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ABSTRACT

The Pelona-Orocopia—-Rand (POR) schists were emplaced during the Farallon flat subduction in the early Cenozoic
and now occupy the root of major strike-slip faults of the San Andreas Fault system. The POR schists are
considered frictionally stable at lower temperatures than other basement rocks, limiting the maximum depth of
seismicity in Southern California. However, experimental constraints on the composition and frictional properties
of POR schists are still missing. Here, we study the frictional behavior of synthetic gouge derived from Pelona,
Portal, and Rand Mountain schist wall rocks under hydrothermal, triaxial conditions. We conduct velocity-step
experiments from 0.04 to 1 pm/s from room temperature to 500 °C under 200 MPa effective normal stress,
including a 30 MPa pore-fluid pressure. The frictional stability of POR schists in the lower crust is caused by
a thermally activated transition from slip-rate- and state-dependent friction to inherently stable, rate-dependent
creep between 300 °C and 500 °C, depending on sample composition and slip-rate. The mineralogy of POR schists
shows much variability caused by different protoliths and metamorphic grades, featuring various amounts of
phyllosilicates, quartz, feldspar, and amphibole. Pelona and Portal schists exhibit a velocity-weakening regime
enabling the nucleation and propagation of earthquakes when exhumed in the middle crust, as in the Mojave
section of the San Andreas Fault. The contrasted frictional properties of POR schists exemplify the lithological

control of seismic processes and associated hazards.

Plain language summary

Despite their critical importance in controlling seismicity, the fric-
tional properties of rocks in Southern California are poorly known. Here,
we investigate the mechanical properties of the Pelona-Orocopia—Rand
(POR) schists that surround major Southern California faults at mid-
dle and lower-crustal depths. We deform powders derived from country
rocks in Sierra Pelona, Portal Ridge, and Rand Mountain under con-
trolled pore-fluid pressure and temperature conditions. We explain the
laboratory observations with empirical and physical models of rock fric-
tion. All samples feature stable, velocity-strengthening behavior above
500 °C at slip-rates relevant to earthquake nucleation due to the activa-
tion of flow-like deformation at high temperatures. However, the syn-
thetic gouges derived from the Sierra Pelona and Portal schists feature
a frictionally unstable regime enabling the nucleation of large earth-
quakes in the middle crust. The stability of POR schists in the lower
crust is caused by a thermally activated brittle-to-flow transition at 300-
500 °C, depending on sample composition and slip-rates. The varied
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frictional behaviors of POR schists help us better understand how dif-
ferent rock types influence earthquake size and recurrence patterns in
the continental crust.

1. Introduction

The seismogenic behavior of faults is modulated by the mechanical
properties of the host rocks under their ambient barometric and hy-
drothermal conditions (e.g., Niemeijer et al., 2016; Okuda et al., 2023;
Barbot and Zhang, 2023; den Hartog et al., 2012; Blanpied et al., 1995;
Carpenter et al., 2012). Unraveling the frictional properties of rocks in
their natural environment is key to devising increasingly accurate mod-
els of seismicity (Barbot et al., 2012; Barbot, 2020; Julve et al., 2023;
Wang and Barbot, 2024; Julve et al., 2025). In the continental crust, this
task is made particularly challenging due to the lithological complexity
inherited from a prolonged geological history, involving several over-
printing stages of magmatism, sedimentation, and metamorphism (e.g.,
Romanyuk et al., 2007). Various processes, including accretion, obduc-
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tion, or underplating result in mineralogical compositions ranging from
felsic to mafic throughout the continental crust (e.g., Hawkesworth and
Kemp, 2006). This compositional diversity plays an important role in
shaping the mechanical and thermal properties of the crust, affecting
the overall seismic potential (Rudnick and Gao, 2014; Christensen and
Mooney, 1995).

The bulk seismogenic properties of the continental crust can be
inferred from laboratory experiments on quartz-rich rocks, which ex-
hibit unstable friction from 50 °C to 450 °C under high pore-fluid pres-
sure (Blanpied et al., 1995, 1998; Lei et al., 2024), overall compatible
with the depth of seismicity in California (Nazareth and Hauksson, 2004,
e.g.,). However, variable protoliths (Tulley et al., 2022), degree of meta-
morphism and metasomatism (Ujiie et al., 2022), and fluid-rock interac-
tions (e.g., Carpenter et al., 2022) may produce significant variability in
mechanical properties of fault zones (Moore and Lockner, 2011; Zhang
and He, 2013; Zhang et al., 2019; Okuda et al., 2021). A detailed un-
derstanding of fault behavior requires investigation of local rocks.

The California margin forms an ideal natural laboratory for exploring
how compositional heterogeneity affects the thermo-mechanical prop-
erties of continental transforms. California exhibits several different
geomorphic provinces from its subduction origin, featuring a forearc ac-
cretionary wedge in the Coast Ranges and offshore Patton escarpment,
a forearc basin in the Great Central Valley, and arc magmatism in Sierra
Nevada. This tectonic setting is now traversed by well-developed strike-
slip fault systems, including the San Andreas Fault (SAF), the Eastern
California Shear Zone, and the Walker Lane, which are responsible for
elevated seismic hazards (e.g., Field et al., 2017).

Deformation experiments on talc and tremolite schists from the Fran-
ciscan Complex, Central California (Hirauchi et al., 2020), and on law-
sonite blueschist from the Franciscan belt, Tiburon Peninsula (Sawai
et al., 2016) reveal the complex temperature, slip-rate, and pressure
dependence of the frictional resistance of deep subduction rocks. Lab-
oratory experiments on borehole samples from the San Andreas Fault
Observatory at Depth (SAFOD) provide insights into the strength and
healing behavior of the SAF at shallow depths (e.g., Carpenter et al.,
2009, 2015; Moore et al., 2016), explaining the presence of the central
creeping section by the frictional properties of phyllosilicates at low
temperature (Ikari et al., 2009; Nie and Barbot, 2024). Despite this im-
portant work, very little is known about the frictional behavior of the
remaining country and fault rocks in California.

In large swaths of Southern California, the lower continental crust
was formed by the accretion of the Pelona—Orocopia—Rand (POR) schists
during the flat subduction of the Farallon plate that transported trench
sediments in the greenschist and blueschist facies (Jacobson et al., 2007;
Chapman, 2016; Chapman et al., 2010). The POR schists now under-
lie the San Gabriel Mountains, the Sierra Nevada, the western Mojave
block, and the Rand Mountains at mid- to lower-crustal depths (Jacob-
son et al., 2007; Chapman, 2016; Chapman et al., 2010; Eymold and
Jordan, 2019; White et al., 2021), forming the host rocks of the Mojave
section of the San Andreas Fault and of major strike-slip faults in the
Eastern California Shear Zone (Fig. 1). The POR schists are identified as
a widespread unit at mid-crustal depths in the Mojave, Salinia, and San
Gabriel provinces in the Community Rheology Model of the Statewide
California Earthquake Center (Hearn et al., 2020) (Fig. 1c). The dis-
tribution of POR schists in mid-crust is inferred by seismic imaging,
whereby spatial variations in seismic velocities and seismic reflectors
betray differences in lithology and degree of metamorphism beneath the
San Gabriel Mountains, Sierra Nevada, western Mojave block, and Rand
Mountains (e.g., Fuis et al., 2005; Lee et al., 2014; White et al., 2021).
Seismic anisotropy caused by the strong fabric alignment of sheet sili-
cates further supports the emplacement of the POR schists at mid-crustal
depths (e.g., Porter et al., 2011; Wang et al., 2020).

The presence of a POR schist basement is believed to reduce the
maximum depth of seismicity in Southern California due to the onset of
plasticity at lower temperature than for other basement rocks based on
their assumed elevated concentrations of quartz and micas (Magistrale
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and Zhou, 1996). However, experimental constraints on the composition
and frictional properties of POR schists are still missing. In this study, we
document the varied composition and frictional properties of represen-
tative POR schist samples under hydrothermal and triaxial conditions to
constrain fault behavior and seismic potential at mid- to lower-crustal
depths. To illustrate the heterogeneity in mechanical properties, we fo-
cus on samples from Sierra Pelona, Portal Ridge, and Rand Mountain,
here referred to as Pelona schist, Portal schist, and Rand schist, capturing
different relevant protoliths and metamorphic grades. We first conduct
X-Ray Diffraction (XRD) and thin section analyses to document the com-
positional heterogeneity of POR schists. We then perform velocity-step
experiments from room temperature to 500 °C under 200 MPa effec-
tive normal stress and capture the mechanical properties of POR schists
using empirical and physical models of fault friction. The Pelona and
Portal schists exhibit steady-state velocity-weakening friction at tem-
peratures that overlap with the unstable regime of Westerly granite in
wet conditions (Blanpied et al., 1995). In contrast, the Rand schist sam-
ple features velocity-strengthening at all the experimental temperatures
and slip-rates considered. The stable behavior of POR schists at mid-
and lower-crustal depths is caused by a thermally activated transition
to rate-dependent creep between 300 and 500 °C, depending on sample
composition. Our study highlights the compositional origin of mechan-
ical heterogeneity in the middle to lower crust.

2. Pelona-Orocopia-Rand schist samples

The POR schists originated in the Late Cretaceous to early Cenozoic
from the shallow subduction of the Farallon plate (Jacobson et al., 2007;
Grove and Bebout, 1995; Saleeby, 2003) and now crop out at various
isolated places in Central and Southern California (Fig. 1b). Based on
metamorphic and compositional characteristics, the northern cluster in-
cludes outcrops from the San Emigdio Mountains, Tehachapi Mountains,
Rand Mountains, Sierra de Salinas, and Portal Ridge. The southern clus-
ter encompasses outcrops from Mount Pinos and Sierra Pelona to the
Orocopia Mountain and Cemetery Ridge (Chapman, 2016). The Rand
Mountain and Sierra de Salinas schists were deposited and metamor-
phosed approximately 10-20 million years earlier than the Pelona and
Orocopia schists and generally exhibit a higher metamorphic grade than
the Pelona and Orocopia varieties from the southern cluster (Chapman,
2016).

We focus on the mechanical properties and composition of the POR
schists in Southern California from Sierra Pelona (southern cluster), Por-
tal Ridge, and Rand Mountains (northern cluster), representing both
groups with distinct metamorphic grades. The Pelona schists exhumed
from beneath the San Gabriel Mountains driven by extensional pro-
cesses and reached peak metamorphism at ~520°C and 1 GPa by ~60
Ma (Jacobson, 1990; Xia and Platt, 2017). The Portal schists were de-
posited around 80 Ma, metamorphosed at 700 °C, and uplifted by ~70
Ma, sharing arc-related origins and zircon ages with the Sierra de Sali-
nas schists (Grove et al., 2003; Chapman, 2016). The Rand schists de-
posited after 85 Ma, with peak metamorphism at ~556 °C and 890-940
MPa (Chapman, 2016, e.g.,).

We consider several samples from Sierra Pelona, Portal Ridge, and
Rand Mountains (Fig. 2). We first examine the compositional hetero-
geneities of Pelona and Rand schists using samples PLS2, PLS3, and PLS5
from Sierra Pelona and samples RM1, RM3, RM4, RM5, and RM7 from
Rand Mountains. The XRD and thin section analysis of PLS2, POS, and
RMS5 provide insights into their distinct mineralogical compositions and
origins (Table 1, Figs. S1, S2 & S3). We determine the frictional prop-
erties of the PLS2, POS, and RM5 samples, which feature contrasting
mineralogical composition, protolith, and metamorphic grade, allow-
ing us to document the possible range of mechanical behaviors of POR
schists.

PLS2 is a mafic schist of volcanic origin, with a dominant composi-
tion of chlorite and amphiboles. The quartz in PLS2 is highly deformed.
Minor amounts of hematite, twinned albite, and epidote are also present
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Fig. 1. Seismo-tectonic map of Southern California. a) Major tectonic features and fault systems. The sample locations of PLS2, POS, and RMS5 schists are marked
with circles. The Patton Escarpment is the relic trench of the Farallon subduction. Black shaded areas show the surface outcrops of POR schist. Possible epicenters
of 1812 Mw 7.5 San Juan Capistrano and 1857 Mw 7.9 Fort Tejon earthquakes are marked by stars. White and blue shades indicate corresponding surface ruptures.
Black squares indicate the regions shown in Fig. 2. b) Possible scenario of POR schist emplacement starting in the late Cretaceous (Chapman, 2016). c) Simplified
depth-dependent lithological model of the Mojave, San Gabriel, and Salinia blocks (Hearn et al., 2020). Faults: EF, Elsinore Fault; SJF, San Jacinto Fault. Schist
outcrops: SS, Sierra de Salinas; SP, Sierra Pelona; EF, East Fork; BR, Blue Ridge; OS, Orocopia Schist; SEM, San Emigdio Mountains; TM, Tehachapi Mountains.

(Fig. 3a-b). In contrast, POS is rich in quartz and albite, with substantial
amounts of biotite and almandine. The presence of iron-rich garnet (al-
mandine) and graphite, originally from organic matter, further suggests
a clay-rich sedimentary protolith for POS, for example, a shale (Fig. 3c-
d). RM5 is a calcium-rich mafic schist, presumably metabasalt, with a
significant presence of chlorite and amphiboles along with large epidote
crystals, calcite, a small amount of quartz and a higher amount of albite
compared to PLS2 and POS. Chlorite is widely distributed throughout
RMS5 (Fig. 3e-f).

PLS3 is a metasedimentary schist dominated by 27 wt% albite,
57 wt% quartz, and 16 wt% muscovite, with minor amounts of epidote,
biotite, and garnet, reflecting its high-pressure metamorphic origins.
The presence of blue amphiboles suggests that PLS3 experienced signifi-
cant pressure, similar to subduction-related metamorphism. In contrast,
PLS5 is a mafic schist with a high chlorite content (53 wt%) and sub-
stantial actinolite (29 wt%), indicating a lower pressure but more mafic
composition with inclusions of epidote, albite, and minor biotite. Al-
though PLS5 shares the mafic composition and chlorite dominance with
PLS2, PLS3 differs significantly, being more felsic with higher albite and
quartz content.

RM1 is a metasomatic, altered metasediment with 45 wt% albite,
26 wt% quartz, and 17 wt% chlorite, showing twinning in albite and mi-
nor garnet and biotite, partly altered to chlorite. RM3, on the other hand,
is amphibole-rich, with 88 wt% actinolite. RM4 presents a more complex
texture with a mix of large albite crystals and inclusions of actinolite and
epidote, indicating a high degree of deformation and complicated meta-

morphic history. RM7, a metasedimentary schist, contains significant
albite, biotite, and quartz, with biotite altered to chlorite. RM1 through
RM?7 show varying compositions but generally exhibit more felsic and
metasedimentary characteristics, while RM5 stands out with its more
mafic and calcic composition and greater chlorite content. Fig. 4 shows
the thin sections of samples PLS3, PLS5, RM1, RM3, RM4 and RM7 with
labeled minerals.

Despite their proximity, the composition of POR schists varies signif-
icantly, reflecting the diverse protoliths and the range of metamorphic
conditions experienced during burial and exhumation. This variability
documents the heterogeneity inherent in the continental crust, where a
diverse lithological history contributes to variations in mechanical and
thermal properties. Additional mineral alteration may occur in active
fault zones. Such compositional diversity may play an important role in
shaping the seismic behavior of the continental crust.

3. Triaxial deformation experiments

We determine the frictional properties of POR schists using samples
POS from Portal Ridge, PLS2 from Sierra Pelona, and RM5 from the
Rand Mountains, postponing mechanical tests on the remaining samples
to future work. We conduct experiments using a triaxial testing appara-
tus under a nominal effective normal stress of 200 MPa and a pore fluid
pressure of 30 MPa, simulating pressure-temperature conditions repre-
sentative of mid- to lower-crustal depths. We conduct all experiments
from room temperature to 500 °C by steps of 100 °C. The experiments
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Table 1

Location and mineral composition of POR schist samples from Portal Ridge (POS), Sierra Pelona (PLS2, PLS3, and PLS5), and Rand Mountains
(RM1, RM3, RM4, RM5, and RM7) (with an uncertainty of 5 wt%). The samples subject to triaxial deformation are indicated by *. Felspars
encompass K-feldspar (microline), Na-feldspar (albite), and Ca-feldspar (anorthite). Act: Actinolite (fibrous amphibole), Amph: Amphibole,
Chl: Chlorite, Cln: Clinochlore (magnesium-rich chlorite), Ep: Epidote, Hbl: Hornblende, Mcc: Microcline, Qtz: Quartz, Ab: Albite, Bt: Biotite,
Ms: Muscovite, Cumm: Cummingtonite, Ttn: Titanite, Alm: Almandine (iron-rich garnet).

Sample  Longitude Latitude Cln Chl Ab Qtz Ms Act Mcc Bt Amp Ep Cumm  Ttn Alm
POS* -118.21529  34.59391 5% 10%  60% 20% 5%
PLS2* -118.37128  34.57762 40% 5% 5% 45% 5%

PLS3 -118.38419  34.57613 27%  57% 16%

PLS5 -118.43824 34.54207 53% 6% 29% 11% 2%

RM1 -117.66622  35.36806  17% 45%  26% 4% 6% 2%

RM3 -117.66912  35.36606  12% 88%

RM4 -117.66667  35.36767 5% 21% 74%

RM5* -117.69800  35.35370 20% 15%  <5% 40%  10%  10% <5%

RM7 -117.68114  35.31668 4% 33%  32% 3% 28%
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Fig. 3. Thin section analysis of Pelona (PLS2), Portal (POS), and Rand (RM5) schist samples under plane-polarized (left) and cross-polarized (right) light. Act:
Actinolite, Amph: Amphibolite, Chl: Chlorite, Ep: Epidote, Qtz: Quartz, Ab: Albite, Bt: Biotite, Ms: Muscovite.

are performed on cylindrical gabbro samples with a saw cut fault in-
clined at 35°. The edges of both gabbro blocks are roughened by 200#
abrasive and the surfaces are roughened by emery powder. To improve
the access of pore fluid to the gouge, we use two holes in the upper
block. Each hole in the upper block is filled with a brass filter to avoid
intrusion of gouge. All the samples are crushed and sieved into < 200
um grain size powder and mixed with deionized water to form a paste.
The paste is then spread 1 mm thick on the cylindrical gabbro block and
tucked against the bottom block. The gouge is then placed into a 24 mm
copper jacket. The jacket is filled with alumina and carbide blocks sym-
metrically around the saw-cut gabbro blocks. We use double O-ring seals
at the bottom and top of the jacket to isolate the content of the jacket.
Finally, the jacket is connected to the furnace, filled with boron-nitride,

and sealed with boron-nitride-saturated cotton to prevent heat leaks. A
diagram of the experimental setup is shown in Fig. S5. More details of
the experimental setup can be found in He et al. (2006).

We maintain the pore-fluid pressure, confining pressure, and tem-
perature constant and observe the evolution of shear stress versus dis-
placement during velocity steps. Due to the coupling between shear and
normal stress in a triaxial setting, the effective normal stress increases
from 200 to about 220 MPa with increasing slip. We measure the veloc-
ity dependence of the friction coefficient, defined as the ratio of shear
stress to effective normal stress, accounting for the effect of pore-fluid
pressure, during stepwise variations of loading rate in two sequences
with axial loading rates of 0.04 um/s, 0.2 um/s, and 1.0 pm/s. For each
velocity, the axial displacement is 0.2 mm. During post-processing, we



S.E. Guvercin, S. Barbot, L. Zhang et al.

Earth and Planetary Science Letters 669 (2025) 119573

By [ oo
0.7 b E 0 24 == POS
1.22 0.24
A 0.24 122 e = PLS2
VY 1.22 0.24 0.05 gisoet f
= V, 0.24 ,..,..._\M o 122
:8 0.05 s’ -
g 06 i il 1.22
g 0.6 0.24
c 1.22umis 024 122 0.24 0.05
S 0.24 ;
B / 0.4 005
w 1.22pm/s/~_
y :
p ’/f/v\
0.5 :
~
/'1 .22um/s 300°C
T T T T T T T T T T T
[E] 0 2411'22
0.24 g5 Y-
0.7 122 g 122
0.24 p
opg 122 024 0.05 it 0.24
*g 0.05 . 1.22 ym/s
° OW P
%06_ L, 1.22 1.22 9,24
8 0. 1.22 UV 0.24 1 g E 0.05
S e 122 24 0.05
L 0.24 1.22 0.24 0,05
[
0.28 0.0 MF_
05-/('.1 22um/s WOM |
24 0.05
| /4,1 22 um/s 100°C 400°C
T T T T T T T T T T
102
[F] o
0.7 J 1.22
=
o
o N
8 0.6 ¥ 1o
° Tt Y 0.24
2 1.22 0.24 0.05
g 0.24
w
/A .22 umis opq 22 024 005
0.5 005 g
0.24 1.22 umis
1.22 um/s 200°C y. 500°C
T T T T T T T T T T T T
1.0 1.5 2.0 25 3.0 35 40 1.0 15 2.0 25 3.0 35 4.0

Displacement (mm)

Displacement (mm)

Fig. 4. Evolution of the friction coefficient of POR schists during velocity steps at various temperatures and slip-rates. Sequence of velocity steps at a) 25°C, b) 100°C,
¢) 200°C, d) 300°C, e) 400°C, and f) 500°C. Pelona schist (PLS2), Portal schist (POS), and Rand schist (RM5) gouge are shown in black, red, and gray. The inset
represents the expected mechanical response at high machine stiffness during a velocity step. With low machine stiffness, the system response is more gradual and

may involve oscillations and stick-slip.

correct the stress measurements for the reduction of contact area along
the saw-cut as a function of load-point displacement (Fig. S6). We also
estimate the uncertainties caused by the evolution of normal stress dur-
ing velocity steps (Supplementary Text S2 and Fig. S7).

The mechanical data of Pelona, Portal, and Rand Mountain schists
under high pressure-high temperature conditions show distinct fric-
tional behavior with significant dependency on ambient temperature
and slip rate (Fig. 4). In general, two consecutive sequences of velocity
steps display similar frictional properties. The frictional resistance show-
cases work-hardening over multiple velocity steps due to progressive
gouge evolution, a common effect in triaxial deformation experiments,
and is corrected for in our analysis (Supplementary Text S1). At temper-
atures below 300 °C and slip-rates greater than 1 um/s, all schist samples
exhibit a frictional behavior with a slip-rate and state dependence. The
direct effect manifests itself gradually due to the sample and machine
stiffness and is followed by an evolutionary phase to a new steady-state
frictional level. In the frictional regime, the evolutionary phase compen-
sates the direct effect partially.

We analyze the mechanical data using the RSFit3000 methodol-
ogy (Skarbek and Savage, 2019) based on an empirical friction law (Ru-
ina, 1983; Dieterich, 1979) (Supplementary Text S1). The empirical
model explains the mechanical data well using the aging law or slip
law (Figs. S8, S9, and S10). Particularly, we focus on the temperature
and slip-rate dependence of the direct effect and steady-state parameters

_ _Ou
T oV
O
olnv’
where p is the friction coefficient, p is the steady-state friction coef-
ficient, measured when the evolutionary effects have dissipated, and V'
is the instantaneous slip-rate. Fit with the empirical law also provides
the characteristic weakening distance L for the evolutionary effect. The
best-fitting parameters a, a — b, and L for the PLS2, POS, and RM5 sam-
ples are shown in Figs. 5 and 6 for the aging law and in Figs. S11 for
the slip law.

The experimental data of Pelona schist sample PLS2, with its 40 wt%
chlorite content, displays three distinct mechanical regimes strongly

@

a—b=
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dependent on temperature and slip-rate. The direct effect parameter in-
creases with slip-rate above 300 °C (Figs. 5d and 6a,c). Pelona schist
sample PLS2 displays slip-rate- and state-dependent friction at 100 °C
with a velocity-strengthening to velocity-weakening transition around
200 °C followed with increasing temperature by a transition to velocity-
strengthening deformation at about 300 °C. At high-temperature, from
400 °C to 500 °C, the mechanical response of Pelona schist features a
greater dependence on slip-rate with a direct effect parameter as high
as a=25x%x10"2 (Figs. 5d and 6c¢). The critical slip distance becomes
increasingly variable with increasing temperature.

Portal schist sample POS, more quartz-rich and with a contribu-
tion of chlorite and biotite, displays a friction coefficient of ~ 0.5 at
all temperatures, the lowest among the three samples. We observe a
slight dependency of the friction coefficient and direct effect parameter
with increasing temperature around 400-500 °C (Figs. 4 and 6e,f,g). POS
displays velocity-weakening behavior between 300 °C and 450 °C, but
only at low slip-rates. POS features steady-state velocity-strengthening
friction at 100-300 °C with a transition to velocity-weakening around
400 °C followed by a second transition to velocity-strengthening defor-
mation at about 500 °C, depending on slip-rate (Fig. 6h). Despite some
variability, the characteristic weakening distance does not appear to be
a strong function of temperature or slip rate.

The Rand schist sample RM5, consisting mainly of amphibole, chlo-
rite, epidote, and albite, and notably a small amount of quartz, is
velocity-strengthening at all conditions considered. RM5 exhibits the
highest friction coefficient among 3 samples without discernable tem-
perature dependence (Fig. 6i,j). The mechanical response is systemat-
ically velocity-strengthening at steady-state in the experimental con-
ditions considered (Fig. 61). The characteristic weakening distance ex-
hibits no obvious pattern with temperature or slip-rate.

4. Physical model and constitutive parameters

To better understand the physics underpinning the frictional prop-
erties of POR schists, we calibrate a constitutive model of fault friction
against the mechanical data in Fig. 6. The constitutive relationship com-
bines frictional sliding and a thermally activated rate-dependent plastic
deformation mechanism. The frictional resistance originates from the
real area of contact formed by micro-asperities (Bowden and Tabor,
1950; Dieterich and Kilgore, 1994; Baumberger et al., 1999; Barbot,
2024c; Wu and Barbot, 2025). The real area of contact density is con-
trolled by stress and micro-asperity size following the relationship (Bar-
bot, 2019, 2024a)

=2 (3)(2)
_)(n dy 0} ’

where ¢ and 6, = 200 MPa are the effective normal stress and a reference
value, respectively, y, is a scaling factor commensurate with the inden-
tation hardness, d and d, = 1 pm are the size of micro-asperities and a
reference value, respectively, and a and f are power-law exponents. The
frictional strength is given by 7, = Ay, where y scales with the plow-
ing hardness. The combined effect of the two deformation mechanisms
can be expressed as (Barbot, 2023, 2024b)

14 r\" 0, (1 1

v, o\%,) PITR\T"F

0 y 1

(2 oL L
o) PITR\TTR)|

where V' and V;, = 1 um/s are the instantaneous and reference sliding ve-
locities, respectively, 7 represents the norm of the shear traction, 7, is
a constant reference value, and the n; are power-law exponents. While
the first power-law term on the right-hand side of Equation (3) with
n; > 1 corresponds to slip-rate and state-dependent deformation via
the evolving real area of contact, the second power-law term captures
strictly slip-rate-dependent, inherently rate-strengthening deformation.
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The combination of two flow laws captures the brittle-to-flow transition
as a function of temperature and slip-rate (Reinen et al., 1992, 1994,
Barbot and Zhang, 2023; Barbot, 2024b). The use of power laws retains
the physical interpretation of 7, as a yield strength and regularizes the
constitutive behavior at vanishing slip-rates (Barbot, 2019). The thermo-
dynamic parameters Q, and T, are the activation energy and activation
temperature, respectively, with the universal gas constant R. As exper-
iments are conducted at constant effective normal stress, we ignore the
pressure dependence of the activation temperature (Barbot et al., 2025).
The normalizing parameters d,), o, and V}, are introduced to feature
power-laws of non-dimensional quantities. Only the product of all refer-
ence parameters weighted by their respective power can be constrained
by the data. The choice of individual reference parameters does not af-
fect the rheological behavior.

The constitutive framework includes an evolution law for the size of
micro-asperities (Barbot, 2022, 2024b)

N Pk [ H
EF R () [ B (L)
dy =P \do oy R\T T, 2h

compatible with the aging law, or another similar expression compatible
with the slip-law end-member, where N = 2 is the number of compet-
ing healing mechanisms characterized with the power-law exponents p,
and gy, the reference strain rate f, =1/s, and the activation enthalpy
and activation temperature H, and T}, respectively. The shear zone
thickness 7 = 1 mm corresponds to the gouge thickness in the vessel,
and 1/4 is a characteristic strain for weakening. The model employs a
single state variable, the size of micro-asperities, which is sufficient to
capture the steady-state velocity-strengthening and velocity-weakening
regimes at different temperatures and slip-rates (e.g., Nie and Barbot,
2024).

To explain the mechanical data in Fig. 4, we simulate velocity steps
numerically using a spring-slider assembly with infinite stiffness, where
the slider obeys the constitutive laws of Equations (3) and (4). For each
velocity step, we assume that the mechanical system is at steady-state
at velocity V, followed by a sudden change of loading rate to a velocity
V,, taking the values of 1.22, 0.244, and 0.0488 pm/s, as the slip-rate
at the interface is 22% higher than the axial loading due to the saw-cut
geometry at 35°.

The constitutive equations do not afford closed-form solutions for the
steady state, so we resort to numerical solutions. We calculate the evo-
lution of the frictional strength using a fifth-order accurate Runge-Kutta
method (Press et al., 1992). We evaluate the effective frictional param-
eters using Equation (1) with the synthetic data. We use a pair-wise grid
search to determine the best-fitting constitutive parameters (Fig. S12).
The prediction of the constitutive model is shown as background color
in Fig. 6, showing an overall good agreement with the empirical param-
eters.

The experimental data for PLS2 is captured by the constitutive frame-
work using the parameters in Table S1. Specifically, the transition from
steady-state velocity-strengthening at 100 °C to velocity-weakening at
180 °C can be explained by the competition between two healing mech-
anisms with activation energies H; = 40kJ/mol and H, = 80kJ/mol
and activation temperatures 7} =0°C and T, = 180 °C, with power-law
exponents p; = 9.0 and p, = 3.3. The semi-brittle regime that activates at
300 °C is characterized by a thermally activated power-law relationship
with the stress power exponent n, = 70, the activation energy Q, = 150
kJ/mol, and an activation temperature T, = 650°C.

For POS, the transition from steady-state velocity-strengthening at
300°C to velocity-weakening at 400 °C is captured by the switch of
dominant healing mechanism, characterized by the activation energies
H,; =25kJ/mol and H, = 60kJ/mol, and the power exponents p; =5.0
and p, = 1.8. The transition to a semi-brittle, velocity-strengthening
regime around ~ 400°C and ~ 500 °C depending on slip-rate can be ex-
plained with the activation of the second deformation mechanism with
stress exponent n, = 32, activation energy Q, = 90kJ/mol and activa-
tion temperature T, = 900°C.
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Fig. 5. Evolution of effective frictional properties with temperature and slip-rate using aging law. a, b, c¢) Velocity-dependence of the steady-state coefficient of
friction for PLS2, POS, and RM5, respectively. d, e, f) Direct velocity-dependence of the coefficient of friction for PLS2, POS, and RM5 as a function of temperature
and slip-rate. g, h, i) Characteristic weakening distance for PLS2, POS, and RM5 as a function of temperature and slip-rate.

For RM5, the frictional behavior is modeled with p = 0.65, the ac- parameters are shown in Table S1. In all cases above, we assume a ref-
tivation energies for healing of H; = 25kJ/mol and H, = 70kJ/mol, erence velocity ¥, = 1 pm/s, a reference micro-asperity size dy = 1 pm,
with exponents p; = 7.6 and p, = 3.6. The Rand Mountain schist, con- and a reference normal stress o, = 200 MPa. The physical model does
sisting mainly of amphibole, chlorite, epidote, and albite, is velocity- not underpredict the strength at high temperature for any of the sam-
strengthening in all considered conditions (Fig. 6g). All the constitutive ples.
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The laboratory data and associated physical model provide a ro-
bust explanation for the stability of POR schists above 300-500°C
(Fig. 7). We model the evolution of the frictional resistance upon ve-
locity steps using a spring-slider system with a stiffness of 0.2 MPa/um,
where the slider obeys the constitutive framework described above. For
the actinolite- and chlorite-rich PLS2, the frictional response to veloc-
ity steps includes a direct effect and an evolutionary phase converging
to a new steady-state strength after a slip of 200 pm. This mechani-

cal response is characteristic of slip-rate- and state-dependent friction.
Although the steady-state strength depends on temperature, the direct
effect remains relatively constant. This behavior implies constancy of
the deformation mechanism, characterized by a single stress power-law
exponent. While a single shear deformation mechanism dominates, a
switch of dominant healing mechanism leads to a transition from stable
steady-state friction at 25°C to unstable friction at 300 °C. The ther-
mal activation of healing mechanisms in the constitutive model captures
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resistance of Rand Mountain schist (RM5), approaching velocity-neutral at 300°C. f) Increased stability sample RM5 at high temperatures. The model prediction at

600°C indicates the brittle-to-flow transition.

the laboratory observations well. From 300 °C to 500 °C, the mechan-
ical response to velocity steps features an increased direct effect and a
transition to velocity-strengthening, compatible with a transition from
slip-rate- and state-dependent friction to rate-dependent deformation
with limited evolutionary effects. The gradual change of strength for
the velocity step at 500 °C (Fig. 7b) is caused by the stiffness of the
machine-sample assembly, not by an evolutionary effect. A similar tran-
sition occurs in synthetic actinolite-chlorite gouge between 100 °C and
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200 °C in rotary shear experiments conducted at 50, 100, and 200 MPa
effective normal stress (Okamoto et al., 2020), and the phenomenon can
be observed for a wide range of rocks (Barbot, 2024b).

The constitutive model captures this transition by the thermal activa-
tion of the second deformation mechanism characterized by a different
stress power-law exponent. Similar phenomena may occur for all POR
samples. For POS, the transition from slip-rate- and state-dependent fric-
tion to rate-dependent creep initiates at 400 °C. The constitutive model
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respectively.

predicts a complete transition to rate-dependent creep at 550 °C, outside
the experimental range. For RM5, the transition from slip-rate- and state-
dependent friction to rate-dependent creep initiates at 300 °C and would
complete at temperatures above 600 °C, as shown by the constitutive
model. Hence, despite apparent differences in slip-rate and temperature
ranges of stability, the samples experience similar underlying phenom-
ena, albeit with different constitutive parameters. The stability of POR
schists above 500 °C originates from a thermally activated transition to
rate-dependent creep.

5. Discussion

The mechanical response to velocity steps of POR schists under iden-
tical laboratory conditions varies due to differences in mineralogy. Al-
though XRD analysis classifies RM5 and PLS2 as chlorite-amphibole
schists, some compositional differences persist. PLS2 contains substan-
tially more chlorite and forms a phyllosilicate-rich matrix. RM5, in
contrast, is dominated by amphibole and albite, with significantly less
quartz and chlorite. The consistent velocity-strengthening behavior of
RM5 may be associated with its lower quartz content, distinguish-
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ing it from the POS and PLS2 samples. PLS2 displays more complex
mechanical behavior, with a steady-state velocity-weakening regime
between 150°C and 350 °C depending on slip-rate, presumably re-
flecting the properties of chlorite and actinolite. Synthetic chlorite-
actinolite mixtures feature steady-state velocity-weakening friction be-
tween 200 °C and 300 °C at low pore-fluid and confining pressure and
high slip-rate conditions (Okamoto et al., 2020), showing similarities
with chlorite- and actinolite-rich PLS2 at various effective normal stress
conditions (Barbot et al., 2025). Further experimental work is required
to better constrain the individual frictional properties of the constituent
minerals of POR schist, particularly chlorites, amphiboles, and feldspars.
The distinct mineral assemblages of POS, RM5, and PLS2 revealed
by XRD and thin section analyses highlight the heterogeneity of POR
schists, even within similar metamorphic range. Variations in phyllosil-
icate, quartz, feldspar, and amphibole content due to different protoliths
and metamorphic grades leads to distinct frictional properties, with sub-
stantial implications for fault stability in the middle and lower crust.
To better understand how these lithological variations impact fault
mechanics, we compare PLS2 and POS schist samples to Westerly gran-
ite (Blanpied et al., 1995), a monzogranite typically composed of 27-
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at the surface.

30 wt% quartz, 35-40 wt% microcline, 29-33 wt% plagioclase, 1-2 wt%
muscovite, and 2-3 wt% biotite that serves as a well-characterized rep-
resentative of strong, felsic upper crustal lithologies (Fig. 8). Because
granite is a common and volumetrically significant component of the
continental upper crust, Westerly granite serves as a useful experimen-
tal benchmark for comparing the frictional behavior of fault rocks like
the POR schists to that of a typical, strong crustal endmember. The con-
stitutive model explaining the mechanical behavior of Westerly gran-
ite (Blanpied et al., 1995) under an effective normal stress of 400 MPa,
including a 100 MPa pore-fluid pressure, can be found in Barbot (2023).
Pelona schist, Portal schist, and Westerly granite exhibit three frictional
stability regimes with an unstable regime occurring at different ranges
of temperature and slip-rate. Westerly granite and Pelona schist exhibit
velocity-weakening behavior between 50-450 °C and 100-350 °C, re-
spectively, depending on slip-rate (Fig. 8). This critical transition from
velocity-strengthening to velocity-weakening over similar temperature
ranges suggests that both lithologies may contribute to upper-crustal
seismicity. In contrast, Portal schist shows velocity-weakening behav-
ior at higher temperatures, from 300 °C to 400 °C, potentially enabling
seismicity at deeper crustal levels.

The frictionally unstable ranges of granite and some POR schists
overlap, complicating direct associations between seismicity and spe-
cific lithologies in the brittle crust. POR schists may influence rupture
behavior along the Mojave section of the San Andreas Fault, where they
crop out at Sierra Pelona, Portal Ridge, and East Fork. The 1812 Mw 7.5
and the 1857 Mw 7.9 earthquakes ruptured through potentially friction-
ally unstable POR schist at middle-crustal depths (Fig. 9) (Lozos, 2016;
Hauksson et al., 2024). The CRM lithology model indicates a prevalent
schist basement at 18 km depth. The frictionally stable regime of all POR
schists at and above 500 °C indicates a maximum depth of seismicity of
20 km, compatible with seismological observations in the region (Hauks-
son et al., 2012).

6. Conclusion

The frictional properties of Pelona, Portal, and Rand schists provide
new insights into their potential effects on seismicity. In general, the
lower limit of seismicity is not a robust marker for the upper bound-
ary of POR schists, as their frictional properties vary with composition.
Pelona schist, with its velocity-weakening behavior at low tempera-
tures between 100 °C and 200 °C at low slip-rates, may contribute to
seismic events at shallow depths along the Mojave section of the San An-
dreas Fault. Portal schist enables frictional instabilities in deeper fault
segments with a velocity-weakening regime at higher temperatures be-
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tween 300 °C and 400°C. All POR schists, however, are frictionally
stable at and above 500 °C. The high-temperature stability regime of
POR schists is caused by a mechanical transition between slip-rate- and
state-dependent friction at low temperature to rate-dependent plastic-
ity at high temperature. In the rate-dependent plasticity regime, state
evolution is negligible, resulting in inherently stable slip.

The similarities in velocity-weakening behavior between Westerly
granite and some POR schists indicate that both rock types may con-
tribute to seismicity at shallow depths. In contrast, Rand schist, with its
velocity-strengthening behavior at all tested temperatures, contributes
to aseismic deformation and mechanical stability at shallow and inter-
mediate depths, reducing the likelihood of earthquake initiation where
this lithology dominates.

The exploration of POR schist frictional properties underscores the
critical importance of considering lithological variations when assessing
seismic hazards, as the lithological variability of the continental crust in
Southern California influences the extent and depth of the seismogenic
zone.
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