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Abstract: Relevance. The article reasonably shows that the uppermost layer of the Earth’s crust up to 25
kilometers is seismogenic. Aim. The article provides the evidence that crustal seismicity is generated not by
regional stress fields of a homogeneous shear, as it was adopted in the strategy for solving the problem of
earthquake forecast, but by local fields of exponential elastic stress. Such fields arise in one or another section
of a seismogenic fault due to the occurrence of a stress concentrator in this section. According to the Saint
Venant principle, such a stress concentrator (an additional load in the system) generates a local stress field of
an exponential form. In this field the maximum stress is localized in the areas of an increment load application
(in the fault) and decreases very quickly (exponentially) on both sides of the fault. Such stress concentrators
arise in those areas of a seismogenic fault, where displacements along the fault stop due to various reasons.
G.A. Gamburtsev foresaw this situation and very precisely called such concentrators as “seams”. The origin of a
local stress field at the place, where a seam appears, is caused by the following fact: the power impulse generated
by the seam is small compared to the linear momentum of the entire system of blocks of the considered fault
and, therefore, it will stop the displacement of blocks only within the seam; but the displacements of blocks
outside the seam will continue in the same mode. One can single out the following reasons causing stress
concentrators in the fault: variations in different stress fields, changing the value of the friction coefficient in the
fault; variations in fluid processes; the influence of temperature and pressure; mechanical “hooks” of blocks due
to irregularities of their contacting surfaces, etc. Methods. The fact of the existence of the considered local stress
fields is confirmed by geodetic studies, i. e. the results of repeated geodetic measurements in the epicentral
zones of strong earthquakes. Results. These results allow drawing the following conclusions: 1) the sign of the
preparation of a crustal earthquake source was reliably determined. This sign means the increasing deformation
of the elastic bending of rocks in the source in the course of time; 2) from the standpoint of solving the problem of
earthquake forecast, the main and decisive result of these studies is that the deformation processes occurring in
the impending source also capture the Earth’s surface, because this is precisely what opens up great opportunities
in solving this problem; 3) with the help of special geodetic systems (forecast profiles), one can detect the
places of the impending earthquake source preparation, i. e. make an accurate forecast of the site of a future
earthquake; 4) since the energy of the earthquake source is functionally related to its size, one can realize the
correct prediction of the maximum possible intensity of the future earthquake by determining the length of the
seismogenic fault section, elastically deformed by the preparation of the earthquake using the forecast profiles.

Keywords: regional and local stress fields, Saint Venant principle, elastic bending, geodetic monitoring,
earthquake forecast.
For citation: Pevnev A.K. Substantiation of the main concepts for the deformation model of the crustal

earthquake source preparation. Geologiya | Geofizika Yuga Rossii =Geology and Geophysics of Russian South.
2021. 11 (1): 104 - 120. DOI: 10.46698/VNGC. 2021.53.34.009.


http://geosouth.ru/article/view/645/596
http://orcid.org/0000-0002-8467-7486

Geology and Geophysics of Russian South 11(1) 2021 ['eonorvs n reopuanka fOra Poccmt - 105

TEOPUI3NKA
DOI: 10.46698/VNC. 2021.53.34.009

OpurnHanbHas ctaTbsa

OBOCHOBOHME OCHOBHbIX MOAOYKEHWIN
A€DOPMALIMOHHOM MOAEAU MOATOTOBKM O4Ara
KOPOBOIO 3eMAETPSICEHMS

A.K. lNeBHeB

WHctutyT domaukum 3emnum um. O.10. Wimunara PAH, Poccua, 123995,
r. Mocksa, yn. B. I'pyauHckas, g. 10, ctp. 1, e-mail: an. pevnev@yandex. ru

Crarbs noctynuna: 14.01.2021, aopaborara: 03.02.2021, onobpena B neyars: 19.02.2021

Pe3tome: AKTyanbHocTb paboTbl. B cTaThe 060CHOBAHHO MOKA3aHO, YTO CEICMOreHHbIM SIBNSETCS CaMblii
BEPXHWIA CIOM 3EMHOM KOPbI MOLLHOCTBIO [0 25 KunomeTpoB. Lienb pa6oTel. B cTaTbe npuBefeHbl JoKasaTenb-
CTBA TOr0, YTO KOPOBAs CENCMUYHOCTb NOPOXAETCSH BOBCE HE PErMOHAIIbHBIMU NOASMU HANPSXXeHWA 0JHOPOA-
HOrO CABUIa, KaK 3TO BbIN0 NPUHATO B CTPaTernu pelleHns npo6aembl NPOrHo3a 3eMIeTPSACEHMIA, a NOKaNbHbI-
MU NONAMM YNPYTX HANPSHXXEHUA 3KCMOHEHUNaNbHOro Buaa. Takue nons BOSHWKAKT B TOM UM UHOM Y4acTKe
CEMCMOreHHOr0 pasiomMa 13-3a NnosBAEHNS Ha 9TOM Y4aCTKe KOHLEHTPATopa HanpsxxeHuid. CornacHo npuHuuny
CeH-BeHaHa Takol KOHLEHTPATOp HanpshKeHWA (JONONHWUTENbHAA HArpy3Ka B CUCTEME) NMOPOXAAET JI0KaNbHOe
noJie HanpsHKeHU IKCNOHeHUManbHOoro sunaa. MakcumanbHas BennynHa HanpskeHus B 3TOM nosie pacnosnoxe-
Ha B MECTE NPUN0XEHN JONOHUTENIbHON Harpy3ku (B passioMe) U 04eHb BbICTPO (3KCMOHEHLNaNnbHO) yobiBaeT
B 06€ CTOPOHbI OT pasnoma. Takue KOHLEHTPATopbl HanPsSXXeHW BOSHUKAKT HA TEX Y4acTKax CeliCMOreHHoro
pasnoma, Ha KOTOPbIX B CUIY TeX WK MHBIX NPUYMH NPeKpaLlaloTes cMeLleHns no pasnomy. . A. fambypues
NPOBUAYECKU NPeABUAEN AaHHYIO CUTYaLMIO N 04eHb METKO TakMe KOHLEHTPATOPbI Ha3Ban «cnankamm»». Bos-
HUKHOBEHWE NIOKANTbHOr0 NOJIA HANPSHKEHUA B MECTe NOABNEHNA CNaiku 06YCNOBNIEHO TEM, YTO UMMYNLC CUSbI,
NOPOXAAEMbIli CNaiKoi Man no CPaBHEHMIO C KONMUYECTBOM [BUXXEHWUA BCEI CUCTeMbl 610KOB paccmarpusae-
MOro pasnoma W, crefjoBatensHo, OH OCTAHOBUT CMeLLeHWe 6110KOB NIULb B Npejenax Cnanku, Ho CMeLLeHus
6710KOB BHe cnankm 6yayT NPOLOSKATLCA B NPEXHEM pexxume. Cpean NpuynH, NopoXKAatoLLMX KOHLEHTPATOpbI
HanNPsXXeHWin B pasfioMe MOXHO Ha3BaTb CreAytoLLne: BapuaLmm pasnuyHbIX Nosiei HanpsHXKeHN, USMEeHALLNe
BENUYUHY KO3 ULMEHTA TPEHWUA B Pa3NOMe; BNUSIHWE TeMNepaTypbl U AaBNeHNs; Bapuauumn noniHbIx npo-
LLeCCOB; MEeXaHW4ecKune «3aLenbl» 6J1I0KOB M3-3a HEPOBHOCTEN UX COnpuKacatoLwmuxcs nosepxHoctei u ap. Me-
ToAbl uccnepoBanus. OakT CyLLeCTBOBAHUS PacCMaTPUBAEMbIX JIOKANbHbIX NONEN HanpsXKeHWid NoLTBEPXeH
reofie3n4eckuMn NCCeOBaHNAMMN — pe3ynsTatamMi NOBTOPHbIX re0le3N4eCKUX U3MEPEHMNIA B SNMNLIEHTPANbHBIX
30HaX CUbHbIX 3eMeTPACEHNIA. Pe3ynbTaTbl paboTbl. 3TW pe3ynbTaThl NO3BONAKT CAENATb CNEAYIOLLME BbIBO-
Obl: 1) JocTOBEPHO ONpefenieH Npu3Hak noLroToBKKU 04ara KOPOBOro 3eMETPSACEHUS, KOTOPLIM ABNSETCS Ha-
pacTatoLLas BO BpeMeHu fechopmanins ynpyroro U3rnba ropHbIX Nopog B ero oyare; 2) ¢ no3uLmMin peLeHmns npo-
611eMbl NPOrHO3a 3eMJSIETPACEHWIA TMaBHbIM U ONPefensowmM pes3ynbTaToM 3TUX UCCe0BaHUi ABASETCS TO,
4TO NPOMCXOLALLME B rOTOBALLEMCS 04are JeddOpMaLMOHHbIE NPOLECChl 3aXBaTLIBAIOT U 3EMHYI0 NOBEPXHOCTD,
60 UMEHHO 3TO OTKPbIBAET 6OJbLIME BO3MOXHOCTM B PELUEHIM 3TON Npo6siembl; 3) C NOMOLLBI CheLmnanbHbIX
reofie3nyeckux cucTem (MPOrHO3HbLIX NPOnIIen) MOXXHO 06HapPYXMBaTb MeCTa NOArOTOBKM 04aroB FOTOBSALLMX-
Sl 3eMJIETPACEHWIA, T. €. OCYLLECTBNATL TOYHbIA NPOrHO3 MecTa OyayLLero 3emMneTpaceHus; 4) Tak Kak 3Heprus
Qyara 3emneTpsAceHmns (OyHKLMOHANbHO CBA3AHA C ero pa3mMepamu, T0 Onpesenus ¢ NOMOLLLH0 NPOTrHO3HbLIX NPO-
thuneit LNUHY y4acTKa CEiCMOreHHOro passioma, ynpyro 4eopmMuMpoOBaHHOrO NOArOTOBKOWA 3eMITETPACEHUS,
MOXHO OCYLLECTBUTb U TOYHBIA NPOTrHO3 MaKCMManbHO BOSMOXHOM CUITbl BYYLLEr0 3eMIIETPSACEHMS.

KnioueBble cNoBa: pervoHanbHble 1 NOKabHbIE NONS HanpsXKeHui, npuHumn CeH-Benawa, ynpyruil naruo,
re0fe3nNyecKnii MOHUTOPUHT, MPOrHO3 3eMJIETPACEHNA.
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Intfroduction

Regarding the issue of earthquake forecast, one ought to bear in mind that the Earth
is exposed to the crustal and the deep-focus seismicity. The earthquakes of the first type
occur in the Earth’s crust, and the second ones take place in the Earth’s mantle which is
located under the Earth’s crust. This article deals with the forecast of crustal earthquakes.

Taking considerations of G.A. Gamburtsev into account, one have a reason to be-
lieve that the crustal type of seismicity is a consequence of the Earth tectonic activity,
caused by deep endogenous processes that are displayed on the surface of the Earth in its
continuous movement. Due to these processes energy the mountains and depressions are
forming and the continents and vast areas of the deep-sea floor are moving. They split the
lithosphere into a lot of blocks and make these blocks move relative to each other along
the deep faults separating them. The velocities of block systems’ relative displacements
along the mentioned faults have significant differences for various tectonic structures of
the Earth. The highest displacement velocity is observed in the blocks in orogens, i. e.
in tectonically active mountain structures of the Earth. These velocities are measured in
centimeters per year. Thus, this velocity on the San Andreas Fault in California (Fig. 1) is
5 cm/year, and in Pamir and Tien Shan conjunction zone (Vakhsh thrust) is 2.5 cm/year.
The Pacific Ocean bed is shifting with the maximum, measured by geodetic methods,
speed which is equal to 10 cm/year.

The blocks of the Earth’s crust have much lower displacement velocities in tectoni-
cally less active structures of the Earth. Platforms, i. e. large plain areas of the Earth’s
crust, are referred to such structures. The displacement velocities of blocks on platforms
are by an order lower than in orogens. They are measured in millimeters and even tenths
of a millimeter per year.

Structures with high displacement velocities in faults are considered as the most seis-
mically hazardous. And tectonically low-active structures are less seismically hazard-
ous. G.A. Gamburtsev foresaw it: “Relatively slow young and modern movements of
the Earth’s crustal blocks may not be accompanied by strong earthquakes” [Gamburt-
sev G.A., 1960, p. 431].
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Fig. 1. The San Andreas Fault, like a giant scar, crosses the Carrizo Plain
in California, according to: [Bolt, 1981]
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Thus, one can draw a conclusion about the direct correlation between the tecton-
ic structures’ seismic activity and the displacement velocities of crustal blocks in these
structures. Therefore, the reason of seismicity should be sought in the features of the
behavior of these velocities. The type of velocity variations at which the initiation of
an earthquake source is possible in a particular section of the fault is determined quite
simple. The case when the block surfaces, which are separated by the fault, hinder their
movement (i. €. the blocks seem to “slide” relative to each other) excludes the possibility
of the origination of a strong crustal earthquake in this segment of the fault. However, if
a stress concentrator arises in any section of a seismogenic fault, which prevents the free
movement of blocks in this section of the fault, then conditions arise for the initiation of
an earthquake source. G.A. Gamburtsev very precisely called such stress concentrators as
“seams” [Gamburtsev, 1982, p. 306].

In the theory of elasticity, such situations correspond to the following Saint Venant
principle: “If a balanced system of forces is applied in any small part of the body, then it
causes stresses in the body that very quickly decrease with distance from this part (expo-
nential decay of stresses)” [Bezukhov, Luzhin, 1974, p. 6].

The origin of a local stress field at the place, where a seam appears, is caused by the
following fact: the power impulse generated by the seam is small compared to the linear
momentum of the entire system of blocks of the considered fault and, therefore, it will
stop the displacement of blocks only within the seam, but the displacements of blocks
outside the seam will continue in the same mode.

Variations in different stress fields, changing the value of the friction coefficient in the
fault; variations in fluid processes; the influence of temperature and pressure; mechanical
“hooks” of blocks due to irregularities of their contacting surfaces, etc. can be considered
as the reasons causing stress concentrators in the fault.

Thus, studying the possible reasons of the earthquake source initiation, i. e. the start
of the process of seismogenic deformations™ accumulation in this source, it is suggested
that the beginning of these processes is due to tectonic movement stop in a certain section
of the seismogenic fault.

Theoretical considerations about the reality of the occurrence of sections of displace-
ment delays in seismogenic faults are as follows: a tectonic crustal earthquake is the rapid
destruction of a certain volume of rocks (an earthquake source) that generates seismic
waves, caused by the ultimate elastic deformations (stresses) accumulated in this source.

Thus, a required condition for the earthquake source preparation is the existence in the
fault zone of a mechanically strong, consolidated medium (rigid inclusion). This medium
has elastic properties and due to this it is capable of potential elastic energy accumulation.

So, an earthquake source in the phase of initiation (i. e. at the stage of potential elastic
energy accumulation) has to be a stable, plastically slightly deformable inclusion in the
seismogenic layer of the Earth’s crust.

Thus, it can be considered that the main condition for the initiation of the crustal
earthquake source is the occurrence of a stress concentrator (seam), which prevents tec-
tonic displacements in the place of its formation.

This seam, which means the stopping of block displacements in one or another sec-
tion of the fault, with the permanent motion of two extended, mutually displacing systems
of blocks, will generate an elastic stress field in this section, i. e. this area will be the nu-
cleus of the earthquake focus.
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The following condition is necessary and sufficient for the formation of a strong
earthquake source: the source, initially or at the stage of formation, must be a body, the
predominant deformations of which are elastic seismogenic deformations. This is the way
of origination and formation of the source of a crustal earthquake.

The existence of “Gamburtsev’s seams” can also be considered according to the vari-
ations of the seismic regime in the earthquake source during its preparation and immedi-
ately after the destruction (strong earthquake). During the preparation of the source, it is
either completely aseismic or generates rare seismic impulses, the so-called foreshocks
(weak earthquakes that occur before a strong earthquake). Previously, scientists hoped to
use the foreshocks in the problem of forecasting earthquakes; however, they did not come
true, since it was not possible to find a logical connection between the preparing source
and the so-called foreshocks. And this is not surprising, since foreshocks do not differ
from ordinary weak earthquakes and they are recognized only after strong earthquakes.

After a strong earthquake, the seismic regime in the source changes very sharply:
it is accompanied by a trail of aftershocks (weak earthquakes), which can last for many
months or more decreasing with time.

This abrupt change in the seismic regime after a strong earthquake in the source is an
objective indicator that the source of the impending earthquake was a consolidated vol-
ume of rocks with one modulus of elasticity — in the case of mechanically homogeneous
rocks in the earthquake source, this will be their natural modulus of elasticity. As for the
modulus of elasticity in the impending source with mechanically heterogeneous rocks, it
can be assumed that an effective modulus of elasticity arises in such a source.

The modulus of elasticity, which is common in the rocks of the source, allows accu-
mulating ultimate elastic stresses in the entire volume of the source, and that is why, dur-
ing the accumulation of these stresses, it either doesn't emit or emits weakly this energy.
After the discharge of the main part of the accumulated energy (strong earthquake), this
consolidated body returns to its original state and in it, in the form of aftershocks, the final
discharge of the seismic energy accumulated in the focus occurs.

Considering the question of possible reasons for the occurrence of an effective elastic
modulus in an incipient source, in which there are blocks of rocks with different elastic
moduli, one can bear in mind the following. During the earthquake source initiation, its
entire volume is in the local field of compressive stresses, which compact the rocks. It can
be believed that due to this compaction, an effective modulus of elasticity arises.

The occurrence of strong earthquakes in the upper layer of the crust indicates that in
seismogenic faults of this layer, in certain parts of them, conditions for the accumulation
of ultimate elastic seismogenic deformations in a particular volume of rocks arise for one
or another reason.

Thus, it can be considered that the main condition for the origin of a crustal earth-
quake source is the occurrence of a stress concentrator, which prevents tectonic displace-
ments in the place of its formation and leads to the formation of a mechanically strong,
consolidated volume of rocks (seam) in a particular fault zone.

So, one can conclude that the reason for the crustal seismicity, which is caused by
mutual tectonic displacements of blocks of the Earth’s crust, is a delay in these displace-
ments of blocks in one or another section of the seismogenic fault.

It is necessary to notice that the seismic energy emitted in the course of earthquakes
is a very insignificant fraction of the tectonic energy, which is spent on tectonic dis-
placements of block systems along the faults separating them. Considering the studies of
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Yu. V. Riznichenko [Riznichenko, 1985], this share does not exceed 1% for the Caucasus
region. It is hardly to imagine what would happen on Earth in case of this share were
equal, for example, 40-60%. It is reputed that, fortunately for us, the system of tectonic
displacements of the blocks of the Earth’s crust works with a small “defect”, which, nev-
ertheless, is very tangible for the Earth.

Methods

The type and size of real deformation fields generated by local fields of elastic
stresses of the exponential form. Deformation precursor of the preparation of the
crustal earthquake source

According to the above considered Saint Venant principle, due to the stress concen-
trator (seam), a local elastic stress field arises, being maximum at the place where the
seam originates (in the fault) and exponentially decreasing with distance from this section
of the fault.

It is quite obvious that a local elastic stress field with exponential decay of stresses
should generate an exponential field of elastic deformation of rocks in the impending
earthquake source, i. e. rocks must be elastically bent.

Thus, we have obtained a theoretical basis for the type of deformation precursor of a
crustal earthquake — this is the elastic bending of rocks in the impending earthquake
source.

With the help of the existing geodetic experimental data one can check the rightness
of these theoretical considerations. These data are the results of recurrent geodetic meas-
urements that have been performed before and after strong crustal earthquakes in their
epicentral zones (Fig. 2) [Gamburtsev, 1960; Kasahara, 1985].

The data of repeated triangulations carried out in the epicentral zones after the strong
earthquakes are shown in the Fig. 2. Vertical lines denote seismogenic faults, along which
horizontal movements occurred in the process of the earthquakes. The dots are fixed off-
sets of triangulation points; the scale of displacements is shown on the vertical axis. The
abscissa denotes the location of these points from the certain fault.

According to the figure, the same pattern is traced for all the five earthquakes given
above. The displacements are maximum in the vicinity of the fault and rapidly (expo-
nentially) decrease with distance from it. For different earthquakes, these displacements
become minimal (zero) at distances from 20 to 40 km from the fault. This suggests that
the exponential distribution of the displacements of geodetic points on the curved lines in
Figure 2, as well as the manifestation of these displacements no further than 40 km from
the fault, reflect the actual form of stress fields and their sizes, caused by the earthquakes,
that generated them. The validity of this assumption is substantiated below (see Fig. 3).

These data and other sources [Kanamori et al., 2006; Ohta et al., 2012; Tong et al.,
2012; Wang et al., 2013, 2020; Zeng, Shen, 2017; Zeng et al., 2018; Liu, Rogozhin, 2018;
Bulut et al., 2019; Toulkeridis et al., 2019; Kazimova, Kazimov, 2020; Li et al., 2020]
also convincingly indicate that the displacements of geodetic points which take place in
the course of strong earthquakes carry the information about the unified mechanism for
the preparation of these earthquakes. It should also be noted the fact that this mechanism
is the same for different continents. It can be believed that it is universal.

They also confirmed the previously expressed theoretical considerations that the pro-
cess of crustal earthquake preparation is the accumulation of elastic bending seismogenic
deformations in its source, and therefore the deformation sign (precursor) of preparation
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Fig. 2. Actual distribution of displacements of triangulation points (d) in zones of seismogenic faults
during strong crustal earthquakes depending on the distance of geodetic points from faults, according to
[Gamburtsev, 1960; Kasahara, 1985]
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and maturation of the crustal earthquake source is the elastic bending of rocks in this
source.

One should note that according to the information of this figure, one can determine the
width of the earthquake source, which can be considered equal to the width of the zones
of penetration of elastic displacements into the bodies of the crustal blocks contacting
along the fault. In order to realize this, it is necessary to determine the interval between
the points of these blocks exponential curves exit to the asymptotes. These distances are
evaluated in several tens of kilometers (from 40 to 60m) agreeably the data in Fig. 2.

However, in the light of the problem under discussion, the main importance of these
data lies in the fact that they contribute to the real forecast of earthquakes as they confirm
the participation of the Earth’s surface in the process of the earthquake source prepara-
tion.

Local stress fields generating sources of crustal earthquakes arise due to the appear-
ance of stress concentrators in a seismogenic fault, which are fault sections in which
displacements along the fault have ceased for one or another reason. As noted above,
such stress concentrators G.A. Gamburtsev called “seams”. According to the Saint Ve-
nant principle, “seams” represent additional loads in the system of shifting blocks of the
Earth’s crust. It is they that generate local fields of elastic stresses of an exponential type,
which is confirmed by geodetic studies.

So, based on the analysis of geodetic data in Fig. 2, the following conclusions can be
drawn:

1. Crustal seismicity is generated by local exponential stress fields ranging in size
from 20 to 40 km.

2. The similarity of the identified displacements of geodetic points for all five earth-
quakes convincingly suggests that these data carry information about a single mechanism
for the preparation of these earthquakes.

3. The process of crustal earthquake preparing is the accumulation of elastic bending
seismogenic deformations in its source. The deformation sign of the preparation of the
crustal earthquake source is the elastic bending of rocks in this source.

4. The process of preparing the earthquake source also captures the Earth’s surface,
which is the upper surface of the impending earthquake focus, and this is what makes it
possible to track this process directly on this surface.

5. The process of preparation of earthquake sources can be monitored only by geo-
detic methods, which allow determining the elastic displacements of the Earth’s surface at
bases of tens of kilometers, thereby determining the actual shape of the curve of the line
of these displacements.

For better understanding the above-mentioned considerations, we should consider the
reason for the appearance of regular displacements of triangulation points during earth-
quakes (Fig. 2). It is clearly demonstrated in Fig. 3.

Vertical line in figure 3A shows the same section of a seismogenic fault at times t,,
t;, and t,, which correspond to different stress states of rocks. The directions of tectonic
displacements on the fault are denoted by arrows. Moment t, — there are no seismogenic
stresses in the rocks, which is shown by the straight line ab. Moment t; — rocks are ex-
tremely stressed by a local field of exponential elastic stresses (elastic bending): curve
ab. Moment t, — the position of rocks after the earthquake, in which the following events
occurred: the main rupture of rocks in the source; displacement of rocks along this rupture
and, due to this, the discharge of the previously accumulated flexural seismogenic defor-
mations — straight line segments a and b.
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Fig. 3. An explanation of the phenomenon of the exponential distribution of displacements of geodetic
points in the epicentral zones of strong crustal earthquakes

Now let’s turn to Figure 3B. This figure has only one difference compared to the Fig-
ure 3A: it has a straight line ek, which means a rectilinear geodetic construction (geodesic
profile) formed at time t;, over the maturating earthquake source. At first glance it seems
that the view of the rectilinear geodesic profile is characterized by paradoxical changes
after the earthquake, changing into two curved segments that are displaced relative to
each other. But it is easily explained by the following. Due to the conditions of the prob-
lem, we know that the profile was formed over the rocks that already have been distorted
by elastic bending of the impending earthquake source. It appears from this that the rocks
have been displaced along the fault and straightened at the same time in the course of the
elastic stress release. As for the rectilinear geodesic profile above the source, it turned into
two curved segments. They have retained the curvature of the ab curve.

E and k curved segments are a mirror image of two halves of the ab elastic curve. It
is explained by the fact that the curve ab and the straight line ek exchanged their shapes
due to the earthquake. Hence these curved segments kept the information about the elastic
deformations magnitude that have been accumulated in the source to the moment of this
geodetic profile formation.

According to this conclusion, there is a reason to believe that in all the cases shown in
Fig. 1, the initial triangulation measurements were performed over the already impending
earthquake sources, i. e. they have already accumulated, by the time of the initial (per-
formed before the earthquake) triangulation, seismogenic stresses. If it was otherwise,
then in the course of an earthquake, initially rectilinear geodesic profile would only be
broken at the fault line but did not experience any bending. It would be represented by
two rectilinear segments similar to the behavior of rocks at the moment t,. This indicates
the fact that strong earthquakes are being prepared for many tens and more years.

Thus, we successfully explained the mysterious occurrence of the curves in Figure 2.
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Seismogenic layer of the Earth’s crust

Taking the considered by us problem into account, it is essential to know whether the
entire thickness of the Earth’s crust is seismic. It is very important as the probability of
the impending source detection is greater the shallower it is located in the Earth’s crust.

It is traditionally assumed in seismology that crustal earthquakes take place at depths
of up to 70 km. However, this does not correspond to reality, since not the entire crust is
seismically active, but only its upper horizons [New catalog..., 1977; Rogozhin, 2013].

The rheological heterogeneity of the rocks of the Earth’s crust along the vertical is
the explanation of this phenomenon. According to [Bott, 1974; Sherman, 1977; Zharkov,
1983; Pavlenkova, 1988; Pevnev, 1988, 2014, 2020] the Earth’s crust can be divided in
the first approximation into elastic and plastic layers.

The upper layer of the Earth’s crust, which is considered as conditionally cold and has
a thickness of 10-25 km, is seismogenic, i. e. elastic, capable of accumulating significant
elastic deformations and brittle fracture when the accumulated elastic stresses reach the
ultimate strength of rocks. If we consider the rocks of the plastic, conditionally hotter
layer, which do not have elastic properties, then this layer is considered as aseismic. It is
explained by the fact that such rocks are plastic or viscoplastic.

Let's present the existing theoretical considerations and experimental data to substan-
tiate this statement.

The English geophysicist M. Bott writes about the state of rocks in the upper part of
the Earth’s crust in his book:

“The results of experimental studies have shown that the mechanical properties of
rocks at a depth of 10-25 km undergo two significant changes. First, there is a transition
from a brittle state to a plastic one; Griggs, Turner and Hird... did not observe sudden
cracks in any rocks except quartzite at pressures above 5 kbar and temperatures above
500° C, which corresponds to the conditions at a depth of about 20 km. Second, the com-
pressive strength should be expected to decrease with depth under the dominant influence
of temperature; for example, the tensile strength of dunite, pyroxenite and granite under
all-round compression of 5 kbar decreases from 20 kbar at 25° C to 10 kbar at 500° C and
to 7 kbar at 800° C” [Bott, 1974, p. 280].

“There is reason to believe that the lower part of the crust under the condition of a
sufficiently high temperature and large stress differences can experience noticeable defor-
mations in the form of unstationary and stationary creep” [Bott, 1974, p. 281].

The division of the lithosphere material into layers with different elastic characteris-
tics in a vertical section is also confirmed by the distribution of mechanical quality factor
(Q,) in it. Now let's quote the work of V.N. Zharkov:

“The quantity O, can also be considered as a “measure of ideality” of the elasticity
of the medium. The larger the value of Q,, the smaller part of the mechanical energy dis-
sipates during vibrations and turns into heat, the closer the medium is to ideally elastic”
[Zharkov, 1983, p. 90].

“The outer hard layer of the Earth (its lithosphere) is divided into three zones: high-
quality factor (0-19 km), O, ~ 600; medium quality factor (19-38 km) O, ~ 300, and low-
quality factor (38-90 km), O, ~ 150” [Zharkov, 1983, p. 92] (Fig. 4).

It is worth mentioning the good agreement between the proved by Bott boundary of
the transition of crustal rocks into a plastic state at a depth of about 20 km, and the thick-
ness of the layer of the Earth’s crust with the highest quality factor, equal to 0-19 km. It
should be noted that this is the maximum figure of merit not only in the lithosphere but
also in the Earth’s mantle (Fig. 4).
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Fig. 4. Distribution of mechanical quality factor Qu (1) in the crust and mantle of the Earth. A (0-38 km)
— Ist zone of high Qu (elastic lithosphere),; B (38-90 km) — inelastic lithosphere; C (90-450 km) — 1st zone
of low Qu; D (450-1600 km) — Ist zone of intermediate Qu, E (1600-2400 km) — 2nd zone of high Qu, F
(2400-2600 km) — 2nd zone of intermediate Qu, G (2600-2885 km) — 2nd zone of low Qu. 1 — modified
distribution Qu obtained by V. M. Dorofeev and V. N. Zharkov (1978),; 2 — model SL8 (Anderson, Hart,
1978), according to [Zharkov, 1983]

It is very interesting to consider the diagram of the fault structure in Figure 5, pro-
posed by D. 1. Sherman in relation to the considered problem.

According to D.I. Sherman crustal rocks in the fault retain elastic properties (to one
degree or another) only in the first three horizons shown in Figure 7 (I, II and III). The
total thickness of these horizons is approximately 25 km. Within these 25 km, with in-
creasing depth, there is a transition from brittle fracture (Hookian solid) — an approximate
depth interval of 0-5 km — to quasi-brittle fracture (Burgers viscoelastic body) at approxi-
mately 5-10 km depths and, finally, to a quasi-plastic flow (Maxwell viscoelastic body) at
depths of about 10-25 km. At greater depths (horizons IV and V), only plastic deforma-
tions take place: plastic flow (Saint-Venant plastic body) in horizon IV transforms into a
viscous flow (Bingham viscoplastic body) in horizon V.

Data on the distribution of the depths of aftershocks of strong crustal earthquakes
confirm and vividly illustrate the division of the Earth’s crust into two layers by rheologi-
cal parameters, the reliability of the location of the most elastic layer in its uppermost part
and the reality of the above-mentioned thickness of this layer. Aftershocks are weaker
earthquakes that occur in the source zone of a strong earthquake. Actually, aftershocks
remove the elastic stresses remaining in the source after a strong earthquake, i. e. “finish
off” what the main seismic shock did not do. Consequently, aftershocks can occur only
in a medium capable of accumulating elastic seismogenic deformations (stresses). There-
fore, one can determine the thickness of the seismogenic layer in the area under study
with the help of studying the aftershocks™ distribution in the depth. Racha earthquake of
1991 can be considered as the typical example of such data (Fig. 6).
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Fig. 5. Scheme of the structure of the general fault along the vertical section (I — brittle fracture, Il —
quasi-brittle fracture, 11l — quasi-plastic flow, IV — plastic injection, V — viscous flow), according to
[Sherman, 1977]

Figure 6 clearly shows that after the earthquake the elastic stresses were relieved
in the Earth’s crust with the thickness of 0-25 km. Nevertheless, the most homogene-
ous aftershock field occupies only the 0 to 10 km depth interval. The number of after-
shocks drastically decreases with the depth, and only single aftershocks are recorded at
the maximum depth, equal to 25 km. Based on the information about such a distribution
of aftershocks one can assume that this layer of the Earth’s crust is responsible for crustal
seismicity, i. e. it is the very layer, that can be considered as seismogenic.

Thus, we can assume that the thickness of the seismogenic layer is 10-15 km in the
studying area. It cannot be doubted that such investigations of aftershocks are the most
reliable method for determining the seismogenic layer thickness in those areas where the
existing seismic grid allows recording weak earthquakes and determining the depths of
earthquake hypocenters with sufficient accuracy within 1-5 km.

As it is known, there is a dense network of seismic stations at the San Andreas Fault
in California with the help of which it is possible to record even very weak earthquakes
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and determine with high accuracy the depths of the hypocenters of all local earthquakes.
Field seismological observations in the San Andreas Fault confirm the above concepts
about the thickness of the seismogenic layer of the Earth’s crust. Figure 7 illustrates some
of such observations results.

Based on the data of Figure 7 it can be reliably indicated that the seismicity of the San
Andreas Fault is presented only to the depth of 15 km.

The fact that the thickness of the seismogenic layer of the Earth’s crust is indeed
10-25 km is confirmed both by theoretical considerations, and experimental laboratory
studies, and field seismological observations. It is also defined that seismogenic, elastic
stresses accumulate in the entire thickness of the mentioned layer. And the main conclu-
sion is that the crustal earthquakes sources originate, mature and are realized exactly
in the seismogenic layer.

Apparently, the wrong ideas about the seismicity of the entire layer of the Earth’s
crust were formed because of the significant errors (up to tens of kilometers) in deter-
mining the depth of earthquake hypocenters. A rare seismic grid was the cause of these
errors. One have to take into account the fact that the larger the distance of the seismic
stations from the earthquake epicenter, the greater the error in the depth of the hypocenter
determining.

Conclusions

The issues of geodesy possibilities for the crustal earthquake forecast

Taking the above-mentioned concepts and analysis as well as the information about
the recurrence geodetic measurements in the epicentral zones of strong earthquakes into
account we can draw the following important conclusions for the considered problem.

1. Crustal seismicity is caused by the delay of tectonic displacements in certain areas
of seismogenic faults.

2. A deformation sign of the preparation of an earthquake source is the accumulated
elastic bending in the rocks of this source.

3. The specified elastic bending is satisfactorily described by the curves d = Ae*;
where d is the value of the elastic displacement of the considered point on the Earth’s
surface; x is the removal of this point from the fault; A is the value of the maximum dis-
placement of the sides of the fault during an earthquake, a is an integral characteristic of
the elastic properties of rocks in the earthquake source.

4. Being the upper boundary of the seismogenic layer the Earth’s surface above the
source of the impending earthquake take part in this source preparation.

5. The fact that elastic deformations penetrate into the bodies of blocks contacting
along the fault at a distance of 20-30 km in the course of an earthquake preparation, al-
lows evaluating the total width of a strong earthquake source equal to 40-60 km.

6. It is possible to determine reliably the shape of the elastic curve on such bases (tens
of kilometers) i. e. to track the preparation process of the earthquake source, only with
the help of the geodetic method: using geodetic forecast profiles — geodetic straight-line
constructions orthogonal to the seismogenic fault (Fig. 8). This is the way to predict the
location of the maturing earthquake source.

7. Since the intensity of a future earthquake is determined by the size of its source
[see tab. 1], then to predict this intensity, it is sufficient to use one or another number of
predicted profiles, sufficient to determine the length of the elastically deformable section
of the Earth’s surface (L, Fig. 9).



118  Geology and Geophysics of Russian South 11(1) 2021 T'eonorvs n reogmanka Kora Poccim

z() r ]

0
(1 eeeeeeee |

v
Fig. 8. Geodetic profile for the implementation of the forecast of the source of the impending earthquake

In this figure vertical lines denote seismogenic fault, displacements along which are
shown by arrows; #, is the moment of creating a straight-line geodetic forecast profile aob,
black dots on the profile are geodetic points. ¢, is the moment of repeated measurements
on the profile. If a rectilinear profile was created over an already preparing source of an
earthquake, or the preparation of the source began in the interval between ¢, and 7;, then
the points of the geodetic profile at time ¢, will be located on the exponential curve aob.
This curve is the only reliable sign that indicates the accumulation of elastic seismogenic
deformations, take place in the studied segment of a seismogenic fault.

Exactly such use of the geodetic method will encourage the prediction of the impend-
ing earthquake source.

Yu. V. Riznichenko [Riznichenko, 1985] has determined the functional relationships
between the earthquake intensity (magnitude M), the length of the source (L) and the
maximum accumulated elastic deformation in the source (D) (see table. 1).

Table 1

Dependence of the earthquake intensity (M) on the source length (L) and
displacement in the source (D) according to Yu. V. Riznichenko

M L, km D, sm
3 1.1 0.11
4 3.0 0.62
5 8.3 3.5
6 23 20
7 62 120
8 170 660
9 470 3800

So, if we know the length L of the impending earthquake source, it is possible to fore-
cast the maximum intensity (M), which can be generated by the impending earthquake
source. It is quite obvious that this can be realized with the help of the geodesic method.

So, the research results made it possible to construct a model of elastic deforma-
tion of the Earth’s surface above the source of an impending earthquake at time ¢, and a
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Fig. 9. Model of elastic deformation of the Earth's surface above the source of the impending earthquake
(at time t;) and a scheme of the geodetic forecasting system designed to predict its intensity

scheme for implementing forecasts of the location and intensity of an impending earth-
quake (Fig. 8)

Lines (1-1,... 8-8) are geodetic forecast profiles, which were solid straight lines at
the moment of origin of the source (t,). In the process of the source preparation they were
broken and displaced along the fault (1-1 and 8-8), deformed and displaced (2-2 and 7-7)
and elastically deformed over the source (3-3,... 6-6). I — compression zone; II — stretch
zone; L — line of termination of displacements along the fault (length of the “seam”); x
is the width of the earthquake source; arrows denote directions of compressive fields of
local stresses generated by the seam.
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