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From Natural Stresses in Seismic Zones to Predictions of Megaearthquake Nucleation Zones

Yu. L. REBETSKY!

Abstract—Examines the state in the field of earthquake pre-
diction and modern views of geomechanics on the nucleation of
foci of strong earthquakes. From the point of view of tectono-
physics, the problem of the mechanism of mega-earthquake
occurrence is considered. It is shown that data obtained by
tectonophysics methods on the natural stress magnitudes in regions
with the strongest twenty-first century earthquakes are the key to its
solution. Results of tectonophysical stress inversion define the main
area of the mega-earthquake focus as an extended area of low and
medium magnitudes of stress. This result corresponds to geome-
chanical concepts indicating that the state of earthquake focus
depends on the Rate and State theory of friction. Numerical
geomechanical calculation shows that before the formation of a
large-scale brittle fracture, the fault weakens, which manifests in
the acceleration of aseismic slip. In real rock, the processes of
strength reduction due to increasing aseismic displacement can take
years, many decades, and perhaps even centuries. Tectonophysical
analysis of natural stress shows that the nucleation of an earthquake
can occur both from the boundary of the focus and inside of the
focus. In both cases, this small area should be a zone of high stress.

Key words: Earthquake, stress, fault zone, strength, tectono-
physics, metastable state.

1. Introduction

The epigraph of the presented article could be the
question formulated by Kagan (1997a) “If a large
earthquake occurs when the stress exceeds the
strength of rocks, why do small earthquakes occur
over the seismogenic zone all the time”? In the
region of a future large earthquake, there are always
many critical state patches where the rock strength is
reached. At the same time, weak earthquakes occur-
ring there do not frigger a large earthquake for a long
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time. In our work we will show why one of these
small earthquakes becomes the trigger of a large one.

Earthquake prediction is divided into three types:
long-term, medium-term and short-term. Long-term
earthquake prediction based on seismological, seis-
motectonic and geological data does not actually
imply the exact date of the earthquake (years—dec-
ades before the earthquake) (Fedotov and Solomatin
2017). The medium-term forecast should made a few
months before the earthquake. This earthquake pre-
diction is usually based on analysis of the regional
seismic regime (Kosobokov et al. 1997). The short-
term forecast performed weeks-days before the
earthquake can also use seismic analysis. It is
believed that the greatest success in earthquake short-
term prediction is provided by data on the nature of
changes in time for various earthquake precursors
(Cicerone et al. 2009). Accumulated experience of
medium-term failures of earthquake prediction
(Bakun et al. 2005; http://www.mitp.ru/ru/
predictions.html) shows that the only task of early
and reliable long-term prediction of strong earth-
quakes is the most achievable. In our work, we will
mainly talk about such a long-term earthquake
forecast.

In our opinion medium-term prediction failures of
strong earthquakes, most of which occur in subduc-
tion zones, are associated with the lack of an
acceptable understanding of the small earthquake
focal zone relationship with the state of the main
region from which seismic energy is released. Note,
in our work we talk about the forecast of abnormally
large—mega-earthquakes for Mw > 8.0, the dimen-
sions of which are comparable and even exceed the
characteristic dimensions of the crust. We believe
that the preparation and implementation of such
events in fault zones is different from earthquakes
with Mw < 5-6, which better correspond to the ideas

X Birkhauser


http://orcid.org/0000-0003-3492-2452
http://www.mitp.ru/ru/predictions.html
http://www.mitp.ru/ru/predictions.html
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-019-02128-0&amp;domain=pdf
https://doi.org/10.1007/s00024-019-02128-0

Yu. L. Rebetsky and Y.-S. Guo

about the formation of brittle cracks obtained in
laboratory experiments (Brace and Byerlee 1966;
Byerlee 1970, 1978).

The conditions for very strong earthquake occur-
rences are in the formation of a critical stress state in
the region of a future focal zone. It is possible to
agree with (Kagan 1997a) that in seismogenic zones
the strength of rocks is always reached. Probably, in
the fault zone there are special conditions under
which a small earthquake transforms into a very large
one.

Brune (1979) suggested that the size of the
earthquake focal is determined only in the process of
its development, which already implies the hetero-
geneity of the rock massif state for future large
earthquakes. Kagan (1997a) also drew attention to the
need to explain the reasons not only for the earth-
quake nucleation point in this particular place but
also for its completion at a certain site of the fault
zone.

What is the scale of these heterogeneities? Are
they comparable to the size of the nucleation zone of
the mega-earthquake or to the size of its entire focal
zone? Hence the need to develop a deterministic
approach in the study of the state of seismogenic
zones.

In fact, it is difficult to imagine that the huge
volume of the earth’s crust is relatively evenly and
gradually approaching the critical stress state. Such a
situation can exist at the micro level, where the size
of the inhomogeneities-crystals and grains, corre-
sponds to the size of cracks along their boundaries. It
seems that for the earthquake source of hundreds of
kilometres, having different scale inhomogeneities of
rock elastic and structural properties this is impossi-
ble and especially unlikely due to the significant role
of fluids in brittle destruction (Rebetskii 2005;
Mulargia and Bizzarri 2015), which are often very
unevenly distributed in fault zones.

Patches close to a critical state favourable for
brittle destruction will always coexist in the region of
a future mega-eathquake focal, along with areas in a
stable state of sliding or locking (Kanamori and
Stewart 1978; Lay and Kanamori 1981). When one of
the patches has reached the static rock strength, it
begins to develop brittle destruction. If the stresses of
neighbouring areas are far enough from the brittle
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strength, then the destruction does not develop further
than the first section. Then, only the size of the first
section determines the magnitude of the earthquake.

In another case, the emergence of fast, dynamic
movement along the fault in the initial phase of brittle
fracture causes a change of stress on the developing
fault front because the adjacent fault areas have
passed into a critical state (Abercrombie and Rice
2005). Then for environment near the initial portion
of dynamic strength of the rock will be exceeded.
Further, the rupture develops in a seismic manner as
long as the additional stress arising from its devel-
opment are sufficient for the brittle destruction of
subsequent fracture patches. Under certain condi-
tions, mega-earthquakes can form.

The presence of seismic activity indicates that the
fault zone geomedium is near the critical state. In
subduction zones, the areas of high seismic activity
cover thousands of kilometres. It is important to
understand, why mega-earthquakes do not occur
constantly under this state. From the analysis it is
concluded that it is necessary to distinguish the
conditions of formation of the nucleation zone—the
start of the propagation of the mega-earthquake and
the conditions in which the main part of the future
focus zone is located. In the first case, the develop-
ment of fracture occurs in quasi-static conditions
corresponding to the limit of long-term rock strength.
In the second case, the stress increase due to elastic
waves from propagation of a seismic rupture leads to
the achievement of the limit of instantaneous rock
strength.

In this paper the existing tectonophysical data on
the stress state of the preparation regions for the
largest earthquakes of the twenty-first century will be
generalized. The principles for deterministic predic-
tion of strong earthquake places will be formulated
and the means to search for fault sites where nucle-
ation of large-scale destruction development is most
likely will be outlined.

We will show that modern data on natural stress
in seismogenic zones, obtained by tectonophysics
methods on the basis of seismological data on the
mechanisms of earthquake foci for Mw = 4.0-6.5,
allow us to identify ways not only to highlight the
region of future mega-earthquakes but also the pat-
ches of their possible nucleation. When using the
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stress inversion method, then the range of magnitudes
of the studied strong earthquakes determine the
averaging scale of stresses as 50-70 km. Therefore,
the dimensions of 200 km and more of the earthquake
focal region with Mw > 8.0-8.5 allow us to see in
detail the nature of the distribution of natural stress
that exists before such an earthquake (Rebetsky and
Marinin 2006; Rebetsky and Tatevossian 2013).
Thus, data on natural stress allows to solve the
problem with a long-term forecast, i.e., to allocate
seismogenic fault zones where mega-earthquakes are
possible. After that, the task of medium-term forecast
should be solved. The problem for medium-term
forecasts lies in the study and monitoring of processes
in the nucleation patches of mega-earthquake foci.
Here tectonophysical and geomechanical laboratory
experiments can tell when there is a phase of transi-
tion from stable creep to dynamic development of
displacement on the fault zone (Kocharyan and
Novikov 2016; Ma et al. 2012).

Our research is based on deterministic methods
for studying the main factor that causes strong
earthquakes, i.e., natural stress. Other methods of
earthquake prediction are based either on the study of
seismic regime features, or earthquake precursors,
which by indirect signs can characterize the approach
of seismic hazard.

2. Forecasting Problem

Research in the field of earthquake prediction
developed rapidly in the late 60s, and 70s of the last
century. While agreeing in general with the analysis
presented in Kagan and Jackson (1991), Nishenko
and Sykes (1993), Jackson and Kagan (2011) and
Kagan et al. (2012), note that the Method of Seismic
Gaps of First Rank (Gilbert 1884; Reid 1911) is
perhaps the only one capable of providing almost
100% long-term prediction of large earthquakes. In
any case, almost all regions of the North-Western
flank of the Pacific seismogenic zone, allocated by
Fedotov (1965, 1968), experienced strong earth-
quakes with Mw > 7.7. A significantly different
approach for less strong earthquakes is the Seismic
Gap of Second Rank Method. Here Kagan’s

statement about the low statistical significance of a
positive forecast is absolutely correct.

The Method of Seismic Gaps of First Rank has a
significant drawback in that it lacks the ability not
only to make short-term but also medium-term fore-
casts. Until now, we have been waiting for the
Avacha earthquake in Kamchatka (Fedotov and
Solomatin 2017), the forecast of which was given by
Fedotov (1968).

The most famous case of failure to reach a short-
term forecast is the Parkfield geophysical polygon for
which the place and strength of the future earthquake
was known in advance, repeated here many times
(Sieh 1978). After its creation early 80s, several
medium-term forecasts were made for the new
earthquake time. All of them were wrong or so vague
that they actually closed the entire period of its
recurrence. The event itself, which occurred on
September 14th, 2003, was missed (Bakun et al.
2005).

After the forecast failures for the Parkfield geo-
physical polygon (Kagan 1997b; Langbein et al.
2005; Jackson and Kagan 2006; Bakun et al. 2005)
earthquake prediction in many leading countries was
not priority problem (Kagan 1997a; Kagan et al.
2012; Geller 1997; Geller et al. 1997a, b, 2015; Jor-
dan 2006; Frankel 2013; Kagan and Jackson 2013;
Mulargia 2013; Panza et al. 2014). On the other hand,
at the end of the last century, new provisions and
terms defining geological and seismological features
of large-scale brittle fracture development appeared
in the physics of the earthquake source. These pro-
visions should influence the problem of earthquake
prediction in a certain way.

In particular, it has been shown that in litho-
spheric plate subduction zones there is a continuous
seismic and creep slip that can be interrupted in the
so-called asperity, where the fracture strength
increases (Scholz and Engelder 1976; Kanamori
1978). Data on the degree of asperity are determined
based on the complexity of the seismic waves. It is
believed that in asperity zones for long periods there
is a higher level of stress and increased fracture
strength leading to the accumulation of elastic energy
(Lay and Kanamori 1981). It was assumed that
between the asperities there are patches of aseismic
slip. Asperity zones are the most likely places for
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earthquakes. The position on increased seismic fault
zone strength in the future strong earthquake region
goes back to the ideas of Reid (1911) and is in good
agreement with the theory of stick—slip (Brace and
Byerlee 1966).

Lay and Kanamori (1981) shown that different
subduction zones correspond to different asperity
distributions. Some subduction zones have almost
continuous zones of asperity (Chilean), whereas
others have little extended asperity (Aleuts, Kurils).
To form mega-earthquakes in such subduction zones,
the focus must combine several asperities.

Along with the Asperity Model, the Model of
Barriers in fault zones was developed (Das and Aki
1977; Mikumo and Miyatake 1978) as a strong
earthquake formation source. According to Aki
(1984) more of the focal zone is a region of reduced
strength where there is a slip. The boundaries of the
focal are the patches between two stable and pow-
erful barriers. Inside the focus zone, there are many
weak fracture barriers, accompanied by the transfor-
mation of elastic deformation energy into seismic
energy and heat (friction, plastic deformation).

It is believed that subduction zone earthquakes
better correspond to the asperity model (Lay and
Kanamori 1980). The barrier model (Corbi et al.
2017) explains well the nature of the aftershock
process (Mogi 1962). There are also models, in which
barriers between adjacent asperities are assumed to
exist.

Theoretical calculations that test these different
models are now being developed. They use repre-
sentations of the dependence of friction on velocity of
displacement and state—Rate and State theory (Di-
eterich 1972, 1979; Ruina 1983). It is shown that the
variation of the model defining parameters (sliding
velocity and state parameters) can obtain not only the
transition from slow slip to a seismic event but also
explain other non-standard earthquakes: slow, quiet
earthquakes, and so on (Rice 2000; Uenishi and Rice
2003; Mori et al. 2003; Abercrombie and Rice 2005;
Rubin and Ampuero 2005; Reches and Lockner
2010). It is also found that both the seismic event and
the creep on the rupture are preceded by slip local-
ization in a narrow fault zone.

The localized patch of the original aseismic slip
develops and slowly increases in size. Then, in a
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short time compared to the seismic slip, there is a
transition from very slow slip to seismic speeds.
Thus, within a certain time before the earthquake, the
asperity turns into its opposition—the zone of aseis-
mic sliding with a reduced level of stress.

The duration of the phase of gradual accelerated
sliding can take quite a long time because the maxi-
mum level of displacement can reach 20-30% of the
seismic. For example, for the Sumatra-Andaman
earthquake [maximum seismic displacements in the
source of 15-20 m (Ammon et al. 2005)] amplitude
aseismic displacement of 3-4 m can occur for
300-400 years, with an average displacement rate
1 cm/year (!) or for 3-4 years at an average dis-
placement rate of 100 cm/year (?).

To explain the failure of earthquake prediction in
recent decades, the term Metastable State of the fault
zone (MSF) has been used (Gol’din 2004, 2005;
Sobolev and Lyubushin 2007). It is understood as the
special state of the fault zone region before a strong
earthquake. The process of a sudden energy-powerful
earthquake is similar to the process of a phase tran-
sition. Energy accumulation is slow, without visible
manifestation and ends with a catastrophic event. The
condition for the emergence of a jump-like transition
of the medium from one state to another is the
presence of the metastable state for part of fault of a
future earthquake focus (Rebetskii 2005).

The practice of using the term MSF in earthquake
focal physics, shows, that it is understood by the
instability state of the earth’s crust before fracture,
when small external influences (trigger) can lead to a
strong earthquake. At the same time, there are prac-
tically no physical examples explaining the instability
of the geomedium state. Why can the system be in a
pre-destructive state for a long time, and what phys-
ical processes are responsible for the state change?
Often the term MSF for a fault zone is equivalent to
the condition of reaching a critical stress state
(Sobolev 2011; Kocharyan and Batukhtin 2018).

It will be further shown that there is a tectono-
physical justification for MSF for mega-earthquakes.
Important to understanding MSF was the introduction
of the earthquake nucleation zone concept (Sobolev
2011; Kocharyan and Batukhtin 2018). In fact, the
nucleation zone may be understood as a small
earthquake that is the trigger for a strong earthquake.
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Examples of strong earthquake forecast failures,
show that the seismic regime of future earthquakes
can indicate that it is prepared for a strong earthquake
but that may not occur for many years [the global test
of earthquake prediction http://www.mitp.ru/ru/
predictions.html on the base of algorithm (Keilis-
Borok and Kossobokov 1990; Kossobokov et al.
1997; Davis et al. 2012)]. As noted above, this may
be due to the strong heterogeneity of the main region
of the future mega-earthquake focal, in which there
are too many zones far from the critical state. How-
ever, it can also be related to the patch of earthquake
nucleation. If power trigger earthquakes are not
enough to activate the dynamic prepared zones of the
main focal, then a strong earthquake does not occur.
Since statistical methods study the main focal and
ignore the small nucleation zone, most part of their
results of medium-term prediction may be false
alarms.

In our view, the problems of medium-term fore-
casting lie in the study of the state of nucleation
zones. It is in the studies of these zones that the
results of tectonophysical and geomechanical mod-
elling of brittle fracture should be used to greater
extent. Ma et al. (2012), Ma and Guo (2014) provided
a new model to investigate the evolution stage before
fast fault instability, fault meta-instability (sub-in-
stability). In stress—strain curve, the stage begins at
the peak stress point, ends at the fault dynamic
instability.

Further, this paper will present the results from
the study of natural stress states in formation regions
of the strongest twenty-first century earthquakes that
made it possible to formulate tectonophysical criteria
to identify regions of MSF and forecast of nucleation
zones—fault patches that trigger earthquakes.

3. Tectonophysics of Fault Zone Stress States

3.1. Coulomb Stress

In Russia, M. V. Gzovsky since the end of the
forties of the last century developed a method for
reconstruction of natural stress (stress inversion),
based on the allocation of conjugate pairs of shear
cracks (Gzovsky 1954a, b). These approaches were

similar to the approaches of Anderson (1951) and
made it possible to determine only the orientation of
the axes of the principal stresses. Later, along with
data of geological natural deformation indicators,
seismic indicators of deformation mechanisms for
earthquake foci were used for stress analysis. In these
works, tectonic stress was taken to be the orientation
of the P and T axes of individual earthquake focal
mechanisms. It is not true. It is known (see (Kenzie
and Dan 1969; Kostrov 1975) that the P and T deter-
mine the orientation of the axes of the unloading
principal stresses taken in the area surrounding the
seismic discontinuous displacement.

Gzovsky (1957, 1975) set the task of creating
tectonophysical criteria for seismicity. It was neces-
sary to use data on natural stress and surface
movements to learn how to rank fault zones accord-
ing to their degree of danger. It was originally
thought that the areas of high magnitude of maximum
shear stress are dangerous:

1=0.5(0) — 03), (1)

where ¢| > ¢, > 03 are the principal stresses. In our
work, the stress sign rule adopted in classical
mechanics will be used, i.e., tension is positive. In
this case, g; and o3 are, respectively, the minimum
and maximum compression. Because the deviatoric
components of these stresses:

0=—p= ai/3a (2)

are, respectively, the greatest tension and compres-
sion, in the future we will use the terms principal
tension and principal compression. In expression (2),
o is the mean stress, and p is the isotropic pressure.
Since tectonophysics in the 50s and 60s of the last
century was not able to calculate the magnitude of
maximum shear stress, it was proposed to use data on
horizontal gradients of vertical movements for its
evaluation. However, this approach, along with the
successful results of the allocation of hazardous
crustal regions also failed.

Currently, after summarizing the results of exper-

§; =0; — 0,

iments on the destruction of rock samples (Brace and
Byerlee 1966; Byerlee 1978) it is known that shear
fracture formation and rock brittle fracture corre-
spond to Coulomb stresses (Karato 2008; Rebetsky
and Polets 2018):
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c = ‘T”‘ + kfa:;m O-:;n = Onn +p_ﬂ7 O-;;n<07 (3)

which depend both on the deviatoric (1) and isotropic
component (2) of the stress tensor. In expression (3)
T, and o,, are the shear and normal stress on the
crack plane, g, are effective stress, kr is the coeffi-
cient of internal (for whole samples) and surface
friction (for samples with existing cracks), and py is
the fluid pressure in rock crack—pore space, which
reduces the compression on the crack from com-
pression in the solid matrix.

A certain level of deviatoric stress is necessary for
brittle fracture formation, but if a high level of
normal compression stress acts on the fracture plane,
then it may not occur. In Fig. 1 an example of a Mohr
diagram with two conjugate planes (equivalent to the
nodal planes of focal mechanisms) is shown, one of
which is a seismogenic discontinuity—fault. For ease
of understanding, two orthogonal planes are taken,
the stress states of which lie on a large Mohr circle.
For them, the magnitude of shear stress is the same
1,11 = r%, but the normal stresses are different
ol > a2 (less compression—a) ), i.e., for the first
crack the compression is smaller than for the second.
Therefore, rlc > T2c and more likely to form a fault for
the first nodal plane. If we assume that the line of
minimum friction resistance passes above point 12,

Gﬁn, the second nodal plane cannot be realized in the

Figure 1
Analysis of stresses on a Mohrg diagram. The envelope line is the
limit of brittle strength of the crust, dash-dotted lines minimum
friction resistance on the rupture. Points 1, 2 and 3, 4 correspond to
the stress states of two pairs of orthogonal planes. Positive values
of the effective normal stresses are plotted (o7 ) to the left

nn

(explanation in the text)
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form of a seismogenic fault. Moreover, the second
example for conjugate planes (points 3 and 4 in the
Mohr diagram) shows that the Coulomb stresses are
greater for a plane with lower level of shear stress
(‘clc > T3C = ‘c‘é).

The area between the curve of rock brittle strength
and the line of minimal resistance to dry friction, is a
zone of brittle fracture for faulting rock. If the
cohesion strength, tf(t; <7/) of the existing crack
becomes equal to the Coulomb stress, - correspond-
ing to it, this crack will be activated again. We
stopped at this simple example in such detail because
at present in the seismology and physics of earth-
quake foci there is still an idea of increased danger
for regions with a high level of deviatoric or
maximum shear stress. At the same time, laboratory
experiments and the results of tectonophysical anal-
yses of natural stresses suggest the opposite. As an
example, here is a phrase “...the fractal pattern of the
earthquake fault geometry is due to the self-organi-
zation of the fault under high lithostatic and tectonic
shear stresses.” Earthquake prediction methods based
on the assessment of the stress accumulation time
period also proceed from the hypothesis of the
deviatoric stress level as the cause of brittle failure
or earthquake. Examples are stress-accumulation
models such as the time-predictable and slip-pre-
dictable schemes proposed by Shimazaki and Nakata
(1980).

From the energy point of view, medium and even
low-level stresses are more dangerous, as was noted
in the monograph by Rice (1982): “strong earth-
quakes should not fall into the area of high stress
levels, because here on the planes of the gap there is a
high level of friction, to overcome which will take
most of the released energy.”

The Mohr diagram allows one to graphically
estimate the level of stress relieved since for shear
cracks, the normal stresses before and after crack
activation (¢! = ¢ ) remain unchanged (Osokina
1987). For Fig. 1, point 5 is the new state of the point
1 after crack activation is simplified to coincide with
the minimum static friction resistance. In this case
A7' =1}, In reality, it is slightly larger because the
dynamic friction on the crack during its motion is
lower than the static (Mori et al. 2003).
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Note that the relieved stresses for the activated
cracks are the highest for the average stress level
(Fig. 1). This characterizes this range of stress state
as the most effective for brittle fracture. Where dry
friction moves closer to the curve of brittle failure
tensile strength it is least efficient (point A Fig. 1),
and after their intersection it is impossible.

3.2. The Main Regularities of Natural Stresses
of Seismic Focal Zones

Currently, tectonophysics has advanced signifi-
cantly in the study of natural stress. In the early 90s
of the last century the Method of Cataclastic Analysis
of discontinuous displacements (MCA) (Rebetsky
1996; Rebetskii 1997) had an algorithm that could
only determine the shape and directions of the stress
ellipsoid principal axes. At that time the MCA
algorithm was similar as well to methods of O.
I. Gushchenko, J. Angelier, and J. Gephard. In this
part the MCA is similar to the methods Gushchenko
(1975, 1996), Angelier (1979, 1990). However,
already at the beginning of the new century (Rebet-
skii 2003) an in frame MCA developed an algorithm
ratio for calculation of stress tensor spherical and
deviatoric components, and the determination of the
stress magnitudes, array brittle strength (cohesion)
and fluid pressure (Rebetsky 2007, 2009).

It is important to note that the basic data on the
principal stress axes are obtained on the basis of
seismic deformation indicators. The very possibility
of obtaining the deviatoric and spherical components
of the stress tensor in the MCA is associated with the
reduced Mohr diagram in the analysis of stresses on
seismic focal planes, as well as additional data on the
magnitudes of stresses dropped in the foci of the
strongest earthquakes in the region under study. In
this part, the MCA algorithm is similar to the ideas
expressed in the works of Angelier (1989) and
Reches (1983), which developed methods for the
evaluation of stress magnitude according to the
combination of shear cracks.

The main terms and algorithms of the MCA
(Rebetsky 2007; Rebetsky et al. 2017; Rebetsky and
Polets 2018) are: (1) the creation of homogenous sets
of earthquakes with data on focal mechanisms that
satisfy the principle for the dissipation of internal

mechanical energy; (2) the approximation of brittle
fracture zone by strip on the reduced Mohr diagram.
In this strip, stress analysis is performed for mech-
anism foci from a homogeneous set of earthquakes;
(3) selection of the realized earthquake nodal plane
based on the hypothesis of maximum Coulomb stress
(Fig. 1); (4) a presence in a homogeneous set of
earthquakes with a minimum strength corresponding
to the friction strength in the fracture strip; and (5)
evaluation of the static stress drop for each earth-
quake from a homogeneous set based on the positions
of elastic cracks (normal stress on the crack plane is
the same before and after its activation/occurrence).

The main difference between the MCA and the
statistical analysis methods of the P and T axes of the
set of earthquake foci mechanisms (Zoback 1992;
Heidbach et al. 2010) is the physical limitations
(point one of the previous paragraph) imposed on
earthquakes from a homogeneous set, on the basis of
which the axes of the principal stresses are deter-
mined, which allows further assessment of the
normalized stresses on the Mohr diagram (paragraph
two of the previous paragraph) since all of the
mechanisms of earthquake foci should fall into the
brittle fracture band. In the methods of M. L. Zoback
this is not possible because the set on which the axes
of the principal stresses are determined, includes all
earthquakes that fall into the predetermined stress
averaging window in advance.

In tectonophysical studies of seismic regions
carried out at the beginning of the 0 years using the
results of reconstruction of natural stress (Rebetsky
and Marinin 2006; Rebetsky et al. 2012), it was
shown that seismic fault zones correspond to a
sufficiently mosaic structure of stress magnitude
distribution, characterizing the multi-scale hetero-
geneity of the stress field. Such mosaic distribution of
stress is due to the specifics of the structural-physical
states of different parts of the faults (Rebetsky 2006)
and also with the accuracy of stress estimates.

Figure 2 shows locations of the inland Altai—
Sayan orogeny area and two regions of active
continental margins for East Asia and Indonesia with
examples of stress inversion results by MCA (Rebet-
sky et al. 2012, 2016a, b; Rebetsky 2009; Rebetsky
and Tatevossian 2013; Rebetsky and Marinin 2006).
The results themselves are in the form of the spatial
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Figure 2
Locations of regions with examples of stress inversion results by
MCA (see Figs. 3, 4 and 5)

distribution of various stress tensor components: the
stress axes of the greatest horizontal compression
(S%), the underthrust shear stresses t, on the
horizontal planes, and the normalized maximum
shear stresses (r/rf) are presented in Figs. 3, 4 and
5. As you can see, there are zones of high and low
maximum shear stress for the regional averaging
scale (50-70 km). These stresses largely determine
the resistance to slip on faults. Zones of increased
stress can be interpreted as regions of increased
strength, i.e., as an asperity. Zones of decreased stress
can be interpreted as regions of weakening and the
expected increased sliding velocity at faults. It is
important to note that the identified regions of high
stress have characteristic dimensions from the first
tens to the first hundreds of kilometres.

Estimates of the stress magnitudes confirmed the
statement made in Lay and Kanamori (1981) about
the different nature of the asperity distribution in
subduction regions. For the South American and
Japanese zones, the length of the asperity sections
was 600-800 km, for the Western Flank of the Sunda
Arc it was 300—400 km, and for the Kuril-Kam-
chatka, 50-100 km. Note that in all cases, except for
the Japanese seismic region, we are talking about
stress averaged for the entire power of the conditional
crust (3040 km).

Already the first results of the stress magnitude
estimates allowed one to pay attention to the fact that
the critical stress states located in different parts of
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the Mohr diagram have different mechanisms of
mechanical energy dissipation: (1) strong earth-
quake—Tlarge scale brittle destruction of the earth’s
crust; (2) a large number of medium and weak
earthquakes—cataclastic (pseudoplastic—mech.) or a
quasi-brittle flow along an extended zone of the
crustal fault; and (3) quasi-static creep along the
fault—viscosity or quasiplasticity flow (due to the
microcracks on the level of grains) (Rebetskii 2005;
Rebetsky 2006, 2007; Rebetsky et al. 2012, 20164, b;
Rebetsky and Tatevossian 2013).
Our previous research has established:

1. Stress magnitudes are extremely inhomogeneous
in the earth’s crust, their difference in one seismic
region can reach 1-1.5 orders of magnitude. Zones
of increased stress levels are consistent with the
definition of asperity (scheme of the maximum
shear stress Figs. 3, 4, 5).

2. There is a certain range of ratios between the
effective pressure and the maximum shear stress
of 0.5-2 associated with the requirement to meet
the Coulomb—Mohr criterion for brittle fracture
ke = 0.5-0.7).

3. The estimate of real fractured massif cohesion of
0.1-5 MPa corresponding to the averaging scale
of calculated stress in the first tens of kilometres,
is much lower than the strength of whole samples
of crystalline rocks
(10-50 MPa).

4. The brittle strength of the intracontinental orogeny
arrays is 3-5 times higher than the strength in the
lithospheric plate subduction zones, which deter-
mines the higher level of deviatoric stress and
effective pressure in the continental crust;

5. The level of maximum shear stress in the
subduction zones generating the strongest earth-
quakes ranges from 0.3-0.5 to 5-10 MPa.

of 5-10cm in size

During the stress inversions in different seismic
regions, important regularities were also obtained that
carry information about the mechanisms of their
deformation deformation (Rebetsky and Tatevossian
2013; Rebetsky  2015; Rebetsky et al.
2012, 2016a, b). In the development of the seismic
hazard problem, it was found that relatively strong
regional earthquakes (Mw = 6.0-7.0) rarely fall into
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Parameters of stress state for the crust of the Altae—Sayan: a axes 0% the greatest horizontal compression, S and geodynamic type of stress
state; b axes of the underthrust shear stresses, 7, and normalized maximum shear stress, 7/ 7. Diagram in the upper left corner a shows
geodynamic shape of stress state by zenith vector: 1, horizontal compression; 2, horizontal compression and shear; 3, horizontal shear; 4,
horizontal tension and shear; 5, horizontal tension; 6, vertical shear. Rose and rectangle diagrams show the predominant trends of strike of
these stress axes and predominant range of geodynamic regime of stress state and normalized stresses

the zone of high level of maximum shear stress
(Figs. 3, 4, 5).

Their epicentres are usually located in areas of
average level of stress or in areas of its high gradient.
This empirically observed fact coincides with Rice
(1982).

Fundamentally important for creation of tectono-
physics mega-earthquake  was  the
reconstruction of natural stress in the source of the
great Sumatra-Andaman earthquake (SAE) 2004,
Mw = 9.1 (Fig. 4), obtained according to the Global
CMT catalogue focal mechanisms of earthquakes
with Mw > 4.3 occurred in the period from 1978 to

model

December 2004. It was found that along the seismic
region of the SAE there was a significantly inhomo-
geneous stress state. To the south of the SAE
propagation start, there was an increased level of
stresses, and to the North, it fell sharply. The absence
of stress data on part of the seismic region is
associated with a small number of earthquakes with
data on the mechanisms of earthquake foci, which
indirectly also indicates a low level of Coulomb
stress. Thus, the development of the SAE source
occurred not in the high but failed low stress region,
where there is a reduced compressive pressure on the
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Figure 4
Parameters of stress state for the crust of the Western Flank of the Sunda Arc: a axes of the greatest horizontal compression, S,; and
geodynamic type of stress state; b axes of the underthrust shear stresses, 7, and normalized maximum shear stresses, 7/ 7, (see Fig. 3)

fault and therefore brittle destruction allows it to
release more energy (see Fig. 1).

Data on stress for the Kuril subduction zone
before the Simusher earthquake 2006, Mw = 8.3
(Fig. 5) also showed that the focus was located in the
region with mean level of stresses and was limited
from the North-East and South-West by areas of crust
with high stress level. For the Chilean Maule
earthquake of 2009, Mw = 8.8, the focus was also
located in the zone of low and medium stress, and its
northern boundary was the southern limit of the
extended zone of high effective pressure (Rebetsky
and Tatevossian 2013), i.e. confirming the results of
stress  inversion for
earthquake.

failed Sumatra-Andaman

3.3. Tectonophysical Model of the Metastable State
of Faults

New tectonophysical data on the stress magni-
tudes obtained in the most recent years in the areas of
preparation for anomalously strong twenty-first cen-
tury earthquakes (Rebetsky et al. 2012; Rebetsky
2015), allow us to move to the creation of a
geomechanical model of mega-earthquake foci and
filling the physical content of the term MSF.

Since all the data on the state of earthquake foci,
obtained by us previously are associated with
seismogenic regions of active continental margins
further, the term fault will be to understand the
seismic zone of tectonic plate boundaries.
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Parameters of stress state for the crust of the Kuril and Kamchatka: a axes of the greatest horizontal compression, S and geodynamic type of
stress state; b axes of the underthrust shear stresses, T, and normalized maximum shear stresses, 7/ T (see Fig. 3)

The formulation of the MSF tectonophysical
model is related to the heterogeneity of deformation
(stress) of a constantly manifesting seismogenic fault
within the future earthquake focal and its immediate
environment. The results of tectonophysical stress
inversion show that the foci of a number of mega-
earthquakes with a magnitude greater than Mw > 8.5
(Rebetsky and Marinin 2006; Rebetsky 2007, 2009;
Rebetsky and Tatevossian 2013) are allocated in the
field of effective pressure and stress as an region of
middle or low from their level. Within this region of
the fault the stress is distributed quasi-uniformly, and
outside the stress increases sharply. Thus, the limi-
tations of the future foci of mega-earthquakes are

always the asperities. Patches of increasing stress
inside mega-earthquake foci may be interpreted as
weak barriers (Aki 1984). A large area of seismo-
genic faults with low or middle stress level (near
300 km) will be called the first condition for prepa-
ration of mega-earthquakes (zone Lq on the Fig. 6).
Note that here we are talking about an averaging
scale of stresses corresponding to lateral 30-70 km
and the entire crust 40-60 km in depth.

Note that the regions of low stress level can be
considered as former asperities, which in the course
of their development experienced peak stress and
moved to the final stage of increased slip. Recall that
according to modern concepts of the Rate and State
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Figure 6
The model of the mega-earthquake focal on the works of Yu.
L. Rebetsky. The zone of lower effective pressure (a},,), L is focal
length of possible future earthquake. An asterisk shows the
beginning of the propagation earthquake. L, is the zone of the
maximum stress gradient (trigger earthquake)

theory of strength (Dieterich 1979, 1992), as soon as
such a zone exceeds the limit magnitudes of
displacement, strength drops sharply.

On the other hand, in a number of studies it was
suggested that the low stress level regions are long-
existing areas of the fault zone that arose naturally in
the process of evolution.

For the Sumatra—Andaman mega-earthquakes, it
is known that the seismic rupture propagated from the
southern boundary of the focus to the north. These
earthquakes began at the northern edge of the zone of
high stress and effective pressure and propagated to
the region of low magnitude. Thus, we can say that
the zone of nucleation for the Sumatra—Andaman
mega-earthquake was located on the patch where the
regional scale stress had a high gradient. Seismolog-
ical data (Lay et al. 2005) show that in this patch the
rupture propagated at the highest rate. For the Maule
and Simushir mega-earthquakes, the nucleation zones
(hypocentre) were located inside the foci and there
were sites of local regional stress increase in the
immediate vicinity. The nucleation zone—patches of
high stress gradient (Ln on the Fig. 6) is the second
condition for preparation of mega-earthquakes. This
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patch is the area where the foreshock activity should
occur.

Patches of fault zones with a high level of stress
are where fractures begins occur, but it will certainly
spread to low stress zones. This conclusion can be
drawn from analysis of the Mohr diagram (Fig. 7). In
areas with high stress levels, the magnitude of the
stress drop is small (the vertical segment of grey
colour in the Mohr diagrams Fig. 7). Consequently,
such destruction areas do not lead to the release of
large mechanical energy. On the contrary, if the stress
level is low or medium, the stress drop is large.
Rupture propagation from high-stress to medium-and
even low-stress regions leads to an increase in the
magnitude of the stress drop and, consequently, to an
increase in the released mechanical energy and a
more efficient replenishment of the rupture side
motion kinetic energy (Fig. 7).

The stress analysis shows that the nucleation zone
of mega-eathquake is small and equivalent to the size
of the earthquake focal with Mw =7-7.5
(50-100 km). The nature of the stress gradient in
the transition from nucleation plays a large role in the
fact that any earthquake in this zone will trigger an
mega-earthquake to MSF. According to (Aki 1984)
the presence of a sufficiently homogeneous stress
gradient in the nucleation zone makes it possible to
increase the rupture side motion kinetic energy in the
event of an earthquake due to the absence of paths of
increased strength that prevent the destruction of
weak barriers (Aki 1984).

To start a mega-earthquake, there must be no
local areas of high stress in the region of high stress
gradient that should be considered weak barriers.
Having them can prevent a triggering earthquake
from turning into a mega-earthquake. It should be
understood that the results of tectonophysical stress
inversion give us data on the regional scale average
stress (Fig. 7). This scale of averaging is sufficient to
allocate a section of low stress with a length of 300
and more kilometres. However, it’s bigger than the
typical size of the 30-70 km earthquake nucleation
zone. Therefore, stresses of regional scale does not
allow us to characterize the zone of the stress
gradient. To understand what is happening in this
trigger zone, it is necessary to have data on stresses of
local averaging scale (10-15 km). For Fig. 7 two
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Inhomogeneities of stresses of the first—the second ranks in the field of preparation of the mega-earthquake. The continuous piecewise

smooth line is the stress of the regional level, the first stress rank obtained from tectonophysical reconstruction with averaging of 50 km for

four points, two of which (on the right) lie in the area of the future focal of a strong earthquake. Dash-dotted line-local of the second rank of

stress, determine the level of the stress gradient in the zone of nucleation of earthquake. Dotted line-sub-local level of the third rank of

stresses, determine the maturation of the stress gradient zone. The presence of local peaks of high effective pressure is considered as an

obstacle to the emergence of a foreshock, initiating a strong earthquake. Above shows the Mohr’s diagrams with the stress drops (vertical
sigment) for the stress state of the local level

variants of stress distribution in the transition patch
from high to low stress regions are shown. In one, the
stress gradient is uniform (dash-dotted line), and in
the second, it is not (dotted line). For last variant
there are weak barriers that hinder the effective
development of the trigger rupture. Thus, the homo-
geneity of the stress gradient in the nucleation zone
shows its readiness for a trigger earthquake.

The next position of the tectonophysical model of
MSF is also associated with the heterogeneity of
stress on a local scale, but in the throughout focus of
the mega-earthquake. It is likely that within the fault
zone in the future focal of mega-earthquakes, there
may be relatively small areas that are not ready for
brittle destruction. These instabilities give rise to
significantly larger stress heterogeneity than in the
zone of nucleation. They can be defined as the
structural-material state unpreparedness of the part of
the fault zone to fail, and a feature of the stress state
(area of high effective pressure). Overcoming such
small barriers requires mechanical energy, and thus,
the number, density and distribution of barriers
should control the reality of occurrence of a strong

earthquake. If there are too many of them and the
jumps of compression stress and friction force are
large, then the focal is “not ripe” for a mega-
earthquake. Seismological data show that large
regions of a future focal may poorly manifest
themselves in seismicity, and there may be a lull
zone. The very size of the low stress region deter-
mines the actual magnitude of mega-earthquakes.
Thus, in the aggregate MSF corresponds to: (1)
the presence of large-scale inhomogeneity of regional
stress along a large fault zone; (2) the location of
large area (more 300 km) low or middle stresses—the
future foci of mega-earthquakes; (3) the location of a
high gradient stress zone inside or near the future
focal boundary of a mega-earthquake. The more
pronounced the inhomogeneity of the local stress
level the longer the MSF fault zone will persist. At
the moment when the amplitude of this inhomogene-
ity is reduced to a certain minimum, there is a
transition to an unstable state—a mega-earthquake.
The presence of a region of MSF precedes the
emergence of mega-earthquakes. A set of accumu-
lated data allows us to consider the moment of



Yu. L. Rebetsky and Y.-S. Guo

creation of a large region of low effective pressure as
the first phase of mega-earthquake preparation, which
is the longest stage in the focal preparation for a
mega-earthquake. The time of zone of nucleation
formation represents the final stage of preparing the
mega-earthquake. For this zone, the disappearance of
local stress inhomogeneity (no weak barriers) is
critical. In this case, any event that occurs in the area
of a local scale high and quasi-uniform stress gradient
can generate a mega-earthquake.

It can be said that the area of low effective
pressure, which determines the earthquake occur-
rence scale, is the first necessary condition of the
MSF. Let’s call it the regional MSF criterion. In fact,
seismic gaps (Fedotov and Solomatin 2017) can
claim this role. The zone with a high stress gradient
can be considered the nucleation of a mega-earth-
quake. There the foreshock activity should be
observed, and it can be called a local MSF criterion.
In this zone the trigger earthquake (foreshock) should
be detected. The simultaneous presence and proxim-
ity of these two zones is a signal of the final phase of
MSF development and preparation for a mega-
earthquake.

Thus, we can agree with the conclusion made in
Brune (1979) that “the size of each earthquake is
determined only in the process of rupture”.

Currently, for most seismic regions, the results of
tectonophysical stress inversions do not allow us to
obtain the parameters of the stress field better than
15-50 km of averaging—the regional stress field. A
more detailed stress distribution corresponding to the
local stress field can be obtained for regions such as
California, where there is a very dense network of
seismic stations. The sub-regional scale stress (aver-
aging 10-20 km) was obtained for the seismic region
of the Japanese Islands (Rebetsky et al. 2016a).

4. Discussion

Geller et al. (1997a, b) were devoted to the
analysis of earthquake prediction problems, and it
was said “in order for large earthquakes to be pre-
dictable, they would have unusual events resulting
from specific physical states.” The specific physical
state of the fault zone associated with the changes in
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its structure and substance is necessarily manifested
in the field of tectonic stress. However, not all
parameters of the stress state can equally characterize
these structural-real transformations. So the orienta-
tion of the principal stress axes is more related to the
external loading conditions of large rock volumes.
Data on the spatial distribution of stress (deviatoric
stress), effective pressure and Coulomb stress are
needed to study the process of rock brittle fracture
preparation and quasi-plastic flow.

Methods of estimating magnitudes of natural
stress are based on a simplified form of the brittle
fracture zone (strip) on a Mohr diagram and the
algorithms to create homogenous sets of earthquakes
with data on earthquake focal mechanisms (Rebetskii
2005; Rebetsky 2007; Rebetsky and Polets 2018), or
geological slickenside set (Angelier 1989; Reches
1983; Rebetsky et al. 2017) developed today in
tectonophysics.

The data on the distribution of the nature stress
magnitude in earthquake foci make it possible escape
from the stagnation problem of forecasting strong
earthquakes. The main reason for the formation of
brittle fracture in a rock mass is the heterogeneity of
the stress state. This regularity is manifested in the
physical experiment. Microfractures that precede the
complete destruction of the sample are formed at
grain boundaries and in the patches of its contact, i.e.,
at the scale of the maximum heterogeneity level of
the rock. Accumulating and structuring strength
defects create heterogeneity, manifested in the scale
of the sample.

The presented tectonophysical method of allo-
cating subduction zones as areas of future mega-
earthquakes refers to long-term earthquake predic-
tion. However, this approach allows us to note
patches of earthquake trigger development or the
zones of high stress gradient. These patches can be
the object of observation for other methods of
earthquake prediction, based on the search for indi-
rect precursors of earthquakes in various physical
fields (short-term prediction), and on the study of
statistical laws of the seismic regime (medium-term
prediction).

Numerical geomechanical calculations show that
with homogeneous deformation at the elastic stage, a
plastic flow can occur with the formation of plastic
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localization bands (Rice 1993). However, the solution
of the brittle crack formation problem for a perfectly
elastic medium in the case of a homogeneous initial
stress state arising under homogeneous external
loading is not correct. The solution becomes correct
either if the initial state is inhomogeneous in a per-
fectly elastic body or if the model of the medium is
an elastic—plastic body. In this case, at the stage of
formation of plastic localization bands, the stress field
is transformed (Rice and Uenishi 2002; Uenishi and
Rice 2003; Stefanov 2005; Reches and Lockner
2010) and becomes significantly non-uniform. Brittle
cracks separate the areas of the greatest deformation
heterogeneity, also transforming the stress state to a
more uniform one.

Currently, the possibility of a detailed study of
natural stress under the conditions of the greatest
homogeneity of external loading corresponds to
active continental margins. There are a large number
of earthquakes recorded by the global network of
seismic stations IRIS, with magnitudes Mw > 4.3,
for which the global CMT project massively deter-
mines the mechanisms of earthquake foci. The data
on the field of natural stress in the regions of the three
mega-earthquakes of the twenty-first century the
Sumatra-Andaman (2004), Maule (2009), the
Simushir (2006) obtained with the use of the MCA
showed their significant heterogeneity in the laterals.
Moreover, this heterogeneity is manifested in the
field of stress magnitudes and not in the field of
orientations of principal stress axes.

Since for these seismic regions stress averaging
was carried out over the entire power of the condi-
tional crust (40 km), we cannot say anything about
the heterogeneity of stress in depth. The distribution
of high and low stress magnitude zones (effective
pressure and maximum shear stress) can be inter-
preted from the position of the asperity model (Lay
and Kanamori 1981) and weakening of the strength
(Dieterich 1992). The nature of the relationship
between the asperity and areas of low stress in these
three seismic regions is different.

For the South American subduction zone, the
lateral asperity length is the largest from 600 to
800 km. They are separated by relatively narrow
areas (50-100 km) of low stress. This ratio is inter-
rupted in the crust of southern Chile, where the region

of reduced stress has a length of approximately
700 km. There was the Maule earthquake in 2010.
For the Western Flank of the Sunda Arc, the length of
the asperity has the same order, but the areas of low
stress separating them are somewhat wider, more
than 200 km. At the northern end of one of these
asperities there is an abnormally large area of low
stress (approximately 600 km). This region corre-
sponds to the focal portion of the SAE, where it
allocated more than 90% of its seismic energy.

It should be noted that the results of tectono-
physical zoning of the earth’s crust by the intensity of
the stress state along Sumatra Island coincide well
with the data on the coupling distribution hetero-
geneity presented in Chlieh et al. (2008). Analysis of
palaeogeodetic data from Chlieh et al. (2008) was
carried out on the basis of the rate of coral growth
subsidence and uplift.

The situation is completely different for the Kuril-
Kamchatka seismic region. Here the area of asperities
are a relatively few and long-range (50-100 km).
These patches of high stress are separated from each
other by 100-150 km sections of medium or low
stress. Against this background, in the Middle and
Southern Kuriles, there are two sections with lengths
of approximately 500 and 250 km, respectively,
within which there are no high stress patches. This is
the region of foci for the Simushir (2006) and Shi-
kotan (1994) earthquakes.

Thus, the boundaries of the mega-earthquake foci
are clearly marked in the stress field as zones of
increased effective pressure. Here we find the answer
to the question formulated in Kagan (1997a) about
the need for a deterministic description of the end of a
seismogenic fault to create a forecasting system.
Above, we also noted that it is a nucleation zone
(high stress), which in the case of its location inside
the mega-earthquake focal, can be considered a bar-
rier; its location on the border focal can be considered
the extreme part of the asperity.

Thus, the areas of future mega-earthquake foci
have an individual feature in the field of tectonic
stress. Here it is important to repeat the replica from
the previous section. Coulomb stress in high stress
zones is less than for medium and even low stress
(Fig. 1). How is this difference in the regional stress
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states (scale averaging of stress near 50 km) of these
areas manifested?

The fact is that with high levels of stress and
effective pressure, brittle fracture becomes less
effective. Most of the energy released in the event of
failure is used to overcome frictional forces in such
difficult areas and creep movement. For these regions
there are few earthquakes with large magnitudes of
Mw = 6.5-7.5. Earthquakes with Mw = 6.5-7.5
should occur most frequently in the regions of aver-
age stress level, against the background of a large
number of events with magnitudes Mw = 4.5-6.0,
which could be seismic creep. In regions of low
stress, where strong earthquakes form, earthquakes
with Mw > 6.5 are absent. Here weak earthquakes
with 3.0 < Mw < 5.0 are very few, i.e., it is a calm
seismic zone. Once again, in all three cases we are
talking about regions of the crust where the Coulomb
stress reaches the limit of brittle strength.

Thus, the fact of stress state heterogeneity is
critical for the development of large-scale brittle
fracture along the fault. In the case of stress state
quasi-homogeneity, aseismic creep or multiple acts of
seismic events of medium and small magnitude
(seismic creep) are more likely. The role of inho-
mogeneity of the stress state along the strike of shear
zones was studied in Lui and Rice (2005). The reason
for the different nature of the asperity distribution for
different subduction zones can be considered features
of the fluid regime, which is also associated with
metamorphic transformations of tectonites in the fault
zones of the earth’s crust (Chikov 2011).

The proposed model of MSF was obtained on the
basis of the analysis of nature stress states before
mega-earthquakes. This model largely explains the
reasons for the failure of prediction methods using
statistical analysis or earthquake precursors. In par-
ticular, statistical methods of forecasting rely on the
analysis of patterns of foreshocks that occur before
the earthquake (the months and first years), and
templates for the formation of zones of seismic calm.
At the same time, the states of large regions of the
crust that are the supposed foci of strong earthquakes
are analysed. The task of searching and analysing the
state of a small nucleation zone of a strong earth-
quake is never set. Therefore, a false alarm in the
forecast is associated with the unpreparedness of this
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patch to be the trigger of such a seismic event.
Skipping the forecast can be associated with a long
phase of calm. Since the catalogue of mechanisms for
the entire observation period (usually more than
20-30 years) is used for tectonophysical stress
inversions it is possible to obtain stress data for this
area. For the statistical forecast, data on earthquakes
in the period 1-5 years before the predicted event are
important. Their absence creates a situation in the
forecast to skip events.

Another reason for the errors of prediction
methods is it is known that earthquake precursors are
not everywhere in the focal of a future earthquake.
They arise in a limited number of fairly local areas.
We assume that these may be zones of local critical
states in the fault region. At the same time, the focus
and its nucleation zone are not yet ready for the
formation of a strong earthquake. These are false
alarms in the forecast.

Thus, the obtained data on the peculiarities of the
natural stress field distribution in regions of mega-
earthquake show that predicting the earthquake place
and magnitude differs from the forecast of time by
the scale of averaged stress of study areas. Having
solved the first part of the problem and singled out a
dangerous area for the formation of a mega-earth-
quake focal, it is necessary to identify possible
nucleation zones. In some cases, part of these fracture
sites are visible in the field of tectonic stress on the
same scale of reconstruction as the focal itself.
However, in fact, monitoring of such sites requires a
more detailed database of earthquake foci mecha-
nisms with magnitudes in the range of
25 <Mw <45

5. Conclusion

The results of tectonophysical studies of the nat-
ural stress state of active continental margin seismic
regions, obtained from data on the mechanisms of
earthquake foci in the range of Mw = 4.3-6.5,
revealed a number of regularities. In particular, it was
found that the focal of a mega-earthquake is specifi-
cally determined in the subduction area. Foci lie in
areas of low level effective pressure and deviatory
stress. The source of such data was the stress states
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that existed before the 2004 Sumatra-Andaman, the
2006 Simushir and the 2010 Maule mega-
earthquakes.

It is shown that one should distinguish between
the state of the main part of the mega-earthquake
focal and its nucleation patch. In the main part of the
focal there may be a weak variation of the effective
pressure within the medium and even low levels
(weak barriers). The nucleation zone is located in the
patch of increased stress and effective pressure and
can be located both inside the mega-earthquake focus
and on its border. In this case, the propagation of the
seismic rupture goes in the direction of the maximum
stress gradient from the region of high to low mag-
nitude. The results of stress analysis on the foci of the
strongest twenty-first century earthquakes allowed us
to give the term “metastable state” to faults, and it
came to seismology from the physics of phase states
and means a specific pattern of stress magnitude
distribution before strong earthquakes. The proposed
model of MSF answers the question from which this
article began (Kagan 1997a).

In formulating a geomechanical definition of MSF
in application to the problem of the mega-earthquake
focus, the first task is to identify the seismic focal
zone extended region (more than 200-300 km) and
the small variable and low level of effective pressure.
The period of metastability of this fault zone section
is determined by the preparedness for the formation
of a trigger earthquake in the nucleation zone with
Mw = 6.5-7.0. The duration of this period may be
the years or tens years. The metastable stage is pre-
ceded by a stable state for which the extended region
of the reduced level of effective stress has large
variation in magnitude. The transition from MSF to
unstable is determined by processes in the nucleation
zone and requires additional research, both with
laboratory experiment and using tectonophysical
stress inversion for earthquakes of Mw = 2.5-5.5.
Allocation of the stress gradient patch distribution
determines the epicentre of mega-earthquake and
makes it possible to implement comprehensive stud-
ies of large seismogenic structures to identify the
phase of “maturation” for strong earthquakes.
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