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Fault restrengthening after earthquakes enables country rocks to restore

elastic strain energy for subsequent seismic cycles. It originates from the
contribution of several processes resulting in fault sealing and fault frictional
healing, the latter arising from contact area growth and formation of new
chemical bonds between grains. Laboratory studies demonstrate that fault
frictional healing typically increases logarithmically with time during quasi-
stationary contact (i.e., positive healing rate). Here we show that this loga-
rithmic healing does not hold under certain (hydrothermal) conditions for
feldspar, the most abundant mineral in the Earth’s crust, and for common
feldspar-rich rocks. The healing rate switches from positive to negative with
increasing quasi-stationary contact time at temperatures >200 °C in the pre-
sence of pressurized water. This unusual healing behavior suggests that
thermally-activated friction weakening processes may exist at feldspar inter-
faces. This hypothesis is further validated through nano-scale friction experi-

M Check for updates

ments by sliding single-feldspar crystals on a feldspar substrate. Given the
abundance of feldspars in the Earth’s crust, their peculiar healing behavior
under hydrothermal conditions can lead to unexpected variations in fault
strength, changing our understanding of fault mechanics and the seismic
cycle, and challenging the direct extrapolation of laboratory-derived healing
parameters to natural earthquake recurrence intervals.

Fault healing is a well-documented phenomenon that describes the
time-dependent recovery of fault strength between earthquakes'.
Fault healing is due to the contribution of several physical and
chemical processes that lead to (1) fault sealing (mineral dissolution
and precipitation, vein deposition, etc., and in extreme cases, fault
welding by solidification of seismic friction melts)”, (2) fault fric-
tional healing (contact area growth plus formation of new chemical
bonds between asperity contacts at the sub-microscale)*" ™ and, (3)
a combination of the two". The underlying mechanism of fault
frictional healing is generally attributed to an increase in the real
contact area of the microscopic asperities (contact “quantity”)'®'* or

an increase in contact strength of chemical bonds (contact
“quality”)>?°. Although specific mechanisms differ, laboratory stu-
dies on centimeter-size rock specimens, mostly conducted at room
temperature, and micro-scale single asperity friction tests have
shown that 1) frictional healing (static friction minus dynamic
steady-state friction, Fig. 1) usually increases linearly with the
logarithm of the hold time ¢, and 2) the rate of healing (change of
frictional healing with log(ty)) is positive for a broad range of rock
types, including Westerly granite, and a variety of minerals™"*"2",
However, the results of recent experiments also conducted on
Westerly granite, but under hydrothermal conditions, cast doubt on
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Fig. 1| Experimental protocol for slide-hold-slide (SHS) tests and results of
gabbro under hydrothermal conditions. a Friction coefficient y versus dis-
placement in the second SHS sequence (SHS-seq 2; slip rate = 10 pm/s) for four
representative experiments (LHV2733, LHV2760, LHV2755 and LHV2734) per-
formed at temperatures of 100 °C (top curve) to 400 °C (bottom curve) and pore
fluid pressure of 30 MPa. Hold times (¢,) are indicated below each corresponding
hold. Frictional healing Au and apparent healing AuP? (see insets in the right panel
of a) are determined by the difference between peak friction (1) after the hold and
steady-state friction (uss) before the hold (Au = ui, - i) for stable slip and by the

difference between peak friction before and after the hold for stick slip, respec-
tively. The numbers on the left edge of the left panel of a indicate y at a slip
displacement of 52 mm. Insets in the right panel show the details of the 3000 s hold
at T=100 °C (top) and 200 °C (bottom). b Frictional healing data (Au or Au™) of
SHS-seq 2 under dry conditions. ¢ Frictional healing data (Au or AuPP) of SHS-seq 2
under hydrothermal conditions, see main text for description. Solid symbols
denote Au and open symbols denote ApPP. Error bar in b and c represent the
standard deviation of the data (see Methods).

the occurrence of this log-linear frictional behavior: at 7=200 °C,
frictional healing decreases, rather than increases, with log(¢,) (i.e.,
negative healing rate), although the healing is still positive within
the investigated hold times. But, at 7= 250 °C, the frictional healing
becomes negative when hold time is longer than a threshold®.
Consequently, faults in granitoids in the presence of hot and
pressurized fluids, a common situation at hypocentral depths*?, may
have negative healing rates, which will alter the seismic cycle. But do
other common crustal rocks have similar frictional healing behavior

under hydrothermal conditions? And what is the mechanism for the
negative healing rate?

In this work, we measure the frictional healing behavior of a wide
range of common crustal rocks at temperatures typical of hypocentral
depths. We show that the negative healing rate behavior is closely
related to the presence of feldspar and water. The key role played by
feldspar in the process of decreasing fault frictional healing rate is
confirmed by nanometer-scale friction experiments with a single
feldspar micro-grain translating along a feldspar substrate using an
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Fig. 2| Frictional healing data for the primary rock-forming minerals of gabbro.
Experiments are performed under an effective normal stress (0efr) of 50 MPa,
temperature (7) ranging from 25 °C to 200 °C and pore fluid pressure (P;,) of

30 MPa. Error bar represents the standard deviation of (apparent) Au. a Diopside
data from experiment LHV3099. Frictional healing (Ap) increases linearly with
logarithm of hold time (logyot;,) at all temperatures investigated (7= 25 to 200 °C).
b Andesine data from experiment LHV3100. At 7= 25 and 100 °C, Au increases
monotonically with log;o(t), whereas at T=200 °C, Au decreases with increasing

Hold time, ¢, (s)

hold time at ¢, >300 s. ¢ Analog of gabbro gouge, i.e., mixture of diopside and
andesine with a ratio of 1:1.68 from experiment LHV3103. Frictional healing beha-
vior of the mixture is similar to that of pure andesine. These experiments suggest
that the presence of andesine is responsible for the decreased frictional healing and
negative healing rate observed for long-duration holds. The trend of Ay with log;oty,
at T=200 °C are highlighted in shaded lines. Solid symbols denote friction healing
Au and open symbols denote apparent healing AuPP.

atomic force microscope. We conclude that thermally-activated and
water-assisted chemical processes operating along feldspar interfaces
limit the rate of contact strengthening, thereby reducing fault fric-
tional healing.

Results

Frictional healing Ay is normally investigated by laboratory slide-hold-
slide (SHS) experiments™'*?2. Here we present results of 30 SHS
experiments performed in the presence of hot and pressurized water
using a rotary shear machine (LHV-Beijing) equipped with a dedicated
hydrothermal pressure vessel’**° (Supplementary Fig. 1 and Supple-
mentary Table 1).

We first report frictional healing data for powders of gabbro, a
common oceanic crust rock. Experiments are performed under an
effective normal stress (Oer=04-Pp) Of 50 MPa, a loading velocity of
10 pmy/s, temperature (7) ranging from 25 to 400 °C and pore fluid
pressure (Pp) of O (nominally dry, relative humidity < 2% at T>100 °C)
or 30 MPa. Each experiment includes two identical SHS sequences
(SHS-seq 1 and SHS-seq 2) with a slip interval of 40 mm in between (see
the representative experiment LHV2760 in Supplementary Fig. 2). The
SHS procedure involves: (1) sliding at V=10 um/s for 1mm of slip
displacement, (2) holding at zero load-point velocity for hold times (¢,)
ranging from 3s to 10,000, and (3) resuming the sliding at the ori-
ginal velocity (V=10 pm/s). Figure 1a shows the evolution of the fric-
tion coefficient (u = 7/05 with 7 the shear stress) with slip
displacement (d ~ 52-59.5 mm) in the SHS-seq 2 for experiments per-
formed at temperatures of 100 °C to 400 °C. At these loading and
temperature conditions the rheology of gabbro and its forming
minerals is elasto-frictional’’. Typically, frictional healing Ay is mea-
sured as the difference between peak u value (up) upon re-sliding and
steady state friction (uss) before the hold. However, in the cases of
stick-slip, a well-defined uss cannot be obtained. We adopt the peak
friction during the stick phase before the hold as a reference point. The
apparent Ay is then measured as the difference between the peak u
value of the stick-slip events after and before the holds (see Methods;
referred to as Au®, Fig. 1a inset). The rate of healing (5) is con-
ventionally determined as the slope of Au versus Alog;o(t,) over the
entire dataset, expressed as 8= Au/Alog;ot,”. Since some of the data-
sets in our study cannot be adequately described by a single log-linear
relation, we determine individual healing rates (8'°°) within intervals of

monotonic change to explicitly capture the time-dependent evolution
of B. Typically, two 8 values are sufficient to describe the change of
Ap with hold time. A positive f° indicates that frictional healing
increases with hold time, whereas a negative ' indicates that fric-
tional healing decreases with hold time.

Gabbro shows different healing behaviors in the presence or
absence of pressurized water. Here we focus on the frictional healing
behavior of SHS-seq 2 (results of SHS-seq 1 can be found in Supple-
mentary Fig. 3). Under dry conditions, S is positive and Au generally
increases monotonically with log;ot;, except for a slight deviation from
the log-linear trend at 7=300°C and 400 °C at longer hold times
(>10005s) (Fig. 1b). For the experiments in the presence of water
(P,=30MPa), at T=25°C and 100°C, Au increases linearly with
logoth, as observed under dry conditions. However, at T>200 °C, the
linear relation between apparent Au and log;ot,, does not hold. Speci-
fically, at 200 °C apparent Ay starts to decrease with increasing t;, when
t,>300s, indicating that frictional healing rate has switched from
positive (8°°> 0) to negative (8°°< 0) values. For the test at T=400 °C,
the negative transition of frictional healing rate (8'°<0) occurs at
t, =100 s. Most strikingly, the peak u value after the 3000 s hold is
lower than the sliding u before the hold, suggesting a negative value of
apparent Au (Fig. 1c).

The transition in healing rates from positive to negative with
increasing hold time apparently results from a reduction in (apparent)
Ay at longer hold times. In order to check whether or not the decrease
in frictional healing at long hold times depends on the order in which
the hold time is applied, we performed experiment LHV3047 at
T=200°C by applying an increasing (3-3000s) and decreasing
(3000-3 s) order of hold time sequence. We find that both sequences
produce a very similar pattern of healing behavior, as shown in Sup-
plementary Fig. 4. This observation demonstrates that the decrease in
Au atlonger t, is independent of hold sequence, and depends solely on
the absolute duration of individual hold prior to the re-sliding.

X-ray diffraction (XRD) analysis of gabbro indicate that its
mineralogical composition consists mainly of 47 wt% andesine and
28 wt% diopside (Supplementary Table 2, see Methods). To investigate
whether the unusual frictional healing behavior of gabbro is sensitive
to its mineral composition, we performed similar SHS experiments but
on pure andesine and diopside gouges. These gouges are prepared by
selecting the two minerals from gabbro gouges under the optical
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microscope. We find that pure diopside gouges have a linear rela-
tionship between Au and logot;, under all investigated conditions
(positive B, Fig. 2a). In contrast, pure andesine and a mixture of
andesine and diopside with a ratio of 1.68:1 (or 47/28, same as in
gabbro) show the same pattern of healing at 200 °C, including the
occurrence of negative f after long ¢, as that of gabbro (Fig. 2b, c).
These experiments indicate that the presence of andesine is respon-
sible for the decreased Au and the negative B at long holds in the
presence of pressurized water. To further demonstrate the role of
temperature in the negative frictional healing rate, we conducted an
additional SHS experiment LHV3240 on pure andesine gouge. The
experiment includes three temperature sequences: two room tem-
perature stages separated by a 7=200°C stage. We observe the
behavior of negative healing rate only in the T=200 °C stage, not in
the initial and final room temperature stages (Supplementary Fig. 5).

If andesine indeed accounts for the reduction in healing rate at
elevated temperature conditions, we would expect this effect to occur
in other types of feldspar and feldspar-rich rocks. To test this
hypothesis, we present the fault frictional healing data for various
feldspars, i.e., albite (Na-rich), orthoclase (K-rich) and andesine (Na-Ca
rich) and feldspar-rich rocks (Etna basalt: 34% andesine + 11.3% sani-
dine, diorite: 49% albite, and Westerly granite: 35% albite +19%
microcline). As shown in Fig. 3, all types of feldspar and feldspar-rich
rocks investigated exhibit the same time-dependent, negative fric-
tional healing rate (i.e., frictional healing rate transiting from positive
to negative) after long holds at temperature above 200 °C to 300 °C, in
contrast to constant, positive healing rate at lower temperatures
(Supplementary Fig. 6). Mechanical data from these common (non-
altered) crustal rocks further support the critical role of feldspar in
producing negative frictional healing rates at long holds.

Discussion

Mechanism for negative frictional healing rate

Our experiments reveal an unexpected frictional healing behavior,
where the log-linear relation between frictional healing (apparent) Au
and stationary contact time ¢, does not hold within the investigated
hold durations at hydrothermal conditions with temperatures above
200°C-300°C or ambient conditions typical for the nucleation of
crustal earthquakes*”. Importantly we show that the negative fric-
tional healing rate 8 occurs in several and very common feldspar-rich
rocks and demonstrate that this behavior is related to the presence of
feldspars and pressurized hot water (Figs. 1-3). Thus, the negative
frictional healing rate could be common in the seismogenic upper
crust and impact the seismic cycle. This frictional healing behavior is in
sharp contrast to the well-known linear dependence of Ay with log; ot
(positive B) in most cases™ and negligible Au for clay-rich samples™. In
our experiments at 7=200 °C, § switches from positive to negative
when ¢, exceeds a threshold (-300 s). This suggests an unidentified
mechanism involving water-assisted and time- and temperature-
dependent microscale weakening processes along the contact inter-
faces of feldspar grains during the hold period.

A similar negative S value (8°°< 0) has been reported recently for
granite (46% feldspar) at T>200 °C (reproduced experimental results
can be found in Supplementary Fig. 7) and the mechanism was
attributed to the formation of weak secondary minerals (clays)®.
However, XRD and FESEM investigations conducted on gouge samples
from experiments conducted at T=200 °C that exhibit negative § do
not show evidence of formation of new clays (Supplementary Fig. 8).
This could be due to the low reaction rate of feldspar breakdown to
form measurable (XRD) and visible (FESEM) amounts of clays at
T=200 °C within the duration of the experiments. But we cannot rule
out the possibility that trace amounts of weak minerals may form
locally in highly stressed contact asperities and are subsequently
destroyed or displaced upon re-sliding. Previous experiments per-
formed on gabbro® have reported that clay may form at 7=300°C

and 400 °C, and it is therefore likely that formed clay at original silicate
mineral surface may contribute to the reduction in healing rate
observed at 7>300 °C.

Time-dependent fault frictional healing has been attributed to an
increase in real area of contacts with time (AA,, contact “quantity”) by
asperity creep'®. Friction experiments under atomic force microscope
(AFM) suggest that an increase in contact strength of asperities (At,,
contact “quality”) by the formation of stronger chemical bonds could
be another potential mechanism for frictional healing®. The real area
of contact in gouge sample can be described as a collection of discrete
contact asperities and increases over time when two surfaces are in
quasi-stationary contact'®***, Although direct observation of the real
contact area in our experiments is unachievable, we measure the
compaction of gouge layers during all holds and independently of
temperatures and the presence of water (Supplementary Fig. 9), sug-
gesting that the contact area increases even for samples with
decreased frictional healing at long holds. Since the increase in AA,
cannot account for the decrease in Au during the long holds for
feldspar-rich rocks, we must conclude that the growth rate of contact
quality At, decreases during long holds™.

Because the gouge friction experiment typically involves myriads
of asperities of minerals (also with different composition) that come
into contact, rotate and break during sliding, it is technically difficult to
determine the shear strength of individual nano- to micro-contacts
from the overall system responses. To better explore and illustrate the
evolution of frictional strength during the healing experiments, we
perform nano-scale contact’” SHS experiments using an atomic force
microscope (AFM). For the SHS experiments, an individual mineral
grain, either feldspar or pyroxene, is mounted to the AFM cantilever
and the lateral force is measured by sliding the individual mineral on a
substrate of the same type of mineral at room temperature under
relatively high humidity (RH ~ 80%, Fig. 4a). We vary the hold time from
3s to 700 s and repeatedly measure frictional healing for 10 times
under each hold time. As shown in Fig. 4 and Supplementary Fig. 10,
the frictional healing behavior of the pyroxene-pyroxene contact pair
and the feldspar-feldspar contact pair appears to be different. For the
pyroxene-pyroxene contacts, the relative friction healing AF/Fss (Fss:
steady state friction after hold; AF: peak friction after hold minus Fg)
increases log-linearly with ¢, (Fig. 4b). In contrast, at the same RH ~
80%, the variation of AF/F¢ with log (t;,) for feldspar-feldspar contacts
has a much more pronounced scattering, particularly for ,>30s. To
better quantify the healing behaviors of the feldspar-feldspar contacts,
we categorize the frictional healing data into two regimes, i.e., the
“expected” healing and the “suppressed” healing. To do that, we first
estimate the scattering of the frictional healing data of the
pyroxene-pyroxene contacts as a reference scattering, as indicated by
the width of the blue-shaded area in Fig. 4b. Then we find the trendline
of the “expected” healing behavior for the feldspar-feldspar contacts
by fitting the maximum frictional healing values under different hold
times using a log-linear fit. Finally, we obtain the expected healing
regime (denoted by the blue-shaded area) by considering the
“expected” trendline with a same scattering as the pyroxene-pyroxene
contacts. Essentially, this “expected” healing regime for the feldspar-
feldspar contacts is defined as the projection of the normal log-linear
healing behavior while considering a scattering due to uncertainty of
the measurement system. Clearly, for the frictional healing measured
in RH~80%, many of the data points do not fall into the “expected”
healing regime. For those data points that lie below the “expected”
healing regime, we classify as the “suppressed” healing regime
(denoted by the pink-shaded area, Fig. 4b). Taking the data set of 100 s
hold time as an example (10 points in total), only one of the data points
lie in the expected healing regime while the nine data points are in the
suppressed healing regime. Similar behavior is more evident for the
data sets of 300 and 700 s long holds, where 9 out of 10 data points
and 10 out of 10 data points are in the suppressed healing regime,
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Fig. 3 | Frictional healing data for feldspars and common crustal feldspar-
rich rocks. Experiments are performed at constant effective normal stress of

50 MPa and pore fluid pressure of 30 MPa. This plot shows that all investigated
types of feldspars and feldspar-rich rock powders exhibit a similar pattern in fric-
tional healing versus hold time at elevated temperatures (7 =200 °C). A positive
healing rate switches to negative with increasing hold time. Error bar represents the
standard deviation of Au. Solid symbols denote friction healing Au and open
symbols denote apparent healing AP

respectively. Most strikingly, in the 700 s long hold, some of the fric-
tional healing values are even smaller than those collected in the 3 s
long holds. We also perform SHS experiments for feldspar-feldspar
contacts under relatively low humidity conditions (RH ~5%) and find
that conventional frictional healing is more apparent than in high
humidity SHS tests (Fig. 4b). The suppressed frictional healing for the
feldspar-feldspar contacts after long hold times at high relative
humidity (but not for the pyroxene-pyroxene contacts or the feldspar-
feldspar contacts at low humidity) is consistent with our results for
macro-scale gouge experiments in the presence of pressurized water®
(Figs. 1-3).

Due to the instrumentational limitations of the AFM, it was not
possible to conduct nano-scale SHS experiment at 200 °C or with
pressurized water. However, we are still able to observe the sup-
pressed frictional healing at room temperature in the feldspar-feldspar
contacts, e.g. in 9 out of 10 data points for ¢, =300 s (Fig. 4b). Such
observations are not surprising. As evident in the previous AFM
experiments™, the frictional healing effect and other interfacial
phenomena are commonly more pronounced than those observed at
the macroscale. For instance, individual contact healing (i.e., AF/Fss up
to -6, Fig. 4b) is more pronounced than the equivalent quantity, Au/uss,
of ~ 0.1 for multiple-contact macroscale rotary shear experiments
(Fig. 1). This high sensitivity is possibly due to the high local stress and
good chemical uniformity for the nanoscale asperity contact. Never-
theless, probably because the ambient temperature in our AFM
experiments was significantly lower than that in the rotary shear
experiments, the suppressed frictional healing could not always occur
at the nanoscale, despite the high interfacial sensitivity.

Since SHS experiments with AFM employ a single feldspar micro-
grain, this experimental approach offers a unique and simpler platform
to examine the evolution of the contact interface during the hold
period. We repeat the SHS experiments of the feldspar-feldspar con-
tact for a long hold time (¢,=3005s) under RH~80% while in-situ
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Fig. 4 | Single-component particle slide-hold-slide tests performed in Atomic
Force Microscrope (AFM). a A schematic diagram showing that a feldspar/pyr-
oxene particle attached to a tip slides against feldspar/pyroxene surface. SHS tests
are conducted with the same protocol as rotary shear SHS experiments (left inset).
Upon resliding after the hold, the lateral force increases abruptly to a peak value
and then evolves to a steady-state value (Fg). AF is determined by the difference
between peak value and steady state value (right inset). b Normalized frictional
healing data for the pyroxene-pyroxene contact at RH -~ 80% (upper panel),
feldspar-feldspar contact at RH -~ 80% (middle panel) and at RH - 5% (lower panel).
The blue shaded domain outlines the expected linear trend for AF/Fg versus hold
time. The pink shaded domain marks the “suppressed” frictional healing effect.
Error bar presents the standard deviation of AF/F (see Methods). ¢ Evolution of the
contact stiffness of the system (K) during a 300 s hold for the feldspar-feldspar
contact. Inset shows a schematic diagram of the stiffness measurement. The Kis the
ratio of the normal force variation AF, to the vertical displacement change Az.

monitoring the contact stiffness K of the system (Fig. 4c). The K'is the
ratio of the normal force variation AF, to the vertical displacement
change Az*. During the 300 s long hold, there is no significant change
in K, which means that the contact area does not change appreciably.
Therefore, the suppressed friction healing effect during the longer
hold times must be caused by a reduced growth rate in contact quality,
relative to short holds, of the micro-grain contacts. Considering the
statistical nature of the suppressed frictional healing effect and its
close relation with humidity (a water bridge between the AFM tip and
the substrate was likely to form under relatively high humidity*®*'), we
speculate that the process may be thermally activated, water-assisted
and chemical in origin.

Implications for the seismic cycle

Our study reveals that feldspar and feldspar-rich rocks exhibit time-
dependent reduction of frictional healing at temperatures >200°C,
typical of depths greater than ~ 8 km assuming a geothermal gradient
of 25°C/km. These depths align well with hypocentral depths where
earthquakes nucleate**?, Therefore, this healing behavior may poten-
tially influence the seismic cycle in feldspar-bearing faults. Our results
suggest that extrapolating laboratory-derived healing parameters to
predict the recurrence interval of earthquakes in feldspar-rich fault
zones under hydrothermal conditions should be treated with caution,
unlike the direct applications made in previous studies". For instance,
the decrease in frictional healing and healing rate will, if the stress
loading rate remains constant, 1) reduce the rate of the elastic strain
energy stored by wall rocks and, 2) the recurrence interval of earth-
quakes along this fault may become shorter, and subsequent
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earthquakes may occur at a lower shear stress level*’. The distribution
of feldspar-rich patches along faults may influence the frequency of
earthquakes and their stress drops.

Although the experiments discussed here highlight the role of the
presence of feldspar in activating the negative frictional healing rate
behavior in common crustal rocks, the extrapolation of laboratory
frictional healing results to natural faults remains challenging. By
comparison with conditions of natural fault systems, (1) the experi-
ments presented here are of short duration and reaction kinetics are
too slow to observe chemically-controlled contact weakening for
minerals other than feldspar, (2) frictional healing properties of faults
vary significantly with ambient temperature®*?¢,  fluid
composition***, and lithology*®**, and (3) other relevant co- to post-
seismic processes (e.g., vein precipitation, fault welding) contribute to
fault healing®". In any case, our findings highlight the need to revisit
fault frictional healing mechanisms under hydrothermal conditions, a
very common situation at hypocentral depths. In particular, the pre-
sence of feldspar may lead to a decrease in fault strength recovery
under ambient conditions discussed in this study. The changes in
strength of the interfacial contacts during quasi-stationary state con-
trol frictional healing in feldspars. Our study suggests that the
mechanism of frictional healing is governed by a combination of real
area of contact and interfacial contact strength™s,

Methods

Hydrothermal friction experiments and slide-hold-slide tests
The sample powders used in the experiments include “Jinan dark
green” gabbro, Westerly granite, Etna basalt, diorite, and orthoclase
and albite. The mineralogical make up are presented in Supplementary
Table 2, based on XRD data. The samples are crushed and sieved using
a 180-mesh sieve to produce gouges with grain size <88 um for the
friction experiments.

Friction experiments are performed with a Low to High Velocity
Rotary shear apparatus (LHVR-Beijing) equipped with a hydrothermal
pressure vessel at the Institute of Geology, China Earthquake Admin-
istration in Beijing, China (Supplementary Fig. 1), All experiments
are conducted at a constant effective normal stress (ges) of 50 MPa and
temperature (7) ranging from 25 to 400 °C, under nominally “dry” or
with a pore fluid pressure (P,) of 30 MPa. In the dry experiments, the
vessel is open to the atmosphere. The P,=30 MPa experiments are
conducted under drained conditions (distilled water as pore fluid) and
constant pore pressure is maintained by a syringe ISCO pump. A list of
all the experiments can be found in Supplementary Table 1.

In each experiment, a 1.5mm thick gouge layer is sandwiched
between two ring-shaped and surface-grooved holders and flanked by
inner and outer metal rings (for 22/28 mm and 14/20 mm internal/
external diameter, ~0.8¢g and 0.56 g gouges are used, respectively).
The sample assembly is subsequently mounted inside the hydro-
thermal vessel and to the machine. Then, the sample assembly and the
vessel are evacuated to 2000 Pa with a vacuum pump. Afterward, the
normal stress g, is slowly increased to the desired value, while the pore
fluid pressure (Pp) is increased in a stepped manner and kept at a
constant target value before heating. Once the desired pore pressure
and normal stress are achieved, the vessel is heated to target tem-
perature. Heating normally takes 30 min for T=100°C and ~1.5h
for T=400 °C.

After achieving the desired experimental conditions, the gouge
layer is sheared (run-in) at V=10 um/s for 7 mm slip displacement (d),
allowing friction to evolve to a steady state value. After this “run-in”
stage, slide-hold-slide tests are imposed. The SHS test consists of three
steps: (1) sliding the gouge layer at V=10 pm/s for 1 mm of slip dis-
placement, (2) holding the gouge for hold times (¢,) ranging from 3 s to
30,000 s by setting the load point velocity as null and, (3) resuming the
sliding velocity at the original rate (V=10 pum/s). Upon reloading, the
friction coefficient typically reaches a peak value and then decays to a

steady state value. Frictional healing Au is defined as the difference
between u peak value () upon re-sliding and steady state friction (uss)
before the hold. For stable sliding, uss is calculated as the average
values of p (with standard error) measured over the last 0.2 mm of
displacement before the hold. In the cases of stick-slip, a uss counter-
part is determined by averaging peak u values (with standard error)
during the stick phases within the last 0.2 mm of displacement (nor-
mally 6-8 cycles). It is worth noting that the measurement of Ay in the
case of stick slip is not affected by where the hold happens to start in
the loading curve (Supplementary Fig. 11). Normal stress is kept con-
stant during the holds and frictional strength relaxes non-linearly due
to the creep of the machine and gouge samples. To ensure that no
rotation is applied by the machine to the gouge layer during holds, the
servo motor control system is set to stop once the imposed revolution
rate is less than 1rpm (corresponding to a slip velocity ~ 1.3 pm/s for
the sample assembly used). By doing so, the servo motor remains
stopped even if zero-voltage input signal is disturbed by electric noise,
and no angular rotation is detected during the holds. In each experi-
ment, two SHS sequences separated by a slip displacement of 40 mm
are imposed. At the end of the experiment, the deformed samples are
collected for micro-analytical (XRPD and FESEM) investigations. Note
that the samples required a cooling period of approximately 1h for
T=200 °C before being removed, this process might have potentially
modified the microstructures.

During the experiments, axial load, shear torque, fluid pressure
and temperature, velocity, revolution, and axial displacement are
acquired at a frequency of 100 Hz. Evolution of axial displacement, i.e.,
dilatation or shortening (Aw) of the gouge layer, is recorded using a
LVDT (1 um resolution and 10 mm stroke) placed on the axial column
of the machine. No correction for system stiffness is applied for the
calculation of the shear displacement. The measured shear torque is
converted to shear stress (MPa) without correcting for the additional
shear resistance from O-rings and confining rings.

Atomic force microscopy and slide-hold slide tests

Sample preparation. Feldspar/Pyroxene tips are fabricated from tipless
atomic force microscopy (AFM) probes and mineral particles. The
feldspar/pyroxene particles, separated from the samples used in rotary
shear experiments, are attached to tipless AFM probes (HQ-NSC35
Mikromasch) using UV (ultraviolet) glue. The selected feldspar and
pyroxene particles have a diameter of several tens of micrometers. The
solid gabbro substrate is polished by Argon lon Polishing, producing a
smooth surface with a root-mean-square roughness of 3.0 nm, mea-
sured within an area of 4 x 4 um? The gabbro substrate is cleaned with
air plasma beam before each experiment.

AFM experiments. Friction force microscopy is conducted using
an AFM (Ntegra, NT-MDT Inc.) installed at the Tsinghua University,
China. The experiments are conducted in an AFM chamber at
approximately 80% humidity. The humidity is kept constant (uncer-
tainty +2% RH) controlled by bubbling pure dry nitrogen vapor from a
liquid nitrogen dewar through water. The experimental system is
equilibrated for at least 1 h after the initial humidity change.

The friction experiments are performed after initially making
contact between the feldspar/pyroxene tip and the substrate, then
sliding for a run-in distance (256 cycles of 1 um back-and-forth lateral
displacements). The slide-hold-slide procedure is then conducted at a
constant normal load of 150 nN. The tip is first slid 1 um, then held
stationary for a set time, followed by sliding another 1 um at the ori-
ginal velocity. After this, the tip is slid backward to the original posi-
tion. The friction was determined by calculating the difference
between the forward and backward lateral forces. The hold time is
predetermined ranging from 3 s to 700 s. Each hold time sequence is
repeated 10 times. To exclude the potential effect caused by different
interfacial chemical states, the tip is slid for a pre-run distance before
each different hold time.
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The healing of friction is described as normalized friction force
increment, called the relative friction drop AF/Fs, which is the ratio of
the increment of friction force during the hold stage (AF) and the
steady-state friction (Fs) after the hold. To estimate the uncertainty of
AF/F for each hold event, we first determined the peak force value
(Fp) and subtracted from it the individual force values (F;) during post-
hold steady-state sliding, thereby obtaining a dataset of AFi=Fp, - F.
Based on the AF; and F; datasets, we then calculated the mean value (AF
and F;) and standard deviation (0, and ;) of AF and F, respec-
tively. Finally, the standard deviation of AF/Fs was estimated using the
error propagation formula:

og=2F (%)2 " <"fss>2 M
F AF F
X-ray powder diffraction (XRPD)

Measurements are performed using a Philips X'Pert Pro MPD
diffractometer installed at the Department of Geosciences at the
University of Padova, Italy. The instrument is equipped with a long-
fine-focus cobalt anode tube working at 40 kV - 40 mA and a 240 mm
goniometer radius that operates in the 6/0 geometry. Samples are
prepared using the front-loading procedure onto a Si-crystal sample
holder that lacks any diffraction lines (zero-background). Measure-
ments for phase identification are carried out between 3° and 85° 20
angle, using a 0.017° step size, counting 100 s per virtual step on a
spinning sample (1 revolution per second).

Field Emission Scanning Electron Microscope (FESEM)

Measurements are conducted using a Tescan 468 Solaris Field-
Emission SEM of the Department of Geosciences at the University of
Padova. Backscattered electron images have been acquired with an in-
beam mid-angle backscattered detector using an accelerating voltage
of 5KeV, current of 300 pA and a working distance of 3 or 4 mm.

Data availability

The mechanical data generated in this study has been deposited in
Zenodo at https://zenodo.org/records/16754750. Source data are
provided in the supplementary information. Source data are provided
with this paper.
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