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Abstract
We study tribological granite–granite contacts as a model for tectonic faulting, combining experi-
ments, theory, and molecular dynamics simulations. The high friction in this system is not domin-
ated by particulate wear or plowing, as frequently assumed, but by cold welding within plastically
deformed asperity junctions. We base this conclusion on the observation that wear is repeatedly
high after cleaning contacts but decreases as gouge accumulates, while friction shows the oppos-
ite trend. Moreover, adding water reduces wear by a factor of ten but barely decreases friction.
Thermal and rate-dependent effects—central to most earthquake models—are negligible: fric-
tion remains unchanged between−40◦C and 20◦C, across abrupt velocity steps, and after hours
of stationary contact. The absence of rate–state effects in our macroscopic samples is rationalized
by the scale-dependence of pre-slip. The evolution of surface topography shows that quartz grains
become locally smooth, with height spectra isotropic for wavelength below 10 microns but aniso-
tropic at longer wavelengths, similar to natural faults. The resulting gouge particles have the usual
characteristic sizes near 100 nm. Molecular dynamics simulations of a rigid, amorphous silica tip
sliding on α-quartz reproduce not only similar friction coefficients near unity but also other exper-
imentally observed features, including stress-introduced transitions to phases observed in post-
mortem faults, as well as theoretical estimates of local flash temperatures. Additionally, they reveal
a marked decrease of interfacial shear strength above 600◦C.

1. Introduction

Friction between rock surfaces controls the stability of faults and thereby the dynamics of earthquakes
and slow-slip events [1–3]. Despite decades of laboratory and field studies, the dominant micro-
scopic origin of rock friction remains uncertain: whether resistance to sliding is governed primar-
ily by plastic deformation [4, 5], adhesion [6, 7], or particulate wear at asperity junctions [8] is still
debated. Understanding these mechanisms is essential for linking phenomenological descriptions—such
as rate-and-state friction laws [9, 10]—to the atomic and microscale physics that ultimately control fault
strength.

Granite, a dominant constituent of the continental crust, provides a natural model system for study-
ing these processes under controlled laboratory conditions. Previous experiments on granite have mostly
been performed at very high nominal pressures, typically of order 100MPa [11, 12], conditions repres-
entative of deep crustal faults. Such studies have yielded valuable constraints on macroscopic friction
laws but leave open how interfacial bonding, wear, and plasticity at the asperity scale act together across
the scales to produce friction.
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At the same time, a growing body of work has revealed that the physics of friction and wear at min-
eral contacts [4, 6], or more generally, tetrahedrally coordinated solids [7, 13–15], differs markedly
from that of metallic or polymeric systems. Silicate interfaces, in particular, can sustain large nor-
mal stresses [7, 16, 17] and develop interfacial bonds that persist over geological timescales. Under
shear, these contacts undergo plastic flow, local amorphization [18], and nanometer-scale wear, pro-
ducing debris that evolves into the gouge layers ubiquitous along mature faults [19]. Yet it remains
unclear whether the high friction observed in rocks arises mainly from the plowing and abrasion of
these particles, or from the intrinsic strength of plastically deformed, cold-welded asperity junctions.
Addressing this question requires experiments, including simulations, that isolate the elementary mech-
anisms under controlled conditions and theories that link the microscopic and macroscopic observations.

Linking microscopic and macroscopic observations also allows one to address the question of to
what degree the large discrepancy between the static and kinetic friction coefficients observed at small
scales can be reduced at larger scales. To understand this, first note that contact between two solids
objects usually strengthen during stationary contact, e.g. due to an increase in the contact area (due to
slow thermally activated processes, creep), or due to formation of strong bonds across the interface, e.g.
Si–O–Si bonds for silica in contact with silica, which is also a thermally activated process. For elastic
solids, if the elastic modulus is small or the solids have large nominal contact area, when an external
shear force is applied the asperity contact regions may break at different times and if this pre-slip result
in breaking of all the contact regions before full slip occur, then the effective static friction coefficient
equal the kinetic friction coefficient. Stated differently, if all the contact have been broken (and renewed)
when the applied force approach the kinetic friction force Fk = µkFN, then the static or breakloose fric-
tion force equal the kinetic friction force. (Note: we prefer the notation ‘breakloose friction force’ rather
than the ‘static friction force’ as many scientists associate with it a well defined quantity, while in fact
it depends on how the external forces are applied and on the sliding history. Thus, static friction coeffi-
cients are often tabulated without stating how they were obtained).

It must be kept in mind that the roughness of fault lines spans from nanometers, the scale of
atomic-force microscopy experiments, to kilometers [20]. Hence, for large enough length scale, the
breakloose friction force will equal the kinetic friction force. This pre-slip effect has been studied for a
1D model [21], which can be considered as an extension of the Burridge–Knopoff model [22], where
the driving force is applied on one of the elastic block. However, pre-slip will also occur in more real-
istic situations [23], and is supported by several experiments where ∆µ= µs −µk ≈ 0 in spite of the fact
that a strong strengthening of the contact occurs during the time of stationary contact. Thus it has been
observed in rubber friction experiments that ∆µ≈ 0, although the true contact area continues to grow
over time due to viscoelastic relaxation [24–26]. In the context of earthquakes, McClimon et al [27] have
shown that for nanoscale silica–silica (amorphous SiO2) contacts, ∆µ/µk can be very large, on the order
of ≈4. However, in macroscopic contact experiments on granite, which consists mainly of quartz (crys-
talline SiO2), ∆µ/µk is very small, typically 0.01–0.03, and in the study presented below we observe no
difference between the breakloose friction force and the kinetic friction force. In another study Li et al
[28] observed that for silica–silica contacts ∆µ/µk ≈ 3 at the nanoscale and ∆µ/µk ≈ 0.03 at the mil-
limeter length scale. In a related hard-matter contact, the ratio µs/µk was close to two at loads small
enough to have contact merely in a single asperity, but approached unity with increasing loads [29].
This load-dependency is also predicted by the model in [21]. We do note, however, that the study
in [30] shows that the friction dynamics at meter-scale is nearly the same as at cm-scale [30]. In this
study a thick gauge separated the surfaces and the slip was localized to micrometer-sized shear bands in
the gauge.

In this work, we aim to present a meaningful link between microscopic and macroscopic friction
and wear of rocks. To this end, we conduct experiments and molecular dynamics simulations on silicate
materials. The results are connected and interpreted using advanced contact-mechanics theories [31–33]
for randomly rough surfaces, which have successfully passed systematic tests [34, 35] by numerically rig-
orous methods—unlike the still-popular bearing-area models, which fail such tests because they ignore
long-range elastic deformation [36, 37]. The experiments are conducted using granite as the primary
model system for rock [2, 38–41]. They allow us to correlate friction and wear and to scrutinize the
importance of the produced gouge, by repeatedly removing it from the contact. The microscopic inter-
pretations of the experiments are assessed in molecular dynamics simulations, which enable the measure-
ment of local stresses as a function of temperature and sliding velocity with nanometer-scale resolution.
Here, we focus on contacts between a hard, adhesive indenter and quartz, the load-bearing constituent
of granite. Finally, the results are interpreted using Persson’s contact-mechanics theory as well as a con-
tinuum variant [21] of the Burridge–Knopoff model [22].
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Figure 1. Low-temperature linear friction slider used for the experiments. The instrument allows precise control of temperature
(−40◦C to+20◦C), sliding speed (1µms−1 to 1cms−1), and normal load (250–1000N).

2. Methods

2.1. Experimental methods
We have performed friction measurements using our low-temperature linear friction slider shown in
figure 1. With the present set-up we can vary the temperature from T=−40◦C to +20◦C and the slid-
ing speed from v= 1µms−1 to 1cms−1. The normal load can be changed from ≈250N to 1000N by
adding calibrated masses on top of the force sensor. Most experiments were performed in the normal
atmosphere during a ∼1month time period. The air humidity was not controlled and may have differed
on different days. The experiments reported on in figure 9 and 10 were performed in a closed chamber
containing humidity absorbing salt where the relative humidity was ≈0.2.

The force sensor has a resolution (sensitivity) of about 1N. The friction results presented below are
very reproducible. This can be seen in, e.g. figure 8 where the lines for the 100-runs consist of 100 data
points, where each data point is the average of the friction force during once sliding cycle (40cm sliding
distance). Note that the fluctuations (noise) in the lines are extremely small.

A granite block with the square cross-section area A0 = 4cm× 4cm is glued to an aluminum plate,
which gets attached to the force cell (see figure 1). The granite specimen can move vertically with the
carriage to adapt to the substrate profile. The substrate is also a granite block approximately 10cm wide
and 30cm long. Both the sliding block and the substrate are 3cm thick. The substrate sample is attached
to the machine table, which is moved by a servo drive via a gearbox in a translational manner.

We control the relative velocity between the granite specimen and the substrate sample, while the
force cell acquires the normal and friction forces. During each run the substrate is displaced 20cm for-
ward and 20cm backward to return to the initial position.

The friction slider collects forces at a frequency of 10Hz. Thus, as we increase the sliding speed from
0 to 1µms−1, the first friction data are obtained at a sliding distance of 0.1µm at that sliding velocity.
The theory in section 4.1 finds in agreement with established [42] and more recent [43] experimental
work that the diameter of typical meso-scale contact regions is of order 10µm; hence, the static-friction
peak occurring within sliding distances of that magnitude can be resolved up to sliding velocities of v=
100µms−1.

The wear rate was determined from the mass m of the granite wear particles produced after a given
sliding period. Our experiments show that the wear mass m is proportional to the normal force FN and
to the sliding distance L when sliding on clean surfaces (no wear particles), and we will give the wear
rate as kw =m/FNL. This is consistent with the Archard wear equation [44]. The wear particles were
transferred by a soft brush from the granite surface to a paper surface of known mass, and the total
mass was measured using a Mettler Toledo analytical balance (model MS104TS/00) with a sensitivity
of 0.1mg. Two main protocols were used: a 1-run, where particles were removed after each 0.4m sliding
cycle, and a 100-run, where particles were removed after 100 cycles (40m total). However, other n-runs
were also conducted.

The surface roughness of the granite samples was measured using a Mitutoyo Surftest SJ-410 pro-
filometer equipped with a diamond tip of radius R= 1µm and a tip–substrate force FN = 0.75mN.
Measurements were taken with a step length of 0.5µm, scan length L= 25mm, and tip speed v=
50µms−1. The size and morphology of the wear particles were studied using a JEOL scanning electron
microscope (SEM).

Experiments involving corundum-coated paper and fabric were used as references to compare the
relative hardness and wear behavior of the constituent minerals. Their linescans are shown in figure 2.
Corundum (aluminum oxide) is a very hard mineral with a penetration hardness σP ∼ 30GPa and a
Mohs hardness κ≈ 9 compared to the main constituent of granite, which is silica with σP ∼ 15GPa,
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Figure 2. The surface height topography of the corundum abrasive paper and fabric.

Figure 3. Granite consist of several minerals but the largest fractions are quartz and feldspar. Our granite looks visually similar to
granite whose composition has been studied in detail, with≈72% quartz and≈15% feldspar.

κ≈ 7. Feldspar, another constituent of granite, is even softer with σP ≲ 3GPa, κ≈ 6. Figure 3 shows
optical images of granite and its two main constituents.

2.2. Molecular dynamics simulations
Molecular dynamics simulations were conducted to substantiate claims made in the experimental part of
the work with a particular focus on non-flooded contacts. To this end, the force-field proposed by van
Beest, Kramer, and van Santen (BKS) was used [45]. Owing to its simple form, the potential is computa-
tionally cheap and allows for the simulation of relatively large systems. At the same time, it has success-
fully reproduced the properties of liquid [46, 47], amorphous [46, 48] and crystalline [49] silica alike,
including pressure-induced amorphization [50] and crystal-crystal phase transformations of quartz [51].
In some cases, parts of the simulations were conducted or repeated with ReaxFF [52] parameterized for
silica by Noaki et al [53]. This allowed us, among other things, to ensure that the trends observed in the
simulation were not exclusive to BKS. However, this could only be done selectively, as the simulations
run about a factor 10 times more slowly with ReaxFF than with BKS.

While a thin contamination or water layer may exist in non-flooded contacts, high pressures will
squeeze them out rapidly and siloxane (Si–O–Si) bridges have been argued to occur over time even in
the presence of extra water [7, 27]. Although the squeeze-out might not be complete at the high simula-
tion sliding velocities of 0.1–10m s−1, we expect them to be complete at the lower experimental velocit-
ies, which we attempt to target with our simulation.

Our set-up consists of an initially fully crystalline substrate (α-quartz) and a rigid amorphous
indenter made of silica. The dimensions of the substrate at room temperature are 39.69× 2.58×
13.42 nm in x, y, and z directions, respectively. Periodic boundary conditions are employed in the xy
plane. All atoms within the substrate interact via the BKS potential. The atoms in the six bottom layers,
i.e. two layers of silicon and four of oxygen atoms, are confined to their crystallographic positions in the
in-plane directions and coupled with a spring of stiffness k= 0.5Nm−1 to their ideal lattice sites in the
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normal direction. The coupling constitutes a compromise between zero strain and constant stress condi-
tions at the lower surface. The value of the spring stiffness was chosen so that a normal surface undula-
tion of wavelength Lx experiences approximately the same restoring force as it would in a semi-infinite
solid.

The indenter consists of a cylindrical shell with an outer radius of 13.5 nm. This value was chosen
during the initial stages of the project, while exploring the possibility to use crystalline indenters.
The given radius was the smallest size at which the BKS indenter did not spontaneously amorphize.
Ultimately, it was decided to use an amorphous tip in order to reduce the dependence of the results
on the crystal orientation. Atoms of the indenter are kept fixed to its center of mass. In most simu-
lations, the indenter and substrate atoms interact through BKS interactions. Adhesion and cold weld-
ing were suppressed in selected complementary simulations by retaining only the short-range exponen-
tial two-body repulsion in the indenter–substrate interaction. This effectively passivates the contact and
makes the indenter behave like a rigid, slightly corrugated wall. These simulations will be labeled as non-
adhesive.

In the simulations, the quartz surface is indented by a rigid amorphous indenter as a modeling
simplification. While macroscopic granite contacts involve two deformable bodies, at the asperity scale
deformation is expected to localize preferentially in one of the two opposing asperities due to differences
in curvature, local structure, or prior damage. The rigid indenter therefore serves as a geometrically well-
defined stress-imposing boundary condition, allowing us to isolate and analyze pressure-driven deform-
ation mechanisms in α-quartz without additional complexities associated with simultaneous plasticity
of the opposing asperity. The indenter may be viewed as representing a heavily damaged or amorphized
silica-rich counter-asperity.

Since the initial cleaved quartz surface is quite unstable when using the BKS potential, it was subjec-
ted to an initial equilibration using ReaxFF for 30 ps. The resulting equilibrated structure, which can be
characterized by an approximately 5 Å thick amorphous surface layer, proved stable in continuation runs
using BKS. We chose the (001) quartz surface with middle-O termination, thus exposing a single oxygen
atom per unit cell of α-quartz. This termination was shown to be the most stable [54].

In our simulations, the lack of a passivation layer means that direct Si–O bonding occurs more read-
ily than in a real-laboratory experiment. Thus, the interface cold welds rather quickly in the simulations.
This acceleration is desirable to mitigate the large gap between the sliding velocities imposed in the sim-
ulation, 10m s−1 by default, and the experimental velocities, which are three or more orders of mag-
nitude slower.

Finally, a time step of 1 fs was used throughout this work. Temperature was maintained at T= 300K
in most simulations using a Grønbech-Jensen thermostat [55] with a thermostat time constant of
τ = 100fs. Only atoms in layers 7 through 12 (six next to those connected to springs) were thermostat-
ted. All simulations were run using the LAMMPS simulation package [56]. The snapshots were prepared
using OVITO [57].

2.2.1. Determination of contact area and interfacial stresses
The task of determining interfacial stress fields and real contact areas from atomistic data—in a form
that can be meaningfully compared to continuum models—deserves its own short section.

Comparing simulations with continuum-mechanics-based theories requires: (a) assessments of the
real contact area in atomistic simulations so that mean contact pressures can be determined; (b) spatially
resolved contact stresses for detailed comparison. This is non-trivial for the following [58]: (a) different
reasonable contact criteria (e.g. distance- vs stress-based) can yield noticeably different contact areas;
this is particularly tricky for nominally repulsive contacts, where the interfacial gap between a Hertzian
indenter and a linear elastic half-space opens only with ∆u∼ ac(∆r/ac)3/2, with ac the contact radius;
(b) real, even nominally repulsive, interactions have finite range, i.e. they are body forces rather than
surface stresses. Nonetheless, results from atomistic/discrete simulations (which produce sharply localized
stress peaks) and continuum theory can be compared meaningfully when both are processed with the
same coarse-graining filter [59].

Before describing our procedure, we note that Gaussian smoothing centered at the origin does not
shift the location of maximum slope for an ideal step, which illustrates that smoothing does relatively
little harm when stress fields are already flat across the load-bearing region—as they are during slow
indentation past the onset of plasticity. At the same time, one should not assume that an automated cri-
terion based on a chosen smoothing width can robustly define contact edges without human inspection.

Despite these caveats, the problem becomes manageable if uncertainties on the order of 10% are
acceptable. The data shown in the Results section were processed as follows: The atomistic contact stress
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is defined as the sum of forces exerted by the substrate atoms on those indenter atoms whose (x, y)-
coordinates fall into an areal bin of size ≈1Å× 1Å. For 1D stress profiles, the values are averaged along
the y-direction and smoothed with a Gaussian of width σ ≈ 2.5Å. This produces smoothly varying stress
profiles. Nonetheless, human inspection remains required to locate the contact line. This necessity arises
because weak adhesive necks appear at the contact edge for small indentation depths, but disappear at
higher loads. This makes it difficult to define a single, universally reliable quantitative measure for the
contact line’s position.

2.2.2. Local von Mises strains
Local atomic strains were calculated using the best-fit local affine deformation method following Falk
and Langer [60]. For each atom i, neighbors within a cutoff distance 10 Å were identified in a reference
configuration, which was chosen to be the undeformed sample where the indenter and the substrate
form a contact. The local deformation gradient tensor Fi is then determined from the minimization of
the mean-square difference between the actual relative displacements of the central atom and its neigh-
bors and the relative displacements that they would have if the region within the cutoff distance were
strained uniformly. This procedure yields the local best affine transformation that maps the deformed
atomic neighborhood onto the reference one. The local Lagrangian strain tensor ηi is then obtained as
ηi = 1/2

(
FTi Fi − 1

)
. The local von Mises strains were calculated from the deviatoric part of ηi. In this

work, OVITO [57] was used to calculate local strains.

2.2.3. Classification of stress-induced crystal phase
During the sliding simulation, a new crystalline phase emerged underneath the leading contact edge.
Here, we describe how the phase was characterized. An apparent unit cell was carved out of the simu-
lation box and repeated 6× 4× 4. The resulting supercell was then subjected to a stability test: a 50 ps
long NVT simulation keeping the sheared unit cell was performed at T= 300K. Next, the cell was
quenched to zero temperature using a cooling rate of 5× 1012 K s−1, one time allowing the lattice con-
stants to change while keeping the box angles and one time with full optimization. Both resulting super-
cells were then analyzed to determine their crystallographic space group symmetry from the reduced
atomic positions and lattice parameters. This symmetry analysis was carried out using the spglib lib-
rary [61] which identifies symmetry operations and assigns the corresponding space group. A symmetry
tolerance (symprec parameter) of 0.05 Å was used, meaning that atoms within this distance after applic-
ation of a symmetry operation were considered symmetry-equivalent. Such a choice allows for small
relaxation-induced distortions to be ignored while preserving physically-meaningful symmetry-breaking.

3. Results

3.1. Experimental results
Granite is a polymineralic composite typically dominated by hard quartz and softer feldspar grains, see
the optical image of granite and its two main constituents in figure 3. Because of the hardness contrast,
quartz having a Mohs hardness of κ≈ 7 and feldspar κ≈ 6, it is widely inferred [62, 63] that granite
surfaces wear non-uniformly so that quartz grains extend above the average surface plane while feld-
spar remains below. Thus, one expects mature interfaces to exhibit comparatively flat, quartz-dominated
load-bearing plateaus. In this section, we report and correlate results on wear, friction, and topo-
graphy changes in granite–granite (dry and in water), as well as dry granite–corundum contacts, where
corundum with κ≈ 9 is even harder than quartz.

3.1.1. Wear
We begin by corroborating the established result that the presence of gouge dramatically suppresses the
further production of gouge in granite–granite contacts [62, 63].

The standard interpretation is that once gouge is present, it shields direct contact between the oppos-
ing surfaces, and shear is accommodated in the deformable granular layer rather than by continued
comminution of intact asperities [62–64]. A qualitative sketch of this shielding is shown in figures 4(a)
and (b). The quantitative effect is analyzed in figure 5: the cumulative wear mass increases steeply with
sliding distance when debris is removed after each cycle (‘1-run’), whereas the mean wear rate is strongly
reduced when sliding proceeds through a pre-existing debris layer for 100 cycles before removal (‘100-
run’). A characteristic gouge cluster is shown in the inset of figure 4(c).

The particles shown in figure 4(c) are from a 100-run. Most particles have diameters around 100nm
but form clusters as indicated in the figure. We also observed larger particles with diameter ∼0.1–1mm,
in particular when using new surfaces. The big particles are most likely removed by brittle fracture, while
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Figure 4. Schematics of a granite–granite contact with (a) few versus (b) many gouge particles. (c) SEM image of wear-particle
clusters.

Figure 5. Cumulative wear mass as a function of sliding distance for a normal load of FN = 250N and a sliding velocity of
v= 3mms−1. The symbols correspond to 1-run measurements, each consisting of 0.2m forward and 0.2m backward motion,
after which the accumulated wear is removed. Green lines connecting the symbols show the mean wear obtained from 100-run
measurements, in which wear accumulates over a total sliding distance of 40m.

the smaller particles may originate from a different process, maybe related to the formation of cold wel-
ded junctions, or from big particles trapped for some time at the sliding interface where they could
break up into smaller fragments. While the particle may spend some time in the asperity contact regions,
most of the particles after a 100-run accumulate at the turn-around edges of the sliding track.

Analyzing the data shown in figure 5 quantitatively reveals that the wear rate for 1-runs is roughly 13
times higher than for 100-runs, which illustrates the protective effect of the accumulated gouge layer. In
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Table 1. Summary of wear rates and friction coefficients for different sliding systems. The sliding speed was v= 3mms−1 and the
nominal contact pressures were∼ 0.16MPa. P100 paper and fabric are corundum abrasives with an average particle size of≈ 160µm.

system m/FNL (mgNm−1) µ

Granite–granite 100-run 0.0017 0.95
100-run in water 0.000 18 0.7
Granite–granite 1-run 0.022 0.9
Granite–P100 paper 0.75 0.6
Granite–P100 fabric 0.35 0.7
Quartz–P100 paper 0.024 0.32
Borosilica–P100 paper 0.058 0.34
Soda-lime–silica–P100 paper 0.14 0.38

detail, one sliding cycle consists of 0.2m forward and 0.2m backward motion. We always first perform a
sequence of six 1-runs, which is followed by a single 100-run, yielding a full sequence.

The wear mass during the seven 100-runs totaled m= 0.12g over a distance of L= 280m, yielding
(with FN = 250N) a wear rate of kW = 0.00171mgNm−1. In contrast, the cumulative wear from all
1-runs was m= (0.2156− 0.1200)g over L= 16.8m, giving a rate of kW = 0.0223mgNm−1. We note
that the deduced thickness of the removed layer d=∆V/A0 ≈ 51µm, where ∆V=m/ρ is the removed
volume, agrees closely with changes in topography pictures, which will be analyzed further below.

We also performed a 100-run experiment when the granite surface was covered by a ∼1mm
thick water film. This resulted in much smaller wear, m= 0.0018g, corresponding to a wear rate of
0.00018mgNm−1, approximately ten times smaller than for the dry surface.

In addition, we performed measurements where the granite block was slid on two different P100
abrasive surfaces obtained from different suppliers. In both cases, corundum particles are bound to the
substrate surface (in one case paper and in the other a fabric) with an acrylic resin. The measurements
consist of three cycles, where the granite block moves again 20 cm forward and 20 cm backward in each
cycle, repeated twice on different substrate areas.

For granite sliding on the corundum paper, the wear rates are 0.701mgNm−1 and 0.803mgNm−1

for the first and second 3-run, and for the two runs using corundum fabric 0.369mgNm−1 and
0.338mgNm−1. These rates are 17–34 times higher than in self-mated contacts. The sand paper has
sharp and hard asperities, which can penetrate deeper into the feldspar than into the quartz. Hence,
when approaching the quartz grain it may contact the quartz grain from the side rather than from the
top. This may result in the much larger (by a factor of ∼30; see table 1) wear rate for sandpaper on
granite than for the same sandpaper on a flat quartz surface.

The higher wear rate of the corundum paper versus the corundum fabric supposedly reflects the
taller asperities and more open structure of the corundum paper. Pertinent height topographies are
shown in figure 2.

It is interesting to compare these wear rates with the wear rate we found in an earlier study [65] for
quartz blocks with smooth surfaces sliding on the P100 corundum paper (1-run): 0.024mgNm−1. This
wear rate is roughly 30 times smaller than for the 1-run of granite on the same surface. The much lar-
ger wear rate for granite is attributed to its composite nature, with hard quartz crystals surrounded by a
smaller amount of the softer feldspar.

Table 1 summarizes all measured wear rates, including results for two silica glass surfaces sliding
on P100 corundum (from [65]). It also lists approximate friction coefficients for all cases, the detailed
acquisition of which is described further below. Since the friction coefficient for the abrasive corundum
counterface is smaller than for granite 1-runs (∼0.6 compared to ∼0.9), while the wear rate is 17–34
times higher, we can safely conclude that plowing contributes negligibly to the friction for granite sliding
on granite. Overall, no (positive) correlation between wear rate and friction coefficients can be identified
from table 1.

Even though the wear rate is small for granite on granite in 100-runs, the friction coefficient is close
to unity. Assuming that the points of contact are predominantly in plastic flow—an assumption that will
be supported by both molecular dynamics simulations and the theoretical treatment presented further
below—one may conclude that the interfacial shear stresses are of similar order of magnitude as the pen-
etration hardness, which is about 10–15GPa. We suggest that such large stresses can only be obtained
when covalent or ionic bonds (e.g. Si–O–Si) form across the interface, leading to cold-welded-like con-
tacts. Cold welding between gauge particles, and between the particles and the walls, may also occur.

The granite blocks used in our studies were kept in the normal atmosphere and may have water and
organic contamination on the surfaces. We believe that even if a thin contamination film occurs on the
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Figure 6. The ratio of tangential and normal force Fx/FN as a function of the sliding distance during (a) the first 5 sliding cycles
during the last 100-run in the dry state, and (b) the first 5 sliding cycles during the 100-run in water. In both cases the wear
particles are not removed from the surface. The sliding speed v= 3mms−1 and the normal force FN = 250N.

granite surface, it is removed (or penetrated) by the high normal and shear stresses acting in the contact
regions. Thus, the contamination film may act as a weak barrier against the formation of cold welded
junctions [7], but since the local stresses in the contact regions are so large as to plastically deform the
quartz, a thin contamination film is unlikely to prevent direct contact between the SiO2 quartz grains.
For metals, which often have thick oxide coatings, measurements using radioactive tracer atoms have
shown that cold welded junctions and metal transfer occurs [66]. The plastic yield stress and hence the
asperity contact pressure are lower for metals than that for quartz, and quartz has no oxide coating, so
the barrier against formation of cold welded junctions is likely to be smaller for quartz (or granite) than
for metals. In a contact flooded with water, silica surfaces will be continuously re-hydrogenated and re-
hydroxylated. The resulting termination apparently acts similar to a sacrificial, protective layer. Breaking
the terminating bonds costs energy, which is why friction remains relatively high, but the transfer of sil-
icon atoms or silicon-containing clusters is strongly reduced [7, 27].

3.1.2. Sliding friction
We investigated three representative sliding configurations to disentangle the effects of wear and friction.
These include (i) granite sliding on granite under dry conditions, (ii) granite sliding on granite in water,
and (iii) granite sliding on corundum abrasives. Representative results for these cases are summarized in
figures 6 and 7.

Figure 6 shows that water does not substantially reduce the friction compared to the dry case,
although it dramatically reduces the wear rate. A clearly negative correlation between wear and friction
is even evident from figure 7. It reveals a reduced kinetic friction of corundum against granite compared
to self-mated granite contacts (≈0.7 as compared to 0.95 for granite on granite), despite the excessive
wear produced by corundum. Thus, if the high wear rates on corundum are attributed to plowing by
the sharp and stiff corundum asperities, then plowing can only give a marginal contribution to the fric-
tion for granite sliding on granite. This is further supported by the observation that the wear rate during
the 100-run of granite on granite is 13 times smaller than for the 1-run, but the friction coefficient is
slightly higher, about 0.95.

Some details about the results shown in figures 6 and 7 are in place. The data in figure 6(a) repres-
ent the first five sliding cycles during the last 100-run in the dry state using v= 3mms−1. Figure 6(b)
shows the same for the experiment in water. In either case, the kinetic friction matches the static fric-
tion. Large stick–slip oscillations occur in the presence of water, with a frequency much higher than the
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Figure 7. The ratio of the tangential and normal forces Fx/FN as a function of sliding distance for granite on the corundum fabric
P100 surface. Runs 1 and 2 consisted of 3-cycles, performed on different surface regions of the corundum surface.

Figure 8. Friction coefficient for the self-mated contact as a function of the accrued sliding distance at a sliding velocity of v=
3mms−1. Results of the 1-runs are shown by square symbols, while those of the 100-runs are shown by continuous lines. Water
was added after 300m of dry sliding. The subsequent 100-run (blue line), which showed stick-slip motion as in figure 6(b), gave
a lower sliding friction coefficient of≈0.7 versus≈0.95 of the dry contact. Lines represent running averages over whole cycles of
0.4m sliding distance.

instrumental resolution ∆x= 0.3mm, obtained at the sliding speed 3mms−1 and 10Hz measurement
rate. Figure 7 shows two different 3-runs of granite on P100 sandpaper, conducted at different locations
on the corundum surface.

The friction coefficient as a function of sliding distance for self-mated granite is shown in figure 8.
It contains the seven full sequences of the dry contact and the 100-run in water. The data reveal that
friction is always the smallest in the first 1-run after debris was removed from the previous 100-run.
This underlines the negative correlation of friction and wear in self-mated granite contacts.

The friction values we have found for granite sliding on granite are similar to the friction values
found for many other types of rocks. Thus Byerlee found (see figure 5 in [1]) that the maximum friction
coefficient, that is, the friction at the onset of sliding, where the sliding velocity and temperature effects
may be very small, is about 0.85 for a large number of different rocks with different roughness and for
nominal pressures between 1 and 100MPa. The natural explanation for this is that because of the sur-
face roughness, the solids make contact only in a small fraction of the nominal contact area and that all
contacts have yielded plastically. When the solids yield plastically it is likely that any contamination film,
which may be formed in the normal atmosphere, will be penetrated so that cold-welded junctions can
be formed. In this case, the friction coefficient will be determined by the ratio τ/σP of the yield stress
in shear τ and the penetration hardness σP; for rocks τ/σP may be of order 1. The importance of cold-
welded junctions and the equation µ≈ τ/σP, was first proposed by Bowden and Tabor [67] for metals.

Figure 9 highlights an unexpected insensitivity of the kinetic friction force to abrupt velocity changes.
For these measurements, the system was first ‘run-in’ by 10-runs at room temperature. After, measure-
ments were performed, in which the velocity v was increased in discontinuous steps from 1µms−1 to
1 cm s−1, reversed and then decreased by decreasing the speed again in similar steps. Specifically, the
sliding distance per velocity were: 1 cm at the speed of 1, 3, and 10µms−1, 2 cm at 30 and 100 µms−1,
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Figure 9. Blue curve: The normalized lateral force Fx/FN as a function of the sliding distance for the second (repeat) experiment
at T= 22◦C. Red curve: the logarithm of the sliding speed (in mms−1). The speed was changed in steps as follows: 1cm sliding
distance at the speed 1µms−1, 1 cm at 3µms−1 , 1 cm at 10µms−1 , 2 cm at 30µms−1, 2 cm at 100µms−1, 3 cm at 300µms−1,
3 cm at 1mms−1, 3 cm at 3mms−1, 4 cm at 10mms−1. The direction of motion is inverted and the velocity protocol is reversed
after a sliding distance of 1m.

Figure 10. The friction coefficient obtained from data of the form shown in figure 9 by averaging over the sliding distance for
each sliding speed and temperature. The measurements were first performed at T= 24◦C (red curves), next at T=−40◦C
(green curve), and finally at T= 22◦C (blue curve). Inset: the temperature in the sliding friction container. The first experiment
was done at T= 24◦C. After the system was cooled to−40◦C where the second experiment was performed. After the system was
heated up to T= 22◦C where the third experiment was done.

3 cm at 0.3, 1, and 3mm s−1, and 4 cm at 10mm s−1. Figure 9 shows that the friction coefficient does
not show anomalies at the points of time, where velocity changes abruptly.

To analyze the velocity dependence of friction further and to add temperature to the picture, the
friction was measured near room temperature and at T=−40◦C using the same protocol as that just
described. To this end (see inset in figure 10), the first set of experiments was conducted at T= 24◦C
at different v over eight hours. The experimental apparatus was then cooled down to T=−40◦C and
allowed to equilibrate for 1 d. Next, the velocity sweeps were repeated for the duration of 8 h. Finally, the
apparatus was heated back to high temperature, this time to T= 22◦C, again over the duration of one
day to ensure full thermal equilibration in the system. The result for the repeat at T= 22◦C is depic-
ted in figure 9. Despite the relatively long waiting times, no stiction peak is apparent during the onset
of sliding. This result is surprising because peaks during the onset of sliding after long relaxation times
have been observed in many cases and motivate the basis for rate-and-state friction laws, which are fre-
quently used in modeling earthquakes.

Figure 10 shows that there is only a very small dependency of the friction on the temperature and
on the sliding speed for v< 1mms−1. For v> 1mms−1 the friction coefficient decreases slightly, which
also shows up in the friction force as a weak stick-slip noise for the highest sliding speed, see the blue
curve in figure 9 for v= 1cms−1. The fact that the friction coefficient is the same for 20◦C and −40◦C
indicates that thermal excitation is unimportant for the friction and wear processes for temperatures up
to room temperature.
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Figure 11. The friction coefficient (red data points) and the wear rate (blue) as a function on the normal load for 1-runs at T=
20◦C and sliding speed v= 3mms−1.

Figure 12. Friction coefficient µ as a function of sliding speed v of self-mated granite in water for a normal force of FN = 250N
and a temperature of T= 20◦C. The blue+ symbols show averages over individual cycles in the initial 10-run. The red squares
show the results of a velocity sweep. No wear particles were removed during the experiment.

As a side remark, we note that the friction force and the wear rate both increase roughly linearly
with the normal force FN whenever tested, e.g. for 1-runs at T= 20◦C and v= 3mms−1, see figure 11.
This is expected if increasing the load increases the area of real contact proportional to FN, while leaving
typical contact-patch sizes approximately unchanged. The former assumption is well established from a
wide range of theories and simulations, while the latter is also true [68], at least for the system and pres-
sure range of interest in this study (see Theory section). The dashed line in figure 11 corresponds to a
wear rate of kW ≈ 1.12× 10−2mgNm−1, which is smaller than the average wear rate for 1-runs during
the run-in over the first 300.8m sliding distance, 2.47× 10−2mgNm−1.

The running–in of a self–mated granite contact in water and the velocity dependence of the friction
coefficient are shown in figure 12 for a normal force of FN = 250N and at a temperature of T= 20◦C.
The friction coefficient first increases monotonically from 0.63 to 0.88 during a 10-run at 3mm s−1.
Without removing the debris, the same velocity sweep explored earlier in figure 9 was conducted next.
The friction coefficient remained approximately constant from v= 1µms−1 to 3mms−1, but then
decreased from its small velocity value of µ≈ 0.9 to µ≈ 0.85 at v= 1cms−1. This drop explains the
stick–slip dynamics reported earlier in figure 6(b), since decreasing µ(v) relationships unavoidably lead
to unsteady motion when the system is driven at constant velocity using a finite (machine/granite-block)
compliance and small intrinsic damping.

Similar experiments were repeated using two additional loads at a velocity of 3mms−1, which shows,
as in the dry system, a negligible dependence of the friction coefficient on the normal force when FN
increases from 250N to 520N. In all experiments in water, wear particles were not removed manu-
ally, but may have been partially flushed from the track by the water flow, at least at the highest sliding
speeds. This is one possible—albeit speculative—explanation for why the friction drops in water at the
highest velocities.
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Figure 13. The line topography of the original surface (red line), and after sliding 300.8m (green and blue lines). The green line is
the topography along the sliding direction and the blue line orthogonal to the sliding direction.

Figure 14. The surface height probability distributions deduced from the line scans shown in figure 13.

3.1.3. Line topography and power spectra
We have measured the line topography on the 0.2m long granite sliding track before and after sliding.
Figure 13 shows the line topography of the original surface (red line), and after having slid the dis-
tance of 300.8m (green and blue lines). The top of the surface is much smoothened through the friction
experiments, however, the thickness of the removed layer of granite (about 5µm) is too small to remove
the deep wells or cavities of the original surface. In fact, when overlaying the height histograms result-
ing from the respective curves, which is done in figure 14, the valleys superimpose nicely for all cases,
while the tail associated with large height is substantially reduced after the friction experiments. Thus,
differences between them reveal predominantly stochastic differences, but also some deterministic differ-
ences, which arise from (normal) pressures not being perfectly isotropic in the given geometry/loading
condition. Note that figure 13 is not true to scale so that slopes are magnified by a factor of ≈100.

An interesting observation in figure 13 is that about 10%–15% of the scan line can be associated
with deep valleys. This is roughly the fraction of feldspar in granite. Thus, it seems clear that the feld-
spar is worn off, while the silica particles standing proud of the mean surface get polished.

Although the multi-scale nature of tribological surfaces is well known [69–71], including that of tec-
tonic plates [72–74], we show the height scan of our default granite surface at different resolution in
figure 15 covering the lateral range of (a) 25mm, (b) 1.3mm, and (c) 0.14mm. The scan of the worn
surface parallel to the sliding direction in panel (a) reveals that the smooth areas are even smoother in
the center of the scan than at the edges. The roughness on the smooth zone called out in panels (b) and
(c) extends over a lateral range a little more than 1mm, on which it shows standard deviations of about
≲ 20 nm. This is approximately a third of the typical size of the wear particles shown in figure 4(c).

As argued earlier, it is likely that the granite surface wears non-uniformly, with hard quartz grains
extending above the average surface plane while feldspar recedes. Thus, regions with very smooth topo-
graphy (rms roughness of order 10–30 nm), such as in figure 15, are likely to consist of a ‘polished’
quartz grain rather than a mixture of the two minerals. (The high polishing of the zoomed-in region
in figure 15 is due to a slight curvature of the surface giving rise to the highest contact pressure in this
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Figure 15. (a) The line topography along the sliding direction after sliding 300.8m (green line in figure 13). (b) Magnified seg-
ment from (a). (c) magnified segment from (b). Note that the roughness amplitude in (c) is of order 10nm.

region of the substrate). Such roughness amplitudes are far below the wavelength of visible light, while
the lateral extent of the flat patches—quartz grains being typically a few mm—is orders of magnitude
larger. In the absence of strong subsurface scattering, this geometric scale separation explains why the
surface patches [75] look optically shiny/specular.

Figures 16–18 contain surface roughness power spectra pertaining to the line scans shown in
figure 13. Specifically, figure 16 shows the surface roughness power spectrum of the original surface
along three sliding directions, figure 17 the average of those three spectra (red line) and parallel (green
line) as well as orthogonal (blue line) to the sliding direction after sliding 300.8m. Values of the root-
mean-square roughness are 16.8, 7.1, and 5.1µm for the original, the orthogonal, and the parallel direc-
tion, respectively. The power spectra along the sliding direction and orthogonal to the sliding direction
are similar for q> 1.6× 104 m−1, but for smaller wavenumbers, the roughness orthogonal to the slid-
ing direction is larger than along the sliding direction. Similar results have been observed for earthquake
faults by Brodsky and coworkers [20].

Figure 18 shows the surface roughness top power spectrum of the original surface (red line) and
after sliding, along the orthogonal (blue line) and parallel (green line) sliding directions. The associated
root-mean-square roughnesses are 6.47, 2.37 and 1.88µm for the red, blue and green cases, respectively.
Top power spectra are obtained by considering only the roughness profile above the average plane, while
replacing below-plane roughness with values having the same statistical properties as those above. This
spectrum is appropriate for use in the Persson contact mechanics theory, because for materials as stiff
and hard as granite, contact occurs exclusively at asperities above the centroid plane even for elevated
nominal contact pressures, while valleys below do not contribute.
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Figure 16. The surface-roughness power spectra C1D(q) as a function of wavenumber q for the original surface, evaluated
along three different tracks at different angular orientations. The surface exhibits isotropic and translational invariant statistical
properties.

Figure 17. The surface roughness power spectra of the original surface (red line), and after sliding 300.8m (green and blue lines).
The green line is the power spectrum along of the roughness profile along the sliding direction and the blue line orthogonal to the
sliding direction. The root-mean-square roughness are 16.8, 7.1 and 5.1µm for the red, blue and green case, respectively.

Figure 18. Similarly to figure 17, but this time the top, rather than the full, power spectra are shown. For the top spectra, the root-
mean-square roughness values are 6.47, 2.37, and 1.88µm for the red (original), blue (perpendicular), and green (parallel) cases,
respectively.

3.2. Simulation results
In our simulations of quartz sliding against a rigid counterbody, contact was first established by moving
the indenter downward with a velocity of vz =−10m s−1. The primary property of interest in indenta-
tion experiments is the normal force as a function of displacement d, or, in continuum mechanics, as a
function of overlap. In large systems, displacement and overlap are identical up to an additive constant,
which can be eliminated by subtracting this constant from the displacement. In our finite, periodically
repeated system, we define both quantities to be zero when the normal position of the rigid indenter is
1.5 Å—roughly the equilibrium separation between silicon and oxygen atoms—above the undeformed
quartz surface. This configuration defines a reference distance between the tip (zt) and the bottom layer
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Figure 19. (a) Nominal force FN as a function of indentation depth d for one approach curve (blue dots) and several retraction
curves, each starting from a point labeled a (orange triangles), b (green diamonds), c (red squares), or d (purple stars). The black
dashed line is a power-law fit, FN/nN= 217.5 (d/nm)1.124, to the initial elastic regime of the approach curve. (b) Configurations
corresponding to the labeled points along the approach curve in (a). Atoms are colored according to their von Mises strain, using
the undeformed sample as reference.

of quartz (zb), which is subtracted from subsequent values of zt − zb. Our procedure accounts for the
fact that the elastic coupling between the surface and the bottom layer of quartz is macroscopically large
in the experiments but finite in a finite, periodically repeated simulation cell.

Figure 19(a) shows the normal force as a function of the indentation depth. The initial part is well
fit by a power law FN/nN= 217.5× (d/nm)1.124 up to da = 16.5Å. At that point there is a first apparent
discontinuity, followed by a stronger second discontinuity at dc = 22.9Å. The character of the relation
F(d) changes between these two discontinuities at db = 21.2Å. The maximum indentation is reached at
dd = 31.9Å. A brief comment on the non-integer exponent is in place: because a cylinder, rather than
a sphere, indents the surface, the force–indentation relation in a finite simulation cell contains quasi-
logarithmic terms that do not admit a simple closed form. They are effectively emulated by small correc-
tions to an exponent near unity.

Selected configurations of the indentation process are displayed in figure 19(b). For each configura-
tion, the atoms are colored corresponding to their von Mises strain, and the reference configuration is
chosen to be the undeformed solid. The load-displacement relation shown in figure 19(a) indicates that
there is no significant plasticity in the initial regime, e.g. for the points labeled ‘α’ and ‘β’. At the point
marked ‘a’, the sample experiences the first significant plastic deformation. As the penetration depth
increases, the plastic deformation also penetrates deeper into the α-quartz block. The following mean
contact stresses were identified at the marked points of penetration: α: 7.6, β: 11.4, a: 11.6, b: 13.0, c:
12.7, d: 14.0 GPa. Thus, noticeable plasticity sets in at 11.6GPa (point a) and massive plasticity at about
14.0GPa (point d) upon pure indentation. These results are in excellent agreement with the established
literature values in the range of 10–12GPa for quartz [16, 76], despite our relatively high indentation
rates.

Spatially resolved stresses during nanoindentation are shown in figure 20(a). At the lowest investig-
ated normal force, the shape of the stress profile is reminiscent of a Hertzian contact. Fluctuations are
relatively large due to the small size and because individual oxygen atoms above the quartz surfaces leave
large signals. Even before the onset of appreciable plasticity, i.e. at the point marked by β, a plateau
near 15GPa develops in the center of the contact. At the highest investigated force, this plateau is fully
developed. The large fluctuations reflect the small system size and arise from individual oxygen atoms
that protruded above the original surface before contact with the rigid indenter.

We next run simulations at 300K and at the load of the point marked by α but at a constant sliding
velocity of vx = 10m s−1 with an initial configuration, in which the tip and the substrate barely touched.
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Figure 20. (a) Normal stress σzz profiles for different indentation depths with labels introduced in figure 19. The estimated loc-
ations of contact edges are marked by arrows. The zero-line for stress is shifted by 3GPa from one curve to the next. (b) Normal
stress σzz (black lines) and shear stress σzx (red lines) profiles for sliding simulations at s= 16nm for vx = 10m s−1 (solid lines)
and vx = 0.1m s−1 (dashed lines) at a normal load FN = 160 nN. The zero-line for shear stress is shifted up 5GPa for both
velocities.

This set-up will be referred to as default in the following. Figure 21(a) reveals friction coefficients close
to µ= 1, which is similar to those found experimentally. When reducing the velocity by a factor of ten
to vx = 1m s−1 or even by a factor of one hundred to vx = 0.1m s−1, the friction coefficient remains
almost unchanged, as evidenced in figures 21(a) and (b). However, it drops by a factor of ten when
switching off the adhesive interactions between the tip and the substrate. This result suggests that the
adhesive interactions induce cold-welding and subsequent plasticity causing significant instabilities and
thus dissipation.

Although the net friction force changes little between vx = 0.1m s−1 and 10m s−1, the local stress
profiles, see figure 20(b), differ markedly. At the lower sliding velocity, the normal stress has evolved
toward an approximately constant plateau, whereas at the higher velocity a slightly skewed, Hertz-like
pressure profile is found. This behavior can be rationalized by noting that quartz is not given enough
time to yield beneath the rapidly moving indenter, which is consistent with the experimental observation
that wear rates are greater at small than at large velocities. Moreover, the shear stress almost mirrors the
normal stress as in extended silica–silica interfaces [7]. This behavior is reminiscent of that predicted by
generic models of boundary lubricants [77, 78].

To further illuminate the processes leading to the observed frictional behavior, figure 21(c) depicts
configurations at selected sliding stages. For adhesive contact, the upper layers of the block amorphize in
front and under the sliding indenter, and a substantial amount of the amorphized material is dragged in
front of the tip. The amount of piled-up material at the leading edge of the indenter increases with slid-
ing distance, as evident from the red regions in the surface-height profiles, which become progressively
larger and more intense. This process creates a ‘wear track’. For the non-adhesive contact at the same
load, the plastically deformed zone is almost negligible, and the contact is substantially more symmet-
ric than in the adhesive case. This is evident from the configuration marked with a green diamond in
figure 21(c), which exhibits a relatively symmetric von Mises strain and height profile. We thus conclude
that the main contribution to friction in our simulations must come from cold-welding sites, which lead
to significant plasticity at the surface.

In sliding simulations with adhesive contact, we observe a zone where α-quartz transforms into a
different crystalline phase, which was identified as tridymite, a polymorph of silica. Specifically, the
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Figure 21. (a) Friction coefficient µ(s) for quartz sliding at vx = 10m s−1 under FN = 160 nN (black). Orange and red: con-
tinuation runs with reduced vx = 1 and 0.1m s−1, respectively, at the same FN. Blue: vx = 10m s−1 at FN = 320 nN. Green
and brown: non-adhesive contacts at vx = 10m s−1 with FN = 160 and 320 nN, respectively. All curves were smoothed using
a Gaussian filter of width∆s= 0.4Å. (b) Left y-axis: average friction coefficient as a function of sliding velocity (blue pluses)
and as a function of inverse temperature scales to 300K (orange crosses). Right y-axis: plastification rate kp as a function of slid-
ing velocity (blue squares) and as a function of inverse temperature scales to 300K (orange triangles). The velocity sweep (blue
symbols) is performed at a fixed temperature T= 300K and the temperature sweep (orange symbols) at a fixed sliding velocity
vx = 10m s−1. (c) Snapshots at selected s with surface height profiles and contact/no-contact maps (distance criterion). Zones
boxed in green mark regions where a (reversible) stress-induced phase transformation occurred.

symmetry of the sheared structure turned out to be P21 (space group 4), while allowing the angles
to relax (in bulk simulations of this phase) leads to a higher symmetry, P212121 (space group 19). It
is often referred to as low-temperature OP tridymite, where OP stands for orthorhombic-primitive.
Experimentally, this phase has a stability range of 110◦C–150◦C at ambient pressures [79, 80].

The region that underwent the phase transformation is boxed in green in figure 21(c). It moves
along with the indenter, slightly in front of it while maintaining nearly constant size as sliding pro-
gresses. This zone is dynamic, and thus some energy must be spent to transform α-quartz to tridymite
at the leading edge of the zone and a certain amount of energy is released as heat during the reverse
transformation. As a result, this hysteresis contributes to friction. However, the creation of such a zone
also strengthens the material against shear-induced amorphization, leading to a smaller contact area
through reduction of the built-up material at the leading edge. We note that the size of the tridymite
zone grows with normal load and temperature. It disappears below a critical load, which happens to be
slightly below the used default value of FN = 160 nN.

A zoom into the atomistic structure of the simulated system is shown in figure 22. Atoms belong-
ing to the amorphous tip are represented as simple spheres, while coordination tetrahedra (SiO4 units)
belonging to the substrate are depicted as tetrahedra. Four rows of initially connected tetrahedra, ten in
total, are highlighted in color. These rows remain connected during the conversion from α-quartz to tri-
dymite and back to α-quartz. In contrast, the single row of tetrahedra that becomes part of the amorph-
ized region ends up disconnected.

An animation of the dynamics is available in the supplementary information. It shows that tridymite
begins to nucleate beneath the near-surface region without passing through any other phase (includ-
ing β-quartz) and then grows inward into the substrate. At the moment of its first appearance, both the
potential energy and the instantaneous friction coefficient exhibit a small dip. The observed dynamics
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Figure 22. Zoom into the structure of the default configuration at a sliding distance of (a) s= 10nm and (b) at s= 16nm and (c)
at a reduced velocity of vx = 0.1m s−1 again at s= 16nm. For lines of ten (initially) connected tetrahedra are marked in color
allowing their motion to be tracked.

suggest a shear-driven displacive transition path between α-quartz and OP tridymite that bypasses
the intermediate phases typically accessed during purely thermal transitions between these structures.
This finding strongly supports the idea that processes often interpreted as ‘frictional melting’ or high-
temperature phase transitions of silicates can be driven by shear at substantially lower temperatures than
those required under isotropic stress [81, 82]. Thus, our finding contrasts with the classical explanation,
which attributes the presence of tridymite and other phases in post-mortem faults [83] or crushed α-
quartz [84] to high-temperature phase transitions during extreme stress.

Another structural feature worth discussing is the difference in the geometry of amorphized silica
at v= 10ms−1 and 0.1ms−1 sliding velocity. At the higher velocity, a bulge forms with a shape some-
what reminiscent of a compressed elastomer, see figure 22(b). This bulge is no longer visible at the lower
velocity in panel (c), as if the silica had enough time to ‘flow’ and reduce the surface energy. This res-
ult is surprising because the imposed temperature was 300K, while flash temperatures (discussed further
below) are only about 100K higher.

We also varied the simulation temperature T in a range from 150 to 1200K by conducting similar
continuation runs as those just discussed. The results presented in figure 21(c) reveal a rather weak µ(T)
dependence up to 600K. This insensitivity can be rationalized by the argument that amorphization is
driven mechanically rather than thermally, as in other tetrahedral network formers far below the melt-
ing temperature [13–15] so that an interfacial disordered zone can be rapidly generated despite being
far away from melting point conditions. The newly generated amorphous silica is essentially solid even
at 600K with extremely small crystallization rates and no (experimentally accessible) viscous flow. Its
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plastic deformation is thus expected to be in the strongly shear-thinning regime, that is, it proceeds via
localized structural rearrangements over high energy barriers so that thermal activation and thus tem-
perature dependence are weak. Thus, not only the generation of amorphous material but also the shear
response of the amorphized zone are insensitive to temperature, unless shear rates are extremely small.

At temperatures exceeding 600K, above the α−β-quartz phase-transformation temperature, which is
about T∗ = 846K for real silica [85] and 750K for in-silico-BKS silica [86], there is a marked decline of
the friction with increasing temperature. A possible reason for the decrease in friction could be that the
more highly symmetric β-quartz is stiffer than α-quartz, making it less prone to deformation. In addi-
tion, thermal activation will eventually start to matter at elevated temperature allowing the amorphous
zone to be sheared more easily.

While frictional heating at the interface increases the temperature by about 100K in our default set-
up, as discussed further below, the system would remain below T∗ when sliding with our default system,
for which T= 300K, v= 10ms−1, and FN = 160 nN. Even if temperature went above T∗, the β-phase
would have to nucleate during a relatively brief moment of increased temperature.

The insensitivity of the friction to temperature and velocity does not imply that thermal or structural
relaxation is absent in a sliding or resting contact up to 600K. In fact, besides the structural relaxation
of the bulge/built-up material at low sliding velocity, the shear stress relaxes noticeably when the motion
is suddenly halted, even on the short time scales of the simulations, particularly at elevated temperat-
ures, as evident in figure 23(a) and even more clearly in its redrawn version, figure 23(b). For the latter,
a time–temperature principle was applied such that the progression of time is sped up at high temper-
atures relative to the reference annealing temperature of Tref = 450K by a factor of exp[−(β−βref)∆E].
When choosing ∆E= 0.64 eV, the data can be adjusted to relax approximately logarithmically in time.
Using this activation energy, one would infer that the shear stress in the nano-scale tip relaxes after
roughly one week when annealed at 450K, and thus after 75 years annealing time at room temperature.

The above estimate, however, is highly uncertain, as (a) a relatively broad range of ∆E values around
0.5 eV yields an apparently logarithmic relaxation, (b) it is unclear whether the relaxation remains log-
arithmic over more than 12 decades in time, and (c) the effective barrier is far below activation ener-
gies reported for liquid silica at elevated temperatures, which are about 5.0 eV experimentally [87] and
roughly 10% smaller for BKS-silica [47]. While stress may well reduce ∆E for the structural reorgan-
ization of disordered silica, an order-of-magnitude reduction would be difficult to justify. We therefore
expect that stress relaxation in our nano-scale contact would take substantially longer than estimated
from our oversimplified, yet instructive, time–temperature-equivalence analysis of the accrued relaxation
data.

When restarting the simulations from the annealing run at 1200K, which relaxes the shear stress
to half its original value, a small but noticeable overshoot in the friction coefficient is revealed under
the given constant sliding velocity in figure 23(c). This peak might be substantially larger if sliding were
imposed by a weak spring of stiffness k= 20 Nm−1, which is not atypical for atomic-force microscope
cantilevers.

Besides friction, we also monitored the amount of material having undergone (massive) plastic
deformation. All atoms being assigned a von Mises strain exceeding 0.5 are counted toward such mater-
ial. This allows us to define a plastification rate kp as the mass of material having undergone plastic
deformation normalized by the product of normal load and sliding distance, which has the same unit
as the wear rate kw. Figure 21(b) reveals that kp increases with decreasing velocity, which correlates with
the experimentally observed trend on the wear rate kw. The simulated kp numbers are a little less than
an order of magnitude greater than the experimentally measured kp values. However, plastification rates
in the simulations and experimental wear rates are expected to differ since the underlying mechanisms
are scale-dependent, as discussed next. Nonetheless, our plastification rates correlate nicely with the wear
rates obtained in simulations of two colliding α-quartz hemispheres having the rather small value of
3.4 nm radius of curvature [88].

A recently developed theory [89] places the transition from atom-by-atom plastification to debris
formation at a critical junction size d∗ = λG∆γ/σ2

y , where λ is a geometric factor (λ≈ 8/π for our geo-
metry), G≈ 60GPa is the shear modulus, taken as the rough average of C33 and C44, and σy ≈H/3≈
3GPa is the yield strength, approximated as one third of the indentation hardness H. This gives a crit-
ical junction size of d∗ ≈ 60 nm, above which debris forms, which is clearly larger than our simulated
contacts and thus consistent with our findings. For the larger experimental contacts, however, debris
formation should dominate.

The sliding-induced instabilities causing Coulomb like friction are the processes that are respons-
ible for local heating and ultimately for local flash temperatures. They are difficult to visualize because
they suffer from large scatter. This is because instabilities happen relatively rarely on the time-scale
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Figure 23. (a) Lateral force Fx relaxation while starting from a configuration that corresponds to the black square in figure 21(a)
(adhesive contact at sliding velocity vx = 10m s−1 under a normal load FN = 160 nN). The annealing was performed in three
steps each time increasing temperature. (b) Same data as in (a), however, represented as a continuous run, where a time–
temperature equivalence principle based on an activation energy of∆E= 0.64 eV was applied. (c) Friction coefficient µ after
reinitiation of sliding at T= 300K starting from the configuration marked by a red star in (a), one time in the same direction as
previously (forward, black solid line), one time in the opposite direction (backwards, orange dotted line). Additionally, friction
coefficient after reinitiation of sliding at T= 300K starting from configuration marked by a purple diamond in (a) (blue dashed
line). All curves in (a) and (c) were smoothed using a Gaussian filter of width∆s= 0.4Å.

of MD simulations and moreover kinetic energies, which are used to determine local temperature via
the equipartition theorem, are already quite noisy even without instabilities. This is why temperature
maps in a contact averaged over 1000 time steps and run through a 5Å Gaussian blurring filter can
look quite different at different moments of time, e.g, depending on whether the last ‘major’ instabil-
ity was bond breaking at the trailing edge or plasticity at the leading edge of the contact. As the shape
of the contact is non-stationary even in the moving frame of the tip, averaging temperature maps over
long times is not an ideal option either. Nonetheless, we find that the typical temperature raise ∆T
at the very tip-quartz interface at a sliding velocity of 10m s−1 is about 100K, as shown for two rep-
resentative situations in figure 24. The zone where quartz undergoes reversible phase-transformations
appears to be always part of the warmest regions. As argued in section 4.1, ∆T is proportional to the
product of contact radius and sliding velocity–given an approximately constant shear stress. This product
is roughly similar for the highest velocity used in the experiments and in MD, i.e, vmax = 10m s−1 and
ac =O(10nm) and in the experiments, vmax = 1 cm s−1 and ac =O(10µm).

We conclude the simulation section by supporting our claim that the simulation results are not
exclusive to the employed potential. To this end, we performed continuation runs for the default system
(v= 10ms−1, s= 10nm), where ReaxFF [52, 53] replaced the BKS [45] potential (i) without and (ii)
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Figure 24. Temperature profile in a sliding contact at slid distance (a) s= 17.5nm, and (b) s= 20.0nm, both at vx = 10m s−1,
T= 300K.

with a 200 ps relaxation before further sliding of about 5 nm. The friction coefficient fluctuated around
0.8 and 1.0, which is ≲ 10% lower than with BKS and thus still of similar magnitude. Moreover, the
phase-transformed zone did not convert back to quartz. Instead, we observed an even slightly increased
propensity for a phase transformation to occur below the tip, although temperature did not raise com-
pared to the BKS simulation.

4. Theory

4.1. Contact mechanics
In this section, the Persson contact-mechanics theory [32, 90] for elasto-plastic contact [32] and interfa-
cial separation [33] is applied to the experimentally studied systems for clean surfaces, with the goal of
estimating the true contact area, interfacial separation, typical contact patch sizes, and ultimately local
flash temperatures. Since granite is stiff and hard, two granite blocks will typically only make contact
above the average surface plane, which is why the top rather than the full power spectrum should be
used in the theory. It has in fact been shown to predict highly accurate stresses and interfacial separ-
ations in the elastic limit when the relevant stochastic properties of the surface were sampled over the
true contact, not only for random [33, 91], but even for deterministic height profiles [92].

The main idea behind the theory is to study the contact at different magnifications ζ starting at
a coarse scale, where microscopic roughness is not yet resolved, the effect of roughness is then added
gradually by increasing the magnification ζ , i.e. by including height variations at scales L/ζ [32, 33].
(Here, spatial features of wavelength L= 2.5 cm are resolved for ζ = 1). As ζ increases, regions that
appeared to be in elastic contact at coarse resolution are resolved into smaller patches which may either
fall out of contact or enter the plastically deformed part of the interface, and the apparent interfacial
separation increases. The procedure stops once roughness features have been resolved down to the smal-
lest, i.e. atomic scale. For the calculations reported below, the measured power spectrum was multiplied
by a factor of two to account for two uncorrelated rough surfaces.

Figures 25 and 26 show the evolution of the relative contact area, split into elastically and plastically
supported fractions, before and after sliding, respectively. While, before sliding, the plastically deformed
area starts to overtake the elastic contribution when spatial features smaller than 80µm are resolved, this
cross-over takes place much later after sliding, i.e. near 2.5µm. This is because the mean stress in the
elastically supported contact regions scales as E∗ξ, where E∗ is the contact modulus and ξ is the root-
mean-square surface gradient, which is reduced after sliding.

Figure 27 shows the probability distribution P(u) of surface separations u using the (doubled) top
power spectrum. Because of the high elastic modulus the area of real contact is very small, and the sur-
face area where the separation is very small is likewise very small. Separations are typically well above
the size of gouge particles, even without correcting for valleys associated with worn feldspar. We note

22



Rep. Prog. Phys. 89 (2026) 038301 S V Sukhomlinov et al

Figure 25. Calculated relative contact area as a function of magnification using the top power spectrum of the original surface
(before sliding), scaled by a factor of 2. The red line shows the elastic contribution, and the blue line the plastically deformed part
in an elastoplastic calculation. The gray line shows the result of a fully elastic calculation.

Figure 26. Similar to figure 25, but this time using the top power spectrum along the sliding track after a sliding distance of
300.8m, scaled by a factor of 2. The characteristic radius of the contact regions is about 3.5µm when the magnification is large
enough that most contact regions deform plastically. Nearly identical results are obtained when using the top power spectrum
orthogonal to the sliding track.

Figure 27. The probability distribution of surface separations. Because of the high elastic modulus the area of real contact is very
small and the surface area where the separation is very small is also very small. We have used the top power spectrum along the
sliding track after sliding 300.8m scaled by a factor of 2.

that P(u) depends mainly on the long-wavelength roughness components, which deform elastically.
Hence P(u) is only weakly affected by plastic deformation.

Sliding produces frictional heating. To estimate the resulting flash temperature we first need the char-
acteristic contact size which depends on the magnification ζ . At low magnification ζ , relatively large and
compact contact regions can be observed. An asperity contact region is considered compact if no non-
contact regions can be observed within it. Generally, an asperity contact region that appears compact at
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Figure 28. An asperity of the upper solid sliding on the substrate. In the present study both material are the same (silica or
quartz).

magnification ζ becomes non-compact at the highest magnification ζ1, often breaking up into several
separated regions.

For surfaces with a roll-off region, at low magnification (but not so low that the contact area percol-
ates) and at sufficiently low nominal contact pressure, the asperity contact regions are compact and well
separated. In this limit, the size of the asperity contact regions is well-defined. However, at high magni-
fication it is less clear how to define the size of the asperity contact regions. One approach is to use the
stress-stress correlation function [68, 91, 93–96].

Consider the stress-stress correlation function

g(x,x ′) = ⟨σ (x)σ (x ′)⟩− ⟨σ (x)⟩⟨σ (x ′)⟩.

For surfaces with isotropic roughness, g(x,x ′) depends only on r= |x− x ′|, and we will denote it by
g(r). We define the effective asperity contact radius rc using the condition g(rc) = αg(0), where α < 1.
Note that g(r) depends on the range of surface roughness included in the calculation. If q0 and q1 are
the smallest and largest roughness wavenumbers used in calculating g(r), we include the roughness with
wavenumbers q< ζq0, where 1< ζ < q1/q0. Thus, g(r) = g(r, ζ) will depend on the magnification ζ and
the size of the contact regions will decrease with increasing magnification. Numerical estimates for rc
using this approach [96] with α= 0.5 are included in figure 26 and yield rc ≈ 3.5µm at the highest res-
olution. Using σp = 7GPa, as suggested by the MD shear simulations, raises the estimated contact radius
to rc ≈ 10µm, in good agreement with experimental observations [42, 43].

To estimate flash temperatures, consider an asperity on the upper granite block in sliding contact
with the lower granite block as in figure 28. If we assume that the whole frictional energy goes into heat
(which is approximately true according to the MD simulations), the maximum temperature in the con-
tact region for the lower solid is given by [97]

∆T≈ sσfvrc
κ

(
1+

π rcv

8D

)−1/2
, (1)

where κ is the quartz or silica heat conductivity and D= κ/ρCp the heat diffusivity (ρ is the mass dens-
ity and Cp the heat capacity), and σf is the frictional shear stress. In (1) s is the fraction of the heat
energy q̇= σfv (energy per unit surface area and unit time) going into the lower solid. For low sliding
speed we expect s≈ 1/2 as both materials are equal. However, this equation is not valid for high sliding
speed as will be shown now.

The maximum surface temperature in the contact region for the upper block is [97]

∆T≈ (1− s)σfvrc
κ

. (2)

If we assume the temperature is continuous in the contact area between the solids, as should hold
approximately (see [98]), then using (1) and (2):

s≈ 1

1+
(
1+ π vrc

8D

)−1/2
. (3)

For quartz κ≈ 11.7W (mK)−1 and for silica κ≈ 1.4W (mK)−1. The heat capacity and mass dens-
ities are similar for quartz and silica and are in the range Cp ≈ 650− 750Jkg−1K and ρ≈ 2200−
2600kgm−3. Hence, the heat diffusivity for quartz and silica is D≈ 10−5m2 s

−1
and 10−6m2 s

−1
,

respectively. Fore sliding speeds v< 1cms−1 we have rcv/D< 0.003 for quartz and < 0.03 for silica, and
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hence from (3) we get that s≈ 1/2 and half of the frictional energy goes into each solid. With s= 1/2
the maximum temperature increase is

∆T≈ σfvrc
2κ

.

Assuming σf = µσP ≈ 10GPa we get for the highest sliding speed in the experiments v= 1cms−1, ∆T≈
100K for silica and ≈10K for quartz. The temperature increase for silica is non-negligible but does not
change the conclusions presented above.

The melting temperature of quartz is ≈1700◦C while the melting temperature of silica is not well
defined as it softens gradually with increasing temperature. If the friction coefficient were velocity inde-
pendent, the temperature in the asperity contact regions for silica would reach ≈1700◦C at the slid-
ing speed ≈0.2ms−1. However, in reality the friction coefficient, and hence the shear stress σf, drops
strongly at high temperature, so the actual melting of the silica would occur at much higher sliding
speeds as would be predicted if the friction coefficient were velocity independent.

If two solids slide in contact for a long enough time, the whole interface will heat up [99]. This
effect can be considered as the cumulative effect of the flash temperature. If a uniform heat source q̇1
is turned on at time t= 0 at the bottom surface of a semi-infinite solid (z⩾ 0) then the temperature at
the surface z= 0 at time t equals

∆T1 =
q̇1
κ

(
4Dt

π

)1/2

.

Let us compare this to the flash temperature, which we write as

∆T=
q̇0r0
κ

.

The heat source q̇0 acts in the total contact area A while q̇1 act in the nominal contact area A0. Since
the total heat energy is the same in both cases, we get q̇0/q̇1 = A0/A. Assuming that the pressure in all
the contact regions is equal to the penetration hardness σP and that the nominally applied pressure is σ0
gives σ0A0 = σPA or q̇0/q̇1 = σP/σ0. Hence,

∆T

∆T1
=

σP
σ0

(
π r20
4Dt

)1/2

. (4)

In earthquake applications σP ≈ 10GPa and σ0 ≈ 300MPa and the slip time of order 1s. Using r0 =
10µm equation (4) gives ∆T1 ≈∆T. Hence in earthquake applications the cumulative effect of the flash
temperature is very important and may result in the whole sliding interface heating up to a temperature
nearly as high as the flash temperature. In our applications σ0 ≈ 0.2MPa and even taking into account
the longer sliding contact time the cumulative effect of the flash temperature is negligible.

As a further test that the flash temperature is not important in the present case, we performed addi-
tional friction and wear measurements at v= 0.3mms−1, where q̇, and hence the flash temperature
should be nearly 10 times lower than for v= 3mms−1. Figure 29 shows (a) the friction coefficient and
(b) the wear rate for six 1-runs at the sliding speeds v= 0.3mms−1 (red squares) and 3mms−1 (blue
squares). The friction coefficient and the wear rate are slightly larger at the lower sliding speed, that is,
by ≈3% and ≈30%, respectively. The result for the friction coefficient agrees with figure 10.

In earthquakes the maximum slip velocities are typically on the order of a few m s−1, so if the size of
the contact regions and friction coefficient were similar to those found above, we would have to expect
that granite melts in the contact regions [43, 100, 101]. However, the friction must be expected to drop
significantly when quartz approaches its melting temperature, and in that case the contact regions may
only soften but not melt. As a consequence, the flash temperature will be less than expected using a con-
stant friction coefficient. This is very similar to friction on ice: when the sliding speed increases, the sur-
face temperature of ice in the contact regions increases due to frictional heating. On approaching the
bulk melting temperature of ice, the ice surface softens (predominantly by sliding-induced amorphiza-
tion [15]) and the friction drops drastically. As a result the actual (thermodynamic) melting of the ice
is shifted to much higher sliding speeds than expected based on the friction coefficient prevailing before
frictional heating becomes important. A similar effect may occur for granite sliding on granite, where
the dependence of the friction coefficient on sliding speed, as summarized in [102], is very similar (but
shifted to higher sliding speed) to that of ice sliding on ice (see [103, 104]).
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Figure 29. (a) The friction coefficient and (b) the wear rate for six 1-runs at the sliding speeds v= 0.3mms−1 (red squares) and
3mms−1 (blue squares). In (a) the stars gives the average friction coefficients which are 1.01 and 0.97.

4.2. Elasticity, contact aging, and the limits of rate-and-state friction laws
During the stationary contact, the asperity contact regions are often assumed to be fully pinned and to
increase both their real contact area and their local strength over time. This aging process allows the
contact to sustain progressively higher shear force over time. When the external shear stress builds up
beyond the static threshold, the interface enters the slip phase. Local contacts rejuvenate, which reduces
their resistance to sliding. The system comes to rest again once the external driving force has dropped
below the kinetic friction. Earthquake dynamics are frequently interpreted within this framework—as a
sequence of alternating stuck and sliding states [9, 38, 105].

An increasing body of research challenges the traditional explanation for stick-slip dynamics. It has
been proposed that the dynamics of stick–slip systems may instead be governed by a kinetic friction
coefficient that decreases with sliding velocity at very low speeds, rather than by explicit state evolu-
tion [10, 106–108]. This raises the question of whether stick-slip dynamics should generally be inter-
preted as creep-slip dynamics or if there exist quantitative criteria that determine when the conventional
stick-slip description is appropriate. Moreover, what conditions cause the breakloose friction not to
exceed the kinetic friction?

A general explanation for why the breakloose friction does not always noticeably exceed the kinetic
friction is that a solid block, like that shown schematically in figure 30, does not begin to slide uni-
formly but through pre-slip. Pre-slip refers to the gradual loss of pinning at a fraction of the local con-
tacts before the body as a whole starts to move, or—when applied to a single asperity contact—to the
breaking of interfacial molecular bonds before the asperity completely depins. Such localized slippage
relaxes part of the stored shear stress and thereby reduces the measured static or breakloose friction coef-
ficient, µs, below its hypothetical upper bound µ∗

s , which would be attained only if all contact patches
were to yield simultaneously.

A quantitative description of pre-slip in a side-loaded block can be obtained from a continuum
version of the Burridge–Knopoff model [22, 109], modified to include a smooth slip-weakening trans-
ition [21]. If the pre-slip displacement λel is larger than the size D= 2rc of the macroasperity contact
regions in most of the nominal contact region when global slip occurs, then the breakloose friction force
may only be marginally larger than the kinetic friction force. In that continuum framework, which is
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Figure 30. Slip at the onset of sliding when the driving force is applied on one side of the solid. The region where slip occurs can
expand gradually and extend over most of the contact before the leading edge starts moving. As a result, the breakloose force
exceeds the kinetic friction only marginally. However, for this to happen, most of the slip region must have moved by a distance
exceeding D.

summarized in appendix, the pre-slip is characterized by the distance

λel = (σs −σk)
L2

Eh
, (5)

where E is the Young’s modulus, h the block height and L its lateral size in the sliding direction, while σs
and σk are the static and kinetic shear stress, respectively.

Although the model is not a rigorous half-space solution, the qualitative trend—that λel grows with
system size for fixed L/h—is expected to remain valid. This matters because the relative magnitude of
λel compared to a microscopic asperity length scale D, determines the macroscopic breakloose beha-
vior. If λel ≫ D, most macroasperity contact regions will be renewed before global slip occurs, and the
breakloose friction force will be close to the kinetic friction force. That is, the observed static or break-
loose friction coefficient µs approaches the kinetic value µk. Conversely, in stiff or small systems where
λel ≪ D, all macroasperity contact regions are broken at the same time, and the full static strength µ∗

s

can be reached. This trend is loosely analogous to how adhesion depends on the system size or the
radius of curvature. Large, compliant systems fail via interfacial crack propagation. In contrast, small,
elastically stiff contacts tend to break bonds more uniformly across the interface [110, 111].

Let us apply the above results to the experimental results and to earthquake dynamics. In the study
by McClimon et al [27], a nanoscale silica tip was slid on a silica substrate. They observed a breakloose
friction force that was, in some cases, 3–4 times higher than the kinetic friction force. The experiments
were performed in a humid atmosphere, and the aging was attributed to water-catalyzed interfacial Si–
O–Si bond formation. Due to the small size of the contact region, λel ≪ D, the full aging effect shows
up in the experiments, so that µs = µ∗

s . In a perfectly dry atmosphere, McClimon et al [27] did not
observe any aging.

Next, let us consider earthquake dynamics on larger scales. Consider a linear region of length L
undergoing slip. The driving force for this is the elastic energy stored in a volume element, which
extends a distance L orthogonal to the slip plane. Using h= L in equation (5) gives:

λel ≈ (µ∗
s −µk)

σzL

E
. (6)

The normal stress at fault lines is typically σz ≈ 100MPa. Assuming E= 1011Pa, µ∗
s −µk ≈ 1, and

D≈ 10µm (as obtained in section 4), we get λel ≈ D if L≈ 1cm. Note that an increase in the nom-
inal contact pressure σz results in an increase in λel which will result in a reduction in ∆µ= µs −µk

as observed in [29].
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Figure 31. The kinetic friction for two hypothetical cases. Sliding is stable if the driving velocity v0 is below the maximum of the
kinetic friction force at vc (red curve), while stick-slip occurs when v0 is above it (blue curve). For most faults the driving velocity
(e.g. determined by the continental drift) is very small, v0 ≈ 10−10ms−1, and the maximum in the kinetic friction force must
occur below this velocity for earthquakes to occur. For some faults vc > v0 and for such cases only stable sliding occurs.

The friction dynamics in earthquakes is often described using rate-and-state friction models. In our
study, we find no memory effects of the type expected from rate-and-state friction laws. In the exper-
imental investigations by Dieterich [9], which were summarized in the theory of Ruina as a rate- and
state-dependent law of friction [105], only a few percent change in the friction coefficient was observed.
In these model experiments, the contact pressure is typically of order 10MPa, and the linear size of the
blocks is on the order of a few centimeters. Under these conditions, we get λel ≈ D, and some (reduced)
influence of aging should be observed.

Earthquake faults have roughness on many length scales. Integrating out the roughness with
wavelength below the linear size L will result in breakloose friction coefficients that approach the kin-
etic friction coefficient as the length scale L increases. From the study above, we expect that there will be
no influence of rate-and-state friction when L becomes of order 1m. In modeling earthquake dynamics,
the long-wavelength roughness may be included explicitly, but the short-wavelength roughness cannot,
as it would result in too many degrees of freedom. If earthquake dynamics can be understood using a
coarse-grained model with a grid size of order ∼1m, then we predict negligible influence of aging, and
rate-and-state description of friction dynamics assuming finite static shear stresses becomes irrelevant.
If shorter length scales must be included in the modeling, then rate-and-state effects become important.
However, in this case, the friction law will depend on the coarse-grained length scale L. Atomic force
microscopy measurements [27, 112] show significant aging effects at the nanometer length scale. If a
coarse-grained description with nanometer-sized grids were used to simulate an earthquake of kilometer
size, one would end up with a problem involving (103/10−9)3 = 1036 degrees of freedom!

We believe that the nature of earthquake dynamics depends mainly on the behavior of the kinetic
friction coefficient as a function of the sliding speed, µk(v), at extremely low sliding speeds, as illustrated
in figure 31. This figure shows the µk(v) relation for two hypothetical cases. If the driving velocity v0
is below the maximum vc of the kinetic friction force, only stable steady sliding occurs. If the driving
velocity is above this maximum, then stick-slip occurs. For most faults, the driving velocity, determ-
ined by continental drift (large-scale horizontal movements of continents relative to one another), is
very small, v0 ≈ 10−10ms−1, and the maximum in the kinetic friction force must occur below this velo-
city for earthquakes to occur. For some faults, vc > v0, and for such cases only stable sliding occurs.
Understanding the origin of earthquakes must therefore involve understanding the functional form of
µk(v) at extremely low sliding speeds (v0 ∼ 10−10ms−1 or less). We are not aware of any studies of the
µk(v) relation for granite-on-granite at sliding speeds v< 0.1µms−1. However, experiments on steel-
silicon interfaces at 10−5µms−1 velocities indicate the absence of true static friction [108].

5. Discussion

We wish to strengthen the connections between our experimental, theoretical, and simulation results and
to further relate them to the existing literature. To this end, we focus on two key findings: (a) friction
in self-mated granite is dominated by adhesion but anti-correlated with wear and (b) kinetic friction
has a weak dependence on velocity to the extent that the breakloose force does not markedly exceed the
kinetic friction force in macroscopic systems.
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We first address point (a). If for clean surfaces the friction were dominated by plowing or scratch-
ing, the friction for 1 run’s between corundum and quartz would have to exceed that of a self-mated
quartz contact, because corundum is harder than quartz and the surface roughness bigger and sharper
for the corundum paper. However, the opposite is observed, which is consistent with the claim that the
friction for clean surfaces is caused by adhesion. Adhesion in corundum–silica contacts (non-passivated
or after removal of passivation) will generally be less than in self-mated silica contacts, because a stoi-
chiometric mismatch between anions and cations with two oxygen atoms per cation in SiO2 versus 1.5
in Al2O3 unavoidably leads to frustrated interfacial interactions. Therefore, silica adhesion with quartz is
expected to exceed that of corundum. In a situation where the interfacial shear is controlled by form-
ation and rupture of interfacial bonds, the higher work of adhesion would lead to larger adhesion-
mediated friction of quartz with the gouge compared to silica–corundum contacts. It is also possible
that the corundum asperities have a thin polymer coating (the binder to the fabric), and in that case no
cold welded junctions can form. Still, even if this film is removed by wear, one expects weaker quartz-
corundum interaction than for quartz against quartz for the just-mentioned reasons.

For sliding contacts, in the contact regions, the quartz undergoes amorphization [13–15], which in
tetrahedral network formers is predominantly a mechanically rather than thermally induced atom-by-
atom or molecule-by-molecule process. This is similar to ice friction, where sliding-induced amorphiza-
tion occurs even for temperatures well below the ice melting temperature. Nonetheless, silicate interfaces
near thermal melting should not be expected to become quite as lubricious as those formed by ice, given
the vast difference in viscosity, e.g. about ∼1012Pas near 1800K for pure silica versus 1.8 · 10−3Pas for
water at 0◦C.

It remains to be understood why wear and friction are anti-correlated in our experiments. To dis-
cuss this point, we note that the height of a uniformly spread-out debris layer after a typical 1-run is
d≈ 0.45µm, and after a 100-run d≈ 4.1µm. These values are noticeably smaller than the typical spa-
cing of about 8 µm between the two surfaces within the nominal quartz–quartz contacts. Thus, the
debris volume is small enough to be fully accommodated in the surface valleys. Yet, visual inspection
reveals that most of the debris accumulates at the turn-around points, indicating that the particles
are swept and transported by the regions of true or near-true contact. This observation suggests that
the debris participates are carrying shear, thereby reducing the slip at the underlying quartz and con-
sequently mitigating wear. At the same time, part of the debris may be mechanically softer than quartz,
which would promote larger and tougher adhesive junctions and thus higher friction.

The next major discussion point revolves around point (b), the weak dependence of solid friction on
sliding velocity, which we observe even in the molecular dynamics single-asperity sliding contacts. The
generic explanation for why kinetic friction often depends only weakly on sliding velocity v is that it is
caused by (elastic or plastic) instabilities whose nature does not change with v for small sliding speeds.
This is demonstrated quantitatively in the Prandtl model [113–115], which consists of a mass point (rep-
resenting either an atom or a more coarse-grained entity, such as an atomic-force microscope tip [116])
dragged by an elastic spring past a sinusoidal potential representing the corrugation of a counterface.
Analysis of this model shows that a similar amount of potential energy is dissipated each time a degree
of freedom pops forward from an unstable position to a new energy minimum, so long as the underly-
ing instability mechanism remains unchanged, which is expected for sliding speeds much smaller than
the (usually rapid) slip velocities in the instabilities. This argument extends far beyond purely elastic
systems and has been shown to apply, for example, to boundary lubricants [117]. However, our atom-
istic simulations reveal that this generic picture is too simple. Thus, the quartz surface undergoes much
more massive plastic flow at 0.1m s−1 than at 10m s−1. We conclude that the friction-increasing thermal
effects, which enhance both the quality and quantity of contacts, are approximately compensated in this
system by friction-reducing, thermally activated creep that helps to release thermal stress.

It is worth elaborating further on the role of plasticity. In our simulations of normal indentation,
contacts begin to yield plastically at normal stresses of about 12GPa—a result that is surprisingly close
to experimental estimates [16, 76]. This apparent agreement likely benefits from a degree of fortuitous
error cancellation, as the BKS potential is known to underestimate activation energies for flow in silica
liquids by around 10% (about 0.5 eV) [47]. As a result, our simulations effectively experience an artifi-
cial speed-up of more than eight orders of magnitude. Based on this estimate and setting aside both the
elastic anisotropy of quartz and the full structure of the stress tensor near the contact, one may argue
that yielding occurs when the deviatoric (von Mises) stress reaches approximately 12GPa in normal
indentation, where only the normal component σzz is nonzero. Upon adding shear via σxz = σzx = µσzz,
the same deviatoric stress would be reached at σzz ≈ 4.5GPa when µ= 1 and at σzz ≈ 7GPa when
µ= 0.8. In our simulations under shear, we observe a reduction of the normal stress at yield from
12GPa to approximately 7GPa, i.e. by 5GPa—slightly smaller, but still of comparable magnitude to the

29



Rep. Prog. Phys. 89 (2026) 038301 S V Sukhomlinov et al

7.5GPa reduction predicted by these extremely simplified arguments, which would become smaller if the
diagonal components of the in-plane stress were not set to zero.

The last major point of discussion is the relevance of pre-slip for tectonic motion. In particular, we
wish to elaborate in more detail on the approximations made in the model [21] and the competition
between interfacial and elastic interactions, which crucially depends on the spatial dimensions of the
interface and the elastic body [118]. In their model, Lorenz and Persson [21] discretized the moving
elastic body into (flat) vertical slices, which are thin in the sliding direction but extend macroscopic-
ally in the two remaining directions. In reality, the deformation field will result in curved slices. Still,
we expect the exact result to scale with the parameters in the problem in the same way as found in the
simple model, while prefactors may change in a more detailed model. Here we note that Ciavarella [23]
has studied a very different model but arrived to the same conclusion as found in [21].

6. Conclusions

By combining sliding friction and wear experiments, atomistic simulations, and contact-mechanics the-
ory, this work revisits granite friction as a model system for the tribology of rock from a new, systematic
angle. While reproducing key features of faults, such as the size of gouge particles or the anisotropy of
surface roughness after sliding, we affirm well-established views (e.g. that gouge reduces wear), sharpen
and propose new mechanistic interpretations, and also challenge some prevailing ideas—most notably by
suggesting that irregular tectonic motion is governed by creep-slip rather than stick-slip dynamics.

The staged wear-removal experiments reveal that each time debris is brushed off granite surfaces, the
wear rate increases while friction decreases. Wear rate and friction remain approximately linear functions
of the load, but with different proportionality coefficients immediately after debris removal versus after
reaching a steady-state-like condition without removal. The observed anti-correlation between friction
and wear implies that asperity interlocking, scratching, crushing, and plowing are not dominant contrib-
utors to granite friction as frequently assumed. Instead, friction arises primarily from adhesion in cold-
welded junctions, which is traditionally seen as secondary. This interpretation is further supported by
the finding that hard corundum produces more wear but less friction than self-mated granite contacts.
Similarly, adding water to granite–granite interfaces reduces wear by an order of magnitude but fric-
tion only by about 25% or less. Atomistic simulations of a rigid, amorphous silica tip sliding across α-
quartz—the main and presumably load-bearing mineral in granite support and refine this interpretation:
they show friction coefficients of order unity under continuous amorphization of quartz. Moreover, three
main energy-dissipation mechanisms are identified: (i) bond-breaking at the trailing edge of the contact,
(ii) plastic deformation and amorphization beneath the contact center and near the leading edge, and
(iii) reversible, stress-induced phase transformations in front and below the leading edge.

The simulations also confirm theoretical flash-temperature estimates, provided that local heating
does not significantly soften the materials in contact. The product of the highest sliding velocities vmax

and the linear size D of typical asperity contact regions is roughly the same in the MD simulations
and the experiments; that is, vmax ≈ 10ms−1 and D=O(10nm) in the simulations versus v≈ 1cms−1

and D=O(10µm) in the experiments. According to classical flash-temperature models, heating under
these matched conditions is comparable—on the order of 100K—which does not significantly affect
local shear strength. However, during an earthquake, where slip velocities may exceed 2m s−1 at the
fault interface, flash heating becomes far more substantial. Even well below the melting point, we expect
pronounced reductions in shear resistance at these elevated temperatures, so that heating will be less
substantial in reality than when using interfacial shear stresses determined at low temperature. Indeed,
our simulations already show a marked decrease in shear stress near the α–β transition temperature of
quartz. Moreover, the presence of silica polymorphs in post-mortem, which are usually reached from α-
quartz through heating, turns out to be an insufficient indicator for previous high-temperature: our sim-
ulations produce the low-temperature polymorph OP tridymite underneath the marginally heated lead-
ing edge of the tip through a displacive transformation bypassing the usually required, high-temperature
intermediates.

We found a surprising insensitivity of granite friction to temperature and relative sliding speed in the
experiments, in contrast to expectations from rate–state models. We rationalized the absence of rate–state
effects by the scale dependence of pre-slip: the stress weakening zone, in which the interface transitions
from perfectly pinned to fully unpinned, can constitute a substantial fraction of a small (microscopic)
contact but only a marginal fraction of a large (macroscopic) one.
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Appendix. Lorenz–Persson theory

In the domain where the stress transitions from the static to the kinetic shear stress, the displacement
field u(x) satisfies the ordinary differential equation

Ehu ′ ′ = σs − (σs −σk)
u

D
. (A1)

Using κ2 = (σs −σk)/(EhD), this can be recast as

u ′ ′ +κ2u=
σs
Eh

. (A2)

We now consider the instant when the leading (right) edge, located at x= 0, is about to depin. In this
coordinate system, material points with positions slightly to the left of the edge (x< 0) have been dis-
placed to the right and experience a frictional stress between zero and σs. Thus, the boundary conditions
at this moment are

u(0) = 0, (A3)

Eu ′ (0) = −σs. (A4)

These correspond to the situation where the solid is on the verge of transitioning into global slid-
ing, driven by an adiabatically increasing force applied from the trailing (left) edge. The solution of
equation (A2) is

u(x) =
σsD

σs −σk
[1− cos(κx)]− σs

Eκ
sin(κx) . (A5)

The hypothetical point x∗ to the left of which all material points are completely depinned is the
largest negative x for which

|u(x∗) |= D. (A6)

Depending on the parameters, this point may lie inside or outside the block. The prefactor of the sine
term in equation (A5) can be rewritten as

σs
Eκ

=

√
h

D

σs
E

1

1−σk/σs
. (A7)
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Except for the height h, all terms appearing in this expression are material or loading properties. Thus,
the sine term is negligible in the limit of small h but becomes dominant for large h, leading to

|x∗|=

arccos(σk/σs)/κ for h→ 0,

DE/σs for h→∞.
(A8)

Using a Young’s modulus of E= 70GPa for silica, a normal stress during sliding of σs = 7GPa, and
assuming σk = σs/2, we obtain |x∗| ≈

√
10hD in the small-object limit In the opposite limit of very large

objects, the ratio |x∗|/L becomes negligible, so that the breakloose force exceeds the kinetic friction only
marginally.
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