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Abstract: Seismicity migration is studied by a new method based on space-time diagrams and a combination of clus-
ter and regression analyses. Data from the global and Baikal regional earthquake catalogues are analysed with the
application of the specially designed geographic information system (GIS) in order to establish parameters and mech-
anisms of seismicity migration in space and time. We study the migration of seismic events in the following geostruc-
tural systems: the Baikal rift zone (BRZ), the area between BRZ and the Indo-Eurasian interplate collision zone, the
area between BRZ and the West-Pacific seismic foci Benoiff zone, and two segments of the Middle Atlantic ridge.

As evidenced by the obtained results, studying regimes of seismic migration provides for analyses of space-time
distribution of seismic energy in the fault-block structure of the lithosphere and facilitates more detailed studies of
the origin of deformation waves and mechanisms of the seismotectonic regime of the Earth. Forward (from the equa-
tor) and backward (towards the equator) migration of seismic events are established in all the regions under study. It
is assumed that this phenomenon may result from regular changes of the polar compression of the Earth due to varia-
tions of its rotation regime. Besides, it is revealed that energy clusters of migration are regularly generated, and the
regularity may be related to the 11-year cycle of the solar activity which impacts the seismic regime. We discuss the
need to study the interference of wave deformations in the lithosphere which are initiated by several external energy
sources. It is proposed to consider the regimes of planetary seismicity migration as a reflection of redistribution of
endogenic (primarily heat) energy of the Earth during the destruction of its lithospheric shell under the impacts of
cosmogenic factors via triggering mechansms. With reference to our positive experiences of applying the proposed
concept to BRZ, we consider possibilities of using the seismicity migration data for prediction of earthquakes in the
planetary and regional scales.
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WU3YYEHUE MUTPALIUHA CEHCMHUYECKOH AKTUBHOCTH C TIOMOIIIBIO
INIOCTPOEHHUA ITPOCTPAHCTBEHHO-BPEMEHHBIX ITUATPAMM

E. A. JleBuHa, B. B. Pyxxu4

Huecmumym 3emHotl koput CO PAH, Hpkymck, Poccus

AHHoTanus: V3y4yeHue npoLeccoB ceiCMOMUIpalii MPOBOJAUIOCh HOBBIM METO/I0M NOCTPOEHHUsI NPOCTPAHCTBEH-
HO-BPEMEHHBIX JUarpaMM U IOCPEJCTBOM COUYETAHHS KJIACTEPHOIO U PerpecCHOHHOTO0 aHasiu3a. C moMolbo paspa-
60TaHHOU reorHbopMannoHHo# cucteMsbl ('MC) U c ucnoIb30BaHKWEM BCEMUPHOT0 U 6aliKa/IbCKOT0 perMoHaJbHOT0
KaTaJIoroB 3eMJIETPSICEHUH pellaiCh 33/layy 10 BbISICHEHUI0 IapaMeTPOB U MEXaHU3MOB NPOCTPAHCTBEHHO-Bpe-
MEHHOW MHUIpALMM CEHCMHYECKOH aKTUBHOCTH. CeliCMOMHUIpaLlMOHHBIE SIBJIEHUS H3y4YaJUChb B CJIELYIOILIUX Teo-
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CTPYKTYPHBIX CUCTeMax: B npejesax baiikanbckoil pudToBoit 30HbI (BP3), Mexxay BP3 u o6nactbio Unao-EBpasuii-
CKOM MeXIJIMTHOU KoJs1u3uu, Mexy bP3 u 3anagHo-TuxookeaHckol ceiicModokanibHOU 30HOM beHboda, a Takxke B
JIByx cerMeHTax CpeAUHHO-AT/IaHTUYECKOr0 XpebTa.

Ha ocHoBe aHa/nM3a NoJiy4yeHHbIX pe3yJbTaTOB N10Ka3aHO, UTO U3y4YeHHe PeXXMMOB ceiCMOMUTIpaLUil N03BoJIsEeT
aHa/IM3UPOBaTh NPOCTPAaHCTBEHHO-BpEMeHHOe NlepepacnpefieieHue celiCMUYeCKOd sHepruu B pa3Jo0MHO-6J10KOBOM
CTPYKType JUToCchephl ¥, COOTBETCTBEHHO, 60Jiee yray6JeHHO U3y4yaTh AedpOpMallMOHHO-BOJHOBYIO IPUPOAY U Me-
XaHU3Mbl GOPMHUPOBAHUA CEICMOTEKTOHUYECKOT0 peXKuMa 3eMJIM. YCTaHOBJIEHO NpOosiBJeHue NPAMBIX (0T 3KBaTO-
pa) ¥ 06paTHBIX (K 9KBATOpy) celicMOMUIpaLUil AJis1 BCeX pacCMOTpPEHHbIX pailoHoB. [Ipesnosaraercs, 4YTo Takoe
sIBJleHHe MOXeT GbITb 00'bSICHEHO NepUOAUYeCKUM U3MeHeHHeM MOJIAPHOr0 CKaTus 3eMJIM 3a cyeT BapUalUi ee
pPOTaLMOHHOTO peXHUMa. BrisiBleHa Takke MepUOJUYHOCTb B PeXXHMMe reHepallUM 3HepreTUYeCKUX KJIACTepOB MU-
rpalyy, YTO MOXKeT ObITh CBSI3aHO C BJUSHUEM Ha CelicCMUYeCKUH pexxuM 11-JeTHero nMKJa COJTHEYHOM aKTHUBHOCTH.
06cyxaaeTcss HEO6XOAUMOCTb UM3yYyeHUs1 UHTepdepeHIMU BOJHOBBIX AedopMauuil B autocdhepe, BO30YKAEHHBIX
HeCKOJIbKMMH BHELUIHUMU 3HepreTH4YeCKMMHU UCTOYHMKaMU. C 3TUX NO3ULUM peXUMbI NJIaHETAapHOHN celicMOMHUTpa-
LMY NpeAJaraeTcsl pacCCMaTPUBATh Kak OTpaXkeHUe NepepacnpesiesieHUs] IHA0TeHHOM, IPeuMylleCTBEHHO TelJIOBOH,
3HepPryy HalleHd NJIaHeTHhl B X0Je AeCTPYKLUUH ee JUTOCHepHOH 060I0YKH 110/, BO3/IeCTBMEM KOCMOTEeHHBIX paKTo-
POB Yepe3 TPUTTEPHble MeXaHU3Mbl. Ha 0CHOBe MOJIOXKUTENBHOTO ONbITA st BP3 06CyX/1al0TCsA BO3MOXKHOCTHU MPH-
MeHEeHHUs MOJIyYeHHbIX CBeJIeHUH 0 celicMOMUTpalMy [T IPOrHO3a 3eMJIeTPSICEHUH B MJIaHETAapPHOM U pervoHaJib-
HOM MacluTabe.

Katouegole c06a: ceicMoMUrpanys, IpoCTPaHCTBEHHO-BPEMEHHbIE JUAarpaMMbl, KOCMOTeHHble GaKTOophbl, AedopMa-
LIMOHHbIE BOJIHBI, UHTEpdEPEHLIHS BOJTHOBBIX lepOpMalui, IPOrHo3 3eMJIeTPsSICEHUH.

1. INTRODUCTION

Earthquake migration, that was first recognized in
the middle of the 20th century, has been revealed in all
the seismic belts of the Earth [Mogi, 1968; Ruzhich et
al, 1989; Ruzhich, Levina, 2012; Vikulin et al, 2000;
Chery et al, 2001; Bykov, 2005; Liu et al, 2010; Levina,
Ruzhich, 2010; Levina, 2011; Vikulin et al, 2012; Sher-
man, 2013, 2014; Novopashina, 2013; Novopashnina,
San’kov, 2015; Dolgaya, Vikulin, 2015]. The term of
'earthquake migration’, however, has not been unani-
mously accepted due to the fact that earthquake foci
and epicentres do not actually migrate but occur in the
inter-block medium and are manifested in implicit pat-
terns and trends in space and time. In some publica-
tions, parameters of seismic migration were estimated
from data on rare separate epicentres of strong earth-
quakes, while the analysed data ranges were small and
not representative statistically. Some studies were fo-
cused on sequences of the occurrence of earthquake
epicentres along fault zones of various scales, including
interplate ones, and considered trends in the distribu-
tion of earthquake epicentres in the lithosphere blocks
in space and time. In our opinion, among the synonyms,
the term of 'seismicity migration' seems preferable for
describing space-time patterns and statistically signifi-
cant trends in the distribution of seismic events that
occur between the hierarchically regular blocks of the
lithosphere.

The phenomenon of 'seismicity migration' is typi-
cally characterized by two parameters, direction and
velocity. In our previous publications [Levina, Ruzhich,
2010; Levina, 2011; Ruzhich, Levina, 2012], it was
shown that estimations of the velocity of earthquake

foci migration can differ significantly depending on
grouping of seismic events by their energy levels.
Moreover, due to the lack of a uniform approach to
studies of seismic migration, an adequate comparison
of published regional data and estimations is impossi-
ble, and geodynamic conditions causing the seismicity
migration phenomena during the destruction of the
lithosphere cannot be reliably clarified.

Since 2009, we have been developing our method
that refers to total amounts of seismic energy released
by earthquakes, instead of data on separate earthquake
epicentres of various energy levels. A total amount
of released seismic energy is calculated for a selected
area in appropriate space and time windows [Levinag,
Ruzhich, 2010; Levina, 2011; Ruzhich, Levina, 2012]. Our
approach is sufficiently formalized and can be applied
to studies and analyses of seismicity of the entire Earth
or separate regions, pending the availability of earth-
quake catalogues containing records of coordinates,
time and energy of each seismic event.

2. DESCRIPTION OF THE METHOD

In order to study seismicity migration within the
Baikal rift zone (BRZ) and the Baikal-Himalayan region,
we use data from the BRZ Earthquake Catalogue pub-
lished by the Baikal Branch of the Geophysical Centre,
Siberian Branch of RAS (Irkutsk, Russia). The catalogue
contains records from 1963 to 2014. We also use data
on earthquakes (M=23.5) from the world catalogue pub-
lished by the Northern California Earthquake Data Cen-
ter (USA) [Northern California Earthquake..., 2015].

In order to study the seismic process, we analyse



coordinates, time and energy levels of seismic events
and actually deal with the following equation con-
taining three variables:

E=f(¢ A1),

where E is seismic energy, ¢ is latitude, A is longitude,
and t is time. It is a complicated task to visualise and
study the function of the three variables as its diagram
needs to be a 4D curve; therefore, we apply the dimen-
sion reduction method [Popov, 2013] as described
below. For the region under study, a belt-shaped area
is selected with specified coordinates of datum points
and a specified width. The band is split into rectangular
segments which sides are perpendicular to the central
line. The length of such a segment is equal to that of
the specified spatial window (Fig. 1). For each segment,
we estimate total amounts of the seismic energy re-
leased within specified time windows. The space-time
matrix is established, and the above-mentioned func-
tion is transformed as follows:

E=f(rt),

where r is distance from the datum point at the central
line of the selected band. This exercise provides for
presenting the two spatial coordinates, ¢ and A by
one value, r. It becomes possible to make a function
containing two variables and construct its 3D surface.
For further analyses, a cross-section of the studied sur-
face by plane K=Ks and its projection to the space-time
plane are constructed (Fig. 2). Values of Ks are selected
with regard to specific features of the seismic regime
of the region under study and aims of the study. In
further data processing, differences in energy classes
of individual cells are not taken into account, while
each cell is considered as a point on the space-time
plane. As a result, the function is transformed as
follows:

T=£(r),

where T is time, and r is distance from the estimation
start point.

To clarify a method for analyses of the obtained
diagrams, we compile a test catalogue of 12 restraint
events. Maps and diagrams constructed on the basis
of the test catalogue are given in Fig. 3. Two tests use
data on the same events but in different sequences. In
the first test (left top map), restraint events 'migrate’,
i.e. propagate in time in the following sequence: from
SW to NE (red dots), then backward, to SW (green
dots), and again to NE (purple dots). The correspon-
ding diagram is shown next to the map. In the second
test (right bottom map), the events migrate from NE to
SW (purple dots) and then backward, to NE (green
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dots) and again to SW (red dots). The corresponding
diagram is shown next to the map. The diagrams show
that the migration of the events in time along the speci-
fied line correspond to diagonal chains of dots in the
diagrams. It is noted that if the events migrate away
from the datum point, the chains are inclined to the
right, and if the events migrate toward the datum point,
the chains are inclined to the left. The inclination to the
left, which is often recorded in the latter case, means
the backward seismicity migration. This phenomenon
is demonstrated in BRZ (Fig. 2). Generally, researchers
pay little or no attention to the backward seismicity
migration.

For further studies of the obtained diagrams, we
combine methods of cluster and regression analyses.
The cluster analysis deals with sets (n) of objects, and
each of such objects is characterized by measurements
(k). Clustering is the task of grouping a set of objects
in such a way that objects in the same group (called a
‘cluster') are more similar (in some sense or another)
to each other than to those in other groups (clusters)
[Zagoruiko, 1999]. In the past 10-15 years, thanks to
the development of IT technologies, cluster analysis
was widely used to address the need to process larger
and larger data sets.

Typically, input data are presented as clustering al-
gorithms. We use a modification of the non-hierarchic
clustering method that is often called 'k-mean values
method' [StatSoft.., 2015]. In our study, clusters are
identified by grouping elements of the diagram around
diagonal chains of the elements which are visually
identified, and then specific elements are added into
one cluster or another with respect to their proximity
to the initial chain. The proximity is defined as a
Euclidean distance from the given point to the straight
line constructed across the initial chain and calculated
from the equation. Values of distances, which deter-
mine whether the point is a member of a specified clus-
ter, are fixed for each diagram with regard to the study
aims and actual ranges of values. The difference bet-
ween this method and the conventional k-mean me-
thod is that as the centre of the cluster is considered to
be the line, instead of the point. By applying the algo-
rithm, three clusters are identified in the diagram (Fig.
4). A linear regression is constructed for the set of
points in the given cluster: Y=aX+b, where X is distance
(km), Yis time (year), and a and b are coefficients.

3. RESULTS

The regression analysis results for BRZ are shown
in Table 1.

The first column of the table gives a list of clusters
(from the earliest one) identified in the diagram. The
second and third columns show coefficients of the
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Fig. 1. In the map, the solid graduated line shows the central line of the zone under study; distances are shown in kilometres
from the datum point; dotted lines show boundaries of the studied epicentral field. To consolidate the earthquake data for
the period from 1963 to 2005 (K=12-17), the BRZ territory was divided into rows of rectangles, and the total energy
amount released by the earthquakes was calculated.

Puc. 1. Ha kapTe cniomiHOM JIMHUEN IOKa3aHa LeHTpaJibHasi OCb pacCMaTpUBaeMOM 30Hbl C HAHECEHHbIMU Ha Hee JleJIeHu-
SIMU U YKa3aHUEeM PacCTOSIHUS B KUJIOMEeTpax NpH yAaJeHUH OT HayaJbHOW TOYKH, MIYHKTUPOM OTMe4yeHbl I'PaHULbl U3Y-
4YaeMoTo 3MUIeHTPaIbHOrO noJist. JJanHble 0 3eMyeTpsiceHusx B BP3 3a nmepuog 1963-2005 rr. (K=12-17) cobupasnuck my-
TeM pasfesieHUsl TEPPUTOPUHU Ha PAABI IPSIMOYTOJbHUKOB U MO/ CYeTa BblAe/IMBIIeNca CyMMapHOH 3HEPTUHU 3eMJleTpsice-

HUH.
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Fig. 2. Space-time diagram for seismic events (K>8) in the
entire BRZ. The general blue background of the diagram is a
cutting plane (K=12); other colours show maximums of
seismic energy in excess of this value.

Puc. 2. IIpocTpaHCcTBEeHHO-BpeMeHHas JuarpamMma CoGObl-
Tui ¢ K>8 as1a Bceit BP3. 06 cMHUEM GOH JUarpaMMbl —
3TO cekyas miaockocTb (K=12), Apyrumu nBeTamMu noka-
3aHbl MaKCHMMyMbl CEHCMHUYECKON 3HEpruM, IMpeBbILIal0-
11IMe 3TO 3HaYeHHe.
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regression equation. The fourth and fifth columns
show the correlation coefficient and its errors. The
sixth column shows migration velocities for the given
cluster according to the following equation:

1
V=-
a
where V is velocity, and a is coefficient of the regres-
sion equation.

The seventh, eighth and ninth columns show start
time, finish time and duration of each cluster, which

Table 1.Parameters of three clusters identified for BRZ

Fig. 4. Space-time clustering of events (K=8). Clusters are
revealed by grouping elements of the diagram in areas
stretching from SW to NE, which reoccur regularly with
time.

Puc. 4. BoifesieHue npoCcTpaHCTBEHHO-BPEMEHHBIX KJlac-
TepoB AJA cobbiTui ¢ K=8. Kputepuem st BblJesieHUs
KJIaCTepoB CJy:KWJa TPyNNUPOBKa 3JIeMEHTOB JHUarpam-
MbI B 06J1aCTSX, IPOCTHPAIOLINXCS C I0r0-3anajia Ha ceBe-
pPO-BOCTOK M MOBTOPAIILUXCA C HEKOTOPOH BpeMeHHOH

NepuogNuIHOCTBIO.

are calculated from the repression equation. The
space-time diagram and assumed migration lines are
shown in Fig. 5.

The above-described calculation method is also ap-
plied to studying seismicity migration in other territo-
ries. The map showing boundaries of the regions under
study is given in Fig. 6. Studied regions: 1. BRZ; (2)
Himalayas - BRZ; (3) Japan - BRZ; (4) Northern Atlan-
tic Ocean; (5) Southern Atlantic Ocean.

Seismicity migration in the Pamir-Baikal segment,
including the territory from the Himalayan collision
area to BRZ, is studied for the period from 1963 to

Ta6auma 1. MlapaMmeTpsbl Tpex BblJeJeHHbIX KjacTepoB AJiA BP3

Cluster a b r sr \Y Started in Finished in Duration
(year) (year) (years)

1 2 3 4 5 6 7 8 9

1 - bottom 0.0141 1961.27 0.95 0.041 70.92 1961 1985 24

2 - medium 0.0121 1976.15 0.77 0.11 82.64 1976 1996 30

3 -top 0.0086 1993.87 0.85 0.09 116.28 1994 2008 14
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Fig. 5. Space-time diagram showing assumed lines of mi-
gration from SW to NE (solid lines) and backward (thin
lines).

Puc. 5. [IpocTpaHcTBeHHO-BpeMeHHas AuarpaMma c HaHe-
CEeHHBbIMU Ha Hee NpeAlnoJiaraeMbIMU JUHUSAMU MUTPAaLUU
B HaNpaBJIEHHU C I0ro-3anajia Ha ceBepo-BOCTOK (ToJI-
CTble JIUHUM) U B 0O6paTHOM HampaBJjieHUU (TOHKHUE JIU-
HUHU).
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Fig. 6. Map showing boundaries of studied regions of seismicity migration. Red dots show earthquake epicentres; black tri-
angles show volcanoes.

Puc. 6. KapTa c HaHeCeHHBIMU Ha Hee rPAaHUIIAMHU PACCMOTPEHHBIX PalOHOB MUTpALUU CeCMUYeCKON akTUBHOCTH. Kpac-

HbIMH TOYKaMH OTMe4YeHbl 3ITULEHTPbI 3EMHeTpHCEHHﬁ, YEpHbIMHU TPEYyroJIbHUKAaMH — BYJIKAHbI.
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Fig. 7. Diagram of seismic activity propagation from the collision region to NE, towards BRZ in the period from 1963 to 2014
(M=4.5). Thick yellow lines show assumed lines of migration from SW to NE; thin green lines show backward migration. In
the digram, the BRZ area is located to the right of the black vertical line. Migration lines for BRZ from diagram 8 are shown

in pink.

Puc. 7. luarpaMmMa pacnpocTpaHeHUsI CeICMUYEeCKON aKTUBHOCTH OT KOJIJIM3UOHHOM 06J1aCTU Ha CEBEPO-BOCTOK, B CTOPO-
Hy BP3, 3a nepuop 1963-2014 rr. (M=24.5). [IpefnosiaraeMble JUHUMA MUTPALlMM B HallpaBJEHUH C IOT0-3aMa/ia Ha CEBepo-
BOCTOK MOKa3aHbl TOJICTBIMH eJTbIMU JJMHUSIMHU, B 00paTHOM HanpaBJeHWU — TOHKUMHU 3eJleHbIMU JTMHUAMU. CpaBa oT
BepTHUKaJbHON YepHOH JIMHUHU Ha AuarpaMMe pacnoJiaraetcs o6sacts BP3. JIMHUK MUTrpanuy s Hee ¢ AUarpaMMsbl 8 no-

Ka3aHbl pO30BbIM LIBETOM.

2014 (events M=4). The dynamics of the seismic events
within the specified area in space and time is shown in
the diagram (Fig. 7).

According to the digram, the seismic regime of the
Pamir-Tien Shan segment (P average direct = 11 years)
is quasi-cyclic, and earthquake foci tend to migrate as
deformation fronts from SW to NE with velocities of
about 90 km/year. It is also noted that the migration
is intermittently progressive and thus reflects the im-
pulse regime of the propagation of the deformation
fronts.

Based on our studies of the regularities in seismicity
migration within the specified area, it can be concluded
that the observed occurrence of seismicity migration
waves can be explained by the quasi-periodic propaga-
tion of the deformation fronts in the crust from SW to
NE, i.e. from the side of the Indo-Eurasian collision area
[Levina, 2011; Ruzhich, Levina, 2012]. In this respect,
the rotation model of the block geomedium, which is
proposed by A.V. Vikulin and A.G. Ivanchin [Vikulin,
Ivanchin, 2015], is of interest. In terms of geomechan-
ics, it assumes that rotation movements of the Earth

are related with the occurrence of wave deformation
and the generation of earthquakes.

In the transgression stage, movement of the defor-
mation wave fronts to NE and actions of triggering
mechanisms are accompanied by the activation of po-
tential earthquake sources varying in ranks; such
sources are located on sites characterized by the ex-
tremely high dynamic instability. Therefore, the seis-
micity migration mechanism of the initiation of seismic
activity and directional trends of migration processes
within BRZ (being a linear zone of the developing meg-
afault) are a reflection of the kinematics of the recent
deformation and destruction of the lithosphere under
the influence of the external energy sources. This point
of view of the authors does not contradict with con-
cepts developed by other researchers [Vikulin, 2003;
Sherman, 2013, 2014].

Another region under study is the territory from the
Japan islands to BRZ. The space-time diagram is given
in Fig. 8. The belt-shaped area selected for studying the
seismicity migration in this region is oriented from SE
to NW. Since the proposed method can be applied to
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Fig. 8. Diagram of seismic activity propagation from the
Benioff zone to NE, towards BRZ in the period from 1963
to 2013 (M=4.5). Thick orange lines show assumed lines of
migration from SE to NW; thin green lines show backward
migration. In the diagram, the BRZ area is located to the
right of the black vertical line.

Puc. 8. /luarpamMa pacnpocTpaHeHUs] CeCMUYeCKOH akK-
TUBHOCTU OT 30HbI beHboda Ha ceBepo-3ama/; B CTOPOHY
BP3 3a nepuoj 1963-2013 rr. (M=24.5). [IpeanosiaraemMbie
JIMHUY MUTPALMU B HalpaBJIEHUH C I0TO-BOCTOKA Ha ceBe-
po-3ama/i MoKa3aHbl TOJCTHIMU OPAHXKEBbIMU JIMHUSMU, B
06paTHOM HaIMpaBJIEHUM — TOHKUMU 3eJIeHbIMU JIMHUSIMU.
CnpaBa OT BepTHUKaJbHOW YepHOH JIMHUM HA JHarpaMmme
pacnoJiaraetcs o6Jactb BP3.

areas of various orientations, an obvious question is
how to compare directional trends of earthquake foci
migration in different regions. In this study, migration
from the equator (in the northern hemisphere) is
termed as 'forward', and migration to the equator is
called 'backward'.

Windows of 300 km (space) and one year (time)
are used to construct the diagram (Fig. 8). Five clusters
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of forward migration are identified. An average for-
ward velocity amounts to 365 km/year, and an average
forward interval between the tracks is 11 years. For
backward tracks, an average backward velocity
amounts to 233 km/year, and an average backward
interval between the tracks is 16 years. Special atten-
tion should be given to results obtained in the study of
seismicity migration in the southern and northern
segments of the Atlantic mid-oceanic ridge (being an
interplate boundary zone). Two space-time diagrams
shown in Fig. 9 are constructed with windows of 300
km (space) and one year (time). For forward tracks in
the Northern Atlantic Ocean, an average forward velo-
city amounts to 335 km/year, and an average forward
interval between the tracks is 8 years. For backward
tracks, an average backward velocity amounts to 225
km/year, and an average backward interval between
the tracks is 9 years. For the Southern Atlantic Ocean,
an average forward velocity amounts to 411 km/year,
and an average forward interval between the tracks is
10 years; an average backward velocity amounts to
437 km/year, and an average backward interval be-
tween the tracks is 10 years. It is noteworthy that the
starting points of the seismicity migration tracks from
the equator towards the poles are close in time in both
parts of the Atlantic Ocean.

Table 2 contains parameters of seismicity migration
for all the regions of the world in our study.

4. DISCUSSION OF RESULTS

The data obtained by the proposed method are
briefly reviewed and interpreted below. In Fig. 10,
there are two diagrams for BRZ with the time diffe-
rence of four years. In the right digram, the horizontal
pink line separates a part of the digram with the end
of the earlier left digram. It can be observed that some
of the dots, that are not included in any clusters in the
left digram, are included in the new developing cluster
in the right (newer) diagram. The top yellow line at
the right shows an assumed migration line in it. Com-
paring these two diagrams illustrates seismic predic-
tion capacities of the proposed method that is similar
to the method described in [Sherman, 2013]. According
to the figure, in 2014 and 2015, the most clearly mani-
fested maximums of seismic activity migrated to the
NE flank of BRZ.

[t is reasonable therefore to assume that earthquake
migration along the fault zones and inside the geo-
blocks is currently related to the propagation of defor-
mation waves of various amplitudes and frequencies
which are capable of initiating the activation of seis-
micity in the lithosphere [Bykov, 2005; Vikulin et al,
2000; Levina, Ruzhich, 2010; Sherman, 2014]. It can
be thus concluded that the directional trends of the
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migration of seismic sources can help reveal the char-
acter of deformations in the form of deformation waves
or disturbance fronts.

One of the sources of wave deformation of the crust
is the rotational regime of the Earth. A potential rela-
tionship between the global seismicity of the Earth and
irregularities in its rotation has been a subject of inten-
sive studies [Vikulin et al, 2000; Sidorenkov, 2004;
Tyapkin, 2012]. It is known that the Earth is in an ellip-
tical orbit around the Sun. The distance between the
Earth and the Sun is changing due to the ellipticity of
the orbit. According to the Kepler's second law of pla-
netary motion, the speed of the Earth increases at peri-

helion (early January) and decreases at aphelion (early
July), and the speed difference amounts to almost 1
km/sec [Odessky, 1972]. Since the total momentum of
the system's motion quantity remains constant, an in-
crease of the orbital speed of the Earth should cause a
decrease of its rotation velocity, and vice versa. It is
now established that the angular velocity of the Earth
rotation decreases centennially due to tidal friction.
In the 20th century, the day's length increased by
0.0016 sec [Odessky, 1972]. Besides, it is revealed that
the angular velocity of the Earth rotation is subject to
regular annual changes (minimum in April, and maxi-
mum in August) and irregular sharp fluctuations.

T able 2.Parameters of seismicity migration for regions of the world

Ta6.uauima 2. [lapaMeTpbl MUTPALAM CEMCMUYECKOH aKTUBHOCTH /I Pa3JINYHBIX pailOHOB MHpPa

Region Number of = Vaverage forward P average direct  V average backward P average backward
events (km/year) (year) (km/year) (year)

BRZ 31305 90 14 62 16

Himalayas - BRZ 14960 90 11 160 16.5

Japan - BRZ 3107 365 11 233 16

Northern Atlantic Ocean 1901 335 8 225 9

Southern Atlantic Ocean 5339 411 10 437 9.5
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Puc. 10. [IpaBas guarpamMMa nocTpoeHa 4yepe3 4yeThlpe rojia mnocJje JjieBou. BepxHss esTas JIUHUA cOpaBa NOKa3blBaeT
npejnoJaraeMyo JUHHAI0 MUTPallMi B HOBOM GpOpMUpYyIOLIeMcsl K1acTepe.

Being in the state of hydrostatic equilibrium, the
Earth reacts to a change of its angular velocity by a
change of its polar compression (Fig. 11):

a—c

a= ,
a

where « is equatorial radius, and c is polar radius of
the Earth.

The Earth rotation axis is not fixed in space. Since
the rotation axis is precessing due to the gravity of the
Sun and Moon, the celestial pole moves in a loop
around the ecliptic pole in a cycle of approximately
26000 years. Gravity forces are changeable as the
Sun and Moon continuously change location relative
to each other and relative to the Earth, and thus the
Earth's axis is subject to nutation. The largest compo-
nent of Earth's nutation has a period of 18.6 years, the
same as that of the precession of the Moon's orbital
nodes. The movements of the Earth axis in space are
schematically shown in Fig 12. Moreover, the Earth
wobbles around the rotation axis, and the current pole
(while moving from west to east) follows a spiral-
shaped centroid curve within a 30x30 m square area
on the surface of the Earth. Concerning the pole

movements, the centennial trend is revealed, and two
periodic wobbles - the free (Chandler) which has a
period of 14 months, and a forced wobble with a
period of one year - and non-periodic wobbles are
recognized.

In 1970s, some of the researchers concluded that
stresses that occur in the Earth crust due to the rota-
tion are sufficiently large to disturb the integrity of the
crustal layer [Stovas, 1963; Tsaregradsky, 1963; Vikulin
et al, 2000; Bykov, 2005]. Besides, it was revealed that
the gravity interrelations in the Sun-Earth-Moon sys-
tem are periodically changing [Vorobiev, 1971; Dovb-
nich, 2007; Maximov et al., 1967; Revuzhenko, 2013].

According to [Utkin et al, 2012], variations of the
Earth rotation regime are always preceding an increase
of the general seismicity of the Earth: the change of the
sign of the Earth movement acceleration is a general
(for all the earthquakes on the planet) short-term pre-
cursor of a tectonic earthquake, and all the earthquakes
with M>6 were mandatory preceded by a sudden
change of the Earth rotation acceleration. In analyses of
Table 2 and the space-time diagrams (Fig. 5, and 7 to
10), it is noted that the migration lines are located in an
enchelone pattern and reoccur with time. The regular
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I Fig. 11. Variations of the polar compression of the Earth.

Puc. 11. CxemMa, WJIIOCTPUPYIOLLAs U3MEHEHUE NOJISIPHO-
ro CKaTHs 3eMJIN.

occurrence of earthquakes in BRZ is noted by many
researchers, and an 11-year cycle is related to the cycle
of the solar activity [Lyubushin et al., 1998]. There are
grounds to suggest that the seismicity migration along
BRZ and the regular occurrence of earthquakes in BRZ
may manifest the same regularities. If so, the identified
cycle of the reoccurrence of the migration clusters
(11 years) is another confirmation of the fact that
seismicity is influenced by the solar activity cycles
[Sobolev et al., 1998; Shestopalov, Kharin, 2004].

In Fig. 13, the curve shows earthquake quantities in
BRZ in the period from 1963 to 2013 versus changes
of the Wolf (relative sunspot) number [Levi et al., 2012]
in the same period; the values are averaged in the one-
year cycles. A relationship between two rows of digits
can be given by the following equation: y=0.28*x19541,
with correlation coefficient R=0.47+0.11.

An interpretation of the curves can provide an
additional support for the conclusion that the seismo-
tectonic regime of the Earth is influenced by the solar
activity. In this respect, noteworthy is another concept
of a potential mechanism of the relationship between
the Earth seismicity and the solar activity. According to
[Orlov et al, 2007], the mechanical recoil momentum,
that is received by the Sun in case of a strong emission
during the flare, can change the gravity field and thus
cause corresponding deformation disturbances in the
crust of the Earth. This conclusion is based on long-
term oscillation records by laser deformation meters
and an assumption that the planetary orbits are stable.

In our studies of the earthquake migration in BRZ,
it is noted that maximums of seismic activation can
relocate in space under a complicated pattern [Levina,
Ruzhich, 2010; Levina, 2011]. This assumption is well
illustrated by a case of seismicity migration in the peri-

od from December 2012 to January-March 2015. In this
period, the Irkutsk Seismic Station registered a strong
earthquake (M=7-8) at the boundary between BRZ and
the Republic of Tyva and indicators of the seismicity
migration from the boundary towards the NE flank of
BRZ. Near Severomuisk, starting from 03 January 2015,
an energy cluster continued its development. This spa-
tially dense swarm of earthquakes is represented by a
series of seismic events, including earthquakes with
K<13.2 (M=7-8) and numerous (160+) weak and mea-
surable shocks. In [Ruzhich, 1997], it is discussed that
such a high swarm-type seismic activity occurs typical-
ly at the intersections of faults generating seismicity
and may last for many months and even years.

In view of the above-mentioned periodicity, that is
characteristic of the seismic regime of BRZ, the ob-
served seismicity migration regime can be considered
as a manifestation of the whole range of deformation
waves with various amplitude, frequency and velocity
values. Important information on parameters of de-
formation waves was published in [Sherman, 2013,
2014].

Taking into account a wide variety of energy sources
capable of generating the wave oscillations in the litho-
sphere of the Earth, it becomes obvious that their in-
terference needs to be studied, and the challenge of

precession

nutation «—

1
precession and nutation
C S

Fig. 12. The Earth's axis movement in space as viewed by
an extraterrestrial observer. The scheme was published in
[Sidorenkov, 2004].

Puc. 12. CxemMa JBUXXKeHUSI OCU 3eMJIU B IPOCTPAHCTRBE [IJis1
BHE3eMHOI'0 HabJro/aTess (cxeMa U3 cTaTbu [Sidorenkov,
2004)).
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I Puc. 13. CpaBHeHue rpaduKOB KoJiMyecTBa 3eMJeTpsiceHni B BP3 u namenenus yuces Bosibda (06e BesMUUHBI yCpeaHe-

HbI 110 UHTepBasly BpeMeHH B 1 rox) 3a nepuon 1963-2013 rr.

determining the wave parameters and their origin be-
comes even more complicated due to wave superposi-
tion and interaction.

5. CONCLUSION

Many researchers are interested in studies of the
seismicity migration and search for possibilities to
estimate and analyse its parameters in space and time
with account of contact interactions in the interblock
lithospheric medium at different scale levels. Our
method applied to studies of seismicity migration can
be viewed as an instrument for identification of causes
and mechanisms of directional propagation of the
seismic energy generated by recent destruction of the
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