverage compared to
the X-ray reflectivity measurements on unconfined calcite [15]. We demonstrated the enrichment
of ions at the vicinity of the confined calcite surface as well as ion specific effects using AFM
force spectroscopy. We reported that strongly hydrated Ca?" ions stay on top of calcite‘s hydration
layers even under normal stress [16]. In contrast, Na*, a less strongly hydrated metal cation, can
lose part of its hydration shell and penetrate through the hydration layers of the confined calcite
surface [21]. This leads to the distortion of the hydration layers and to slower pressure-induced
dissolution of calcite [14]. No other ion specific effects have been reported yet.

Emerging evidence suggests that the fault strength (friction) can be weakened in the presence of
reactive brines due to the dissolution and/or chemical alteration of the minerals that interact with
the fluid [22-24]. In laboratory experiments on water-saturated calcite-rich gouge, pressure
solution was observed concurrent with a reduction in friction compared to dry conditions [5]. In
contrast, reprecipitation of calcite after its pressure-induced dissolution was related to contact
healing and overall gouge compaction [25] and to an increase in the friction coefficient [6]. The
seemingly contradictory observations likely arise from the complexity of the investigated systems
and the concurrent action of multiple mechanisms. This motivated our friction force measurements
on nanosized single asperity contacts between a calcite single crystal and an oxidized silicon AFM
tip. These studies revealed three pathways of energy dissipation in aqueous environment [21, 26]:
viscous shear of a lubricious solution film at low normal stresses, like an oil film that lubricates
the gear in a motor; shear-promoted thermally-activated slip at intermediate normal stresses,
similar to dry friction but strongly influenced by the hydrated ions localized at the interface; and a
prominent decrease in friction with increasing load at sufficiently slow sliding velocities and
highest investigated normal stresses, called pressure-solution facilitated slip. It was hypothesized
that frictional weakening could result from the pressure solution of calcite and promote fault slips
and Earthquake nucleation, e.g., upon fluid injection.

The present work provides the first direct evidence for the relation between pressure solution of
calcite single crystals and their frictional characteristics. We are able to compare results at the
nanoscale (on single asperity contact, by AFM) and at contacts of ~1000 um? (representing
“macroscale” contacts between calcite surfaces, by SFA) for the first time. We confirm that the
phenomenon of pressure-solution facilitated slip also happens at macroscale contacts and provide
additional evidence for the increase in friction due to the concurrent precipitation within the contact.
Furthermore, this work expands the types of ion specific effects on the friction force through the
study of three divalent cations, Ca®*, Ni**, and Mg?" at the level of a single asperity. The range of
concentrations simulates Ca®" concentrations in nature, from ground water [27] to concentrated
brines [28]. Ni?* is a common contaminant from industrial and mining activity, and hence, present
in injected fluids, with great toxicity and some isotopes like °Ni and >’Ni exhibiting radioactivity;
and it also interacts strongly with calcite and can be incorporated into the crystal lattice [29]. Mg?*
is a major divalent cation in seawater that also incorporates into carbonate rocks [30]. lon-specific
effects on calcite’s frictional behavior and pressure solution, although originated at the molecular
level, are expected to influence the strength of mineral interfaces at geological scales.



2. Methods and materials

Calcium carbonate (purity = 99.0%, Sigma-Aldrich) was added in excess to DI water to achieve
saturation of the solution at room temperature for at least 24 hours. Nickel chloride hexahydrate,
magnesium chloride and calcium chloride (purity of three salts > 99.0%, Sigma-Aldrich) were
dissolved in solutions equilibrated with excess calcium carbonate (CaCOj;) solid, with a
concentration of 0 (no salt added), 0.1, 1, 10 and 100 mM and equilibrated for at least 1 day.
Iceland Spar calcite single crystals were employed for SFA and AFM experiments with the cleaved
calcite plane (1014) facing the solution (Figure S2). The cleaved calcite samples were first
immersed and equilibrated with calcium carbonate saturated solution for 24 h prior to the
measurements (0.515 mM CaCO; at 25 °C). All solutions were filtered with 0.22 um PTFE
hydrophilic syringe filters (Thermo Fisher Scientific) before use. Our SFA[31] was extended to
carry out interferometric measurements of the crystal thickness [14] with concurrent friction-force
measurements. An AFM (Nanowizard, JPK Instruments) located in an acoustic chamber was used
for surface force and friction force measurements on single calcite crystals using oxidized silicon
tips and silica microspheres (Figure S3-S4). The cell was covered with a membrane to prevent
evaporation during the experiment, and it was rinsed three times with new solution and re-
equilibrated for 1h every time the solution concentration was changed. The pH was measured
before the begin of the AFM experiment and compared to the expected value in equilibrium (Table
S1). More details about the experimental methods can be found in the SI Text.

3. Results
3.1 Surface Forces Apparatus (SFA) measurements of crystal thickness and friction force

A SFA was modified to perform interferometric measurements with two single calcite crystals
pressing each other at constant load L and immersed in an aqueous solution of known composition
[14]. The method provides the change in crystal thickness (AT) in real time with a precision of
+ 1 nm while the crystal dissolves and grows; see details in the SI Text and the schematics in
Figure 1A. Here, we perform interferometric coupled with friction-force measurements between
two calcite single crystals in equilibrium with water (0.515 mM CaCOs, pH 8.35). The bottom
crystal is fixed to a spring that can be moved upwards and downwards by a (normal) piezo and
deflect only in the normal direction, while the upper crystal is mounted on a spring that can be
moved sideways by a (lateral) piezo and can deflect laterally. The upper calcite crystal slides at
constant velocity V in reciprocating motion (12 um in each direction), while it rubs the bottom
crystal (V = 0) under an applied load L. The cantilever deflection in the lateral direction is used to
determine the lateral force F;, while the normal deflection of the bottom cantilever gives the
normal load; ky=1000 N/m and k;=256 N/m are the spring constants in normal and lateral
direction, respectively. The load applied ranged from 1 to 3 mN. Over the duration of one
experiment, the change in thickness AT is at most 50 nm, which leads to a change of the load of
less than 0.05 mN, i.e. to a negligible change of load. Therefore, the load was not adjusted during
the experiment. Note that the change in crystal thickness AT is perpendicular to the lateral
deflection, and hence, it does not affect the lateral force measurement. The crystals were visualized
by Scanning Electron Microscope (SEM) at the end of each experiment to determine the apparent
contact area, which ranged between 348 and 2163 um? across experiments. The average stress was
determined with the applied load and the apparent contact area.

The change in crystal thickness and friction are measured simultaneously. Figure 1B shows
representative measurements of AT with time under an applied load of 2 mN at three different
sliding velocities. The crystal thickness changes in an oscillatory fashion synchronized with the
lateral motion of the surface. This is because the interferometric measurement is performed on a



fixed spot along the optical path (diameter of ~ 2 um), but the reciprocating motion of the upper
crystal implies that the measurement of AT takes place at different locations on the upper crystal
(along the white line in bottom inset, Figure 1A). The cleavage of calcite leads to the formation of
a few terraces (Figure S2), which are responsible for the initial roughness; in the example shown
in Figure 1B, the initial variation of crystal thickness is + 2.5 nm (roughness amplitude), but it
increases to + 7.5 nm during the experiment due to local dissolution/precipitation. Roughening
was also observed under static loading in our previous experiments [14]. If the motion stops (0
um/s, black dots in Figure 1B), the oscillation vanishes because AT is measured at a fixed position
on both crystals (Figure 1A, red dot in bottom right inset). To exclude the effect of the roughness
from the pressure solution rate () we fit following expression to the experimental results:

AT =ATo+r-t+a-sin (2rV(t + ty)/d)

Eq. 1
Where ¢ is the time, g the roughness amplitude along the scan distance, d the scan distance (12
pum in these experiments) and AT, the known change of the crystal thickness at point of time ¢ at
which the velocity I/ is first applied. Figure 1E shows the pressure solution rate y determined as a

function of velocity and load. A negative rate pressure solution rate r indicates dissolution and a
positive rate indicates precipitation.
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Figure 1. SFA results for pressure solution and friction between calcite single crystals in calcium
carbonate (CaCOj;) saturated solution. A SFA schematics with lateral and normal springs,
interferometer definition and an image of the two crystals in contact taken with a CCD camera
during the measurement. B Change in crystal thickness under an applied load of 2 mN at 3 sliding
velocities and under non sliding conditions (0 pum/s). The decrease in thickness, i.e., AT<O0,
indicates dissolution. The oscillation is due to the variation of the crystal thickness along the sliding
plane (roughness amplitude, q). The slope of the linear fit gives the pressure-induced dissolution
rate. C Measured lateral force F, as a function of total sliding distance at sliding velocities from
0.002 to 0.5 um/s and an applied load of 2 mN. D Kinetic friction Ff vs. sliding velocity at normal
loads of 1, 2 and 3 mN. The error bars give the variation in friction across 7 different friction loops
at each speed. The red arrow in Figure 1D indicates the deviation of the friction force from the



logarithmic relation at low velocities under an applied load of 2mN. E Pressure-solution rate
during the friction-force measurements; 0 um/s indicates non-sliding. Initial crystal thickness =
19.544 pm.

Figure 1C displays the lateral force F; measured during the reciprocating motion of the crystal
under a load of 2 mN and at sliding velocities between 2 nm/s and 0.5 pm/s; the piezo displacement
at all velocities is 12 pm (labelled as scan distance) in each direction. Each loop gives F; while
sliding to the right and left (see dashed arrows). The initial slope of the lateral force in each
direction happens when the piezo moves and pulls the upper surface, but the two surfaces stick to
each other so that there is no motion of the upper crystal, and the spring deflects (“stiction” period).
When “sliding” starts, the kinetic friction force Fy is determined as the half of the loop width, Fj
= 1 (F] —FF). The average friction force from 7 cycles is shown in Figure 1D as a function of
the sliding velocity and load. Under a load of 1 mN, friction changes logarithmically with the
sliding velocity. Such a logarithmic trend is characteristic of a thermally activated shear assisted
slip process [32] based on Eyring’s transition state theory [33, 34]. Here, the jump frequency of
the confined liquid molecules, v, is increased by the shear stress T according to v~v *exp ( — (E,
—1¢)/kgT), where E, is the activation energy; ¢ a shear-activated volume, and v* a
characteristic frequency of water and ions. The work imposed by the shear stress on each molecule
T¢ leads to a decrease of the energy barrier and facilitates slip. This yields following expression
for the friction force Fy, [32]:

E, kgT
FL=Ag+A5n V/vo)
Eq.2
kg being the Boltzmann constant, 7' the absolute temperature, A the contact area and V/; a reference
velocity above which the thermal activation vanishes.

The dashed lines in Figure 1D show the fit of Eq. 2 to the experimental results at 1 and 2 mN. Note
that this logarithmic relation was also observed when an oxidized silicon tip slid on the surface of
a calcite crystal [21, 26]. Assuming A to be the apparent contact area, the fit of Eq. 2 to the
experimental results yields a shear activation volume ¢ of 32.4 nm?. At an applied load of 2 mN,
a decrease of friction below the logarithmic prediction (red dashed line) is observed at IV < 0.02
um/s (Figure 1D, red arrow). Hence, the fit to Eq. 2 is only possible at V > 0.02 pm/s with ¢~25.6
nm?. ¢ has been interpreted as the size of the shear units, here composed of ions (Ca?" and HCOj")
and water, moving collectively in the thin fluid film separating the two surfaces during the sliding
process. The smaller value of ¢ with load indicates the decreasing size of the shear units in the
confined fluid film, perhaps resulting from the squeeze-out of ions and water with an increase in
load. However, note that the contact area A has been assumed to be the apparent contact area, and
hence, this only provides a rough estimation of ¢, which must be considered with caution. Our
previous work [21] evaluated in detail the variation of ¢ with load for silica-calcite interfaces at
the level of a single asperity contact.

Figure 1E shows the concurrent pressure solution rate. Plastic deformation happens at applied
stresses > 1 GPa [35], which is not the case here (<10 MPa), and the elastic deformation does not
depend on the rate of deformation and thereby neither on velocity. Hence, the change in crystal
thickness cannot be attributed to elastic or plastic deformation, but only to pressure solution.
Importantly, the decrease of friction at V<0.02 pm/s and 2 mN (Figure 1D, red arrow) is concurrent



with the maximum dissolution rate of calcite measured (r = -0.053 nm/min), while the dissolution
rate at I7>0.03 um/s is negligible. It is worthy of note that the change of friction force with velocity
is reversible: the sliding velocity was first decreased, and a frictional weakening was observed;
then, the friction force increased upon an increase in velocity to the original value (see the
superposed data points at 0.1 and 0.5 um/s in Figure 1D). This excludes that the evolution of the
contact topography (e.g. due to roughening) is responsible for the observed frictional weakening.

Thermodynamics and kinetics justify that dissolution only happens at sufficiently slow sliding
velocities and high loads. The increase in chemical potential Ap with the normal stress drives the
dissolution of the stressed calcite. This is because any applied pressure on the mineral increases
its solubility (aP > a°) and leads to a dramatic undersaturation of the interfacial solution, following
Au/kgT = Voo /kgT = In(aP/a®), V,, being the molecular volume of calcite, and a® and aP the
activity of the solution in equilibrium with stress-free and stressed calcite, respectively[36]. For
dissolution to happen, the contact time needs to be larger than the dissolution time. For instance, a
pressure solution rate P~-0.053 nm/min implies the dissolution of —rPc?/V,,~0.216 formula
units of calcium carbonate per minute, where c? is the area of the unit cell of calcite (0.25 nm?).
This means that one formula unit is dissolved in At =1/(rP)~278 s at 2 mN (0,~5.74 MPa).
Taking the sliding length d=12 um, it requires a velocity slower than V.= d/At = 0.043 pym s’!
for dissolution to happen at this stress. Theoretically, sliding events at either slower velocity (to
allow longer contact times), or higher stress (to enhance the dissolution rate) should let calcite
dissolution happen while sliding. This agrees well with the observation that * < 0 at V' < 0.03
pm/s. We thus propose that the pressure-induced dissolution of calcite leads to the presence of
more ions in the confined fluid film, which re-hydrate and replenish the confined fluid film and
thus provide more efficient lubrication. This phenomenon was previously observed at a single
asperity contact between a calcite single crystal and a silicon tip and called “pressure-solution
facilitated slip” [26]. Here, we demonstrate the relation between the pressure-induced dissolution
of calcite and the frictional weakening of a macroscale calcite-calcite contact.

Ataload of 1 mN (0,~2.9 MPa), the pressure solution rates are smaller, and even positive, pointing
toward precipitation within the contact (Figure 1E). Precipitation could happen either outside of
the region measured by interferometry (white line in Figure 1A), causing a repulsion and
separation of the two calcite crystals, which would be reflected in an increase of AT, or within the
measuring region so that AT would include the thickness of the precipitate, as well. In either case,
the occurrence of precipitation (r? > 0) requires that the confined fluid film between the two
calcite crystals becomes supersaturated, at least locally. For growth to happen under an applied
pressure g, the supersaturation must fulfill & > exp (VmUn/RT) [37]. The crystal may also grow
unstressed in groves and pits if 6 > 1. Since the bulk solution is saturated with respect to calcite,
the excess of ions in the confined fluid film may stem from the previous stress-induced dissolution
of calcite, so that the dissolved mineral remains trapped in the confined fluid phase and leads to a
local supersaturation. We have not investigated the nature of the precipitate but previous works
have shown that amorphous calcium carbonate nanoparticles can grow under confinement between
glass surfaces at low calcium carbonate concentrations [38]. SFA experiments on polycrystalline
calcite films have also shown that an amorphous precipitate can form; the precipitate does not
attach to the surfaces and a repulsive force acts between the calcite films, thereby hindering
cementation [39]. In contrast, our results on calcite single crystals show that the kinetic friction
slightly increases while sliding takes place with concurrent precipitation; Figure S5 illustrates this
at two different sliding velocities. This suggests certain strengthening (cementation) of the contact
during precipitation. Perhaps the use of calcite single crystals instead of rough polycrystalline films
is the origin for the discrepancy between results, but more studies on rough surfaces are needed to



understand the more complex underlying mechanisms. Furthermore, such strengthening has not
been observed at the level of a single asperity in AFM experiments (see Figure 2), and hence, it
might be associated with the larger size and small roughness of the calcite-calcite contacts in the
SFA experiments.

Finally, when the load was increased to 3 mN (o,~ 8.6 MPa), friction increased further. Sliding
was observed at 2 and 5 nm/s with concurrent dissolution with measured rates of -0.015 nm/min
and -0.016 nm/min, respectively. At faster sliding velocities, the static friction was too high for
sliding to happen. This is because the sliding distance is limited to d=12 um in our instrument, and
hence, a friction force greater than k;d =2.4 mN is not measurable with the current setup.
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Figure 2. Friction force between calcite and an AFM tip in the intermediate-stress (ISR) and high-
stress (HSR) regimes measured as a function of load in calcium carbonate saturated solution (0
mM, black), (A) NiCl,, (B) MgCl, and (C) CaCl, solutions at a constant sliding velocity of 0.2
um/s. An average friction is obtained from 8 friction loops per investigated condition and the error
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bars show the standard deviation. The decrease in friction with increasing load reflects the
pressure-solution facilitated slip. The color scheme is consistent throughout the work: blue for
NiCl, solutions, red for MgCl, solutions and green for CaCl, solutions. The data for plot C were
taken from Ref. [26], with open access license http://creativecommons.org/licenses/by/4.0/. (D)

_ : N dF
Friction coefficient (), calculated as the slope of the friction force vs. load (u= (TLF > 0),
representing the initial increase in friction with load. The initial slope of the decrease in friction

dF
with load (dTF < 0) is shown, as well.

3.2 Influence of fluid composition on friction

The effect of the fluid chemistry on friction was investigated by AFM at the level of a single
asperity. Friction-force measurements were performed on the (1014) cleavage plane of calcite
single crystals with a (naturally oxidized) silicon tip at constant sliding velocity of 0.2 um/s.
Calcite crystals were equilibrated in CaCOj3-saturated solutions for 24 h before adding NiCl,,
CaCl, or MgCl,. Figure 2 shows representative results of the friction force as a function of normal
load in solutions of NiCl,, MgCl, and CaCl, at concentrations ranging from 0 mM to 100 mM.
Note that the good reproducibility of results in different sets of experiments (i.e., different tips and
calcite crystals) in equilibrium with water with 0 mM added salt (0.515 mM CaCO;, labeled as “0
mM?”) ensures a quantitative comparison between experiments. In the three sets of experiments
(black circles in Figures 2A-2C), friction increased with load (L) for L<20-25 nN, whereas a
prominent decrease in friction with load was observed at higher loads.

The addition of salts led to a significant change of the friction force. The addition of MgCl, (Figure
2B) significantly reduced friction and eliminated the decreasing trend of friction with load at
concentrations between 0.1 and 100 mM. CaCl, (Figure 2C) promoted pressure-solution facilitated
slip, since the load above which friction decreased with increasing load was smaller than in the
absence of added salt (0 mM, black). The addition of NiCl, (Figure 2A) led to an intermediate
behavior. First, friction decreased by increasing the concentration to 0.1 and 1 mM, and no
decrease in friction with an increase in load was detected. Increasing the concentration to 10 and
100 mM NiCl, led to an increase in friction while pressure-solution facilitated slip occurred above
a load of ~30 nN. The quasi-lineal increasing friction with load gives the friction coefficient p = d
F;/dL shown in Figure 2D and corresponding to the intermediate stress regime (ISR)[26]. The
decreasing trend of friction with normal load reflects the pressure-solution facilitated slip. Because
the tip cannot induce such a decrease in friction on a naturally oxidized silicon wafer or mica in
aqueous solution, or on calcite in ethanol, where calcite is insoluble [21, 26], this must be
associated with the pressure-induced dissolution of calcite. This happens when the load (stress) is
high enough; we will refer to this range as high stress regime (HSR, see stress in Table S2). Figure
1D also shows the initial slope of F; vs. L in the HSR (dF/dL <0).

3.3 Properties of the Confined Calcite/Solution Interface

To elucidate the origin of ion-specific and concentration-dependent effects on the friction force,
the interfacial properties of calcite were investigated via surface force measurements by AFM.
Force measurements were performed with both thermally annealed (oxidized) silicon tips and
silica microspheres approaching the (1014) cleavage plane of a calcite single crystal at a velocity
of 20 nm/s to avoid hydrodynamic effects; see details in SI text. Figure 3A-C shows representative
force-separation curves as a function of the concentration of NiCl,, MgCl, and CaCl, solutions,
and in water equilibrated with calcium carbonate (0 mM). The exponentially decaying repulsive
force dependent on ion concentration exhibits the characteristics of an electrical double layer force.
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This indicates that the concentration of ions between the two surfaces is higher than in the bulk as
a result of the attraction to the charged surfaces. The results show ion-specific and concentration-
dependent effects on the surface forces.

The force has been normalized by the radius of the tip (R) to obtain a measure of the energy per
unit area according to the Derjaguin approximation[40]. The Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory accounts for van der Waals and electrical double layer (EDL) forces
between charged surfaces in aqueous solutions and it is used to evaluate the surface force at surface
separations D Z 5 nm (i.e., long-range). Details about the model can be found in the SI Text. In
brief, the Liftshitz theory was used to estimate the Hamaker constant (H=6.95 - 102! J for calcite
vs. silica in aqueous solution). By solving the linearized Poisson-Boltzmann equation, an analytical
expression for the EDL force is obtained, which is valid for dissimilar confining surfaces having
low surface potentials (<25 mV) and mixtures of monovalent and multivalent ions. Low values for
the zeta potential of calcite and silica have been reported in this concentration range[ 16], thereby
justifying the linearization. The fits of the DLVO theory to the experimental results are shown in
Figure 3A-C by the black lines and the diffuse potential of calcite, obtained as fitting parameter,
is depicted in Figure 4A. The variability of the surface potential at 0 mM is due to the use of
different calcite crystals in each experiment.
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Figure 3. Representative surfaces forces between calcite single crystals and an AFM silica
microsphere in (A, D) NiCl,, (B, E) MgCl, and (C, F) CaCl, solutions. (A-C) Long-range surface
force and fits of the DLVO theory to the experimental results; the diffuse potential of calcite is
shown in Figure 4A. (D-F) Short-range (non-DLVO) force (D<3 nm). Steps (pointed by arrows)
indicate the presence of interfacial layers.

The repulsive force detected at 0OmM became less repulsive with an increase in NiCl, concentration



(Figure 3A). Because silicon oxide is negatively charged at the given pH of this experiment[41], a
repulsive EDL force reflects the negative charge of the calcite surface, and hence, the counterions
are the cations. The decay length of the repulsion decreased with increase in concentration and in
good agreement with the Debye length of the solutions (7.7 nm and 7.2 nm, for 0 and 0.1 mM,
respectively, Table S3). The diffuse potential of calcite became less negative in 0.1 mM NiCl,
(from ~-10.9 to ~-6.6 mV, Figure 4A) and the surface charge became fully screened in ~ 1 mM
NiCl,, as inferred from the negligible electrical double layer force. The secondary minimum (see
the negative force in the inset of Figure 3A ) results from the superposed (attractive) van der Waals
force. The less prominent minimum at 10 mM could stem from a charge reversal of both the calcite
and silica surfaces, i.e. an overscreening of the surface charge by the absorbed Ni?*. In the case of
CaCl, (Figure 3C), the EDL force became slightly stronger upon addition of 1 mM CaCl, to the
saturated calcium carbonate solution (0 mM), while the diffuse potential decreased slightly (from
-14.2 to -15.9 mV), indicating that, despite the increase in concentration, the counterions were not
able to screen the surface charge. The collapse of the EDL force was prominent in 10 mM CaCl,
(decay length=1.7 nm, Table S3) as expected from the Debye Hiickel theory, and the diffuse
potential of calcite dropped further to -3.9 mV. This behavior is qualitatively similar to that
observed in NiCl,, although a higher concentration of CaCl, is necessary to screen calcite’s surface
charge. These results are consistent with previously reported values for CaCl, [16].

The change of the EDL force with MgCl, concentration was in remarkable contrast (Figure 3B).
First, the EDL repulsion became stronger with an increase in concentration to 0.1 and 1 mM, while
a further increase to 10 mM led to a slight decrease in the repulsion. Interestingly, the diffuse
potential clearly became more negative with MgCl, concentration (from -9.5 to -18.2 mV at 0 and
0.1 mM, respectively), which points towards an exchange of the counterions in the Stern layer,
with Mg?* being much less efficient in screening the surface charge. The increase of the EDL force
at 1 mM MgCl, unambiguously reflects a more negative diffuse potential. However, the estimated
diffuse potential is very high (-50.8 + 8.8 mV), and hence, this value might not be accurate. These
results thus imply that both the affinity of Ni?" to the calcite surface and its ability to screen surface
charge are greater than for Ca?*, and even more prominent compared to Mg?" in the investigated
range of concentrations.

The surface charge of calcite was roughly estimated using the Grahame equation. Because this
equation is only rigorously valid for single surfaces, the results should be considered with caution.
As shown in Table S4, the surface charge in the absence of added salt (0 mM) is ~-2 mC/m?2, and
hence, it is one order of magnitude smaller than the reported surface charge of calcite based on X-
ray reflectivity measurements of the adsorption of Rb* (-20 mC/m?)[15]. Similar values (-1.3-6.0
mC/m?) are obtained in equilibrium with added salts, except for | mM MgCl, (-27.8 mC/m?).
However, the diffuse potential is very high in this case, which makes the Debye Hiickel
approximation and this value invalid. While our results support the small surface charge of calcite
in aqueous solution, the smaller values compared to ref. [15] might reflect certain charge regulation
happening when the two surfaces approach each other [42], which does not occur on single
surfaces.

The short-range (non-DLVO) surface force (D <3 nm) exhibits steps or discontinuities (see
arrows in Figure 3D-F). These steps are reminiscent of the oscillatory component of the hydration
(non-DLVO) force between two smooth surfaces and it reflects that the water molecules and
hydrated ions arrange in layers at the interface with the calcite surface [43, 44]. The steps happen
when the AFM tip is approached toward the surface and jumps from one to the next layer.



3.4  Analysis of interfacial structure and energetics

The step size A = D, — D¢ (D, and D are the tip-calcite separation before and after the jump, as
the tip approaches the surface) gives an estimate of the size of the molecules constituting this
interfacial layer and is labeled as “layer thickness” in the following. A Gaussian distribution was
fit to at least 200 steps per condition to determine the mean layer thickness and its frequency,
which are shown in Figure 4B in a bubble chart as a function of salt concentration. The size of the
bubble is proportional to the number of steps detected in the corresponding group, and hence, it
represents the abundance of the layer. The classification of the interfacial structure is based on
previous X-ray reflectivity measurements [45]: (i) A~ 2-3 A is attributed to hydration layers (gray
background in Fig. 4B); (ii) layers with A~3-4 A are composed of ions of low hydration state, i.e.
smaller hydration shell, so-called inner-sphere (IS) counterions; (iii) and layers with A = 4 A are
composed of more hydrated ions, so-called outer-sphere (OS) counterions. The force (F) required
to probe these molecular layers with the tip reflects the strength of the interaction of water and
ions with the calcite surface; molecules with stronger binding energy will require larger F values.
Figures. 4C-E summarize the average force F as a function of layer thickness A. Note that the
experiments were carried out with different tips, which affects the magnitude of the force. For
example, the higher force in Figure 4E compared to Figures 4C-D arise from the use of a different
tip. This is why we compare only results taken with the same tip in each plot.
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Figure 4. Diffuse potential and interfacial structure. (A) Diffuse potential of calcite in each
solution. The variability of the surface potential at 0 mM (calcium carbonate saturated solution) is
due to the use of different calcite single crystals in each experiment. At least 10 force curves are
fit to obtain the diffuse potential per condition and the error bar is shown as the standard variation.
The Debye length and the surface charge of silica are shown in Tables S3 and S5, respectively.
(B) Bubble chart with the average thickness (A) of the resolved layers and the standard deviation
(error bar), at least from 200 force curves per condition; gray background represents interfacial



layers closest to the calcite surface. The size of the bubble is proportional to the number of steps
detected in the corresponding group, and hence, it represents the abundance or frequency of the
layer. (C-E) Bubble diagram of the average force and the layer thickness obtained from the analysis
of the hydration force in CaCOs-saturated solution (0 mM, black), (C) NiCl,, (D) MgCl, and (E)
CaCl, solutions. (F) Conceptual picture of the confined fluid either with enrichment of Ca?* or of
Mg?* ions during friction-force measurements.

In equilibrium with water (0 mM), calcite is negatively charged, and Ca*" and hydronium are the
counter-ions. In addition to the interfacial water layers (A~2.7 A in Figure 4B, black), layers with
size A~3.5 and 4.3 A (likely I1S-Ca?*) and a small number of layers with A~5.7 A (OS-Ca?*, see
the small size of the bubble) are detected in this system [16]. The layer thickness with highest
frequency (largest bubble in Figure 4B) is A~2.7 A, corresponding to interfacial water layers. The
force applied to probe the interfacial structure decreases with an increasing A; for instance, in
Figure 4C, F~0.47, 0.33 and 0.26 nN for A~2.7, 3.5 and 4.3 A, respectively.

Upon the addition of 0.1 mM NiCl,, only hydration layers with A~2.53+0.78 A were detected,
likely a mixture of water and IS-Ni**, considering the large standard deviation. Ni exhibits the
smallest hydration shell among the 3 cations (hydration shell diameter in the bulk, d~4.08 A) and
highest hydration enthalpy. This, along with the results in Figure 4A, suggests a higher population
of Ni?* located closer to the surface than Ca?* and screening the surface charge more efficiently,
perhaps due to the smaller size of the hydrated complexes. In 1 mM NiCl, solutions, layers with
OS-Ni?* are detected (4.25 and 5.29 A) but their frequency is still smaller than that of the interfacial
water layers (2.93 £0.76 A); note that surface neutralization is already attained at this concentration.
The layer closest to the surface exhibits a larger size compared to 0.1 mM, which suggests that
more Ni?" ions might accumulate closer to the surface and provide screening. In solutions with 10
mM NiCl,, there is a drastic change of the interfacial structure; see the prominent decrease of the
layer thickness probed closest to the surface to 2.28+0.56 A and less OS-complexes. Force
measurements at 10 mM support a charge reversal, as described earlier, and hence, it is possible
that anions (HCOj5-, Cl") are now present at the vicinity of the calcite surface.

The distribution of interfacial layers in CaCl, solutions reveals that hydration layers (2.67+0.23
and 2.77+0.23 A at 1 and 10 mM, respectively) are located closest to the calcite surface, followed
by the population of layers rich in I1S-Ca2?* (3.43+0.27 and 3.54+0.29 A) and OS-Ca?* (>4.49 A).
Note that more layers are resolved for Ca?" compared to Ni**, which is attributed to the more
negative diffuse potential, and hence, to the lesser efficiency in screening the surface charge by
Ca?" compared to Ni**. The size of the hydration layers could suggest the presence of some IS-
Ca?" but the amount is smaller than for Ni?* at the same concentrations, and hence, overall, Ca*"
is located further away from the surface. Note that the relation F vs. A follows a clear decreasing
trend with increasing A at the investigated concentrations, like in the case of NiCl, (cf. Figure 4C
and 4E). This reflects the thermodynamically structured solid/liquid interface under confinement,
i.e., that more hydrated ions are located further away from the confined surface.

The size of the interfacial layers closest to the surface in MgCl, (A~2.95+0.16, and 2.91+£0.45 A
at 0.1, and 1 mM, respectively) also supports the presence of IS-Mg?*. However, the smaller bubble
size compared to CaCl, and NiCl, indicates that Mg?* significantly disturbs interfacial hydration
layers. This has been proposed before based on molecular dynamic (MD) simulations (18). In
addition, there is no clear relation between A and F; F lies in the range 0.37-0.68 mN/m (Figure
4D). All this suggests that the structure of the confined interface is significantly disturbed in MgCl,
brines, in contrast to the results in water, NiCl, and CaCl, solutions. Although the origin for the



large magnitude of the negative diffuse potential (Figure 4A) is still unknown, the large value
suggests that the surface-adsorbed IS-Mg?" cannot screen the surface charge as efficiently as Ni**
and Ca?*, and hence, it is consistent with the small size of the bubble corresponding to the layers
located closest to the surface. Furthermore, this implies that more (mobile) Mg?* counterions are
needed further away from the surface to screen the diffuse potential, which justifies the much
larger number of layers either rich in IS-Mg?* (3.86+0.18, 3.74+0.4 and 3.31£0.47 A), OS-Mg2*
(4.44+£0.32, 4.49+0.34 and 4.40+0.30 A), and more hydrated OS-Mg?* (A~5.64+0.49, 5.67+0.08
and 5.14+0.27 A), at 0.1, 1 and 10 mM, respectively, compared to the other brines. Table S6 in the
SI summarizes the percentage of force curves that were measured over an area of 1 pm x 1 pm (a)
with steps and (b) with steps larger than A~3 A, which represents layers of hydrated ions in the
confined films. In fact, the latter is significantly higher for Mg?* (>83%, except at ImM) than for
Ni?* (<60%) and Ca?* (<67%).

4. Discussion

Our measurements using the extended SFA provide a direct evidence for the relation between
pressure-induced dissolution and frictional weakening of large contacts between calcite single
crystals. This decrease in friction is also observed at nanoscale contacts between calcite and a
naturally oxidized silicon tip as a result of calcite dissolution. The cartoon in Figure 4F (top)
represents the proposed mechanism for pressure-solution facilitated slip. The surface-near
concentration of counterions is much higher in the confined fluid film than the nominal brine
concentration, which is due to the close proximity of the two (weakly) charged surfaces [40]. At
the small pressures applied in SFA experiments (<10 MPa), multiple layers of ions and water
remain confined between the two surfaces. At the high pressures of the AFM experiments (Table
S2), only the most strongly adsorbed ions might remain in the contact. When the pressure solution
is triggered, the contact is enriched with freshly dissolved calcium and carbonate ions. The
confined fluid film thus becomes more lubricious with an increase in the population of dissolved
and rehydrated ions. This is reminiscent of a phenomenon called hydration lubrication[46], which
postulates that water molecules are retained between the confining surfaces forming part of the
hydration shell of the ions, so they can maintain their high fluidity like in the bulk solution. This
makes the confined films more lubricious than just pure water.

In addition to the pressure-solution facilitated slip, our SFA experiments show that the kinetic
friction can also increase upon sliding due to the concurrent precipitation of calcite within the
contact; a phenomenon that is not observed at single-asperity contacts in AFM experiments. The
presence of a trapped fluid film in a larger contact thus enables precipitation within the contact
(Figure 1D), which is associated with the strengthening (or cementation) of the contact and the
increase in the friction coefficient.

Note that local variations in dissolution and precipitation are possible within large calcite-calcite
contacts. This can lead to an increase in roughness over time, as shown in Figure 1B, and to a
distribution of “true” contact pressures that, in turn, affects these local dissolution and precipitation
processes. Such complexity is not captured in our measurements, since only a local
(interferometric) measurement of the crystal thickness is possible. This is related to the friction
force, which reflects the overall lubrication of the contact. Despite this, the relation proposed
between the dissolution/precipitation rates and the friction force is evident, perhaps because such
complexity is minimized on calcite single crystals with freshly cleaved surfaces. However, insight
into how the influence of the local processes influences the friction force is still needed.



Previous studies of calcite-rich fault gouge have reported friction coefficients ~0.7 for dry contacts
and ~0.6 under water saturated conditions [5]. We note that significantly lower friction coefficients
are measured by AFM (0.005-0.025), while SFA experiments give values (0.3-0.4, Figure S6)
comparable to fault gouge. There are multiple reasons for the discrepancy between the two
methods. In the case of multi-asperity contacts, like in the SFA after roughening happens, asperity
interlocking during sliding as well as asperity fracture and the described cementation can cause a
significant increase in friction that is excluded in single asperity contacts [47-50], like in our AFM
experiments. The relevance of ion-specific effects at the macroscale still needs to be investigated.

Our AFM measurements in the three salt solutions demonstrate that ion-specific and
concentration-dependent mechanisms influence the friction between the tip and calcite (Figure 2),
which we associate to the change of the interfacial composition. Ion-specific effects on solid/liquid
interfacial properties are often attributed to the hydration characteristics of counter-ions: here, Ca?*
has a smaller hydration enthalpy than Mg?* and Ni?* (1577 kJ/mol vs. 1921 kJ/mol and 2105 kJ/mol,
respectively [51]), and the radius of their respective first hydration shell extends to 3.5, 2.5 and
2.04 A, respectively, as obtained from molecular dynamics for Mg?* and Ni2* [17] and extended
X-ray absorption fine structure spectroscopy and DFT for Ni?* [52]. However, the proximity of a
surface can prevent metal cations from having a complete hydration shell due to the competition
between surface and the counter-ions for water [17]. The short-range (non-DLVO) forces indicate
that interfacial water layers are not disturbed by IS-Ca and OS-Ca complexes in CaCl, solutions,

in agreement with our previous work [16, 21]. This is consistent with the visualization of the
calcite-solution interface by AFM (Ricci et al., 2013), displaying the strongly hydrated calcium
ions staying on top of calcite's hydration layers, also under the applied pressure with an AFM tip.

The decrease of the friction coefficient mediated by MgCl, is prominent and in remarkable contrast
to the results for CaCl, (Figure 2D), while the corresponding interfacial structure is consistent with
the distortion of the interfacial water layers. MD simulations (18) have showed that Mg?" is able
to bind water molecules from the surface to retain a full hydration shell. The stronger attraction of
Mg?* to the surface and the disruption of the interfacial water layers should favor the formation of
an IS-Mg complex (size ~3.2 A). Nevertheless, the large diffuse potential suggests that few
counterions adsorb to calcite and screen the surface charge. This yield multiple layers of
counterions close to the calcite surface (Figure 4B) and the presence of the hydrated ions decreases
friction and favors hydration lubrication, in the same fashion as described earlier. Interestingly,
the decrease in friction with an increase in load is not clearly observed in MgCl, solutions, which
leads us to speculate about the need of interfacial water layers for pressure-solution facilitated slip
to happen (Figure 4F). Note that the friction force at OmM drastically decreases when the load
exceeds ~ 20 nN and becomes smaller than that in MgCl, at the same load. It is possible that the
interfacial structure after pressure-solution is more lubricious than the (hydrated) Mg?* ions.
However, this is speculative at this point and it requires further investigation.

The results for NiCl, are intriguing. Ni*>* has the highest hydration energy, and hence, a surface-
induced dehydration of these cations is not likely. Ni**, because of its smaller size and higher
charge density could be more strongly bound to the negatively charged surface, and hence, a
distortion of the interfacial water layers by Ni** could be possible; perhaps a distinction between
water and IS-Ni is not possible due to their similar size. Note that this could happen at
concentrations of 0.1 and 1 mM NiCl,, while friction notably decreases, in a similar fashion as in
MgCl, solutions. However, upon charge reversal at the concentration of 10 mM, friction increases,
pressure solution facilitated slip is observed, and the interfacial structure undergoes also a



prominent change (Figure 4b). We hypothesize that this is related to the inclusion of Ni into calcite,
which leads to a different population of counter-, co-ions and more water close to the calcite’s
surface. Incorporation of Ni?" into the calcite lattice is promoted at smaller concentrations
compared to Mg?*[53], which is consistent with this hypothesis, since charge neutralization of the
calcite surface was not observed in MgCl, solutions. DFT simulations also show that the surface
becomes more hydrophilic upon incorporation of Ni?* into the lattice, which supports the presence
of hydration water layers at 10 mM NiCl, [53].

We note that the coverage of (single) calcium surfaces with Rb*[15], Ca?'[19], and other divalent
cations [19] has been reported to be small. For example, modeling the X-ray reflectivity data led
to only ~ 1 Rb* per every 40 unit cells. The number of layers detected with the AFM tip in the
examined calcite crystals suggests a higher surface coverage. We do believe that a quantitative
comparison to the reported surface coverage of unconfined calcite is not possible because the AFM
tip probes the structure of the confined film between tip and calcite (~3 nm thick), and such
confinement can enhance the number of trapped ions. Furthermore, recent comprehensive
simulations and surface X-ray diffraction measurements [20] have demonstrated that Mg?* does
not adsorb on the basal plane of calcite, neither on the first nor second hydration layer. The
deviation of these results from those by Kerisit and Parker[17] is attributed to the deficiencies in
the force field (29). Hence, it is possible that we have not interpreted our results correctly and Mg?*
does not disturb the hydration layers. However, caution is needed when comparing our results to
the behavior of the unconfined calcite/solution interface, because the confinement provided by the
tip and the applied pressure have a deniable influence on the properties of the confined fluid, and
therefore, we believe that differences between the unconfined and confined calcite/solution
interface are possible.

While our picture for the interfacial structure appears to explain well friction and the onset of
pressure solution facilitated slip, it is also well-known that the dissolution rate of calcite is affected
by the pH of the solution [54]. In particular, a decrease of the dissolution rate of calcite has been
reported above a pH of ~8 [55] and with an increase in pH from 7 to 9 [56]. This might be because
the dissolution of calcite is mediated by hydronium ions, which simultaneously hydrolyze calcium-
carbonate bonds and rapidly transfer a proton to fully hydrate calcite [55]. Table S1 shows the pH
of the investigated solutions equilibrated with calcite, both measured prior to the AFM experiments
and calculated by MINTEQ. There is a slight decrease in pH with an increase in concentration in
CaCl, and NiCl, brines (from 8.35 to 7.54 and from 8.18 to 7.90, respectively), which is consistent
with the promoted pressure solution in CaCl, brines and at high NiCl, concentrations; while MgCl,
brines have the highest pH values (from 8.18 to 8.39). We do not know the pH and speciation in
the confined fluid film that mediate the pressure solution of calcite under the tip. However, we
cannot exclude that they are related to the bulk pH and speciation, and affect the solubility of the
stressed calcite, thereby contributing to the pressure solution rate, as well. Similarly, the
incorporation of metal cations into the crystal lattice could affect the pressure solution of calcite;
this is currently under investigation.

5. Conclusion

This work directly studies the relation between pressure solution of calcite and the frictional
strength of calcite-calcite contacts using an extended SFA with calcite single crystals for the first
time. Note that previous studies had hypothesized a relation between pressure solution of calcite
and friction based on AFM friction measurements [21, 26]. However, the SFA experiments



presented here not only provide the first direct evidence of this relation, but also expand further
the current knowledge. Previous studies by SFA have shown the pressure-induced dissolution of
polycrystalline calcite films[57] and freshly cleaved calcite single crystals [14], the resulting
roughening of the contact and a repulsion acting between the surfaces, related to calcite hydration,
roughness [57] and/or precipitation [39]. The present work reveals both weakening and
strengthening of the frictional strength of the contact between calcite single crystals due to pressure
solution in calcium-carbonate saturated water. In addition, our AFM experiments show that the
friction coefficient of calcite at the level of a single-asperity contact is strongly dependent on the
interfacial composition. While previous studies had investigated the effects of NaCl and CaCl,,
the influence of three divalent cations has been compared here, which has revealed new underlying
mechanisms. As previously reported, interfacial water layers of calcite remain undisturbed in the
presence of Ca(II), where pressure solution is enhanced and the dissolved ions lubricate the surface
to reduce the friction coefficient. In contrast, Mg(Il) and low concentrations of Ni(II) disrupt the
ice-like hydration structure of the calcite surface forming more fluid-like layers, which cause a
prominent decrease in the friction coefficient. Pressure-solution facilitated slip is also promoted
through the neutralization of the charge of the calcite surface (e.g. at high Ni(II) concentration)
due to the modification of calcite’s hydration layers.

Down to several km depth in the subsurface, nanometer thin water films are also maintained
between contacting mineral surfaces while they sustain the overburden pressure. Although the
investigated systems by SFA and AFM are oversimplified compared to rock interfaces at faults,
this simplification facilitates the understanding of microscopic mechanisms that can be
extrapolated to geological scales. Most induced seismicity in the Midwestern US has been
attributed to the disposal of large volumes of coproduced wastewater from oil and gas extraction
[58], which are brines of high salinity. The effect of water on seismic activities is generally
attributed to a reduction in effective normal stress, hydrothermal alteration, and precipitation of
different minerals at fault planes [22, 59]. The nanoscale insight provided by our experiments
demonstrates that pressure solution can not only cause cementation but also lead to a significant
weakening of the fault strength of single-asperity contacts. Our findings also call for a re-
assessment of the treatment of coproduced water before injection, since the frictional weakening
strongly depends on the fluid composition. The complexity of the natural interfaces, with pits and
grooves, could lead to additional contributions to the fault strength, such as interlocking asperities
between rough surfaces and the increase in true contact area due to pressure solution, which we
have not considered yet. Ongoing studies of the effect of calcite’s roughness on the friction
coefficient will further help extrapolate our results to macroscale fault dynamics.
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