
Manuscript submitted to the Journal of Geophysical Research: Solid Earth 

1 
 

Influence of Frictional Melt on the Seismic Cycle: Insights from Experiments on Rock 1 

Analog Material 2 

 3 

E. M. Conrad1, 2, N. Tisato2, B. M. Carpenter3, G. Di Toro4, 5 4 

1 Institute for Geophysics, Jackson School of Geosciences, University of Texas at Austin, Austin, 5 

TX, USA. 6 

2 Department of Geological Sciences, Jackson School of Geosciences, University of Texas at 7 

Austin, Austin, TX, USA. 8 

3 School of Geosciences, University of Oklahoma, Norman, OK, USA. 9 

4 Dipartimento di Geoscienze, Università degli Studi Padova, 35137 Padua, Italy. 10 

5 Istituto Nazionale di Geofisica e Vulcanologia, 00143 Rome, Italy. 11 

 12 

Corresponding author: Ethan M. Conrad (econrad@utexas.edu)  13 

 14 

Key Points: 15 

- We use a newly conceived Energy Controlled Rotary (ECoR) apparatus on polymethyl 16 

methacrylate (PMMA) to investigate the seismic cycle in the presence of melts 17 

- Energy flux pulses from the machine to the fault yield fault weakening (flash melting + 18 

lubrication) and strengthening (viscous braking) 19 

- Distinct acoustic emission signals correlate with the activation of coseismic fault 20 

weakening/strengthening mechanisms  21 

  22 
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Abstract  23 

The formation of frictional melt likely impacts the coseismic and, when solidified 24 

(pseudotachylytes), the interseismic strength of faults. Here we investigate these effects through 25 

experiments using a new energy-controlled rotary shear machine (ECoR) on simulated faults made 26 

of a transparent rock analog material (polymethyl-methacrylate). As in nature, ECoR allows (1) 27 

elastic strain energy to accumulate at different loading rates and (2) the spontaneous nucleation of 28 

slip events.  ECoR is equipped with a high-speed camera, thermocouples, and transducers to 29 

monitor the surface, temperature, and acoustic emissions (AEs), respectively. We perform 30 

experiments at normal stresses of ~3.5 MPa across loading rates from 0.15 MPa/s, phase A, to 2.5 31 

MPa/s, phases B-C-D. In phase A, the temperature remains constant, and slip events occur without 32 

visible melting every 3.3-6.4 s with 0.5-0.7 MPa stress drops and 3-7 mm displacements. In phases 33 

B-C, slip events occur in the presence of melts every 0.5–0.9 s, and the bulk temperature increases 34 

progressively. Melt solidification increases static friction yielding slip events with stress drops up 35 

to 5 MPa and displacements up to 3 cm. Samples produce high-frequency AEs during slip 36 

acceleration and deceleration. Once the bulk temperature reaches ~110ºC, a “final” and silent long 37 

displacement event occurs in the presence of melts (Phase D). Experimental observations suggest 38 

that melt formation modulates the coseismic (flash melting, melt lubrication, and viscous braking) 39 

and interseismic (welding) stages. Furthermore, AEs associated with coseismic fault weakening 40 

and strengthening may have their natural equivalent and could be observed in seismograms 41 

through near-fault instrumentation. 42 

Plain Language Summary 43 

During an earthquake, along faults at depth rocks  slide against each other resulting in frictional 44 

heat. In some cases, enough heat can be generated that rocks melt influencing the earthquake 45 

magnitude and, once melt is solidified, the frequency of successive earthquakes. To investigate 46 

these effects and understand more about earthquake behavior during sliding, we performed 47 

experiments with a newly devised laboratory machine. We tested a rock-analog material called 48 

polymethyl methacrylate glass (commercial name, Plexiglas®). The mechanical behavior of this 49 

plastic can be similar to rocks and is simple to use. The experimental apparatus reproduces the 50 

natural earthquake cycle by first compressesing  two cylinders (top and bottom sample) along the 51 

vertical direction and then gradually loads a spring. The spring applies a shear force in the 52 
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horizontal direction where the two samples meet. When the spring is loaded, it overcomes a 53 

threshold in shear force that depends on the samples conditions. While maintaing the vertical force, 54 

spontaneous slip events occur, and the bottom sample spins, rubbing against the locked-in-place 55 

top sample. Such a process mimics an earthquake along a fault at depth generating heat. From 56 

these experiments we find that during slip frictional melts lubricate the fault at the onset of slip 57 

and later act as a viscous brake during slip deceleration and arrest. Moreover, the solidification of 58 

frictional melts increases the fault strength leading to higher magnitude successive earthquakes.  59 

We used acoustic sensors to monitor the sound and vibrational waves emitted from a slip event. 60 

Such vibrations are analog to earthquakes and reveal the occurrence and timing of the processes 61 

happening during fault slip. As earthquake monitoring technology improves, the sound waves 62 

characteristic of these processes may become evident also in seismograms of natural earthquakes 63 

helping to understand how earthquakes work. 64 

 65 

 1 Introduction 66 

High velocity laboratory rock friction experiments show that thermally controlled 67 

mechanisms may play a role in modulating the strength of crustal faults (Di Toro et al., 2011; 68 

Niemeijer et al., 2012; Tullis, 2015). Examples include thermal and mechanical pressurization of 69 

fluids (e.g., Violay et al., 2015; Badt et al., 2020; Faulkner et al., 2018; Aretusini et al., 2021), 70 

frictional melting (e.g., Del Gaudio et al., 2009; Di Toro et al., 2011; Hirose & Shimamoto, 2005; 71 

Nielsen et al., 2008, 2010; Niemeijer et al., 2012; Passelègue et al., 2016; Spray, 2005), and flash 72 

heating and weakening (e.g., Barbery et al., 2021; Beeler et al., 2008; Goldsby & Tullis, 2011; 73 

Rice, 2006; Tisato et al., 2012). This notion is grounded on the hypothesis that a considerable part 74 

(~70%) of the earthquake's energy budget is dissipated into heat by frictional resistance along the 75 

fault interface (Kanamori & Brodsky, 2004). 76 

The formation of frictional melts along faults (pseudotachylyte once solidified) in the 77 

lithosphere represents an extreme scenario of coseismic frictional heat dissipation (Sibson, 1975; 78 

Spray, 1995; Scambelluri et al., 2017). Flash heating and weakening control the discontinuous 79 

formation of melt at the asperity scale (~mm), induces fault weakening (Hirose & Shimamoto, 80 

2005; Rice, 2006; Violay et al., 2014), and may be followed by the development of a continuous 81 

melt layer lubricating the fault (Di Toro et al., 2006; Hirose & Shimamoto, 2005; Spray, 1995). 82 
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Instead, during seismic slip deceleration and fault cooling, the increased viscosity of the melt and 83 

the melt-glass transition lead to fault restrengthening (Del Gaudio et al., 2009; Lavallée et al., 84 

2015; Violay et al., 2019). The post-seismic slip cooling of the melt into pseudotachylyte may 85 

weld the fault, especially in crystalline basement rocks (Di Toro & Pennacchioni, 2005; Mitchell 86 

et al., 2016; Proctor & Lockner, 2016). 87 

In rocks exhumed from the lower crust and upper mantle, pseudotachylytes are often found 88 

in association with high-temperature mylonites (e.g., Jiang et al., 2015; Passchier et al., 1991; 89 

Pennacchioni & Cesare, 1997; Pittarello et al., 2012; Sibson, 1980; Ueda et al., 2008). These 90 

observations suggest that pseudotachylytes may form because of the downward propagation of 91 

seismic ruptures from the upper to the lower crust or due to shear instabilities in generally ductile 92 

regimes at temperatures from 600ºC to 800ºC (Kelemen & Hirth, 2007; Newman et al., 1999). 93 

Under these conditions, melt-forming instabilities develop when the interaction between strain-94 

softening behavior and the elastic stiffness of the system is favorable to rapidly release high 95 

amounts of stored elastic strain energy (Hobbs et al., 1986). However, the exact nature of the 96 

development of such instabilities is uncertain. Intriguingly, fault instabilities associated with the 97 
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formation of friction melts have also been proposed to explain the intermittent extrusion of lava 98 

domes (Kendrick et al., 2014). 99 

While the formation of frictional melts may impact the seismic cycle, our understanding of 100 

the influence of these melts and their solidified products over the lifetime of a fault is limited. To 101 

address this, we present experiments with a newly conceived energy-controlled rotary shear 102 

machine (ECoR) on simulated faults made of polymethyl methacrylate (PMMA) glass. The 103 

experimental configuration enables the simulation of seismic cycles producing spontaneous 104 

coseismic slip events from which we investigate the evolution of fault strength in the presence of 105 

frictional melts. In particular, mechanical, temperature, and acoustic emissions (AEs) data, high 106 

frame rate (HFR) digital recordings, and microstructural observations allow us to investigate how: 107 

1) fault strength evolves over seismic cycles with increased fault temperature and melt production, 108 

2) the energy flux to the fault is related to fault weakening and strengthening during individual slip 109 

events (i.e., melt lubrication vs. viscous braking), and 3) the activation of weakening and 110 

Figure 1: The energy-controlled rotary 
shear machine (ECoR). (a) Barbell plates 
loaded to a deadweight holder apply the 
normal load to the sample. The structural 
evolution of the slip zone is captured with 
a high-speed camera recording at 960 fps. 
The sample is illuminated with a red laser 
for better optics and to differentiate 
between air and solid and melted PMMA. 
A clock spring loaded by a brushless motor 
applies a linearly increasing torque to the 
sample. (b) The clock spring used in this 
experiment (spring constant, k = 0.0119 
Nm/deg). (c) Magnified view of the sample 
holder assembly. The normal load and 
torque are measured with a load cell (1) 
and torque cell (2), respectively. Vertical 
displacement is measured with a plunger 
type potentiometer (4). Two acoustic 
emissions sensors capture the emitted 
soundwaves (3). A third acoustic 
emissions sensor is mounted to the side of 
the machine (out of view). Sample 
displacement is measured with a 
rotational potentiometer (5) attached to a 
pulley system (6). 
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strengthening deformation mechanisms during individual slip events is associated with specific 111 

acoustic emissions. 112 

2 Materials and Methods  113 

We performed rotary shear experiments on simulated faults made of PMMA. The presented 114 

experimental configuration and dataset allow us to monitor seismic cycles in the laboratory.  115 

2.1 The energy-controlled rotary shear machine (ECoR)  116 

The energy-controlled rotary shear machine (ECoR, Rieger 2013) is a compact tabletop 117 

device (~ 0.5 m x 0.5 m x 1 m) that consists of a metal frame supporting a two-part central column 118 

(Figure 1). The lower column is fitted with a brushless motor that loads a clock spring (Figure 1b), 119 

which is connected to the bottom-rotating sample by an axle. The spring assembly increases the 120 

machine's compliance and, when loaded, applies a linearly increasing torque to the sample. We 121 

define the spring loading rate measured in MPa/s as ͘τ. This configuration allows slip events to 122 

nucleate and arrest spontaneously along the simulated fault. While the dynamics of these events 123 

are partially influenced by the inertia of the rotating mechanical parts and the friction of the ball 124 

bearings, our machine response characterization suggests that the inertial effect is negligible within 125 

the scope of this work  (Text S1). The rotary format allows displacements on the order of 126 

centimeters at typical seismic slip velocities (up to 1.5 m/s). In addition, experiments can be 127 

performed for nominally infinite duration, with several hundred to thousands of stick-slip events. 128 

Each event is analogous to an earthquake in nature - from the elastic loading (preseismic) to the 129 

post-seismic stress drop.   130 

The upper column comprises the loading and sample assembly. The former is a vertical 131 

rod at the top of the column loaded with barbell plates. The weight of the plates is distributed over 132 

a plastic disc that transmits normal stress through four steel rods to the sample assembly. The rods 133 

are threaded through the frame via linear ball bearings so that the upper column can move vertically 134 

with minimum friction. The sample assembly comprises built-in sensors that measure the torque, 135 

normal stress, vertical displacement, and angular displacement of the sample and the motor (Figure 136 
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1c). Since the upper sample surface is annular, displacements in SI units are reported at the average 137 

sample radius as,  138 

𝑫 ൌ 𝜹ቆ
𝝅ሺ𝑹  𝒓ሻ
𝟑𝟔𝟎

ቇ , ሺ𝟏ሻ  139 

where D is displacement in meters, δ is the angular displacement, and R and r are the outer 140 

and inner radii in meters, respectively. We calculate shear stress from torque measurements (see 141 

Eq. 6 in Di Toro et al., 2010; Shimamoto and Tsutsumi, 1994). Mechanical signals are digitized 142 

and acquired with a National Instruments NI-4000 DAQ device. Data for all mechanical sensors 143 

are acquired at 35 kHz. We measure the interfacial temperature with two K-type thermocouples, 144 

one fed through the central axis of the upper sample and the other attached to its outer surface. 145 

These are acquired with Yocto-thermocoupleTM datalogger set to a sampling frequency between 146 

25 and 100 Hz. This range corresponds to the length of the experiment as the data logger has 147 

limited storage capacity. To record and analyze the energy emitted as sound/ultrasonic waves, we 148 

use three acoustic emission (AE) sensors, two mounted on either side of the sample (sensors 1 and 149 

2): a 5 mm diameter PZT-5A Boston piezoelectric transducer and a Glaser-type conical 150 

piezoelectric sensor (McLaskey & Glaser, 2010). A second 5 mm PZT-5A Boston piezoelectric 151 

transducer is mounted to the side of the machine frame (sensor 3). We transmit the AE signals 152 

through KRN AMP-1BB-AE preamplifiers to a PicoScope 4824A oscilloscope recording at a 153 

sampling rate of 2 MHz and a resolution of 12 bits. We used a transparent analog material (see 154 

section 2.2) to capture the evolution of the slip surface using a high-speed camera (Sony - DSC-155 

RX100M5A) recording at 960 FPS.  156 

2.2 Material: Polymethyl Methacrylate (PMMA) Glass 157 

Samples were made of PMMA and worked into a hollow cylinder (15/2.5 mm 158 

external/internal radius; height 10–20 mm) installed in the upper column and a full cylinder (20 159 

mm radius; height 10-20 mm) installed in the lower rotary column. The surface of the samples was 160 

prepared with a lathe and then polished for one minute with increasingly finer grit silicon carbide 161 

abrasive paper (600 grit – 1200 grit – 3000 grit – 3000 grit with water). We then cleaned the surface 162 

with alcohol to remove any dust and oils prior to the experiment. PMMA was selected because it 163 

has low hardness, low melting temperature, and is transparent, permitting direct observation of the 164 
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slipping surface (see Table 1 for measured and referenced properties of PMMA). PMMA and other 165 

glasslike polymers have been extensively used in rupture mechanics studies (e.g., Ben-David et 166 

al., 2010; McLaskey & Glaser, 2011; McLaskey et al., 2012; Svetlizky & Fineberg, 2014). Indeed, 167 

the mechanical behavior of PMMA at standard temperature and pressure (STP) conditions closely 168 

resembles that of rocks in the Earth’s crust (McLaskey et al., 2012; McLaskey & Glaser, 2011). 169 

This is due to the comparable homologous temperature (Th = ambient temperature / melting 170 

temperature) between PMMA at STP conditions (Th_PMMA = 293/418 in K = 0.7) and rocks with 171 

granitic compositions at seismogenic depths (Th_granite = 0.7). Like in rocks, an increase in Th 172 

determines the transition from an elasto-frictional to a visco-plastic regime in PMMA, as we 173 

demonstrate in the experiments presented here. Moreover, the melting of PMMA and its 174 

solidification into a glass changes its structure and induces more scattering as light passes through 175 

the material. Therefore, by illuminating the simulated fault with a laser beam, it is possible to 176 

distinguish solidified melt from undeformed PMMA. To investigate microstructures, we recovered 177 

samples from three experiments stopped during key phases of the experiment and imaged them 178 

with scanning electron microscopes (SEMs) JEOL JSM 6390 at 15 kV and JEOL JSM 6490 at 10 179 

kV. 180 

2.3 Energy flux calculations 181 

Reches et al. (2019) argue that the energy flux (EF), or the rate of energy flow over the 182 

fault area, controls the slip style of natural fault systems. They suggest that slip continues until the 183 

frictional energy dissipation rate along the fault or power density (PD = τVslip with τ shear stress 184 

and Vslip slip rate, Di Toro et al., 2011) exceeds the EF to the fault. Therefore, we expect the 185 
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interchange between the EF and PD to correlate with in-situ HFR video observations and AEs. 186 

We derive the EF from the spring by evaluating the spring potential energy,  187 

𝑷𝑬𝒔𝒑𝒓𝒊𝒏𝒈 ൌ
𝟏
𝟐
𝒌𝜶𝟐 ሺ𝟐ሻ 188 

with k the spring constant, and  the difference between the motor and sample rotation. To 189 

calculate the energy flux, we first find the power generated by the spring unloading (i.e., the time 190 

derivative of spring potential energy), 191 

𝑷𝒔𝒑𝒓𝒊𝒏𝒈 ൌ
𝒅𝑷𝑬𝒔𝒑𝒓𝒊𝒏𝒈

𝒅𝒕
 ሺ𝟑ሻ 192 

EFspring is: 193 

𝑬𝑭𝒔𝒑𝒓𝒊𝒏𝒈 ൌ െ
𝑷𝒔𝒑𝒓𝒊𝒏𝒈
𝑨

 194 

Where A is the annular fault area. As a matter of sign convention, negative EFspring indicates 195 

that the spring is loading (i.e., the stored energy is increasing), while positive 196 

EFspring indicates that the spring is unloading (i.e., providing energy to the fault). Since the fault 197 

surface is annular, Vslip, and PDfriction are calculated at the average sample radius. Therefore, the 198 

PDfriction estimate can be taken as an average for the slipping surface. We include spring and friction 199 

subscripts to clarify the corresponding energy source or sink, respectively.  200 

3 Results  201 

3.1. Mechanical data 202 

We performed five experiments with the ECoR at constant normal stresses ranging from 203 

3.4 to 3.7 MPa (Table 2). We performed three additional experiments (020620 and 102913) to 204 

produce fault slip zones to investigate with the SEM. These experiments (unlisted) yielded 205 

mechanical data very similar to those that investigate frictional melting using natural rocks (e.g., 206 

Del Gaudio et al., 2009 – Peridotite; Violay et al., 2014 – Gabbro, Violay et al., 2015 – Basalt; 207 

Cornelio et al., 2019 – Granite) by imposing, on the simulated faults, seismic slip rates on the order 208 
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of 1 m/s. Additionally, the shear stress drops, Δτ, produced by stick-slip events are comparable to 209 

natural earthquakes (e.g., Kobe 1995, magnitude = 7.2, Δτ ≈ 2.4 MPa, Allman and Shearer, 2009).  210 

Each experiment started with a ͘τ of < 0.2 MPa/s, which resulted in low-frequency stick-211 

slip events and a limited logarithmic increase (a few °C) of the sample temperature (Phase A). To 212 

raise the internal temperature of the sample and initiate melting during slip, ͘τ was raised to 1.1-2.5 213 

MPa/s, increasing the frequency of stick-slip events. Following the ͘τ  increase the stick slip 214 

behavior changed distinctly across three phases (phases B, C, and D, Figure 2).  215 

Phase A. In this phase, we observe low amplitude stick-slip events with shear stress drops, 216 

< 0.7 MPa, occurring every 3.3–6.4 s (Figure 2). These events are associated with slip 217 

displacements of < 7 mm, average slip rates, Vslip, from 0.04 to 0.1 m/s, and peak slip rates, Vpeak, 218 

from 0.1 to 0.2 m/s. The peak and residual friction, μp and μr, are 0.26–0.46 and 0.09–0.13, 219 

respectively, except for experiment 021622, where μr is an outlier at 0.33 (see discussion). The 220 

temperature increase during phase A in each experiment is < 5 °C. For all the reported phases Vslip 221 

and μr are calculated from the mechanical data (see Text S2) as the average value across the period 222 

where fault strength had stabilized after the friction drop (Figure 2, inset). 223 

 Phase B. Upon increasing the ͘τ to 1.1–2.5 MPa/s (varies between experiments), the period 224 

between stick-slip events decreases to 0.5–0.9 s, characterizing phase B (Figure 2). In phase B, 225 

stick-slip events have similar stress drops, residual friction, and velocities (Δτ < 0.8 MPa, μr = 0.3–226 

0.5, Vpeak = 0.1–0.4 m/s and Vslip = 0.03–0.1 m/s, respectively). However, slip displacements are 227 

consistently higher (up to 7.8 mm) than in phase A (up to 7.0 mm). The sample temperature 228 

increases gradually up to roughly 40ºC. At this temperature, peak shear stress and the rate of 229 

temperature continues to climb (“runaway” in Figure 2), marking the transition to Phase C.  230 

Phase C. This phase is characterized by τp > 3 MPa, shear stress drops Δτ  > 2.5 MPa, μr 231 

between 0.25 and 0.46, and significant melt production and subsequent solidification and bonding 232 

(see section 4.3). Average stress drops are an order of magnitude higher than in phase B. Vslip and 233 

Vpeak increase to 0.2–0.5 m/s and 0.6–1.0 m/s, respectively, and associated displacements exceed 2 234 
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cm. Once fault temperature reaches ~110ºC, stable sliding begins, marking the initiation of Phase 235 

D (Figure 2).  236 

Phase D. Upon entering phase D, there is a slight temperature decrease from 110°C to 237 

100°C. This phase is characterized by continuous slip displacement, melt production and 238 

extrusion, and sample shortening. The residual shear stress μr stabilizes to 0.22–0.27, slightly 239 

higher than in phase C. Additionally, Vslip decreases to approximately 0.01 m/s. Three of the five 240 

experiments did not reach phase D because they were stopped before its onset (Table 2).  241 

3.2 Energy flux and power densities  242 

In Figure 3 a-d, we report the shear stress and EFspring of typical slip events from phases A 243 

to D. The EFspring curves have negative values in the pre-slip phase because of spring loading. 244 

Figure 2: Evolution of shear stress and temperature with time in a typical experiment performed with 
ECoR (experiment 043021). (a) The spring loading rate (SRL) is increased after 220 s from 0.15 MPa/s 
to 1.6 MPa/s. Phase A is marked by low frequency but constant amplitude stick-slip events. Phase B 
begins once the SRL is increased to 1.6 MPa/s. At this higher SRL, the frequency of stick slip events and 
the rate of temperature rise increase. The increase in shear stress observed at the end of this phase 
corresponds to the start of significant melt production and fault strengthening. Phase C is marked by a 
sharp increase of the bulk temperature, peak shear stress, and stress drops. Eventually, the fault enters 
a stable sliding period, phase D, associated with the formation of a pervasive layer of melt. (Inset) 
Typical slip event (from phase C, experiment 021622) to show the quantities that variables in the text 
represent or are averaged over (marked with *). The approximate averaging window is shown in pale 
yellow. 
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Phase A slip events have a maximum EFspring of roughly 0.2 MW/m2 (Figure 3a) and PDfriction of 245 

0.1–0.3 MW/m2. Phase B events have maximum EFspring values of 0.4 MW/m2 (Figure 3b) while 246 

PDfriction remains at 0.1-0.3 MW/m2, with experiment 021622 as an outlier at PDfriction = 0.6 247 

MW/m2. Phase C slip events have maximum EFspring up to 3 MW/m2 (Figure 3c). In phase C, an 248 

initial foreshock (stress drop and sharp AE signal marked with arrows in Figures. 3c and 3g) marks 249 

the onset of a continuous high-frequency signal (Figure 3g). Such AEs are possibly produced by 250 

microcracking and a precursory slow slip event of ~750 μm which is followed by the main fast 251 

slip event (i.e., laboratory earthquake). The PDfriction during phase C ranges from 1 to 5.7 MW/m2, 252 

much larger than in phases A and B.  253 

3.3 Acoustic emissions 254 

 As all three-acoustic emission (AE) sensors recorded similar signals, we only report data 255 

from sensor 3 (Figure 3e-h).  Typical phase A slip events exhibit small AE spikes up to ~1.8 V 256 

(Figure 3a, e). The amplitudes of AE signals from phase B events are similar to those of phase A 257 

but are followed by more pronounced harmonic oscillations (Figure 3f). In typical phase C slip 258 

Figure 3: Individual slip events within phases A-D of experiment 021622. (a–d) Plots of shear stress, 
displacement, and energy flux curves vs. time for single slip events from each phase.Since the sample is 
a hollow cylinder, the energy flux and displacement are calculated at the average sample radius (see 
section 2.1). (e–h) AEs accompanying events from each phase. Note the changes in precursory signals 
before the mainshock in phase C. The background colors correspond to those reported in figure 2. See 
text for discussion. 
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events, we observe characteristic AE signals associated with precursory fault slow slip, fast slip, 259 

arrest, and slip reversal (Figure 3g, Figure 4). After a precursor AE (i.e., before section 1, time <31 260 

ms in Figure 4), a low amplitude but continuous broadband (10-80 kHz) AE signal is associated 261 

with slow slip on the fault (~750 μm displacement before the event, Figure 3). This precursory 262 

phase is followed by an abrupt slip acceleration (“earthquake”, section 1 in Figure 4), where the 263 

propagation of the fracture along the interface corresponds to a burst (0-20 dB/Hz) in power in the 264 

same frequency band, with a pronounced signal >20 dB/Hz between 14 and 45 kHz. The vibrations 265 

in the τ curve cease soon after the slip velocity overcomes ~0.2 m/s (section 2 in Figure 4). Notably, 266 

between ~5 ms and ~40 ms after the beginning of the earthquake, AEs have very low amplitude 267 

with few short, low-frequency spikes. Finally (section 3 in Figure 4), roughly 45 ms after the onset 268 

of unstable slip, a broadband burst up to 20 dB/Hz of AEs appears, which fades as the sample 269 

sliding stabilizes on a constant velocity until arrest. The AEs of phase D are relatively consistent 270 

and dominated by background noise (Figure 3h).  271 

3.4 Fault in-situ observations 272 

 From the high frame rate recordings, we observe the microstructural evolution of the 273 

slipping zone throughout the experiments (Figure 5). The dark transparent color in Figure 5 is the 274 

relatively pristine slipping zone. The semi-opaque spots are melt patches and layers. Bright but 275 

transparent red features are interpreted as medium- to fine-grained PMMA or solidified melts. We 276 

support our interpretation of the images with sample investigations (section 3.4) at the 277 

corresponding phases. During phase A, small slip events are associated with an annular haze in 278 

the slipping zone, possibly due to the formation of an ultrafine gouge. Additionally, grooves 279 

become visible on the outer ring of the sample (Figure 5a, +10 ms after rupture). During phase B 280 

(Figure 5b), slip events produce additional gouge and discontinuous melt patches in the slipping 281 
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282 

Figure 4: Evolution of shear stress (τ), slip velocity (V), energy flux (EF), power density (PD) and 
acoustic emissions (AE) with time during a slip event of Phase C (experiment 021622). (a) The 
dependence of τ with time (black in color curve) is fit with the rate-and-state friction (RSF, cyan curve) 
also to determine Dth = 1 x 10-5m. The latter was fit iteratively with parameters: a = 0.04 and b = 
0.25. The fault weakening velocity range, Vw, calculated after Rice (2006), is shown with horizontal 
dashed lines. (b) The spring energy flux (EFspring), and the frictional power density (PDfriction) 
dissipated in this slip event. (c) AEs signal accompanying the slip event. The inset shows the wavelet 
corresponding to the initial shear stress drop. (d) Spectrogram of the AEs. Numbers on the top of the 
figure separated by vertical dashed lines indicate the style of cosesimic weakening/strengthening: (1) 
is the initial flash weakening stage across Dth, corresponding to a spike in the variance over frequency 
in the spectrogram; (2) is the melt lubrication stage which begins when the velocity crosses Vw and 
ends when the EFspring and PDcurves curves intersect, marking the point where energy dissipated from 
friction exceeds that provided from the spring; (3) marks the activation of the viscous braking 
mechanism and ends when the velocity again crosses Vw and the interface is no longer in a weakened 
state; (4) marks the arrest and reversal of the sample due to the recoil of the assembly as it carries 
the rotational inertia of the event. The vertical red dotted line labeled with “?” marks the burst of AE 
power at ~58 ms, which corresponds to a characteristic break in the velocity time series.  
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zone (+20 ms after rupture). With increasing slip and melt generation, a continuous melt ring 283 

forms, which welds the slipping zone once solidified (Figure 5c), marking the transition to phase 284 

C. During phase C, slip occurs when the welded interface breaks. Following this event (+5 ms 285 

after rupture), spots of melt and PMMA powders decorate the slipping zone. As slip ensues, the 286 

melt layer thickens and consumes the fine-grained PMMA (+20 ms after rupture). The darker 287 

transparent area in the outer ring is the unchanged surface between the upper and lower samples. 288 

Finally, in phase D (Figure 5d), a semi-opaque melt patch becomes visible up to 6 seconds after 289 

Figure 5: Snapshots of high frame rate recordings during each phase of the experiment -experiment 
021622 (a, b and d) and 111721 (c). The number of the experiment number is reported in the bottom left of 
the colored box. Blue and gold annotations represent solid and melt/pseudotachylyte (PST) features, 
respectively. (a-c) Three snapshots from individual events from phases A-C showing marked 
microstructural differences in their before, during and after slip event characteristics. (d)  Changes 
occurring during Phase D with the continuation of stable sliding (ss). The background pinkish hues 
correspond to figures 2 and 4. 
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the onset of stable sliding (ss). As stable sliding continues for >150 seconds, the melt patch 290 

becomes brighter and potentially thicker (thickened melt).  291 

3.5 Microstructural observations 292 

 We investigated the microstructures of the experimental PMMA faults with scanning 293 

electron microscopes (Figure 6). The slip zone of the sample (recovered after phase C) is 5 to 14 294 

μm thick (Figure 6a) and made of an aggregate of globular particles < 0.5 m in size (Figure 6b). 295 

The contact between the slip zone and the lower sample is marked by a continuous < 0.2 m thick 296 

film decorated with grooves and filaments sub-parallel to the slip vector (Figure 6b).  Fractures 297 

with lengths < 118 μm and widths < 1 μm are visible in the upper sample (Figure 6a). We estimate 298 

the asperity widths on the lower sample to be ~10 μm (annotation in Figure 6a). To analyze the 299 

microstructural differences between low and high loading rate phases, we recovered the sample 300 

from an experiment stopped after phase A (Figure 6c) and an experiment stopped after phase C 301 

(Figure 6d). At the end of phase, A, the slip surface was decorated by fault steps and slickenlines. 302 

However, at the end of phase C, the slip surface is covered by clumps and a discontinuous layer 303 

of stretched filaments sub-parallel to the sliding direction. These glassy-like microstructures are 304 

similar to those found in experimental faults in silicate lithologies where frictional melting had 305 

occurred (Chen et al., 2017; Spray, 1995; Violay et al., 2014).  306 

4. Discussion 307 

 Here we discuss the results of experiments performed with ECoR. This device is highly 308 

instrumented with torque, normal force, displacement, temperature, AEs sensors, and a high-309 

frequency camera. The key benefit of the rotary approach is that experiments can be performed for 310 

“long” fault displacements producing data sets that allow us to study all phases of the earthquake 311 

cycle, including aseismic to seismic slip, fault healing, and stress loading (e.g., Reches and 312 

Lockner, 2010; Giacomel et al., 2018). Moreover, the torque loading spring in the ECoR adds the 313 

advantage that rupture nucleation, fault slip, and arrest emerge from complex feedbacks between 314 

the frequency of slip events and the strength, slip velocity, and temperature evolution of the fault 315 

zone. With the AE recordings, we discuss the appearance of characteristic signals associated with 316 
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the various stages of seismic slip. Finally, we highlight the application of the results of these rock-317 

analog experiments to natural conditions.  318 

4.1 Interpretation of the mechanical data 319 

Phases A-C are observed in all the experiments described here. However, phase D only 320 

occurs in the experiments with sufficient accumulated slip (Table 1). The transition from phase A 321 

to phases B-C-D is triggered by the increase in the spring loading rate from ͘τ < 0.2 MPa/s to 1.1-322 

2.5 MPa/s. Because of the short time interval between the slip events in phases B-C, frictional heat 323 

has less time to diffuse from the slip zone, and the ambient temperature increases (Figure 2). As a 324 

result, we observe marked differences between the dynamics of 1) small slip events, with no 325 

evidence of melting (phase A), 2) larger slip events possibly associated with discontinuous melt 326 

production (phase B), 3) large slip events associated with the formation of a continuous melt layer 327 

(Phase C), and 4) stable sliding at high ambient temperature and in the presence of melts (phase 328 

D, Figures 2, 5 and 6). This evolution in the frequency of slip events and fault strength with loading 329 

conditions demonstrates how the formation of frictional melts influences the seismic cycle and 330 

acts as both a lubricator and viscous brake during individual slip events (Kendrick & Lavallée, 331 

2022). 332 

Phase A. In this phase, we measure constant amplitude stick-slip events with μpeak of 0.2–333 

0.5 and dynamic weakening to μr of 0.1–0.3, similar to silicate rocks and industrial materials 334 

(Dieterich & Kilgore, 1994). The slight opacity of the slip surface and the presence of grooves (see 335 

Figure 5a) suggest that powders form from the grinding and plowing of asperities (Chen et al., 336 

2017; Han et al., 2010, 2011; Reches & Lockner, 2010; Tisato et al., 2012). Microstructures are 337 

representative of brittle deformation processes, which include the formation of slickenlines and 338 

fault steps (e.g., Han et al., 2010, 2011; Siman-Tov et al., 2015) (Figure 6c). The presence of ultra-339 

fine powders may contribute to fault weakening due to grain size and temperature-dependent 340 

deformation mechanisms in the successive phases (Green et al., 2015; Pozzi et al., 2021; Rowe et 341 

al., 2019; Spagnuolo et al., 2015). The anomalously high τ and μ values observed in phase A of 342 

experiment 021622 and, to a smaller extent, in phase B are attributed to differences in the initial 343 

fault surface roughness. Although we attempted to impose the same initial roughness by polishing 344 

the surfaces of all the samples with the same grit and for the same duration (see section 2.2), the 345 
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deep groove formed during phases A-B of experiment 021622 suggests a large asperity or PMMA 346 

fragment is present in the slip zone which may increase τ (Figure 5a,b). However, with increasing 347 

slip distance, the spurious strength fades, possibly because of melting or plastic deformation of the 348 

asperity, and the data from phase C are consistent with those of the other experiments. 349 

Phase B. This phase, where the frequency of stick-slip events increases and the ambient 350 

temperature rises from 25°C to 40°C, is transitional between phases A and C (Figure 2). Moreover, 351 

in phase B, heat diffusion from the slip zone reduces because the thermal diffusivity of PMMA 352 

decreases by roughly 10% as the temperature increases from 30 to 60 ºC (Assael et al., 2005). The 353 

higher frequency of slip events and the reduced thermal diffusivity of PMMA with increasing 354 

temperature may also explain why when the ambient temperature reaches approximately 40 ºC, 355 

the rate of temperature increase accelerates resulting in higher Δτ, τpeak, and τr typical of phase C. 356 

Chen et al. (2017) noted a similar transition in their experiments with granite, attributing the 357 

change in the mechanical behavior to the generation of “patchy melt along the fault”. Out HFR 358 

recordings confirm their hypothesis as we observe the onset of melt patch generation (Figure 5c). 359 

While the measured bulk temperature (< 40 ºC) remains below the melting point of PMMA (130-360 

160°C), the temperature at the asperity contacts (a few tens of m in size at most) exceeds it (Rice 361 

2006). We use a theoretical approach to estimate these “flash” temperatures because the spatial 362 

resolution and sampling rate of the thermocouple is too low to measure the temperature spike 363 

associated with individual slip events (Aretusini et al., 2021). For comparison, we include 364 

calculations for the “flash” temperature of phases A and C. The temperature spike at the asperities 365 

is (Rice, 2006):  366 

𝚫𝐓 ൌ
𝝉𝒄𝑽𝒕𝒕𝒉

𝝆𝒄𝒑ඥ𝝅𝜶𝒕𝒉𝒕𝒕𝒉
, ሺ𝟒ሻ 367 

where τc is the stress concentrated at asperity tips, ρ density, αth thermal diffusivity, and cp heat 368 

capacity (see table 1 for PMMA). The tth (=  Dth/Vslip) is the sliding time duration at asperities of 369 

size Dth. We use a rate-and-state friction (RSF) law fit (Dieterich, 1972; Ruina, 1983) to estimate 370 

Dth (Figure 4a, blue curve) as 1 × 10-5 m, which approaches that estimated from SEM images of 371 

the slip surface (Figure 6) or reported in Dieterich & Kilgore (1994). The a and b RSF values were 372 

0.04 and 0.25, respectively. This b value is higher than reported in the literature (0.0144, Kaneko 373 
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et al., 2016). However, this discrepancy arises from the inversion of shear stress evolution with 374 

the RSF since the slip events in phase C are associated with melt formation (i.e., not “solid 375 

contacts” as in Kaneko et al., 2016). In addition, the initial velocity was higher due to precursory 376 

slow slip within this phase, which also increases the b value. In contrast, by using a phase A slip 377 

event with an initial velocity of 2x10-4 m/s (average velocity 100 ms before the event), we estimate 378 

the b value to be 0.03, much closer to that of Kaneko et al. (2016). We estimate τc, the stress 379 

concentrated at asperity tips as τc = 0.1*G (Boitnott et al., 1992; Dieterich & Kilgore, 1994, 1996), 380 

where G is the shear modulus of PMMA. Using the measured shear wave speed of PMMA, 1320 381 

m/s, and ρ, 1.17–1.19 g/cm3, we calculate G to be 2.08-2.04 GPa. Using the sliding velocity 382 

averaged across all experiments for Vslip, the ΔT at asperity tips for phases A-C are approximately 383 

144-213ºC, 148-218ºC, and 311-459ºC, respectively.  384 

 The HFR images from phase B show the presence of solidified melt patches in the slip 385 

zone (Figure 5b). This observation is consistent with the estimated asperity scale temperatures 386 

discussed above and supports the hypothesis of rapid fault healing driven by local pseudotachylyte 387 

formation and fault welding (Mitchell et al., 2016; Proctor & Lockner, 2016; Hayward & Cox, 388 

2017). Therefore, with successive slip events, because of fault strengthening, the EFspring increases 389 

resulting in higher PDfriction and more melt generation (positive feedback in phase B and especially 390 

in phase C). Eventually, as the cumulative effect of slip events provides more heat, the temperature 391 

increases, and the thermal runaway condition is achieved (transition to phase C, Figure 2).  392 

Phase C. In this phase, the positive feedback established in phase B is more pronounced 393 

because of the high frequency of stick-slip events with large slip displacements, stress drops, and 394 

melt production. The ambient temperature increases from ∼50°C to ~105°C (Figure 2). During 395 

this temperature rise, additional melt is produced during each slip event leading to the formation 396 

of a thick and continuous melt layer (Figure 5c, Figure 6a,b). Correspondingly, the seismic slip 397 

dynamics in phase C are controlled by the increased presence of melt (see section 4.2).  398 

Phase D. This phase starts when the ambient temperature overcomes the PMMA glass 399 

transition temperature of 105ºC (Figure 2), and molten PMMA no longer vitrifies and bonds the 400 

interface. The glass transition temperature marks the point where the rheology switches from 401 

elastoplastic to viscous-plastic, and the material relaxes at a rate higher than the strain rate and 402 
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thus deforms viscously. Finally, stable sliding ensues when the melt forms a continuous and thick 403 

layer where viscous shear and heat retention exceed the heat dissipated, resulting in continuous 404 

sample consumption and melt production (Chen et al., 2017; Fialko & Khazan, 2005a; Nielsen et 405 

al., 2008). The result is a gradual strength stabilization as the molten layer is sheared (Fialko & 406 

Khazan, 2005a; Hirose & Shimamoto, 2005). 407 

Similar phases to those described here have been observed in experimental studies on 408 

granite (Passelegue et al., 2016; Chen et al., 2017; Hung et al., 2019), gneiss (Hung et al., 2019), 409 

and gabbro (Hirose & Shimamoto, 2005; Niemejer et al., 2011). Chen et al. (2017) describe these 410 

phases as 1) initial weakening, 2) strengthening by viscous braking, 3) continuous melting of the 411 

fault surface, and 4) final strengthening due to melt freezing. Similarly, our A to D phases span 412 

Chen et al. phases 1-3, with an additional transitional phase between 1 and 2. We also add to their 413 

description static strengthening due to pseudotachylyte formation (Di Toro & Pennacchioni, 2005; 414 

Mitchell et al., 2016; Proctor & Lockner, 2016) and suggest that this may be a mechanism to assist 415 

in nucleating instabilities in the ductile realm. Our results highlight the complexity of the 416 

mechanical behavior of faults in the presence of frictional melts while demonstrating the 417 

similarities between PMMA and natural rocks.  418 

4.2 Energy flux, power density, and acoustic emissions during coseismic fault slip 419 

The dynamic mechanisms controlling the style and duration of sliding over the lifetime of 420 

a fault are not well constrained (Kanamori, 1994). For the strength of the slip interface to be 421 

perturbed, thermal processes must modify the material's elastic properties or reduce the effective 422 

normal stress (e.g., Brodsky & Kanamori, 2001; Kanamori & Heaton, 2000; Rice, 2006; Sibson, 423 

1977; Violay et al., 2015). Fault friction generates heat which may cause rock melting (Sibson, 424 

1977). While melting represents a sink of energy and may lead to lubrication and weakening 425 

(Sibson, 1975; Di Toro et al., 2011), cooling leads to relative viscous strengthening (Motohashi et 426 

al., 2019). And as discussed in section 5.1, glass formation may bond the opposing slip surfaces 427 

and strengthen the fault (Di Toro and Pennacchioni, 2005).  428 

Kanamori and Heaton (2000) describe the effects of such thermal processes on the 429 

earthquake energy budget and show that they can strongly affect earthquake dynamics. Their 430 

hypothesis is supported by the observations of Kanamori (1994), that there is often a large 431 
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discrepancy between the total potential energy released during faulting and the amount of radiated 432 

energy. The excess of non-radiated energy may be attributed to thermal, friction-related processes, 433 

typically comprising ~70% of the total energy budget. Kanamori’s observation implies that 434 

thermally driven mechanisms such as flash melting, melt lubrication, and pseudotachylyte freezing 435 

may interact during faulting to control seismic slip. To understand the activation and interaction 436 

of these mechanisms, we derive and monitor the work rate. The latter describes the exchange of 437 

work provided by the release of stored elastic strain energy with dissipative physical or chemical 438 

processes within the slipping zone (Rice, 2006; Di Toro et al., 2011). In terms of the work done 439 

by the loading system, this quantity is the energy flux (Reches et al., 2019, Reches, 2020), whereas, 440 

in terms of the work done by frictional mechanisms, it is the power density (Rice, 2006; Di Toro 441 

et al., 2011; Reches, 2020). Power density plays a crucial role in many thermal fault mechanisms 442 

as it likely provides the most suitable estimate of the frictional heating rate (Reches, 2020). For 443 

example, Siman-Tov et al. (2013, 2015) and Aretusini et al. (2021) found an agreement between 444 

experimentally measured temperatures and those estimated with PDfriction when investigating the 445 

formation of mirror surfaces in carbonate faults. However, the EFspring to the fault limits the 446 

PDfriction and controls the dynamic slip behavior (Reches et al., 2019).  447 

Figure 4b shows the relations between the activation of coseismic weakening mechanisms, 448 

EFspring, PDfriction, and AEs. When the shear stress overcomes the interfacial strength, fault rupture 449 

occurs, and unstable slip begins (Bowden et al., 1966), associated with a significant drop in 450 

friction. We attribute part of this drop to the weakening effect of high-stress concentration on 451 

asperity tips at the onset of rupture, termed flash weakening. When sustained for a sufficient 452 

duration, this mechanism can produce melt (e.g., Di Toro et al., 2006; Motohashi et al., 2019; Rice, 453 

2006). When melting occurs, part of the energy is absorbed by the latent heat of fusion of the 454 

PMMA. Furthermore, once the average temperature of the surfaces is sufficiently high, the 455 

pressurization of melt may lubricate the fault by supporting the normal stress (Tullis, 2015 and 456 

references therein). Flash weakening occurs over a critical thermal slip distance, Dth, over which 457 
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the sample moves at a velocity that exceeds the critical weakening velocity. We calculate the 458 

weakening velocity Vw as (Rice, 2006): 459 

𝑽𝒘 ൌ
𝛑𝛂𝒕𝒉
𝑫𝒕𝒉

ቆ
𝛒𝒄𝒑ሺ𝑻𝒘 െ 𝑻ሻ

𝛕𝒄
ቇ
𝟐

ሺ𝟓ሻ 460 

The weakening temperature, Tw, was taken to be the melting temperature, 130-160ºC (Smith & 461 

Hashemi, 2006), and T is the ambient room temperature measured to be 23ºC. From Eq. 11, Vw is 462 

0.02–0.07 m/s, which is reported in Figure 4a with two dashed horizontal lines.  463 

 Flash weakening and the initiation of unstable slip across Dth (Figure 4, section 1) occur 464 

until the EFspring and PDfriction curves intersect (Figure 4a), and the velocity curve crosses Vw (Figure 465 

4b). After this, τr begins to recover its quasi-static value of 0.6–0.8 MPa (see Table 2). Similar 466 

behavior has been recognized in experiments with a variety of rock types (e.g., Goldsby & Tullis, 467 

2011). For this and other large events, the quasi-static value of τ corresponds to a residual friction, 468 

μr of 0.1–0.2, which is lower than the μr reported in the literature, typically ~0.4 (e.g., Lee & 469 

Golden, 1988; McCarthy et al., 2016). PDfriction rapidly increases, corresponding to the more 470 

available EFspring after the reduction of the interfacial strength and onset of high-velocity slip.   471 

In Figure 4d, the sharp reduction in power apparent in the spectrogram after the mainshock 472 

may be explained by the “anelastic” effect of melt which would attenuate the AE signal (e.g., 473 

Karato & Spetzler, 1990; Ma et al., 2020). Furthermore, melt lubrication would effectively dampen 474 

the AE source by cushioning the interaction between asperities. When PDfriction overcomes EFspring   475 

(Figure 4, section 3), the amount of heat that can be generated by friction or viscous shearing is 476 

limited. We suggest this happens when the rate of heat diffusion exceeds that of heat production 477 

and melt begins to cool at a faster rate, increase in viscosity, and act as a braking mechanism, 478 

ultimately leading to the arrest of the sample (Fialko & Khazan, 2005b; Kendrick et al., 2014; 479 

Lavallée et al., 2012; Motohashi et al., 2019).  480 

Considering the AEs, mechanical data, EFspring, and PDfriction discussed above, as a variation 481 

to what is posited by Reches et al. (2019), high-velocity slip is maintained when the energy flux 482 

to the fault equals or exceeds the power density. Yet, when overcome, the slip event enters a 483 

viscous braking phase rather than immediately coming to rest. In the AEs signal, a roughly 50 484 
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dB/Hz increase in power in the 0–100 kHz band seemingly corresponds to this phase (Figure 4c) 485 

which gradually fades impending arrest. These observations suggest that in addition to 486 

dehydration, fluid flow, and crack cascades (Burlini et al., 2009; Lockner, 1993), 487 

strengthening/weakening fault mechanisms activated in the experiments have peculiar AEs (Figure 488 

4d), which may have their equivalent seismic signal in nature (Figure 4d). When the energy 489 

provided by the spring is entirely dissipated and the velocity again crosses Vw, the sample arrests 490 

and reverses direction as it carries the rotational inertia of the event (i.e., recoils, Figure 4, section 491 

4). After final arrest, the interface drops below the glass transition temperature, and the melt 492 

solidifies into a pseudotachylyte and welds the fault. We provide additional examples from 493 

experiment 021622 of the AEs associated with the activation of strengthening/weakening 494 

mechanisms in Figure 7. 495 

4.3 Application of the experimental observations to natural conditions 496 

The experiments performed with the ECoR on PMMA support several field-based 497 

observations regarding faults decorated by pseudotachylytes hosted in silicate rocks. For instance, 498 

the experiments presented here support the occurrence of frictional melt lubrication associated 499 

with seismic slip in upper crustal faults (Sibson, 1975; Di Toro et al., 2006) (Figures 3b-c, 5b-c, 500 

and 6).  Moreover, our results also indicate a static strengthening mechanism related to glass 501 

formation and fault welding, which may hinder fault reactivation by increasing fault post-slip 502 

strength (Di Toro & Pennacchioni, 2005; Mitchell et al., 2016; Proctor & Lockner, 2016).  503 

Pseudotachylyte formation in nature may also occur in the lower crust and the upper mantle 504 

within the so-called ductile field (Jiang et al., 2015; Passchier et al., 1991; Pennacchioni & Cesare, 505 

1997; Pittarello et al., 2012; Sibson, 1980; Ueda et al., 2008). In phase C, when the ambient 506 

temperature reaches ~50ºC, the homologous temperature of PMMA is 0.75. This homologous 507 

temperature corresponds to an ambient temperature in granite of ~600ºC, which is well within the 508 

ductile deformation field. Intermediate-depth earthquakes suggest that shear instabilities exist 509 

within this field (Hobbs et al., 1986; Karato et al., 2001; Kelemen & Hirth, 2007; Ogawa, 1987). 510 

One explanation for the nucleation of instabilities under such conditions is strain localization 511 

around a discontinuity in the deforming body. In this case, pseudotachylyte may provide small-512 
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scale strength variations in a relatively homogenous body from which ductile instabilities can 513 

nucleate (Hobbs et al., 1986).  514 

Finally, Kendrick et al. (2014) investigated the stick-slip ascent dynamics of magmatic 515 

plugs along boundary faults at ~400-600°C in the Saint Helens volcano. The authors reproduced 516 

fault slip through high-velocity rotary-shear experiments on andesite. They found that frictional 517 

melt dynamics (melt generation and lubrication, viscous breaking, and solidification) control slip 518 

instabilities and stick-slip cyclicity in these faults. The stick-slip events of phase C presented here 519 

Figure 7: Additional examples of acoustic emissions (AE) from Phase C events in experiment 021622. 
These results demonstrate the repeatability of the results presented in Figure 4. (a-h) Events without a 
foreshock. Therefore, they lack the 20 – 40 Hz signal apparent in Figure 4. (i) An example of an event 
with a foreshock similar to Figure 4 and thus a 20-40 Hz signal before rupture. See text for discussion. 
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support the role of friction melts and pseudotachylytes to assist in nucleating instabilities at such 520 

relatively high homologous temperatures (Figure 2).  521 

5. Conclusions 522 

We performed experiments on PMMA with a newly-conceived rotary shear machine 523 

(ECoR, Figure 1). The ECoR has proven to be a valid methodology for studying the evolving 524 

behavior of seismogenic faults across their lifetime, monitoring the activation of 525 

weakening/strengthening mechanisms, and capturing the earthquake nucleation and arrest 526 

processes. In particular, the mechanical data, temperature measurements, and high frame rate 527 

recordings suggest that the formation of frictional melts markedly impacts the simulated seismic 528 

cycle (Figures 2-3 5). The temperature rise on the slip zone, driven by the increased fault loading 529 

rate, facilitates melt production by providing the EFspring needed for substantial frictional heating 530 

(Figures 2, 4). Melt formation controls individual slip events and, once the melt is solidified, the 531 

interseismic strengthening (i.e., pseudotachylyte formation and fault welding, Figures 2, 6). This 532 

positive feedback leads to a bulk temperature increase until a final phase of fault weakening in the 533 

presence of melts is achieved (Figure 2). 534 

During individual slip events, flash heating and melting weaken the experimental faults 535 

(Rice, 2006). The EFspring pulses provide the “fuel” for sustained sliding and continuous melt 536 

production and the transition to the frictional melt lubrication regime (Di Toro et al., 2006). 537 

However, once the PDfriction overcomes the EFspring, a viscous strengthening/braking regime is 538 

achieved, and fault slip is arrested. After the melt has cooled into a pseudotachylyte, it welds the 539 

slip surfaces (interseismic strengthening). This behavior allows stored elastic strain energy to be 540 

released in the subsequent slip event and may influence the localization of future fault activity (Di 541 

Toro & Pennacchioni, 2005; Mitchell et al., 2016; Proctor & Lockner, 2016). Interseismic 542 

strengthening also leads to larger slip events and, thus, higher Vslip and EFspring and more melt 543 

production. 544 

Since the homologous temperature of PMMA increases with the bulk fault temperature in 545 

phase B and especially phase C, the material is presumably in the viscous-plastic deformation 546 

regime (homologous temperature corresponding to ~600ºC in granite). Earthquakes in this realm 547 

may nucleate due to strain localization around a discontinuity in the deforming body, in which 548 
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pseudotachylyte is a possible candidate (Hobbs et al., 1986) or by thermal runaway mechanisms 549 

in the slipping zone (Keleman and Hirth, 2007). Following these possibilities, in our experiments, 550 

the formation of pseudotachylytes and the increase of the bulk average temperature seem to have 551 

a pivotal role in generating the slip instabilities we observe in phase C (Figure 2-3). In support of 552 

this conclusion, we find that in phase D, stable sliding is initiated once the bulk fault temperature 553 

exceeds the glass transition temperature of PMMA. The relation between the deformation of 554 

frictional melt and the glass transition temperature is described by Kendrick & Lavallée (2022) 555 

and Lavallée et al. (2015). 556 

Finally, we provide evidence that the activation of weakening/strengthening deformation 557 

mechanisms during simulated seismic slip manifests in acoustic signals (Figure 4c-d). While 558 

current seismic monitoring practices do not produce datasets with the resolution required to extract 559 

signals possibly related to fault strengthening and weakening, we propose that they are likely also 560 

present during natural events. With improved instrumentation close to the fault and enhanced 561 

analysis methods, they may be accessible and provide crucial information about the earthquake 562 

process. 563 
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