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Abstract

The theoretical discovery of slow strain (tectonic) waves, the so-called strain
waves in the Earth, served as a motivation to develop physical backgrounds of
the mathematical theory of propagation of these waves and to search for me-
thods of their experimental detection. For fifty years, scientists from different
countries in different regions of the Earth, using direct and indirect methods,
discovered the migration of crustal deformation and revealed its wave nature,
and, therefore, proved the reality of the existence of strain waves of the Earth.
This overview briefly describes the history of the development of the concept
of strain waves on the Earth, the observation methods and properties of strain
waves, and the main types of geological structures generating these waves. The
most prominent results of the theoretical, laboratory, and in-situ observations
of slow strain migration, including slow earthquakes and periodic Episodic Tre-
mor and Slow (ETS) slip effects, are presented. In the near future, studies of
slow strain waves may lead to a fundamental revision of the current concepts
about the physics of the seismic process.
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1. Introduction

Slow strain (tectonic) waves, the so-called strain waves in the Earth, are one of the
most striking discoveries in theoretical geophysics in the last third of the 20th
century. The advances in theoretical studies and, primarily, extensive investiga-
tions of earthquake migration have aroused a great interest in searching for the
possibilities of experimentally detecting the effects of the propagation of these waves.
The progress in the formulation of the concept of strain waves in the Earth started

just from making attempts to explain the cause of targeted migration of earth-
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quakes in the North Anatolian Fault, Tiirkiye, detected by Richter in 1958 [1],
thus solving one of the seismological problems posed.

Migration of earthquakes is related to the propagation of tectonic stresses that
cause an additional load and initiate successive earthquake occurrences in fault
segments with high-stress concentration. Migration of the earthquake epicenters
at the surface is an external manifestation of strain transfer in the Earth’s inte-
riors. Elucidating physical mechanisms responsible for the propagation and re-
distribution of strain energy, and tectonic stress transfer and relaxation at the boun-
daries between the blocks and lithospheric plates is the most important problem
in recent geodynamics.

All stages in the development of the concept of strain waves on the Earth and
their search for, as well, are difficult to describe in the framework of one paper,
therefore, we will briefly consider the most important different approaches ap-
plied for modeling stress transfer in the Earth’s interiors and the associated ef-
fects, and the main results of in-situ observations and laboratory experiments
that may be involved as evidence of really existing waves.

Slow strain waves are mostly excited by natural processes that occur with-
in the crust and the lithosphere and are manifested in variations in seismicity
and geophysical fields. The blocky structure of the crust and the lithosphere in-
fluences significantly the strain, seismic, filtration, and other processes. It is the
blocky structure of the geological medium that leads to the generation of waves
of different types including slow strain waves [2], which, in turn, affect differ-
ent-size geoblocks thus causing their relative motions also capable of generating
strain waves, but possessing different wave characteristics (direction, velocity,
frequency, and length). Thus, an entire strain wave spectrum appears with a
broadly ranging wave velocity (from 1 to 100 km/yr) and length (from 30 to 200
km), to which the faults may respond. Revealing the relationships between the
movements of tectonic structures and slow strain wave processes is of prime
importance.

The problem posed has been argued for more than 50 years, starting from the
publication by Elsasser [3]. Direct instrumental measurements of slow strain
waves are difficult to perform due to their superlow velocities and ultralow fre-
quencies. The challenge in direct detection of ultra-long-period strain waves can
be explained by the lack of special-type strain sensors or their location schemes
efficiently providing a reliable recording of these waves.

In many regions of the world, deformographic, geodetic and hydrologic mea-
surements have thus far detected strain migration at a velocity of about 10 - 100
km/yr and 1 - 10 km/day [4]-[10]. Migration of the earthquake epicenters is
consistent in the velocity (10 - 100 km/yr) and direction with the propagation of
crustal strain [4] [11] and hydrologic effects [12].

The accumulated facts indicate strain wave processes occurred within the
crust at different velocities [13]. The observational results of the targeted earth-
quake migration, direct and indirect in-situ strain wave measurements, or their

indications were mostly reported in [4] [11] [14]-[19]. These data are a powerful
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background for the physical understanding of most geodynamic and seismolog-
ical problems.

The principal goals of the review are as follows: 1) to give a brief history of the
development of the concept of strain waves in the Earth; 2) to analyze the most
prominent results of the theoretical, laboratory, and in-situ observations of slow
strain migration; 3) to present the observation methods and properties of strain

waves and main types of the geological structures generating these waves.

2. The History of the Development of the Concept of Strain
Waves in the Earth and Theoretical Models

In the late 1960s, a great interest of geophysicists all over the world was aroused
with regard to the measurement and interpretation of strain in the Earth, which
was related to the study of Earth’s tides, earthquakes, and other tectonic processes.
Special International Conference “A Discussion on the Measurement and Inter-
pretation of Changes of Strain in the Earth”, sponsored by the Royal Astronomi-
cal Society, which was held in London in 1972, is clear evidence. A range of pres-
entations reported the first data directly related to strain waves on the Earth.

Kasahara [20] demonstrated tiltmeter records, from which the existence of
strain in the Earth migrating east-west along the Pacific Honshu coast at an ab-
normally low velocity (of about 20 km/yr) was explicitly inferred. The revealed
spatial correlation between strain migration and the regime of seismic and vol-
canic activity in adjacent areas was a key to understanding the mechanism trig-
gering stress transfer in the crust. The presentation [21] reported on continuous
observations carried out by a dense network of strainmeters arranged along the
San-Andreas Fault, central California, and the detection of aseismic creep, mov-
ing at a velocity of about 10 km/day or less, which was not constant. The ques-
tion concerned with the optimal arrangement of different-type strain sensors for
creep recording in proximity to faults was also discussed. Frank [22] claimed that
the network of strainmeters installed at 45° with respect to a fault at a distance of
at least 10 km away from it is capable of recording a 1-mm displacement and pro-
vides the best record of strain migration.

The formulation of the concept of strain (tectonic) waves in the Earth was
mostly developed on the basis of two discoveries made by that time, namely,
migration of the foci of large earthquakes along deep faults [1] [14] and global
plate tectonics [23]. The concepts on the lithospheric plates bordered by power-
ful faults and underlain by viscous asthenosphere resulted in the construction of
three types of theoretical models of strain waves: 1) layered models (lithos-
phere-asthenosphere) [3] [24] [25] [26]; 2) layered models with a complemented
flexure effect of the rigid lithospheric plate [27] [28]; 3) fault models with a gouge
between the fault walls (viscoelastic) [5] [29] [30]. These models were assigned
for a description of slow stress waves that correspond to large earthquake migra-
tion along transform faults and trenches (depressions).

Accumulation of data of in-situ observations and laboratory experiments re-
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sulted in the detection of new facts whose explanation was impossible in the
framework of the linear elasticity (viscoelasticity or elastoplasticity) theory. It was
a circumstance that motivated to search for analogies and to develop new nonli-
near mathematical models simulating the deformation of fault-blocky geological
media.

The second stage in the development of the theory of strain waves in the Earth
is believed to begin with the publication by Nikolaevsky [31], in essence, post-
ulating the sine-Gordon equation for modeling slow solitary waves in the blocky
geological medium, whose indications were observed as migration of the geo-
physical anomalies in proximity to faults [32].

The detected behavior of the spatiotemporal migration of recent deformations
in the fault zones [7] [33] and the dynamics of the seismic activity [34] is indica-
tive of a qualitative similarity to the general concepts on excitable active media
[35] [36]. This fact may serve as physical motivation for applying “autowave”
analogies to the mathematical modeling of the targeted strain and earthquake

migration.

2.1. Elastoviscous Models of Slow Wave Processes

In 1969, the American physicist Walter Elsasser, a disciple of Max Born, was the
first to introduce the concept on the mechanism triggering stress transfer at the
lithosphere-asthenosphere contact. He proposed the model of the interaction
between the lithosphere, a solid plate with the thickness A4, and the elasticity
modulus £, and the asthenosphere, an underlying fluid layer with the thickness
h, and the viscosity u (Figure 1). During persistent translational movement of
the lithosphere, the depth distribution profile of the velocity has the shape
shown by a solid line in Figure 1. The velocity v, of slippage of the lithosphertic
plate with the length Z under the horizontal stress o, is calculated by the formula
o iy
L
stress v, /h, = ( u/h, )GU/ Ot at the lower plate boundary is equilibrated by the
cumulative horizontal stress hdo, /0x, o, = E,0u/dx at the plate margin, Elsass-

[3] v, = . On the assumption that during the plate movement the shear

er wrote the following equation for the displacement u averaged over the plate
thickness [3] [37]:

ou %
a x W
a= —MZEl . (2)

Equation (1) has the form of the diffusion or heat conduction equation. The key
moment of the model is a viscous coupling between the lithosphere and asthe-
nosphere, characterized by the parameter u/h, dependent, in the general case,
upon the perturbation wavelength. It follows from a standard solution of the
diffusion equation that the average distance for which the perturbation propa-

gates during the time ¢ is given by the value X= 2\Jat . The calculated velocity
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Y

Figure 1. The model of contact interaction of the lithosphere-asthenosphere system [3].

of the plate slippage v, is of the order of 1 cm/yr, which agrees well with the data
of recent GPS measurements performed in different regions worldwide [38]
[39].

Being physically “transparent”, the Elsasser model was known for simplicity
and representativeness and was used to describe the strain and earthquake mi-
gration [24] [25], and applied for further explanation of the associated effects [40]
[41] [42] [43] [44].

Bott and Dean [24] were the first to apply the Elsasser model (1) - (2) in order
to study stress migration at the lithospheric plate boundaries and introduced the
term “stress or strain waves”. Standard methods were employed to solve the
problem aimed to determine the response of an elastic plate of the finite length Z
to the applied pressure 7, at one plate margin (Figure 2). At x= 0 the plate mar-
gin was assumed to be fixed and appeared to be the compression boundary. The
pressure P, was instantaneously “switched on” at the plate margin x = L at the
time moment = 0. Equation (1) was solved under the chosen initial: z =0 at =
0 (0 < x< L) and boundary: u=0at x= 0 (¢£> 0) and (6u/6’x) =—P0/E , t>

0 conditions chosen.

x=L

Assuming that at the plate boundary the pressure varies as P = B, sinwt with

aperiod T =2n/w and selecting the solution of Equation (1) in the form

P T w
u(xt)=—-—=2 ekxcos(wt—kx+—j, k=,—, (3)
(1) V2KE, 4 201
the authors derived the following expression for the stress wave velocity along
the lithospheric plate
v=2 - \Paw =2 mE,hh, . (4)
k uT

Modeling has shown that the stress applied at the plate boundary cannot in-
stantaneously affect an entire plate, but is dissipated diffusively in it during the
time period of 10° - 10° years. The viscosity of the asthenosphere is the main
factor causing slow stress migration. According to (4), the stress wave velocity is
dependent upon the physical properties of the lithosphere and asthenosphere
and the wave period, and attains 10 - 100 km/yr at the characteristic parameters
of the continental upper mantle.

Anderson [25] generalized the Elsasser model in order to elucidate the me-
chanism of earthquake migration in the subduction zone and estimated the

strain wave velocity along the island arc. The strain wave is generated in the
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Figure 2. The model of excitement of stress waves in the lithosphere-asthenosphere sys-
tem [24].

subduction zone and is traveling with velocity von a fault along the strike of the
subducting plate (Figure 3). At the model parameters chosen (A, = 50 km, A, =
200 km, x =5 x 10" Pa-s, E, = 10" Pa), the velocity of the shear strain transfer
over the time period £ = 1 year equals v= 170 km/yr, and decreases to v = 50
km/yr after passing a distance of 520 km for £, = 10 years. These calculations are
in agreement with the data on the earthquake migration velocities [14] [45] [46].

Rice [26] modified the Elsasser model substituting the Newtonian rheology of
the viscous asthenosphere by the Maxwellian rheology of the viscoelastic body.
Introducing this correction was necessary to account for the asthenosphere re-
sponse to fast loading (t <7 = u/E, ) as an elastic body, whereas under the low
velocity limit (t > 7 ) the asthenosphere response to loading will only be viscous,
as is the case with the Elsasser model.

The viscoelastic model [26] is applicable to mathematically describe slippage
at the plate (fault) contact of two types: fault and thrust. Here, the model version
(5) - (6) is shown where slippage has a fault pattern, which is convenient for a

comparison with the Elsasser model.

ou 0 20%u  d%u
e _(OHﬁEJ{(HV) P +—ay2}, (5)
azﬁﬁfg ﬁ:bz(f]m, (6)
7 4

where b is the effective length of the short-term elastic cohesion; v is the Pois-
son’s ratio; f/a is the relaxation time for the Maxwell model. For the time in-
tervals t> f/a ~1.5-15 years, the viscoelastic model (5) - (6) transforms into
the Elsasser viscous model (1) - (2).

In essence, Equation (5) models the strain front propagation in the lithos-
phere. For long time intervals, the displacement in the plate (Figure 4) is written
as [26]:

u(ym)::(Au/z)eﬁc(y/zxﬂgf), (7)

from which it follows that slippage propagates inside the plate in the form of a
diffusion wave.
The viscoelastic model [26] was complemented and applied for analysis of the

strain front propagation through the crust and the lithosphere [47]. In particular,
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Figure 3. The model of earthquake migration in the subduction zone [25].

/

Figure 4. The model of excitement of stress waves due to fault slip and its propagation in
the plate [26].

it was shown that the lithosphere-asthenosphere coupling controls the spati-
otemporal distribution of a chain of successive large earthquakes along the li-
thospheric plate (transform fault) boundaries. It also follows from the model
that stress is transferred from the boundaries inside the plate which can be one
of the possible explanations of intraplate earthquake occurrence and their mi-
gration. However, the intraplate earthquake migration pattern is more compli-
cated and is dependent upon the fault system interaction [48]. A 2D model ver-
sion [47] was further used to simulate the anomalous crustal movement detected
from GPS observations in central Honshu, Japan [49].
Being further modified, the Elsasser model accounted for the lateral inhomo-
geneity of the lithosphere [50]:
D0 2) 0
The most important results of this model are summarized as follows: the li-
thosphere thinning results in high amplitudes of the diffusion stress, while the
stress migration velocity increases due to thickening of the lithosphere. This can
explain such a broad range of the earthquake migration velocity values observed

in different seismic regions.
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Nikolaevsky [27] complemented the Elsasser model with a new element, flex-
ure of the lithospheric plate (see Figure 5), which has led to a rigorous mathe-
matical theory of propagation of strain (tectonic) waves. The models developed
by other researchers [26] [47] [51] did not account for this explicit effect. Intro-
ducing the vertical displacements related to flexure of the lithosphere changes
considerably the evolution scenario of tectonic movements. The resultant system
of equations for displacements u of the lithosphere along its contact with the asthe-
nosphere (9) and for the vertical displacements 7 at the asthenosphere-lithosphere

contact (10) is written in the following form:

2
u__a ou 6(h a—’7+<1)]+(v0+w0), ©)

ot 12 o ot

3 4 2
a_n+ia_i47+a_2 ﬁa_f] :2_11"(62+W0)’ (10)
oX 12}/(1—v2)6x ox\y ox ) yh\ ot

2 ox

where @ stands for the associated overflows of the asthenosphere matter; o®/ct
is the rate of the flow; v; is the stationary velocity of the shear of the lithosphere
relative to the asthenosphere; w; is the stationary velocity of the asthenosphere;
N =Eh (1—1/2 )71 ou/ox is the compression force acting on the lithosphere; y =
P& is the specific weight of the lithospheric plate.

A 2D model (9) - (10) describing the lithosphere-asthenosphere interaction
due to vertical displacements and low tangential stresses at their contact yields
the solutions that are either periodic waves of low intensity (standing and diffu-
sion waves), or solitary waves [27] [28].

The energy of solitary tectonic waves is supplied from the stationary asthe-
nospheric flow that emerges due to movement of the lithosphere along the as-
thenosphere thus compensating for viscous losses. This serves as physical back-
grounds of the autowave mechanism generating of solitary tectonic waves. The
velocity vand the length A of undamping tectonic waves are governed by the rate
of displacement of the lithospheric plates relative to the asthenosphere v, (~10
cm/yr), flexure of the lithosphere 77 (~10 cm) and its thickness /4, (~100 km):

V:m' /’L:\/ﬁ:é:u—mvo. (11)
n = nkE,
* E
—

h, | * u/at
i[‘/#’_—?—_“~\‘* _______ |
:_Hz_ _____________________________________________________l_'L___:____:__,""_"_"_"_""_______________________________
::1::::::::::::::::::::::: W0+aq)/at R
X XXX XXX XXX XX XXX XXX XXX XXX XS

Figure 5. A scheme of excitement of tectonic waves in the lithosphere-asthenosphere sys-
tem due to flexure of the lithospheric plate [28].
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The value of vis approximately equal to 100 km/yr (at the numerical coefficient
value § ~1). The solitary wave length decreases with a decrease in the viscosity u
of the asthenosphere or an increase in the elasticity modulus E; of the lithos-
phere, but its velocity remains constant. The calculations have revealed that tec-
tonic waves have a characteristic period of 2, 3, 6, and 11 years at an effective
width of about 200 km. Propagation of these solitary waves can explain the mi-
gration of seismicity for long distances.

If the vertical displacements of the lithosphere are absent (7 = 0) and the over-
flows are lacking in the asthenosphere (® = 0), then model (9) - (10) at Vil
is equivalent to the Elsasser Equation (1), which is the equation of simple hori-
zontal compression-extension of the lithosphere.

Birger [52] proposed a model of stress propagation in the form of diffusion
waves. Unlike the Elsasser model, its presents the lithosphere as a thin elastic
plate, whereas the asthenosphere is a viscoelastic halfspace, whose transient creep
obeys the Andrade rheological law. The stress wave velocity in the elastic lithos-

phere is equal to:

V= L (12)
/3Bt
where y, and Bare the rheological parameters, ¢ is the time. The parameter Bhas
the time dimension in the power y (¢). For natural geomaterials, 0 < y < 1,
whereas for the Andrade medium y = 1/3. Then the expression for velocity v
takes the form [52]:

__h
V_—\/§8t2/3 ) (13)

At y=1 model (12) transforms into the Maxwell model, the parameter B has the
time dimension (c) and agrees with the Maxwell relaxation time u/ G, and the
velocity is defined as v=hG / \/g/l . The velocity versus time dependence (13)
makes the model [52] fundamentally different from the Elsasser model with the
Newtonian asthenosphere: the stresses are monotonously damping at long times.
Note that applying nonlinear rheological models to describe stress transfer in
the lithosphere-asthenosphere system was also discussed in [51] [53] [54] [55].
In the diffusive model by Savage [29], the crustal block motion along the trans-
form fault is presented as a flow of edge dislocations. The stress transfer over the
fault is determined using the terms of concentration & and a flow ¢ of disloca-
tions. The strain velocity is proportional to the dislocation flow. The diffusive
mechanism plays a major role in the dynamics of the dislocation flow, whose
kinematic behavior is controlled by the physical properties of the fault zone. The
resulting equation takes the form [29]:
2
H__cH,p2d

-, 14
ot oX ox? (14)

where ¢=0q/dk is the velocity, D is the diffusion coefficient. The fundamental
result is that the mechanism producing the dislocation flow leads to the emer-

gence of “creep waves” along the transform fault, which are stress waves. Based
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on the calculations performed by Savage, the velocity of such waves along the
San Andreas transform fault is estimated at about 10 km/yr and is dependent on
the strain amplitude thus increasing with its growth. According to the hypothe-
sis formulated by Savage, creep waves cause an abrupt change of the movement
inside the fault and are related to the migration of large earthquakes along the
northeastern Pacific margin. The data on the earthquake migration have inferred
the north-west to south-east stress front propagation along the San Andreas Fault
at a velocity of 30 - 50 km/yr [56].

Ida [30] obtained a solution in the form of “slow-moving deformation pulses”
(with a constant velocity v = Gd/2u (u, d are the viscosity and the thickness of
the gouge; Gis the shear modulus of host rocks) along a fault. The model yields
the pulse velocity from 10 - 100 km/yr to 1 - 10 km/day. It was accepted as a pers-
pective model to explain the migration along faults [57].

In the model [5] the crustal blocks (A4, a) are bordered by the “soft” weakened
transitional zones (B, b), gouges (Figure 6), which may be fractured fluid-saturated
media with the elasticity moduli much lower than those of the block geomaterial.
The authors modified the inelastic Maxwell model and proposed the following

relation to connect stress and strain [5]:

oo o'e

7 +EU:K'E¥, (15)

where g; ¢ stand for the stress and strain, £is the elasticity modulus (rigidity),
is the inelastic parameter, the analog of the viscosity with the dimension g/(cm
§*%). The power z has the value 0 < z< 1 and at z = 1 the parameter x acquires
the dimension of the dynamic viscosity g, Equation (15) is compatible with the
Maxwell model. Given the results of laboratory low-frequency measurements [58]
[59], from which it follows that classical viscoelastic models (Newtonian, Max-
wellian, Kelvin-Voigt and others) describe inadequately the geomaterial rheolo-
gy, such replacement appears to be reasonable. The resultant system of equations

has the following form [5]:

d%s
o, = M at—zn, (16)
K@ GZ” +E,0, :KTED%[SMl +8,,—25,]. (17)

e,
AL

Figure 6. The structural model of the crust [
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Here, M is the surface density; o, is the stress, applied to the n-block; s, is the
displacement of the n-block from the equilibrium position; £, is the elasticity
modulus of the gouge B.

The velocity v of the migration of strain perturbations along a chain of four

blocks with a linear dimension (a + b), is equal to [5]:
v:2(a+b)2. (18)
T

According to (18), the velocity of a slow stress wave in the blocky geological
medium is only determined by the geometric sizes of the blocks a and their os-
cillation frequency w. At the block sizes of about 10 km and the frequency of 107
- 107 5" the velocity has the value of (107 - 10™") m/s or 30 km/yr - 10 km/day,
which is in agreement with numerous observation data. The expression for the
strain wave velocity in the lithosphere-asthenosphere system with a deep fault,
deduced from the theory [60], has the form [61]:

Y2
V= w[%j A, (19)
GZ

and, as well as (18), it contains the wave frequency w and the geometric sizes of
the system (the thickness of the lithospheric plate A, and that of the asthenos-
phere A,). The velocity is also derived from the non-dimensional relation of the
shear moduli of the lithosphere G, and the asthenosphere G,, and the dimen-
sionless coefficient A,.

To explain the earthquake epicentral migration, the model was proposed that
comprised the fluid filtration in the fault zones bordering the lithospheric plates
[62]. It was suggested that the fluid supply inside the fault resulted in a decrease
of friction thus provoking the movements of the fault walls, an earthquake.
Combining the equations of plate motion and fluid filtration, the authors of the
model derived a nonlinear parabolic equation whose solution describes the fluid
front propagation with a finite velocity v ~ (K/9)"?, where K = kp,/my, is the
hydraulic diffusion coefficient; &, m, are the rock permeability and porosity in
the fault zone; p,, 4, are the pressure and dynamic viscosity of the fluid in the
fault zone. At the characteristic physical-mechanical parameters, velocity v is of
the order of 30 km/yr, which agrees with the observed velocities of the earth-
quake epicentral migration along transform faults. The possibility of fluid flow
in the fault zones with such a velocity was confirmed in [63], where the mechan-
ism initiating fast hydrocarbon migration in the sedimentary basins from deep
reservoirs was proposed, and it was shown that the fluid might have been tran-
sited in the form of solitary waves propagating upward along the fault planes with
a velocity of 16 - 160 km/yr.

2.2. Sine-Gordon Equation and Tectonic Stress Transfer

The viscoelastic or elastoplastic models [3] [26] [47] [51] [52] cannot describe

slow tectonic strain in the form of solitary waves and do not account for the

DOI: 10.4236/ijg.2023.141007

118 International Journal of Geosciences


https://doi.org/10.4236/ijg.2023.141007

V. G. Bykov

blocky structure of the crust and the lithosphere. Therefore, Nikolaevsky de-
signed an elastic model that simulated the blocky structure of the lithosphere or
the crust and accounted for the inertia of kinematically independent microplate
rotations or rotational oscillations of the blocks of rocks that compose the crus-
tal bodies in the fault zones. The modification of the Cosserat mechanics has led
to the balance of moment of momentum in the form of the sine-Gordon equa-
tion [31]. One of the analytical solutions of the sine-Gordon equation is a kink.
It is known to date that these kinks appear to be solitons in the strict mathemat-
ical sense [64]. The shape of these functions (Figure 7(b), Figure 7(d)) is coin-
cident with the records of the geophysical anomalies observed before earth-
quakes (Figure 7(a), Figure 7(c)). In addition, the sine-Gordon soliton may stop
and move again not changing its topology which allows modeling of the fault
dynamics. Finally, when moving or slipping slowly, the kink radiates linear wave,
phonons which may serve as an analog of episodic seismic tremor in subduction
zones [65].

The heuristic approach applied for constructing the sine-Gordon equation for
the blocky medium has explained slow stress redistribution in the crust due to
strain waves (individual jumps or solitary waves), moving with velocities by sev-

eral orders of magnitude less than the velocities of ordinary seismic waves [31].
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Figure 7. Indirect indications of strain waves along crustal faults. (a) Stepwise fluctua-
tions of the ground water level in the Kim (1) and Asht (2) wells near Ashkhabad [114];
(b) Solution of the sine-Gordon equation U — kink; (c) Radon concentration measured in
Guzan before the Luhao earthquake [114]; (d) Solution of the sine-Gordon equation in
the shape of a soliton V' (the first derivative from function ).
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Since then, the sine-Gordon equation has been actively applied for modeling
fault dynamics, crustal block motions generating strain waves, and for the inter-
pretation of the observed concomitant seismic and strain effects [2] [65]-[71].

The sine-Gordon equation first obtained when describing dislocations in crys-
tals [72], and then successively used in the ferromagnetism theory, quantum op-
tics, physics of elementary particles and biology [64] [73] [74], has several quali-
tatively different analytical solutions in the shape of phonons, kinks, breathers,
solitary waves, and fast and slow cnoidal waves. In the seismological and geome-
chanical problems, the evolution of the block and fault systems is different for
each of these solutions [75].

It is necessary to emphasize that it does not appear possible to rigorously de-
duce the sine-Gordon equation from equations of continuum mechanics, and,
consequently, slow solitary waves observed in the fault-blocky geological me-
dium, not making the additional assumptions. In geomechanics and seismology,
the sine-Gordon equation is not rigorously deduced, as well as the Newton equ-
ation is not deduced in classical mechanics, the Maxwell equation in electrody-
namics, and the Schrédinger equation in quantum mechanics. These equations
are heuristic. It is fair to apply the sine-Gordon equation to geological media,
because, as evidenced, its implications are consistent with the experimental re-
sults, Ze. the equation is a summary of experimental data, which, in turn, ranks it
as the law of nature.

The mathematical models describing the mechanisms of crustal block rotation
and slippage that are compliant with the sine-Gordon equation, include the ro-
tation angle of fragmented rocks of the massifs [31] [32] [66] [76] or the dis-
placement of the blocks localized along faults [2] [65] [66] [70] [71] [75] as va-
riables. For more detailed descriptions of the mathematical models of strain
waves in the Earth compatible with the classical or perturbed sine-Gordon equa-
tion, see, for example, an overview [75].

Let us briefly describe the application of the sine-Gordon equation for mod-
eling specific tectonic activity, which is a short-term slow slip in subduction
zones accompanied by Episodic Tremor and Slow (ETS) slip. The velocity of
tremor migration along the faults in different subduction zones thousands of ki-
lometers apart is closely similar and equals 10 km/day, on average [77] [78] [79].
The ETS emerges with remarkable temporal regularity, and this time interval
spans about 3 - 18 months in different subduction zones [77] [80].

A series of publications by Gershenzon and co-authors [65] [69] [70] [71] has
revealed that the sine-Gordon equation is a “suitable instrument” to describe a
broad spectrum of the observed features of regular and “slow” earthquakes, the mi-
gration of slow slip and seismic tremor.

In [69], the heuristic model of inelastic stress wave propagation along trans-
form faults is proposed based on the qualitative analogy between the movements
at the lithospheric plate boundaries and the processes of plastic deformation in

crystals (Frenkel-Kontorova model). The plate motion along the fault is suggested
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to occur due to movement of dislocations along the plate boundary (term dislo-
cation” is used here as presented in the Frenkel-Kontorova model). Dislocations
are successively moving by “half-jumps”. The elasticity energy is “accumulated”
in such dislocations. The average density of dislocations is proportional to the
average deformation at the plate boundary, whereas the average velocity of dis-
locations corresponds to the strain wave velocity.

The model is compliant with the classical sine-Gordon equation:
@—az—u:sinu, (20)
oxt ot

u=2nu'/b, t=tcA/b, x=xA/b,

where U’ is the displacement of the plate in the direction x' (along a fault); t'
is the time; b is the distance between asperities on the fault plane; c is the veloci-
ty of the compressional seismic wave in the crust with the density p; A is the di-
mensionless empirical coefficient.

Solutions of Equation (20) at |U | <1, 0<m<1 are periodic functions:
u = arcsin[ +cn (-B¢) ], (21)
e=0u/ox=2p-dn(BE), w=au/ot=2pUdn(B¢),

2\ T2 np
E=x-Ut, ﬁ:[m(l—u )] , k= TG

Function (21) describes slow cnoidal waves, a succession of pulses with a spa-
tial period 2m<1—ﬁz )1/2 K (m) , where K (m) is the full elliptic integral of the
first kind, m is the modulus of the Yacobian elliptic function. The dimensionless
derivatives for the coordinate £ and the time w are the dimensionless deforma-
tions and slip velocity; Uis the dimensionless velocity of dislocations (in units of
¢); kis the wave number (in units of A/b).

From model solutions (20), it follows that the inelastic wave velocity value is
the exponential function of stresses and varies from a few km/s during an earth-
quake to 10 km/day and 10 - 100 km/yr over the postseismic and interseismic
periods. The calculations show that after an “earthquake” the strain wave veloci-
ty is inversely proportional to the time. The aftershock number decreases with time
in compliance with this dependence (Omori law). Hence, physical interpretation
of the Omori fundamental empirical law is as follows: aftershocks are caused by
strain waves that are generated by earthquakes [69].

It is known from theoretical physics that at small perturbations a kink from the
sine-Gordon equation is a stable formation that radiates phonons, small- ampli-
tude waves, when moving, and is restored afterwards [81] [82]. This result was
used as an analogy for constructing the model of slow slip and episodic tremor
[70].

In the framework of the model [70], the main solutions of the perturbed
sine-Gordon equation which are solitons (kinks) and unharmonic oscillations

(phonons), were interpreted as slip pulses and seismic tremor, respectively. The
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seismic tremor (phonon radiation) may emerge due to acceleration or decelera-
tion of the slip pulse (kink), the interaction of the slip pulse with large asperities
of the plate boundaries, and the impact of the external stress perturbation upon
the plate boundaries.

If accounting for only the last factor, then the model complies with the per-
turbed sine-Gordon equation [70]:

%—%Hinu:zg—f , (22)
where X3, fare the external shear stress and the friction force per unit area (in
units of ,uA/ (2m)). If searching for a solution in the shape of a traveling wave
u=u(x-Ut)=u(¢) with a dimensionless velocity Uj thenat I# > 1,0< m<1
the solution of Equation (22) is a phonon mode with the initial phase of motion

& [83]:

u= 2arcsin{\/ﬁsn(—§_§° mﬂ (23)
JU? -1

The model predicts generating of radiation (23) in the frequency range deter-
mined by the fault parameters, and exciting of resonant oscillations inside the
fault in some depth ranges. The model explains a complicated pattern of tremor
migration with a velocity of about 10 km/day and “rapid” tremor (~50 km/h).
Tremor is the inner response of the fault to the external impact.

In the case Uf < 1, the solution of Equation (22) will be a localized wave in the
shape of a perturbed kink, soliton:

x—.[;Udt’—X

J1-u?

where Xis the initial location (coordinate) of the center of a soliton. The interac-

Uo (X,t,U, X) = 4arctgexp| + (24)

tion between the phonon and kink, 7e between two modes (23) and (24), is
possible, if the terms in the right-hand part of Equation (22) are not equal to ze-
ro.

To summarize, the model and the calculations show that shear stresses accu-
mulated in the subduction zone may relax due to nucleation and slow motion of
the slip pulse (kink) whose interaction with different-size the asperities produces
the radiation (tremor) inside the fault [70] [71].

2.3. Models of Slow Strain Autowave Processes

The autowave concept was applied to describe slow strain processes based on the
concepts of global plate tectonics [16] [27] and the synergetics principles [84]
[85]. As mentioned in Section 2.1, a fundamental possibility of generating global
tectonic autowaves in the lithosphere-asthenosphere system was shown for the
first time by Nikolaevsky [27]. The issues related to the autowave processes in
the lithosphere and their mathematical modeling were discussed in detail in the

monograph [16].
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The “autowave” approach has further been developed in the recent years.
Kuz’'min [7] elaborated the model simulating the formation of autowave defor-
mations in the fault zones and constructed a nonlinear diffusion equation of
surface displacements. It was convincingly demonstrated that the spatiotemporal
migration of anomalies of recent surface movements in the fault zones is a result
of the autowave deformation processes occurred in the active excitable geologi-
cal medium which is an open system, and in terms of its structure, the migration
complies with the Kolmogorov-Petrovsky-Piskunov-Fisher equation. Naturally,
the existence of autowave structures is supported by the energy supply due to
geodynamic processes on the regional and global scales [33] [86].

On the assumption that the solitary waves of seismicity migration appear to be
autosolitons, Spirtus [34] [87] [88] proposed a model of excitable hierarchic-blocky
seismic medium (analog of the model of active medium with restoration), where
the intensity of seismicity and the “deconsolidation” degree of a characteristic
block of the medium are used as variables, whereas the average strain veloci-
ty that defines the seismicity level is the governing parameter. The mathematical
model of such a medium agrees with a modified FitzZHugh-Nagumo model and
allows the explanation of the inverse dependence revealed between the shock mi-
gration velocity and the energy of seismic events, and accounts for specific fea-
tures of seismicity migration. The calculations are in agreement with individual
manifestations of the foreshock migration and acoustic emission.

The Makarov model [89] rests upon the synergetics methodology: the auto-
wave deformation processes in geological media are ascribed to the phenomenon
of self-organization of deformations at different scale levels. The velocities of
slow strain wave front propagation in geological media are suggested to be go-
verned by the velocity of defects and damage generation due to dynamic impact
on these media, and are regulated by the velocity value of the energy supplied
[90]. The physical mechanism of exciting slow strain autowaves suggests the loss
of stability of the loaded elastoplastic medium due to movements at the bounda-
ries between the crustal blocks and lithospheric plates. Mathematical model in-
volves the equations of mechanics of deformed solid body, the rheological rela-
tions that give the velocities of inelastic strain accumulation, and the cellular au-
tomata method. The solutions of the relevant systems of equations yield the stress
waves with a broad velocity spectrum.

Advances in the development of the concept of strain waves in the Earth or
the concept of wave migration of seismicity are likely to be due to modeling the
fault-blocky geological medium in the form of the autowave or autooscillation
(stick-slip) system whose properties are mostly governed by the state of its inner

parameters.

2.4. The Sine-Gordon Equation and the Development of Sliding
Regimes in the Faults

The problem related to the deformation and dynamics in the crustal fault zones

implies identifying the processes and determining the parameters that govern
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the sliding regimes in the faults. Examining strain migration on macro- and
mesoscales allowed one to gain insight into the process of localized strain prop-
agation in the form of solitary waves (kinks, solitions) and autowaves. Under-
standing of physical processes regulating the transition between different defor-
mation regimes suggests elucidating the conditions that enable the transition
from the soliton to autowave regime of deformation of the fault-blocky geologi-
cal medium, or, simply, the transition to diffusion dissipation of stress. Precisely,
the problem reduces to answering the question of how does sliding occur in the
faults?

Generally accepted concepts suggest that the transition from creep to stick-slip
along a fault frequently accompanied by tectonic earthquake is caused by the geo-
metric inhomogeneities of the fault, the friction decrease in separate fault segments,
and the pore pressure anomalies. Seismic movements may also be initiated by
slow strain waves excited in the crust and the lithosphere.

Stick-slip experiments with rock samples have inferred that the propagation of
localized strain in the form of slip waves moving along the block contact always
occurs prior to a dynamic slip [2]. The onset of a slip is preceded by the trans-
mittance of wave fronts of different types that are visually observable at the con-
tact of two blocks. Propagation of a slowly moving, with a velocity from 40 to 80
m/s, front is a dominant mechanism producing the break of the contact [91].
The displacement of one block relative to another one, i.e. weakening of the
contact, does not occur till a slowly moving front crosses an entire surface of the
block contact. Stick-slip experiments have also revealed solitary failure fronts
propagating at a constant velocity of about 30 - 60 m/s [92]. The existence of
slow strain waves that possess the soliton properties is supported by laboratory
experiments [93]. Slow autowave perturbations propagating in the form of loca-
lized plastic strain fronts were detected from the compression of various rock
samples [94]. The main stick-slip effects observed at the contacts of blocks of rocks
were reproduced by applying the perturbed sine-Gordon equation [2].

The mathematical models of solitary waves and autowave processes in fault-
blocky geological media can be conventionally divided into two types: conserva-
tive (for the medium with dispersion) and dissipative (for the medium with dif-
fusion). As mentioned in Section 2.2, the conservative models compliant with the
canonic sine-Gordon equation are actively applied in geomechanics and seismol-
ogy. The dissipative models are involved in describing stick-slip in the blocky ex-
citable medium with elastic coupling [95] [96], slow autowave deformation processes
in the geological medium [7], and seismicity migration in the excitable hierar-
chic-blocky medium [88]. The mathematical models simulating these processes
reduce to the FitzHugh-Nagumo and Kolmogorov-Petrovsky-Piskunov-Fisher
reaction-diffusion equations and describe the wavefront dynamics. Kinks and
solitons are the solutions of the conservative models compatible with the canonic
sine-Gordon equation. The dissipative models described by the reaction-diffusion

equations yield the solutions in the shape of autowaves.
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The properties of the solutions derived from these two types of models are
absolutely different. Thus, the capability of solitons to retain their velocity, shape
and amplitude is fundamentally due to the lack of dissipation in the medium.
Moreover, the solitons with different velocities and amplitudes can exist in the
same medium. Conversely, the autowaves propagate in the medium with dissi-
pation and retain their velocity, shape and amplitude due to external energy
supply. In the active medium, all autowaves are similar and their characteristics
are only dependent upon the medium parameters.

In [75], the model is presented which describes the development and change
of the sliding regime along a fault. This model of solitary waves in the fault com-
plies with the perturbed sine-Gordon equation and, unlike the conservative or
dissipative block models generating strain waves, accounts for both inertia and
dissipation simultaneously, which seems to be more realistic for a description of
the deformation regime in the fault-blocky system.

The model includes three most important mechanisms that provide the inte-
raction between the fault walls, namely, friction, geometric inhomogeneities (as-
perities and “cohesion”) and the external load, which govern the process of stick-slip
along a fault over a certain time period. The resulting mathematical model is

compatible with the perturbed sine-Gordon equation [75]:

U 8% . ou .

———=sinU +a—+ o(&-L)sinU +o , 25
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Here, u is the displacement of blocks positioned periodically along the length
of a fault; ais the distance between the block centers; D, is the tangential contact
stiffness; m = 4nr'p/3 is the block mass; p, is the density of the block material; r
is the block radius (size); A is the distance between the neighboring block layers;
g is the gravity acceleration; u is the viscosity of the gouge between the blocks;
dis the size of the block contact; A is the thickness of the gouge; a, y are the fric-
tion and inhomogeneity parameters; /, L denote the height of “cohesions” and
the distance between them, normalized to ap/m; & (f ) is the Dirac delta-function;
o (77) is the function, which reflects the external effect at the contact of the fault
walls.

In the right-hand part of Equation (25), the first term corresponds to the
“restoring” force emerging due to shear along a sinusoidal surface of the fault
walls; the second term corresponds to the friction force proportional to the ve-
locity of relative displacement; and the third one to the corrections introduced
for point inhomogeneities located with a spatial period of apL/n. Based on Equa-
tion (25), it was shown that strain effects due to friction decrease (o <« 1) at the
contacts of inhomogeneous fault walls are capable of generating solitary strain

waves proposed to be interpreted as the waves of fault activation propagating at
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velocity V, [75]. These waves appear to be the strain ¢ localized on a mesoscale
(26), which propagates along the fault with a dimensionless velocity 5, connected

with V, by relation (27) and governing the sliding regime in the fault.

oU 1 E-pn
=" =+ sech , (26)
“ ) )
12
_ar(wp,
o), o

It follows from the calculations that the velocity profile v of the block located at
the surface of the fault walls has the shape of a soliton V(X,t)=V,,, sech(x-V,t),
moving along the fault with velocity V, . If the value of V_  is small, then vis
insufficient and stable slow (creep) slip occurs. At velocities of V, of about 1 -
10 m/s, we obtain the soliton profile showing the displacement velocity of the
fault walls v ~0.1 - 1 m/s and a stepwise profile of the displacement (kink)
u (X,t) . To conclude, as evidenced from experiments [91], the transmitting soli-
tary wave (26) weakens the contact, which, at constant external load, results in a
dynamic slip, the displacement of the fault walls. These waves are, by origin,
similar to slip waves observed in numerous stick-slip experiments performed at
the contact of blocks of rocks [2]. At specific parameters of the fault, a solitary
wave “acquires” the stationary regime with velocity V, ~10™ - 10~ m/s or 30 km/yr -
10 km/day, which agrees with that of strain waves.

It is likely that elucidating the conditions which allow the transition from the
model of solitary waves in the conservative medium with low “friction” (soli-
ton-like behavior of the system) to the model of solitary waves in the active me-
dium with diffusion (autowave behavior of the system) requires analyzing equa-
tions derived from (25) in any limit case.

Let us consider the possible deformation regimes of the fault-blocky medium
under strong friction condition. The physical model of such structure can be
shown as a set of blocks positioned periodically along both fault walls (Figure
8(a)) [97]. In the merely general case, separate blocks may even produce vertical
oscillation motions (Figure 8(b)) or pendulum oscillation motions, when the
lower parts of the blocks are fixed, whereas the upper ones are non-equilibrated
(Figure 8(c)). High friction hampers the displacement of one fault wall relative
to another one, but the neighboring blocks in the fault body are sticking out by
one another and the blocks at the opposite fault wall. Such block behavior seems
realistic, if taking into account that part of the blocks in the fault body may be
contracted, whereas the other part may be unloaded due to differences in the
roughness of the block contacts or different effective viscosity of the interblock
gouge.

If “cohesions” are completely absent at the fault wall surface (y = 0) and fric-
tion is high (a > 1), then in Equation (25), the term with the first time variable

that corresponds to dissipative losses exceeds considerably the inertial term with
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Figure 8. A scheme illustrating the structure and location of the blocks in the fault body [97]. (a) The blocks posi-
tioned periodically along the fault walls; (b) Vertical oscillation motions of separate blocks; (c) Pendulum oscillation
motions.

the second time variable, and it can be neglected. In this case, the perturbed

sine-Gordon Equation (25) transforms into equation [97]:

az—l'izsinU +ag—u+0'(77), (28)
n

which is coincident, in terms of its structure, with the equations describing for

example, autowaves in active media with dissipation and energy supply [98] [99]

or excitable waves in the reaction-diffusion systems [100].

It is known from theoretical physics that weak damping (& <« 1), due to soli-
ton moving in the medium with “friction”, may be compensated by the energy
supplied to a soliton from the external source. Such stationary solitary waves in
the medium with low “friction” are not largely different in their properties from
the solitons in the conservative systems [101]. However, this difference is still
more increasing with the growth of dissipation, ie. with “friction” increase in
the system. The similarity between the solitary waves in active media with diffu-
sion and solitons will be persistent until a certain critical damping value is ex-
ceeded. After that, the transition of the system from the soliton (25) to the au-
towave (28) regime occurs. This results in abrupt changes of the properties of
the medium, which is manifested, in the first place, in the response of the me-
dium to the interaction of slow solitary strain waves. When two autowaves collide,
their annihilation, Ze mutual vanishing, or transformation into the autowave of
different type (static or pulsating autosoliton) occurs [102]. Conversely, solitons
restore and retain their shape after colliding and continue moving at the same
velocities and in the same orientations, as prior to the interaction.

If a kink and antikink (images of strain wavefronts) are moving reciprocally
with equal velocity V,, at which the energy losses due to dissipation are equal to
the energy supplied to the kink, then, following [83], and using the notation, the
expression can be written for velocity V, = (1+ (4a/ TCU)Z)_OE . This case demon-
strates the classical autowave behavior of the medium.

If the external source o (7) is lacking and the “restoring” force sin U (asperity

of the fault walls) is not taken into account, then the transition of the system to
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the ordinary diffusion regime occurs, and Equation (28) takes the form of the
classical diffusion equation:
ou 0%

%— (24 552 , (29)

which, when substituting the dimensionless values by the physical parameters

integrated in initial Equation (25), may be written as:

ou o%u
okl 30
ot Ox? (30)
2 D A 2 A 2
oo Dddp o aTdAD @y (31)

2nm u 2 u

where «is the stress diffusion coefficient.

The equations of this type, presented in Section 2.1, were earlier applied for
modeling stress transfer along the lithosphere-asthenosphere contact and for de-
scribing the strain and earthquake migration.

At the sinusoidal variations of the load with a period T =2n/w velocity V,

of the strain wave is defined as:

AD, D,
V., =20 =2 LAY t= L =awmA, 32
¢ T \ij \oT 0 (32)

where &= u/A is the specific viscosity of the contact; A is the dimensionless
coefficient. At the diffusion coefficient value x = 0.01 - 1.0 m%/s [26] [103] and
characteristic parameters of the crust derived from the calculations using for-
mulas (31) - (32), the velocity of the diffusion wave V,=8 x 107 - 2.5 x 10™* m/s

(2.5 - 10 km/yr), which is comparable with the velocity of slow strain (tectonic)
waves of about 1 - 100 km/yr [75]. Hence, the localized strain transfer (moving
of a kink) is changed by the diffusion dissipation of stress.

We have gradually come to an understanding that frictional movement along
the surface of the block contact or along crustal faults is accompanied by slip
waves of different types against the background of creep [104] [105]. Such slip
waves may exist in the form of solitary waves (slip pulses), periodic waves or
wave fronts. Examining the model of solitary waves in the fault that is compliant
with the perturbed sine-Gordon equation has revealed the physical conditions
which allow a possible transition of the system from the soliton to the autowave
regime, or the regime that prevents the localized strain transfer, when the diffu-
sion dissipation of stress occurs.

In summary, the development of sliding regimes in the faults is directly re-
lated to slow dynamics in the geological medium, ie. the wave processes consi-
derably slower than seismic ones. Slow dynamics of deformed fault zones in-
cludes the localized strain transfer in the form of solitary waves and autowaves,
the generation of strain waves of different types and various-scale wavefronts.
Slow dynamics is governed by the crustal block interaction and their synchroni-

zation in time.
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3. Methods of Strain Wave Detection and Main Observations

Geological media are modeled by elastic, quasielastic, plastic and viscoelastic bo-
dies which experience the deformation that affects their volume (extension and
compression) and shape (shear) due to external force. If applying a force to the
medium, a wave always emerges in it. In physics, the most common definitions
of the wave motions are as follows. Waves are defined as changes in the state of
the medium (perturbations) that propagate in the medium and carry the energy.
The main property of all the waves, irrespective of their origin, is that the energy
is transferred in the wave without the matter transfer.

The definition given by Whitham [106] can likely be considered the most
reasonable one to describe the wave geodeformation processes and analyze the
in-situ measurement results on the wave manifestation of strain migration: “A
wave is any identifiable signal, transmitted from one part of the medium to
another one with a specific velocity. This signal may be a perturbation of any
kind: the maximum of any value or its abrupt variation on condition that this
perturbation is clearly distinguishable and its location can be detected at any time
moment given. This signal may be distorted, may change its value and velocity,
but should remain identifiable’. For example, when examining the wave mo-
tions of crustal strain, the strain maximum was chosen to be the “maximum of
any value” [107].

Strain wave propagation in the geological medium is accompanied by various
seismic, hydrogeological, electrokinetic, geochemical and other effects. The me-
thods of strain wave detection are divided into indirect, detecting wave varia-
tions in geophysical fields due to temporal stress-state variations of the geologi-

cal medium, and direct that are immediately recording strain migration.

3.1. Indirect and Direct Observations of Strain Waves in the Earth

Indirect evidences of strain waves are as follows: targeted migration of large
earthquakes [108]; displacements of seismic wave velocity anomalies (temporal
variations of seismic wave velocities, travel times and time misfits, and different
parameters of the seismotectonic process) [109] [110]; wandering of aseismic
bands in the Earth’s mantle [16]; oscillation movements of the seismic reflectors
[85] [111] [112]; migration of geophysical anomalies (radon, electrokinetic sig-
nals) [113] [114] [115]; and episodic tremor and slow-slip migration along sub-
duction zones [116].

Direct indications of strain waves include wave fluctuations of the ground
water level; migration of slopes and strain at the surface. Direct methods study-
ing temporal variations of crustal strain involve deformographic [4] [6] [107]
[110] [117] [118] [119], hydrogeodynamic [11] [12] and geodetic measurements
[7] [33] [86], including methods of strain measurements using laser long ranging
[120] and data from continuous GPS observations [10] [121].

3.2. Laboratory Experiments

In 1949, when investigating the Portevin—Le Chatelier effect, McReynolds [122]
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made a fundamental discovery of slow waves, which accompanied a discrete de-
formation: a kink-type step was moving along the tested sample with a velocity
from 0.5 to 80 cm/s (Figure 9(a)). The possibility of generating slow waves in
metals (McReynolds’ slow wave) with velocities of about a few cm/s was con-
firmed in 1966 by other researchers [123] [124]. A change in the shape and a de-
crease in the amplitude of the strain pulse (Figure 9(b)), ie. the dispersion and
dissipation, which are the main properties of the wave process, were also de-
tected.

In the same 1966, the first results of stick-slip experiments at the contact of
blocks of rocks were published and this effect was proposed to be used as an
analog of the earthquake source [125]. Experiments with samples of Westerly
granite yielded the results (Figure 9(c)) [126], which were qualitatively consistent
with the data for metals. Later, stick-slip experiments performed under biaxial
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Figure 9. Evolution of deformation and displacement in metals and rocks. (a) Discrete-
ness of deformation ¢ along the length of aluminum sample depending on stress o. Curve
numbers (1 - 4) correspond to the number of pre-cut faults (1 - 4) of the sample [122]; (b)
A change of deformation A¢in time, observed in four pre-cut faults of aluminum sample

[123]; (c) A change in the displacement due to stick-slip in the sample of Westerly granite
[126].
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compression of Tsukuba granite samples recorded the evolution of displacement
due to stick-slip with high accuracy (Figure 10), and determined the maximum
slip velocity from 1 to 40 cm/s [127] which is practically equal to the McReynolds’
velocity of slow waves in metals.

The most pronounced result of numerous stick-slip experiments with rock
samples and various materials is that the stress wave propagating along the block
contact always emerges prior to a dynamic slip, the final stage of each stick-slip
cycle (Figure 10). Strain waves of different types are generated at the border
between solid bodies due to their relative displacement [2]. The system of two
contacting blocks of rocks may probably serve as a simplified generator of strain
waves.

Stick-slip experiments have also detected solitary failure fronts moving at a
constant velocity of at least about 5% from the velocity of ordinary shear waves
V'=0.05V, = 30 - 60 m/s [92]. The localized strain propagating in the form of
slow strain waves of 10 m length with a velocity of 107 - 10™* m/s was detected
from the compression of various rock samples (sylvinite, marble, and sandstone)
[94] and metals [128].

Physical modeling first detected slow strain waves in the shear zone, which
was formed in the elastoviscoplastic blocky medium [129]. Spatiotemporal dy-
namics of strain waves in the shear zone is governed by its inner fault-blocky
structure, whereas the average velocity of strain waves attains (0.65 - 4.65) x 107

m/s depending on the level of stresses accumulated in the zone.
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Figure 10. A scheme of stick-slip experiment under biaxial compression (a) and evolu-
tion of the displacement at different contact points of granite blocks (b). The numbers of
displacement curves (1 - 6) (b) correspond to the numbers of sensors (1 - 6) (a), installed
near the block contact [127].
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3.3. Field Observations

The slow migration of deformations of the Earth’s crust was first discovered in
the 1960s using water-tube tiltmeters [130]. Then, when analyzing data from
borehole strain gauges from five observatories located in the northeast of the
Japanese island arc (Honshu Island), migration of the shear strain maximum at a
velocity of 20 - 40 km/year was found [107] [117]. Mathematical modeling [131]
showed for this region a good agreement between calculations based on the ge-
neralized Elsasser model and field observations of the “migration of crustal
movements” and confirmed the effectiveness of ideas about the migration of de-
formations in the form of slow waves. Higher migration velocity of crustal de-
formations with amplitudes of less than 1 cm were recorded along the Japanese
islands using horizontal displacements at 900 points of Japan’s National GPS
network GEONET from 1994 to 2001 [132]. At the same time, for each GPS sta-
tion, the effects of earthquakes and the interaction of lithospheric plates were ex-
cluded. The observational network of strain gauges installed in the Kyushu re-
gion recorded the migration of deformations from the subduction zone towards
the continent at a velocity of 90 - 140 km/year [6]. Thus, deformation measure-
ments in various regions of the world revealed the migration of strain at a veloc-
ity of about 10 - 140 km/year [4] [5] [6] [9].

It should be noted that as early as 1979 in China, using a sensitive laser strain
gauge, the movement of a strain wave was recorded and it was proposed to use
this effect as a precursor of strong earthquakes [133]. The results of monitoring
the migration of crustal deformations and their anomalous behavior before strong
earthquakes in Japan were also discussed in [134].

Johnston and Linde [104] give examples of registration of “slip waves”, which
generate coherent deformations over several kilometers of the San Andreas fault
surface. The amplitude of the “slip wave” is about 1 cm, and the deformations
exceed 1077. The authors also note that the main difficulties in recording slip
waves propagating along active faults are associated either with an insignificant
amplitude of these waves (<1 cm) or with a very large period, as a result of which
these waves cannot be distinguished against the background of “tectonic noise”.
At the same time, it is argued that if these waves traveled at higher speeds, then
they could be easily recorded by downhole strain gauges, but slip waves with a

velocity of the order of km/year cannot be detected in such a network.

4. Properties of Slow Strain Waves

Strain waves have kinematic and dynamic characteristics: velocity, frequency
and wavelength, amplitude (attenuation) and waveform. Of greatest interest are
two parameters of waves, velocity and attenuation. The entire spectrum of ob-
served strain wave velocities varies from a few km/year to 10 km/day. There are
even data on strain migration (seismic tremor) at a velocity of 15 - 150 km/h [78]
[79]. Slow strain waves have ultra-low Hz frequencies and long km. The main

feature of these waves is that their velocity is less than the velocity of seismic
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waves by 6 - 7 orders of magnitude, but more than the rate of the relative move-
ment of lithospheric plates by 10° - 107 times. Do slow strain waves have charac-
teristics that are inherent in the usual wave process and, in particular, dispersion
and attenuation?

The studies of crustal strain in the Tohoku region (northeastern Japan) have
established that the migration of the maximum shear deformation has a velocity
dispersion: for a period of 5.1 years, the phase velocity of migration was 40
km/year and, with an increase in the period to 5.8 years, decreased to 20 km/year.
In this case, the wavelength in the first case is 210 km, and in the second, 110 km
[107]. Waves of tectonic stresses with approximately the same period (5 - 7 years)
were revealed by instrumental seismic observations in seismically active and
aseismic regions [135].

In the course of seismic and deformational observations in Central California,
Southern California, and the Kopetdag region have detected a strong dispersion
of velocity v~ 7' and damping decrements (0.3 - 1.0) of strain waves were es-
tablished [136]. For Southern California, the velocity of slow strain waves with a
period of 3 years was 40 km/year; in Central California, it was 20 km/year with a
period of 5 years [17] there is a normal dispersion.

The dispersion pattern of strain wave propagation was also noted by other re-
searchers [11]. Moreover, “wave forms of migrating strain are pronouncedly ab-
sorbed during the motion” [4]. According to our calculations, the absorption
coefficient of the strain wave (shear strain maximum migrating from the coast
deep into the Tohoku region [117] at a frequency of 6.0 x 10~° Hz is (107" - 107')
m™', on average. It is 10’ - 10* times less than the absorption of ordinary seismic
waves in the seismological frequency range (0.01 - 1 Hz), which allows strain waves
to propagate for long distances.

Strain waves are compressional and shear, as are the ordinary seismic (elastic)
waves [41] [137], and, also, solitary waves (kinks, solitons) [114]. Slow strain
waves are observed as shear strain migration [117] and as global compres-
sion-extension waves [138] [139]. Hydrogeological methods have recorded two
kinds of strain wave perturbations: the motion of the front of stepwise stress
variations [114] and the migration of solitary waves of compression-extension
[12].

The strain wavelength is dependent upon the propagation velocity and oscilla-
tion frequency of the wave source. In the general case, the order of the strain
wave velocity is defined by the period of the wave T"and a characteristic size L of
crustal blocks v~ LT

As mentioned, the propagation velocity of strain wave equals (107 - 107")
m/s, ie. varies in a broad range. As for the frequency of these waves, two groups
have thus far been known, comparatively low- and high-frequency. The former
have frequencies of the order of 107'° - 10 Hz [140] [141], whereas the latter is
107 - 107 Hz [136] [139]. The wavelengths of low-frequency strain waves are

equal to a few hundred or even a few thousand kilometers, while those of
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high-frequency waves attain to a few tens of km. For example, the wavelength for
a frequency of 107° Hz is 60 - 70 km. Another property, the velocity of earthquake
migration waves, is the function of their magnitude, the less are the magnitudes of
earthquakes examined in the migration chain, the higher are the migration wave
velocities [18] [142] [143].

5. Types of Geostructures Generating Strain Waves

The most probable types of geostructures generating strain waves are subduction,
collision active rifting and transform fault zones. These intense sources of dif-
ferent tectonic origin share a common property, being a zone of the geoblock
and lithospheric plate interaction. As pointed out earlier, the laboratory experi-
ments have inferred that strain waves are also generated at the contacts of blocks
of rocks.

The revealed orientation of shear strain migration from the ocean toward the
coast should be considered as being of significant importance. This common
trend was first inferred in the Japanese Island Arc area, where the east-west mi-
gration was observed, and on the opposite Pacific coast, in the Western Cordil-
leras, where strain migrated from south to north [4]. Later evidences are availa-
ble which show the strain migration orienttation from subduction zones toward
the continent. For example, a slow migration of the maximum vertical crustal
strain (vertical displacements) at a velocity of about 10 km/yr was observed in
subduction zones near the Tohoku District (northeastern Japan) and the Izu Pe-
ninsula (central Japan), where the Pacific and Philippine plates subduct beneath
the Eurasian plate [144]. All these data have led to the assumption that subduc-
tion zones, where the oceanic plates subduct beneath the continental ones, ap-
pear to be one of the possible sources of strain waves.

Moreover, the studies of seismicity dynamics along the northern boundary of
the Amurian plate have shown a remarkable result [145]. Here, the migration of
epicenters of weak earthquakes (2 < M < 4) was initiated by the strain wave front
moving east-west at an average velocity of 2.7 km/day. This wave is modulated
by a slow strain wave process at a velocity of the order of 10 - 20 km/yr, which is
nucleated in the Japan-Kuril-Kamchatka subduction zone.

In the Pacific subduction zones, the earthquake foci migration was detected
along the subducting plates toward the surface at a velocity of 65 - 260 km/yr [46]
[146] and in the opposite direction inside the Earth’s interiors at a velocity of 90
- 130 km/yr [146]. The direct three-component deformographic measurements
have established that the strain propagating both along and across the subduct-
ing plate is generated in the subduction zone [6].

The seismicity manifestation in southern Middle Asia can be explained by
strain waves excited due to oscillation regime of collision between the Eurasian
and Indian lithospheric plates in the Pamirs and the Tien Shan junction zone
[18]. The compression at the boundary between the Indostan and Eurasian lithos-

pheric plates in the Himalayan collision zone is the source of “fast” and “slow”
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plastic flow waves initiating earthquakes in central and eastern Asia. Fast (“dec-
ade”) and slow (“century”) waves have periods of 7 - 18 and 68 - 133 years, and
move at velocities of 12 - 45 and 1 - 7 km/yr, respectively [140].

In the Baikal Rift zone, north of China, the main groups of strain waves that
injtiate recent seismic fault activation in central Asia, have been distinguished.
Their wavelengths range between 130 - 2000 km, whereas their velocities vary
from 7 to 95 km/yr [147] [148], which agrees well in terms of the value and the
propagation direction with the data on the earthquake migration in China [140].

The block and microplate rotation in extensive tension zones of the crust (li-
thosphere) may also be the source of strain waves. Rotational block motions in
the geological medium due to tectonic processes or earthquakes were observed
by many researchers. Therefore, the rotational block motion in the fault-related
zones is considered to be one of the main physical mechanisms generating strain
waves [32].

Propagation of slow strain waves at a velocity of 40 - 50 km/yr was recorded
along transform faults at the lithopheric plate boundaries in southern California
and the Kopet Dag region [110]. They move along a narrow, about 100 km wide,
“corridor” [17]. The assumption was also made that seismicity variations along
the Pacific and North American plate boundary in the San Andreas transform
fault zone, California, are related to slowly traveling strain waves [43].

Large interplate earthquakes are preceded by the phase of increase in the
seismic activity. Migration of weaker shocks toward the main shock epicenter is
observed during the preparation process of earthquakes with A/ > 7.0. Migration
velocities of “background” earthquakes vary from 4 to 250 km/yr [149] [150].
The shock migration in the zone of impending large earthquake is observed in a
broad magnitude range irrespective of seismotectonics of the regions, and the
migration velocity is linked to the velocity of interplate motions [150].

Retrospective analysis of the largest Tohoku earthquake (March, 11, 2011, A,
= 9.0) has identified two foreshock sequences migrating at velocities of 2 - 5 and
10 km/day along the oceanic trench axis toward the epicenter. A slow slip was
observed to propagate in the distinguished zone of weak earthquake migration
along the surface of the Pacific lithospheric plate toward the main shock area
[151]. The earthquake sequences migrating at a velocity of 2 - 10 km/day were
detected during an April, 1, 2014, M,, = 8.1, Iquique, Chile, earthquake that oc-
curred near the subduction zone at the eastern boundary of the Nazca plate
[152]. The physical mechanism of the foreshock migration is plausibly a slow
slip at the plate surface similar to a slip at the contact of blocks of rocks observa-

ble in stick-slip experiments.

6. Current Status and Outlook

In the recent 50 years, the crustal strain migration has been detected and its
wave pattern has been revealed, and consequently, the existence of strain waves

in the Earth has been proven using direct and indirect methods by researchers
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from different countries in various regions of the world. The studies of targeted
earthquake migration, the fundamental basis of the concept of strain waves in
the Earth, have recently been activated at a new qualitative level [46] [48] [141] [142]
[143] [145] [147] [149] [150] [153]-[163]. All mentioned above is due to the creation
of unique databases, the developing of new techniques for the study of the seismic
process on a planetary scale, and applying modern information-computational
technologies for a wealth of basic data processing and analysis. Being amalga-
mated, this yields obtaining new estimates of the earthquake migration parame-
ters in order to construct the wave models of the seismotectonic regime of the
Earth, and examines the features of the velocity distribution pattern of seismicity
migration at different energy scale levels.

The fundamental property of the geological medium, its blocky and layered
structure, is considered to be the physical background of the concept of strain
waves in the Earth. Different-type and various-scale strain waves are generated
at the contacts of solid bodies, the block, and plate interfaces due to their reci-
procal motion [2]. On large spatiotemporal scales, the pattern of displacements
caused by slow deformations of rock masses is determined by the properties of
interblock contacts rather than those of the block material. Slow strain waves are
a specific mechanism of energy transfer in blocky media [164].

The concepts of the blocky structure of the crust were first formulated based
on the data of geodetic observations and were published in 1920-1930 by Japa-
nese scientists (for example, see [165] [166]). It was also established that the crust
and the lithosphere appear to be a set of blocks and plates, whose sizes L form a
discrete hierarchic row: L = 70, 120, 500, 1200, and 3200 km [167].

The types of geostructures generating strain waves, and the depth levels (li-
thospheric layers) where these waves propagate, have been identified. From the
viewpoint of two-stage plate tectonics [168], two scales of propagation of tecton-
ic waves exist on the continents, the crustal and lithospheric. The seismicity mi-
gration is suggested to be related to the crustal scale, since the major portion of
the earthquake foci is clustered in the continental crust. Accumulation of new
data allowed distinguishing already three depth scales of strain waves, covering
an entire lithosphere, the upper brittle lithospheric layer, and the crust [169].
The fault-blocky structure of the upper elastic layer of the lithosphere and the
crust generates waves with different frequencies and velocities depending on the
sizes of the blocks that compose these layers-levels.

Conventionally, the strain wave processes may be quantitatively divided into
two groups: global tectonic waves with velocities of 1 - 100 km/yr and strain
waves in faults with velocities of 1 - 10 km/day. It follows from models [24] [29],
that elastic interactions between neighboring fault segments will dominate at a
velocity of strain waves of the order of 100 km/yr and more, while at lower ve-
locities the viscoelastic properties of the lower crust and upper mantle play a major
role in a slow strain front motion, for example, after the largest earthquakes
[170].
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Fast seismicity migration at a velocity of 1 - 10 km/day was observed in dif-
ferent regions of the world [19] [160]. Strain waves along crustal faults are ma-
nifested in the migration of the geochemical and geophysical anomalies with simi-
lar velocities [114]. The velocity of aseismic creep along the San Andreas Fault,
central California, attains about 10 km/day [21] [171]. A slow slip and episodic
tremor migrate in subduction and transform fault zones with a similar velocity
of 1 - 10 km/day [79] [151] [152] [172]. The data are available on the migration
of the gravity and magnetic anomalies at velocities from 200 to 1200 km/yr (0.7 -
4.0 km/day), which are coincident in the occurrence time and the displacement
direction [173]. Surprisingly good agreement of the migration velocities of the
aforementioned anomalies and their velocity correlation with seismicity migra-
tion (2.7 km/day) [160] may imply that a single internal source of perturbations
of the stress state of the crust is moving that initiates tectonomagnetic, gravity
and seismic effects. The crustal strain migration in the form of slow waves may
likely be this source.

The agreement between the velocities of the geophysical anomalies and the
migration velocities of weak earthquakes, creep, strain, and Episodic Tremor and
Slow (ETS) slip is a fundamental result. This is where the main breakthrough in
the physics of earthquakes can be expected.

Another example of the unilateral movement of natural anomalies is the mi-
gration of seismic and volcanic activity. In 1976, the French researcher Blot
pointed out that earthquakes and volcano eruptions that occurred in the sub-
duction zone are “aligned” in a chain of events, whose “switch-on” velocity is
about 300 km/yr (~1 km/day). The researcher emphasized that volcanic activity
on the continental margins is also a result of “tectonic process”, strain transfer
along the subducting lithosphere, which is manifested in the earthquake [174].

Vikulin and co-authors [142] [143] have deduced a spatial correlation be-
tween the migration of seismic and volcanic activity in the most tectonically ac-
tive regions on Earth, namely, the Pacific margin, the Alpine-Himalayan Belt,
and the Mid-Atlantic Ridge. The correlation of mud volcano explosions and
earthquakes with the strain front propagation in Sakhalin Island was reported by
Saprygin [175]. The space and time correlation of volcano eruptions and the
largest earthquakes (A= 8) was discussed in [176].

To conclude, the first speculations on the spatial correlation between strain
migration and thereby seismic and volcanic activity [20] were confirmed by nu-
merous studies and were changed for confidence, that seismicity and volcano
eruptions are governed by an internal wave process and appear to be its manife-
station at the surface.

We may assert that, in essence, based on the concept of strain waves in the
Earth, a new research direction is announced in the Earth Sciences: “Slow dy-
namics of strain processes”, the goal of which is to study sufficiently slower than
seismic, processes of localized strain transfer in the form of solitary waves and
autowaves, and to examine different-type strain waves and various-scale wave-

fronts, slow perturbations of geodynamic fields, the sliding regimes in the fault
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zones and the earthquake migration.

Particular interest with regard to slow wave motions (tectonic and strain waves)
in the blocky structures of the crust and the lithosphere is increasingly aroused.
From the viewpoint of many researchers, strain waves allow the persistence of
equilibrium between natural processes in the crust, and are manifested in varia-
tions of not only strain fields, but also other geophysical fields.

The goal of further studies in this field of recent geodynamics is to search for
and accumulate new facts, indications, and manifestations of slow strain wave
processes, and to reveal spatiotemporal trends in the patterns of earthquake mi-
gration and occurrence of geophysical anomalies.

The main objectives include the designing of specific sensors for strain waves
in the Earth capable of efficient recording of these waves, the development of
adequate models of wave geodynamic processes, and the mathematical modeling
of transfer of tectonic stresses and effects related to strain migration in the geo-
logical medium.

Investigation of strain waves on the Earth is difficult, first of all, because of the
ambiguity of the observed data interpretation. We need to learn how to properly
understand the seismic, geodetic, geochemical, geoelectric, and other measure-
ment results. It is well known from the history of science that no observations
can be free of theory [177], and any interpretation is governed to a considerable
extent by the adopted theoretical concept.

To date, numerous results are available, which confirm the wave pattern of
dynamics of slow strain processes and are evidence of progress made in the un-
derstanding of the nature of seismicity migration, and the mechanisms respon-
sible for the redistribution and transfer of tectonic stresses.

In the nearest future, the studies of slow strain waves may cardinally change
the existing concepts on the physics of the seismic process and the fault interac-
tion, and can help understand the mechanisms of energy exchange between the
geophysical fields and the Earth’s shells, and reveal new predictive indications of

the seismic hazard.
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