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Abstract: In estimating seismic hazard based on the Gutenberg-Richter law, the particular attention shall be paid to
nonlinearity of the curve and justification of its restriction on the right or to unrestricted extrapolation to the region of rare
events [1, 2]. These issues have been addressed based on the benchmarking study of recurrence curves of the strongest
earthquakes, with the forecasting limits of the recurrence curves calculated based on the model that reflects the discrete
properties of the block hierarchical structure of the earth crust, with the account of deformation conditions, possible changes in
the deformation velocity, elastic limit and type of fracture. The study allowed to determine the geodynamic, geotechnical and
seismotectonic factors, which influence on the curve’s shape and level, and to specify their parameters, which estimate the

value and the recurrence of M.
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1. Introduction

The Gutenberg-Richter law [3] expresses the linear
dependency between the number of minor and strong
earthquakes by the formula: 1gN, = a - bM, where 1g/V, is the
number of earthquakes with the magnitude M < M,, a is the
seismic activity per year; b is the slope of the recurrence
curve. This law is the basis for estimation of the seismic
hazard in the course of strong earthquakes according to the
results of the short-term instrumental seismologic
observations of minor earthquakes. One of the problems of
this approach is the lack of any physical restrictions for the
maximum possible earthquake, therefore, the data
extrapolation to the region of rare events can be infinite, and
the maximum of the credible earthquake in this case depends
on the considered time period [1, 2]. This determines
actuality for establishment of preprocessing conditions for
disastrous earthquakes and for searching of the physical
restriction for the value M.

For subactive and platform territories this problem
worsens by the lack of the representative statistics of
instrumental and historical data about the earthquakes of the
region. This constituted the ground for development of a
formalized estimation approach with regard to the shape and

level of the recurrence curve based on geodynamic data, as
well as geotechnical and seismotectonic assumptions. As the
basis for this approach there was accepted a model, which
reflects the discrete properties of the block hierarchical
structure of the earth crust, which allows formalization of the
scale and the number of the activated structural elements
with the account of the deformation conditions, possible
changes in the deformation velocity and the elastic limit in
the process of preprocessing of the earthquake and type of
fracture. The model shall be treated as the thin outmost layer
of the earth crust divided by the interblock boundaries into
the structural blocks of different ranks. The structural
elements shall be treated as interblock boundaries activated at
neotectonic and quaternary stages of geological development.
The activated interblock boundaries shall be considered
further on as the zones of potential earthquake foci
(hereinafter to be referred to as the PEF zones) and include
seismic faults of different ranks, also the active ones.

Taking into account the genetic relationship of the
geodynamic and seismic processes, it is assumed, that the
model allows, on the basis of the structure and characteristics
of the PEF zones, deformation conditions and deformation
velocity, as well as a number of geotechnical and
seismotectonic assumptions, to formalize the estimations of
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the forecasting limits, which specify the shape and the level
of recurrence curves for various conditions of deformation
and type of fracture. The credibility of the forecasting limits,
in its turn, was observed by coinciding of the strongest
earthquakes recurrence curves, calculated according to [3, 4],
with the data about the strongest earthquakes in the world
within the period from 1985 to 2012.

The joint analysis of the obtained results provides for
making a judgment about the preprocessing conditions and
the occurrence of the strong earthquakes, responsible for
nonlinearity of the recurrence curve, forming of the left
relatively low-sloped and of the right relatively steep section
of the recurrence curve, dependency of the curve level and
slope on the potential changes in the deformation conditions,
deformation velocity, and elastic limit and type of fracture.

2. Input Data

The analysis was performed for the input data about strong
earthquakes, including: [4], the Earthquake Catalog over a
period from 1904 to 1952 developed by B. Gutenberg and
Ch. Richter [3], and data on the strongest earthquakes in the
world for the period from 1985 to 2012. On the ground of
these data, the magnitude-recurrence curves were calculated
for the earthquakes, which were reduced to one and the same
year for the sake of benchmarking convenience and are given
in Figure 1.

The recurrence curve according to the data of [4] (see
“rhombi” in Figure 1) perfectly reflects the linear
dependency of the relationship between the numbers of the
minor and strong earthquakes within the range of magnitudes
from M = -0 up to M,x < 8.5 and meets the Gutenberg-
Richter law with the slope of b [1-0.9.
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Figure 1. Magnitude-recurrence curves for strong earthquakes.

The recurrence curve according to the data of [3] (see
“squares” in Figure 1) in contrast to the data of [4] is not
linear and can be expressed, at least, by two linear sections
having different slopes. The left one is a relatively plateau

section of the curve and has a slope of b [10.54-0.65, while
the slope of the right relatively steeper section is close to 2.0.
These linear sections can hypothetically intersect in the point
of coordinate M = 8.0 and ordinate 0.5, which corresponds to
the recurrence of earthquakes M = 8.0 approximately once
per three years.

Extrapolation of the left section of the curve, which
corresponds to relatively minor earthquakes, to the region of
rarer seismic events can lead to increase of seismic hazard,
which was reflected in the course of general seismic zoning
of the Russian Federation territory [5]. However the question
of the curve restriction from the right with this criteria for the
curve restriction from the right was not addressed.

It was assumed that the data about the strongest
earthquakes within the period from 1985 to 2012 allow for
credible estimation of the recurrence curve in the certain
range of magnitudes (see “yellow circles” in Figure 1). It
shall be noted that the given curve, as well as the curve
according to the data of [3], is not linear. It can be expressed
by two linear sections: by the left one, which is relatively
more plateau with the slope of b [1-0.7, and by the right one,
which is relatively steeper with the slope of b J-2.4. These
sections in a first approximation intersect in the points of
coordinates M = 8.4-8.8 and ordinates -0.7 -1.0.

Up to date, the nature of the recurrence curve nonlinearity
has not been determined definitely. In this regard, the
benchmarking of the above-mentioned magnitude-recurrence
curves with the forecasting limits of the recurrence curves,
calculated according to the adopted model with the account
of potential changes in the deformation conditions,
deformation velocity, elastic limit, type of fracture and
relation of the focus size and the extent of the PEF zone, is
presented below. The performed benchmarking of the
magnitude-recurrence curves and potential forecasting limits
allowed for determination of factors, which influence on the
shape and the level of the recurrence curves, and to justify
the physical restriction of M, with the account of the
process immensity.

3. Approach and Accepted
Assumptions

The approach is based on a number of assumptions
regarding the structure and characteristics of the PEF zones
and their relation with the size of earthquake foci,
dependency of the maximum magnitude on the deformation
conditions and deformation velocity, extent of the shear
modulus (or elastic limit), immensity of the process and other
factors [6-9].

The earth crust represents a thin outmost layer, which
under the action of endogenous and exogenous processes is
broken down into the system of tectonic blocks of different
ranks, which are delimited by the interblock boundaries of
the same rank. Activated in the neotectonic and present time
the interblock boundaries are considered as the PEF zones.
The PEF zones include faults, also the active ones, and
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earthquake foci of different ranks.

According to the model of “lumpiness” of geophysical
medium defined by the academician M. A. Sadovskii [6] the
component elements of the earth crust form the discrete
sequence, and their dimensions are linked in-between by the
following equation: L, =k,[l,+;, where &, is the coefficient of
similarity, n is the component element rank, which varies
from 1, 2, ... up to n. The element of the rank model » = 1
characterizes the maximum element of the model, the size of
which is equal to the extent of the maximum PEF zone. The
coefficient of similarity 4, characterizes the discrete
properties of the model (or the structure of PEF zones).

The discrete properties of the model are described by the
characteristics of geometric progression. This renders it
possible to formalize estimation of the dimension L; of the
component elements of the model of rank » in the form of an
equation: 1gL, = 1gL, - (n-1)0kk, and of the total number of
the model activated elements N, starting from the rank 7 up to
the maximum element (i = 1), inclusively, in the form of an
equation: N = (3' - 1)/(3 - 1), where 3 is the ratio of a
geometric progression, the value of which depends on the
deformation conditions. In case of an omnidirectional
deformation, all elements of the model are involved into the
process, and their number shall be determined with the
account of 3 = knz. In the event of a uniaxial deformation,
normally oriented to the maximum element of the model,
only a part of the model elements is involved into the
deformation process, in estimation of the number of which
the account shall be taken of 3 = k.

The maximum period T, of accumulation of the ultimate
strains in the maximum element of the model (or in the
maximum PEF zone) shall be calculated by the relation of the
elastic limit to the deformation velocity [10]. The recurrence
of maximum earthquakes on the model component elements
equals to the relationship of T, to the number of the
component elements of the rank » and more up to n = 1,
inclusively. Standardization of the total number of the
activated elements within T, renders it possible to
determine the rate of forming of structures of different ranks
and to proceed to the fractality curve, reduced to one year.

It is assumed, that in the PEF zone the relaxation of
stresses and strains in the small-scale inhomogeneities and
their accumulation in the large-scale ones take place as a
result of the long-term deformation. When the accumulated
deformations reach the elastic limit in the maximum PEF
zone, the fracture takes place, which can be accompanied by
a strong earthquake.

When estimating the T, it is recommended to take
account of the deformation velocity based on the results of
geodynamic studies and observations of the current
movements of the earth crust. According to [11] the velocity
gradient of the tectonic deformation for the large-size objects
in the earth crust varies within the limits from 10 up to 107
per year. The velocity gradient of neotectonic movements in
the active regions varies from 5-10® up to 2:107 per year,
while in frames of subactive areas it is from 1:10° up to
2-10°® per year. The similar results were obtained in the

course of the study of the velocity of the quaternary and
current movements in the regions of NPP siting [12, 13]. In
the course of assessment of the forecasting limits of
magnitude-recurrence curves in conditions of
omnidirectional deformation, this allows to adopt the
minimum deformation velocity equal to G, = 3007 per
year, while in case of a uniaxial deformation to address the
maximum deformation velocity as G = 107 per year. The
difference in the deformation velocity in conditions of
omnidirectional and uniaxial deformation shall be specified
solely by the difference in sizes of deformation zones (their
extent and width).

Seismotectonic assumptions for the transfer from the
fractality curves to the forecasting limits were accepted based
on the analysis of seismogenic dislocation parameters in the
earthquake focal zones [14, 15 et al.]. It is established, that
deformations in the earthquake foci vary from 107 up to 107,
while the effective elastic limit in the foci of strong
earthquakes aims for e, = 3.2007, when the maximum focus
size tends towards 1000 km [16]. Moreover, it was
established, that the value of the elastic limit under brittle-
ductile fracture is estimated due to the brittle-ductile limit e,
the magnitude of which depends on the focus size L,(km),
expressed in the form of an equation:

lge,, = -0.5MgL,-3.0. (1)

When making the formalized estimations of the
forecasting limits of magnitude-recurrence curves, it could be
useful to take account of the relation of the prevailing sizes
of foci and extent of the PEF zone, which is estimated by
using a coefficient of similarity £;: the minimum focus size is
by k, times, the most probable one is by k,” times, and the
maximum one is by k; times less, than the extent of the PEF
zone.

For transfer from the fractality curves to the magnitude-
recurrence curves, in contrast to the traditional average
relations specifying the dependency of M,,,, on the extent of
the PEF zone [5, 17, 18 et al.], we used the dependency of
M.« on the extent of PEF zone L, and elastic limit e in the
form of an equation:

M =5.1+0.6250g e+ 1.8750g L, ©)

The dependency (2) was obtained with the account of the
relation between the seismic moment M, and magnitude M in
the equation: 1gM,=15.4+1.6M [19, 20, 21] and the results of
logarithmation of the well-known equation of K. Aki [22]:
M=uAS, where L is the shear modulus, 4 is the displacement
amplitude, S is the fracture plane area. The absolute term in
the equation (2) corresponds to the account of the shear
modulus £=500"" dine/cm?; the maximum focus size in the
PEF zone and relation of the horizontal L and vertical W
dimensions of the focus L/W=2.5.

In constraint environment under the long-term elastic
deformation and brittle-ductile fracture due to relaxation of
strains in small-scale inhomogeneities and their accumulation
in large-scale ones during estimation of M, in the equation
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(2), it is recommended to take account of the brittle-ductile
limit instead of the elastic limit, according to the equation
().

Taking account of the nonrandom dependency of the
maximum magnitude on the focus size and the type of
fracture allows for transfer from the fractality curve to
estimation of the forecasting limit of the magnitude-
recurrence curve for the model component elements of
various ranks (or PEF zones, corresponding to these
elements) [23, 24].

4. Discussion of the Results

The above-mentioned geodynamic data, geotechnical and
seismotectonic assumptions allowed for adoption of the
following characteristics of factors, which influence on the
shape and level of magnitude-recurrence curves in various
ranges of magnitudes:

1. the maximum extent of the PEF zone is 10 000 km (the

size of the maximum element of the model);

2. the coefficient of similarity of the model component
elements is &, which equals to the square root of ten;

3. the deformation conditions: an omnidirectional
deformation (3 = k,°) and a uniaxial deformation (3 =
ky);

4. the elastic limit in the focus zone is 107';

5. the minimum deformation velocity is O 3.2000° per
year;

6. the maximum deformation velocity is O 3.200° per
year;

7. the shear modulus is 500" dine/cmz;

8. the relationship of the focus size and the extent of the
PEF zone equals to 1/k,;

9. the empirically established equations for estimation of
the probable (M) and ultimate (M,,) magnitude of sub-
foci are: M, = 1gL,(km)+ 5.0 and M., = 0.51gL, + 6.75;

10. the semianalytic dependencies for estimation of M,
with the account of the PEF zone extent and the elastic
limit (equation (2)) and of the extent of the PEF zone
and brittle-ductile limit (the joint accounting of the
equation (1) and the equation (2)).

The account of characteristics of the model and
geodynamic, geotechnical and seismotectonic factors allowed
for determination of the fractality curves and the shape and
level of the forecasting limits of the recurrence curves for
various deformation conditions and type of fracture (Figure
1):

Line 1 is the fractality curve (the slope is 2.0) for the
conditions of omnidirectional deformation with the account
of Thax 1133 years;

Line 2 is the fractality curve (the slope is 1.0) for the
conditions of uniaxial deformation with the account of Ty, [
3.3 years;

Line 3 is the fractality curve (the slope is 1.0) for the
conditions of uniaxial deformation with the account of T\, [
33 roga;

Lines 1* and 1** are the recurrence curves, calculated

with the account of the Line 1 under the brittle (b = 1.08) and
brittle-ductile (b = 1.28) fracture, respectively;

Line M, is the recurrence curve (b = 2.0), calculated with
the account of the Line 1, for estimation of the most probable
magnitudes of sub-foci;

Line My, is the ultimate recurrence curve (b = 4.0),
calculated with the account of the Line 1, to be applied in
case of disastrous earthquakes;

Lines 2* and 2** are the recurrence curves, calculated
with the account of the Line 2 under the brittle (b = 0.54) and
brittle-ductile (b = 0.65) fracture, respectively;

Lines 3* and 3** are the recurrence curves, calculated
with the account of the Line 3 under the brittle (b = 0.54) and
brittle-ductile (b = 0.65) fracture, respectively.

The joint analysis of the forecasting limits and recurrence
curves of the strongest earthquakes makes it possible to note,
that:

1. the recurrence curve, calculated as per the data of [4], in
the whole range of magnitudes shall be estimated using
the forecasting limit M, calculated for the conditions
of omnidirectional deformation with the account of the
effective deformation in foci &q03.2007;

2. the recurrence curve, calculated as per the data of [3],
within the range of magnitudes M = 8.0 shall be
estimated using the forecasting limits, calculated with
the account of M, and M,,, while within the range of
magnitudes from 5.5 to 7.5 it shall be estimated using
the forecasting limits, calculated for the conditions of a
uniaxial deformation under the brittle and brittle-ductile
fracture. The increase of the slope shall be specified by
the convergence of the effective elastic and brittle-
ductile limits progressively, as the focus size
approaches 1000 km, and when reaching it, according
to the equation (1), which determines the similarity of
estimations of M, under the brittle and brittle-ductile
fracture for the strong earthquakes;

3. the recurrence curve, calculated with the account of
data on the strongest earthquakes within the period
from 1985 up to 2012, is also nonlinear and can be
expressed by two linear sections. The right steep section
is estimated using the forecasting limit M, and with
the account of the confidence interval + 0.25 it matches
the estimations made according to the data of [3]. The
left plateau section is estimated using the linear
sections, corresponding to the brittle (Lines 3*) and
brittle-ductile (Lines 3**) fracture, but has the lower
level, in contrast to the data of [3], which depends on
the size of structures, where deformations reach the
elastic limit, and on the relevant increase of Ty

4. the value M,,, for the certain PEF zone shall be
estimated using the intersection point of forecasting
limits, which were calculated with the account of the
effective elastic and brittle-ductile  limit, and
corresponds to the maximum focus size equal to 1/k; of
the maximum extent of the PEF zone. In this case, the
maximum earthquake recurrence shall be determined by
the relation of the effective elastic limit to the
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maximum deformation velocity in the PEF zone.

Moreover, it shall be noted, that the ultimate curve of My,
calculated with the account of M, for the conditions of an
omnidirectional deformation, corresponds to the moment
magnitude-recurrence curve, addressed in the reference [25] as
a criterion for estimation of the value M, and maximum
earthquake recurrence under extrapolation of the results of the
short-term instrumental observations of the seismic regime.

5. Conclusions

The use of the model allowed for determination of the
geodynamic, geotechnical and seismotectonic factors, which
specify the characteristics of the seismic process, which
make it possible to understand the nature of the nonlinearity
of the curve and to introduce the physically justified
restrictions for extrapolation of the earthquake magnitude-
recurrence curve to the region of rare events.

Benchmarking of the forecasting limits and observed
recurrence curves rendered it possible to understand the
nature and to estimate the quantitative dependences between
the parameters of the mentioned factors and the nonlinearity
of the recurrence curve in various ranges of magnitudes.

In the process of a long-term deformation, the relaxation of
strains in the small-scale inhomogeneities and their
accumulation in large-scale ones takes place, which leads to
changes in the strain-stress state of the medium, and in the
deformation strength (elastic limit) and velocity.

When deformations reach the elastic limit, the fracture of
the maximum PEF zone takes place, and the number of
activated elements in this case depends on the deformation
conditions, deformation velocity, elastic limit and type of
fracture, which is reflected by the shape of the recurrence
curve and by the level of seismic activity.

The similarity of the seismic process in various scale
levels has been established. It was shown, that the parameters
of the seismic regime are estimated with the account of the
size (extent) of the maximum PEF zone, deformation
conditions, values of elastic limit and deformation velocity,
type of fracture and the relation between the focus size and
the extent of the PEF zone. The value M., and the
recurrence of the strongest earthquakes shall be estimated
using the intersection point of the forecasting limits under the
brittle and brittle-ductile fracture, calculated with the account
of the extent of the PEF zone.

Nonlinearity of recurrence curves takes place in various
scale levels, and is determined by the immensity of the
geodynamic and seismic processes and by the relationship
between a number of events, which occurred in various
deformation conditions and have different type of fracture.

The physical nature of a man-induced seismicity can also
be addressed using the adopted model. In this case,
characteristics of the geodynamic and seismic processes shall
be estimated using the size of the maximum PEF zone,
involved into the process of a man-induced deformation,
including the deformation conditions, the potential changes
in the deformation velocity, elastic limit and type of fracture.

References

[1] Holschneider, M., G. Zdller, and S. Hainzl (2011). Estimation
of the maximum possible magnitude in the framework of a
doubly truncated Gutenberg—Richter model, Bull. Seismol.
Soc. Am. 101, no. 4, 1649-1659.

[2] Zoller, G., and Holschneider M. (2016). The earthquake
history in a fault zone tells us almost nothing about Mmax,
Seismol. Res. Lett. 87, no. 1, 132-137.

[31 Gutenberg B., Richter C. F. Seismicity of the Earth and
associated phenomena. Princeton Univ. Press, Princeton,
1954.310 p.

[4] Kasahara K. Earthquake mechanics. Mir, Moscow: 1985, p.
264.

[S1 Ulomov V. I, Shumilina L. S. Issues of Seismic Zoning of the
Russian Federation Territory. OIFZ RAN. 1999, p. 55.

[6] Sadovskii M. A. On the natural lumpiness of rocks // Report of
the Academy of Sciences of USSR, 1979, vol. 247, no. 4, pp.
829-831.

[7]1 Steinberg V. V., Ponomareva O. N. On the extents of strong
earthquakes, // Strong Earthquakes and seismic impacts.
Collection of papers. Engineering Seismology Issues,
Moscow: Nauka, 1987, no. 28, pp. 63-72.

[8] Bugaev E. G., Spivak A. A. Estimating the effective
deformational and strength characteristics of the medium in
earthquake sources. // Collection of papers in “Nonstationary
Processes in the Upper and Lower Envelopes of the Earth:
Geophysics of Strong Disturbances”, Moscow: 2002, pp. 77-85.

[91 Bugaev E. G. On structured and diffuse seismicity, stiffness of
earthquake foci, and nonlinearity of magnitude-recurrence
curves // Geodynamics & Tectonophysics, 2011, issue 2, no. 3,
pp. 244-265.

[10] Rodionov V. N. Seismic Regime and Block Structure of the
Earth’s crust // Geoecology. Engineering Geology.
Hydrogeology. Geocryology. no. 3. 1994, pp. 76-81.

[11] Sikosek B. and Vukasinovic M. Geological criteria in the
preparation of a seismic zoning map // Proceedings of the
seminar on seismic zoning maps, Skopje, 27 October - 4
November 1975, Vol. II, UNESCO, Skopje, 1976.

[12] Bugaev E. G. Methods for estimating the maximum potential
of platform earthquakes // Izvestiya, Phyisics of the Solid
Earth, Vol. 35, No 2, 1999, pp. 35-51.

[13] Bugaev E. G. Estimation jf the Seismic Potential of
Geodynamically Active Zones of Platform Territories //
Journal of Earthquake Prediction Research 8 (2000) 285 —
305.

[14] Khromovskikh V. S. Seismogenic deformations of the Earth’s
crust in the epicentral and pleistoseist zones of strong
earthquakes // in Contemporary Dynamics of the Lithosphere,
under the editorship of Logachev N. A., Khromovskikh V. S,
Moscow: Nedra, 1995, pp. 440-503.

[15] Rautian T. G. Determination and interpretation of parameters
for earthquake sub-foci sources // Seismic Hazard Studies.
Collection of papers in Engineering Seismology Issues, No.
29, 1988, pp. 21-29.



20

[16]

[17]

[18]

[20]

[21]

Bugaev Evgeny: Formalized Estimation of M, and of Strong Earthquake Recurrence

Bugaev E. G. On structured and diffuse seismicity, stiffness of
earthquake foci, and nonlinearity of magnitude-recurrence
curves // Geodynamics & Tectonophysics, 2011, issue 2, no. 3,
pp. 244-265.

Shebalin N. V. Strong earthquakes. Selected works. Moscow:
press of the Mining Science Academy, 1997, p. 543.

Wells D. L., Copersmith R. J. New empirical relationship
among magnitude, rupture length, rupture width, rupture area,
and surface displacement // Bull. Seism. Soc. Amer. 1994.
Vol. 84. P. 974-1002.

Riznichenko Yu. V. Dimensions of the core earthquake and
seismic moment // Earthquakes Physics Studies. Moscow:
Nauka, 1976, pp. 9-27.

Riznichenko Yu. V. Calculation of the maximum potential
earthquakes and seismic shakeability. // Seismic Zoning of
USSR. Moscow: Nauka, 1980, pp. 59-69.

Riznichenko Yu. V. Selected works. Problems of Seismology.
Moscow: Nauka, 1985, pp. 220-267.

[22]

(23]

[24]

[25]

Aki K. Study of Earthquake Sources from the Seismic
Spectrum. Publ. Dominion Obs. - Canada, 1969.

Bugaev E. G. Assessment of the limits of magnitude—
frequency relationship change for the development of risk-
oriented safety regulation of nuclear power plants: A case
study for some regions of the East European and North
American platforms. // Engineering Seismology Issues. ISSN
0132 - 2826. Moscow: 2014. vol. 41. no. 3, pp. 37-54.

Bugaev E. G., Kishkina S. B., Seelev I. N. Formalization of the
estimation of the radioactive waste burial site seismic regime
parameters on seismological and geological data. Engineering
Seismology Issues. 2015. vol. 42. no. 4. pp. 15-24.

Stevens V. L. and Avouac J.-P. Determination of Mmax from
Background Seismicity and Moment Conservation // Bulletin
of the Seismological Society of America, Vol. 107, No. 6, pp.
2578-2596, December 2017, doi: 10.1785/0120170022.



