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Abstract—This paper is a brief review of the main recent results obtained by studying fault slip processes.
The published hypotheses and data are analyzed within the approach proposed by Panin, according to which
the subsurface is considered as a multilevel hierarchically organized system where all processes evolve con-
sistently at the nano-, micro-, meso- and macroscale levels. The review focuses on the hierarchy of structures
that, according to modern concepts, form the seismogenic fault slip zone. The relationship of the structures
with the mechanical characteristics of localized slip surfaces and microcontacts determining the slip dynam-
ics of fault zones at the macrolevel is discussed. It is shown that the evolution of the contact properties of
filler particles in the slip zone determines not only the occurrence of instability, but also the ability of a fault
to recover strength with time. The simplest scheme of the hierarchy of macroscopic asperities is described to
support the important principle that the initiation, evolution and arrest of a seismogenic fault depend on the
size and relative position of regions with different dynamics of frictional characteristics during slip. The per-
formed analysis of the results of field observations shows that because of the insufficient accuracy of obser-
vations and the ambiguous interpretation of the inverse problem solution, it is impossible to correctly identify
fault segments with the velocity weakening property. The size and location of these zones can be more accu-
rately determined from the analysis of records of high-frequency oscillations in the vicinity of an earthquake
rupture. The basic principles of physical mesomechanics provide a good basis for the interpretation of such
results.
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1. INTRODUCTION

Geologists have long been aware that the Earth's
crust, both on surface and in subsurface zones, con-
tains a huge number of inhomogeneities and defects
of various scales, from micro- and nanostructures to
transcontinental faults. Geomorphologists [1, 2] drew
attention to the regular hierarchy of crustal blocks,
and later geophysicists introduced the corresponding
hierarchy of deformation processes, physical and
mechanical properties, and stress field parameters
[3-5]. In so doing, the results derived within contin-
uum mechanics were often inconsistent with the im-
portant local effects appearing mainly at structural
boundaries.

In the 1980s and 1990s, V.E. Panin established a
new scientific direction, physical mesomechanics [6—
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8], which concerns with the self-consistent behavior
of defects of all scales in a solid under deformation
and seems to be applicable to the description of the
deformation features studied in Earth sciences. Me-
somechanics considers the medium, including the
geomedium, as a multilevel hierarchically organized
system, where all processes evolve self-consistently
at the nano-, micro-, meso- and macroscale levels. In
this case, the interfaces between regions with special
properties are taken as functionally important subsys-
tems [9].

An earthquake is caused by slip on a pre-existing
geological fault. This is the main concept in the the-
ory of earthquakes based on faulting, which was in-
dependently developed by Gilbert (1884) and Koto
(1893) and generalized by Reid (1910). Within this
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paradigm, cumulative displacement on the fault re-
sults from repeated sudden slips that occur at regular
intervals on each active fault or its segment. Gilbert
noted in his early works that an earthquake occurs
when the stress accumulated on the fault becomes
large enough to overcome the initial friction [10].
Later, probably when affected by investigations into
cracking, friction faded into insignificance, and frac-
ture at the earthquake source was associated with the
crustal strength [11]. In such a model, earthquakes
are caused by fracture in strong fault segments. Few
or no earthquakes occur in weak, relatively low-
strength, fault segments. This point of view is diffi-
cult to confirm experimentally because stresses in a
particular site of the crust cannot be measured by
seismological methods.

The situation changed radically when the alterna-
tive stick-slip mechanism was proposed in the fun-
damental work by Brace and Beyrlee [12]. By ex-
tending the sliding friction model, well known in
mechanics, to the physics of faulting, an earthquake
is thought of as a dynamically unstable slip occurring
periodically on the fracture surface. In the stick-slip
model, the seismicity of faults does not deal with
strength, but depends on the stability or instability of
the frictional properties of the fault, i.e. on the rate of
friction variation with displacement or slip velocity
as compared to the unloading rate of the host me-
dium. In this case, the stress relieved during slip is
reliably determined from the data of instrumental
observations.

The resolution of modern seismological methods
makes it possible not only to measure the average
fault displacement and stress drop, but also to esti-
mate their distribution both in time and in space. A
variation of these parameters within a fault turns out
to be very significant, which is undoubtedly associ-
ated with heterogeneity of the structure, frictional
properties and stress on the fault plane.

In the second half of the 20th century, attempts to
describe parameters of high-frequency motion ob-
served in the near zone of an earthquake led to the
development of an approach based on asperities. The
latter are strong, stressed spots on the slip surface,
which are surrounded by areas where stress is par-
tially relieved during the interseismic period [13]. In
the vicinity of these spots, the coseismic displace-
ment is maximum, and the contribution of the seis-
mic component to tectonic strains is close to unity.

Methods of seismology and tectonophysics, which
deal with large spatial scales, are not yet able to ade-
quately describe mechanical regularities of the proc-

ess of fault preparation, initiation, and arrest. They
are limited for the most part to the statement and de-
scription of observation results [14], although there is
some progress in this direction [15].

Slip during strong earthquakes occurs along faults
hundreds of kilometers long, but dynamic weakening
of friction that makes this slip possible is controlled
by processes in a wide size range, from nano- to
macroscales. In these regard, the fundamental princi-
ples of physical mesomechanics developed by Panin
with the multilevel hierarchical approach to the
analysis of deformation and fracture of solids can be
extremely efficient in solving the problems of earth-
quake source physics.

This paper provides a brief review of the formu-
lated concepts and recent results of investigations
into fault slip processes.

2. GEOMETRY OF SLIP SURFACES IN ROCKS

When analyzing slip on continental faults, many
specialists frequently address, explicitly or implicitly,
a misleading description of asperities. These are
taken as locking coarse irregularities in the contact
zone, giving higher effective friction angles and ad-
hesion in asperity zones.

Almost all tribological models of friction are pri-
marily based on experiments with relatively smooth
surfaces of structural materials. Nevertheless, stick-
slip models and the dependence of the friction coeffi-
cient on the velocity and displacement, wear of sur-
faces, etc. are applicable to friction processes in
rocks, at least in laboratory samples [16—18]. In so
doing, the deduced results cannot be easily expand to
slip regularities in cracks and faults up to several
hundred kilometers in length on account of the pro-
nounced scale dependence of rock and interface
properties. Consideration should be given to the sur-
face geometry and material properties at different
hierarchical levels.

Any real surface has a definite topography, so
that, when in contact, even almost flat surfaces touch
each other only in some areas. The total area of true
contact is rather small: the relation 4, <<A holds up
to high pressures, where A is the sample area, and 4,
is the contact area.

Fault zones are no exception. The topography of
exhumed fault surfaces and the geometry of crack
and fault lines (their roughness) have been inten-
sively studied [19, 20]. The intuitively clear concept
of roughness is defined as a set of surface irregulari-
ties at a relatively small spacing within the limits of
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the sampling length, providing a way to assess the
surface roughness by contact measurement with a
profilometer. The average roughness height is di-
vided by the profile length: rougher surfaces have
higher ratios. Similar methods for surface roughness
measurement and evaluation, often used in classical
mechanics, came into geophysical use in the middle
of the 20th century. New roughness measurement
methods have evolved by the end of the 20th century:
noncontact methods, allowing for a significant in-
crease in the measurement resolution down to frac-
tions of nanometers. To do this, the surface is
scanned by an ultra-thin probe/needle with the
nanometer tip and by a laser beam reflected from the
surface (atomic force microscopy, AFM). The probe
moving across the surface can change the distance to
the sample to keep the interaction value constant.

Numerous topographic measurements yield the
relation of the surface roughness of real rocks to the
scale of observations:

4, =KL, (1
where A,, is the average asperity height on a scale L,
and K is the constant factor [21-24]. Surfaces well
described by the power law with £=1 are classed as
self-similar surfaces, and surfaces with £# 1 refer to
self-affine surfaces [19, 25]. The exponent & in rela-
tion (1) is often called the roughness index.

Surface roughness was quantified on scales from
fractions of nanometers to tens of meters in both
natural objects and laboratory samples, for example,
in [21-26]. It turned out that the roughness index is
close to 0.80 for many fault surfaces. Thus, in [21,
27] it was shown that cracks from 1 to 1500 m in
length, the roughness measurement results are best
described by the dependence

A, =75x1071"%, )

where the average amplitude of the profile deviation
A, and the block length L are measured in meters.
Similar roughness values along parallel profiles of
the fault, which are described by a self-affine geome-
try with the roughness index close to 0.8, were ob-
tained in [23, 24, 28, 29]. The roughness indices—
0.5 for small scales and 0.8 for large scales—were
proposed by Bouchaud [22].

Spectra calculated for topographic profiles of
faults have the functions of the spectral power den-
sity G(f) with an equation of the form G(A)=CA"™,
where C is the constant factor, & is the Hurst expo-
nent or roughness index, and A is the wavelength, i.e.
the spectra can be described by a linear fractal model
[19, 20]. At the same time, the study of fault profiles
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parallel to slip and profiles normal to slip reveals the
anisotropy of roughness [20, 26, 28, 30].

Recent experiments on rocks [31] confirmed that
the ideas formulated for industrial materials [32] are
valid for the microlevel: normal stress on contacting
irregularities (termed asperities in seismology) 6, can
be roughly considered independent of the nominal
normal stress o,:

G, = Etan0, 3)
where 0 is the local slope of asperities, and E is
Young’s modulus of the geomaterial.

In this case, there exists a certain critical angle 6.,
such that peaks with 0, >0, and the above-average
height for a given surface fail in shear, while peaks
with 0, <6, are elastically deformed. For materials
such as granite and gabbro, the critical angle ranges
from 7° to 20° [31].

Under shear, asperities with supercritical angles
are gradually destroyed. Thus, in a granite sample cut
and polished to the grain size 600 grit at the normal
stress from 10.2 to 14.3 MPa, the number of asper-
ities with 6> 17° amounts to ~54 + 16% before shear
and to 25 + 15% after shear [31].

After shear, the fault surfaces become noticeably
smoother as compared to the profiles measured be-
fore slip, thus giving a less steep roughness spectrum.
For example, the slope angles B=2.34+0.1 in the
spectrum before slip and f=1.4+0.4 after slip were
experimentally measured [31]. A similar decrease in
the initial slope from B>2 (without shear) to f<2
(after shear) for a profile parallel to the slip direction
was found by profilometery of fracture surfaces
moved tens to hundreds of meters.

At large displacement amplitudes, wear products
fill the main fault, thus forming the fault gouge. The
central fault zone can include one or several main
faults and is surrounded by a damage zone (a zone of
increased crack density as compared to the host
rock). The damage zone is believed to be caused by
the change in the slip zone geometry when the fault
abruptly changes the direction of propagation, shear
displacement predominantly in weaker interlayers
within the fault zone, and concentration of stresses
exceeding the rock strength in the vicinity of the
main fault [27].

At the initial stages of faulting, when the surface
roughness is still high and the displacement of the
sides is relatively small, the damage zone width is
close in magnitude to the shear amplitude. The ave-
rage asperity amplitude on the walls of tectonic
cracks (shear, tensile, and cooling ones), if not cross-
ing rock strata, is usually less than one percent of the
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crack length [5]. At large shear amplitudes (more
than several percent of the length), the damage zone
width becomes, in accordance with (2), proportional
to L*® and almost independent of the shear ampli-
tude. This means that at high displacement ampli-
tudes in the mature fault zones, their width increases
much more slowly than at small displacements. Since
the fault length is thought to correlate with the shear
amplitude [33], a boundary was found between faults
with different scale ratios. The boundary is marked
by the fault length L ~500-1000 m, above which the
fault is called mature [25, 27, etc.]. Analysis of the
available research data on the fault zone width also
leads to the conclusion that scale ratios vary in transi-
tion to the mature fault zones [27].

Thus, at a certain stage of the fault evolution, the
rate of growth of the fault width is significantly slowed
down: all asperities above a certain height become
destroyed and the remaining asperities on the slip
surface play the role of stress concentrators. These
stress concentration zones are surrounded by large
unloaded zones, whose area is approximately two
orders of magnitude larger than the contact area [5].

Another process can develop in subduction zones,
where asperities of the sinking plate, the so-called
seamounts, can be so large (up to several kilometers
in height) that they have a significant effect on the
slip process. For example, the southern part of the
2011 Tohoku earthquake rupture was arrested just in
the seamount subduction zone [34]. Such cases are
beyond the scope of this work.

3. SLIP LOCALIZATION

One of the important achievements of the last
25 years in fault geomechanics was the establishment
of the fact that shear on seismogenic rupture inside
the fault core is highly localized. The results of a
geological description of fault regions lifted during
evolution from great depths, data from fault drilling,
detailed studies of the position of well defined foci of
microseismic events show that macroscopic block
displacements are not distributed throughout the rock
previously fractured by shear, but localize along a
narrow slip surface. The roughness of this surface is
one of the parameters characterizing the central fault
zone, where the slip process is chiefly localized.
High-amplitude shear displacements often occur in
the fault core within ultracataclastic, clay-bearing
zones tens to hundreds of millimeters thick, but the
main coseismic shear can be localized in a 1-5-mm-
thick zone of the ultracataclasite core [35].

For example, according to [36], out of 10 km of
shear displacement in a section of the Punchbowl
fault, only 100 m are localized in the damage zone
about 100 m thick, and the rest displacement took
place in a narrow ultracataclasite core. This ultra-
cataclasite layer from 4 cm to 1 m in thickness in-
cludes a rather flat continuous surface, which serves
as the principal fracture surface during the last sev-
eral kilometers set in motion. The principal fracture
surface is an ultracataclasite layer about 1 mm thick
[37].

Individual zones of the principal fracture surface
can rarely be traced for more than several hundred
meters, although it is assumed that their length can
reach many kilometers [38]. It is quite probable that
at certain deformation stages the principal fracture
surfaces can interact through distributed cataclastic
strain zones without clear traces of a single rupture
[27].

The coalescence of echelon cracks into the system
was demonstrated in the previous numerical experi-
ment [27]. The calculation results show that the
width of the block displacement localization is orders
of magnitude smaller than the thickness of the mate-
rial crushed in shear.

Thus, the results of studying the slip surface ge-
ometry and regularities of shear localization allowed
a number of authors to propose an elaborate phe-
nomenological model of formation of the central
zone of a seismogenic fault [21, 39, 40].

The main stages of the fault evolution are shown
in Fig. 1. At the stage of the protocrack propagation,
a discontinuity appears in the host rock, with the
damage zone containing cracks of a lower hierarchi-
cal level around it. At the initial stage of evolution,
an immature fault presents the close contact of rock
surfaces (Fig. 1a) with fractured zones (Fig. 1b). As
noted above, with strain accumulation, the effective
width of the fractured zones increases almost propor-
tionally to the shear amplitude (Fig. 1c). At low dis-
placement velocities and amplitudes, the process of
hydrothermal healing becomes competitive, resulting
in the healed zone. With further relative displace-
ment, the gouge layer reaches a critical thickness, so
that the central zone width almost ceases to increase
(Fig. 1d), and the effective fault strength and wear
rate noticeably decrease. Since a comminuted mate-
rial is highly reactive, the gouge layer may harden
with time under high pressure and temperature, for
example, due to dehydration or agglomeration
(Fig. 1e). An increase in the stiffness of the central
zone, as will be shown below, can result in instability
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Fig. 1. Stages of formation of the central part of the
seismogenic fault.

of dynamic slip and secondary rupturing. The most
important role belongs here to features of rock friction.

4. FRICTION

A common assumption in the mechanics of faults
and earthquakes is that earthquakes originate in me-
chanically strong fault regions (irregularities), while
aseismic slip occurs in weak regions (for example,
[41, 42]). However, numerous studies carried out in
the last two decades convincingly demonstrate that
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the regularities of initiation and propagation of an
earthquake rupture are determined by the frictional
interaction of fault sides along the localized slip sur-
face. The conditions for dynamically unstable slip are
well studied. In the stick-slip model, the source pa-
rameters and the onset of instability are independent
of absolute contact strength, but is determined by
relative changes in frictional strength tg.

A necessary condition for slip is a decrease in g
with increasing slip velocity v and/or displacement
amplitude D, the so-called velocity weakening:

drg <0, 73 <0. 4)

do dD
In addition, as in Griffiths crack mechanics, the ini-
tiation and arrest conditions are determined by the
relation of the rate of dynamic release of elastic strain
energy K to the rate of absorption of crack propaga-
tion energy k.. In frictional sliding, the first parameter
is the rate at which the stress can be elastically
unloaded in the host material with the elastic
modulus G: K =nG/ L, and the second parameter
|ks| = |0t/OD)] is the rate at which friction changes with
cumulative displacement D with growing slip veloc-
ity. In these expressions, G is the shear modulus of
the host rock, n~1 is the form factor, L is the char-
acteristic size associated with the earthquake magni-
tude [27].

Given the condition y=|kJ/K>1, the energy is
radiated from the system. Otherwise dynamic slip
and consequently energy radiation are impossible.
The ratio determines not only the possibility, but also
the pattern of slip. This issue was studied in a series
of publications [43—45]. Figure 2 shows the depend-
ence of the shear force drop during a slip event on
the content of clay in the quartz sand mixture filling
the contact between the rigid blocks. The experiment
is detailed in [43, 45]. It is clearly seen that with in-
creasing content of clay particles (decreasing contact
stiffness), the stress drop amplitude in the rock and
consequently the radiated energy decrease by several
orders of magnitude. In this case, the frictional
strength of the contact remains almost unchanged
[45].

According to [45], slow slip regimes occur in the
narrow range y~ 1+2, while stick slip allows for a
wider variation in this parameter. Since the crustal
rock rigidity varies slightly for different regions and
different depths, the fault stiffness ks acts as a control
parameter. On brittle faults, where the stiffness (the
rate of decrease in shear resistance) is high enough,
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Fig. 2. Shear force drop during a slip versus the clay con-
tent in the gouge. The loading stiffness K =28 N/mm.

the strain energy is realized only in the form of dyna-
mic slips, i.e. “normal” earthquakes. Slow slip events
can occur on faults with low stiffness.

In view of highly localized shear, the described
macroscopic effects are determined by processes oc-
curring at the meso- and microlevels.

Within the rate-and-state friction law, which is
commonly used to describe frictional slip on faults
[46, 47], the type of the dependence of friction on the
slip velocity is described by the so-called frictional
parameter

Ap
a-b=—F", 5)
In(V/V)

where Ap is the friction coefficient variation with slip
velocity increasing from V; to V' [46]. Positive values
(a—b) indicate that the material has the property of
velocity strengthening, and at a—b <0 the material
has the property of velocity weakening. The empiri-
cal nature of the rate-and-state friction laws is an ob-
vious disadvantage, limiting this model to natural
objects. In recent years, significant steps have been
taken to elucidate the physical nature of friction
variations in the fault gouge under different pres-
sure—temperature conditions.

Both the fault stiffness and the parameter (a—b)
depend on the material composition of the slip zone,
water content, chemical composition of the fluid, and
pressure—temperature conditions. These characteris-
tics are most sensitive to the material composition in
the slip zone. For example, the presence of watered
clays (or of talc, which often replaces minerals of the
serpentine group along the fracture walls when
serpentine reacts with silicon dioxide contained in
thermal fluids) dramatically reduces the fault shear
stiffness, up to 10% of the normal value. Some fault

segments at seismogenic depths can have significant-
ly decreased stiffness due to sublithostatic pore-fluid
pressure. According to Rice [48], it can be observed
in isolated layers in the central part of the fault,
which are bounded by low-permeability formations.

Over the last 10 years, several laboratories have
investigated the influence of particle-related proper-
ties on the macroscopic slip laws [26, 29, 49-51,
etc.].

Many gouges in the fault slip zone have the fric-
tional strength typical of geomaterials (the friction
coefficient for stable slip at low velocity is py~0.6),
but some gouges rich in phyllosilicates (silicates with
a layered structure, such as micas, chlorites, etc.) are
much weaker (L is just about 0.2—0.3) [50].

Chen et al. [26] studied the dependence of the
friction coefficient p, on the surface roughness for
some materials and came to an important result. On
the asperity scale ~0.01-10 um, friction coefficients
strongly correlate with roughness. With increasing
microroughness, the iy values rather quickly rise to
~0.65-0.80, which corresponds to the universal Beyr-
lee’s law for macroscopic friction of rock surfaces
[16]. This led the authors to the conclusion that the
decrease in friction on faults is primarily controlled
by wear (decrease in roughness) on the scale 0.01—
10 um, while roughness on large scales of natural
faults has a limited effect on the i, value [27].

The study of the frictional parameter (a—b) for
various gouges (see, for example, [50]) clearly de-
monstrated that the frictional behavior of these mate-
rials depends on their basic friction coefficient i,
(Fig. 3). Gouges with the lowest friction coefficients
(talc, montmorillonite, biotite, muscovite, etc.) ex-
hibit the property of velocity strengthening under any
conditions, a—b>0 (Fig. 4a). For example, a ma-
terial such as saponite, which has a low friction coef-
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Fig. 3. Frictional parameter a — b versus friction coefti-

cient y, (according to [50]).
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Fig. 4. Frictional parameter a — b versus shear amplitude:
chlorite, 6,=20 MPa (a), Westerly granite, ¢, =50 MPa
(b); displacement velocity 1-3 (/) and 30-100 pm/s (2)
(according to [50]).

ficient increasing with slip velocity, determines the
deformation behavior of the creeping section of the
San Andreas fault [52].

Gouges containing materials with high friction
coefficients (quartz, feldspar, kaolinite, etc.) demon-
strate, depending on the pressure—temperature condi-
tions, loading rate, and shear amplitude, both velocity
strengthening and weakening (Fig. 4b). It is noted
that at higher basic friction coefficient o, both pa-
rameters a and b grow, but the latter has a faster
growth, which leads to negative values of (¢ —b), i.e.
to the effect of velocity weakening [51]. Natural ma-
terials showing only frictional weakening with slip
velocity have not yet been found.

Grain-related properties of microcontacts also de-
termine the ability of the fault to recover strength
with time. Various healing mechanisms of different-
scale faults were analyzed in the previous paper. It
was shown that complete recovery of strength pro-
perties of the material in the rupture zone (meta-
morphogenic healing) exerts no effect on the earth-
quake preparation, since the characteristic time of
deep transformation of the material is too long. Ac-
cording to Ruzhich et al. [53], the empirical depend-
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ence of the duration of fault healing on the fault
length:

log? (year) =1.53log L (m)—1.68, (6)
which is several orders of magnitude higher than the
earthquake preparation time of the corresponding
magnitude [27].

At the same time, the adhesive and hydrothermal
mechanisms are quite effective. According to the re-
sults of laboratory experiments, the rate of recovery
of the contact shear strength after slip strongly de-
pends on the effective asperity contact area [51] and
effective porosity [54].

The increase in pressure and temperature gives
rise to certain mechanisms that contribute to the con-
tact strengthening with time. One of the important
mechanisms is the dissolution of minerals in zones of
increased normal stresses with subsequent rapid pre-
cipitation in relatively unloaded zones, the so-called
compressive creep during dissolution [55]. This
mechanism can lead to a rapid increase in both the
contact area and the adhesion [56, 57].

The microstructural study disclosed that the
strength recovery mechanism is associated with co-
hesive strengthening, cementation, and compaction
of the fractured material, as well as with the micro-
crack filling in the fracture zone [54, 58]. The phyl-
losilicate contact is strengthened by transformation of
hydrophilic clay minerals into hydrophobic micas
[59]. An increase in the content of neutral quartz due
to the separation of silica during the clay transforma-
tion [59] can also stimulate this effect. Phyllosilicate
minerals are expected to have the form of highly lay-
ered mica or chlorite schists at elevated pressures and
temperatures [59].

At higher temperatures and pressures correspond-
ing to the lower seismogenic boundary, the rock be-
comes so plastic that the true contact area attains the
saturation controlled by the crystal structure of a mi-
neral. This actually means that the contact area does
not change during shear, making weakening impos-
sible. Some experiments that demonstrate frictional
strengthening with slip velocity reveal a high gouge
compaction, up to almost complete loss of porosity
[60].

Thus, the localization of dynamic fault slip within
the narrow ultracataclasite core, even during large
earthquakes, points to a surprising, at first glance,
fact: slip features on faults hundreds of kilometers
long are determined almost exclusively by the prop-
erties of the contact between particles units, dozens,
and hundreds of micrometers in size.
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Fig. 5. The simplest model of the asperity contact: the true contact zone (stress concentration zone) with diameter a is surrounded
by the unloaded zone with diameter D (a); plan view of a contact surface section (b); sectional view of the contact zone (c): ve-
locity weakening zone (7), transient zone (2), velocity strengthening zone (3); idealized plane model of the contact surface sec-
tion (d). Stress concentration zones (velocity weakening zones) are surrounded by unloaded zones. The line segments show rup-
ture lengths of earthquakes of various magnitudes (M4, M5, and M6).

5. HIERARCHY OF REGIONS WITH DIFFERENT
FRICTIONAL PROPERTIES

The complex topography of the slip surface leads,
as noted above, to the appearance of the zones of
stress concentration and relative unloading. Minerals
transferred by fluids are precipitated in the unloaded
zones, which contributes to the formation of inter-
layers of weak materials rich in phyllosilicates, i.e.
surface regions with the frictional properties of ve-
locity strengthening.

The stress concentration zones contain regions of
strong gouge, being composed mainly of quartz and
feldspar, i.e. initially almost free of phyllosilicates.
The degree of shear localization grows on account of
higher stress. All this significantly enhances the pro-
bability of the stick-slip regime.

Thus, it is these asperity contacts (stress concen-
tration zones) that turn out to be dynamically unsta-
ble in fault slip, while the regions between the con-

tacting asperities are characterized by the frictional
properties of stable slip.

The simplest frictional model of the asperity con-
tact is shown in Fig. 5. The contact consists of loaded
and unloaded regions. Stress concentration zones /
will be taken as zones with the property of velocity
weakening, maximum unloading zones 3 are, on the
contrary, zones of increasing shear friction coeffi-
cient. Between these zones there is transition zone 2,
in which the material does not have a pronounced
dependence of friction on velocity and displacement.

In the first approximation, the size of the contact
spot (weakening zone) can be estimated from the so-
lution of the elastic Hertz problem [61, 62] (lower
bound): a =~ no,R/E, where R is the asperity curvature
radius, a is the contact spot diameter, £ is the
modulus of elasticity, and o, is the normal stress.
Then, at E=10""Pa and c,=3 x 10® Pa, we derive
a=10°R/10" =0.01R.
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As noted above for laboratory samples, asperities
have the critical angle 0.~ 7°+20° and larger slope
angles cause their destruction during faulting. Taking
into account a decrease in this value on a larger scale,
we agree on the estimate of the angle of large-scale
asperities on the fault surface [5]: o~ 5°+10°, whence
it follows R=0.5D/sin(5°+10°)=(6+12)D, or a=
0.01D.

Similarly to the hierarchy of blocks and stress
concentration zones, strengthening and weakening
zones also obey the hierarchical law. Zones of smal-
ler contacts form a cluster, taken as an asperity of the
next hierarchical level. If the dimension ratio of the
neighboring hierarchical levels conforms to the Sa-
dovsky hierarchical block model [3] L;:1/L;~3, then,
in the case of “close packing” in the 2D case, 7 con-
tacts of level j form a cluster, which is an asperity of
level j+ 1 (Fig. 5d). The Sadovsky hierarchical levels
roughly correspond to a change in seismic magnitude
by 1.

It is clear that what we have in reality is irregular
distribution of surface asperities and gouges with
properties determined by many factors apart from
stresses. In this regard, the zones of strengthening
and weakening can have different size. Large regions
composed of slip-strengthened materials can be an
insurmountable obstacle to dynamic rupture.

The results of numerical simulation of relative
shear displacement of two elastic blocks with the slip
surface between them are given in [63]. If the boun-
dary condition is set at the contact, friction is de-
scribed using the rate-and-state law [46]. In so doing,
the slip plane has one or more spots where the model
coefficients ensure the velocity weakening regime.
On the rest slip surface, the friction force either is in-
dependent of the velocity and displacement, or meets
the same rate-and-state law but with constants pro-
viding the velocity strengthening regime. In the cal-
culations, controlled parameters are kinematic para-
meters of motion, stress tensor components, the spa-
tial distribution of variation in shear energy density
of the blocks and the kinetic energy at different time
instants relative to the slip time.

Figure 6 presents the results for the calculation
variant with four weakening spots. The rupture be-
gins at one of these spots and propagates on either
side of it. Outside the weakening zone, the displace-
ment velocity rapidly decreases, again increasing at
the adjacent spots. Although the maximum slip velo-
city rapidly decreases outside the weakening zone,
the total relative displacement of the fault sides (the
sum of dynamic displacement and slow preseismic
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Fig. 6. Diagrams of the material displacement velocity in
the direction parallel to the slip surface in the calculation
variant with four identical zones of velocity weakening.
The location of the zones/spots is shown in bold seg-
ments on the left axis. Coulomb friction is set outside the
spots. Distance from the point of a rupture normalized to
the spot diameter D is marked above the curves. Solid
lines are plotted for points inside the spots; dotted lines,
for points outside the spots. The mass velocity amplitude
is normalized to the displacement velocity of the block
edge. For the sake of readability, only the first phases of
displacement are shown in the figure.

and postseismic slips) remains almost unchanged. In
this case, the higher the total fraction of weakening
zones, the higher the fraction of strain energy spent
on the elastic wave radiation in the high-frequency
spectrum portion [63].

According to the calculation results, the rupture
propagates along the stressed tectonic fault up to the
contact spot with velocity-strengthening property,
where the displacement velocity decreases rapidly. If
the strengthening zone is large enough, the rupture is
arrested. If the strengthening zone is small, the rup-
ture slips it, accelerating again at weakening spots.

6. OBSERVATION OF EQRTHQUAKE
RUPTURES

Clusterization, in analogy with the above-
described simple model, can be observed in respect
to the location of sources of the so-called repeated
earthquakes, i.e. events of close magnitude, which
occur almost in the same place at different times. A
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Fig. 7. Distribution of seismic efficiency according to [66]. The upper curve is the distribution of seismic efficiency depending
on the latitude of the Chilean subduction zone (the right ordinate). Grey vertical portions correspond to regions of low seismic ef-
ficiency. Lower curves are the distribution of coseismic slip during the three largest earthquakes (the left ordinate).

coincident location of the sources points to the fact
that repeated earthquakes most probably rupture the
same region of the fault, i.e. asperity. This idea is
also confirmed by the almost identical form of the
seismograms recorded from different events of the
same multiplet by the same station. We reproduced
such events in a laboratory experiment [64].

Repeated events are quite common. Among
7409 events registered over 15 years of observations
at the Calaveras fault, 4890 (66%) had at least one
repeated event within the 25-m distance. Repeated
earthquakes are detected both in the background
seismicity and in the aftershock sequence of larger
events throughout the world [65].

The location of a source and the size of a rupture
due to repeated earthquakes are determined to very
high accuracy, so that their analysis can give a good
estimate of the asperity size in the source of small
seismic events.

Data on asperities can also be derived from geo-
detic monitoring. According to the results of GPS
measurements, the seismic efficiency coefficient y, or
seismic cohesion, is determined as

B M
UpSt G
where M, is the seismic moment, G is the shear
modulus, u is the vector of coseismic displacement,
S¢ is the rupture area, and v, is the velocity of dis-

placement of the plate under tectonic forces.

It is assumed that in the asperity region, where the
fault is locked in the interseismic period, =1, i.e.
the displacement is gained due to coseismic slip. In
the surrounding region, slip is conditionally stable
(slip is stable under a quasi-static load, but it can be-
come unstable under a dynamic load above a certain
value), and the seismic efficiency coefficient is
0<y<1. In creep regions without large earthquakes,
the coefficient y is small.

For obvious reasons, such measurements are in-
formative mainly in subduction zones, where plate

y = [uds, (7)
N

displacement velocities are high enough and large
earthquakes occur.

Figure 7 exemplifies the distribution of seismic
efficiency (upper lines) depending on the latitude of
the Chilean subduction zone. It also shows the distri-
bution of the coseismic slip (bottom line) during the
three largest earthquakes. The gray vertical portions
correspond to regions of low seismic efficiency, bound-
ing the locked regions. It is clearly seen that the rup-
ture hardly propagates into the regions of low cohe-
sion (presumably the regions with the dominant fric-
tional properties of velocity strengthening).

Judging from the rupture location of the large pa-
leoearthquakes along the Chilean subduction zone
[66], we constructed the total density of rupture
length along the strike of the subduction zone. As can
be seen from the diagram, the zones of maximum
density of rupturing approximate the distribution of
GPS-measured seismic efficiency (Fig. 8), and the
characteristic dimensions of asperities of mega earth-
quakes with My, > 8 are 100-200 km. In so doing, the
M,,=8.8 Maule earthquake rupture includes two
such regions.

It is currently difficult to reliably measure dimen-
sions of asperities as physical objects, i.e. regions
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Fig. 8. Total density of rupture length of large earth-
quakes (1615-2015) along the strike of the Chilean sub-
duction zone.
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with certain frictional characteristics. The problem is
that the size analysis of maximum slip amplitude
zones and the data on seismic efficiency coefficient
are not enough to establish the boundary between the
frictional weakening zone (true asperity) and condi-
tionally stable zones to which a rupture can propa-
gate at a rather high slip velocity.

Figure 9 summarizes the published data on the
characteristic dimensions of asperities depending on
the earthquake. Despite the fact that this information
refers to different regions, and asperities are identi-
fied from different evidence, the data set with the
determination coefficient R=0.986 is described by
the ratio

JS =6.33x107° M3, (8)

where S is the asperity area in km?, and M, is the
seismic moment of an earthquake in N m. The expo-
nent in relation (8) corresponds to the geometric si-
milarity, which is usually found in seismic character-
istics in a wide range of magnitudes. The value S is
quite close to the empirical dependences used to es-
timate the characteristic lengths of earthquake rup-
tures from the seismic moment, which are given in
many works and summarized in monograph [27].
Some of them are shown in Fig. 9 with dashed lines.

PHYSICAL MESOMECHANICS Vol.24 No.4 2021

It can be seen that the parameter S*° of the regions
interpreted as asperities is, on average, 1.5-3 times
less than the rupture length. Apparently, the weaken-
ing zones should still be noticeably smaller. The size
of these zones can be more reliably determined
through a thorough analysis of high-frequency re-
cords around the source, revealing their fine struc-
ture.

7. CONCLUSIONS

The brief review performed for the concepts and
recent results on fault slip focuses mainly on the ana-
lysis of the hierarchy of structures that form the slip
zone of a seismogenic fault and on their relation to
mechanical characteristics that determine the dyna-
mics of macroscopic deformation in the fault zone.

The influence of the microparticle contact pro-
perties in the shear localization zone on the slip be-
havior of faults hundreds of kilometers long was re-
vealed. This influence is realized through consistent
interaction within a multilevel hierarchical system.

The interaction of asperities at the initial stage of
the protocrack shear forms a layer of comminuted
material, which, due to fluids and in the crustal pres-
sure—temperature conditions, acquires properties that
determine the frictional characteristics of the fault
faces in the slip zone. These characteristics turn out
to be responsible for the slip regime: stable creep,
slow slip events or dynamic slip resulting in an earth-
quake. Careful extrapolation of the laboratory data to
nature leads to the assumption that a decrease in the
fault friction is primarily controlled by wear (de-
creased roughness) on a scale of 0.01-10 pm, while
large-scale roughness on natural faults has a limited
effect on the friction. Judging from the results obtain-
ed, the properties of microcontacts at the grain level de-
termine not only the possibility of instability, but also
the ability of a fault to recover strength with time.

Though being too simplified to claim an adequate
description of natural processes, the considered
scheme of the hierarchy of asperities in the fault zone
reflects the important idea that the initiation, evolu-
tion, and arrest of a seismogenic rupture are deter-
mined by the presence of regions with different dy-
namics of frictional characteristics during slip: zones
of weakening, strengthening, and almost neutral to
velocity and displacement. A dynamic rupture al-
ways starts in the weakening zone (asperity). Based
on the seismological data, the epicenter is often lo-
cated at the periphery of the zone of maximum seis-
mic efficiency. This issue has yet to be dealt with.
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Between the weakening zones, the rupture velocity
and slip velocity decrease, increasing again at the
adjacent spots. In large strengthening zones, the
earthquake degenerates into a slow slip event, or the
rupture is completely arrested.

Observations during seismic events of different
magnitudes show that even the largest earthquakes
often rupture the same region of the crust. Unfortu-
nately, the accuracy of observations and the usual
ambiguity in the interpretation of the solution to the
inverse problem do not yet allow a reliable identifica-
tion of fault regions with velocity weakening. The
analysis of the records of high-frequency oscillations
in the vicinity of the fault can give more accurate
results on the size and location of these zones. A
good basis for the interpretation of such records can
be found in the fundamental concepts of physical
mesomechanics as the science of multilevel hierar-
chically organized systems.
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