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Abstract—In order to explain the seismic–aseismic slip pat-

terns observed on megathrust faults, numerical simulations were

carried out using the quasi-dynamic asperity fault model with the

slip-dependent friction and stress-dependent healing. Two friction

law parameters, strength and slip-weakening distance, are inter-

preted in the subduction channel context. The parameters are

treated as random fields with specified characteristics. Their dis-

tributions define heterogeneities of the interplate frictional

coupling. The higher strength regions accumulate stresses, whereas

the slip-weakening distance lengths control the stress release rates.

The simulation results indicate that the slip-dependent asperity

model reproduces key features of real megathrust fault behavior.

First, stable and unstable slip movements can occur at the same

locations, even if the friction parameters are fixed. Second, two

rupture styles, single asperity breaks and wide, smooth, propagat-

ing rupture fronts, can be distinguished. The latter style is

responsible for large slips near the free surface, where lower fault

strengths are expected. The reason for these effects is that slip

instabilities depend both on local friction and on the system stiff-

ness, which is related to the slipping area size and distribution of

slips. It is also shown that the high-strength interplate patches, such

as subducted seamounts, can both promote and restrain large

earthquakes, depending on the slip-weakening distance lengths.

Key words: Earthquake dynamics, slip-dependent friction,

slow and fast slip, numerical modeling, subduction zone processes,

megathrust earthquakes.

1. Introduction

Slip movements on the subduction interface can

be considered in terms of the slip budget. At any

point, the long-term slip is controlled by the plate

convergence rate, VP. The slip deficit is accumulated

over a period of time in a given region, if the slip rate

is lower than the convergence rate. The slip deficit is

released by both seismic and aseismic slips, which

complement each other on the plate interface.

Understanding of the interplay between fast and slow

slips, such as regular earthquakes and slow slip

events (Peng and Gomberg 2010), respectively, is

crucial for earthquake hazard estimations.

The interplate coupling coefficient is defined as

the ratio of the slip deficit rate over the plate con-

vergence rate. Regions of high interseismic coupling

roughly correspond with high-coseismic-slip regions

in most cases (Moreno et al. 2010, 2012; Hashimoto

et al. 2012; Loveless and Meade 2011).

A general approach towards the seismic and

aseismic slip interplay is given by asperity fault

models. Such models assume that the fault plane

consists of strong patches of episodic, unstable slips,

which are surrounded by weaker, creeping regions

(Lay et al. 1982). The slow slips in the non-asperity

regions concentrate stresses in the asperity regions

during interseismic periods. Asperities accumulate

stresses until they break during earthquakes. More

sophisticated models assume hierarchical asperity

structures (Uchida and Matsuzawa 2011; Ohtani et al.

2014).

Fast and slow slips are commonly interpreted in

terms of frictional fault characteristics, with asperities

and non-asperity regions treated as fixed, spatially

separated fault features. That view is inconsistent

with observations of the Tohoku–Oki 2011 earth-

quake. First, the largest coseismic slip occurred in the

shallow fault area considered to be a velocity-

strengthening and slowly creeping region (Ide et al.

2011). Second, aseismic afterslip occurred within the

areas of previous smaller earthquakes considered to

be velocity-weakening asperities (Johnson et al.

2012). Explanations of these inconsistencies, or the

slow and fast slip paradox, can refer to the applied

friction law modifications (Noda and Lapusta 2013),

non-planar fault geometry (Fukuyama and Hok
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2013), or rupture dynamics and free surface effects

(Huang et al. 2013).

The present paper refers to fault heterogeneities

and the system stiffness to solve the problem. Sta-

bility of the slip movement at a given location

depends both on the local friction characteristics and

the rate at which the resisting stress decreases with

the ongoing slip, i.e., on the critical stiffness, and on

the rate at which the driving stress changes with the

ongoing slip, i.e., on the system stiffness (Senatorski

2002; Mansinha and Smylie 1971). The latter factor

changes with time since distribution of slips, which

contribute to the driving stress, evolves in time. The

proposed model enables us to explain the observed

fault behavior without introducing any extra, veloc-

ity-dependent, weakening mechanism to the friction

law.

Spatial variations of the interplate frictional cou-

pling are considered in terms of the asperity fault

model. Structural and material heterogeneities along

the fault plane, due to subducted seamounts, oceanic

ridges, sediments, and released fluids, are thought to

be responsible for the coupling variations. The

specific role of subducted seamounts or sediments

have been debated (Wang and Bilek 2011; Scholz

and Campos 2012; Heuret et al. 2012). It is not clear,

whether the seamounts start or stop large earthquakes

(Wang and Bilek 2011).

In the present paper, topographic features are

modeled by slip-dependent cohesive stresses acting

along the fault plane. The cohesive stress is defined at

each point of the fault plane as a function of slip by

two parameters: the peak stress or fault strength, and

the slip-weakening distance at which friction or

cohesive stress decreases to its residual level. The

strength can be related to the normal stress variations

due to the hilly topography of the subducting plate

surface (Scholz and Small 1997). The slip-weakening

distance can be related to the material fault charac-

teristics, such as subducted sediment layers or fluids

(Heuret et al. 2012; Vannucchi et al. 2017). Thus,

variations of the interplate frictional coupling are

defined as distributions of these two parameters. The

first aim is to relate these distributions to the

stable and unstable slip patterns. The second aim is to

find out whether such distributions promote small or

large earthquakes.

A subduction zone plate interface is a subduction

channel hundreds of meters to several kilometers

thick, lubricated by a layer of shearing unconsoli-

dated sediment (Cloos and Shreve 1988; Vannucchi

et al. 2012). Consequently, assumed friction or

cohesive stress variations applied to the model fault

plane approximate all processes taking place in the

channel: not only sliding along a well-defined thin

rupture plane, but also sediment viscous flow dragged

by the descending plate, the sediment dewatering,

consolidation and underplating to the hanging wall,

the upper plate erosion and seamounts being jammed

against the roof of the thinning channel (Cloos and

Shreve 1996). Therefore, fault strength and slip-

weakening distance parameters, as well as the shear

stress critical value for slip healing described below,

even if well-supported by laboratory experiments

with the sliding friction (Ohnaka and Shen 1999;

Brantut 2015), here are also interpreted within the

subduction channel context.

To study seismic–aseismic slip patterns, long-

term fault dynamics and a large range of spatial and

temporal scales should be modeled. To that end,

quasi-dynamic fault models have been used for

computer simulations by many authors as the optimal

solution (Rice 1993; Senatorski 1995, 2002; Ziv and

Cochard 2006; Hillers et al. 2006; Ohtani et al. 2014;

Ohtani and Hirahara 2015). Such models enable us to

generate realistic, both slow and fast, slip move-

ments. It should be borne in mind, however, that

details of coseismic slips obtained from quasi-dy-

namics can differ from those obtained from fully

dynamic models. The difference depends on the

friction law applied and related fault rupture style

(Thomas et al. 2014).

In its general form, the present model is similar to

other models based on the quasi-dynamic approxi-

mation. Other authors (Hillers et al. 2006)

investigated the spatially variable critical slip dis-

tance and the resultant complexity in seismicity

patterns, using the model based on rate-and-state

friction law. The main difference between their

approach and the present one concerns details of the

interplate frictional coupling formulation, including

the applied friction law and distribution of its

parameters, which defines asperity and non-asperity

regions on the megathrust fault.
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The model used in the present work is similar to

the model described in the previous work (Senatorski

2002). The main objective of this paper concerns the

relation between the megathrust fault structural and

material characteristics and the slow and fast slip

interplay, so the model is adapted to megathrust

seismicity context. Its formulations of slip-dependent

friction or cohesive stress, healing and asperity dis-

tributions, interpreted in the context of subduction

channel processes, enable us to find an explanation of

the slow and fast slip paradox mentioned above, as

well as the role of subducted seamounts as both

promoting and restraining large earthquakes.

2. Methods

2.1. Theory

Geometry An earthquake source is modeled as a

planar cut in an elastic half-space subjected to the

background tectonic shear stress, sT. An earthquake

rupture process is represented by evolution of stresses

and slip displacements, sðr; tÞ and qðr; tÞ, respec-

tively, defined over the rupture area, A, and the

earthquake slip duration, T. For simplicity, only one

component of slips and shear stresses defined on a

planar fault, the subducting direction component, is

considered. Distributions of slips and stresses change

from qðr; t ¼ 0Þ to qðr; t ¼ TÞ and from sðr; t ¼ 0Þ to

sðr; t ¼ TÞ, respectively, during the earthquake. The

slip movement gradually reduces the stress to the

residual value of the cohesive or frictional resistance,

sF.

Quasi-dynamics. The quasi-dynamic evolution

equations for slips can be derived in two steps. First,

the stress pulse, Ds ¼ sT � sF, is applied over the z ¼
0 fault plane instantaneously at t ¼ 0 (Brune 1970).

Second, the resulting equation is generalized to the

heterogeneous rupture case by introducing the inter-

action stress term, sI. Assume that the uniform stress

pulse propagates along the z-axis perpendicular to the

fault plane at the shear wave speed, vS.

l
2vS

_qðr; tÞ ¼ Dsðr; tÞ ¼ sT þ sIðr; tÞ � sFðr; tÞ ; ð1Þ

where l is the shear modulus, s ¼ sT þ sI is the

driving stress, sF is friction or the cohesive stress, and

Ds represents the net stress. In that approximation, the

radiated energy can be illustrated as the area between

the driving and frictional or cohesive stress lines in

the stress vs. slip plots (Senatorski 2002). Equa-

tion (1) represents the instantaneous radiation of a

plane wave from the fault when the shear stress is

released. Its left-hand side can be interpreted as the

radiational stress, with the mechanical impedance,

j ¼ l=vS, i.e., ratio of the stress and the particle

velocity, _q=2 (Achenbach 1975). The same equation

has been derived rigorously as the overdamped

dynamics (Senatorski 1994, 1995) from the energy

functional (Rundle 1989), from the stress balance

(Rice 1993), or from the full dynamics by assuming

that stress transfer is instantaneous (Cochard and

Madariaga 1994) in the two-dimensional (2D) case.

For the assumed one component of slip and shear

stress, its general form is the same in the three-di-

mensional (3D) case.

Interactions. The interaction stress describes the

long-range elastic interactions along the fault plane. It

is due to heterogeneities of the slip field. It is

expressed as

sIðr; tÞ �
Z

A

dr0Gðr; r0Þqðr0; tÞ ; ð2Þ

where A is the rupture area, and function Gðr; r0Þ
represents the static stress at point r due to unit slip at

point r0. It is assumed that (1) the wavefront at jr�
r0j ¼ t � vS simply leaves the static stress field behind

it, so variations of the transient stress between the

longitudinal and transverse wavefronts are neglected

(Hirth and Lothe 1967); and (2) that effects of finite

wave speed, or the stress correction due to the stress

signal delay, are neglected. Such an approximation

enables us to express stresses in terms of slips at the

same instead of at earlier instants, which defines the

overdamped or quasi-dynamics. The meaning and

validity of the approximation are discussed in Sena-

torski (2014).

Function G depends on the system geometry. For

simplicity, the vertical fault in a half-space solution,

with vertical slip direction, is used in the present

work. Consequently, the attractive force between

slips and a free surface is taken into account, but

effects of a fault dip angle value are ignored. In

particular, the normal stress variations, which are
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responsible for the fault strength (Scholz and Campos

2012), are not considered. Instead, the fault strength

is introduced directly by defining cohesive stresses,

sF, acting along the fault plane. Such an approach

enables us to study effects of the cohesive stress

parameters, such as strength or slip-weakening dis-

tance, for megathrust fault seismicity. The Green’s

function G used in previous works (Senatorski

2002, 2004) has been adapted to the simplified

megathrust geometry by changing fault boundary

conditions. It is consistent with the solutions pre-

sented by other authors (Chinnery 1963; Mansinha

and Smylie 1971; Okada 1992).

Cohesive stress. The cohesive stress field, sF, is

defined at each point of the fault interface as a

Gaussian function of the slip displacement from the

previous event, or the last healing, ~qðr; tÞ,

sFð~qÞ ¼ b

d
ð~q þ adÞ exp 0:5 � ð~q þ adÞ2

2d2

( )
; ð3Þ

where b represents the cohesive stress peak, d rep-

resents the slip-weakening distance, and a is related

to the initial stress: for a ¼ 0, the initial stress is zero

and it attains the peak value b for a ¼ 1 (Fig. 1). For

a\1, the cohesive stress increases with increasing

slip until its peak value is attained, then it decreases

with the ongoing slip to the residual value assumed as

zero. Here, a ¼ 0:6 is assumed in simulations. The

peak stress, bðrÞ, defines the fault strength at a given

point r. The higher the peak is, the higher stress is

needed to break the site. The slip-weakening dis-

tance, dðrÞ, is responsible for frictional fault behavior

at r. The fracture energy is represented by the area

under the cohesive stress line. Therefore, for a given

strength, larger d implies that more fracture energy is

consumed when the site moves. Small d implies

sudden stress drop and higher slip acceleration,

whereas its larger value implies that the stress is

gradually released. These two cases can be related to

intact rock failure and frictional sliding, respectively

(Ohnaka 2013). The choice of the Gaussian function

is motivated by the fact that it exhibits basic char-

acteristics of the cohesive stress, with the stress peak

separating its slip-strengthening and slip-weakening

parts.

Healing mechanism. After the driving stress drops

below the healing stress level, s\sH, the slip

movement stops and the cohesive stress is instanta-

neously rebuilt, i.e., ~q ! 0 and sF ! sFð~q ¼ 0Þ. The

healing stress is assumed to be proportional to the

peak stress, sH ¼ bb, with b ¼ 0:1. Then, when the

driving stress attains the cohesive stress initial value,

s[ sFð0Þ, sF starts to increase and, after attaining its

peak value, sF ¼ b, to decrease with the increasing

slip, according to Eq. (3), till the next healing. Note

that the healing mechanism activation occurs at low

driving stress level, when the slip velocity is low too.

Therefore, the healing is not activated shortly after

the slip begins, when the slip velocity is low, but the

driving stress is high. The model behavior depends on

the healing parameter b: Its lower value smooths out

heterogeneities in slips on the fault after consecutive

earthquakes, which leads to more regular earthquake

cycles. In fact, transition from regular behavior

(b ¼ 0:04) through period doubling (b ¼ 0:06) to

chaos (b ¼ 0:1) has been observed in simulations

with constant slip-weakening distances (Senatorski
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Figure 1
Illustration of a slip-dependent friction law and its stability regimes

for models M1–4. Cohesive stress vs. slip displacement relations

for four models are characterized by peak stresses and the slip

displacements at which the peak stresses are attained (thick lines).

The residual friction stress is zero. The area under the curve gives

density of the fracture energy consumed by the cohesive forces.

The back stress, kq, due to the elastic medium response for the case

of uniform slip along a square patch (the rest of the fault unmoved),

is determined by the system stiffness, k � 8=L [MPa/m], where L is

the patch size in kilometers (dotted line; L ¼ 4 km is assumed).

The resisting stress is defined as a sum of the cohesive stress and

the back stress (thin lines)
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2002). On the other hand, a larger b would lock

slipping at too high rates, so b ¼ 0:1 is here assumed

as generating realistic slip patterns.

The abrupt arrest of seismic slip at a given point

can be interpreted as the effect of the short-scale

variations of the dynamic friction above its residual

value, due to, for instance, encountered small asper-

ities. For low enough driving stress, such variating

resistance locks the movement locally at the final

value of sliding friction higher than its residual value

(Brune 1976). The resistance variation level is

assumed to be related to the local fault strength.

The healing stress, sH, can be regarded as the upper

limit of the size of the variations. The chosen b ¼ 0:1

value means that the upper limit of the variations is

10 percent of the local strength, b. Here it is assumed

that the slip movement stops with probability 1 if the

driving stress drops below the sH level.

The proposed healing mechanism, despite its

simplifications, leads to realistic fault behavior: local

stress and slip velocity variations, rupture propaga-

tion, earthquake parameters, and seismic cycle

complexity, are similar, at least qualitatively, to

those estimated for real seismicity or laboratory

experiments (Senatorski 2002, 2006). Note that (1)

the mechanism operates when the local slip velocity

decreases; (2) there is no healing if high driving

stresses overcome high cohesive stresses, i.e.,

restrengthening occurs after the stresses at a point

had been mostly released. On the other hand, the

mechanism causes an instantaneous increase of the

cohesive stress to its initial value after healing. Note,

however, that (3) the healing rule is local. The

collective behavior of larger fault patches is more

complicated: strengths of the locked patches depend

on their size and distribution of strengths in their

surroundings, so it changes gradually with the rupture

extension.

Subduction channel Slips along a thin fault plane

actually represent deformations within a subduction

channel, or a subduction interface that is hundreds of

meters to several kilometers thick (Cloos and Shreve

1988). Natural heterogeneities, such as the seafloor

topography and subduction channel material charac-

teristics, are mapped as distributions of the cohesive

stress parameters. Thus, the cohesive stress concept

can be thought of as representing all subduction

channel processes and characteristics, including

variations of normal stresses due to the plate topog-

raphy, pore pressure and buoyancy of the subduction

channel material, sediment consolidation, its viscos-

ity and density, as well as the channel thickness.

Seamounts and other topographic features within the

channel, which is filled with sediments and fluids,

create a complicated structure. Its detailed and

realistic description in terms of a hilly surface

moving across the non-elastic medium requires an

adequate theory. Using the cohesive stresses as

representing basic, averaged characteristics of the

subduction channel, including both slip along rupture

planes and volume deformations within the channel,

is chosen as an alternative approach. Note that

horizontal dimensions of the topographic features,

such as seamounts, are of an order of kilometers,

whereas earthquake slips are measured in meters, so

the related strength heterogeneities can be treated as

fixed characteristics.

Also, threshold stress for healing can be inter-

preted in the subduction channel context. Sediment

dewatering and underplating can not occur where the

shear stress acting on the material near the channel

roof exceeds a critical value. On the other hand,

strong asperities, such as seamounts, can still slowly

move with the descending plate where the shear stress

is high enough to rasp the overriding plate, causing its

erosion (Cloos and Shreve 1988). The proposed

model suggests that two processes should be distin-

guished: frictional sliding, and underplating or

erosion processes. The latter is related to enabling

or inhibiting the healing mechanism. That is why the

slip-dependent cohesive stress and the healing mech-

anism are treated separately in this approach.

Tectonic stress The tectonic stress, sT, is due to

the tectonic loading,

sT ¼ sTðt0Þ þ
l
w

VPðt � t0Þ �
1

A

Z
A

dr ½qðt; rÞ � qðt0; rÞ�
� �

;

ð4Þ

where VP is the relative plate velocity; t0 means the

simulation starting time; w denotes the width of the

elastic medium layer surrounding the fault, as mea-

sured perpendicularly to the fault plane (Senatorski

2002). The tectonic stress increases as within the

elastic layer of width w, which is deformed by a
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steady movement of its sides at the relative speed VP.

Here w ¼ 30km is assumed in the simulations. The

tectonic stress decreases with the mean slip along the

planar cut within the layer. The stress sT can be

thought of as the uniform component of driving

stresses.

Stable and unstable slips The unstable slip move-

ments start if the driving stress, s ¼ sT þ sI, decreases

slower than friction, sF, during sliding. Consider the

uniform slip q on the L � L square fault patch. In this

case, the interaction stress is the back stress due to the

elastic medium response, which resists the slip

movement; it depends on the slipping area size. The

driving stress is

s ¼ sT � kRq ; ð5Þ

where sT is assumed to be constant. The driving stress

decrease with increasing slip, due to the medium

response or the back stress, is represented by the

interaction stress term, sI ¼ �kRq, where the system

stiffness is (Senatorski 2002; Okada 1992)

kR ¼ ðl=4pÞ½ð2 � mÞ=ð1 � mÞ�ð
ffiffiffi
2

p
=LÞ : ð6Þ

This gives for the back stress kRq � 8q=L for l ¼
3 � 104 MPa and the Poisson’s ratio, m ¼ 0:25 (L in

kilometers, q in meters; Fig. 1).

The cohesive stress decrease can be approximated

as

sF � b � kCq; ð7Þ

where b denotes the cohesive stress peak value. The

slip movement starts when the tectonic stress attains

the cohesive stress peak stress or strength value,

sT ¼ b. The critical stiffness, kC, is proportional to

the rate of the cohesive shear stress decrease,

kC � b=d : ð8Þ

Both parameters, b and d, represent material fault

characteristics.

The stable to unstable slip transition occurs after

the system stiffness exceeds its critical value, kR\kC.

The stiffness kR depends on distribution of slips, or

the area of possible slip (it is easier to move larger

rupture area), whereas the critical stiffness is related

to the plate frictional coupling or cohesive stress

dependence on slip displacement (it increases with

the increasing slope of the stress vs. slip-weakening

distance line). The critical stiffness can be exceeded

in two ways: (1) by decrease of the system stiffness

kR (dynamical factor), or (2) by increase of the

critical stiffness kC (material or structural factor).

The unstable rupture condition, kR\kC, can be

written as

L[ ðl=4pÞ½ð2 � mÞ=ð1 � mÞ�ð
ffiffiffi
2

p
ðd=bÞ : ð9Þ

Thus, for given strength, larger d requires larger

slipping area size for an unstable rupture. In general,

stable or unstable slip movements depend on distri-

bution of slips and on the concurrently slipping area

size, as well as frictional or cohesive stress local

characteristics.

Figure 1 illustrates the condition for the unsta-

ble slip. For the same strength, b ¼ 4:2 MPa, three

cases of small (M1, d � 0:2 m), medium (M2 and

M3, d � 0:6 m) and large (M4, d � 1:7 m) slip-

weakening distances are considered. The critical

stiffness values are, respectively

kC ¼ b=d ¼ 21 MPa/m, 7 MPa/m, and 2:5 MPa/m.

The system stiffness due to the medium back stress

response, represented by the kRq ¼ �sI dotted line, is

kR ¼ 2 MPa/m (L ¼ 4km), so kR\kC in all cases. For

each model, M1–M4, two lines are shown: the

cohesive stress, sF (thick line), and the fault resistance

line, sR ¼ sF þ kRq (thin line). Assuming constant

tectonic stress, sT, the difference Ds ¼ sT � sR ¼
sT þ sI � sF is the net stress given by Eq. (1).

Therefore, the unstable slip is possible, if the sR line

has a minimum value lower than the tectonic stress.

Note that the sR stress peak value is higher and is

attained at a larger q than the sF peak value. This

effect is due to the initial slip-strengthening part of

the cohesive stress function. Only stable slip move-

ments (i.e., slips under increasing tectonic stress)

would be possible for: (1) lower strength, b, (2) larger

slip-weakening distance, d, or (3) smaller rupture area

size, L.

Radiated energy Intensity of the fault slip move-

ments is measured by using the radiated energy rate

signal. The radiated seismic energy, ES, can be

defined as the portion of the released potential

energy, W, that is not consumed by the fault

resistance to slip. For quasi-dynamics, such definition

3980 P. Senatorski Pure Appl. Geophys.



leads to the seismic energy rate expressed as (Sena-

torski 1994, 2014)

_ESðtÞ ¼
l

2vS

Z
A

dr _qðr; tÞ2: ð10Þ

Equation (10) can be obtained directly from Eqs. (1),

(2), and (3) by noting that they represent a gradient

dynamical system, or the overdamped dynamics

(Lichtenberg and Lieberman 1992; Senatorski

1994, 1995). The quasi-dynamic solution for the

radiated seismic energy, ES, when applied to real slip

velocity fields, _qðrÞ, approximates the correct, fully

dynamic solution for the radiated seismic energy. The

approximation can be explained as follows: Term

ðl=2vSÞ _q in Eq. (10) stands for the net stress, Ds, as

defined by Eq. (1), whereas the correct solution

depends on the static part of the net stress only. This

is because the released potential energy, W, depends

on the long-range elastic interactions (or concurrent

slips), as they occur in Eq. (2) (Senatorski 2014).

2.2. Specific Models

Distributions of parameters bðrÞ and dðrÞ are

generated as random fields defined by 2D stochastic

processes. Two different processes are combined.

The fractional Gaussian noise enables us to model a

rough surface, where the Fourier coefficients of the

surface elevation, AN , are related to the correspond-

ing wavenumbers kN by the relation AN / k
�b=2
N . It

results from filtering a Gaussian white noise (b ¼ 0;

Turcotte 1997). The Neymann–Scott process enables

us to represent larger structures. It results from

clustering applied to a Poisson process, where the

daughter points are scattered around the parent points

(Stoyan et al. 1995). The modeled objects, or asper-

ities, have their internal structure, as suggested by

hierarchical asperity models (Uchida and Matsuzawa

2011).

Four models, M1–M4, with the same distribution

of b and different distributions of d are considered

(Fig. 2; Table 1). The fault surface of 100 km length

and 60 km width is discretized into 1 km � 1 km

segments. The fault plane is divided into three parts,

25, 10, and 25 km of width, respectively. The

fractional Gaussian noise with b ¼ 2, b ¼ 2:8, and

b ¼ 0 is applied to obtain the fault strengths, bðrÞ, on

the deep, medium, and shallow part, respectively.

Then, the Neymann–Scott process is used to create

larger structures with higher strengths. The noise is

rescaled, so that its mean value bmean
noise ¼ 0:4 MPa. The

larger structures are rescaled, so that the maximum

strength bmax ¼ 4 MPa.

Slip-weakening distances, dðrÞ, are assumed pro-

portional to the strengths, with their maximum values

dmax ¼ 0:1m and 0.8 m for M1 and M4, respectively.

If d\dmin, d is replaced by the minimum values

dmin ¼ 0:02m for both models. For M2 and M3,

dmax ¼ 0:3 m, and the minimum values are dmin ¼
0:01 m. A larger value of dmin ¼ 0:4 m is assumed in

the upper 20 km layer in M3 to investigate possible

effects of the higher slip-weakening distance values

at smaller depth on the fault dynamics. The initial

stress parameter, aðrÞ, is fixed as a ¼ 0:6. Fracture

energies can be obtained by integration of the

cohesive stress, sF, over slip, q. Therefore, the role

of different fracture energy distributions (strengths

are the same) can be analyzed by using M1–M4. Both

Figure 2
Distribution of peak cohesive stresses on the 100 � 60 km2 fault

(with 1 � 1 km2 discretization cells). The strength random field is

generated by using the combined Neumann–Scott (with maximum

value of 4 MPa) and fractional Gaussian (with mean value of

0:4 MPa) stochastic processes. The 27 km at depth section with

three measurement points, A1–3, is shown in the subplot. The peak

stress b ¼ 0 at the bottom, leftmost and rightmost boundary cells
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long-term seismicity and individual earthquake rup-

ture patterns generated by the models are compared.

For a slip on a single discretization cell,

L ¼ 1 km, the system stiffness kR ¼ 8 MPa, so

kR\kC for M1, and kR [ kC for M2, M3, and M4.

This means that spontaneous slip is possible (since

the net stress increases above zero at constant

tectonic stress) at a single discretization cell in the

case of M1. The slip distance and slip velocity are

limited during such an event: the asperity breaks, and

the slip velocity pulse occurs, but it does not

propagate by breaking its neighboring cells. In the

case of M2, M3, and M4, the spontaneous slip is only

possible if more discretization cells are involved.

Small slip-weakening distances of M1 enable single,

localized asperity breaking without rupture propaga-

tion. Thus, the 1 km � 1 km discretization cell

determines the smallest asperity size that can break

singly, as the smallest earthquakes, or initiate larger

events by rupture propagation. The assumed dis-

cretization cell size enables us to model both single

asperity breaks and wide, smooth, propagating rup-

ture fronts.

Note that estimation of the cohesive zone size for

the slip-weakening friction models (Day et al. 2005)

gives about 0:7 km in the case of M1, which is less

than the computational grid size. This is consistent

with the stiffness analysis: Single grid failures should

be considered as the smallest asperity breaks. In the

case of M2–M4, the estimation gives about 2 and

5 km, respectively, so well above the computational

grid size.

Variations of strengths, b, correspond to topo-

graphic or structural fault characteristics, such as

seamounts and ridges. Variations of slip-weakening

distances, d, correspond to frictional fault character-

istics, which may be controlled by sediments or

fluids. A role played by those geological features,

whether they increase or decrease the interplate

coupling coefficient, have been debated (Wang and

Bilek 2011; Scholz and Small 1997). In the present

paper, effects of related strength and friction varia-

tions are studied.

The relative plate velocity VP ¼ 0:1m/year is

assumed in Eq. (4). This value defines the long-term

time scale of tectonic loading. For computational

reasons, to enable simulations of both earthquake

cycles (the long-term time scale in years) and single

events (the short-term time scale in seconds) by using

the same model, a higher impedance value of jy ¼
0:001l MPa year/km ¼ 3 � 104 MPa s/km is used.

Then, when details of single events or multiple events

are analyzed, the rescaling procedure is applied, with

the scale factor js=jy ¼ 0:006 s/year, to recover the

correct order of magnitude of slip rates during

earthquakes (Senatorski 2002). Interpretation of the

simulation results needs caution since the tectonic

plate rate-to-slip rate ratio (so earthquake recurrence

time to earthquake duration time) is higher in

simulations than in the real world. To distinguish

between multiple events and separated earthquakes,

one should verify whether the event is triggered by

slips at neighboring sites or by the tectonic loading

(Senatorski 2002). The approach enables us, how-

ever, to analyze the seismic vs. aseismic slip interplay

effectively.

Because of the model fault size, 100 km � 60 km,

up to � 4 MPa strengths, earthquakes with up to

Table 1

Model parameters

Model dmax, m dmin, m a bmax, MPa bmin
noise, MPa

M1 0.1 0.02 0.6 4 0.4

M2 0.3 0.01 0.6 4 0.4

M3 0.3 0.01, 0.4 0.6 4 0.4

M4 0.8 0.02 0.6 4 0.4

Each of the models, M1–M4, has the same distribution of strengths, b, and initial stress parameters, a. Distributions of slip-weakening

distances, d, are proportional to the strengths, with scale coefficients that are different for each model. Maximum and minimum slip-

weakening distances, dmax and dmin, maximum strength, bmax, and its mean noise value, bmean
noise , are given. Higher minimum critical slip (0.4 m)

at the 20-km upper layer is assumed for M3
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� 1m of slip are generated at an average rate

determined by a 0.1m/year slip budget.

3. Results

3.1. Long-Term Scale

The radiated energy rate variations (Fig. 3a),

computed by using Eq. (10), exhibit irregular earth-

quake sequences. The largest events are separated by

smaller ones. Time between the largest earthquakes

varies, but subsequent seismic cycles can be distin-

guished by looking at the tectonic stress variations:

New cycles start after the tectonic stress is mostly

released (Fig. 3b). Thus, the tectonic stress signal

provides extra information about system behavior.

Larger energy rates and largest tectonic stress

drops occur for lower dmax (M1). Larger tectonic

stresses are attained for higher dmax (M3), but they

decrease more gradually. Larger d, or larger fracture

energies, stabilize the system, causing its evolution to

be gentler, even if high peak stresses are attained.

Note that the higher stresses do not imply larger

stress drops.

Large earthquakes can follow sequences of

smaller events. Such patterns illustrate the problem

of earthquake forecasting based on a short-term

seismicity. In fact, the regularly repeating moderate

earthquakes within the Tohoku–Oki region before the

great 2011 event might have suggested that they are

characteristic for the region. On the other hand, old

tsunami traces suggest that much larger earthquakes

Figure 3
Long-term fault behavior. Seismic energy release rates for models M1 and M3, and time variations of the tectonic stress for the same models
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occur with the repeat time of about a thousand years

(Hashimoto et al. 2012).

Both seismic and aseismic slips can be recognized

in Fig. 4 (M2), where distribution of slip distances

covered during a 1-year-long interval is shown. The

elevated, curved surface represents the aseismic slip

of about 10–20 cm. The hills represent coseismic

slips and the valleys represent coupled, slip-deficit

regions. Note that the slips are measured relative to

their reference distribution at a given time; the

coseismic slips do not exceed the maximum aseismic

slip value as measured from the beginning, zero slip

distribution. In the long-term perspective, the same

slip distance is covered at each point. For shorter time

intervals, however, changing areas of slip deficits and

excess occur around asperity regions. Although the

hill and valley patterns change with time to some

extent, their general outlines remain permanent fault

features.

Despite slight difference between slip-weakening

distance values at smaller depth for M2 and M3,

general characteristics of their dynamics are similar,

as determined mainly by the large structures. The

difference may be essential for the resulting ground

Figure 4
Distributions of slips on the fault during 1-year-long interval for the

model with larger slip-weakening distances (M2): aseismic slips

and coseismic slips at broken asperities

Figure 5
Driving stresses at the same asperity (41 km along strike, 27 km of depth) for M1–M4. The stresses exhibit slow increase and sudden drops for

M1. Sudden stress drops related to large earthquakes are followed by slow slips for M2 and M3
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Figure 6
Driving stresses and slip rates (in log scale, dashed lined) at different asperities (A1: 14 km; A2: 41 km; and A3: 42 km along the strike,

27 km of depth) for M3. Different stress patterns between large events are shown. Fast slips during earthquakes are indicated by vertical bars.

Zero slip rates mean locked asperity

Figure 7
Distributions of slips on the fault for consecutive 3 � 10s intervals: a 0–10 s, b 11–18 s, c 19–24 s, and d 25–28 s, for the model with shortest

slip-weakening distances (M1); a breaking of individual asperities; b–d propagating rupture front that activates individual asperities
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motions, which is outside the scope of the present

work.

3.2. Short-Term Scale

Driving stress variations at the same asperity (A2:

41 km along strike, 27 km of depth; see Fig. 2) are

compared for M1–M4 (Fig. 5). The stresses increase

slowly until they suddenly drop during large earth-

quakes for M1. For M2 and M3, steep stress drops are

followed by periods of gentle stress decrease, which

reflect slow slips. This means that locked asperities

can exhibit both unstable, coseismic rupture and

stable afterslip. Slips are more stable in the case of

M4: The slip movement is too slow at the asperity to

propagate into other asperities, so the area of

simultaneous slip is too small for unstable move-

ments. It can be concluded that slow and fast slip

occurrences at the same place requires relatively

large d, so that the unstable movement can occur only

if the slipping area is adequately large.

The driving stress variations and the slip rates at

different locations (A1–A3: 14, 41, and 42 km along

the strike) for M2 are shown in Fig. 6. Different

patterns of stress at chosen sites occur between two

large events. The first event starts when A3 (42 km)

breaks, inducing unstable slip at A2 (41 km). The

strong asperity at 41 km exhibits fast slip during the

earthquakes and slow slip between them. This slow

slip increases stresses at adjacent sites, leading the

next fast slip at A3, and, consequently, the sudden

stress growth at A2 without its breaking. The A2

breaks later, during the second great earthquake that

starts close to A1 and involves all the illustrated sites.

Again, the unstable slip at 41 km occurs after the

neighboring asperities become ready for being broken

and, consequently, the slipping area becomes large

enough. It can be concluded that both fast and slow

slips are possible at the same asperity, depending on

distribution of slips and stresses in its surrounding.

Distributions of slips during earthquake ruptures

are illustrated in Figs. 7 and 8. Slips during consec-

utive several seconds-long intervals are shown. Two

types of the rupture patterns can be distinguished.

First, stronger patches break separately when their

strengths and sizes allow unstable slip. This is

possible only if the slip-weakening distance, d, is

short enough. Isolated, sharp hills representing slips

that emerge from the relatively flat surface illustrate

the case (Fig. 7a; M1). Second, when a larger area

starts to slip, sharp peaks emerge from an extended,

smooth elevation that propagates along the fault

(Fig. 7b–d; M1). The strongest asperities break or re-

break when the spreading slip wave sweeps them

away. The unstable slip movement extends on weaker

places that can slip slowly otherwise. For larger slip-

weakening distance, the propagating rupture front

extends, sweeping increasingly stronger asperities

that cannot break separately (Fig. 8a–e; M3). Larger

fault area is involved by the rupture process.

Two earthquakes simulated by using M1 (d ¼ 0:1

m) and M2 (d ¼ 0:3 m) are illustrated in Figs. 9 and

10, respectively. Temporal variations of the radiated

energy rate are more irregular in the small d case of

M1 (Fig. 9). The event consists of two subevents,

which can be also treated as an earthquake doublet

since slower movements occur between these sube-

vents. The two largest asperities (A2 and A3) break

almost separately during these subevents (Fig. 9c, e),

with only small slips induced on the neighboring

asperity. Consequently, characteristic stress switch-

ing occurs at these two asperities (Fig. 9d, f). In

contrast, more regular variations of the energy rate

occur in the larger d case of M2 (Fig. 10). Both

asperities break during a single event (Fig. 10c), so

the stress is released at both locations (Fig. 10d).

4. Discussion

The slow versus fast slip interplay is more than

just about the friction law problem. This is because

slip instability depends both (1) on the critical stiff-

ness, i.e., on the local friction variations with slip, and

(2) on the system stiffness, i.e., on the rate at which

the driving stress decreases with slip at a given

location due to the medium response. The system

stiffness is related to the slipping area size and dis-

tribution of slips, so it changes from one event to

another, even if the local friction parameters remain

unchanged.

Computer simulations of earthquake sequences

illustrate fault activity in different scales. The model

3986 P. Senatorski Pure Appl. Geophys.



is simplified, but it enables us to analyze patterns of

slow and fast slips and other rupture characteristics,

and to reveal relations between these patterns and

underlying fault heterogeneities. Therefore, the

model can be qualitatively interpreted in terms of a

subduction megathrust with heterogeneous frictional

coupling distribution.

Strong, coupled interface patches (asperities) and

their weaker surroundings resulting from a variety of

material and structural fault features, such as sub-

ducted seamounts or ridges, sediments, and released

fluids, are modeled as respective distributions of

frictional peak stresses and slip-weakening distances

(Scholz and Campos 2012; Heuret et al. 2012; Van-

nucchi et al. 2017). The patches of high peak stresses

are interpreted as asperities. The asperities have their

internal structures: More or less densely distributed

stronger places are surrounded by weaker ones

(Uchida and Matsuzawa 2011). The asperities are

characterized by different slip-weakening distances.

Due to such asperity structure, the coseismic slip area

depends on which of the strong sites break. Locked

asperities limit the possible slip area size of other

asperities located within their areas. The largest

earthquakes occur after the strongest asperity in a

given region breaks. Then, weaker asperities start to

define smaller rupture areas surrounding them (Se-

natorski 2017).

Healing processes are enabled if the driving stress

drops below a threshold value. The fault does not heal

under high driving stress, even if the net stress and

the slip rate are low. Such an approach is motivated

by subduction channel characteristics, where high

driving stress inhibits underplating and enables ero-

sion at the channel roof and the overriding plate.

Thus, the healing mechanism is distinguished from

the laboratory-derived friction law, which is adequate

for a well-defined rupture plane. On the other hand,

the stress-dependent healing can be also supported by

laboratory experiments (Brantut 2015), where the

proposed mechanism of the observed damage

recovery is related to the microcrack closure. Further

studies on the healing mechanism in the subduction

channel context are needed.

The tectonic stress is understood as the uniform

stress component in a major fault region. Cyclic

Figure 8
Distributions of slips on the fault for consecutive 9–17-s intervals: a 0–17 s, b 18–34 s, c 35–44 s, and d 45–54 s, for the model with longer

slip-weakening distances (M3): smooth rupture front
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stress accumulations and reliefs are reflected by

vertical motions observed on the surface above

megathrust seismogenic fault segments. Therefore,

saw blade patterns of continuous GPS and sea level

time series can be compared with the simulated tec-

tonic stress variations (Natawidjaja et al. 2004; Sieh

et al. 2008; Konca et al. 2008).

The present paper is focused on the role played by

the slip-weakening distance values, d, in the stable vs.

unstable slip interplay and large earthquake occur-

rences. Unlike in other papers (Hillers et al. 2006),

distributions of d are not defined separately; instead,

values of d are proportional to strengths, b, which

define asperity distributions. Higher or lower d in

models M1–M4 are related to their assumed maxi-

mum value.

Larger d values lead, on average, to higher tec-

tonic stresses, but smaller stress drops, since stresses

decrease gradually to minimum stress levels. Thus,

large d stabilizes the system. The model limits seis-

mic activity to the fault plane only; in the real world,

higher tectonic stresses may be responsible for higher

seismicity levels in the surrounding fault.

Sequences of small or moderate earthquakes do

not exclude large events. A great earthquake can

occur after the toughest asperity breaks and a large-

scale slip becomes possible. Analyses of the slip

budget and rupture style of smaller earthquakes,

assumed to be related to distribution of d, could be

used to estimate the potential for large events. In the

real world, sequences of moderate earthquakes occur

within the Tohoku–Oki 2011 earthquake region

(Hashimoto et al. 2012).

Large d values can both promote and restrain

moderate or large earthquakes. Large events are

promoted for two reasons, related to (1) the

Figure 9
Simulated earthquake (M1). Temporal variations of the radiated energy rate (a), tectonic stress (b), slip velocities (c), and stresses (d) at A1

and A2 for the first and second (e and f, respectively) subevent. Dotted lines represent driving stresses and solid lines represent cohesive

stresses (see Eq. 1)
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system stiffness and (2) interaction strength. First,

the unstable movements at the strongest asperities

become possible only when the slipping area is

large enough (so, the system stiffness becomes

small enough), say larger than the asperity size.

Second, a larger fault area is involved by the

rupture process, because longer slips at instability

imply higher stresses acting on neighboring

asperities (so, interactions among asperities are

stronger).

If, due to a large d value, individual asperities

cannot release all the accumulated stresses by

unstable slip, two scenarios are possible: (1) They

break within a larger slipping area, or (2) they slip

gradually by slow movements at high driving stres-

ses. In the first case, the strong patches promote large

events, as described above, accumulating stress for a

long time. In the second case, however, they restrain

large earthquakes. Depending on both strength and

slip-weakening distance distributions, large events or

aseismic creeping occur. The system can switch

between these two scenarios, if the distributions

change due to some physical processes.

Small d values allow the same asperities to break

singly. In this case, small and moderate earthquakes

are promoted, depending on asperity sizes and the

fault structure. This leads to the effect of stress

switching at neighboring asperities that break one

after another (Fig. 9). Large earthquakes, involving

more asperities breaking in groups, are possible, but

as a random effect: The asperities break together if

they just happen to be in the same phase. For large d,

asperities tend to break in groups, embracing large

regions with both high and low strengths.

Possibility of different roles played by asperities,

depending on the fault structure and its material

characteristics, shed some light on the controversy

about whether subducted seamounts start or stop

large earthquakes (Mochizuki et al. 2008; Wang and

Bilek 2011; Scholz and Campos 2012). Both roles

can be played in the real world, and parameter

d seems to be an important factor. The seamounts are

Figure 10
Simulated earthquake (M2). Temporal variations of the radiated energy rate (a), tectonic stress (b), slip velocities (c) and stresses (d) at A1

and A2. Dotted lines represent driving stresses and solid lines represent cohesive stresses (see Eq. 1)

Vol. 176, (2019) Slip-Weakening Distance and Slip Patterns 3989



thought of as the regions of higher normal stresses,

which enable unstable slips (Scholz and Small 1997).

However, the slip-weakening distance, d, is another

factor deciding the slip style besides strength. Thus,

the subducted seamounts can play both roles, moving

by unstable slips or creeping, depending on the

material characteristics on the plate interface.

Both slow and fast slip movements are possible at

the sites with large d values, depending on the slip-

ping area size. Only slow slip is possible, if the size is

limited by strong, locked asperities. Fast slip occurs

after consecutive asperities break and the area of

possible slip increases.

Large and smooth waves of the slip velocity field

propagate into weaker segments that slip slowly

otherwise. This effect explains the unstable slip at the

shallow fault segment close to the trench during

Tohoku–Oki 2011 earthquake.

The stiffness dependence on the slipping area size

leads to a rupture hierarchy. Locked asperities cause

the back stress in their surroundings and limit the

possible slip area size of other asperities. Both

stable and unstable slips are possible within the

locked asperity region, but such slips become larger

and faster after the locking site breaks. Such a view is

consistent with the hierarchical asperity model out-

lined by Uchida and Matsuzawa (2011) and Lay

(2015). According to that model, the plate frictional

coupling is defined by hierarchical asperity struc-

tures. The present paper shows that the hierarchical

megathrust nature may result both from heteroge-

neous frictional coupling, as well as the system

dynamics dependent on changing stability conditions

along the fault.

By using the quasi-dynamics approximation in

simulations, inertial effects of the rupture process are

neglected, as described in Sect. 2.1. Such effects can

be important during large earthquakes, when the area

of simultaneous slip is large and the rupture front

propagates fast (Senatorski 2014). Their significance

for the interplay between slow and fast fault move-

ments, and for the fault stability conditions that lead

to seismic or aseismic character of slip, is debatable.

The present work is an attempt to find a possible

explanation of the unexpected seismic–aseismic slip

patterns without referring to the inertial effects.

5. Conclusions

The heterogeneous fault model with slip-depen-

dent friction enables us to explain some unexpected

seismicity patterns in subduction zones. The debated

observations concern seismic and aseismic slips that

occur at the same sites, hierarchical nature of the

megathrust dynamics, and different roles played by

subducted seamounts. Two related effects, the fault

stiffness and slip-weakening distance, provide a key

to understand these findings. The role of both effects

have been often neglected. Although continuum fault

models have inherently incorporated the fault stiff-

ness, most works are focused on local friction law

and its modifications only to explain the observed

seismicity patterns.

The main findings can be summarized as follows.

• Complex processes within a subduction channel

can be modeled by using the slip-dependent

friction law with strength and slip-weakening

distance as two model parameters.

• Slow or fast slip is more than the friction law

problem only; it depends also on the changing

system stiffness, which is related to the rupture

area size.

• Relatively large slip-weakening distance value

leads to a variety of slip patterns with both small

and large earthquakes possible.

Future works should reveal specific relations between

model parameters, such as strengths, slip-weakening

distance and healing stress values, and subduction

channel characteristics in the real world.
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