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Abstract During an earthquake, part of the released elastic strain energy is dissipated within the slip zone
by frictional and fracturing processes, the rest being radiated away via elastic waves. While frictional heating
plays a key role in the energy budget of earthquakes, it could not be resolved by seismological data up to
now. Here we investigate the dynamics of laboratory earthquakes by measuring frictional heat dissipated
during the propagation of shear instabilities at stress conditions typical of seismogenic depths. We estimate
the complete energy budget of earthquake rupture and demonstrate that the radiation efficiency increases
with thermal-frictional weakening. Using carbon properties and Raman spectroscopy, we map spatial heat
heterogeneities on the fault surface. We show that an increase in fault strength corresponds to a transition
from a weak fault with multiple strong asperities and little overall radiation, to a highly radiative fault
behaving as a single strong asperity.

Plain Language Summary In nature, earthquakes occur when the stress accumulated in a medium
is released by frictional sliding on faults. The stress released is dissipated into fracture and heat energy or
radiated through seismic waves. The seismic efficiency of an earthquake is a measure of the fraction of the
energy that is radiated away into the host medium. Because faults are at inaccessible depths, we reproduce
earthquakes in the laboratory under natural in situ conditions to understand the physical processes leading
to dynamic rupture. We estimate the first complete energy budget of an earthquake and show that
increasing heat dissipation on the fault increases the radiation efficiency. We develop a novel method to
illuminate areas of the fault that get excessively heated up. We finally introduce the concept of
spontaneously developing heat asperities, playing a major role in the radiation of seismic waves during

an earthquake.

1. Introduction

During an earthquake, the elastic strain energy accumulated during the interseismic period is released by
rapid fault sliding. The resulting ground shaking depends in large part on the dynamics (Das, 2007) and the
energy budget of rupture propagation (Kanamori & Brodsky, 2004; Kanamori & Rivera, 2006):
Eior = Eg + G¢ + Qi Where Eyo is the total potential (elastic strain) energy and Eg is the energy radiated away
by elastic waves. Fracture energy G, is the energy required to weaken the fault, allowing the fracture to
propagate further and includes all the energy spent to create a new fault surface (Griffith, 1920) and form
gouge and microcracks at the crack tip or near the rupture front (Ide, 2002). Qy, is the energy dissipated locally
by frictional heating (Kanamori & Rivera, 2006). In the last decade, several studies have proposed that frictional
heating activates thermal mechanical processes explaining the dynamic evolution of fault strength, such as
grain size reduction and superplastic flow (Green et al.,, 2015; Verberne et al., 2013), thermal pressurization
of pore fluid (Rice, 2006; Wibberley & Shimamoto, 2005), flash heating (Goldsby & Tullis, 2011; Rice, 2006),
frictional melting (Di Toro et al, 2006; Hirose & Shimamoto, 2005), and mineral phase transformations
(Brantut et al., 2011; Schubnel et al., 2013). All of these mechanisms result in significant fault weakening
during seismic slip (Di Toro et al., 2011), through a process that is largely controlled by temperature evolution
on the fault plane, hence raising concern that the theoretical partitioning between fracture energy and
frictional heat is ill-posed because both energy terms contribute actively to fault weakening.

On the other hand, seismological observations have shown a high variability of rupture speed (Chounet et al.,
2017; 1de, 2002; Kanamori & Brodsky, 2004), stress drop (Allmann & Shearer, 2009; Brune, 1970), and radiation
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efficiency (Ide et al., 2007; Kanamori & Brodsky, 2004), which solely depends on the radiated and fracture
energies (Kanamori & Brodsky, 2004). However, while the radiated energy is well-estimated using accelero-
grams (Boatwright, 1980), fracture energy, inferred from scaling laws and stress drops, has large uncertainties
(Abercrombie & Rice, 2005; Tinti et al., 2005; Wong, 1982) and frictional heat remains invisible to seismological
data. As a consequence, field studies along active or fossil fault zones (Chester et al., 2005; Di Toro et al., 2006;
Ma et al., 2006; Ohnaka, 2003; Savage et al., 2014), numerical modeling (Bhat et al., 2007; Madariaga, 1976;
Madariaga et al.,, 1998; Noda et al.,, 2013), and laboratory experiments (Lockner et al., 2017; Nielsen et al.,
2016; Passelégue et al., 2016) have been carried out to further constrain the energy budget of earthquakes.
Among these approaches, reproducing earthquakes in the laboratory under controlled thermodynamic con-
ditions, as analogs of natural earthquakes (Brace & Byerlee, 1966), may well provide a unique opportunity to
understand the physics of the earthquake source.

In this paper, we investigate the seismic energy budget during stick-slip events on Westerly granite under
confining pressures typical of the brittle crust. We used two complementary approaches to constrain the
energy balance of laboratory earthquakes. Temperature is measured near the fault surface to quantify fric-
tional heat produced during sliding. For the first time, spatial heat heterogeneities on the fault plane are
imaged at the small scale after frictional sliding.

2. Materials and Methods

2.1. Sample Characterization and Preparation

The rock material is Westerly granite, a reference for rock mechanics experiments under crustal conditions
(Scholz, 1986). It is composed of 33% of potassic feldspars, 33% of plagioclase, 28% of quartz, 5% of phyllo-
silicates (biotite and muscovite), and 1% of accessory minerals (Scholz, 1986). In the experiments, we used
cylindrical samples 80 mm in length and 40 mm in diameter that were sawed to create an interface at 30°
with respect to the vertical axis (Figure 1a). First, the two surfaces of the saw-cut fault plane were polished
with a surface grinder and then roughened with #240 grit sandpaper. Second, a rectangular carbon layer
(10 mm x 20 mm) with a maximum thickness of 30 nm was deposited on the center of the top surface using
a carbon coater that allowed a uniform evaporation. Then, a thermocouple was inserted in the footwall sam-
ple 5.5 mm away from the contact surface. Finally, the sample was isolated from the confining oil by a neo-
prene jacket (125-mm long, 5-mm wall thickness).

2.2. Experimental Setup

The triaxial oil-loading cell used for the experiments is an autocompensated triaxial cell installed at the
Laboratoire de Géologie of Ecole Normale Supérieure (Paris, France), which can reach 300 MPa confining
pressure (Schubnel et al, 2005). Load point velocity applied during the experiments is 3 pm/s.
Displacement is measured by a linear variable differential transducer, placed between the reaction frame
and the top of the piston and corrected for machine stiffness. Parameters recorded during the experiment
include displacement (£0.1 um), axial (o), and confining (c3) stresses (+0.01 MPa) and temperature
(£0.01 °C) at a sampling rate of 100 Hz.

2.3. Mapping of Spatial Heat Heterogeneities With the Carbon Deposition Technique

To image frictional heating, we measured carbon spectra at the end of experiment, in the 850-2,000 cm ™"

range, with the help of a Raman Micro-Spectrometer (Renishaw Invia, UK; argon laser beam of 514.5 nm;
LEICA objective with 50x magnification) located at Bureau de Recherches Géologiques et Minieres
(Orléans, France). Spectra are composed of two principal bands named graphite (G band) and defect bands
(D band) around 1,600 and 1,350 cm ™", respectively. An increase in temperature induces an increase in the
height of the D band on the Raman spectra compared with the initial spectra measured before experiment.
The variation of the ratio of heights of D band to G band, Hq/Hg, allows identification of carbonization stages.
The higher the degree of carbonization achieved, the higher the ratio (Deldicque et al., 2016). Before the
experiment, the Hy/Hq ratio for carbon spectra is equal to 0.45 throughout the carbon layer. Post-mortem
Raman Micro-Spectrometry mapping of carbon deposit on the top-wall fault plane (dimensions of
2 mm x 0.5 mm) provides carbonization maps for each experiment. Each pixel (10 x 10 um?) on the
Raman Micro-Spectrometry map corresponds to one measured Hy/Hq ratio, which ranges between 0.45
and 1. When carbon spectrum was not measurable at a given location on the fault surface during
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Figure 1. Mechanical and thermocouple data of laboratory earthquakes. (a) Static stress drop as a function of displacement and peak fault friction for the three
confining pressures tested during triaxial experiments (45, 90, and 180 MPa). The inset at the top left-hand side is an enlargement of the small displacements
region of the plot. The inset on the bottom right-hand side shows a schematic of the sample. The slope of the linear regression of the data points gives the machine
stiffness of the triaxial loading cell. Temperature increase as a function of time for a single stick-slip event, shown in subplot (a), at confining pressures of 45, 90,
and 180 MPa. We inverted the thermocouple data to calculate the frictional heat produced on the fault (section 2; Table S1). The amount of heat generated increases
with the confining pressure. Raw thermocouple data are shown in blue, polynomial curve fitting in red, and the result of the inversion in black. Details on the thermal
model are given in the supporting information.

mapping, we interpolated with the Hq/Hq ratios measured on neighboring pixels. Hq/Hq ratios allow us to
quantify heat dissipation at the small scale on the interface, but there are important approximations in
their conversion into temperatures (supporting information).

2.4. Temperature Measured by the Thermocouple

When a stick-slip occurs, the thermocouple (K-type, OMEGA, Norwalk, USA), installed at 5.5 mm away from
the fault surface, records the evolution of the temperature at 100 Hz. Temperature data was then used to esti-
mate the energy dissipated into heat during a given stick-slip event solving the one-dimensional heat equa-
tion in space and time with a finite difference scheme. Inverting a constant heat source throughout the
duration of slip, t,, = 20 ps (measured as the characteristic time of weakening in Passelégue et al., 2016),
the model outputs the best values of the frictional heat produced Qy, J/m?) to fit the experimental data
5.5 mm away from the fault surface (supporting information). Least-squares error minimization between
the model and the experimental data was performed, considering a diffusion duration of 20 s. Parameters
used for the inversions are: p the density of Westerly granite (2,650 kg/m>); C the specific heat capacity of
the rock (900 Jkg™"-K™"); t,, the duration of the event fixed at 20 us (Passelégue et al, 2016); h the width
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Figure 2. Frictional heat produced, fracture energy, and heating efficiency of laboratory earthquakes. (a) Frictional heat or fracture energy produced during stick-slip
as a function of coseismic slip and peak shear stress. Experimental values of fracture energy versus slip from the literature are also plotted for saw-cut rocks (Ohnaka,
2003; Passelégue et al., 2016) and intact rocks (Ohnaka, 2003; Wong, 1982). The total heat produced during stick-slip, Qy,, increases with increasing coseismic slip, d.
(b) Heating efficiency as a function of coseismic slip and total mechanical work. Black bars indicate the maximum contribution of latent heat (Table S1), calculated as
0.3 x Q¢ (supporting information). The occurrence of melting may not change the trend of the decrease of heating efficiency with slip. “1 U indicates the first stick-slip of
a series of events, for each experiment. The theoretically expected evolution of heat generation appears to be consistent with our experimental observations.

of the sheared layer (m), defined as h = 2(zxt,)""?, where « is the thermal diffusivity of Westerly granite
(1 x 107® m?/s). Additional information on the thermal model are given in the supporting information.

3. Results
3.1. Total Heat Produced During Laboratory Earthquakes

Three series of stick-slip experiments (Figure 1a) were conducted on saw-cut samples of Westerly granite at
confining pressures of 45, 90, and 180 MPa. For each stick-slip, we measured the static stress drop, the coseis-
mic displacement (corrected for elasticity), and the temperature evolution 5.5 mm away from the fault sur-
face (Figure S1 in the supporting information). Within a series of stick-slip events, peak fault friction, static
stress drops, and coseismic displacements increase with time. Static stress drops range from 2 MPa to
75 MPa, resulting in coseismic displacements ranging from 40 pm to 1.2 mm. As expected (Nielsen et al.,
2016), the stress drop increases linearly with displacement and the relation follows the apparatus stiffness
(Figure 1a). Stick-slip events with large stress drop and displacement are followed by clear temperature rises
ranging from 0.04 °C to 0.4 °C (Figures 1b-1d).

Temperature measurements are inverted using a simple heat diffusion model (i.e., with one heat source point
at 5.5 mm away from the fault surface) to quantify the heat produced coseismically by frictional sliding
(Figures 1b-1d and Figure S2). The inversion fits the temperature evolution for experiments conducted at
confining pressures of 45 and 90 MPa relatively well (Figures 1b and 1c). At confining pressure of 180 MPa
(Figure 1d), the model cannot reproduce the data, which may be due to a thermal anomaly longer than
the assumed 20 ps and to latent heat effects not considered in this study (supporting information).

The total heat produced during stick-slip increases with increasing coseismic slip and reaches up to 37 kJ/m?
for the largest stick-slip event (Figure 2a). The comparison with previous measurements of fracture energy
performed with the same setup under similar stress conditions (Passelégue et al., 2016) reveals that frictional
heat dissipation is larger than fracture energy, particularly under low normal and shear stresses. This is
expected because, under low normal and shear stress conditions, the frictional drop is low, resulting in small
stress drop and low fracture energy. However, under higher normal and shear stress conditions, fracture
energy and heat become comparable, which is consistent with the low dynamic friction and almost complete
stress drops observed for larger slips (Di Toro et al., 2011; Passelégue et al., 2016). In summary, we confirm
here, with two independent measurements of heat and fracture energy, that the large fracture energies mea-
sured during stick-slip events at high stress and large slips are dissipated by frictional heat rather than surface
creation. Under these high stress conditions, most of the weakening is driven by thermal processes rather
than fractures (Di Toro et al., 2011) and fracture energy can be neglected.

AUBRY ET AL.
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3.2. Surface Melting and Heating Efficiency

The evolution of fault strength during the initial stage of slip plays a crucial role in the fault-weakening pro-
cesses (Hayward et al.,, 2016). Indeed, flash melting occurs at the onset of sliding (Beeler et al., 2008; Nielsen
et al., 2008; Rice, 2006) for a small amount of slip (Renard et al., 2012), and at highly stressed frictional aspe-
rities during rapid slip (Rice, 2006). Postmortem Scanning Electron Microscope micrographs indeed reveal the
presence of melt on the fault surfaces (Figures S3 and S4). At 45 MPa, most biotites and only a few plagio-
clases and potassic feldspars have melted. By contrast, all minerals including biotite, plagioclase, potassic
feldspars, and even quartz fragments (minimum melting temperature of 1650 °C) have melted during experi-
ments at 90 and 180 MPa, indicating that the temperature rise on the fault surface was larger during these
experiments (Figures S3 and S4), thus facilitating an efficient melt lubrication of the fault (Di Toro et al., 2006).

The heating efficiency of our laboratory earthquakes shows a clear relation with the coseismic displacement.
As stresses and displacements were measured continuously, the total (elastic strain) energy, Eiot = (1o + 7,)d/2,
where 7, and 7, are the initial and final shear stress (Pa), respectively, and d is the coseismic displacement (m),
was also calculated for each stick-slip event. The heating efficiency, R, defined by the ratio of frictional heat
produced Qy, to total work E,., decreases with increasing slip (Figure 2b). As the lubrication increases with
confining pressure, this decrease of R is compatible with a low dynamic friction coefficient during large
laboratory earthquakes (Table S1). Conversely, we argue that the true radiation efficiency in our experiments,
that is, Eg/Eyor, must increase with increasing slip (i.e., increasing normal stress) to values close to 0.9. This is
indeed supported by the fact that fracture energy is either negligible compared with heat at low normal
stress and/or for small slip, or dissipated by frictional heat at larger stress and/or for larger slip. Our observa-
tions are also consistent with other laboratory experiments reporting close to complete stress drops (Brantut
et al,, 2016; Passelégue et al.,, 2016) and high (supershear) rupture speeds (Passelégue et al., 2013).

The apparent scaling of the heating efficiency R with the inverse of the square root of slip d (R « d"?
Figure 2b) has strong implications for seismic efficiency. The heat produced per unit surface scales as Qy, <
pCAT (nixt,,)'?, where p is the bulk density (kg/m?), C the specific heat capacity (J-kg K™ "), AT the tempera-
ture rise on the fault plane (K), « the thermal diffusivity (m?/s) and t,, the duration of sliding (s), (nxct,y) 72 being
the thermal diffusion length (m). E;,; scales with the coseismic displacement, so that R scales as d'”? only
when Qy, scales as d'/2. Our results show that, at our experimental scale, for similar apparent stress and stress
drop, the heating efficiency decreases, and conversely the true radiation efficiency increases, with d”'/2. Our
experiments thus suggest that rupture processes become more efficient as sliding increases.

Heating efficiency is higher for the first stick-slips of a series and decreases with cumulative stick-slips events
(Figure 2b), suggesting that less heat is generated by frictional sliding after cumulative displacements. We
studied the effects of the number of stick-slips on the fault surface at confining pressure of 90 MPa (Figure
S5). After a single stick-slip, we document the presence of gouge particles originating from minerals plucked
along the fault interface. Agglomerated micro-particles and nanoparticles of gouge form strong asperities
(exceeding hundreds of microns in length), which did not melt. After several stick-slips, molten gouge parti-
cles are found in microscale asperities (Figures S3-S5). These flattened melt patch asperities can be reworked
by flash melting, which decreases the heating efficiency. Finally, the degree of shear deformation of the
gouge and the amount of melt on the fault surface increase together with increasing confining pressure
and slip (Figure S3). The effect of cumulative stick-slips shows that a given rupture event is controlled by
the state of the fault surface, itself affected by the last rupture event through flash heating or frictional melt-
ing of minerals and the reworking of asperities (Figures 3 and S5). This suggests a time-dependent memory
effect of the fault surface. The slip-dependent aggradation of asperities over their lifespan could be critical
in natural crustal faulting as it may lead to more efficient seismic ruptures.

3.3. Imaging the Fault Surface Temperature During Slip

To image the spatial heat heterogeneities after frictional sliding, we used a method based on the carbon
properties and the calculation of the Hyq/Hg ratio (section 2). The Hy/Hgq ratio is a measure of the maximized
degree of carbonization reached on the fault surface during an entire seismic cycle. The use of this in situ car-
bon method provides several new insights on weakening processes of faulting. First, the average increase in
the degree of carbonization achieved on the fault surface with increasing confining pressure (Figure 3) relates
with the degree of shear melting imaged with Scanning Electron Microscope (Figure S3).

AUBRY ET AL.
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Figure 3. Carbonization maps during frictional sliding for three different confining pressures. Confining pressures of 45, 90,
and 180 MPa are tested. The Hy/Hg ratio (i.e., degree of carbonization) reached on the fault increases with the confining
pressure. During a laboratory earthquake, and over a few microns of slip, the fault surface reaches a heterogeneous and
broad range of frictional heat production. Approximate temperatures can be converted from the Hy/Hq ratio. Sliding
direction is parallel to the x axis. The temperature calibration method is detailed in the supporting information.

Second, for experiments conducted at confining pressures of 45 and 90 MPa, heat patches are laterally spread
along the slip direction, approximately 100-um wide and can be several hundreds of microns long (Figure 3).
This geometry suggests a genetic link to asperities and striations on the fault plane. Indeed, carbonized aspe-
rities are longer than the maximum amount of coseismic displacement of any single stick-slip event during
these two experiments. They therefore have remained active during several stick-slip events. At 180 MPa,
asperities can no longer be recognized, but striations along the sliding direction remain visible.

Using a calibration (Figure S6), in which the cumulative effect of stick-slips, the heating duration, and the
effects of shearing and shear strain on the carbonization of amorphous carbon were neglected due to equip-
ment limitations (supporting information), we can infer approximate temperatures directly from the Hy/Hg
ratio between 700 °C and 1800 °C. Although our calibration is only considered as a first step toward the esti-
mation of precise temperature reached during stick-slips, it gives precious information on the thermal evolu-
tion of the fault surface at a never-before achieved spatial scale. These temperature estimates are consistent
with temperatures for natural solidified frictional melts (i.e., pseudotachylytes) around 1100 °C in subduction
context (Ito et al.,, 2017; Ujiie et al., 2007).

4, Discussion

Our series of experiments have important implications for natural earthquakes. We have shown that when
the fault contact area is maximized and the fault plane entirely moltens, heating efficiency decreases with
increasing coseismic slip and cumulative displacement. With increasing confining pressure and normal stress,
we have observed the gradual transition from flash melting at asperity contacts to bulk melting over the fault
surface. This important transition also corresponds to the transition from a weak fault, displaying few contact
points, low driving shear stress, low stress drop, and high heating efficiency, to a strong fault having high con-
tact area, high driving shear stress, high stress drop, and high radiation efficiency (Figure 4).

Seismological studies generally infer seismic radiation efficiency, n = Eg/(Er + G.), ranging from zero for slow
earthquakes (Ide et al, 2007) to one for large earthquakes (Venkataraman & Kanamori, 2004). Most
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Figure 4. Schematic of friction evolution by combining thermocouple temperature measurements, heat distribution from
carbon method, and energy budget. With increasing confining pressure, the mechanical behavior evolves from that of a
group of asperities to that of a single asperity. When the fault surface is entirely molten, heat generation by frictional
processes and fracture energy become low and radiated energy increases. Colored regions correspond to the radiated
energy, Eg.

earthquakes, particularly along subduction zones, typically exhibit values of # between 0.3 and 0.8 (Lay et al.,
2012; Venkataraman & Kanamori, 2004). Our observations suggest that moderate radiation efficiencies arise
from rupture propagating along fault planes, where only a small portion of the rupture area is stressed
(Figure 4). This stressed rupture area corresponds to asperities, which contribute greatly to the overall
radiation efficiency of rupture, while the vast majority of the fault plane, which is relatively less stressed,
shows limited stress drop and radiates poorly. Few earthquakes have been associated with radiation
efficiency above one (Venkataraman & Kanamori, 2004), among them the 1992 Landers and 1994
Northridge earthquakes. Slip inversion studies (Wald et al., 1996; Wald & Heaton, 1994) have suggested
that these earthquakes were dominated by the behavior of a single asperity whose size is comparable to
the fault plane. Here we argue, on the basis of our experimental data, that these cases correspond instead
to earthquakes with an apparent static stress drop much smaller than the dynamic stress drop on the
asperity (Passelegue et al., 2016; Figure 4), as quenched frictional melt may weld the fault and lead to fast
fault restrengthening and strength recovery (Ferrand et al., 2018; Mitchell et al., 2016).

5. Conclusion

In this paper, the dynamics of laboratory earthquakes has been investigated by measuring frictional heat dis-
sipated during the propagation of shear instabilities. We have mapped spatial heat heterogeneities produced
locally on the fault surface during coseismic slip. In addition, we have shown how the transition from the
dynamics of a group of microscale asperities to that of a single asperity influences radiation efficiency, sug-
gesting that radiation efficiency increases with thermal-frictional weakening. Our study therefore demon-
strates that seismological radiation efficiencies larger than one are possible without the need to invoke
frictional heating as a dominant energy sink. Under in situ pressure and temperature conditions, the differ-
ence between the complete radiative budget of earthquake rupture including heat and the seismological
energy balance neglecting heat becomes negligible as radiation efficiency increases, at least at the scale of
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asperities in the laboratory. Seismic radiation, thus, could be a larger component of the earthquake energy
budget than is generally assumed.
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