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Theresults of long-term sei smic monitoring with use of natural sources conductedin
the seismic dangerous area of the Caucasus mineral waters are presented. In
order to study the subsurface geodynamics and its stress state in the study area, a
technique has been developed based on studying energy of converted PS waves.
The analysis of obtained data allowed middle-term criteria for predicting local
tectonic earthquakes to be formulated proceeding from the model within the scope
of the avalanche-unsteady crack formation (AUCF) theory. It has been shown that
the catastrophic far earthquakes (distance up to 7000km) with M >7.0, after which
intense surface waves had been recorded in the area of Caucasus Mineral Waters,
changed anisotropic properties and stress state causing the increase of local
seismic activity. This shows the induced seismicity. Induced process reduces the
reliability of formulated criteria. This reveals the necessity to correct the model of
earthquake origin in accordance with the AUCF theory.

1. Introduction

One of the most important problems in geo-
ecology is to determine the intercommunication of
geophysical fields with tectonic process when
preparing an earthquake to reveal criteria for pre-
dicting a seismic activity. Such prediction for urban
digtricts in seismic areas is of high priority to study
the stress state of subsurface and the factors affect-
ing its change. A geophysical monitoring isnecessary
asapriority in seismic monitoring.

Seismic observations within the area of Caucasus
Mineral Waters (CMW) have been started in 1995
and are till in progress. Caucasus Mineral Waters
area is characterized by seismicity. It applies to the
zone where 7....8 point earthquakes (on the MSK
scale) are possible. The seismic monitoring grid
consists of 10 three-component stations equipped
by the digital instruments, Alpha-Geon and Delta-
Geon. The site of the grid is 70x 70km. The grid
records local earthquakes within the range of

300km as well asfar earthquakes (epicenter distance
>10°) with the magnitude of M>4.7.

2. Technique

In order to study subsurface geodynamics, a
technique was developed which estimates the stress
state of geological medium based on the estimation
of converted wave energy from far earthquakes
(PSwaves), namely Ev energy for radia component
PSv (the oscillations in the ray’s plane) and
the Er energy for tangential component PS (the
oscillations transversely to ray’s plane). This energy
depends on fracturing degree, porosity, and medium’s
anisotropic properties. For estimating the stress
state, the total values of the radial component's
energy (SEv) and tangential component’s energy
(SEr) are considered in the deep diapason 0-25km.
In the deep diapason 0-25km (CMW region) the
rays of PS waves are close to vertical.
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Medium stress state at some point can be esti-
mated by following parameters [1-2]:
» The indicator of medium anisotropic properties
change below each observation point.

g= é_ Er/é Ev 1)

- The integral indicator of medium stress state on
an observation area on the basis of g distribution
over the monitoring station grid:

X2Y2¥
0O OP(x y)dxdydg
_X1YLd
ToXx2v2
O Oy xdxdy
X1 Y1

2

Where X, Y are coordinates of an monitoring
area; d is the threshold level exceeding which indi-
cates an increase of medium anisotropic properties
and a stress state in area under investigation.

3. Results

The greater anisotropic properties of geological
media under the recording station is, the more the
level of g indicator will be. The maps of the g

distribution over area of the monitoring grid and cor-
responding values of the indicator of medium stress
state (S for different time intervals [1-2] are shown
in Figure (1-a) to (1-). Asusual the duration of each
time interval is equa to one month at an average.
St) isshown in Figure (2), as afunction of time
for the whole 11-year observation interval. Here,
the epicenters of local earthquakes with M >4.3
happened with the distances up to 250-300km from
the center of the station grid are also denoted.
Average level of S(t) values substantially differs in
the observation intervals 1995-2002 and 2003-2006.
For these time intervals, the number of local earth-
guakes with M >4.3 happened at distances up to
250-300km from center of the station grid is also
different. The growth of the indicator of stress state
Swas particularly high after the catastrophic Sumatra
earthquake (26.12.2004, M =9.0) accompanied by
tsunami. After this earthquake on the Terrestrial
Globe, some destructive earthquakes with the
magnitude M > 7.0 happened and the growth of
indicator S was observed as well. It was assumed
that besides local tectonic processes, the processes
related to the global seismicity of the earth can
affect the stress state of geological medium of
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Figure 1. Maps of g =SEr/SEVv distribution on the monitoring grid area in different observation intervals of time (contour interval
0.4). 1-Catastrophic far earthquake; 2-observation stations.
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Figure 2. General S(t) dependence over the whole monitoring period 25.08.1995-25.9.2006. 1- Average level of S values;
2- local earthquakes with M=4.3-4.8; 3- local earthquakes with M=4.9-5.9; 4- time-registration of far catastrophic

earthquake manifestation in the region CMW.

Caucasus Minera Waters testing area.

S(t) dependences were considered separately
for the periods of 1995-2002 and 2004-2006. The
S(t) dependence and the averaged S(t) dependence
for the period 1995-2002 are presented in Figure
(3). The analysis of these dependences together
with the maps of g=SEr/SEv distribution and
local seismicity data in the area of the Caucasus
Minera Waters makes it possible to conclude that
the change of the medium stress state during this
period was related only to the tectonic processes in
the area under study [1-2]. The cycles of the earth-
guake preparation with the magnitude of M >4.3

stand out. It is particularly well seen on the average
1), dependence. The cycle duration is 2-3 years.
Each cycle consists of three phases. The first phase
is the decay of stress state after pronounced seismic
activity in the area. The second phase isalow value
of stress state. The third phase isthe growth of stress
state. These three phases conform with three phases
in the tectonics earthquake preparation cycle in
terms of the theory of an avalanche-unsteady crack
formation [3-4]: “discharging”, “regular state”, and
“activization” correspondingly.

The discharging phase is characterized by the
maximum S values and the maximum degree of
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Figure 3. t) dependence over the time period 1995-2002. 1- S(t) dependence; 2-averaged dependence S(t)ave;

with M >4.3.
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a medium anisotropy. The regular state phase
corresponds to the decrease of a medium anisotropy
degree. At this, the PS‘wave energy is also decreased
at al observation points. This fact makes it possible
to assume that medium fluidization grows at the
regular state phase. A gradua increase of §t), , and
accordingly medium anisotropy degree at the
activization phase can be explained by a fracturing
increase. The natural increase of the t),, depen-
dence after a sufficiently long-duration period of
low values can be considered as a middle-term
criteria of seismic activity. The level of S,  growth
depends on a magnitude of a preparing earthquake
and closeness of a hypocenter to the location area of
the monitoring station grid. The longer the regular
state (or quiescent state) phase, the greater magni-
tude of a preparing event to come can be presumed.

In the study area, strong events with M3 5.0
happened within approximately 6-11 months from
the commencement of stress state growth phase. On
the basis of the above statements, following criteria
of middle-term prediction of strong earthquakes with
the magnitude of M3 4.3 can be formulated in the
study area.

» The presence of a sufficiently long term period
of low values (the phase of regular state) of the
St),,, dependence;

+ A stable growth of §t),, function; the growth
gradient and the maximum values of t)_
depend on the magnitude of preparing earthquake
and its distance from the grid.

With a long term phase of low values of St),
dependence (approximately 1 year) and a high
gradient of St)_ . dependence growth up to high
absolute values, a strong earthquake with the
magnitude of M2 5.0 can be predicted in the vicinity
of grid location station or immediately within the
grid namely in its part where maximum values are
noted on the maps of the g = SEr/SEv distribution.
If the phase of the St)_ , low values are 3-4 months,
the earthquakes with the magnitude of M =4.3-4.7
can be predicted. Depending on the growth gradient
and maximum values of t)_ . function, the distance
from the observation station grid can be presumed.

As stated above, the indicator of medium stress
state S grew sharply after recording the far Sumatra
earthquake (00h58', 26.12.04). The similar phenom-
enawere aso noted after recording other catastrophic
events which had happened worldwide during the
time period 2004-2006 (second Sumatran earthquake
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(28.03.2005), Pakistani (8.10.2005), Koryakian
earthquake (20.04.2006) and Indonesian one
(17.06.2006)).

The analysis of seismic signals recorded by the
stations of monitoring grid reveaded that intensive
low-frequency surface waves with the period of
15-20s had been observed after all catastrophic
earthquakes during some time. Other local and far
earthquakes were aso recorded against their back-
ground. In Figure (4), the records of far earthquake
(the Nicolas Idands 2h30', 26.11.2004) are shown
against the low-frequency surface waves from the
first Sumatran earthquake. The amplitudes of
surface waves are severa times higher than those
of Nicolas earthquake. Record time of the surface
waves after the first Sumatran earthquake was about
6 hours, after the second Sumatran earthquake about
3 hours, Pakistani and K oryakian earthquakes 1 hour
and 30 minutes, and after the Indonesian one about
2 hours.

After al catastrophic earthquakes, g distribution
which characterizes anisotropic properties of the
medium Caucasus Mineral Waters was sharply
changed. After the first Sumatran earthquake, the
reconstruction of medium anisotropic propertiestook
place. The increased g value region was moved to
the east of the area, see Figure (1b). The surface
waves from the catastrophic earthquake had arrived
from this direction. The medium anisotropy degree
was sharply increased within 3 days after 26.12.04,
see Figure (1c).

The contrast of increased g value region has
became more evident, see Figure (1d). Thisindicates
the sharp growth of medium stress state degree,
too. The contrast of medium anisotropic properties
somewhat decreased within the next two months,
see Figures (1€) and (1f), but structure of gdistribu-
tion maps remained. The second catastrophic
Sumatran earthquake had taken place at the end of
March 2005, after which a sharp growth of the
medium’s anisotropy degree was aso noted during
nearly two months, see Figures (1g) and (1h). After-
wards, the medium stress decay was seen well on
the g distribution maps, see Figures (1i) and (1j), and
the structure of g maps characterizing the medium
anisotropic properties changed. After the Pakistani,
Koryakian and Indonesian earthquakes, the recon-
struction of medium anisotropic properties was also
fixed. However, the change contrast was sufficiently
weaker in comparison with what was observed after
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Figure 4. Records of amplitudes (A) of the vertical component of the earthquake (2h 30", M = 7.2 the Nicolas islands) against
surface waves from the Sumatran earthquake (00h 58' 26.12.04 M = 9.0) at different observation stations (00z ... 011z).
(Arrival of the P-wave from the Nicolas earthquake denoted by P, surface wave denoted by S, amplitudes A are given in

reading of the analog-to-digital converter.

the Sumatran earthquakes, see Figure (1k).

The indicator S of medium stress state for the
time intervals after the catastrophic earthquakes
calculated on g distribution maps increased sharply,
see Figure (2). Such growth of the anisotropy and
stress degree of medium Caucasus’'s Mineral
Weters test field after the catastrophic earthquakes
was assumed to be related to the arrival of the
intensive low-frequency surface waves. When
surface waves are not long-durations, the medium
stress state changes to a lesser degree. As a result
of increased medium stress state after all catastro-
phic earthquakes at a distance from the grid, up to
300km, the increase of local seismic activity is fixed
with the magnitude of M3 4.3, see Figure (2).

4. Conclusion

The obtained results concludethat far catastrophic
earthquakes after which intensive long-duration
surface waves are recorded, may change the struc-
ture of medium anisotropic properties and stress
state of distant regions resulting in the growth of
seismic activity of the area. This reveads the induced
seismicity [5]. The criteria of local earthquakes
prediction in the area formulated for the regular
case became less accurate due to induced process.

JSEE / Winter 2010, Vol. 11, No. 4

These show the necessity to correct the model of
original earthquake according to the avalanche-
unsteady crack formation theory using accumulated
new experimental data and mathematical modeling.

References

1. Popova, O.G, Konovalov, J.F., Kuhmazov, S.U.,
and Minina, N.A. (2000). “The Geodynamic
Monitoring and Possibility of the Middle-Term
Prediction on the territory of CMW”, Prospect-
ing and Protection of Bowels, 2, 811.

2. Popova, O.G, Konovaov, JF., Kuhmazov, SU.,
Minina, N.A., and Averjanova, A.S. (2003).
“Peculiarities of the Medium’'s Geodynamics of
Mineral-Water Projection by Materials of the
Seismic Monitoring”, Prospecting and Protec-
tion of Bowels, 2, 16-20.

3. Miachkin V.I. (1978). “ Processes of Preparation
of Earthquakes’, M., Science, 232p.

4. Sobolev, GA.(1984). “Problemsof Earthquakes
Prognosis’, Nature, 12, 47-54.

5. Nikolaev, A.V. (1994). “ The Problems of Induced
Seismicity”, M., Science, 222p.

219



