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Abstract18

Damage zones are ubiquitous components of faults that may affect earthquake rupture.19

Simulations show that pulse-like rupture can be induced by the dynamic effect of waves20

reflected by sharp fault zone boundaries. Here we show that pulses can appear in a highly21

damaged fault zone even in the absence of reflected waves. We use quasi-static scaling22

arguments and quasi-dynamic earthquake cycle simulations to show that a crack turns23

into a pulse after the rupture has grown larger than the fault zone thickness. Accom-24

panying the pulses, we find complex rupture patterns involving back-propagating fronts25

that emerge from the primary rupture front. Our model provides a mechanism for back-26

propagating fronts recently observed during large earthquakes. Moreover, we find that27

slow-slip simulations in a highly-compliant fault zone also produce back-propagating fronts,28

suggesting a new mechanism for the rapid-tremor-reversals observed in Cascadia and Japan.29

Plain Language Summary30

Damage zones are zones of fractured rock that surround faults and can influence31

how earthquakes propagate. Previous computer models show that damage zones pro-32

mote an inchworm-like (rather than zipper-like) pattern of earthquake propagation, known33

as pulses. This finding has been previously attributed to the effect of seismic waves re-34

flected at the boundaries of the damage zone. Here, we show that pulses are generated35

in highly-fractured damage zones independently of the reflection of seismic waves. We36

reach this conclusion by scaling arguments confirmed by numerical simulations of sequences37

of earthquakes in which we ignore the reflection of seismic waves. Moreover, our mod-38

els produce an unexpected pattern of earthquake propagation: secondary rupture fronts39

emerge from the primary rupture front and propagate in the opposite direction. Sim-40

ilar back-propagating fronts have been previously observed during slow earthquakes in41

subduction zones and more recently during large earthquakes. Our work reveals a pos-42

sible connection between an observable structural feature of faults and complicated pat-43

terns of earthquake propagation.44

1 Introduction45

Pulse-like rupture (hereafter referred to as pulses) is a common mode of earthquake46

propagation in which the duration of slip at each point of the fault, known as the rise-47

time, is short compared to the total rupture duration (Heaton, 1990). Pulses play a promi-48

nent role in the theory of earthquake mechanics: they can radically affect the earthquake49

energy balance (Nielsen & Madariaga, 2003), reduce the apparent strength of faults (Noda50

et al., 2009), enhance the spatial heterogeneity of earthquake slip and stress (Aagaard51

& Heaton, 2008), and promote complexity of seismicity manifested by a broad range of52

event magnitudes (Cochard & Madariaga, 1996). Yet their origin is not completely es-53

tablished. Several mechanisms of pulse generation have been proposed, involving heal-54

ing fronts emerging from features of the friction law (Cochard & Madariaga, 1996; G. Per-55

rin et al., 1995), from early arrest of one dimension of rupture (Day, 1982; Johnson, 1990),56

from fault heterogeneities (Beroza & Mikumo, 1996; Day et al., 1998) or from waves re-57

flected in a low-velocity fault damage zone (Huang & Ampuero, 2011). The present work58

focuses on the generation of pulses by damaged zones.59

Faults are usually embedded in a damaged zone (Fig. 1a) characterized in field ob-60

servations by distributed fractures and micro-cracks (Chester & Logan, 1986; Mitchell61

& Faulkner, 2009; Savage & Brodsky, 2011) and in seismological and geodetic observa-62

tions by reduced wave speeds or elastic modulus relative to the host rock (Y.-G. Li et63

al., 1990, 2002; Ben-Zion et al., 2003; Peng et al., 2003; M. Lewis et al., 2005; Y.-G. Li64

et al., 2006; H. Li et al., 2007; Mizuno et al., 2008; Cochran et al., 2009; M. A. Lewis &65

Ben-Zion, 2010; Yang & Zhu, 2010; Yang et al., 2011). Seismic imaging methods resolve66

fault zones of strike-slip faults as flower-structures with depth-varying thickness and dam-67
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age (Ben-Zion et al., 2003; Finzi et al., 2009). Hereafter, we refer to these structures as68

low-velocity fault zones (LVFZ).69

Dynamic rupture simulations show that the presence of a LVFZ can induce com-70

plex rupture patterns: pulses promoted by healing fronts mediated by reflected waves,71

oscillations of slip-rate and rupture speed, and supershear rupture at low background72

stress (Harris & Day, 1997; Huang & Ampuero, 2011; Huang et al., 2014, 2016). Recent73

earthquake cycle simulations show that the generation of pulses by a LVFZ is persistent74

across multiple earthquake cycles, both in fully-dynamic (Thakur et al., 2020) and quasi-75

dynamic simulations (Idini & Ampuero, 2017). The mechanism of pulse generation by76

a LVFZ has been previously attributed to the dynamic effect of waves reflected at the77

boundary of the LVFZ, which tend to unload the fault and promote slip arrest (Huang78

& Ampuero, 2011; Thakur et al., 2020). However, LVFZ quasi-dynamic simulations do79

not include these reflected waves. Here, we explain how pulses can be promoted in LVFZs80

by a quasi-static mechanism.81

The present work is further motivated by recent evidence of complex rupture pat-82

terns in earthquakes and tectonic tremors, in particular back-propagating fronts. While83

the inherent complexity of large earthquakes is abundantly highlighted by modern seis-84

mological observations (Meng et al., 2012; Ross et al., 2019), reports of secondary rup-85

ture fronts propagating in the direction opposite to the main front (i.e., towards the hypocen-86

ter) are becoming increasingly clear and robust (Beroza & Spudich, 1988; Meng et al.,87

2011; Uchide et al., 2013; Hicks et al., 2020; Vallée et al., 2020). Back-propagating fronts88

have also been identified during slow slip events (SSE) in Cascadia and Japan, appear-89

ing as tremor swarms known as Rapid Tremor Reversals (RTR) which migrate at fast90

speed in the direction opposite to the propagation of the large-scale slow slip (Houston91

et al., 2011).92

Here, we show that pulses can be generated by a highly-damaged LVFZ, even with-93

out the dynamic effects of reflected waves. We follow two complementary approaches:94

static rupture scaling arguments (Section 2) and quasi-dynamic earthquake cycle sim-95

ulations (Section 3). Our simulations also reveal that the quasi-static effects of a highly-96

damaged LVFZ are sufficient to generate back-propagating fronts.97

2 Scaling arguments for quasi-static pulse generation98

We consider a simple, tabular LVFZ model defined by a finite fault of length L bi-99

secting a homogeneous low-rigidity layer, the damage zone, embedded in an intact medium100

(Fig. 1). The LVFZ is specified by its half-thickness h and its damage level ∆ defined101

by:102

�d = (1−∆)� (1)

where �d and � are the shear moduli of the LVFZ and intact medium, respectively. We103

consider anti-plane deformation. The model converges to two different homogeneous end-104

member models, depending on the fault zone thickness. When h=L is very small, the model105

approaches a homogeneous intact medium with shear modulus �. When h=L is very large,106

the model tends to a homogeneous damaged medium with shear modulus (1−∆)�.107

Key effects of a LVFZ on rupture propagation are highlighted by analyzing the lim-115

iting case of a highly damaged fault zone (∆→ 1), which is asymptotically equivalent116

to the case of a rigid medium surrounding an elastic fault zone considered by (Horowitz117

& Ruina, 1989). We consider a rupture growing quasi-statically with prescribed uniform118

stress drop ∆� and increasing rupture half-length r(t). The fault-zone thickness h is fixed119

and, for illustrative purposes, we set ∆ = 0:99. The resulting slip profiles (Fig. 1c) are120

computed by solving numerically a static problem in which we account for static stress121

interactions modified by the presence of the damaged layer, as described in Text S2. The122

shape of the slip profile is indicative of the style of rupture: crack-like ruptures show an123
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Figure 1. (a) Schematic representation of a fault zone. (b) Conceptualization of a fault zone

as a simple tabular Low Velocity Fault Zone (LVFZ) model. The damaged and intact media have

constant shear modulus, (1 � ∆)� and �, respectively. (c) Quasi-static rupture growth with uni-

form stress drop in a LVFZ, showing a transition from crack-like (elliptical) to pulse-like (flat)

slip profiles when the rupture length exceeds the LVFZ thickness. The static slip profiles are

computed numerically for ∆ = 0:99 by the method described in Text S2.
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elliptical slip profile whereas (steady-state) pulses have a flat slip profile (Gabriel et al.,124

2012). While the rupture is small (r(t)� h), it only interacts with the damaged zone125

and therefore has a crack-like slip profile, as in a uniformly damaged infinite medium.126

Its slip grows proportional to rupture length as ∆u(t) ∼ ∆�
2�(1−∆)r(t). As the rupture127

grows large (r(t) � h), it interacts with a thin elastic slab of thickness h and devel-128

ops a pulse-like slip profile. Its slip reaches a value independent of rupture length, ∆u ∼129

∆�
�(1−∆)h , as expected in a thin slab problem. Connecting these two rupture stages to-130

gether, a growing rupture with constant stress drop in a highly-damaged LVFZ will ini-131

tiate as a crack-like rupture and later transition into a pulse. The transition is charac-132

terized by saturation of slip caused by the LVFZ once the rupture grows larger than 2h.133

The above picture of crack-to-pulse transition provides insight into what controls134

rise-time in a damaged fault zone in the absence of wave reflection effects. The rise-time135

at the hypocenter is the time required for the appearance of a healing front. This time136

corresponds kinematically to the emergence of pulses, which is approximately the time137

required for the size of the initial crack to grow up to r(t) = h. Assuming a constant138

rupture speed vr, the size of the rupture is r(t) ∼ vrt, hence the rise time at the hypocen-139

ter roughly follows:140

t ∼ h

vr
(2)

This estimation of rise-time is valid at other locations beyond the hypocenter assuming141

that the propagation speed of the healing front is close to the rupture speed. Because142

rise-time can be shorter away from the hypocenter (Huang & Ampuero, 2011), Eq. (2)143

should be taken as an upper bound. The resulting upper bound for the pulse width, de-144

fined as the distance between the position of the rupture front and the healing front, is:145

l ∼ vrt ∼ h (3)

The foregoing simplified analysis predicts the emergence of pulses from static effects alone,146

independently of the presence of reflected waves in the LVFZ.147

3 Pulses and back-propagating fronts in quasi-dynamic multi-cycle mod-148

els149

We conduct quasi-dynamic earthquake cycle simulations under rate-and-state fric-150

tion (Text S1 for methods), covering a wide range of values of LVFZ thickness and dam-151

age. Our simulations do not include dynamical effects from reflected waves. Each sim-152

ulation produces a history of seismic activity, including earthquakes with multiple sizes153

(Fig. S1). The largest earthquakes in one simulation span the whole seismogenic length154

Lvw (Fig. S2) and are labeled as characteristic events. In a given fault model, charac-155

teristic events have the same magnitude but may show different rupture patterns. We156

define an earthquake cycle as the period between two characteristic events. In some fault157

models, simulations show a variable duration of the earthquake cycle. We only consider158

results in characteristic events after a spin-up period of several initial cycles, avoiding159

a dependence of our results on the arbitrarily-prescribed initial conditions.160

Complex slip patterns appear in characteristic events when damage is high (∆ >177

0:7) and the fault zone is thin compared to the length of the seismogenic zone (2h <178

Lvw). Two signatures characterize the slip complexity: the promotion of pulses (Fig. 2a)179

and the re-rupture of previously healed fault segments during the same event (Fig. 2b,e).180

Pulses are defined here by a drastic reduction of slip rate (V < 1 cm/s) at a short181

distance behind the rupture front, leading to a short rise-time. We observe a systematic182

reduction of the average rise-time over a wide range of LVFZ thickness and high dam-183

age values (Fig. 2a). Short rise-times occur roughly within the range of LVFZ param-184

eters that produce flat slip profiles in the static rupture models computed in Section 2185
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161

Figure 2. Properties of ruptures and seismicity in fault-zone models after multiple earthquake

cycles and spatiotemporal evolution of slip and slip velocity in the characteristic event of earth-

quake cycle models . (a) Average rise-time normalized by the total rupture duration, (b) average

number of rupture fronts (V > 1 cm/s) during an event, and (c) number of characteristic events

over the total number of events as a function of damage level ∆ and fault-zone thickness 2h nor-

malized by the size of the velocity-weakening fault segment Lvw. The rise-time is defined here

as the duration of slip rate exceeding 1 cm/s. Black contour lines in (a) are a semi-analytical

prediction of the flatness of the slip profile in a constant stress drop model (Text S2). The slip

profiles are obtained with the same method used in Fig. 1c. Flatness is the fraction of the fault

length where slip is roughly constant, at most 20% lower than the maximum slip in the slip pro-

file. The white contours in (c) show the estimated reduction of the nucleation length due to the

LVFZ (contours of Lnuc in LVFZ normalized by its value in a homogeneous intact medium). (d)

Spatiotemporal evolution of slip and slip velocity in the characteristic event of an intact homo-

geneous medium, (e) a LVFZ with ∆ = 0:9 and 2h � Lvw=40, and (f) an intact homogeneous

medium with ten times smaller nucleation length than (d).
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(Fig. 2a), consistent with the kinematic implications we drew from the static crack anal-186

ysis.187

The re-rupture of previously healed fault segments (Fig. 2b) is characterized by the188

emergence of secondary fronts propagating in the opposite direction to the main rupture189

front (Fig. 2e and Fig. S3). These back-propagating fronts have a short rise-time and190

can re-rupture multiple times the same fault segment. Models with seismogenic zones191

that are much larger than the nucleation size (Lvw � Lnuc; Text S1) promote back-192

propagating fronts without requiring a LVFZ, but their rise-time is longer and their num-193

ber of re-ruptures is small (Fig. 2f with Lvw ∼ 100Lnuc).194

In addition to characteristic events with complex slip patterns, events comprising195

a wide range of sizes develop in thick and highly damaged fault zones (Fig. 2c), where196

small events partially break the seismogenic zone from the edges (Fig. S1). Small, non-197

characteristic events are known to emerge in rate-and-state friction models in homoge-198

neous media with seismogenic zones much larger than their nucleation length Lnuc (Cattania,199

2019; Barbot, 2019). The nucleation length is the smallest size of a slip patch that can200

accelerate to instability (Rubin & Ampuero, 2005). In a homogeneous medium it is pro-201

portional to the shear modulus, and in a damaged zone to a reduced, effective shear mod-202

ulus that depends on h and ∆ (Text S1). The LVFZ thickness and damage values pro-203

moting variable event magnitudes in our models are well explained by the increase in the204

Lvw=Lnuc ratio due to the reduction in Lnuc induced by the LVFZ (Fig. 2c). The small-205

est nucleation length is achieved in models with ∆ = 0:9 and 2h > Lvw, which have206

Lvw ∼ 100Lnuc.207

The rupture speed in our homogeneous medium model (Fig. 2d) corresponds to Vrup ∼214

1 km/s, a typical value in seismological observations. In contrast, a highly-damaged fault215

zone promotes a reduction in the rupture speed V drup=Vrup ∝ (1−∆), compatible with216

theoretical quasi-static predictions of rupture speed (Ampuero & Rubin, 2008) but slower217

than most seismological observations. The non-dimensional units in Fig. 2 can be con-218

verted into real scales depending on the assumed value of the characteristic slip distance219

of rate-and-state friction, Dc; examples of dimensional scales are given in Table S1 for220

Dc = 2 mm.221

4 Discussion222

4.1 Short-range stress transfer and the origin of pulses in a LVFZ223

Models with nearest-neighbour stress transfer, such as the Burridge-Knopoff (BK)224

model (Burridge & Knopoff, 1967), have been often used as a mechanical analog to earth-225

quake rupture and are capable of promoting pulses in the continuum limit (Erickson et226

al., 2011; Brener et al., 2018). In a BK model, a chain of sliders connected by springs227

is loaded by a uniform displacement applied to a loading spring (Burridge & Knopoff,228

1967). In a uniform stress drop rupture, the BK model produces the flat static slip pro-229

file characteristic of pulses when the loading stiffness is much higher than the static stress230

transfer due to the relative motion of sliders (Text S3). Under our current model param-231

eters (Table S2), ruptures propagate as pulses both in a nearest-neighbour model (Fig. 3a)232

and in a fault-zone model with large damage, ∆ = 0:9 (Fig. 2e). Here we show that the233

emergence of pulses in a LVFZ can be related to stress interactions approaching the nearest-234

neighbour regime across a wide range of slip wavelengths.235

The static stress transfer in a fault-zone model due to spatially-harmonic slip with246

wavelength k and unit amplitude is (Text S2, Fig. S4):247

K(k) =
1

2
�(1−∆)|k| coth (h|k|+ atanh(1−∆)) (4)
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