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Abstract

Large seismogenic faults consist of approximately meter-thick fault cores
surrounded by hundreds of meter-thick damage zones. Earthquakes are gen-
erated by rupture propagation and slip within fault cores and dissipate the
stored elastic strain energy in fracture and frictional processes in the fault
zone and in radiated seismic waves. Understanding this energy partitioning
is fundamental in earthquake mechanics to explain fault dynamic weakening
and causative rupture processes operating over different spatial and temporal
scales. The energy dissipated in the earthquake rupture propagation along a
fault is called fracture energy or breakdown work. Here we review fracture
energy estimates from seismological, modeling, geological, and experimen-
tal studies and show that fracture energy scales with fault slip. We conclude
that although material-dependent constant fracture energies are important
at the microscale for fracturing grains of the fault zone, they are negligible
with respect to the macroscale processes governing rupture propagation on
natural faults.

m Earthquake ruptures propagate on geological faults and dissipate en-
ergy in fracture and frictional processes from micro- (less than a
millimeter) to macroscale (centimeters to kilometers).
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m The energy dissipated in earthquake rupture propagation is called fracture energy (G) or
breakdown work () and scales with coseismic slip.

m For earthquake ruptures in natural faults, the estimates of G and W}, are consistent with a
macroscale description of causative processes.

m The energy budget of an earthquake remains controversial, and contributions from different
disciplines are required to unravel this issue.

1. INTRODUCTION

Earthquakes are caused by a shear rupture instability along a fault that undergoes a sudden dis-
placement of the rocks on either side of the fault called slip. A fault is a zone of weakness with
fractures between two hosting blocks (wall rocks), called the fault zone, which can move rapidly
(~1 m/s), generating an earthquake, or slowly (up to 1 cm/year) in the form of nearly stable sliding
and creep (Scholz 2019). Faults may range in length from millimeters to thousands of kilometers.
The sudden motion of the fault is associated with the propagation of a rupture front generating
the seismic waves radiated away from the source in Earth’s crust (Aki 1980, Kostrov & Das 1988).

Tectonic stress accumulates within a fault zone because of strain localization in Earth’s brit-
tle crust (Cowie et al. 2006). This yields faults producing repeated displacements and sometimes
earthquakes over geologic times. The repeated occurrence of earthquakes defines the seismic cy-
cle of a fault. The tectonic stress is applied at a slow and possibly steady rate to a fault in the
brittle crust (Reid 1910) during the interseismic period (see Figure 1). Prior to an earthquake,
slip increases quasi-statically in single or distinct episodes during the so-called nucleation phase
in a limited portion of the fault zone volume (preseismic), from which the dynamic rupture propa-
gates away over a much larger area of the fault. The latter defines the coseismic phase in which the
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Figure 1

Shear stress evolution with time in a single point of the fault before, during, and after the passage of an earthquake rupture. According
to this conceptual model, shear stress is accumulated in the fault zone volume during the interseismic phase and reaches t¢. The
coseismic phase starts when the fault slips and rupture is propagating dynamically. This is associated with the shear stress evolution
from its initial value 7o up to its final value tt. The shear stress decrease from its peak value 7, to the minimum value i, defines the
dynamic weakening or breakdown stage. Nucleation of an earthquake rupture occurs in the preseismic phase in a limited volume of the
fault zone preceding the dynamic rupture propagation.
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elastic strain energy stored in the fault zone is released near the propagating rupture front. The
coseismic phase ends with the healing of slip and rupture arrest on the whole fault. The coseismic
phase is followed by the postseismic phase in which the released stress is redistributed around the
source volume and the interseismic phase when stress buildup starts again until the next earth-
quake occurs. In this review, we cover the energy budget during a single earthquake and focus
on the coseismic phase, characterized by the shear stress evolution from an initial shear stress 7
to a final shear stress 7¢. This evolution with time and slip includes the dynamic weakening or
breakdown stage defined by the decrease of the shear stress from its peak value 7, to a minimum
or residual stress level 7, (Figure 1).

Geological observations evidence the occurrence of extreme (often less than 1-cm thick) co-
seismic slip localization from the lower to the upper crust (Austrheim & Boundy 1994, Chester &
Chester 1998, Demurtas et al. 2016, Di Toro et al. 2005b, Fondriest et al. 2013, Rowe et al. 2005,
Sibson 2003, Siman-Tov et al. 2013, Swanson 1988, Ueda et al. 2008, Wibberley & Shimamoto
2003). These so-called principal slip zones (PSZs) of finite thickness, limited by continuous
surfaces called fault surfaces, sustain coseismic displacement and dynamic reduction of shear re-
sistance and are embedded in a fault core (FC), where most of the displacement is accommodated,
surrounded by a plastic zone with fractures called a damage zone (DZ) (Caine et al. 1996; Chester
& Logan 1986; Chester et al. 1993, 2004; Choi et al. 2016; Dor et al. 2006; Faulkner et al. 2010,
2011; Fondriest et al. 2015; Mitchell & Faulkner 2009; Ostermeijer et al. 2020; Savage & Brodsky
2011; Vermilye & Scholz 1998; Wibberley et al. 2008) (Figure 2). The FC can contain single or
multiple PSZs made of gouges or foliated gouges (noncohesive fault rocks) or cataclasite, breccia,
or pseudotachylytes (cohesive fault rocks), while the DZ has a higher fracture density than the
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Figure 2

Model of a seismogenic fault zone structure. (2) Fault zone composed of a damage zone (DZ) containing a fault core (FC) where strain
is localized within a principal slip zone (PSZ) and available energy is released by coseismic slip during earthquakes. According to this
fault zone model, the PSZ is made of gouges (noncohesive rock powders) or cataclasites (lithified gouges) and the FC by cataclasites/
gouges, fault breccia, and fragments of older PSZs. The DZ is cut by minor faults (red in color) and veins and fractures (gray in color).
The scale changes from the PSZ (thickness of 1-20 mm) to the DZ (thickness of 1-1000 m). () Conceptual fault zone structure
composed of a DZ containing an FC of finite thickness sustaining coseismic slip also along PSZs (red in color).
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surrounding wall rocks. There is a high level of subjectivity in the definition of the boundaries
of FC and DZ because they depend on lithology, fracture distribution, rheology, and strain rate
during deformation (Shipton et al. 2006, Choi et al. 2016). The thickness of the FC can be on
the order of meters while the one of DZs can be up to several hundreds of meters (Fondriest
et al. 2020). For the purposes of this review, we follow a simplified model in which the fault zone
structure is composed of an FC of finite thickness sustaining shear displacement (coseismic slip)
along single or multiple PSZs embedded in a fractured DZ (Figure 25).

Recent seismological and geodetic observations have corroborated the evidence that active
faults are characterized by a wide range of slip behaviors that include aseismic creep events, slow-
slip and low-frequency events, afterslip, and earthquakes (Harris 2017, Ikari et al. 2015, Peng &
Gomberg 2010). Although the physical mechanisms responsible for this multi-mode slip behavior
are poorly understood, the response of a fault zone to tectonic loading and strain localization de-
pends on its structure (geometry and spatial dimensions) and composition (lithology and rheology)
(Scholz 2019). Furthermore, the dynamic fault instability caused by the sudden release of stored
elastic strain energy and associated with the fault weakening and slip acceleration is described
by both fracture and frictional processes (Ohnaka 2013), likely occurring at different spatial and
temporal scales. Microscale processes affect rupture and slip episodes at the scale of the rocks com-
posing the fault gouge (0.1-10 mm), while macroscale processes control the fault zone response
and the dynamic reduction of shear resistance at the scale of fault patches (1-1,000 m) (for reviews,
see Delle Piane et al. 2017, Niemeijer et al. 2012, Tullis 2015). The comprehensive discussion of
the scale dependence of earthquake ruptures is beyond the scope of this study. Instead, here we
address the issue of the energy dissipated on the fault during the coseismic rupture propagation
with the ambition to reconcile the geological observations of fault zones with seismological and
geodetic observations of earthquake ruptures as well as with laboratory experiments.

During the interseismic period, energy builds up in the volume surrounding the fault due to
tectonic loading (Figure 1). Earthquake rupture is driven by a sudden transfer of strain energy
(elastic and gravitational, AI/) from the wall rocks into radiated energy (elastic waves, Eg) and
dissipated energy in the fault zone (crystal plastic, fracture, and friction, Epz) (symbols are listed
in Table 1):

AW = ER + EFZ (in_]oule). 1.

These energies are integral quantities representative of the whole fault. The energy dissipated
at a single point of the fault is represented by the energy density (or work per unit area, J/m?).
However, radiated energy can be estimated only for the whole fault and cannot be mapped or
associated with a specific point on the fault (Rivera & Kanamori 2005, Udias et al. 2014). Here
we are interested in discussing the energy density dissipated within the fault zone (W4y), which is
assumed to be partitioned in energy or work density dissipated in the propagation of the rupture
front (W), energy density dissipated on-fault through fracture and frictional processes acting in
the FC (W,y), and energy density lost off-fault in the DZ (W) (Andrews 2005, Rice et al. 2005):

Wrz = W + Weg+ W (inJoule/m?). 2.

This formulation of the energy dissipation depends on the structure adopted for the fault zone.
Here we rely on the fault structure depicted in Figure 25, where we consider on-fault all processes
occurring within the FC and off-fault those occurring in the DZ. Quantifying the partitioning and
the relative weight of these energy dissipation mechanisms is a challenge currently addressed by
model-dependent interpretations (Okubo et al. 2019). In this review we discuss the different in-
terpretative frameworks proposed to address the issue of the mechanical work dissipated on faults
during earthquake ruptures. The energy density W dissipated in earthquake rupture propaga-
tion at relatively high speeds (~km/s) is usually called fracture energy (G) (Ohnaka 2013, Scholz
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Table 1 List of symbols and acronyms

Symbols and acronyms used in the main text

a Slip exponent

y Specific surface energy (J/m?)

8 Coseismic slip (m)

8 Slip in the i-th cell of the discretized fault plane (m)
s Coseismic slip rate (m/s)

ot Final slip in a given point of the fault (m)

<8tor> Final average slip at & (m)

r Energy density measured in stick-slip experiments (J/m?)
i Rigidity (Pa)

Hd Dynamic friction level

s Static friction coefficient

D) Final fault area (m?)

Ao Brune stress drop (Pa)

O, Apparent stress (Pa)

on Normal stress (Pa)

o Effective normal stress (Pa)

T Shear stress (Pa)

Aty Breakdown stress drop (Pa)

Aty Dynamic stress drop (Pa)

Tf Final stress, shear stress at the end of the coseismic phase (Pa)
Tmin Minimum shear stress level (Pa)

Tp Peak shear stress (Pa)

Aty Static stress drop (Pa)

Tr Residual shear stress (Pa)

Ty Yield stress (Pa)

70 Initial shear stress (Pa)

D, Slip at 7, (m)

D, Slip-weakening distance (m)

Dy, D, Thermal weakening distance (m)

Erp Frictional energy (heat) (J)

Eyy Energy dissipated in the fault zone (J)

Eg Total fracture energy (J)

ER Radiated energy (J)

RN Frictional work density (J/m?)

G Fracture energy (J/ m?)

G Seismological fracture energy (J/m?)

Gnc Shear fracture energy from laboratory experiments (J/m?”)
H Frictional heat per unit fault area (Figure 54) (J/m?)
L Rupture (crack) length (m)

My Seismic moment (Nm)

r Source radius (m)

R Breakdown zone

SZ Slipping zone length (m)

(Continued)

www.annualreviews.org o Earthquake Fracture Energy



Annu. Rev. Earth Planet. Sci. 2023.51. Downloaded from www.annualreviews.org
Access provided by Universitadegli Studi di Padova on 01/11/23. For personal use only.

EA51CHO09_Di_Toro

ARjats.cls

December 15, 2022 15:30

Table 1 (Continued)

Symbols and acronyms used in the main text

t Time (s)

T Temperature (°C)

th, Th Breakdown time (s)

th Slip healing time (s)

ty Rupture time (s)

Uy Total macroscopic frictional work (J)

|28 Rupture velocity (m/s)

AW Total strain energy variation (J)

W, Breakdown work (J/m?)

Wryz Energy density dissipated in the fault zone (J/m?)
Wa Energy density dissipated in rupture propagation (J/m?)
Wost Energy density dissipated off-fault (J/m?)

Won Energy density dissipated on-fault (J/m?)

PSZ Principal slipping zone

FC Fault core

Dz Damage zone

Symbols used in the Supplemental Text

Y eff Effective surface energy (J/m?)

G, Energy release rate (J/m?)

K Stress intensity factor (Pa m!/?)

E Young’s modulus (Pa)

At Stress drop (Pa)

b Thickness of the principal slipping zone PSZ (m)
L(?) Crack length as a function of time (m)

2019, and references therein). Here, after introducing the theoretical framework to define Wy,
and G, we discuss how they are related to the modeling of shear stress evolution as a function of
time, slip, and slip rate. Then, we define frictional and breakdown work (Section 2) and show how
part of the frictional dissipation computes into fracture energy (Section 3). In Sections 4-5, we
show how field evidence and rupture modeling are used to quantify energy sinks (fracture surface
energy) that occur within the FC and in a wider off-fault DZ, and we discuss how the latter sinks
can contribute to the fracture energy computation. Subsequently, we discuss how G is estimated
from seismological observations, on one hand (Section 6), and how it is measured in laboratory ex-
periments, on the other hand (Section 7). Finally, we discuss how the different estimates compare
to each other and how they are intrinsically related to the scale of the ruptures (Section 8).

2. FRICTIONAL AND BREAKDOWN WORK

Earthquake dynamics is commonly described by constitutive equations governing the coseismic
rupture and the associated fault weakening process (Bizzarri 2011, Ohnaka 2013, Rice & Cocco
2007). Dynamic fault weakening is described by shear stress evolution, and the governing con-
stitutive equation is represented by expressing shear stress (7) as a function of slip (8), slip rate
(8), temperature (T), effective normal stress, and other constitutive parameters defining the geo-
metrical, rheological, and poroelastic properties of the fault zone (e.g., Nielsen et al. 2008, 2021;
Rice 2006). Often these physical quantities are defined within the slip zone (SZ) or on the fault
surface where deformation is assumed to be localized. The adoption of a fault constitutive law is

Cocco et al.
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Figure 3

Spatial evolution of shear stress and slip along a propagating rupture. (#) The rupture front is located at O (red circle). The arrow shows
the propagation direction of the tip, and V; is the propagation speed. R identifies the breakdown zone, defined as the set of points
behind a propagating rupture front where shear stress is decreasing from the peak value () to the residual value (z,). SZ identifies the
fault points that are slipping at a given time (i.e., the slipping zone). (b)) Shear stress as a function of slip for a simplified 1D propagating
rupture. Panel adapted from Ohnaka (2013). The rupture front zone (shaded area), which includes the breakdown zone R, is the region
where shear stress evolves from the initial stress 7o to 7, (Chen et al. 2021). D, is the slip-weakening distance, and D, is the slip at the
peak stress. G is the fracture energy.

necessary to numerically solve the elastodynamic equation and model the spontaneous propaga-
tion of the earthquake rupture (Dunham et al. 2011a,b; Gallovi¢ et al. 2019; Murphy et al. 2018;
Tint et al. 2021; Ulrich et al. 2019, among many others). The constitutive law prescribes shear
stress around the rupture front and allows the dissipation of a finite energy density at the crack
tip, commonly identified with the fracture energy. Two commonly adopted classes of constitutive
laws are the slip-dependent (Andrews 1976a,b; Ohnaka 2013; Ohnaka & Yamashita 1989; and ref-
erences therein) and rate- and state-dependent (Dieterich 1979, Marone 1998, Ruina 1983, Tullis
2015, and references therein) laws. In both formulations, dynamic weakening (or breakdown) is
represented by the shear stress drop associated with slip increase resulting in the so-called slip-
weakening behavior (Barenblatt 1959, Cocco & Bizzarri 2002, Ida 1972, Palmer & Rice 1973).
Figure 3 shows the stress and slip evolution for a propagating 1D crack: During its propagation,
the crack tip is at point O (red circle) along the fault, and shear stress is at its peak value (z,),
while ahead of the tip and outside the rupture front zone the shear stress is at its initial value
(to). The slip (D,) at the tip (and ahead of the tip) is defined and valued by the adopted slip-
dependent constitutive law (Ohnaka 2013). Behind the tip, the breakdown zone (R) identifies the
set of points that are undergoing dynamic weakening (i.e., shear stress drops from the peak to the
residual level). Behind the breakdown zone, the points are still slipping at the residual stress level
7, inside the slipping zone (SZ, which includes R). Instead, Figure 35 depicts the shear stress as a
function of slip, usually called the slip-weakening curve. D, is the slip-weakening distance, defined
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as the slip at the end of the dynamic weakening (breakdown) stage, when shear stress reaches its
residual frictional level. The D, value and the stress level behind the slipping zone also depend
on the adopted constitutive law (Beeler 2007). The model illustrated in Figure 3 represents a
classic breakdown model through which the stress singularity at the crack tip, foreseen by linear
elastic fracture mechanics (LEFM), is removed. The region defined by the stress evolution from
the initial stress to the residual value is the rupture front zone (shaded area in Figure 3), which
includes the breakdown zone R (Chen et al. 2021).

To obtain a mathematical formulation of Wy, (Equation 2), we first define the total frictional
work (Uy) as the irreversible part of the total strain energy change that does not go into radiated
energy (Cocco et al. 2006, Kostrov & Das). Although we use the term frictional work proposed
by Cocco et al. (2006), the macroscopic frictional work represents the energy dissipated in the
FC (Epz in Equation 1), for a simplified fault zone model shown in Figure 2b. Therefore, the
macroscopic Ur does not account only for frictional processes. Following Cocco et al. (2006):

h
U = // I¢dS = // dS/tiSidt (inJoule), 3.
z z tr

where 3y, the frictional work density, is integrated over the whole fault surface T (assumed as
planar and representing the final ruptured area) to obtain U, #,(£) is the rupture time at a point &
on the fault (which is the time in which slip velocity becomes nonzero); and #,(¢) is local healing

time of slip (which is the time in which slip velocity returns to zero). The difference [#,(§) — #.(£)]
is the rise time or slip duration at a given fault position. The product between shear stress and slip
velocity [r;8;] is the rate of frictional work density (also named power density, W/m?) (Di Toro
etal. 2011).

The J¢ is (Cocco et al. 2006, and references therein)

I Stot
I = /riéidt :/‘L’id5 (in]oule/mz), 4.
1 0

where 8, is final seismic slip in a given fault patch. The integral on the right side of Equation 4
shows that J¢ is given by the area below the shear stress evolution with slip in each point of
the fault (Figure 44). Clearly, 3¢ varies with the location on the fault because the final slip is a
function of the fault patch position, stress drop, etc. The 3¢ is expressed through macroscopic
physical quantities (shear stress, slip, and slip rate) characterizing dynamic fault weakening at the
macroscale in which earthquakes occur by overcoming shear resistance and fault friction (Brodsky
etal. 2020). According to this macroscopic phenomenological description, 3¢ corresponds to Wy,
or the energy density dissipated within the fault zone (Equation 2) and, therefore, it includes the
energy densities W, W, and W (see Supplemental Text Section 1).

Because the absolute values of stress on a fault are unknown, the frictional work density cannot
be measured. Therefore, Tinti et al. (2005b) defined the breakdown work 17}, as the excess of work
over the traction level having minimum magnitude achieved during slip T pin:

t, N De
W, = / (@)~ Taun) - @) = / (T(®) — Tin)dd  (inJoule/m?), 5.
0

0

where §(¢) and 7(z) are the slip velocity and shear traction vectors, respectively, assumed to be
collinear (at the last time step, if rake angle changes with time); #, is the time at which the minimum
traction T, is reached at the target point (which is an estimate of the breakdown time #, ~ T,).
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Figure 4

Examples of frictional work density (3¢), breakdown work (/#,), and fracture energy (G) at a point on the fault surface from the shear
stress evolution as a function of slip 8. (#) Jf measured through Equation 4. (b)) W}, measured through Equation 5. (¢) Ida’s (1972)
slip-weakening model and definition of G (Equation 7). (d) G inferred from a shear stress evolution with slip given by a power law
(Abercrombie & Rice 2005); in this case, D corresponds to eor. D, is the slip distance at the peak stress reached during the initial
stress-hardening stage.

As part of the definition of W}, Tinti et al. (2005b) specified a way to assume the unknown initial
traction vector necessary to calculate 7 (t) from the traction-change vectors derived from the kine-
matic slip models (Supplemental Text Section 2). Formulation on the right side of Equation 5
holds if the rake angle does not change with time. ¥}, is the portion of the frictional work asso-
ciated with the breakdown stage, and it also includes the increase of stress from the initial (7)) to
the peak (z,) value (Figure 4b). Differently from the fracture energy inferred for the Ida’s (1972)
slip-weakening model (Figure 4c), breakdown work includes the energy dissipated during any
initial slip-hardening phase consistent with the definition by Ohnaka (1996). Because the shear
stress evolution during the breakdown stage determines the slip acceleration and the slip velocity
time history, W4, like G (Ida 1972), is a measure of the energy density spent to allow the rupture
to advance at a determined rupture velocity (Cocco et al. 2006, Tind et al. 2005b) (Supplemental
Text Section 2). We discuss the relation between 7}, and G in the following sections.

3. FRACTURE ENERGY

The mechanisms explaining coseismic rupture propagation have been described as (#) brittle
fractures or (b) stick-slip episodes due to frictional instabilities. Scholz (2019) emphasizes that,
while approaches # and b are mathematically equivalent in describing the drop of shear stress
on the fault, they substantially differ in the description of the rupture process. Here we discuss
fracture energy and breakdown work definitions in relation to the earthquake rupture process,
which involves both brittle fractures and frictional instabilities. In classic fracture mechanics, it
is assumed that the fracture energy per unit area is a material property controlling the fracture
onset and propagation (Griffith 1921, Irwin 1956), while in frictional models fracture energy
depends on the adopted constitutive law and rupture propagates when the shear stress on the
fault reaches static friction (us = 7,/0y,) and the conditions for dynamic instability are achieved
(Scholz 2019). Moreover, in fracture models stress at the crack tip is arbitrarily high or infinite,
while in the frictional models shear stress at the crack tip is finite and energy dissipated at the
crack tip depends on the constitutive law adopted to remove singularities.

The energy sustaining the propagation of the rupture front has been associated with the con-
cept of crack driving force and the energy release rate for shear ruptures (see Ohnaka 2013, and
references therein). As recalled in Supplemental Text Section 1, energy release rate scales with
fracture length and the square of stress drop. In the framework of LEFM, the energy release rate
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flows at the crack tip into a microscopic process zone where energy is dissipated; in the dynamic
regime, energy flow at the rupture tip is modulated by a complex function of rupture velocity
(Freund 1979). In this framework, fracture energy includes both the surface energy per unit area
of the newly created crack and the energy required for nonelastic deformation at the tip of the
extending crack (edge-localized dissipation) (Barras et al. 2020, Brener & Bouchbinder 2021). In
frictional ruptures, the resistance to rupture growth can also be defined as the energy per unit
area required for a rupture front to grow further corresponding to the energy dissipated in fric-
tional sliding on the rupture surfaces (the breakdown zone R in Figure 34). Although these two
descriptions might be applied at different spatial scales (fractures at the microscale and friction
at the macroscale), they yield to a similar definition of fracture energy. The necessity to remove
the stress singularity at the crack tip, intrinsic in classic fracture mechanics (Irwin 1956, 1957),
led to the formulation of the cohesive force models (Barenblatt 1959) for tensile cracks, further
applied to shear ruptures by Ida (1972) and Palmer & Rice (1973). This yielded the formulation
of the slip-weakening law, in which the spatial distribution of shear stress and slip in the break-
down zone behind the tip of a propagating rupture is expressed by a slip-dependent constitutive
law (Ohnaka & Yamashita 1989). This results in the following, broadly used definition of fracture
energy (Ohnaka 2013, Ohnaka & Yamashita 1989, Palmer & Rice 1973, Rice 1968):

D
G= / [t () —t.]ds (in]oule/mz) . 6.
0

In deriving Equation 6, a constant residual stress (z,) independent of slip is assumed. Furthermore,
in Ida’s (1972) model, the increase from the initial stress to the 7, occurs with no slip and the
dynamic breakdown is described by a linear decrease of shear stress from ,, to 7, over a slip distance
D.. As a consequence, the fracture energy in Equation 6 is

1 1
G= 3 (rp - rr) D. = EATbDC (in]oule/mz) s 7.
where At, = (1, — 7;) is the breakdown stress drop. Ohnaka (2013), based on laboratory evidence,
emphasizes that the shear stress decrease with slip during the dynamic breakdown is nonlinear.
Abercrombie & Rice (2005) generalized Equation 6 to compute the fracture energy per unit area
G as a function of increasing slip § in the earthquake and a slip-dependent law 7(8) as

8
G=|[ [t()—1(.)]d8, 8.
/

where é, is the slip value at which t, is measured (8, = 8., in Figure 4d). This formulation allows
the estimate of fracture energy for slip-dependent laws (e.g., power laws) for which the residual
stress is a function of slip and weakening continues at a decreasing rate (Figure 4d) (Rice &
Cocco 2007). Equation 8 coincides with Equation 6 and LEFM (or singular crack mechanics) if
7, is constant, meaning that §, = D..

Equation 6 is a general definition of G for shear ruptures interpreted as the work required to
evolve the shear stress on the principal slipping zone from the peak stress to its residual value
(Palmer & Rice 1973). Equation 6 is coherent with LEFM because the inelastic work per incre-
ment of crack length is the energy release rate in the process zone. Application of Equation 6 to
earthquake ruptures has, however, some limitations (Fialko 2015): (#) it assumes that all inelastic
deformation occurs on the FC, and () it depends on the achievement of a constant 7,. Equation 8
is more general than Equation 6 because it does not require a constant ., but it still assumes that
coseismic slip represents the displacement field associated with the rupture extension. We empha-
size that, for a general shear stress evolution with slip 7(8) that can include some work dissipated
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before the beginning of the dynamic weakening (D, # 0) and collinearity with slip velocity, Equa-
tion 8 for G is equivalent to Equation 5 for W}, In this case, breakdown work corresponds to
fracture energy.

The application of Equations 6 and 8 relies on the assumption that shear stress has an explicit (as
in the slip-weakening constitutive law) or implicit [as in the rate- and state-dependent constitutive
laws (see Bizzarri 2010, and references therein)] dependence on coseismic slip. These definitions
of fracture energy are associated with a finite breakdown stress drop and depend on the position
along the fault plane because final slip, D, and other parameters depend on position.

In the next sections we discuss the scaling of G with slip or earthquake size, which contrasts
with LEFM that considers G a material property. For this we discuss G and I}, estimates on both
natural and experimental faults.

4. SURFACE FRACTURE ENERGY FROM GEOLOGICAL
OBSERVATIONS

Seismogenic faults are nonplanar and exhibit geometrical, structural, and lithological variations
that generate heterogeneous distributions of fault strength, initial shear stress (i.e., prestress
7y), and resistance to seismic rupture and slip (Abercrombie et al. 2006, Faulkner et al. 2003,
Fondriest et al. 2020, Masoch et al. 2021, Smith et al. 2013). Here we discuss the constraints to
fracture energy estimates resulting from geological observations of fault zones (Figure 2). We
discuss () the role of the DZ as an energy sink for a propagating seismic rupture within the FC
(Section 4.1), (b) on-fault dissipation within the FC during seismic ruptures and slip (Section 4.2),
and (¢) rupture propagation on thin PSZs and their analog with sliding bare surfaces used in
laboratory experiments (see also Supplemental Text Sections 3 and 4).

4.1. Oft-Fault Damage as Energy Sink (W)

Earthquake ruptures dynamically activate off-fault damage around the FC (Dor et al. 2006,
Fondriest et al. 2015, Mitchell & Faulkner 2009, Okubo et al. 2019). The width of DZs scales
with displacement, fault length, crustal depth, and earthquake rupture velocity (Faulkner et al.
2011, Lyakhovsky 2001, Okubo et al. 2019, Savage & Brodsky 2011). Field data have been inter-
preted both as a process zone model of fault growth and as an increase in frictional displacement
due to geometric irregularities, fault roughness, or prestress heterogeneity (Griffith et al. 2010, Tal
& Faulkner 2022). The DZ contains intra- and intergranular microcracks, pulverized rocks, and
mesoscale tensile and shear fractures; these structural features decrease exponentially with distance
from the FC (Dor etal. 2006, Fondriest et al. 2020, Griffith et al. 2010, Mitchell & Faulkner 2009,
Rockwell et al. 2009, Scholz et al. 1993, Vermilye & Scholz 1998, Wilson et al. 2005). This implies
that mechanical (e.g., trapped waves, wrinkle-like pulses, fracturing and formation of Riedel-type
shears, grain impingement) and possibly thermal (e.g., thermal cracking) processes acting at dif-
ferent scales coexist and produce off-fault damage (Andrews & Ben-Zion 1997, Ben-Zion 2001,
Ben-Zion & Sammis 2013, Dor et al. 2006, Passelegue et al. 2016b, Tal & Faulkner 2022). Fur-
thermore, geological observations are explained in terms of plastic strain processes caused by both
the stress concentration in the zone around the advancing rupture front and anelastic strain caused
by stress perturbations within a broader slipping zone, after the passage of the rupture front. This
might also suggest that in natural faults the energy necessary to sustain the rupture propagation
is defined not solely by the on-fault energy flux at the crack tip but also along a broader volume
(Ben-Zion & Sammis 2013, Passelegue et al. 2016b) (see Supplemental Figure 3.1).
Geological estimates of W are mainly based on the measure of the micro- (which contribute
the most to W) to mesoscale fracture surfaces (m?) multiplied by the specific surface energy y
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[~1 J/m? for most minerals (Brace & Walsh 1962)] and normalized by unit fault area (Chester
et al. 2005, Johnson et al. 2021, Pittarello et al. 2008). This results in the determination of a W
that corresponds to a surface fracture energy per unit fault area (J/m?). The geological estimates
of energy loss off-fault are quite scattered, ranging between 10~! MJ/m? and 10! MJ/m? (Chester
et al. 2005, Johnson et al. 2021, Ma et al. 2006, Pittarello et al. 2008, and references therein).
This large variability is explained at least by (#) uncertainties in distinguishing on-fault and off-
fault materials, (§) characteristics of the studied fault zone (wall rock lithology, cumulative fault
displacement, fault exhumation depth, maximum magnitude of the earthquake, etc.), (c) the poor
relation between fault zone cumulative damage and the one associated with individual seismic
ruptures, (d) several not seismic-related damaging processes such as formation of drag folds, or
(e) postseismic healing and sealing that may obliterate pristine coseismic features. Nevertheless,
geological observations of damage patterns are used in numerical models to provide estimates of
Wt and constrain their variability (Di Toro et al. 2005a, Okubo et al. 2019) (Section 5).

4.2. Energy Dissipation in the Fault Core (W,,)

The mechanisms involved in the on-fault (PSZs and FC, Figure 2) energy dissipation are diverse,
and their relevance depends on the adopted fault zone model. For instance, the identification
of the slipping zone during the earthquake rupture depends on the rheology and the strain rate
characterizing the FC. Moreover, several proposed coseismic dynamic weakening mechanisms
such as frictional melting (Nielsen et al. 2008), pore fluid thermal pressurization (Bizzarri & Cocco
2006, Lachenbruch & Sass 1980, Rice 2006, Wibberley & Shimamoto 2005), elastohydrodynamic
lubrication (Brodsky & Kanamori 2001, Cornelio et al. 2019), or grain size and temperature-
dependent viscous mechanisms (De Paola et al. 2015; Demurtas et al. 2019; Green et al. 2015;
Nielsen et al. 2021b; Pozzi et al. 2018, 2019; Spagnuolo et al. 2015) require that the PSZ has a
specific thickness (as illustrated in Supplemental Figure 3.1).

Grain size reduction and formation of nanoparticles and amorphous materials are attributed
to mechanical and thermal processes associated with rupture propagation and seismic slip (Billi &
Storti 2004, Ohl et al. 2020, Pec et al. 2012, Sammis et al. 1987, Siman-Tov et al. 2013, Storti et al.
2003). Wear and comminution by rupture propagation and shear in bare surfaces or within gouge
layers cause grain size reduction and mechanical amorphization due to high stresses concentration
at grain contacts (Rabinowicz 1966, Sammis & King 2007, Sammis et al. 1987, Storti et al. 2003).
Transient heat pulses associated with coseismic frictional sliding result in mineral breakdown due
to (#) dehydration and decarbonation of clays, serpentine, calcite, dolomite, etc.; (b) thermal ex-
pansion of rock-forming minerals; and (¢) decrepitation of fluid inclusions hosted in the minerals
(Collettini et al. 2013, Demurtas et al. 2016, Sibson 1975).

Similarly, as for the estimate of surface energy in DZs (Section 4.1), the estimate of the energy
dissipated in the formation of new grain surfaces in the FC requires the determination of grain size
distributions and of the surface area of fine-grained materials (Chester et al. 2005, Ma et al. 2006,
Pittarello et al. 2008). These measurements are susceptible to large errors, making the estimates of
surface energy densities quite uncertain. In fact, the fragmentation of rocks in the FC is the result
of hundreds to thousands of seismic ruptures plus postseismic slip episodes. As a consequence,
the contribution of individual seismic ruptures in gouge formation may require strong assump-
tions (e.g., number of earthquakes). Also, the number of fine particles produced during seismic
rupture propagation and slip, which mostly contribute to the surface energy estimate, might be
drastically reduced by static recrystallization related to high-temperature annealing a few seconds
after seismic slip arrest or by aggregation or dissolution processes during long-lasting postseismic
deformation (e.g., pressure-solution processes) (Chester et al. 2005, Gregg 1983, Pittarello et al.
2008). In any case, for paleo-earthquakes estimated in the range of M,, 6-7, Chester et al. (2005)
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Effects of off-fault damage on dynamic weakening. The work density loss off-fault (W) is shown in gray.
(@) The increase of fracture energy G and D, due to off-fault damage for the Ida (1972) slip-weakening
model (Okubo et al. 2019). The area below the residual stress labeled H identifies frictional heat (t;8¢0t).
(b,0) The energy density loss off-fault for a generic shear stress evolution with slip. The peak shear stress 7,
(associated with the slip-weakening distance Dc; green in color curve) might be modified to ;" (associated
with the increased slip-weakening distance D.; red in color curve) because of off-fault damage energy
dissipation. In panel 4, energy is dissipated off-fault when dynamic weakening is already started. In panel ¢,
energy is dissipated off-fault when dynamic weakening initiates.

estimated a surface fracture energy density of ~ 7 10* J/m? (Punchbowl fault, California), and
Pittarello et al. (2008) estimated a value of ~ 85 10* J/m? (for a single ancient earthquake, Gole
Larghe fault, Italy). Instead, Ma et al. (2006) estimated a surface energy density & 65 10* J/m? for
the 1999 Chi-Chi earthquake (Chelungpu fault, Taiwan). Given that the ¥, estimates for earth-
quakes of this magnitude are up to 80 10° MJ/m?, only 1-10% of breakdown work went into
the formation of new grain surfaces (Cocco et al. 2006, Pittarello et al. 2008). Clearly, the energy
sink associated with geological surface fracture energy can lie anywhere below the slip-weakening
curve (Figure 4), also during dynamic fault weakening (Reches & Dewers 2005).

Frictional heat, defined as the portion of the energy below the residual shear stress level in an
Ida’s (1972) slip-weakening law, is possibly the largest portion of the frictional work (Equation 3;
Figure 54). Cocco et al. (2006) argued that this interpretation is model dependent, and that in
a real fault the transition between heat and fracture or surface energy is not necessarily defined
by the minimum or residual stress level. Frictional heat is certainly determined by frictional dis-
sipation when sliding occurs at the dynamic friction level (uq = 7,/0,,). However, depending on
the thickness of the slipping zone, the largest increase of temperature occurs before and during
dynamic weakening (Aretusini et al. 2021b; Cornelio et al. 2022; Nielsen et al. 2008, 2016b; and
references therein). Despite this ambiguity, it is commonly accepted that frictional heat represents
a high percentage ranging between 65 % and 95 % of the frictional work dissipated during dynamic
rupture and arrest (Fulton & Rathbun 2011, Okubo & Dieterich 1984, Okubo et al. 2019).

The expression of the macroscopic frictional work given in Equation 4 can be applied to a
thick fault zone shown in Figure 26 provided that the shear stress and slip are measured at the
shear-zone boundaries and that the thickness is constant during the coseismic phase. If the thick-
ness changes during sliding, a further term is needed in measuring the frictional work density
accounting for the work due to slip-induced dilation or compaction and depending on normal
stress changes during sliding (Fulton & Rathbun 2011). It is worth of mentioning here that most
of the discussions in the literature rely on the assumption that normal stress and fault zone thick-
ness (and permeability) do not change during seismic sliding. However, these assumptions are
often at odds with experimental evidence (e.g., Aretusini et al. 2021a).
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4.3. Thin Principal Slipping Zones as Bare Surfaces

Geological observations also comprise evidence of ultracataclastic shear zones (usually less than
100 mm thick) within the FC including extremely thin PSZs, often much less than 1 mm thick
(e.g., Chester & Chester 1998, Demurtas et al. 2016), limited by ultrapolished fault surfaces [fault
mirrors (Fondriest et al. 2013, Siman-Tov et al. 2013)]. These thin PSZs and ultrapolished fault
surfaces are the proxy of laboratory experiments conducted on saw-cut samples or bare surfaces
to study fault friction and to propose constitutive friction laws (Dieterich 1979, Marone 1998).
In fact, thin PSZs have specific contact properties and rupture surface topography, which are as-
sumed to control friction during sliding (Dieterich 1979). Frictional contacts at the microscale or
asperities have been evoked to propose coseismic dynamic weakening mechanisms, such as flash
heating (Archard 1959, Goldsby & Tullis 2011). This simplified fault model is presented here be-
cause it is used in laboratory experiments and to interpret fault and dynamic weakening models
relying on several constitutive parameters (e.g., slip or slip velocity and temperature) (Section 7).
We anticipate here that, even in this apparently simple fault model, multiple processes occurring
at different scales can explain dynamic fault weakening (Cornelio et al. 2022) (Section 7), thus
contributing to the breakdown work dissipated during the coseismic phase.

5. ENERGY DISSIPATED IN THE DAMAGE ZONE (W .5)

In Section 4.1 we reported the geological evidence of extended fault DZs. Theoretical, numeri-
cal, and experimental studies show that dynamic rupture propagation on planar and rough faults
can generate a large amount of damage near faults (Andrews 2005; Ben-Zion & Ampuero 2009;
Dunham et al. 2011a,b; Mia et al. 2022; Okubo et al. 2019; among many others). The numeri-
cal modeling of off-fault damage distribution around FCs using elastic-plastic off-fault materials
has provided interpretative frameworks of the role of off-fault damages on the earthquake energy
budget and fracture energy.

Andrews (2005) performed 2D nonelastic dynamic calculations of a thin planar fault sur-
rounded by a DZ and demonstrated that the energy loss in the fault DZ contributes to the
fracture energy that determines the rupture velocity of an earthquake. Off-fault material is sub-
ject to a Coulomb yield condition, and plastic strain is distributed along the fault and has a
thickness depending on crack propagation distance. According to the model, the passage of the
coseismic rupture front will leave behind it a wake of damaged rocks off the fault plane. This
crack-like dynamic solution implies that energy dissipated off-fault is proportional to rupture
propagation distance and is self-similar—that is, solutions at different times are related by scaling
length in proportion to time. According to the Andrews’s calculations, the fracture energy and
the slip-weakening distance D, scale with rupture propagation distance, while peak slip velocity
is proportional to the strength of the material. Thus, only the latter is a constitutive property.
The energy density loss in the DZ can become a large fraction (*80%) of the fracture energy
prescribed in the constitutive law adopted to simulate the dynamic rupture propagation (Andrews
2005, fig 7).

Rice et al. 2005) performed 2D dynamic calculations for a fault governed by slip weakening
and a self-healing pulse propagating dynamically in a steady-state configuration. The off-fault
stress field is calculated from a propagating slipping zone (including the breakdown zone R as
shown in Figure 3) behind the crack tip moving at constant rupture speed. This model assumes
slip velocity pulses with both a rupture and a healing front, and a slip-weakening zone is imposed
in the friction to remove the stress singularity at the rupture tip (Broberg 1978, Freund 1979,
Nielsen & Madariaga 2003). The slipping patch propagates at constant rupture velocity, and the
model allows computing the off-fault stress. This model predicts fracture energy scaling with total
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slip in the event. Both Andrews (2005) and Rice et al. (2005) analyzed off-fault stressing near a
nonsingular crack governed by a slip-weakening constitutive law. Their results confirm that energy
density dissipated off-fault during the propagation of a crack or a pulse affects the fracture energy
dissipated in the propagation of the rupture front.

Okubo et al. (2019) performed numerical modeling to study the mechanisms of coseismic off-
fault fracturing and their effects on rupture dynamics. They found that off-fault damage decreases
with rupture velocity (Biegel et al. 2008), limits peak slip velocity (Andrews 2005), and generates
high-frequency radiation in the near-field. Okubo et al. (2019) showed that the fraction of fracture
energy associated with off-fault damage increases with rupture length (20% variability) and depth
(10% variability) and that fracture energy dissipated off-fault is 4% to 50% of the fracture energy
dissipated on-fault.

Following Andrews (2005) and Okubo et al. (2019), it is appropriate to include the energy
dissipated off-fault as a fraction of the total fracture energy G, defined as (Figure 5)

Gtot = Vmet =G+ anfy 9.

controlling the dynamics of rupture front propagation and its speed. In other words, fracture
energy is dissipated in a volume around the rupture tip (Figure 3) and may therefore include
an off-fault component W, in addition to the component G dissipated on-fault (Aben et al.
2020). This means that off-fault plasticity and damage affect shear stress evolution and dynamic
weakening (Figure 5), influence slip and rupture velocity, and might also further explain stress
heterogeneity (Griffith et al. 2010) and rupture arrest (Mia et al. 2022). Equation 9 further cor-
roborates the identification of the energy density dissipated off-fault in the DZ as an energy sink
for the energy dissipated by the seismic rupture propagation.

The estimates of W from numerical modeling reveal a considerable variability in terms of
both absolute values of energy density and the ratio with the fracture energy (Wo/G). The ratio
between energy density dissipated off-fault and fracture energy (W,q/G) ranges between 1% and
50%. These modeling attempts indicate that, even when off-fault dissipation is a small fraction
of total energy consumption, its impact on dynamic rupture process and stress heterogeneity is
relevant and cannot be neglected.

6. FRACTURE ENERGY FROM SEISMOLOGICAL OBSERVATIONS

Our understanding of the dynamics of earthquake ruptures on natural faults is largely based on
estimates of earthquake source parameters, such as stress drop, source dimension, rupture veloc-
ity, and slip as well as radiated seismic energy from seismological data (Abercrombie 2021, and
references therein). These parameters can be inferred by modeling seismological data in differ-
ent frequency ranges and considering the seismic source as a point source or an extended fault.
Investigating the rupture process and source dynamics allows us to also estimate fracture energy
and breakdown work for earthquakes in different magnitude ranges. In the following section we
briefly discuss several approaches proposed in the literature to constrain these energy densities
and discuss their scaling with earthquake size and implications on the energy budget, emphasiz-
ing that radiated seismic energy cannot be mapped on an extended fault (Kanamori & Rivera
20006).

6.1. Seismological Fracture Energy (G’) from Point-Source Models

Abercrombie (2021) and Abercrombie & Rice (2005) describe the formulation of the earth-
quake energy budget for a point source relying on the widely adopted, simplified model in
which the frictional work is partitioned in frictional heat and fracture energy (as illustrated in
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Examples of point-source representations of earthquake energy budget through the shear stress evolution with slip: linear slip-
weakening models (top panels) and power-law models (bottom panels). Earthquake energy budget per unit rupture area is displayed by
colored areas. Per unit rupture area, the total strain energy (dotted overlay) is partitioned into fracture energy (green), frictional heat (red),
and radiated energy (go/d). In the first column the initial stress is equal to peak stress (7, = 1p,) [i.e., strength excess (z, — o) is zero],
residual stress is equal to final stress (7, = 7¢) , and static stress drop At = (1o — 7¢) is equal to dynamic stress drop Aty = (7, — 7). In
the second column, the shear stress is assumed to increase from an initial stress to peak stress with no slip (7, < 7). The third and
fourth columns illustrate the overshoot (t; > 7¢) and the undershoot (7. < 77) models, respectively (as a consequence, Aty # Aty). The
additional dissipation outside of the hatched trapezoid, associated with the strength excess (7, < 7,) or with the overshoot condition,
comes at the expense of the radiated energy. In these examples the gold area is drawn only as a sketch to represent geometrically a
correct energy balance and has no relation with time and slip. The blue star individuates .

Figures 54 and 6),
AW = Eg + (Eyu + Eg) (inJoule), 10.

where AWV is the total (elastic and gravitational) strain energy variation at the source, Ey is the
radiated energy, Epyy is the frictional energy (heat) dissipated during frictional sliding (Figure 64),
and Eg is the total fracture energy. In this model, Exp 4+ Eg corresponds to the energy dissipated
within the fault zone (Eyz in Equation 1).

Knopoff (1958) assumed that AW is equivalent to & 8., where & = (19 + 7¢)/2 is the av-
erage of the static stresses before and after the event, £ is the total area of the event, and 8
is the final average slip. Indeed, AW can rarely be deduced from the radiated wavefield because
single event recordings contain no information on the ambient stress (Beeler 2006). If the final
stress ¢ is equal to the residual stress 7, (no overshoot and undershoot), Eppy=1¢ 8, and then
from Equation 10 the total fracture energy results are

Fo= 0 ot — S0~ B = 3 A0~ By, 1.
where A7, is the static stress drop (7, — 7f). Abercrombie & Rice (2005) propose the following
relation to compute the so-called seismological fracture energy GG’ from seismological data:

% =G = (Azts - aa) Swe  (inJoule/m?). 12.
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Equation 12 is obtained from Equation 11 introducing the apparent stress o, as (see Abercrombie
2021, and references therein)

where w is rock rigidity (usually assumed as 30 GPa) and M, is the seismic moment M, = ©X 8.
G from Equation 12 is an energy density (J/m?). Seismological analyses allow the determination
of radiated seismic energy from far field waveforms, seismic moment from moment tensors, and
source dimension 7 from corner frequencies (Abercrombie 2021). The stress drop Ar; is often
computed from the Brune (1970) relation

M()

7

) 13.

where 7 is the source radius (equivalent source dimension) and C'is a constant depending on the
source parameterization and geometry of the rupture area (Brune 1970, Madariaga 1978). Ac-
cording to these model-dependent assumptions, 8., is measured from seismic moment, being the
fault area estimated from the equivalent source radius, stress drop from Equation 13, and apparent
stress from radiated energy.

The assumption of a point source model allows the graphic representation of the three terms
in Equation 10 divided by fault area ¥ on a single sketch as illustrated in Figure 6, which includes
Eg because it represents the whole radiated energy from the source (Kanamori & Rivera 2006).
Figure 6 shows two simple models proposed to describe dynamic weakening and the earthquake
rupture process for a point source: (#) a linear slip-weakening law (top panels) and (b) a power law
(bottom panels). Seismological fracture energy G’ is measured through Equation 12, which de-
pends on the value of the final stress (z¢). The original Ida’s (1972) slip-weakening model assumes
that 7r = 7, and that shear stress increases from initial to peak stress with no slip. The final stress
¢ can be smaller than the residual stress as in the overshoot model (Kostrov & Das 1988) or larger
than the residual stress as predicted by the undershoot model (Figure 6 third and fourth columns,
respectively). The overshoot model is explained by inertial, propagation, and arrest effects (Beeler
2006) and can be generated by crack-like ruptures, while the undershoot model is predicted by
healing of slip and slip pulse propagation (Heaton 1990). Radiated energy plotted in these sketches
depends on both initial and final stress values. Panels in the first column of Figure 6 show the
case in which the initial stress is equal to peak stress (7, = 7,), while the other panels show the
case in which the initial stress is lower than peak stress. Because stress and slip are not uniform on
a fault, the values used for a point-source model are averages over the fault during each seismic
event. The graphs in Figure 6 are drawn under the assumption that fracture energy (green area)
is the energy dissipated in excess of frictional heat (red area) generated by slipping at the residual
stress (see Section 4.2).

Computing G’ with Equation 12 does not account for the dynamic weakening behavior because
fracture energy is not computed from shear stress evolution but just considers the initial and final
stress values. G’ represents exactly the green area in Figure 6 only when there is no under- or
overshoot (first and second columns).

Notwithstanding, Equation 12 is applied to earthquakes in a wide range of magnitudes
(1 < M < 7). The resulting values of G’ range between 10? J/m? and 107 J/m? and increase with
seismic slip (see also Abercrombie & Rice 2005, Malagnini et al. 2014, Rice et al. 2005, Selvadurai
2019, among many others) (Figure 7). Figure 7 also includes G’ values estimated by Viesca
& Garagash (2015) for subduction zone earthquakes, which are slightly lower than those for
regular earthquakes in the same slip range. These authors interpret this underestimate in terms
of significant stress undershoot and reduced radiation efficiency of tsunamigenic earthquakes.
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Scaling of average estimates of fracture energy and breakdown work with average slip.
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These conditions of undershoot or overshoot significantly change the value of strain energy
variation and consequently make the value of G’ a minimum or a maximum (respectively) value of
G (depicted as the green area in Figure 6). The scale dependence of seismological fracture energy
has been interpreted as evidence that D, also scales with total slip (see Equation 8) (Abercrombie
& Rice 2005, Ohnaka 2013) as well as that G’ includes further processes at different spatial and
temporal scales triggered at different slip velocities and earthquake size (Brantut & Viesca 2017,
Viesca & Garagash 2015) (see Section 8).

6.2. Fracture Energy G and Breakdown Work 17}, from Extended Source Models

The rupture process on extended fault is usually retrieved by inverting seismological and geodetic
data through kinematic models or by modeling dynamic spontaneous propagation of coseismic
ruptures on a prescribed fault. Kinematic source models provide the distribution of slip and
rupture times on the assumed fault plane and image rupture velocity. Usually, they rely on
matching seismological waveforms up to 1 Hz, and source models from recent earthquakes are
available through a repository accessible from a dedicated webpage (Mai & Thingbaijam 2014).
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The spontaneous dynamic rupture models rely on assuming a constitutive slip-weakening or
rate-and state-dependent law. For a slip-weakening law for instance, it is necessary to adopt a
spatial distribution of initial stress as well as to prescribe the peak and residual stress values and
D, to spontaneously propagate the rupture. The slip and rupture time distributions on the fault
are obtained from the dynamic simulations. More recently, several authors have constrained
spontaneous dynamic rupture models fitting seismological data at frequency less than 5 Hz and
inverting for the dynamic parameters. Most of them assume the Ida’s (1972) linear slip-weakening
law (Favreau & Archuleta 2003; Gallovic et al. 2019, 2020; Guatteri & Spudich 2000; Guatteri
etal. 2003; Peyratetal. 2001; Tinti etal. 2021) and fracture energy are measured from constrained
dynamic parameters as the energy in excess to frictional heat. Values of fracture energy from
dynamic spontaneous modeling of an earthquake rupture propagation on a finite fault are shown
in Figure 7 and compared with other seismological estimates.

Shear stress evolution during coseismic ruptures can be inferred through pseudodynamic
modeling where the rupture front propagation, source time function, and the other kinematic
features are prescribed (Bouchon 1997; Causse et al. 2014; Ide & Takeo 1997; Mai et al. 2006;
Tint et al. 2005a,b). Tint et al. (2005b) estimated breakdown work (Equation 5) on extended
faults for several earthquakes by retrieving dynamic stress evolution at each point on the fault
plane from slip history imaged by inverting ground motion waveforms. These authors used a 3D
finite difference algorithm to compute the dynamic traction evolution in the time domain during
the earthquake rupture from the elastodynamic equation proposed by Fukuyama & Madariaga
(1998). The shear stress evolution with time and slip can be retrieved in different patches on the
fault plane (Bouchon 1997, Causse et al. 2014, Ide & Takeo 1997, Tinti et al. 2009) as shown in
Supplemental Text Section 2 and Supplemental Figure 2.1.

Tinti etal. (2005b) proposed to estimate ¥}, by calculating the scalar product between dynamic
traction and slip velocity vectors. Average estimates of I}, can be calculated considering the whole
fault plane or fault patches where the slip is larger than a predefined threshold [a percentage of
maximum or average slip (see Cocco & Tinti 2008, Cocco etal. 2016)]. In fact, Guatteri & Spudich
(2000) demonstrated that D, cannot be measured from stress evolution curves because there is a
trade-off between dynamic parameters, but G or ¥}, estimates are better constrained. So different
values of D, and breakdown stress drop can equally fit the data, while G or I, can be retrieved.
Kinematic models assume a slip velocity pulse as source time function (Tinti et al. 20052), and this
explains why the final stress is larger than the minimum stress in many positions on the extended
fault as an undershoot model (Supplemental Figure 2.1).

In general, itis not possible to assess a priori whether dynamic parameters derived from pseudo-
dynamic modeling can propagate spontaneously and therefore define a priori the energy necessary
to propagate the rupture. The uncertainty in 7}, estimates for large events based on finite-fault
kinematic inversions may stem from nonuniqueness of finite source inversion for a given event,
as well as from different sets of assumptions (e.g., smoothing, interpolation) involved with mod-
eling coseismic stress changes based on a given fault slip kinematics (Viesca & Garagash 2015).
However, it has been shown that the uncertainties in energy density estimates can be roughly
constrained to a factor of two (Causse et al. 2014, Guatteri & Spudich 2000).

Tinti et al. (2005b) and Cocco et al. (2006) discussed the distributions of breakdown work den-
sity for numerous earthquakes and concluded that breakdown work scales with slip. They found
that for an individual earthquake, the scaling of breakdown work with slip for all the points on the
assumed fault plane is expressed by W}, o 87 (where §; is the slip in the i-th cell of the discretized
fault plane) in agreement with the theoretical model by Rice et al. (2005), except for models with
supershear ruptures where the scaling relation can be more complex (Cocco et al. 2016). Further-
more, Cocco et al. (2016) concluded that the scaling of average estimates of breakdown work with
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slip for individual earthquakes follows a different power law. This requires representing break-
down work and slip with a single number for each earthquake rupture and, therefore, implies
averaging on the fault plane.

Figure 7 reports the scaling, for recent earthquakes, of breakdown work I}, (stars) with average
final slip. Different energy estimates (G, G’, W},) are used in this figure as indicated by the symbols,
and the proposed scaling relations are obtained for values computed by averaging on the whole
fault plane. Tinti et al. (2005b) and Cocco et al. (2016) have shown that the inferred scaling (W}, «
814) agrees with Causse et al. 2014) (W;,us'?%) and Abercrombie & Rice (2005) (4, o 81-%8).
Moreover, Cocco et al. (2016) emphasized that adopting different spatial averages on the fault
plane affects the scaling of breakdown work (the slope of the regression with slip ranges between
1.4 and 2.0). These authors concluded that breakdown work increases with earthquake size, even
if the slope of the regression is slightly higher (1.4) than that inferred by Abercrombie & Rice
(2005) and Nielsen et al. (2016a,b) (1.28) but smaller than that inferred by Viesca & Garagash
(2015) for small- to moderate-magnitude earthquakes (2.0). The differences in the slope of the
regression might depend on the adopted weighting for spatial averaging. Notwithstanding this
modest variability, and despite the differences between the methodologies and the assumptions
implicit in the modeling, models yield similar G’, G, and W}, values that consistently scale with

seismic slip (Figure 7).

7. FRACTURE ENERGY FROM LABORATORY EXPERIMENTS

Earthquake mechanics has been widely investigated through dedicated rock deformation exper-
iments (for reviews, see Abercrombie et al. 2006, Paterson & Wong 2005, Scholz 2019). With
respect to natural faults, the main advantage is that experiments are performed under controlled
conditions and the simulated fault can be monitored in real time. In fact, the shear stress, fault slip
and slip velocity, strain, radiated elastic waves (i.e., acoustic emissions), elastic properties, temper-
ature, and permeability are measured close to the experimental fault. Moreover, the experimental
products can be recovered for microstructural and microanalytical studies to possibly infer the
dynamic weakening mechanism and for comparison to natural fault products. Laboratory exper-
iments require solving technical challenges to reproduce the complexity of natural faults. For
example, the complex structure of natural faults and associated SZs (Figure 2) is often simplified
in the laboratory using intact rocks or bare surfaces of rigid blocks [made of rock or analog ma-
terials such as polymethyl methacrylate (PMMA) glass] or noncohesive materials sandwiched in
between (i.e., fault gouges) (see discussion in Section 4.3 and Supplemental Figure 4.1). Typical
stress conditions (up to few GPa) and slip velocities (from nm/s to m/s) achieved on natural faults
in Earth’s crust are reproduced in the laboratory by combining non-, gas-, solid-, or oil-confined
biaxial, triaxial, and rotary shear machines with different sample assemblages and dedicated sample
holders (Paterson & Wong 2005) (see Supplemental Text Section 4). Forces and/or torques are
transferred from the machine to the sample by controlling the advancement of the pistons (i.e.,
biaxial, triaxial machines) or the rotation of a column (i.e., rotary shear machines). Therefore,
although with several limitations including the scaling to natural conditions, laboratory experi-
ments can reproduce the complexity (structural and compositional heterogeneities, presence of
fluids, etc.) of natural faults and fault materials as well as the main phases of the seismic cycle
(Figures 1 and 2; Supplemental Text Section 4).

In this section, given that the earthquake rupture process includes both shear fracture and fric-
tional sliding of rocks, we focus on experiments designed to measure fracture energy through three
types of experimental configurations: (#) shear fracture of intact rocks, (b) stick-slip experiments,
and (¢) high-velocity friction experiments. Definitions of fracture energy and equations used by
referenced authors are listed in a dedicated table in Supplemental Text Section 5.
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7.1. Fracture Energy in Shear Fracture of Intact Rock Experiments

A quantity measured using fracture of intact rock experiments is the (in-plane)! shear fracture
energy Gy or critical energy release rate under mode II crack propagation. Gy is measured from
the integration under the postfailure stress-slip curve (Wong 1982) (Equation 6; Supplemen-
tal Figure 4.14) and is a measure of the energy required to propagate a crack of a unit surface
(Palmer & Rice 1973; Rice 1979). In triaxial experiments, sample failure occurs along a localized
deformation zone oriented in most rocks at an angle of 15 ~ 45° with respect to maximum com-
pression direction (e.g., Wong 1982), consistent with the location of acoustic emissions produced
by the specimen (e.g., Lockner et al. 1991). Under typical upper crustal loading conditions, the
experimental values of Gy for intact crystalline low-porosity rocks are of the order of ~10%-
10° J/m? [27 10° J/m? (Aben et al. 2019), 13-51 10° J/m? (Wong 1982, 1986), 13-29 10° J/m?
(Lockner et al. 1991), 14-800 10° J/m? (Ohnaka 2003)] (Figure 8). The values of Gy, of intact
rocks (#) scale with slip distance § according to the power law Gy o §* with a =~ 1.11 and (), for
a given 8, are larger than those measured with the other experimental configurations (Figure 8).
In these experiments, the seismological G’ (Section 6) was also estimated by measuring the seis-
mic moment, the corner frequency, and the radiated energy obtained from the inversion of the
acoustic waves (Sellers et al. 2003, Yoshimitsu et al. 2014). Additionally, off-fault damage fracture
energy (W) can be measured using acoustic waves tomography in experiments with small § (<1
mm) resulting in W ~ 2 to 10 kJ/m? (Aben et al. 2020). This estimate is close to the energy
dissipated off-fault as established from the microstructural analysis of the new cracks produced in
these experiments. Aben et al. (2019) report that W,g/Gry is ~10%, resulting in 90% of fracture
energy being dissipated by on-fault processes.

7.2. Fracture Energy in Stick-Slip Experiments on Precut Specimens

In stick-slip frictional sliding experiments performed on precut specimens, G is measured from
the shear stress versus slip curve either computing the integral as in Equation 5 (e.g., Ohnaka
2003, 2013) or using the initial and final stress values (e.g., Equation 7) (Lockner & Okubo 1983;
Rice 1979). In this experimental configuration (Supplemental Figure 4.15), the values of G are
systematically smaller than those of Gy measured for failure of intact rocks under similar loading
conditions (Aubry et al. 2018; Beeler et al. 2012; Lockner & Okubo 1983; Ohnaka 2003; Okubo &
Dieterich 1981, 1984; Passelegue et al. 2016a, 2017) (Figure 8; Section 7.1). The values of G for
precut specimens scale with slip distance § according to G o §2%¢ (Ohnaka 2003; Passelegue et al.
2016a, 2017) (Figure 8). Instead, in experiments performed in double-direct shear configuration
on fault gouges (Supplemental Figure 4.15) and where slow-slip frictional instabilities where
triggered, G oc 817 and G o §'76 for quartz and anhydrite/dolomite mixtures, respectively (Scuderi
etal. 2020) (Figure 8).

Another method to compute the fracture energy is through the measurement of dynamic
stresses over a short time window (10 to 100 s) obtained by the installation of high-frequency
strain gauges [up to 10 MHz (Passelégue et al. 2016a)] and calibrated acoustic transducers
(Selvadurai & Glaser 2017) located close to the saw cut surface (1 mm). Dynamic stresses are used
to estimate fracture energy from the integration of the near-fault stress-slip curve (Paglialunga
etal. 2022, Passelegue et al. 2016a) and also by means of the LEFM and the cohesive zone models
(Kammer & McLaskey 2019, Ke et al. 2018, Paglialunga et al. 2022) (T" in Figure 8; Supplemen-
tal Text Section 5). These techniques have been employed both in triaxial tests on solid precut

ISliding mode: shear stress is acting parallel to the plane of the crack and perpendicular to the crack front.
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Fracture energy data from laboratory experiments (this data set can be downloaded from https://doi.org/10.5281/zenodo.6833943).
Data is included either as points or as vertical lines to indicate variability in energy density, or as boxes to indicate variability of both
energy density and slip. Energy density scales with slip distance according to the power law G o §%. The values of exponent a are
reported close to each cluster of data points. We highlight three clusters of data with their respective exponent a: (#) from Scuderi et al.
(2020), (») from Paglialunga et al. (2022), and () from Chang et al. (2012) (see descriptions in the main text). Colors indicate distinct
data sets divided in groups depending on the type of energy density and experimental configuration as follows: blue: estimates of G’ by
McLaskey et al. (2014), Sellers et al. (2003), Selvadurai (2019), and Yoshimitsu et al. (2014) (Sections 7.1 and 7.2); purple: estimates of
Gric by Aben et al. (2019, 2020), Hakami & Stephansson (1990), Liu & Rummel (1990), Lockner et al. (1991), Moore & Lockner
(1995), Ohnaka (2003), Ohnaka et al. (1997), Rummel et al. (1978), Wawersik & Brace (1971), and Wong (1982, 1986) (Section 7.1);
yellow: estimates of G by Ohnaka (2003), Okubo & Dieterich (1981, 1984), Paglialunga et al. (2022), Passelegue et al. (2016a, 2017),
and Scuderi et al. (2020) (Section 7.2); gold: estimates of I' by Kammer & McLaskey (2019) and Ke et al. (2018) (Section 7.2); and red:
estimates of G by Aretusini et al. (2021a), Boulton et al. (2017), Boutareaud et al. (2012), Brantut et al. (2008), Chen et al. (2017),
Cornelio et al. (2019, 2020), De Paola et al. (2011), Del Gaudio et al. (2009), Di Toro et al. (2006, 2011), Faulkner et al. (2011), French
etal. (2014), Han et al. (2007, 2010), Harbord et al. (2021), Hirose & Bystricky (2007), Hou et al. (2012), Mizoguchi et al. (2007),
Nielsen et al. (2016a, 2008), Oohashi et al. (2015), Passelegue et al. (2016b), Rempe et al. (2017), Sawai et al. (2012, 2014), Seyler et al.
(2020), Smith et al. (2013), Togo & Shimamoto (2012), Togo et al. 2011, 2016), Ujiie & Tsutsumi (2010), Ujiie et al. (2013), Vannucchi
etal. (2017),Violay et al. (2013, 2014), and Yao et al. (2013) (Section 7.3).

surfaces (Passelégue et al. 2016a) and in biaxial experiments in direct shear configuration, using
solid large precut rocks (Kammer & McLaskey 2019; Ke et al. 2018; McLaskey et al. 2014, 2015)
and rock analogs (Bayart et al. 2016a, 2018; Paglialunga et al. 2022; Svetlizky & Fineberg 2014).
Paglialunga et al. (2022), using PMMA, reported a dual-scale weakening: The first weakening
stage (at the tip of the rupture front) provides energy density estimates that are independent from
the fault displacement and are consistent with the estimates of energy densities from LEFM and
cohesive zone models. The second weakening stage provides energy densities that scale with §%76
(Figure 8).

In experiments performed with host blocks made of transparent and photoelastic materials
(i.e., Homalite), it is possible to observe the propagation of the rupture front and to measure
the rupture velocity (Guérin-Marthe et al. 2019, Rosakis 2002). These experiments performed
on rock-analog materials support the LEFM theory in earthquake modeling, but they do not
fully represent the complexity of faults as observed in the field (see Section 4). In the stick-
slip experiments, the seismological G’ was estimated by measuring the seismic moment, the
corner frequency, and the radiated energy obtained from the inversion of the acoustic waves
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(McLaskey et al. 2014, Selvadurai 2019). These measures extend the range of slip displacement
down to 107 m and yield G’ o §>*° as reported in Selvadurai (2019).

7.3. Fracture Energy in High-Velocity Friction Experiments

High-velocity friction experiments reproduce the frictional power density (¢8) dissipated on a
fault sheared at low normal stress (<50 MPa), but for slip typical of moderate- to large-magnitude
earthquakes (up to tens of meters). The value of G is measured by integrating the shear stress-slip
curve from either zero slip or the slip at the peak shear stress (e.g., D, in Section 3) up to a ref-
erence distance D,, considered as the slip-weakening distance (D.) (Equation 8; Supplemental
Figure 4.1c¢). In high-velocity friction experiments reproducing natural earthquakes, fracture en-
ergy scales with slip distance (G « §* with 0.5 < a < 1.3), independently of rock composition,
imposed normal stress and environmental conditions (presence/absence of fluids) (Cornelio et al.
2019, Nielsen et al. 2016a, Passelegue et al. 2016b, Violay et al. 2014). An exception is represented
by experiments performed on phyllosilicate-rich gouges where the values of G are lower for simi-
lar slip distance and normal stress (Faulkner et al. 2011). However, the scaling between G and slip
saturates at slip values larger than about 15 cm, which roughly corresponds to one rotation of the
cylindrical sample (Nielsen et al. 2016a).

The fracture energy G is also measured in spontaneous slip events triggered by the stepwise
increase of shear stress in rotary shear unconventional experiments (Cornelio etal. 2020, Giacomel
etal. 2018), resulting in G o §1%? (Figure 8). In other rotary shear experiments, abrupt slip pulses
are imposed to the sample using a flywheel (Chang et al. 2012). These data scale as G o< §'-*? and
form a cluster of points with higher fracture energy in the 0.001- to 0.1-m slip range (Figure 8).

8. DISCUSSION AND CONCLUDING REMARKS

This review addresses the issue of the energy dissipated in the fault zone during the propagation
of a seismic rupture on a geological fault and contributes to the debate on the earthquake energy
budget. Geological observations reveal that earthquakes nucleate, propagate, and arrest in com-
plex fault zones (Figure 2) whose structural heterogeneity depends on the geometry, lithology,
rheology, presence of fluids, and strain localization processes. The fault zone structure character-
izes the response to tectonic loading and strain localization as revealed by the wide range of fault
slip behaviors (e.g., creep, aseismic- and slow-slip events, afterslip, and earthquakes) occurring
on a seismogenic fault. This implies that the environment in which earthquakes occur is diverse,
and this explains why different physical and chemical processes can be involved in the coseismic
dynamic rupture.

In this review we focused our attention on the dynamic rupture process following earthquake
nucleation and terminating with rupture arrest. The failure at a point of a rupturing fault starts
when stress from the initial level () increases abruptly to 7, indicating the beginning of the co-
seismic phase (Figure 1). The dynamic weakening or breakdown stage, defined by the shear stress
degradation from 7, to a minimum (z,,) value or residual (z;) level, characterizes the coseismic
phase. The different processes governing dynamic weakening and rupture propagation act at dif-
ferent spatial scales, from the microscale of asperity contacts on bare surfaces, or fracture and
slip of the fault gouge materials (Supplemental Figure 3.1), to the macroscale of the response of
fault patches to the dynamic reduction of shear resistance. Geological observations show that fault
zones have a variable thickness, and coseismic dynamic weakening processes can also occur at the
mesoscale (bulk response). This implies that the rupture process on geological faults involves both
fracture (mainly at the microscale) and friction (at the meso- and macroscale) (see Supplemental
Text Section 3). In the literature, the earthquake dynamic rupture has been described in terms
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of either fracture or frictional processes (Scholz 2019). We emphasize here that both processes
can jointly affect dynamic weakening and coseismic rupture propagation and, more important,
in both cases fracture energy is mathematically computed from the drop of shear stress on the
fault as shown in Equations 5 and 8. Brittle failure involves both fracture and friction because
frictional sliding along preexisting faults requires the breakage of asperities at various scales and
the fracturing of previously healed fault segments (e.g., Brantut et al. 2013, Sibson 1986).

If coseismic slip represents the displacement field associated with the rupture extension, the
shear stress evolution during the coseismic phase characterizes and describes the response of the
fault to dynamic loading and contains all the available information on the energy dissipated during
the rupture propagation. Because of the diversity of the geological conditions and the complexity
of the rupture process involving many different physical and chemical processes, it is reasonable
to expect that shear stress evolution during dynamic rupture is also diversified (e.g., Figures 4
and 6). The analytical dependence of shear stress from source parameters (e.g., slip, slip velocity,
temperature, permeability) defines the constitutive law used to prescribe shear stress evolution
during rupture propagation and to eliminate singularities at the crack tip. In this study, we repre-
sented shear stress evolution as a function of slip because this dependence is widely used (Ohnaka
2013, and references therein) and for its usefulness in determining the energy dissipated during
dynamic propagation (Equations 5, 6, 8). This does not mean that shear stress depends only on
slip, and slip should not be considered as a constitutive parameter. Shear stress evolution depends
on many other parameters and variables, and its dependence on slip rate and temperature has been
corroborated by a wealth of laboratory experiments in the last decades (Di Toro et al. 2021).

During the dynamic rupture, the shear stress at a given point on the fault changes with time
from the initial to the final value, and this defines the rupture duration and determines the slip
velocity time history (Tinti etal. 20052, among many others). Shear stress evolution in space, when
the rupture front is at a given point on a rupturing fault, is extremely important to discuss the
dynamic weakening and the edge-localized dissipation. Here we propose that shear stress evolves
from its initial value slightly ahead of the tip to the minimum or residual value at the end of the
breakdown stage, and in agreement with Chen et al. (2021) we call this spatial range rupture front
zone, as shown in Figure 3. The size of the rupture front zone and the existence of a slipping zone
behind it, as shown in Figure 3, depends on the existence of a constant residual stress independent
of slip as predicted by classic slip-weakening laws (Figure 44). In this case, it is possible to identify
a zone characterized by frictional sliding at the dynamic friction coefficient (14) and distinguish
between rupture and friction. However, if the shear stress evolution in the rupture front zone is
characterized by a power-law decay (Figure 4d), the constant residual stress does not exist because
D. might be equal to the final slip. We cannot exclude one of these two scenarios because of
geological structural heterogeneity, experimental results (Ohnaka 2003), and dynamic modeling
results (Brantut & Viesca 2017, Lambert & Lapusta 2020). In particular, Viesca & Garagash (2015)
have shown that changing the thermal and the poroelastic conditions, shear stress evolution with
slip changes between the two limiting configurations here described (Figure 4c,d). Because we
are using in this description macroscopic quantities, such as shear stress and coseismic slip, it is
preferable to avoid denoting the processes occurring within the rupture front zone as fracture or
friction. This implies that the size of the rupture front zone, corresponding to the zone of inelastic
dissipation or edge-localized dissipation (Brener & Bouchbinder 2021), is finite, likely smaller than
the rupture length, and it depends on dynamic weakening rate and therefore on breakdown stress
drop and D, (Fialko 2015).

A further consideration concerns the slip value D, associated with the shear stress increase from
the initial to the peak value. In the Ida’s (1972) slip-weakening law, D, = 0 and the increase to the
peak stress is linear (elastic and reversible), and this explains its application in the framework of
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LEFM. Based on laboratory experiments, Ohnaka (2013, equation 3.18, p. 61) suggests that D,
is directly proportional to D, and interprets this scaling in terms of fractional breakdown stress
drop (At,/1,) and fault roughness. Here we recall that both breakdown work and fracture energy
measured through Equations 5 and 8, respectively, include the work done in the slip range 0-D,.
If the shear stress evolution in this slip range is not linear, at least from the yield stress (z;) to
the peak stress (), this work is irreversible and inelastic. It is possible to speculate that the work
dissipated before dynamic weakening is driving slip acceleration near or ahead of the crack tip.
The macroscopic definition of breakdown work (Equation 5) corresponds to the work spent on
evolving the shear stress on a fault to a minimum level. This implies that in its general formulation
breakdown work (Equation 5) and fracture energy (Equation 8) are equivalent, and they represent
the energy dissipated in excess of a minimum or residual stress value. Here we still assume that
the coseismic slip represents the displacement field associated with the rupture extension. The
contribution of off-fault energy dissipation is not included.

Our review confirms that most of the work spent during an earthquake is consumed by
dissipative processes occurring in complex fault zones, much larger than energy radiated as
seismic waves (Udias et al. 2014). Geological observations provide evidence of the off-fault DZ
interpreted in the literature as an energy sink for rupture propagation in the FC. Modeling results
and experimental observations (Aben et al. 2019) show that a non-negligible portion of energy
is dissipated off-fault in a volume around the rupture tip and that off-fault plasticity and damage
affect shear stress evolution and dynamic weakening (as illustrated in Figure 5). The presence of
off-fault damage can affect the spatial dimensions of the rupture front zone (Andrews 2005). This
implies that fracture energy and D, are not material properties and constitutive parameters. Fur-
thermore, in addition to the fracture energy dissipated on-fault (Equation 9), there is an off-fault
dissipation (W) affecting the dynamic rupture process and stress heterogeneity that cannot be
neglected.

In this review we collected from available literature geological estimates of surface energy,
seismological estimates of fracture energy G’ from point source models, breakdown work W}
from finite-fault models, fracture energy G from spontaneous dynamic models, and a wealth of
fracture energy estimates using different approaches from very diverse laboratory experiments
(Supplemental Text Section 4). This allowed us to compare the inferred fracture energy values
and discuss their scaling with slip and earthquake size. Our analysis confirms that seismologi-
cal estimates of fracture energy and breakdown work are comparable and scale with seismic slip
(Figure 7). The inferred scaling laws show modest deviations explained in terms of epistemic
uncertainties. The original collection of fracture energy estimates from laboratory experiments
confirm the scaling with slip over a slip range of more than 10 decades (Figure 8). Fracture en-
ergy associated with breaking of intact rocks is larger than for precut specimens (Ohnaka & Shen
1999) and might suggest differences between the role of fracture and friction, or a different size
of the rupture front zone. Finally, it is important to recall that fault products after deformation in
the laboratory correspond to fault products observed in nature (Acosta et al. 2018, Di Toro et al.
2006), and acoustic emissions recorded in the laboratory can be processed as seismic waves on a
natural fault (Selvadurai 2019).

The merged data set composed of all the fracture energy (density or J/m?) estimates collected
in this study is shown in Figure 9. This figure shows that, within a relatively large dispersion,
geological, laboratory, modeling, and seismological estimates of fracture energy scale with slip.
The evidence that fracture energy estimated in the laboratory by analyzing acoustic emissions
with seismological approaches scales consistently with seismological measures for real earthquakes
corroborates the scaling with slip. This suggests that, even if poor resolution of seismological data
might bias inferred fracture energies, they scale consistently with slip from the laboratory to the
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Scaling of fracture energy densities with slip associated with rupture propagation and slip estimated from geological (Section 4),
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obtained from the inversion of acoustic emissions are included together with the seismological data.
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natural fault scale. Laboratory estimates saturate at high slip values, a feature that is not shown
by seismological data. However, the deviations due to saturation lie within the dispersion of data
over the entire slip range.

The scaling of fracture energy and breakdown work with slip can be interpreted in terms of
both off-fault damage, because W, scales with rupture length and slip, and the continuous degra-
dation of shear stress with slip, due to thermal weakening or pore fluid pressurization. The inferred
fracture energy scaling with slip for lab-quakes and microearthquakes might be interpreted in
terms of large-scale inelastic yielding (Fialko 2015) because in this case the size of the rupture
front zone might correspond to a large fraction of the rupture length. This raises the question
of interpreting the constant fracture energy inferred from laboratory experiments dealing with
material strength and toughness. A possible interpretation is that these material-dependent con-
stant fracture energies are important at the microscale for fracturing grains composing the gouge
or microasperities of sliding surfaces, and indeed they are used to measure the specific surface
energy and on-fault dissipation (W,,,), but they do not govern the dissipation process during the
earthquake rupture propagation on a geological fault at the macroscale. Once again this raises
the question of the energy dissipated at the microscale by microphysical processes with respect
to the macroscopic energy dissipation. The adoption of a macroscopic interpretation means that
we focus on the work spent to sustain shear stress evolution and slip on the fault zone. The inter-
pretation of this energy consumption in terms of microscale processes is possible but often model
dependent.

A further consideration concerns the normal stress. In most laboratory experiments and
modeling attempts, it is assumed that normal stress is constant. Exceptions include the poroelastic
response of thick fault zones with variable permeability and porosity. Here we limit our review
to recall that, if normal stress changes during coseismic rupture, the work due to slip-induced
dilation or compaction must be summed to the work due to shear dislocation to contribute to the
total work during slip (Fulton & Rathbun 2011).
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In conclusion, different theoretical approaches have been proposed to interpret the dynamic
rupture propagation and the involved energy dissipation mechanisms, such as LEFM, rate- and
state-dependent friction, or thermal weakening. These approaches are extremely useful and pow-
erful to explain some of the features of a complex, highly nonlinear process as the dynamic
weakening and rupture propagation along a geological fault. They are certainly successful to de-
scribe and interpret specific configurations of the problem: for example, the adoption of LEFM
to model the rupture propagation on a fault zone characterized by linear elastic driving energy at
the macroscale of the fault zone and edge-localized dissipation at the shorter scale of the rupture
front zone (Brener & Bouchbinder 2021); or similarly, the adoption of thermal weakening (e.g.,
flash heating) to model the shear stress evolution of a fault zone at high slip velocities (Nielsen
etal. 2021, Rice 2006, Viesca & Garagash 2015, among many others). Here, we remark that these
theoretical approaches are not exclusive because of the heterogeneities of geological faults and the
complexity of the rupture process and loading conditions. In other words, reconciling observations
and results from laboratory experiments and numerical modeling with geological observations can
be done, provided that we accept the evidence that earthquakes can occur in a variety of geological
settings and fault zone structures.
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