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Abstract: Based on the results of a laboratory simulation of the seismic fault reactivation by “stick-slip” process, it
was shown that the system of two blocks just before an impulse offset goes through the meta-instable dynamic state,
with early and late stages of meta-instability [Ma et al, 2012]. In the first stage the offset begins in slow stationary
mode with slow stresses relaxation on contact between blocks. In the second stage of the “accelerated synergies”
strain rate increases and, subsequently, the deformation process through a process of self-organization came to dy-
namic impulse offset. The experimental results were used for interpretation of the results of spectral analysis of the
deformation monitoring data. The data were held within the southern part of Lake Baikal, where Kultuk earthquake
(27.08.2008, Ms=6.1). took place. Its epicenter was located in the South end zone of the main Sayan fault. Monitoring
of deformations of rocks was carried out from April to November 2008 in tunnel, located at 30 km from the epicenter
of the earthquake. The time series data was divided into month periods and then the periods were processed by the
method of spectral analysis. The results showed that before the earthquake has ordered view spectrogram, whereas
in other time intervals, both before and after the earthquake such orderliness in spectrograms is missing. An
ordered view spectrograms for deformation monitoring data can be interpreted as a consequence of the self-organiza-
tion of deformation process in the transition of seismically active fault into meta-unstable before the Kultuk earth-
quake.
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JAHUATHOCTUKA METAHECTABUJIbHOT'O COCTOSAAHUA
CEICMOAKTHUBHOTIO PA3JIOMA

C. A. Bopuakogs! 2, II3unb Ma3, A. U. MMpoIIHUYEHKO1,
l0anmyas I'yo3, /. B. Cankol, ®. /1. 3yen!

L HHcmumym 3emHoli kopwl CO PAH, Hpkymck, Poccus
2 Upkymckuii 2zocydapcmeeHtHblil yHugepcumem, Upkymck, Poccus
3 HHcmumym 2eos102uu, AdmMuHucmpayus no semaempsiceHusim Kumas, llexkun, Kumati

AnHoTanus: Ha ocHoBe pe3y/bTaTOB J1abOpaTOPHOTO MOJeIMPOBAaHUA Npoliecca ceHCMUYeCKOM aKTUBU3ALUU pas-
JioMa 1o MexaHusMy «stick-slip» [Ma et al, 2012] noka3aHo, 4YTO Harpy:KeHHasi cUCTeMa U3 JiByX 6JIOKOB Helocpe-
CTBEHHO IepeJ, peaju3alyeld UMIYJbCHON MOABMXKY MPOXOAUT Yyepe3 MeTaHeCTabUIbHOe JUHaMHYeCcKoe COCTOs-
HUe, CO CTaAUSIMU paHHel M Mo3jHel MeTaHecTaGW/IBHOCTU. B mepBylo cTaAuIo Ipoliecc cMellleHUsl 0JHOro 6J0Ka
OTHOCHUTEJIbHO JPYroro Ha4YMHaeTCsl B KBa3UKPUIIOBOM CTAllMOHAapPHOM peXXHMe C MeJJIeHHOM peslakcalieidl HakoI-
JIeHHBIX Ha Me>X6/I0KOBOM KOHTaKTe HampshkeHUI. Bo BTOpyIo cTafiMI0 «yCKOPEHHOr0 CUHEepru3Ma» CKOPOCTb CMe-
leHUs CyleCTBEHHO BO3pacTaeT U BIOC/JeACTBUU Yepe3 NMPOoLecc CaMOOPraHU3alu U JJaBUHOO6PAa3HOT0 06’ beU-
HeHHMs] MHOTOYMCJIeHHbIX aKTUBU3MPOBAHHBIX CErMEHTOB MeX0GJIOKOBOI'O KOHTAaKTa NepexoAUT B AUHAMUYECKYIO
HMMITYJIbCHYO MOJBIKKY. C y4eTOM 3THUX 3KCIIepUMeHTalbHbIX BBIBOJOB aHAJIU3UPYIOTCS pe3y/IbTaThbl CIeKTPaJIbHO-
ro aHa/u3a JaHHbIX JepOpPMallMOHHOI0 MOHUTOPHUHTA, IPOBEIeHHOT 0 B Npe/ieJax I0XKHOW OKOHeYHOCTH 03. baiika,
rae 27.08.2008 r. npousomio Kyatykckoe 3emyerpsiceHre (Ms=6.1). Ero anuneHTp pacnosarajics B 10)KHOM OKOH-
yaHHUU 30HBI ['1aBHOro CastHCcKoro pasjioMa. MOHUTOpUHT JedopMaluil TOPHBIX NOPOA NMPOBOAUJICA C ampeJs 1o
HOs16pb 2008 r. B LITOJIbHE, pacnoioxkeHHOH B 30 KM OT 3NULIEHTPa 3eMJIeTpsiceHusl. BpeMeHHOU psiji JaHHBIX GbLI
pasziesieH Ha TPUJLATH/HEBHble MHTEPBaJsbl, KOTOpble 00pabaThIBaJMCh METOAOM CIEKTpPaJbHOro aHaiausa. Pe-
3yJIbTAThl PacyeTOB [TOKA3aJIH, 4YTO Nepe/] 3eMJIeTPsACeHHeM CIeKTporpaMMa uMeeT yNnopsAA0YeHHbIN BU/, TOT/1a KaKk
B /pyryue BpeMeHHble MHTepBaJIbl, KaK J10, TaK U MOCJIe 3eMJIeTPSACEHNS TaKas yIopsAA0YeHHOCTb B CIEKTPOrpaMMax
oTcyTcTByeT. Takoi ynopsao4yeHHbIH BUJ CIEKTPOrpaMMbl I JAaHHBIX JepOopMallMOHHOTO MOHUTOPHHIA MOXeT
WHTepIpPeTUPOBATbCS KaK C/Ie/CTBHe CaMOOpraHU3aluy JepopMalMOHHOTO Npoliecca NpH fepexo/ie ceHCMOaKTHB-
HOT0 pa3/ioMa B MeTaHeCTabU/IbHOe COCTossHUe nepe] Ky ITYKCKUM 3eMJleTpsiCeHUEM.

KiroueBble c/10Ba: CeICMOAKTUBHBIN pa3JioM; MeTaHeCcTabUJIbHOe COCTOsAAHHE; 3eMJIeTpsACEeHHE,; ,ELe(bOpMaU,HOHHbIﬁ
MOHUTOPHUHT; Cl'leKTpaJ'Ibelﬁ dHaJIN3; CHHEepPpIrusm

1. INTRODUCTION

Tectonic earthquakes are produced mostly through
two well-known mechanisms. One of them, described
as the “snowball unstable crack origin model”, assumes
the fast connection of small short faults into the long
one followed by seismogenic offset on it [Myachkin et
al, 1975]. Another one, called the “stick-slip model”,
means episodic seismogenic offset on an existing fault
[Brace, Byerlee, 1966]. It is assumed that in modern
seismically-active zone of the lithosphere the last
mechanism of earthquake generation occurred more
often than the former.

There have been numerous attempts to simulate the
“stick-slip model” by various kind of modeling in order
to understand the physical regularities of impulse off-
sets on natural seismically active faults. Significant
progress in the direction was provided by the de-

velopment of synergetics [Haken, 1977; Kondepudi,
Prigozhin, 1998]. In terms of synergistic interpretation,
an earthquake was suggested to be “self-organized cri-
ticality” (SOC) [Bak, Tang, 1989] and a short-term self-
organization of the deformation process just before
seismic reactivation of a fault [Feder, Feder, 1991; Cili-
berto, Laroche, 1994; Olami et al, 1992; Sobolev,
Ponomarev, 2003].

The SOC model was developed in experiments of a
seismic reactivation of faults by the “stick-slip” mecha-
nism through a loaded system of two blocks [Ma et al,
2012, 2014]. The experimental results demonstrated a
gradually developed deformation process in critical
state before impulse offset. The first stage begins when
the load deviates from the linearity and begins to fluc-
tuate due to activation of individual fault segments. The
second stage is associated with quasi-static instability
of the initial meta-instability, when the quantity of
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I Fig. 1. Location of strain monitoring site in the south end of Lake Baikal (4) and its enlarged view (B). I - epicenter of Kultuk

earthquake; 2 - Talaya seismic station.

Puc. 1. CxeMa c yka3aHUEM I0JIOKEHUS MyHKTAa MOHUTOPHHTA B 3aNaZJHOM OKOHEYHOCTH 03. balikas (4) u ee yBesiMyeHHOE
nusobpaxenue (B). 1 - anuneHTp Ky/aTyKcKoro 3emiieTpsiceHust; 2 - ceicMocTaHLusA «Tanasi».

isolated strain-release foci increase. The third stage
means the late meta-instability, i.e. quasi-dynamic in-
stability when the strain release and accumulation is
accelerated. The synergism is displayed, when a quasi-
static state transforms into a quasi-dynamic one due to
cooperative interaction between the reactivated fault
segments. At this stage, the development of isolated
fault segments is provided by linkage of the interacting
segments and the fault reaches the critical state prior
to an earthquake [Ma et al, 2012, 2014].

In this paper, we present data of rock strain moni-
toring before and after Kultuk earthquake and suggest
interpretation using described above experimental re-
sults [Ma et al, 2012, 2014]. We identify the meta-
instable stage of strain process in seismically active
fault before the earthquake.

2. LOCATIN OF STRAIN MONITORING, EQUIPMENT,
AND METHOD OF DATA PROCESSING

The rock strain were monitored in the mine gallery
located in the area of the Talaya seismic station since
April to November 2008. At this period of time, the
strong Kultuk earthquake (Ms=6.1) took place in a
distance over 30 km eastwards in August 27, 2008

(Fig. 1).

Rock strain was measured by rod sensors installed
in three orthogonal directions: NE 60° SE 150°, and
vertically (sensors 1, 2, and 3, respectively) (Fig. 2, A).
The working elements were tensor-sensors manufac-
tured by Scame (Fig. 2, B). The device «Shear» [Ruzhich
et al, 2009] was used.

The accumulated deformations are demonstrated in
Figure 3. Timing is given in minutes starting from the
beginning of 2008.

The data of sensors 1 and 2 has gaps due to lack of
observations are omitted. Only continuous records of
sensor 3 are processed.

The spectral analysis is applied to processing of
strain monitoring data. To analyze the data periodicity
the Lomb-Scargle method was used (or least-squares
spectral analysis, LSSA), which estimated a frequency
spectrum based on a least squares fit of sinusoid
[Lomb, 1976; Scargle, 1982, 1989; Savransky, 2004;
Press, 2007]. 1t differs from the Schuster periodogram
for unequally spaced data, which is a more traditional
presentation of the capacity spectrum with the use of
Fourier transformation.

Using values of time series Xx; at time moment t;,
i=1..N, we transform the equation is a way that an
average value is zero, and a mean square deviation is
one. For every analyzed frequency w, the series is ap-
proximated by the following equation:
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I Fig. 2. Scheme of rod sensors locations in the mine gallery (4) and the tensor-sensor design (B).

| Puc. 2. Cxema pacrionioxeHus W TaHTOBBIX ATYHKOB B WITObHE (A) M leTaJy KOHCTPYKLMH WITAHTOBOro AaTYnKa (B).

fu () = asin(wt + 1) + b cos(wt + 1)

at the best in terms of smaller square values:

. 2
€*(w) = ming, Yi=1(xx — f(tx))
where
(t(w) = iarctg(zlg:l Sin 2wty /Y= cos 2wt;) is an
auxiliary angle that is needed for more convenient

statistical evaluations. The periodogram is represented
by the following value:

LS(w) = (Zk=1%?) — €*(w).

The system of linear equations is solved for minimi-
zation, and the final equation is as follows:

2
[Zlivzl xicosw(t;—7)]
Z?’zl cos?w(t;i—1)

N ST
LS(Q)) = %( [Zi:1xl_sln(u(tl T)] )

2?1:1 sin2w(t;—7)

In case of the regular series, ti=to+iAt and a set of
fundamental frequencies, w; =% j, the Lomb peri-
odogram is equal to the Schuster periodogram (Fourier
transformation) with the precision to the constant mul-
tiplier [Vityazev, 2001]. Unlike the Schuster periodo-
gram, on the one side, the Lomb periodogram provides
for the use of random or arbitrary sets of estimated

time series and frequencies, including irregular ones.
On the other side, unlike the Fourier transformations,
the Lomb-Scargle periodogram is not factorization, i.e.
it does not contain complete information of the form of
the initial series, but shows only relative capacities of
various frequencies.

3. RESULTS

The preliminary processing rock strain monitoring
data under discussion that was done using method of
analysis of curvature of structural functions [Vstovsky,
Bornyakov, 2010] showed SOC of the deformation pro-
cess occurred 10-14 days before the Kultuk earth-
quake. In this paper, the last time interval is examined
as the final stage of deformation development in the
focal zone and the state of the lithosphere in the one
is interpreted as pre-seismogenic. The entire time
sequence is subdivided into monthly time intervals,
except of the pre- and post-seismogenic periods since
10 May to 09 June, since 10 June to 09 July, since
10 July to 09 August, since 10 August to 26 August
(pre-seismogenic period), since 28 August to 09 Sep-
tember, and since 10 September to 09 October (post-
seismogenic period).

The data of sensor 3 were processed for all men-
tioned above periods Received spectral analysis results
are shown in Fig. 4.
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Spectrograms show temporally variable structure
and intensity of oscillations, especially in the large pe-
riods. In the spectrogram I, there are nine periods (Fig.
4, A). The “periodogram” parameter increases expo-

| |
300000 350000 400000
Minutes from the beginning of the year

Fig. 3. Strain data of the rock in the mine gallery of Talaya seismic station from records of sensors 1, 2, and 3. The vertical

(344732 min).

Puc. 3. /lebopmanuu ropHbIX NOPOJ, B IITOJIbHE ceicMocTaHIMU «Taasi», 3aperucTpupoBaHHble JaTuiukaMu 1, 2 u 3. Bep-

peanusanuu Kyntykckoro 3emaetpsiceHust (344732 MUH).

nentially with increasing of the “period” values. This
reflects a regular fractal structure of the spectrogram.
In the spectrogram II, there are only six periods, their
values are different, and the structure of the spectrum
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Fig. 4. Results of the spectral analysis of the rock deformation monitoring data obtained by sensor 3 in 2008 in the mine gal-
lery near Talaya seismic station. Time intervals: 10 June - 09 July (4), 10 July - 09 August (B), 10-26 August (C),
28 August - 09 September (E), and 10 September - 09 October (F). Log-scale diagram for spectrogram C (D). DP - daily
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Puc. 4. Pe3y/ibTaThl CIEKTPaAJbHOr0 aHa/JM3a JAHHBIX AedOPMAIMOHHOIO MOHUTOPHUHTA, MOJyYeHHbIX JaTYMKOM 3 B
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Fig. 5. iaMeHeHue Bo BpeMeHU AUdPepeHIMaJbHOr0 HANPsDKEHUs PH NOATOTOBKE U peaji3aluy OAHOr0 UMITYJIbCHOIO
cMmenieHus (A) v pa3BUTHE HECTAaOUJIbHOCTU BO BpeMeHHU (B). CTpeskoit oTMeueH KpUTHYECKUM MOMeHT Aedopmanuu (mo

[Ma et al, 2012] c u3MeHeHUMU).

is chaotic due to the irregular increase of the “periodo-
gram” parameter for the different periods (Fig. 4, A). In
the spectrogram III, the “periodogram” parameter
reduces and the structure of the spectrogram shows
regular elements. The spectrograms [ and Il demon-
strate similarity in number and duration of the oscilla-
tion periods (Fig. 4, A). In the spectrogram IV (pre-
seismogenic interval), the intensity of oscillations de-
creases, the number of periods reduces, and their va-
lues show the “log-periodic” sequence (Fig. 4, B, C).

The deformation regime significantly changes after
August 27, when the Kultuk earthquake took place. The
spectrogram shows chaotic deformation process, in-
creasing values of the “periodogram” parameter, pre-
dominating oscillations with small and medium periods
(from 0 to 4E5 sec.), and no large-period oscillations in
the interval from 4E5 to 8E5 sec. (Fig. 4, D, spectro-
gram [). In the final time interval of observations, the
deformation process returns to its initial regime. Spec-
trogram [ on Figure 4, 4, is similar to spectrogram Il on
Figure 4, D.

4. DISCUSSION

The above-described results are discussed below on
the basis of the synergy concept with reference to the
“stick-slip” model. As shown by the experiments on a
double-direction servo press machine, the impulse mo-
tion of one block relative to another one is preceded by

two dynamic states. The metastable state with the au-
to-wave regime of load oscillations is followed by the
meta-instable state, which passes the initial and final
stages of meta-instability.

The temporal curve of differential stress illustrates
several critical moments of deformation: O, A, B1, and
B2 (Fig. 5). It is noteworthy that this curve is based on
data from the press machine represents variations of
all portions of the whole fault, while each site records
strain processes of different portions. Below we ana-
lyze strain measurements of different sites at the criti-
cal moments on the curve of the average shear stress
versus time. Measurements during laboratory tests on
the press machine yield data on the average shear
stress-time process of the fault (Fig. 5). An enlarged
curve of its final stage is given in Fig. 5, B, to show de-
tails of the deformation development from the time
660s to 700s. The point O is stress peak. The segment
0AB;B; is the meta-instability stage of which OA is
quasi-static release stage, B1B; is quasi-dynamic re-
lease stage, and after point B2 the real instability is be-
gan.

At the initial stage, the displacement of one block
relative to another one starts and develops in the qua-
si-creep stationary regime. Stress is gradually released
in the inter-block contact zone. At the final stage (i.e.
the stage of “accelerated synergism”) [Ma et al, 2012,
the displacement velocity increases, the self-organiza-
tion process takes place. As a result, numerous reac-
tivated segments of the inter-block contact zone are
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subjected to the avalanche-type joining accompanied
by the dynamic slip. The experimentally established
sequence of deformation assumes possibility of identi-
fication of the initial and final stages of meta-instability
of seismogenic reactivation of a fault by the rate of
stress release in the focal zone and the occurrence of
indicators of self-organization during the deformation
process development.

Now, taking into consideration the presented above
experimental results, we can analyze the obtained
monitoring data in terms of deformation development
during the Kultuk earthquake preparation. Previous
our study of deformation of the ice cover on Baikal
Lake showed that then higher the stress in it, the
higher the “periodogram value” parameter on spectro-
gram [Bornyakov et.al, 2016]. Following this the results
of spectral analysis suggest that stress in the focal zone
reached critical state in the first two estimated time
intervals. The metastable state was achieved (Fig. 4, A).
The two subsequent intervals should be interpreted as
the initial and final stages of meta-instability, respec-
tively. In the initial stage, stress in the focal zone de-
creased and the directional adjustment of oscillation
periods took place (Fig. 4, B). During the final stage, the
stress continued decreasing and indicators of self-
organization of the lithosphere displayed, as it evi-
denced from the further decrease of the “spectrogram”
parameter and the presence of the regular structure of
the spectrogram with the a characteristic linear distri-
bution of maximum periods in logarithmic scale (Fig. 4,
C, D). This occurs usually due to the synchronization of
fluctuations in different periods [Chelidze et al, 2005;
Lyubushin, 2012; Zhang et al, 1992].

After the earthquake, the deformation process be-
came chaotic and the stress gradually increase (Fig. 4,
E, F). It is logical to expect that the stress should dra-
matically reduce due to seismogenic release, but the
obtained results do not support this point. A possible
explanation is that the earthquake could release only a
small quantity of stress accumulated at the seismogenic
fault.
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displacement impulse. The proposed approach is pro-
mising for diagnostics of a meta-instable pre-seismo-
genic state of an active fault.
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