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Abstract. A novel method of data processing — a structural to develop an advanced methodology. It is aimed at disclos-
functions curvature analysis method —was applied to the timeng and analysing the hierarchical structure of geophysical
series of seismodeformation monitoring of Baikal rift zone systems. One of many approaches of such a methodology is
from April to November 2008, revealing the unique featuresthe analysis of correlation times (CT) of local processes in-
of monitoring variable behaviour that can be considered as aestigated by stochastic time series of geophysical variables.
revelation of precursors to the intensive South-Biakal earthdt is implied (Vstovsky, 2008) that, as the processes take
quake (1=6.3, at 09:31 on 27 August 2008). The idea of a place on/in the distributed self-organized system, the changes
new approach leans upon basic ideas of modern physics ah the state of such a system must influence the course of
self-organized criticality and open non-equilibrium systemsthe local processes. For instance, during the accumulation
in general. of deformation in the Earth’s crust under external and inter-
nal factors, and as a consequence, the rearrangement of the
crust space structure, CT of local deformation processes can
change. The registration and adequate interpretation of such
changes can be an effective tool for the monitoring of the

states of both the separate regions and the lithosphere as a

The advances in experimental sglsmology during the 70?/vhole to reveal and forecast the transition and critical states
and 80s of the last century had stimulated the developmenﬁ1 the lithosphere evolution process

of instrumental works in geodynamic testing areas. Taking A structural functions curvature analysis method (SF-

into account the deformation nature of earthquakes and th%AM) provides an effective tool for time series analysis (Vs-

preceding geophysical phenomena, great attention had beeigvsky, 2008, 2006), enabling us to reveal the CT hierarchy

pald to deformation monitoring. Its technical basg had beenOn the basis of a simple quick operating mathematical appa-
improved step-by-step and this was a way from simple man- s

ually controlled mechanical constructions to complex tenso- In this work, the first experience of SFCAM application

mbettr!c Ilasertand oc;ch;er aut?matlc |_nzt|aII?t|ons eqablln%]hus tc{o the processing of seismo-deformation data on seismically
obtain long-term deformation variable time series with re- .. i) rift zone (BRZ) iss described.

quired discretization.
The development of a new synergetic concept of open

systems evolution (Haken, 1983; Kondepudi and Prigogine2 Monitoring location and technique

1999) and its application to geological and seismological in-

vestigations (Letnikov, 1992; Gol'din, 2005; Keilis-Borok, Monitoring equipment was placed in an adit located in the

1990; Bak, 1989; Sornette et al., 1989, 1995; Saleur et al.region of “Talai” seismostation of the Biakal branch of

1996; Heimpel, 1997; Bowman et al., 1998; Hainzl et al., Geophysical Service of the Siberian Department of Russian

2000; Grasso et al., 1998; Zoller et al., 2002) made it possibléAcademy of Sciences. It was a probe adit made of marble in

the late 1950s but later, being unclaimed, it was equipped for

scientific goals and now it is used for monitoring of different
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3 Data processing method and results

= The data were processed by the combination of SFCAM
and sliding window method (SWM). The latter enables us
to present dynamical variable series as a sequence of values
of one or another parameter calculated for each position of a
— data window of a given length. The window time coordinate

' is a position of its forward boundary. For each window po-
sition a structural function (SF) of ordgrwas calculated by
formula
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where h(t) — signal value in the window ofV samples
(“points”), the signal being given discretely in poinis=

- kAt (At — discretization step) along coordinateV = N —

o it A /At, A —lag (argument) of SF equal tor, 2Az, 3At, ...,

o (No) Af, Ny =(0.5-0.8)V , p — SF orderp=2 is used in the

(b) W am am | som T emm eim s om following and this index will be omitted. SF represents an
effective tool in theoretical and experimental investigations
e o o - — of chaotic systems and processes, for example, in turbulence
| T investigations (Frisch, 1995).
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o B — | Figure 2 explains SFCAM. It shows examples of signal
by ' window, its SF (in double logarithmic axes) and the cor-
responding negative second derivative of smoothed SF. Ex-
oo tremuma positions of the latter give the evaluations of CTs.
Tnme | The physical sense of SF is described here. The SF growth
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o . for small lagsA means that there are correlation links, in-

(©) B A e houe” S e T terrelations, in the signal. The cessation of SF growth, sat-
uration, for large lags means failure (lost) of the interrela-
tions. The conventional boundary of these scale regions (de-
termined by one or another rule or algorithm) is called a cor-
relation time (CT). In the simplest cases, when SF has only
one “footstep”, there is only one type of interrelation charac-

Monitoring was carried out since April to November 2008. terized by CT according to the “footstep position” which can
An intensive South-Biakal earthquak#/€6.3, at 09:31 on  be determined by the position of extremum negative deriva-
27 August 2008) took place during monitoring time. Dur- tive of smoothed SF (under the condition of positive first
ing this period, the automatic instrumental measurements oflerivative) that was first proposed in (Vstovsky, 2006). That
massive rock deformations were carried out in longitudinal, paper demonstrated the effectiveness of such an approach in
normal (with spreadings 18Gand 60) and vertical direc- comparison with many parameter fitness (approximation) of
tions, sensors 1, 2, 3, respectively. The original bar sensorSF. When SF has several “footsteps”, corresponding to sev-
were used with a base 1.8 m and the ends fixed at the adéral interrelations with different CTs, the evaluation of SF's
walls. Their active sensitive elements were beam type straimegative second derivatives extremuma positions enables us
sensors by the “Scame” company. Sensors were placed ap evaluate such CTs easily. Therefore, we can evaluate hier-
such marble regions that had no cracks. 30s sensor sanarchy of CTs. The case of SF with three “footstep” is shown
pling, digital data accumulation and storing was conductedin Fig. 2b and c. CTs are denoted By, 7>, T3,... starting
by the “Sdvig” recorder (Ruzhich, 2004). The recorded sig- with the smallest.
nals are shown in Fig. 1 as hour samplings. The time coor- Since real data are measured with finite accuracy, fluctu-
dinate is given in hours from the beginning of the year. Theations and with other reasons for imperfect, not smooth SF,
earthquake beginning (5745.5 h) is marked by dotted line. we have to calculate CTs by a special multi-step algorithm

There were gapes in the data, due to technical reason#cluding operations of reinterpolation of double logarithmic
The most significant gaps were in the data of (longitudinal) SF, smoothing it and taking its second derivative. The al-
sensor 1 during the period just before the earthquake, so thgorithm enables us to take into account the presence of data
results obtained by the data of sensors 2 and 3 were used taps (marked with special value) that are unique advances of
obtain the results discussed below. the procedures used.
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Fig. 1. Data of sensors 1, 2, 3,(b, c, respectively). Hour samplings
are shown. Earthquake beginning is marked by dotted line.
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It should be stressed that the use of SF enables us, in this === A f
case, to reveal the presence of long term correlations with CT =~ 72" Vg
up to 1700 h (about 70 days) that corresponds to SF growth s “ ﬂ f Wi
for lags larger than 1000 h. Such correlations withessed con- - I
cerning the strong non-stationarity of the processes under
investigation and local instability of the lithosphere during ﬂ”\
the period before the disaster earthquake. The ability of the ™[] RRINE
method to reveal such qualitative features of the system un- e} | ! \U W
der study, shows in favour of the proposed approach. a) o w  sw sw Lam T aw  am | am e

The data were processed by a specially developed program
called SHIFT (Scale Hierarchy Information Fertile Treat-
ment), which enables the calculation of SFs, and their sec-
ond derivatives, with the determination of CTs for any posi-
tion of a window of given length and to calculate the depen-
dence of the parameters on time. The used window size was
1000 samples (1000h=41.67 days). The window shift step
was 20 samples. The maximum SF lag used here was 800 h
(80% of window size).

Besides using SFCAM, the non-stationarity criteria were () * la(4., hour) :
calculated to confirm the moments of significant changes in
the system’s behaviour, registered by rearrangements of SFs
and, consequently, by sharp changes of CTs. ®%&tA;)

(A; =i*Ar) bei-th SF value calculated fdr-th position of

the sliding window. One non-stationarity criterion set pro-
posed by Prof. Timashev (Descherevsky et al., 2003) (inte-
gral relative criterion — IRC) reads
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IRCK = ¢ =TT , Fig. 2. SFCAM explanation. Window of sensor 3 sigr(a), its
; ' double logarithmic SF and smoothed double logarithmig¢igRnd
negative second derivative (“curvature”) of smoothed double loga-
Yok -y ok Ay rithmic SF(c) with indication of extremuma positions which give
IRCk =2 ! ! (2a)  CTsevaluations.

Zq)k(Ai) + Zq>"_1(Ai) ’

. . o . 4 Results and discussion
Another criterion set used in this work — relative integral cri-

terion (RIC) — reads ) )
Figure 3 shows the results of CTs, T>, T3 calculation by

data of sensors 2 and 3 (the normal and vertical directions,
respectively). As is seen, the sharp changes of CTs of lo-

IRCK = Z oA - of 1(A"), cal lithosphere deformation processes are observed approx-
: k1A imately at 1200 h (by sensor 2 data) and at 800-1000 h (by

Ok (A — dF1(A)) sensor 3 data) before the earthquake. Such a behaviour wit-

IRC’i - 22 ! s (2a) nesses the destruction of time correlations of the endogenic
— Ok (A} +DF1(A) processes in the Earth crust that are due to the instability of

the lithosphere space structure that results in significant re-
Values (2) must be approximately zero for stationary pro-arrangement of stress fields in the lithosphere and the prepa-
cesses. Sharp changes of values (2), when window “slidesration of possible disaster rearrangement of the lithosphere
along the series, characterize the extent of non-stationaritgtructure, i.e. it results in an earthquake. Thus, we can say, in
of the processes under study. Criteria (2) can also be genethis case, about revelation of midterm (about 1100 h, 46 days)
alized for the use of other window functions such as powerPrecursor of the disaster earthquake.
spectra, correlation functions, etc. instead of SF. But the ex- More exactly, a state with CT§1=10h, 75=30-40h,
perience of their use showed effectiveness of criteria (2).  73=150 h for both sensors changes by a state Wjtt2—4 h
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Fig. 4. The integral relative (IRCq) and relative integral (RIC))
non-stationarity criteria for sensor 3 data. IR@&nd RIG criteria
are almost the same in this case (but this is not true in general).
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! 2 describes a strong rearrangement of the space structure of
; : h ! the system under study. At 7000 h, CTs become almost the

(c) T e eus T 0T TR M same as at the beginning of observations after the transition
: through another instability for 6750—-6900 h. It should be

i noted that CT's changes just after a strong earthquake are
| hard to interpret as a precursor of the following events while

| . the system is in an unstable state that can last for a year and
: b longer.

: bt The revealed moments of the system instability are con-
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. = firmed by the results of the calculations of non-stationarity
= Pt Al criteria (2). Figure 4 shows the criteria for vertical deforma-
(d) T ey e T i R Ty h;l)ﬁl?l?s T S T tions (Sensor 3) data. The registered moments of instability
are almost the same — about 4800 h, very earthquake (5746 h)
Fig. 3. Results of calculation CT#;, T» (a, c)andT», T3 (b, d) by and about 6800 h. .
sensors 2 (a, b) and 3 (c, d) data. Earthquake is marked by dotted BRZ represents an extended rift zone formed at the bound-
line. ary of the Euroasia and Amur plates. High velocities of their
relative movement (up to 10 mm/year and faster) provides
the level of stresses in BRZ lithosphere, enough for the de-
(both sensors), instabl&=5-20h (sensor 2) an#=10h velopment of modern process of rift formation accompanied
(sensor 3), instabl&=20-50 h (sensor 2) artk=40h (sen- by high seismic activity.
sor 3) at 4800-5000h, i.e. at 1000-800 h before the earth- The authors propose the following interpretation of the re-
quake. CTsIy, T3 of normal deformations (sensor 2) have sults obtained, using an idea of self-organized criticality (Bak
sharp oscillations in a wide range and reach great valuest al., 1988). Any large fault zone is an open non-equilibrium
T»,=170h,T3=365 h during such a transition. They also have dynamical system and its evolution represents a synergetic
another wide range of oscillations at 300 h before the earthprocess of slow preparation and following fast relaxation of
quake. A state withlh=1-2h, T,b=6-8h, T3=20-22h for  the structural transformations of the internal systems (struc-
both sensors takes place in 200 h after the earthquake. Styres) of failures and discontinuity flaws (Bornyakov et al.,
we can describe the registration of the system’s “switching”2004, 2008). This process flows step-by-step at all the struc-
into another state. The decrease in all the CTs by 7-8 timesural levels under the conditions of progressive deformation.
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