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Acoustic pulses generated by landslide activation: laboratory

modeling
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Abstract

The prevention of loss to life and property due to natural calamities is viewed very seriously in
many countries of the world. There are many uncertainties in the forecasting of when a movement
in a landslide will occur. Acoustic emission (AE) is a natural phenomenon that occurs when a solid
subjected to stress experiences nom-elastic deformation — fracturing or stick-slip. Acoustic
emissions carry information about location, intensity and mechanisms of deformation occurring in
a material. The aim of our research is modeling, registration and monitoring of landslide motion by
recording acoustic emissions. Registering the acoustic pulses, which occur during the preparation
and movement of the landslide is realized by acoustic sensor. One of the goals of our experiment is
optimization of equipment to use them in the field and work for development of a landslides’
acoustic early warning system.

Introduction

For many countries around the world landslides are one the most severe of all natural disasters,
with large humanitarian and economic losses. The earth surface is not static but dynamic system
and landforms change over time as a result of weathering and surface processes (i.e., erosion,
sediment transport and deposition). The fast mass-movement has a potential to cause significant
harm to population and civil engineering projects. Landslides are important natural geomorphic
agents that shape mountainous areas and redistribute sediment (Sidle And Ochiai, 2006). Large-
scale experiments and field observations show that the landslide may reveal a slow steady slip,
episodic stick-slip or sudden acceleration.

Problem description

Landslides are sources of considerable hazards for human life, economy and infrastructure in
mountainous areas, such as Georgia. This is why understanding of properties, statistics, and
dynamics of this process in order to reveal its physical nature, to predict landslides or to decrease
mass movement risk is an important scientific and practical problem.



Fig.1.Landslide of 1988 (the photo Fig.2.Built-up and cultivated landslide of approximately
taken in 2003), Mountain Adzharia, 100 years of age, Mountain Adzharia, Valley of Skhalta
Valley of Skhalta River, Georgia River, Georgia

Landslides occur in hills/mountains in response to a wide variety of terrain conditions and
triggering processes like heavy rainstorms, earthquakes, floods and unsafe developmental activities.
With growing population, urbanization and human interventions in terms of developmental
activities over unstable slopes, landslides pose increasing risk to human lives, buildings, structures,
infra-structures and environment (Anderson and Holcombe, 2013). Changing climatic conditions
manifested in the form of global warming, glacial melting, erratic and uneven rains, extreme
temperature conditions etc. are also extending these risks to even unexpected areas. Large scale
deforestation along with faulty management has led to increased vulnerability to landslides.

For example, as a result of heavy rain the soil slid in several places in Vaziani-Gombori-Telavi
(Georgia) motor-way in the zone of 2011 landslide. The damaged area of the road is sliding every
day and the asphalt is moving towards the ravine (Fig.3).

Fig.3. Landslide on Vaziani-Gombori-Telavi (Georgia) motor-way
Acoustic emissions (AE) is a natural phenomenon that occurs when a solid is subjected to large

enough stress. This external stress, causes fracturing or stick-slip on various scale and a sudden



release of sound waves resulting in acoustic/microseismic activity, which can be detected by
transducers.AE are transient, high-frequency, elastic waves* bursts generated by the rapid release of
stored elastic energy. In brittle materials like rocks, crack formation and crack propagation generate
AE. In granular materials, frictional sliding and rolling are sources of AE. Another source of AE in
the nature is the breaking of roots.

Acoustic emissions carry information about location, intensity, and deformation mechanisms
occurring in a material. It is a non-invasive method and gives real-time information on what is
happening during deformation. In rock mechanics, AE monitoring has been successfully used to
identify various stages of the failure process, such as crack initiation, crack growth, and crack
propagation prior to global failure.

Traditional methods of monitoring slope movements have included surface surveying and sub-
surface instrumentation techniques. However, many of these methods lack the sensitivity to detect
deformation at low pre-failure strain rates. Over 40 years research has been conducted on the use of
AE to monitor soil movements. Interesting work has been carried by Chelidze et al., (2012) out.
The most notable contributions in terms of field of AE monitoring were provided by Koerner et al.
(1981) and Dixon et al. (2003).

Detecting AE generated by a developing shear surface within a slope is not an easy task. As AE
propagates through soil, it suffers from a loss of signal amplitude: attenuation is high in soil because
it is a particulate (granular) medium and energy is lost as AE travels across boundaries from one
particle to another. The use of a waveguide to provide a path of low attenuation from the source of
the AE (within a soil slope) to the sensor (usually situated above ground surface) has become a
standard practice in AE research. The presence of a waveguide, typically a metal pipe inserted
within an unstable slope, also greatly increases the monitoring ability of the AE sensor.

Dixon et al. (1996) outlined two generic types of waveguides; passive and active. A passive
waveguide does not introduce additional sources of AE, and thus all detected AE is assumed to
originate from the surrounding soil slope. In comparison, the active waveguide uses an annulus of
high AE-responsive backfill material around the waveguide. As the slope deforms the waveguide,
AE is assumed to originate from the backfill only.

Kousteni (2002) showed that gravel emitted higher levels of AE than sand.

\/V\/\/\/\ \/\/W — | Amplifier Analogue to
r with filters digital

converter

Pre-amplifier ‘

Data analysis
and output

Fig. 4. Components of an AE monitoring system (Dixon et al., 2003)

Figure 4 shows a schematic representation of a typical AE instrumentation system. AE
originating from the deformation of a backfill within the active waveguide propagates along a steel
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waveguide to a piezoelectric sensor secured to the top of the metal waveguide. The AE signal is
then amplified by a preamplifier and an amplifier to enable the signal to travel down the lengths of
cable without being subsequently affected by background or electrical noise. Finally the AE is
converted to a digital signal for subsequent analysis and manipulation using real time data
acquisition software.

Experimental setup

The goal of our study is registration and monitoring of landslide slow motion (creep) by
recording the acoustic emission. For this goal we developed the special equipment (Fig.3). Plastic
barrel is filled with a soil from the landslide, the in the center of which is a cylinder filled with
small stones. The cylinder diameter is approximately 15 cm and a mean diameter of stones about 7
mm. In the center of gravel parcel thick-wall stainless steel tube is placed, through which acoustic
pulses arisen in the gravel are transmitted to the acoustic sensor. The deformation of the
experimental set up is done with the help of a mechanical jack.

Fig.5. Landslide creep modeling and accompanying AE registration

Fig.6. Acoustic sensors
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The goal of acoustic monitoring is to record acoustic signals generated by preliminary
displacement of geologic formations before activation of the fast phase of landslides.

The similar technique based on the recording of the acoustics generated by displacement in the
gravel coating around acoustic sensor was earlier developed by Loughborough University team, but
it demands drilling of relatively deep borehole down to the sliding surface. This procedure is quite
expensive. Our objective was to develop a cost-effective version of the mentioned method. The idea
is to use two sensitive acoustic probes grounded on different depths, one on the depth of several
meters and other close to the day surface. The former probe is the basic and the role of latter one is
to distinguish signals of surface origin, which in this case are considered as noise.

The probes are constructed from thick-wall stainless steel tube (Fig.6) containing acoustic
sensor. The length can be chosen according to the depth of investigation by screwing additional
sections to the tube containing basic sensor. The length of these sections is 1.5 m; the maximal
depth of probe is of the order of 4 m.

The diameter of the tubes is 20 mm and the thickness of the walls is 2 mm. In order to transfer
surface acoustic wave without significant loss the contact of sections is performed with maximal
accuracy. This ensures strong contact between sections and minimizes acoustic energy losses.

The upper part of the basic probe is manufactured as a cylinder rod with an inclined cut. The
precise finish of the cut surface guarantees good contact of acoustic sensor with probe tube.
Investigation of various types of acoustic sensors in laboratory led to conclusion that for the
frequency range of interest, i.e. frequencies generated by displacements in the gravel coating (5-25
KHz) the best solution is the capacity capsule-microphone, glued with his sensitive membrane side
to the surface of the upper end of the probe.

Electronic module consists of low-noise amplifier, buffer amplifiers of output for signal
wavetrains and precision peak-integrator and DC voltage output for recording in the data logger.
The integrator fixes in its memory the maximal value of obtained signal and after this the signal
decays by the rate 5% per minute. Fixing on data logger the readings with the sampling rate 1 per
minute allow obtaining the necessary information on the variation of acoustic noise in the time
domain. This method allows saving the power, what is important in field conditions. There are two
outputs for fixing signal in two different ways. Signal output 1 allows obtaining acoustic waveform
recording by application of high quality ADC. It is also possible to record acoustic signals in the
real-time regime, when signal from the output 1 is transferred to the USB recording oscilloscope
with the input ADC module capable to record acoustic signals up to the frequency 100 KHz. The
signal from output 2 can be recorded simultaneously by another channel of the same USB
oscilloscope with input set to DC regime.

Registration of acoustic pulses occurring at small shifting of the landslide soil was produced by
the acoustic sensor, which was attached to the USB oscilloscope (Fig.7), with which after using
special processing software information is sent to computer.



Fig.7. Registration of acoustic pulses using USB oscilloscope
Results analysis

Experimental equipment is described above (Fig.5). The deformation of the experimental
equipment is done with the help of a mechanical jack which was compressing the soil or producing
shear deformation.
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Fig.8. Records of acoustic signal level and waveform using USB oscilloscope; x-axis is time in sec,
y-axis is the acoustic signal intensity in volts

Continuous recording waveform and DC voltage was done using USB oscilloscope. One of the
record fragments is shown on Fig.8. The signal arising in the compression and shear deformation
was negligible. For the registration of each small shift in-depth processing of the data file
(~10% data in the second) is required and/or increasing the density of the gravel. The increase in
density would make occurrence and detection of acoustic pulses in each small shift more efficient.
Figure 6 shows the case when quick release of tension from the experimental setup was made.
Every step of stress relief can be detected on the record at Fig 6 (arrows indicate 3 most
distinguished case).



One of the goals of our experiment was optimization of equipment to use them in the field in a
landslide area. Therefore, in some experiments we used data logger for the registration the data.
Data logger can record only the DC voltage with a recording frequency of 1 Hz. Our guess is that
in this direction, it is possible to develop early warning acoustic system for revealing landslide
incipient slipping.
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AKYCTHYECKAS DMHUCCHSI NP AKTUBALUM OMOJI3HS: JIAa0OpaTOPHOE
MO/ eJIMPOBaHNe

Honap Bapamamsunian, Tamas Yeanase, 3ypad Yenuaze

Pe3iome

[IpenoTBpaiienne MmoTepH >KU3HW M HMMYINECTBA B pe3yJbTaTe CTHUXUHHBIX O€ACTBUIl B
HacTosilllee BpeMsl paccMaTpUBAaeTCs OYEHb CEPbE3HO BO MHOTUMX CTpaHax Mupa. EcTe MHOro
HEOTIPE/IETICHHOCTH B OLICHKE MOMEHTA, KOTJa MPOHM30UIET ABMKEHHE OION3HSI. AKYCTHYECKas
SMUCCHS SIBIISIETCSI E€CTECTBEHHBIM SIBJCHMEM, KOTOPOE€ MPOMCXOAMT, KOIZJa TBEPAOE TEIO
nojBepraercs aepopManuu. AKyCTHYeCKas HMHCCHS HeCeT HWH(POPMAIUI0 O JIOKAJTU3AIHH,
WHTEHCUBHOCTH M MeXaHu3Me nedopMainu, Opoucxoasdiieii B martepuaie. lLlens Hamiero
WCCIJIEJIOBAHUS MOJICIMPOBAHNE, PETUCTPALIMS U MOHUTOPUHT MEJJICHHOTO JBUKCHHSI OIOJI3HEH C
MOMOMNIBIO 3aMTUCH aKyCTUYECKON AMHUCCHU. Perncrpanus akyCTHUECKHX UMITYJIbCOB, BOZHUKAIOIINX
IpyU JABMKEHUH MaTepualia MPOUCXOJuiIa C MOMOIIBI0 aKyCTHYecKOoro ceHcopa. OpHa u3 menei
HAIIIero AKCIEPUMEHTA, ONTUMH3AIS 000PYIOBaHHMS JIJIsl HCIIOJIB30BAHUS €T0 B TOJIEBBIX YCIOBHSIX
U CO3/IaHUE aKyCTUYECKOW CUCTEMbl PAHHEIO OIOBELICHUs aKTUBU3ALMH OIIOJI3HS.
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Assessment of periodical forcing intensity in the spring-slider model

Nodar Varamashvili, Tamaz Chelidze, Zurab Chelidze, Victor Chikhladze, Dimitri
Tefnadze
M. Nodia Institute of Geophysics of Ivane Javakhishvili Thilisi State University,
1, Alexidze Str., 380093 Tbhilisi, Georgia

Abstract

In the present study, the character of slip regimes under weak external periodical mechanical
forcing has been investigated in a laboratory spring-slider system. In our experiments, the slip
events are distinguished by acoustic emission bursts, which are generated by slider displacement. In
addition to drag, the weak variable mechanical forcing was superimposed to the upper plate. With
increasing additional forcing, which stay still much smaller than the main driving force (spring
action) one can see increasing phase synchronization of the first arrivals (onsets) of stick-slip
generated acoustic pulses with forcing phase. In this article we want to show that the force caused
by the impact of vibrator is much less than plate dragging force. For this we used direct method of
calculating the magnitude of the effect of the seismic vibrator forcing. Also, the impact of forcing
was calculated from the acoustic pressure produced by seismic vibrator on piezo sensor. Besides,
the method of assessment of the forcing by comparative analysis of the impacts of the pendulum and
vibrator on the sliding plate was used.

Introduction

The additional mechanical or electromagnetic forcing, which can be much smaller than the
main driving force may provoke triggering and synchronization during stick-slip process, which
means that these phenomena are connected with nonlinear interaction of objects, namely with
initiation of instability in a systems which are close to the critical state (Chelidze et al., 2002;
Chelidze and Lursmanashvili, 2003; Avila, 2004; Pikovsky et al., 2001). The earlier similar works
considered mainly the effect of forcing on the friction coefficient (Rice and Ruina, 1983).

Understanding of triggering and synchronization effects can be obtained in controllable
experiments. We carried out laboratory experiments on the spring-slider system with periodic
mechanical forcing, which is weak in comparison with the main dragging force of the spring. In the
previous paper the effect on stick-slip dynamics under the weak mechanical forcing applied
tangentially and normal to the slip plane was studied (Varamashvili et al., 2008). The external
forcing compared with the basic forces is of several orders of magnitude smaller causes triggering
different nonlinearities (Bogomolov, 2011) and the effects are not only related to the process of
stick-slip.

Experimental setup

We investigated (mechanical) triggering and synchronization of instabilities in experimental
spring-slider system by recording acoustic emission, accompanying the slip events [Chelidze et al.,
2002; Chelidze and Lursmanashvili, 2003; [Chelidze et al., 2006].
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Experimental set up represents a system of two horizontally oriented plates of roughly finished
basalt (Fig. 3). A constant dragging force of order of 4N was applied to the upper (sliding) plate; in
addition, the system was subjected to weak periodic mechanical perturbations of various
amplitudes. Mechanical forcing was realized by the vibrator “CB-5" for normal directed forcing
and by “CB-20” for tangential directed forcing. The intensity of mechanical vibration was regulated
by the voltage applied to the vibrator.

The dynamics of the sliding process in the spring-slider model depends on the dragging spring
stiffness K and dragging velocity V (Boettcher and Marone, 2004). At low velocity, this process is
of relaxation type, at intermediate velocity it is periodic, and at high velocity the sliding became
relatively stable, with random deviations.

We investigated (mechanical) triggering and synchronization of instabilities in experimental
spring-slider system by recording acoustic emission, accompanying the slip events; the setup is
described in detail in Chelidze ef al. (2006) and Varamashvili et al. (2008). The supporting and the
slipping basalt blocks were saw-cut and roughly finished. The height of surface protuberances was
in the range of 0.1-0.2 mm.

KRR RS jT___f‘ IR RN
A e
N | I | _I_L_‘
. r |

Fig. 1. Schematic representation of the experimental spring-slider model: 1 — Stabilized power
source, 2 — personal computer, 3 — amplifier, 4 — forcing signal generator, 5 — external voltage
generator, 6 — voltage divider, 7 — dragging device, 8 — tensometer, 9 — dynamometer, 10 —
spring, 11 — piezoelectric sensor, 12 — electrode, 13 — vibrator, 14 — sliding block, 15 — fixed
block, 16 — electrode.

The experiments were conducted when the forcing load is applied parallel to the slip surface
(tangential forcing).

In the case of tangentially directed forcing we calculated the maximum value of mechanical
forcing, which corresponds to the maximum measured voltage applied to mechanical vibrator (i.e.
when the voltage applied to the vibrator equals 6 V). The mass of the oscillating element of the
vibrator m is =~ 10g, so we obtain for the natural frequency f of the oscillating element of the

vibrator, f= \/E =20Hz, where £ is the stiffness of the vibrator spring. From this expression
m

we obtain, k=400 m =4 N/m,
The maximum deflection x,, of the oscillating element at the applied voltage 6 V
equals ~107m, so the corresponding (maximal) intensity of forcing F,,q, is:

12



Fo =k 4107 N (1)
As the forcing is periodic, its current value Fis: F'=F_ cos(2zat). The maximum rate of vibrator

force change is:
(Ci—lj)max =2naf,, ~0,75N /s 2)

The friction (dragging) force is F, = KI , where K is the dragging spring stiffness and / is the

spring elongation.  The rate of dragging shear force change in our experiments was

dfr =(Kl)'=Kv where v is the dragging wvelocity. In our experiment
t

. dr,
v 09mm/s,K ~250N/m,i.e. 7z0,22N/s.

.The ratio of the rate of periodic (vibrator) force to the dragging force rate is:

dF, | dt
203 3)
(dF | dt)

max

The forcing rate is larger than the dragging rate, so the synchronization is possible [10].

Sound pressure test

Sound pressure or acoustic pressure is the local pressure deviation from the ambient (average, or
equilibrium) atmospheric pressure, caused by a sound wave (Rienstra and Hirschberg, 2013). Sound
pressure level (SPL) or sound level is a logarithmic measure of the effective sound pressure of a
sound relative to a reference value. It is measured in decibels (dB) above a standard reference level

L] F‘E"'_) a’ln"-;)
Ly = 100 = |= 20ig 'F_
i EL?(REF i - (4)

where Pref is the reference sound pressure and s is the rms sound pressure being measured.

The commonly used reference sound pressure is Prar =20 uPa.
Considering this:

Foms
LF; = ZUEQELQ gﬁ:ﬁE) (5)

From this we obtain, that:

L.
Jo— :I.I.'!’--"r;"r 20 uPa (6)
The force can be calculated as:
F o By (7)

In Fig.2 the record of noise obtained using piezo sensor and vibrator forcing record are presented.
Piezo sensor was placed on the sliding plate (Fig. 4) and 2.5 V voltage was imposed on vibrator. As

can be seen from Fig.3 noise value registered on the piezo sensor is approximately Ly = 30 dB.

Based on these data vibrator forcing value on the plate can be calculated. Frms pressure is:
L st 1 -F
B m 107520 yPa _ 1977 .20 uPam — . 107% 7g

Accordingly calculated forcing:
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Based on these calculations, vibrator forcing effect on the upper plate is very weak (10°¥4 ) and it
is much smaller compared to the pulling force, which is approximately 4 N. Even less forcing is

applied in the direction of movement, since the area of the upper plate in this direction is several
times smaller than the area in the vertical direction (Fig.1).

= NAAAAANA
VYV VVVVVVY

Fig. 2. Records of voltage applied to the seismic vibrator (lower channel) and noise registered by
piezoelectric transducer (upper channel).y-axis shows intensity in db, x-axis time (period of forcing
is 50 ms), y-axis acoustic signal intensity in dB

4 |o.000 1.000 2.000 3.000

-26.6 A

.00

Fig. 3. Expanded record of noise on piezo sensor under action of seismic vibrator to which 2.5 V
voltage is applied. y-axis shows intensity in db, x-axis time in sec., y-axis acoustic signal intensity
in dB
Calibration with pendulum

To determine the order of forcing magnitude of the seismic vibrator attached to the upper plate
the following experiment was carried out. The impact produced by the collision of the pendulum

with sliding (upper) plate was assessed. Mass of the pendulum % L& g length of pendulum

[ % 80 em On Figs. 3 and 4 are presented experiments, when registration was carried out using a
piezo sensor (Fig.3) or seismic sensor (Fig.4). Pendulum collision with the upper plate was realized
from different distances: 1,2, 3,4,5,6,7 and 8 cm.
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Our goal is to calculate force the pendulum is acting on the plate. The magnitude of this force will
be different for different collision distances. It is necessary to carry out the following calculations:
We need to calculate

1. What height the pendulum reaches at various deviations from the initial position

2. Corresponding potential energy

3. Speed at collision of the pendulum weight with a plate

4. The value of impact momentum (pulse) which the pendulum passes to the plate (about a half of
the full pulse)

5. Finally, knowing the duration of the collision it is possible to calculate the force

Fig. 4. Seismic vibrator (1) is attached to the sliding plate to which 2.5 v voltage is applied.
Registration of the acoustic signal is produced using piezo sensor (2). Calibration of the acoustic
signal is produced using pendulum (3).

Fig. 5. Seismic vibrator (1) is placed on the sliding plate to which is applied 2.5 v voltage.
Registration of the acoustic signal is produced using seismic sensor (2). Calibration of the acoustic
signal is produced using pendulum (3).
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Figure 6 shows recording made by an USB oscilloscope when the pendulum was deviated by 1 cm.
On seismic vibrator 2.5 V voltage is applied. At 1 cm deviation the pendulum rises to a height

offe % 2.107%m | corresponding potential energy equals Ep = mgh pendulum speed at collision

mn
v e J2Zoh % 006 —

with a plate =, the value of pulse which the pendulum delivers to the plate

m
'p: % ihsl :W-" E‘lr.fl?

From analysis of Fig.6 we conclude that the pendulum-plate interaction duration time is

Fomb w2 107N

¢ as 00288 . Accordingly, the impact force is: 2
a)
l {Z.I{)DD:l
=]
2.5 1
4.0
-12.04
nf i

-12.0+

6.0+

-2.54

Fig. 6. a) expanded record of acoustic signal generated during clash of 1 cm deviated pendulum
using seismic sensor, b) expanded record acoustic signal on piezo sensor under action of seismic
vibrator to which 2.5 V voltage is applied with accompanying noise: y-axis shows acoustic signal
intensity in dB, x-axis time (1 cm approximately 10 ms)

Table 1. Gradations of the pendulum deviations and corresponding forcing values on the plate

Deviation | 1 2 3 4 5 6 7 8
cm

Heigh,m | 2,207% | §107* | 1g,10™% | 32,107 5,107 | 72.107% | @8.107% | 12.6.1078

Pendulum | 2,107% | 2.7, 10"% | ¢ 107% 75107 | 8,107 | 11,107% | 15,10°% | 18, 1Q"%
forcing, N

As can be seen from Figure 6 a the signal resulting from the collision of a pendulum with a plate is
clearly recorded in the corresponding channel. Acoustic pulse generated during clash of 1 cm
deviated pendulum is shown. Effect of mechanical vibrator is shown on Fig. 6 b.Seismic vibrator is
a bit more far from recording piezo sensor than a location of pendulum collision. The effect on the
piezoelectric transducer from the collision of a pendulum with a plate is much stronger than an
effect of the seismic vibrator.

Based on Figure 6 we can calculate the ratio of the intensity values of acoustic signals arising at
the collision of the pendulum on the plate and the resulting from acoustic vibrator forcing. We
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calculated the magnitude of the forces encountered during pendulum clashes with the plate (Table
1) and now we have to calculate the order of magnitude of the vibrator forcing.

As can be seen from Figure 6 the amplitude of the acoustic pulse from pendulum clash is
approximately -2 dB and the amplitude of (noisy) vibrator forcing is approximately -50 dB. The
difference between them is 48 dB, which means that amplitude of a vibrator signal 300 is times
smaller than that of pendulum clash. Hence we obtain for 1 cm pendulum deviation:

Fyu 8,1077F, m 6. 107%N
where Fv is the magnitude of the vibrator forcing on the plate and Fg s the magnitude of the
collision force of deflected by 1 cm pendulum.

We can conclude that the intensity of forcing on the sliding plate is several orders of magnitude
less than the applied pulling force and the ratio of the forcing to the main driving force is in the
range 104 -~ 10®N.
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OuneHka BeJMYUHbI IEPUOAUYECKON HATPY3KH B MOJIC/IM NPYKUHA-

0JI0K
H. Bapamamsunan, T. Yeannaze, 3. Yenuaze, B. Uuxaanse, /1. Tepuanze

Pe3rome

B nacTosmieit paboTe uccieoBancst XxapakTep peXMMOB HEPABHOMEPHOTO CKOJIBXKEHUs (CTHUK-
CJIMIT) TIpY CJIA0BIX BHEIIHUX TMEPHOAMYECKAX MEXaHWMYECKUX BO3JICHCTBUSAX B 1abOpaTOpHOM
CUCTEME  TPYXKHHA-OJIOK. B HalllUX  JKCIIEPUMEHTaX, COOBITHSL ~ TIPOCKAJTb3bIBAHHUS
UACHTU(DUIUPYIOTCS aKyCTUYCCKHUMHM BCIUIECKAMH, KOTOPbIC TEHEPUPYIOTCS TMPU TMEPEeMENICHUH
CKOJB3sIIeH MmuThl. KpoMe TsaHyIIeld CHIbl, K BEpXHEH IUIUTE MPUIIOKEHA ciiabas mepeMeHHas
MEXaHHYECKas Harpy3Ka.

JonomauTensHOE BO3EHCTBHE, KOTOPOE HAMHOTO cl1abee OCHOBHOW JIBYIKYIICH CHIIBI, MOXKET
CITPOBOIIMPOBATh TPHUITEPUPOBAHWC W CHHXPOHU3ANMIO B Tporecce CTUk-ciaumn. C ycuieHueMm
BHEIIHETO BO3JICHCTBUS MOXHO YBHJETh YyiyulieHHe (a30BOM CHHXPOHM3AIMH MEPBBIX
BCTYIUICHUII TEHEPUPYEMBIX MpPH CTHUK-CIMIIE aKyCTHYECKHX HUMITYyJIbCcOB. B mpencrtaBieHHOM
CTaThe MBI XOTHUM MOKa3aTh, YTO CHJIA, BbI3BaHHAs BO3JEHCTBHEM BUOpaTOpa HAMHOTO MEHBIIE
CWJIBl TIPOTSDKKHM TIUTHL. JI7s 3TOrO OBUI MCHONB30BaH NPSAMON METOJ BBIYMCICHUS CHIIBI
BO3JIEHCTBYS ceiicMrueckoro BuOparopa. Kpome Toro ObUT UCIIONB30BAH METO/] BBIYUCIICHHUSI CHITBI
BO3JICHCTBUS depe3 aKyCTHUYSCKOE JaBJICHUE, IMPOU3BOJUMOE CEHCMHUYECKUM BHOpaTOpoM Ha
nbe30aaTyuK. HakoHel, UCoab30BajIcsia METOJ CPAaBHUTEIBHOIO aHAIN3a BO3JICUCTBUSA HUMITYJIbCA
MasTHUKA U BUOpaTOpa Ha TUTHTY.
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Abstract

During study summarizing exiting meteorological, hydrological and snow data in the
studied area, installation of the monitoring network, collection of water samples, snow
expeditions and a more detailed sampling during snowmelt. Regular monitoring consists of
precipitation, air temperature and humidity measurements at 3 sites, and water level
measurements at 2 rivers. Monthly samples for isotopic analyses (stable water isotopes) are
collected from 3 raingauges, 2 rivers, 1 borehole and 2 springs since. The network build in
the project provided a lot of new data on snow hydrology in the studied area that was not
available before. Measurements at different altitudes were useful. Although snowfall
represents just about 30% of annual precipitation, snowmelt water is an important source of
water for the rivers (maximum contribution about 50%). Snowmelt affects river runoff at least 2-3
months. Yet, stable water isotopes in the snowmelt water significantly differ among the sites and
they are different from those in the snow cover.

Study area

Investigation was caring out in the frame of TAEA project. Studied area (Fig. 1) is situated in the
southwestern part of Georgia, in the Little Caucasus Mountains, the Adjara-Trialeti range. It is drained by
two main rivers, namely the Gudjareti-Tskali river (catchment area 316 km”, its mean altitude is 1700 m) and
the Borjomula river (catchment area 168 km” mean altitude 1600 m). The rivers are the right-hand
tributaries of the Mtkvari (Kura) river which is the most important transboundary river in the region of
Georgia and Azerbaijan. Apart from the mountains surrounding the study area, the dominant geological unit
is the lava body forming the plateau between the two rivers. The Borjomula and Gudjareti rivers flow in their
middle and lower sections in narrow valleys (1, 2).

The altitude ranges from about 800 m a.s.l. at the Borjomi city to about 2900 m a.s.l. at the highest
mountain peaks. Mean annual mean air temperature is 8.3°C in Borjomi (altitude 794 m a.s.l.), 4.4 °C in
Bakuriani (altitude 1703 m). Mean air temperatures of the warmest months (July, August) in Borjomi,
Bakuriani and the slopes of the study area are 19°C, 14°C and 9-10°C, respectively. Mean air temperatures in
January are 2.8, -5.5 and -9°C, respectively. Mean annual precipitation in the area varies from 650 to 950
mm in Bakuriani (3).

The objectives of the project are:

e Quantification of the amount and residence time of snowmelt water discharging into streams and
recharging the captured springs

e Contributions of snowmelt water to stream flow in the Borjomula and Gudaretis-Tskali rivers

e Groundwater recharge from the snow (springs/ boreholes at Daba, Sadgeri and Tba)

Sampling methodology
There was no network providing climatic and hydrological data for the studied area. Therefore, it had to be
established within this project from December 2010. Since the study area is mountainous, the network
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attempts to describe altitudinal evolution of main climatic characteristics. That way, monitoring station was
installing on the several place:

*  Monthly composite samples of precipitation are collected in Hellman raingauge and air temperature and
air humidity data (hourly time interval) measured by the HOBO sensor, at 3 elevations- Tsagveri, Tba (new
station) and Bakuriani (existing station).

» Two gage was installed at the Borjomula and at the Gudjareti river equipped with the pressure
transducer (HOBO diver, hourly measurements).

*  Isotopic sampling on monthly step carried out on the this two rivers and 2 springs Daba and Sadgeri.
Also, on the Tba boreholes.
*  Snow course measurements (SD, SWE) at 5 locations (elevations), along with samples for isotopes

* Snowmelt water sampling at 3 locations-Tba, Bakuriani and Tsagveri (extended funnel gauge, plastic and
tin snow lysimeters, passive (Frisbee) samplers at 1 location-Tba)

360000 365000 370000 375000 380000 385000 390000 305000 400000

+—>
5 km [mas.l]

Fig. 1. Monitoring and sampling points in the studied area.

This figure 1 shows digital elevation model and the network. WS stands for water stage measured on the
rivers, P and T are precipitation and air temperature measurements, respectively. SWE denotes the sites
where we measure snow depth and water equivalents at snow courses. SLYS is the abbreviation for
snowmelt lysimeters where we sample water from melting snow that is consequently analyzed for stable
water isotopes (4).

Stable water isotopes are analyzed by the LGR isotope analyzed in Prague

Monitoring results

During monitoring period (33 months) found out very good correlations between air temperature
variations among sites. Air temperature at different altitudes was very well correlated. The data confirm that
winter 2013 was warmer and negative temperatures lasted shorter than in winter 2012. At Tsagveri and Tba
stations we have observers the solid precipitation represents about one third of annual precipitation. Annual
precipitation is relatively small considering mountain character of the area. Number of days with
precipitation at the highest altitude is significantly higher than at lower altitudes.

Water pressure data revealed that runoff regime of both rivers is the same.
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Fig 2 Snowmelt periods
Combined figure of climatic conditions and runoff regime indicates that snowmelt period in 2011 lasted
approximately from 11 March to the beginning of June. Snowmelt in 2012 started later (at the end of March)

to the end of May. Snowmelt period in 2013 was same, started approximately in the mead part of March to

the end of May.

5 sites at altitudes 952-1676 m a.s.l., measured 4 times in 2011, 5

times in 2012 and 2 time in 2013, SWE gradients about 4-9 mm/100 m, significantly less snow in forest.

We measured snow courses on the

SWE exhibited altitude gradients of about 5 mm of SWE per 100 meters of altitude. However, the gradients

are applicable only until the beginning of snowmelt.

Measurements of snow water equivalents in 2011 covered mostly the snow accumulation period,
measurements in 2012 and 2013 covered also the snowmelt period. Measured maximum of snow

water equivalent varied from about 120 to reached about 180 mm.
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Fig 3 Snow Water equivalent
Fig 3 show, that, maximum SWE in the lower part of the study area represented about 60-80% of solid
precipitation. The duration of the melting period varies between 2-3 weeks.
This figure #4 shows spatial variability of deuterium in precipitation at different altitudes, rivers
and groundwater. We present also longer data series from GNIP station in Bakuriani and GNIR
station on Mtkvari very close to the study area. The data at this step indicate appearance of lighter
water in the streams and groundwater in spring.
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Fig 4 Isotopic composition of water

Groundwater does not differ from the rivers. It indicates that both the rivers and shallow

groundwater come from the same source. As expected, the groundwater is generally isotopically
heavier than river water.

Snow cover during the snowmelt becomes isotopically enriched.
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Data in spring 2011 show that air temperatures increased approximately around the middle of
March, but a more intensive snowmelt started a few days’ later Water levels in the rivers increased
as a response to the snowmelt and later the typical snowmelt runoff regime (diurnal variability of
runoff) evolved

Isotopic composition of snowmelt water sampled at Bakuriani by means of the smaller tin and
the larger plastic lysimeters were mostly similar, except the beginning of the snowmelt period

Snowmelt water at Tsagveri (lower altitude) during more intensive snowmelt was isotopically
lighter than at Tba (higher altitude, but more exposed to sunshine radiation)

River water reacted to increased snowmelt input in the middle of March, following rainfall on
March 19 and continuation of snowmelt since March 26

Because the isotopic composition of infiltrating snowmelt water at different sites and times
significantly varied, a range of values was used in hydrograph separation

Hydrograph separation in spring 2011 for the Borjomula river. Maximum calculated
contribution to total runoff was 21%. Snow contributions to runoff in the Gudjareti river were a
higher

In 2012. intensive snowmelt started at the beginning of April (about 2 weeks later than in
warmer winter of 2011)

Sampling at Bakuriani confirmed the finding from 2011 that at the beginning of snowmelt the
isotopi composition of snowmelt water samples by plastic and tin lysimeters significantly differed

Isotopic composition of snowpack was relatively similar to that of snowmelt water

In 2013 snowmelt started at the end of March and finished at the end of May.

Conclusions
. The network build in the project provided a lot of new data on snow hydrology in the studied area that
was not available before (solid-liquid precipitation, hourly variability of water levels in the rivers,
snow cover characteristics, SWE modelling, stable water isotopes, snow-covered area from MODIS)

. Measurements at different altitudes were useful

. Although snowfall represents just about 30% of annual precipitation, snowmelt water is an important
source of water for the rivers (maximum contribution about 50%)

. The importance of snow is indicated also by the overall distribution of isotopic composition of waters

. Snowmelt affects river runoff at least 2-3 months

. Snowmelt is thus important also for water availability in dry summer period

. Isotopic composition of snow cover does not show an altitude gradient

. Yet, stable water isotopes in the snowmelt water significantly differ among the sites and they are
different from those in the snow cover

. Method of snowmelt water sampling influences the obtained data on stable water isotopes (perhaps

also a consequence of the small-scale differences in isotopic composition of the snowpack)
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HccnenoBanue posiu cCHera B riIp0JIOTMYECKOM HHUKJIe B 0aceilHAX pek
Bop:xomyaa I'ymkaperuc-Lkaan

I'.'Meaukanze, H. Kanananze, M. Toganze

Pe3iome

HccnenoBanue IMOCBSIIEHO HM3YYEHHMIO OLIGHKU POJM CHEra B THIPOJIOTHYECKOM IMkie. Bo Bpems
U3ydeHHs OOOOIIEHBI M YTOYHEHBI METEOPOJOTHYECKHE, THIPOJOTUYECKUE NaHHbBIC, NaHHbIE O CHEre B
u3yyaeMoil o0yacTH, co3gaHa ceTb HaOJIONEHWH, OCYIIECTBJIEH cOOp 00pa3loB BOIBI, CHEra U JIPYIHX
0o0pa3LoB B IEpUOJ TasHUs CHEroB B mepuoj Mapr-mail 2013. PerynspHblii MOHUTOPHHI BKJIIOYAaeT
U3MEpEHHE OCAJIKOB, TEMIIEPATypy BO3AyXa M BIAXKHOCTU B 3-X Toukax HaOmoneHus (Boicora 1038, 1109,
1676 MeTpoB Haj ypOBHEM MODS), a TAK)KE M3MEPEHUE YPOBHS BOJBI B 2-X peKkax. ExxemecsyHble 0Opa3iibl
JUTS. ©30TOMHOTO aHaju3a ObLIM OTOOPaHBI C 3-X JOKAEMEPOB, 2-X PEK, 1-W CKBaKUHBI U 2-X HCTOYHHKOB.
Cetb HaOIIOAEHUI, CO3[JaHHAs B paMKax IIPOEKTa, 00ecreymia MHOTUMY HOBBIMU U paHee HENOCTYIHBIMU
JaHHBIMHU O THIPOJIOTHH CHETa B U3y4aeMoi obnacTu (aTMochepHIe 0CaIKi OCaIKH, TOYACOBbIC H3MEHECHUS
YPOBHA BOJBI B peKaX, XapaKTEPUCTUKH CHEKHOTro Mmokposa, SWE-MonenupoBanue, cTaOuibHbIe U30TOIIBI
BO/BL,). VI3MepeHuss Ha pa3nMYHBIX BBICOTAX OBLIO TMOJIE3HBIMH. HecMOTps Ha TO, YTO CHETOIajbl
o0ecreynBaloT TOIBKO MpuMepHO 30% TOHOBBIX OCAIKOB, Talas BOJA SBISIETCS BaXKHBIM UCTOYHUKOM BOJIBI
JUTSE peK (MakcuMaiIbHBIN BKJIax okoio 50%). TasHue cHeroB BIHsIET HA peyHOM cTOK 2-3 Mecsna. OTMeTnMm,
CTaOMIIBHBIE M30TONBI B TAJIBIX BOJAAX 3HAYUTEIHHO OTIUYAIOTCS HA MECTaX W OTIUYAIOTCS OT CHEXHOTO
MIOKPOBA.
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LoggoMol 8mboigdgdo. bm®mEogwgdms 9JbdgoEogdo Fywol s M3l Lsgs®ol Lobxgdol
50900l d0Bbom. MmMAB0DBYds 2om3900©s LodmboGMEObym Jugwl Bogrgdgdol GomEgbmdol,
35960L  3gd39moGHMOHoL S BHYb0sbmdOl gosbMIs LoD Loym™do. sbg3g, dObsGOL Embol
29HmM3z390L MmMogzq dobsdgdo. ymzgEwmz0Mo©E bEIdMmEs 0BMEHM3MGOO Lobxgdol swgds 3
BogddBm0sb, 2 30bsm0sb, 1 F50MHL0w0EIHb s 2 s M©b. IM3mM390meo 0dbs moberglio
3sboEs 030l 30EOHMEMY05d0, MMIGEoE 96O SMLYdMdES F5650g. bbgoslbgs Lodswegby
256bmOE0gwgdMo 45BMB3900 98mEys FoMds@gdeo. mmgzwol bogrgdds dgoaobs doerosbo
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390500996¢Md0LYb.
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Abstract

The investigation of material transport via submarine groundwater discharge (SGD) is more
challenging. In order to determine the groundwater discharge areas into the sea during studies had
been implemented and selected the new methodology of using ecological tracers. During marine
and land investigations studies had been successfully used the complex of ecological tracers — stable
isotopes 180 and 2H, radionuclide Rn and Ra and other parameters. On the territory of Kobulety
had been defined the groundwater flow direction and the areas of their submarine discharge. Within
the identified areas was defined the intensity of eutrofication — the value of nitrate and phosphate
content in groundwaters and in the sea. Also, had been studied their distribution on the surface and
intensity of outwash into the sea.

1. INTRODUCTION

The sustainable management of the coastal ocean generally requires a comprehensive
understanding of the processes related to solute and particulate material transport from the
terrestrial to the marine environment. Whereas river and sewage discharge into the sea are bound to
distinct locations, thus allowing straightforward quantification of discharge rates and material
budgets, the investigation of material transport via submarine groundwater discharge (SGD) is more
challenging. Adding to the general difficulties in locating and investigating groundwater sources on
the coastal seabed is the spatial and temporal variability that is typical for SGD.

SGD provides a major potential pathway for solute and particulate transport across the
aquifer/ocean interface. Nutrients and contaminants carried by the groundwater have a significant
potential to cause deterioration of the overall quality of the coastal environment. Related
detrimental environmental impacts include contamination and eutrophication of the coastal sea,
contamination of seafood, coral reef damage, and harmful algal blooms.

Aqueous tracers provide an appropriate tool for investigating SGD. “Environmental tracers” are
defined as natural or anthropogenic substances that are ubiquitously present in the environment
originating from defined sources. In contrast to artificially injected tracers they have the general
advantage of not contaminating the studied environment by introducing chemicals that may prove
persistent into the water body of concern. In addition, due to their ubiquitous occurrence
environmental tracers are most suitable for large-scale and/or long-term studies, which are essential
for comprehensive SGD investigation.

The scientific aim of the “SGD Black Sea” research project was the application of a multi-tracer
approach for SGD research at two exemplary sites on the Black Sea coast. It was the intention to
combine several appropriate aqueous tracer methods for SGD localization and quantification and to
confirm the achieved findings by a novel approach based on satellite data. The applied satellite-
based information allow (i) a water flow accumulation modelling approach based on a terrestrial

25



digital elevation model (DEM) and (ii) an assessment of large scale and long term temperature
patterns of the coastal sea. The two suggested study sites have been chosen in order to show strong
exposure to anthropogenic pressure on the mountainous eastern coast of the Black Sea (Georgia).

2. DESCRIPTION OF STUDY AREA

Georgian team has collected all geological, geophysical, hydro-geological, hydrological and
other data about study area. All data was digitized and created data-base (1,2,3).

The coastal zone of study area is located between confluence of river Kintrishi and Kelenderi
cape (Sarphi). The coastal zone has a concave form. The coastal zone is built by the sediments
transported by rivers. Sediments are distributed by the coastal sea flows —for the south part of study
area sea flow changes its directions - from the south to the north. Along The mentioned coastal zone
sea water mineralization is 12-17 % and at the confluences of big rivers it decreases till 0-10 %.
This fact should be given much attention as we see that continental water flow takes an important
part in hydrochemical regime of the coastal zone. It means that toxic and contaminative substances
keep a high concentration for a long time. This fact was proved during the observations in Batumi
and Poti in 1988-1990. From 1923-1925 due to global climate changing processes Black sea level is
increasing. in 1875-1925 it was 40 cm. it should be noted, that the in 1925-2000 the water level
increase was 18 cm.

3. DATA COLECTION

3.1. FIELD WORK ON THE GROUNG SURFACE

During the 2012-2013 on the territory of Adjara the field work along the coastline and the
surrounding areas had been started. The main research goal was to explore and outline the
contaminated areas along the coastline, which represent the potential sources of sea contamination.
Along the coastline were sampled every kind of underground water outflow (river, spring, well and
borehole). During field work the mobile group was moving by car, which was equipped with
special devices (for Ph, conductivity, temperature, free oxygen as well as for Radon and Helium
measurements). Besides, the selected points were sampled and the samples were shipped to the
laboratory (Tbilisi) for further analyzing.

The sampled points were mapped by GPS and on the next step the data was processed by
ArcMap. By the same software was mapped geological, hydrogeological and hydrochemical data.
Above mentioned gave us possibility complex studies.
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Fig. #1 Disldcation éf séfnpled pomt on the Topographical and_(}_éological map
Had been observed the radon and helium distribution (4, 5) and their background values as well as
hydrochemical parameters (Na, Ca, K, Mg, HCO3, SO4 and CI) in underground waters.
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Fig. #2 Distributions of HCOj3, SOy, ClI in the groundwater along the seaside
There are fixed some anomalies located Northern from Batumi and on the territory of Kobuleti

Fig. #3 Distributions of Rn, mineralization and Na in the groundwater along the seaside
During mapping arte fixed anomalies in the distribution of Rn in the groundwater. This zone
consisted with anomalies zone of hydrochemical parameters. The observed anomalies may indicate
on the polluted areas and represent the object of our interest for further detail studies.
3.2. MARIN SURVEYS

The preparation work for marine expedition had been done together with German colleagues.
Namely, the satellite data processing was done by German colleagues. Had been processed and
analyzed thermal background data of sea and ground surface.
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On the picture shows the cold water discharge areas in the sea at the confluences of rivers as
well as at the underground water discharge places. After analyzing two areas had been selected —
the one North from Batumi and another one close to Kobuleti, where was expected to reveal the
areas of underground waters discharge.

In September 2012 German colleagues arrived in Georgia. During their scientific visit the
marine expedition in the Black sea coast was organized. There was done a profile From Batumi till
Choloqi by boat and the water physical properties (conductivity, temperature and etc) and Radon
concentration were measured continuously.

Fig. #5 Mrin_ eld sfudy
Fig. 6 Illustrates the radon concentrations and the related salinities that were detected along the coastline and
on the perpendicular profile. Fig. 7 shows the same information as diagrams.

Fig. 6A (left): Radon data recorded during the 1 sampling campaign in September 2012.
The size of the circles corresponds to the detected radon concentration.

Fig. 6B (right): Salinities recorded during the 1* sampling campaign in September 2012.

The size of the circles corresponds to the detected salinity values.
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Fig. 7A (left): Radon and salinity recorded during along the northern part of the coastal
survey in September 2012.

Fig. 7B (right): Radon and salinity recorded during along the southern part of the coastal
survey in September 2012.
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Fig. 7C: Radon and salinity recorded during along the perpendicular profile in September
2012.

As an additional parameter the pH of the seawater was recorded. As it becomes obvious in
Fig. 8A the pH showed a distinct peak at the same location where elevated radon concentrations
occur, indicating strong SGD. The data displayed in Fig. 8B, illustrating the findings along the
southern part of the coastal survey, do also show a negative correlation between radon and pH,
which is however not as distinct as the observation displayed in Fig. 8A.
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Fig. 8A (left): Radon and pH recorded during along the northern part of the coastal survey in
September 2012.

Fig. 8B (right): Radon and pH recorded during along the southern part of the coastal survey
in September 2012.

Along the perpendicular profiles also had been done sampling of stable isotopes — 180 and 2H
in order to use them as additional tracers. The results showed that mixing of underground water
with sea water occurs about 300 meters from the shore and the contribution of underground water is
about 5 %. By The joint marine and land investigations showed that found anomalous areas can be
identified as continuation of each other.

In order to determine the intensity of eutrophication (nitrate and phosphate pollution) had been
measured the nitrate and phosphate content in groundwaters and sea water in areas of revealed
groundwater submarine discharge. Their values are less than the allowable standard for nitrates and
range from 0.2 - 3 mg / | and for phosphates 0.18 -1 mg / L.
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Fig. #9 Distributions of NO3 in the groundwater (left) and sea water (right) along the seaside
Despite the fact that their values are lower than the permissible limit in the sea water — fro nitrates
0.2 - 0.4 mg / 1 and phosphates of 0.02 - 0.04 mg / 1, the amount of run-off of pollutants into the sea
is significant. For example, the average annual discharge of Kintrishi river is 0.003 million. m’, and
the Chakvis-Tskali - 0.002 million m®, which is for nitrates and phosphates 9000 tons per year to
3000 tons per year, accordingly for Kintrishi river and for Chakvi tskali river accordingly 6000
tons and 2000 tons per year. The mentioned tendency will decrease in time if the arable lands are
not enriched by chemicals in future.

4. CONCLUSIONS

On the territory of Kobulety had been defined the groundwater flow direction and the areas of
their submarine discharge; had been defined the surface character of contamination. Within the
identified areas was defined the intensity of eutrofication — the value of nitrate and phosphate
content in groundwater and in the sea. Also, had been studied their distribution on the surface and
intensity of outwash into the sea.
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Hcnoab3oBaHue 3KOJOTHYECKHX TpaccepoB AJd U3YUYCHUA CyﬁMapl/IHHOi/i
PA3TpPy3Ku MOA3EMHBIX BOI

I'. Meaukanze, M. IllyGepT, X. LHlabapuc, H. Kanananze, M. Toganze, 3. Mauaunse, A. YankBeTraze

Pesrome

W3yuenune nBMKEHHE MaTEpHalOB MO IMOJIBOJHOMY CTOKY Hoa3eMHbIX Boa (SGD) sBisercs
CIIOKHOU TTpoOsemMoii. UToObI onpenenuTs 00JacT pasrpy3KH IMOA3EMHBIX BOJI B MOpPE BO BpeMs
ucclenoBaHns Obuta BbIOpaHa W OCYIIECTBICHA HOBas METOAOJIOTHS-  HCIOJIB30BAHUE
9KOJIOTHUECKUX HMHJIUKAaTOpOoB. Bo BpeMs MOPCKMX M Ha3eMHBIX HMCCIIECOBAHUN ObUI YCIEIIHO
MPUMEHEH KOMIUIEKC 5JKOJOTHYECKHX WHAMKATOPOB: CTa0WIbHBIX u3oTomoB 180 u 2H,
paanonykiunoB Rn u Ra u apyrux mapamerpoB. Ha teppuropun KoOynetu Obuio ompeneneHo
HaIllpaBJICHUC JIBWXXCHUA TIMOA3CMHBIX BOJ M MECTa HX BbIXOJa (I/ISHI/IBa) Ha OHC MOps. B
JIOKAITM30BaHHBIX O00JacTsAX Oblla OMNpe/eicHa WHTEHCHMBHOCTh DJBTPO(PUKAIMM — BEIMYUHA
HUTpaToB M QochaToB B TOA3EMHBIX BOAax M B Mope. Kpome Toro, ObUIO HM3yue€HO HUX
pacrpezesneHie 1 UHTEHCUBHOCTh CMbIBA B MOpE.
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19335Mm0bmEo gobE306Mm30L TgLfogesdo

3 9900dsdg, 8. 8MBgMHG0, J. 390560L0, b. 3035650, 8. ®MEsdY, B. BoBs0dy, 5. F56339(3)53]
@9%09dy
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Abstract
The major objective of investigation was study the natural CO, sources, to investigate the properties of
rocks, which contain and absorb CO, during its emission. Later mentioned rocks will be considered as an
underground Carbon dioxide reservoirs. For this case it is important to determine the potential of save
sequestration in Carbon dioxide reservoirs and aquifers and to understand the geochemical and mechanical
processes associated with long-term storage of CO, including methods to assess zones of weakness.

Field study

In this period, to conduct the joint researches, German partners arrived in Georgia and was organized the
complex expedition to the South Georgia and Kazbegi region.

In order to study the CO, distribution and define its quantitative characteristics the field work was
organized on the territory of South Georgia, Tbilisi and Kazbegi region were studied all main CO, sources
which in the gas composition contain mostly carbon dioxide — Vardzia, Naqalagevi, Tmogvi, Akhaltsikhe,
Truso and Kazbegi springs.

Fig.# 1 Spring with CO, and sampling process in Kazbegi (left) and Vardzia (right) region

For field studies the mobile group was equipped with special devices and moved by car along the pre-
defined routes and carried out the sampling of natural and artificial springs. For field measurements they
used WTW340i (for pH, conductivity, temperature, free oxygen) as well as “SISIE” and “INGEM-1" for
Radon and Helium measurements (1,2). Also, special equipment for gas content measuring had been
purchased, namely PGD3-IR (Methan, Oxigen, CO2 and HS). Selected points were sampled for typical
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chemical analysis ((Na, Ca, K, Mg, HCO;, SO4 s Cl) and the samples were shipped to the laboratory
(Tbilisi) for further analyze.

The sampled points were mapped by GPS and on the next step the data was processed by ArcMap. By
the same software the results of water and gas hydrochemical analysis, as well as geological,
hydrogeological and hydrochemical data of the region have been processed. This gave us the possibility of
complex studies

During field work had been observed hydrochemical parameters (Na, Ca, K, Mg, HCO;, SO4and Cl) in
underground waters as well as gas content and general peculiarities of Radon distribution. For all observed
parameters were determined the background values.

Fig.# 4 Distribution of mineralization (left) and HCO; (right) of groundwater between difference Geological
region
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Natural gases are a very sensitive indicative for geological, especially for geotectonic state. As it was
expected in distributing of gas associations the properties of the geological structure of Georgia has been
obviously revealed. Researches were done in two zones:

1. the northern zone — containing much carbonic acid gases;

2. The southern zone— with the content of nitrogen and carbonic acid gases.

Fig.# 5 Distribution of CO, (left) and CH, (right) value of groundwater between difference Geological region

The northern zone contains two geotectonic elements — the main Caucasian anticline block and the great
Caucasian folded ridge without the extreme segments in the east and west.

In gas associations of these zones that are connected especially with mineral waters, Carbon dioxide
obviously dominates. Investigations do not reveal a clear chemical link between underground waters and
carbon dioxide, but the bulk of its exposure is connected with Narzan, the main type of mineral waters on the
given territory.

The total content of free CO, in the waters of North zone, as it was mentioned above, is 1-2 g/l. So high
concentration is related with special groups of underground waters and shows the genetic connections of CO,
concentration with magmatic-metamorphic processes. So, the It is evident the volcanic origin of CO,

o
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Fig.# 6 Distribution of CO, value in the North (left) and South (right) region

Carbon dioxide gas exposures in the southern zone are very numerous. Gas factor of Borjomi group as
well as Vardzia, Nakalakevi and others often reach 7-10 g/l. Besides, the horizon pressure is quite high (25
atmospheres in a bore hole). Seldom, but dry outlets of carbon dioxide gas are observed anyway. Exposed
carbon dioxide amounts to 2 g/l.

All the above mentioned refers to the existence of strong carbon dioxide escalations. Genetic links of
carbon dioxide and the young post-magmatic processes cannot be doubtful; besides, the Quaternary lava
discovered here refers to the recent volcanic activity (3).

The gas content rock samples were taken from above mentioned places and were sent to Germany for
laboratory investigations (Tab. #1).

34



Tab. #1 Chemical composition of water and rock from study area

Rocks sample
T : i L i I I @I s
s 57 g = = = = = R
Na20 (%) 0.94 2.09 3.76 3.71 3.77 3.58 4.41 1.59 0.86
MgO (%) 1.89 1.27 3.05 3.00 2.79 2.74 1.64 1.43 1.10
A203 (%) 8.00 6.42 16.92 17.42 17.02 16.38 16.36 14.66 | 15.92
Si02 (%) 44.07 40.43 61.33 61.45 60.53 58.40 67.57 70.22 | 68.26
P205 (%) 0.12 0.04 0.20 0.23 0.24 0.24 0.12 0.05 0.06
K20 (%) 1.34 0.59 2.27 2.28 2.36 224 2.10 1.97 0.85
CaO (%) 39.57 44.39 5.35 5.16 5.52 5.23 3.47 5.01 7.23
TiO2 (%) 0.38 0.23 0.70 0.74 0.72 0.71 0.52 0.34 0.37
MnO (%) 0.20 0.51 0.11 0.10 0.11 0.11 0.07 0.05 0.04
Fe203 (%) 3.07 2.80 4.60 5.13 5.04 4.84 3.11 3.26 3.05
Loss on ignition 11.36 26.60 0.89 1.40 0.09 1.39 0.00 7.89 7.94
Water samples
[mg/L] Borjomi Caucas-1 Caucas- Thilisi
B 8.40 14.35 12.58 2.81
Na 1380.20 238.90 220.70 83.64
Mg 41.12 35.85 38.35 0.07
Al 0.06 0.10 0.02 0.04
P 0.00 0.16 0.26 0.04
K 31.98 4.88 4.70 0.65
Ca 94.04 114.40 112.50 2.32
Mn 0.05 1.18 0.85 0.00
Fe 2.31 21.30 17.03 0.01
Sr 8.92 1.18 1.21 0.07
Ba 3.58 0.19 0.20 0.00
HCO3 3837.65 829.76 768.75 158.63
Cl- 24591 167.52 140.46 49.37
S04(2-) 0.35 12.98 31.58 16.86
F- 5.73 0.28 0.01 1.79
Br- 0.67 0.37 n.a. n.a.
NO3- 0.37 0.40 n.a. n.a.

After the analyzing of existing data on geologically safe places for CO2 storage, have been selected few
zones: Low craterous age carbonate layer in West Georgia, Middle Eocen age volcanic layer in East Georgia,
etc. Tbilisi middle Eocene age thermal and oil bearing horizons have been considered as the best Zone. The
suitability of the zone depends on the solidity of cap rocks as well as on possible activation of crack systems

in them.

In order to estimate the solidity and suitability of the Middle Eocene water bearing horizon as a gas
reservoir, the digital modeling will be carried out by the computer programm FEFLOW (4,5).

Conclusions

Was study the natural CO, distribution on the territory of South and North Georgia and investigated the

properties of water samples and of rocks which contain and absorb CO, during its emission. Later mentioned

rocks will be considered as an underground CO, reservoirs. Next, will be study fluid/rock interactions, will

allow us to model these effects and make predictions for CO, storage sites.
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Abstract

Georgia is a part of the far-extending seismically active region, which includes the whole
Caucasus, Northern parts of Turkey, Bulgaria, etc. These territories witnessed several intense
destructive earthquakes. Thus carrying out possible short-term prognosis of earthquakes is very
important for the country. The statistic evidence for reliability of the geomagnetic precursor is
based on the distributions of the time difference between occurred and predicted earthquakes for
the period January-June of 2013 for Dusheti region. Before strong earthquake magnetic precursors
denoted by many authors, but must to say, that more of them don’t satisfy stern criterions.

For estimation of the geomagnetic variations as reliable precursor it was discovered the specific
time analysis for digital definition of Geomagnetic Quake and proposed way for interval defined
from the extremum of local tide variations. The method of earthquake’s predictions are based on
the correlation between geomagnetic quakes and the incoming minimum (or maximum) of tidal
gravitational potential. The geomagnetic quake is defined as a jump of day mean value of
geomagnetic field one minute standard deviation measured at least 2.5 times per second. The
probability time window for the incoming earthquake or earthquakes is approximately = 1 day for
the tidal minimum and for the maximum- + 2 days.

4. INTRODUCTION

The precursors list includes usual geophysical and seismological monitoring of the region, including hydrochemical
monitoring of water sources and their Radon and Helium concentrations, crust temperature, and hydrogeodeformation
field, monitoring of biological precursors and etc. During the monitoring of earthquake precursors including extra
information as the variations of electromagnetic fields analysis, it is possible to define earthquakes precursors and
estimate earthquake occurrence’s intended time what is very actual and important problem

The problem of “when, where and how” earthquake prediction cannot be solved only on the
basis of seismic and geodetic data (1; 10; 6).

The possible tidal triggering of earthquakes has been investigated for a long period of time.

Including of additional information in the precursors monitoring, such as the analysis of the
electromagnetic field variations under, on and above the Earth surface, can contribute towards
defining a reliable earthquake precursor and estimating the most probable time of a forthcoming
earthquake.

Simultaneous analysis of more accurate space and time measuring sets for the earth crust
condition parameters, including the monitoring data of the electromagnetic field under and over the
Earth surface, as well as the temperature distribution and other possible precursors, would be the
basis of nonlinear inverse problem methods. It could be promising for studying and solving the
,when, where and how” earthquake prediction problem.

Some progress for establishing the geomagnetic filed variations as regional earthquakes’
precursors was presented in several papers (7; 9).

The approach is based on the understanding that earthquake processes have a complex origin.
Without creating of adequate physical model of the Earth existence, the gravitational and
electromagnetic interactions, which ensure the stability of the Sun system and its planets for a long
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time, the earthquake prediction problem cannot be solved in reliable way. The earthquake part of
the model have to be repeated in the infinity way “theory- experiment- theory” using nonlinear
inverse problem methods looking for the correlations between fields in dynamically changed space
and time scales. Of course, every approximate model (16; 12; 13; 14; 3; 4; 5) which has some
experimental evidence has to be included in the analysis. The adequate physical understanding of
the correlations between electromagnetic precursors, tidal extremums and incoming earthquake is
connected with the progress of the adequate Earth’s magnetism theory as well as the quantum
mechanical understanding of the processes in the earthquake source volume before and in the time
of earthquake.

The achievement of the Earth’s surface tidal potential modeling, which includes the ocean and

atmosphere tidal influences, is an essential part of the research. In this sense the comparison of the
Earth tides analysis programs (Dierks and Neumeyer, ws) for the ANALYZE from the ETERNA-
package, version 3.30 (Wenzel, 1996 a, b), program BAYTAP-G in the version from 15.11.1999
(Tamura, 1991), Program VAV (17) is very useful.

The role of geomagnetic variations as precursor can be explained by the hypothesis that during
the time before the earthquakes, with the strain, deformation or displacement changes in the crust
there arise in some interval of density changing the chemical phase shift which leads to an electrical
charge shift. The preliminary Fourier analysis of geomagnetic field gives the time period of
alteration in minute scale. Such specific geomagnetic variation we call geomagnetic quake. The last
years results from laboratory modelling of earthquake processes in increasing stress condition at
least qualitatively support the quantum mechanic phase shift explanation for mechanism generating
the electromagnetic effects before earthquake and others electromagnetic phenomena in the time of
earthquake (2; 11; 15). The future epicentre coordinates have to be estimated from at least 3 points
of measuring the geomagnetic vector, using the inverse problem methods, applied for the estimation
the coordinates of the volume, where the phase shift arrived in the framework of its time window.
For example the first work hypothesis can be that the main part of geomagnetic quake is generated
from the vertical Earth Surface- Ionosphere electrical current. Sea also the results of papers
(Vallianatos, Tzanis, 2003 ; Duma, Ruzhin, 2003, Duma, 2006 ) and citations there.

In the case of incoming big earthquake (magnitude > 5 - 6 the changes of vertical
electropotential distribution, the Earth’s temperature, the infrared Earth’s radiation, the behaviour of
debit, chemistry and radioactivity of water sources, the dynamics and temperature of under waters,
the atmosphere conditions (earthquakes clouds, ionosphere radioemitions, and etc.), the charge
density of the Earth radiation belt, have to be dramatically changed near the epicentre area- see for
example papers .

The achievements of tidal potential modeling of the Earth’s surface, including ocean and
atmosphere tidal influences, multi- component correlation analysis and nonlinear inverse problem
methods in fluids dynamics and electrodynamics are crucial for every single step of the constructing
of the mathematical and physical models.

2. Data

Dusheti Geomagnetic Observatory is located in Dusheti town (Georgia, Lat 42.052N,
Lon44.42E), Alt900m). It is equipped with modern precise Fluxgate Magnetometer Model LGI and
it accomplishes non-stop registration of X, Y, Z elements. The data includes minute and second
records of the field elements. It is measured with 0,1nT accuracy daily.

There was analyzed earthquakes data in region with Lat42.052N and Long44.42E for January-
June of 2013, reported in EMSC: Earthquake research results, magnitude range from 3.5 to 9.0, data
selection 115 earthquakes; Minute data of Geomagnetic fields elements received from Dusheti
Geomagnetic observatory or 60 samples per hour, with 0,1nT accuracy; Coordinate of Dusheti
Geomagnetic observatory: 42.052N, Lon44.42E Alt900m. About the method of Earthquake’s
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prediction see (18).The distributions of earthquakes’ magnitudes and depths, (Mgnitude >3.5) are
presented in Fig.1 and Fig.2. (Epicentral distances up to 300km and magnitudes M>3.5).
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Fig3. Presents the SChtM and magnitude distribution for all occurred in the region earthquakes as
function of distance from the monitoring point with magnitude>3.5.
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The comparison of the distribution in the Fig3 and Fig.4 can give some presentation for distance
and magnitude sensibility of the geomagnetic approach.
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3. Analysis
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The next Table contains the monitoring data for Dusheti and its analysis, described above, which
illustrate that the geomagnetic quake is regional reliable earthquake precursor. The columns
present: the number of signals preceding the incoming tidal extreme data, information for the tidal
minimum (1) or maximum (2), the time of tidal extreme, the time of occurred earthquake, latitude
[degree], longitude [degree], depth [km], magnitude, the difference between the time of tidal
exstreme and the time of occurred earthquake [in days], distance from monitoring point [in 100
km], the value of function SChtM [J/km2],. The table consists a data for the earthquake with
magnitude grater then 3.5

Number
of Tidal Signal Tidal Min,Max Depth Dist SChtM
Signals | min,max Time time Eq Time Lat | Long | [100km] | Mag | DayDiff | [100km] | [J/km?]
1 min 02/02/2013 02/02/2013 10:44 2/3/2013 23:48 40.8 47.9 42 3.7 1.57 3 0.002
1 max 04/26/2013 04/27/2013 11:15 4/30/2013 9:29 40.9 48 5 42 2.95 3 0.011
2 max 05/22/2013 05/25/2013 11:07 5/28/2013 0:09 432 415 2 5.2 2.56 2.9 0.354
05/24/2013
2 max 03/20/2013 03/29/2013 11:13 3/27/201321:25 | 40.4 47.2 24 3.5 -0.55 2.8 | 9.76E-04
03/23/2013
1 max 02/20/2013 02/25/2013 12:37 2/22/2013 1:16 43.8 432 10 3.5 -3.45 2.3 0.001
2 min 04/09/2013 04/19/2013 12:41 4/18/201320:38 | 41.1 472 26 44 -0.66 2.3 0.028
04/14/2013
1 max 06/01/2013 06/08/2013 11:02 6/7/2013 10:42 43.7 43.4 10 3.6 -1 2.2 0.002
1 max 02/25/2013 02/25/2013 12:37 2/27/2013 4:24 40.9 46.7 18 35 1.68 2.1 0.002
2 max 03/27/2013 03/29/2013 11:13 3/31/2013 7:02 428 46.8 40 4.6 1.85 1.9 0.067
03/29/2013
1 min 06/08/2013 06/16/2013 14:24 6/15/2013 0:46 432 46 2 35 155 17 0.003
3 min 05/15/2013 05/18/2013 13:57 5/18/2013 4:14 432 458 20 37 -0.39 16 0.005
05/16/2013
05/18/2013
1 min 02/02/2013 02/02/2013 10:44 2/2/2013 14:06 434 44.4 10 3.6 117 16 0.004
1 max 04/26/2013 04/27/2013 11:15 41292013 14:26 | 426 46.3 12 35 2.15 15 0.003
1 min 02/02/2013 02/02/2013 10:44 21212013 8:36 432 44.1 10 3.6 0.94 14 0.004
2 min 03/15/2013 03/19/2013 11:26 3/17/2013 14:04 43 45.8 15 37 -1.86 14 0.006
03/17/2013
2 max 1/25/2013 1/26/2013 13:25 1/24/201311:00 | 42.8 46.1 40 3.9 2.08 1.4 0.009
1/26/2013
1 max 04/06/2013 04/10/2013 11:01 4/7/2013 17:16 43.3 44.8 10 3.5 3.24 1.4 0.003
2 max 04/23/2013 04/27/2013 11:15 4/28/2013 0:01 425 435 2 3.5 0.55 11 0.005
04/24/2013

At the next figures are presented the samples of material work-up for 01.02-23.03 2013
Dusheti data. From up to down are presented the curve of tidal gravitational potential, density of
earthquake energy (Schtm), earthquake’s distribution at the same period, values of SigD and its
standard deviation.

Dusheti daily geomagnetic and earthquake monitoring

AMinut —=— ADay Eanh tide (Dennis Milbert, hitp:/home comcast.net/~dmilbert'sofis/solid him)

0.30
LK
015 80
E00 L buloertiidiio L, LAGRBRRNY L LA | gl RE ]
b .k st L s a1 o
v ) veo 8 yeb 15 ot 22 war b [ par 15 par 22 par 29 apes 1 Ak
weot Eqs energy surface density THam', Time differcnce [day] g1, it e
16
— a £
E 10" r . 0 160
= 2 a0 3t
£ :g}lnn“ o hll& a4 :li‘.ﬂ'"’ I as 't i
107
i mag  Ed's magnitude, Distance [ 100 k)] 1
s A
H 0.1 oA oo
240
200
- 160

01, e Al g AN

1y Sig =it [ A edb ed2’y 1 3

M-ﬂ:"-* 'MW!M fa— Lo:“ ) T Midde :-q“,, e e hepeence of .-:r:.....rx:.‘.:.,-r .,.r...dm-.w 1 i w LiII |
& [ o1 bl |
A T — [PRATETSL T L) PR re——— ] [ ! N

gebd  ped®  Len1®  Len?22 gt paf® ¥ gar 22 g 2® e
23 March 2013 Date by: G TSU, Georgia, EMSC, NOAA T.Jimsheladze
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At Dusheti station, during the period of January-June 2013, there was revealed important
disturbances before 26.03.2013 and 28.05.2013 earthquakes, Mag 5.1 and Mag.4.9, epicenter
Gagra, which is located from Dusheti in 290km. The disturbance was detected 3 days earlier before
earthquake. The disturbance was recorded as before earthquake as its aftershocks period.

Fig.6. Presents the comparison of the number of all occurred and predicted earthquakes For
Dusheti. Figb6 Presents the map graphic for earthquakes with magnitude grater then 4 predicted
simultaneously from Dusheti measurement.
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Fig.6 Map graphic for earthquakes with magnitude grater then 4 predicted simultaneously from
Dusheti measurement.

It is clear from the picture that among 6 earthquakes for Mag>4; 4 of them were fixed by us.

It is obvious that the occurred in the predicted time period earthquake with maximum value of
function SChtM (proportional to the Richter energy density in the monitoring point) is the predicted
earthquake. But sometimes there are more than one geomagnetic signals in one day or some in
different days. It is not possible to perform unique interpretation and to choose the predicted
earthquakes between some of them with less values of energy density. The solution of this problem
can be given by the analysis of the vector geomagnetic monitoring data in at least 3 points, which
will permit to start solving the inverse problem for estimation the coordinates of geomagnetic quake
source as function of geomagnetic quake. The numbering of powers of freedom for estimation the
epicenter, depth, magnitude and intensity (maximum values of accelerator vector and its dangerous
frequencies) and the number of possible earthquake precursors show that the nonlinear system of
inverse problem will be over determinate.

CONCLUSIONS

The correlations between the local geomagnetic quake and incoming earthquakes, which occur in
the time window defined from tidal minimum (£ 1 day) or maximum (+ 2 days) of the Earth tidal
gravitational potential are tested statistically. The distribution of the time difference between
predicted and occurred events is going to be Gaussian with the increasing of the statistics.

The presented results can be interpreted as a first reliable approach for solving the “when”
earthquakes prediction problem by using geomagnetic data. Georgian Geomagnetic station inputs
important information for space dependences of precursor intensity as part of complex regional NETWORK
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of PrEqTiPlaMaglInt collaboration (Prediction Earthquake Time Place Magnitude Intensity) which
includes Bulgaria, Makedonia and Ukraine.
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BAPUAIIVIY TEOMATHUTHOTO IIOJISI HA AYIIIETCKOM

OBCEPBATOPUU
(AuBaps — Urons 2013)

Tamap J:xkuminenanse, 'eopruii Menukanze, Ajnexkcanap Yankseranse,
PoGept I'arya, Tama3 MaTuamsuiu
Pesrome

I'eomarHuTHBIE aHOMAJINU TIEpel 3eMIIETPSICEHUSAMU ObLIH 3apUKCHPOBAaHBI MHOTMMHU aBTOPAMU,
OJTHAKO HA/I0 OTMETHUTh, YTO OOJBIIMHCTBO M3 HUX HE YAOBJIETBOPSET CTPOTUM KPUTEPHUSM. DTOT
METO/I MpPOTHO3a 3eMJICTpsICeHU Oazupyercs Ha KOPpEeNALUH  MEXKIY 3EeMIIETPSICEHUSIMH,
T€OMarHUTHBIMH aHOMAaJIMSIMU M HACTYMAIOLUIMMH MaKCUMyMaMH (WJIM MUHUMYMaMH) HPUIUBHBIX
BapHalMi rPaBUTALMOHHOIO NOJsA. ['€OMarHUTHOE OTKJIOHEHHE ONpPENENsIeTCs KaK OTKJIOHEHUS B
MoJIe CPEIHMX 3HAYCHUM CTaHIAPTHOTO OTKJIOHEHHS, M3MEPSIEMBbIX MUHUMYM 2.5 pa3 B CEKyHAY.
OKHO BEpOSTHOCTH COBIIQJICHUS BO BPEMEHHM COOBITHI paBHsAETCS+]1 1neHb IS TPUIMBHO—
OTJIMBHOTO MHUHUMyMa M *2 fAHS A0 NPWIMBHO—OTIMBHOIO MakcuMmyMa. CraTucTuueckas
JIOCTOBEPHOCTD FeOMarHUTHBIX MPEIIIECTBEHHUKOB, 3aUKCUPOBAHHBIX Hymerckoit
oOcepBaropueii, eme pa3 TOATBEPKIAACTCA MJAHHBIMH paclpeielicHUs] Pa3HUIBl  MEXIY
MPOLIECIIIMMH U CIIPOTHO3WPOBAHHBIMH 3eMJIETpICEHUsIMU AJis iepruona AuBaps-Uions 2013 roaa.
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CREATION OF NUMERICAL MODEL OF THE TSAISHI GEOTHERMAL REZERVIOR
FOR ORGANIZATION OF GEOTHERMAL CIRCULATION SYSTEM

George Melikadze, Genadi Kobzev, Nino Kapanadze, Mariam Todadze

Mikheil Nodia Institute of Geophysics of Ivane Javakhishvili Tbilisi State University
Abstract

The main aim of the project was to arrange the first geothermal circulation/re_injection system
on Tsaishi geothermal filed in Georgia and rehabilitation of heating system of Tsaishi public school,
by using environmentally clean, renewable energy source. In order to implement the main aim of
the project had been organized the hydrogelogical testing the existing boreholes in order to
determine the boreholes’ properties and to create a model of aquifer. The digital modelling
represents the main steps of calibration and simulation process, which gives the possibility to
estimate and study the different scenarios of exploatation and development of precesses.

1. Introduction

There are five deep wells arranged on a short distance from each other in settlement Tsaishi
#4k, #8k and #10t, from where thermal water outpours uselessly or is used by handmade pipes and
only a small part of it.

Fig. 1 Project design scheme

Out of existed thermal wells as a result of hydro geological study only two #10t as exploitation and #4k
- as injection wells were selected. The geothermal circulation system had been arranged and the heat
system of Tsaishi public school building was connected to this system. For more details see the scheme
below ( Fig. 1). The school had been supplied with thermal water from well 10 (red line on the scheme).
After heating of school the used water is transported (blue line) by pipe to Tsaishi 4k well for the reinjection.

2. Hydrodynamic Research Methods
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In order to determine the hydrodynamical parameters (coefficient of filtration, permeability,
conductivity, debit, temperature, static and dynamic pressure and etc) of main water bearing
horizon, which are necessary for digital modeling, should be done field tests of the boreholes
according to the standard method (1, 2, 3) using licensed softwares.

As it is already known, two boreholes - #10 and #4k were considered to be used for geothermal
circulation system implementation — first one as productive and second — reinjection. Nearby
boreholes that are in 20-50 m distance from #10 borehole were used for monitoring. Measurement
and registration works were conducted on these boreholes during the entire exploitation season.

Simultaneously, for measurement equipment installation boreholes unit were prepared and
afterwards equipment was installed (water pressure, temperature and discharge measurement
sensors, atmosphere and neutral gas measurement sensor). Whole debit and the quantity of water
utilized by school heating system were measured on #10 borehole. After heat was deprived, water
flow was pumped in #4k borehole by using special pump. All parameters of reinjection process
were recorded.

Continuous monitoring was organized. Monitoring was continued till the end of the project and
separate boreholes hydrodynamic parameters determination was conducted through testing;

3. Determination of hydrodynamic parameters

In order to define hydro dynamic parameters of exploitation and injection boreholes on #4 and
#1K injection boreholes experimental testing was conducted.

Special water pressure and temperature measurement device was installed on boreholes that in a
frequent mode (once in a minute) was recording data. In order to define boreholes interaction as
well as horizon filtration characteristics #4 borehole along with #1 borehole was closed and
reopened few times. Example of observed variations sees on pics (Fig. 2, 3).

WL (m) Water Level variation WL (m)
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Fig. 2 Water pressure and temperature variation graphics on #4 K regime borehole during
experimental testing
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Fig. 3 Water pressure and temperature variation graphics on #1 K regime borehole

during experimental testing

Hydrodynamic parameters had been calculated based only on data from #4 borehole (Fig. 4)
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Fig. 4 Water level restoration graphics on a N4 K borehole

Recorded row data during pump test had been processed by the specific programme Aquifertest

pro 4.2. (Fig. 5)
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Fig. 5 Water level change logarithmic curve
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In order to calculate search options Jacobs method was used. For this aim straight section was
selected on a water level fall curve (indications from 15 up to 155) (Fig.6).

Time [min)

Fig. 6 Water level change logarithmic curve for selected section

As given graphic demonstrate, there is complete convergence between calculated and theoretical
curves. Water consist horizon hydrodynamic parameters were calculated - distribution of water
T=4620 m*/ during day/night period and water output S=4.18*10-8.

In order to define interdependence of boreholes testing was repeated, during this process # 10
productive borehole was included as well. During testing boreholes were closed an open in
sequence and #4 K borehole was observed. As a result a good hydrodynamic connection between
boreholes was again demonstrated.

Based on field researche’s received data, section’s digital modelling and determination of
geothermal circulation system efficiency was started.

Eleboration of digital modeling was conducted according to famous methods like (Domenico
and Schwartz, 1998; Middlemis, 2000) by using computer program Feflow and was consist of
several stages:

Research area’s boundary conditions definitiona and elaboration of conceptual model

As it was mantioned above, modeling was conducted by using program package Feflow 5.3, that
give a possibility to calculate thermal area’s three-dimensional model. In addition, environmental
three-dimensional geometrical model was intialy prepared by using programs ArcMap 9.2 and
ArcView 3.2 a.

Based on existed geological and hydrogeological materials analysis, following conceptual model for
Tsaishi hydrothermal basin was eleborated, according to it, water consist layer is formed by
cretaceous age limestones. They are about ten different capacity water conductor layer and less
water conductor layers. Model’s area constitute 23.6*10°m” .
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Fig. 7. Conceptual models block-scheme elaborated for Tsaishi hydrothermal area.

Water consist horizons filtration coefficient values are presented in the table 2

Table 2
Layer number Kx,Ky, m/sec Kz, m/sec
#1 46 2.3*%107 Kx/10
HOHIHAHSHTHS 0.024*10 Kx/2
#9#10 0.5%10™ Kx/2

From the table it is evident, that # 1 and #6 are non water conductor layers, #2, #3, #4, #5, #7, #8
are good water conductor layers, thermal water from # 9 and # 10 layres is taken by # 10 borehole.
Basin’s piezometric maps, mineralization and thermal profiles indicate on underground water
movement regional direction from north-east to south-west. Accordingly, water inflow into aquifer
is secured from north-east, that is shown in pink points in model and process of outflow from model
by blu points. For # 2 and #5 layers flux capacity-water output constitute 0.005m/ in a day and for
# 7 and #10 layers 0.12m/in a day.

Fig. 8. Flux movement block system for Tsaishi hydrothermal sector

West and east borders of hydrothermal basin show on the model are conditionally non water
conductor (Fig. 8).
Implementation of digital modeling
With the given model we can conduct any type of simulation of thermal area — define balance,
field exploitation forcast and etc.
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First of all, Tsaishi field’s forcast was prepared including current conditions fo exploitation
purpose and thermal water balance was calculated from the period of its opening (1983year) up to
present, during 30 years period and for next 30 years period operation in the same regime. 60 years
in total. As it is shown from drawing, borehole pressure gradually decreases and due to this process
discharge is reduced by 4000m*/24h(from the period of its opening) and by 3000m’*/24has for to
date (borehole # 10 shown in red color, # 4 in a blue color). Afterwords, in the case of this kind
regime operation, pressure will continue to fall down and we will face so called Horizon landing.

Fig. 9. Pressure changes graphic in the boreholes for 70 years period .

In the process of balance calculation, thermal water’s energy lose effect from thermal line
borders as well as negative balance fot whole field was detected (Fig. 9-10).

Fluid flix mass balance
Jor time stage: 22050.000000 [d}

Fig. 10. Balance graphic

On the second stage, possible effectiveness of field’s explotation by returning of thermal water
was calculated in case if so called geothermal circulation condition will be implemente on Tsaishi
area. Namely, the following case was simulated, the hot water taken from the borehole # 10 was

pumped into borehole # 4 and at the the same time its effectiveness was calculated for 70 years
(Fig. 11).
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Fig 11. Pressure changes graphic by reinjection for 70 years period

As it is shownt from Fig. 11, pressure restoration process is evident in # 4 and # 1 boreholes
after starting reinjection process and reduction of falling tendency.

Accordingly, in minor, but improvement in whole balance for Tsaishi area can be seen where
reinjection was conducted (Fig. 12).

Fig.12. Thermal balance graphics of Tsaishi are for nex 30 yaers

As a result, geothermal circulation system implementation will give an opportunity to avoid
outpouring of discharged water that causes thermal pollution of environment and creation of
marshes; although by returning discharged thermal water in water exchanger horizon water
massive waste will practically be equal to zero. So, pressure fall in water exchanger layer will not
occur and this will increase reservoir exploitation period for a long time.

6. Conclusion

The following achieved after project implementation:

Improved Tsaishi public school heating system’s efficiency that will ensure normal micro climate in
the building;

Hot water supply system operated

Tsaishi geothermal field’s section digital model created and possibilities for Geothermal circulation
system arrangement determined.
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Results of the Investigation on the Building Territory

N. Ghlonti, G. Jashi, A. Tarkhnishvili, D. Odilavadze, Z. Arziani, Z.
Amilakhvari.

In order to verify engineering-geological conditions ordinary investigations were carried out by
electrical prospecting and georadiolocation methods on one of the building objects. We studied the
engineering-geological state of the object by electrical prospecting method according to the variation of the
resistivity (p) in the vertical and lateral direction [1], and by means of georediolocation method we
determined the relative dielectric conductivity and equiphase condition of the diffracted electromagnetic
waves in the formations within the territory [2].
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The figure 1 shows the positions of geophysical profiles and observation points in the 1:500 scale. On
the basis of the investigations we constructed geoelectric and radiolocation sections.

For interpretation of the obtained material we used the results of the earlier geological investigations.

For illustration our article includes images of typical sections constructed according to electrical prospecting
and georadiolocation methods. The figure 2 shows the geoelectrical sections along the 1-1" profile.
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Fig. 2.

The received curves mainly belong to KQH type. The parameters of the first three layers were verified
on the basis of the bore well data: the first layer p;=120-130 ohmmeter, h;=0.5-0.8m of the section
corresponds to debris presented by detritus, pebbles and builder’s rubble (tQ4). The second layer p,=270-350
ohmmeter, h;=3-3.5m is presented by pebbles and stone fragments (aQ,). The third layer p;=60-70
ohmmeter, h;=3.5-4.5m corresponds to clay and gravel fragments JQ. According to the vertical electrical
sounding (VES) interpretation we divided the fourth layer (sandstones and argillites Ps*") in two parts: the
upper part must correspond to slightly intruded by water and fissured argillites and sandstones, and the lower
part must be presented by relatively solid sandstones. The geo-electric sections are analogous to the above
mentioned profile sections shown in the figure 1.

As mentioned above the radiolocation profiles are situated alongside the geo-electric profiles. For the
radiolocation investigations we used certifitd GEORADAR “ZOND-12” with supporting 75SMHz antenna
and software PRIZM-2,5. The thicknesses of the layers distinguished by this method coincide with the
thicknesses of the geo-electric section layers, though in the sections constructed by radiolocation method
some breaking horizons were distinguished. This might be caused due to the local fragments in these layers

(figure 3).
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Thus, by means of geophysical exploration (electrical prospecting, georadiolocation method) on the
territory we verified the engineering-geological condition of the object, determined the spatial orientation
and physical parameters of the layers.
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Enviromental and Engineering Geophysics. Prem V. Shanma, Cambridge University ~ Press.

N —

Pe3yabTarsl reopusnyecKux UCCJIAEJOBAHUN HA CTPOUTEIbHBIX
o0beKTax

H. I'nontn, I'. Ixamu, A. Tapxunmsuau, /{. Ongunasanse, 3. Ap3uann, 3.
AMuiaxsapu

Pesrome
Ha omHOM U3 CTpPOMTENBHBIX YYacTKOB Tropoaa TOWIMCH METOAaMH JIEKTPOPa3BeAKH U

reopagroyIoOKallii ObIIO YCTAHOBJIEHO NPOCTPAHCTBEHHAs OpPHUEHTAlMs M (U3MYECKHE IapaMeTphl
COCTaBIITIOIINX OCAJOYHBIX (hOpManuii.

153Tgbgdem ™d0gBgddyg agmxzobogymdo jgawggzgdol
990939%0

b. @emb@o, 3. x5T0, 5. Mm>@bLbodgoeo, ©. MEomsgsdy,
b. 5@b0sbo, b. Sdogosbzs@o

@gboydy
90 9JBOmdogdols  ©s  39M@oEoMEM35(309M0  dgnmEgdomn  mdogrolols  gHm-gHon

Loddgbgoemem  mdogdBby  wowagbogr  0bs o 203039 oo sbsgngdo
QmAds30900L Log®mdMogo m@0gbGoEos s domo Gobogydo 3s®sdgd@gdo.

54



Journal of Georgian Geophysical Society,
Issue (A), Physics of Solid Earth, v. 16a, 2013, pp. 55-60

FEATURES OF SEISMICITY OF AZERBAIJAN PART
OF THE GREATER CAUCASUS

Yetirmishli G.J., Mammadli T.Y., Kazimova S.E.

Republican Seismological Survey Center
of National Academy of Sciences of Azerbaijan
Az 1001 Baku, N.Rafibeily str. 9,
sabina.k@mail.ru

The article is devoted to the strong Zagatala, Balakan and Ismayilli earthquakes in Azerbaijan in 2012.
The analysis of seismicity of focal zones of the indicated districts - macroseismic field, mechanisms of
earthquakes' foci, aftershock activity at the foci of strong shocks, as well as geological and tectonic
conditions of epicentral zones are presented. Using a pair of right strike-slips of geodynamic model, the
interpretation of mechanisms of the Zagatala earthquakes' source is given and the mechanism of the
General-Caucasian release with left strike-slip component has been established. The amplitude spectra have
been built and dynamic parameters of focus have been calculated from digital seismograms of shear waves
of the Zagatala earthquakes of May 7, 2012.

Introduction

The territory of Azerbaijani part of the Greater Caucasus is prone to high seismic activity, where strong
and catastrophic earthquakes with a magnitude of M > 6 occurred for the historical period (Fig. 1).

I» _--_log

Fig. 1 Map of the epicentérs of strong earthquakes of Azerbaijan occurred
for the period of 427-2012

Continuous tectonic movements in the Caucasus lead to activation of seismicity of its territory in 2012.
The earthquakes occurred in Zagatala district of magnitude M=5.6-5.7 on May 07, 2012 at 04:40:21 and
14:15:13 on Greenwich time (on local time 19:15), in Ismayilli district with a magnitude of M=5.3 on
October 7, 2012 at 11:42:50 on Greenwich time; strong earthquake occurred also in Balakan district on
October 14, 2012 at 10:13:13 on Greenwich time with a magnitude of M=5.6.

Zagatala earthquakes, 2012

As it was noted above 2 strong earthquakes of magnitude M=5.6-5.7 occurred in Zagatala district in May
7, 2012. According to the data of instrumental observations, earthquakes’ coordinates are: @ = 41,57°N, A=
46,64°E, M = 5.6-5.7, depth h = 8-12 km. It was felt in Zagatala, Balakan, Gakh and in other settlements

(Fig. 2).
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Fig. 2 Map of epicenters of earthquakes in Zagatala district in 07.05.2012

A complete destruction and severe damage of many (hundreds) of residential houses happened in the
epicentral zone.

Earthquakes were felt at the epicenter and in nearby settlements with intensity of up to 7-8 points on
MSK-64 scale. As a whole, intensity of earthquakes reached 5-6 magnitude in the larger part of the territory
of Zagatala, Balakan and Gakh districts.

Isoseismal map was constructed on the basis of immediately collected macroseismic information after
earthquakes.

It isn’t difficult to note from the form of isoseists that movements, which have resulted in these
earthquakes occurred along the Vandam’s fault extending in the General-Caucasusian orientation.

Earthquakes were accompanied by numerous aftershocks. 170 aftershocks were noted after the
earthquake only in a day, many of which were felt. Eight mobile digital seismic stations (Fig.2) were
established at the epicentral zone after 3 days of main shocks that allowed registering all weak aftershocks
including large number of microearthquakes in the focal zone (M;<2) (Fig. 3). All aftershocks are located
very close and both on lateral and depth (H = 9-20 km). Many of them were quite strong (up to magnitude 4-
5) and were felt in the epicentral zone.

T.05 1105 15.05 1905 2005 27.05 J1.05 406 £06 1206 16.06 2206 26.06 147 60T 1207 2007 M.0T 008 250

day

Fig. 3 Distribution of earthquakes' numbers by day in Zagatala district for the period of 07.05-27.08,
2012.

The mechanisms of Zagatala earthquakes' foci were solved according to the data of 31 digital seismic
stations of Azerbaijan on "FPFIT" program of "Kinemetrics" system [Reasenberg, 2008]. It was established
that left-side movements with strike-slip component occurred in the foci of strong earthquakes. Slip and
strike-slip movements were observed at a depth of 10 km in the foci of aftershocks (Fig. 4) [Yetirmishli G.J,
2010, 2013]. Strike-slip movements dominated at a depth of 10-20 km. These results are completely
consistent with Agalarova E.B. [Agalarova E.B., 1975] and Aghayeva S.T. [Agayev S.T., 1999] results
obtained by analyzes of mechanisms of earthquakes' foci of the Azerbaijani part of the southern slope of the
Greater Caucasus.

56



Fig. 4 Mechanisms of earthquakes (ml>4) in Zagatala district
Sheki earthquake
The earthquake occurred in the south-east of Zagatala in Sheki district with an average magnitude
(M=4.1) exactly one week later on May 14, 2012 at 09:58:17 on Greenwich time which was felt at the
epicenter and nearby settlements and in Sheki with an intensity of 5 on MSK-64 scale.

Fig.5 Map of epicenters of earthquakes in Zagatala and Sheki district

In contrast to the strong Zagatala earthquake, after which hundreds of aftershocks occurred, Sheki
earthquake was accompanied by a small number of aftershocks.

Ismayilli earthquake

The earthquake of magnitude M=5.3 occurred on October 7, 2012 at 11:42:50 on Greenwich time in
Ismayilli district, which was felt at the epicenter and in adjacent districts with an intensity of I=5 on the
MSK-64 (Fig. 6).

Fig. 6 Map of epicenters of earthquakes in Isamyilli district

We should note that deep location of the earthquake hypocenter caused relatively low intensity of
shaking at the epicenter and covered some large territory.

Aftershocks of the earthquake are distributed at the depth interval N = 35 + 45 km; due to great depth
few of them were felt on the surface of the Earth.
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Balakan earthquakes

Seismic situation in the focus of strong Zagatala earthquake was barely stabilized, when the earthquake
of magnitude M=5.6 (that’s almost equal to the magnitude of Zagatala earthquake) occurred near to it in
Balakan district on October 14, 2012 at 10:13:13 on Greenwich time. Focus parameters on data of seismic
stations of Azerbaijan are as follows: ¢ = 41,66 ° N, L =46,27 ° E, H = 8 km (Fig. 7).

Fig. 7 Map of epicenters of earthquakes in Isamyilli district

The earthquake was felt at the epicenter and also in nearby settlements, as well as in Zagatala and
Balakan with an intensity of up to 7 on the MSK-64 scale. Injuries and the destruction of houses happened in
the district of the epicenter (Fig. 8).

Fig. 8 Macroseismic map of earthquake effects in Balakan district in 2012.

It should be noted that hypocenters of both Zagatala and Balakan earthquakes were shallow, which
was reflected in the size of small pleistoseist zones.

Balakan earthquake was preceded by two foreshocks of average strength (M = 4.5 and M = 4.0) for a
few hours that were felt with an intensity of 4 on the MSK-64. A large number of aftershocks followed after
the earthquake.

Mechanism of the first earthquake was — strike-slip, of the second — left-horizontal strike-slip which
is determined by geodynamics of a pair of right-slip faults — Kazakh-Signakh and Ganjachay-Alazani

(Fig.9).

14.10.2012 10:08:36 M=4.0
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Fig. 9 Mechanisms of earthquakes (M;>4) in Balakan district
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Discussion
Fourier amplitude spectra were built using digital seismograms for shear waves of earthquakes, which
gave the possibility of determining the maximum level of the spectrum and upper boundary frequency of
maximum level f; from values of the amplitude and period of the maximum displacement on the seismogram
D. Brunn’s classical model was used in calculations. Only records of S-waves at “Zagatala” station were
used (Fig. 10). Interval of epicentral distances for the considered earthquakes was equal to A = 10-34 km.

Fig. 10 Frequency response curve of strong Zagatala earthquake.
The following spectral characteristics have been determined: angular frequency fp, seismic moment My,
radius of the circular dislocation R, stress drop Ac, average movement on dislocation D and focus volume V

(Tab. 1).

Table. 1. Dynamic parameters of strong earthquake in 2012.

17
Data Stantions A, km Iﬁ); I\fi(;;lls?n’ M,, | ro, km 1 Ol(ﬁfr’l/mz D, km k\I/I;3
07.05.2012 ,=04"40"25°, ¢=41.49, 2A=46.60, h=8km, ml=5.6
07052012 | zKT | 10 | 54 | 30 | 56 [0017] 254 ]o0019]002
07.05.2012 t=14"15"13°, ¢=41.56, A=46.62, h=12km, ml=55
07.052012 | zKT | 10 | 50 20 | 55 ]0018] 133 | 0011|002
14.102012 t,=14"15"13°, ¢=41.56, 2=46.62, h=12km, ml=5.5
14.10.2012 QZX 10 | 45 32 56 | 0.005 0.08 0.02 | 0.05
ZKT 15 | 56 32 56 | 0.002 3.1 0.02 | 0.03
SEK 25 | 43 3.2 56 | 0.002 1.4 0.01 | 0.03
07.10.2012 t,=14"15"13°, ¢=41.56, A=46.62, h=12km, ml=5.5
07.10.2012 IML 11 6 1.1 53 | 0.004 0.64 0.012 [ 0.03
PQL 15 3 1.1 53 | 0.003 1.6 0.015 | 0.01
QBL 34 | 34 1.1 53 | 0.002 2.4 0.012 | 0.03
Conclusions

The similarity of separate seismoactive zones of the Azerbaijani part of the Greater Caucasus is
observed not only in their tectonic conditions but also in the character of seismicity.

The Shamakhy-Ismayilli zone is characterized by high seismic activity. Catastrophic earthquakes
with M=6.0-6.9 occurred repeatedly here as a result of which Shamakhy and many surrounding villages were
destroyed. Weak earthquakes arise quite often in the Western-Ismayilli part of this zone, however strong
earthquakes (M=5.0) also aren't rare here. The last strong earthquake (M=5.0) occurred in 1981, which
entailed the destruction of many houses.

Zagatala and Balakan earthquake also confirmed this conclusion. The exception is Ismayilli
earthquake which hypocenter depth H = 41 km, whereas PCF is located at a depth of 10-12 km here. We
should note that this is not the only earthquake in Ismayilli district with such focus depth. And before that
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there were a number of weak and moderately strong earthquakes with hypocenter depth of 40 km. We
consider that such anomalous seismotectonic phenomenon for this district is related with a complex fault
tectonics of the given area and requires additional researches.
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Introduction

It is a common knowledge that the Republic of Armenia, and the Gyumri city, in particular, is located
within a seismically active zone. Within such zones, periodically recurring strong earthquakes of varying
size (magnitudes) can produce strong ground motions, which may cause increased seismic impacts in the
upper strata of the Earth crust. The problem becomes more urgent if there is a case of multiple layers, bedded
in versatile layering, and severely inhomogeneous environments. In the meantime, seismic impacts in soft
soils can be times stronger than in rocky soils.

In general, information on the seismic effects within the upper section of the Earth crust (30 meters)
determined by these and other natural and man-made conditions is presented in detail in the Building Code
(Khachian et al., 2006) according to soil classification and seismic zones (baseline value of seismic hazard).

As part of the entire set of investigations, works implemented in this direction were aimed at evaluation
of seismic hazard for the master plan of the Gyumri City, accounting for local soil conditions, which would
provide sound basis for the activities on seismic risk assessment. To ensure comprehensive and impartial
assessment of local soil conditions, we took into account and considered the following databases and work
stages (Fig. 1):

DATABASE

Engineering geology map

Map of ground water level

Map of the Gyumri City Relief

Map of landslides, canyons,
“qvariz™-es, cte.

SOIL MODEL

Instrumental Measurements

IGES { Armicnia)
GEDRISK the Columbin Ju?illlmu
LIS, 0 Universily. expers, 198y
USGS (USA),
1995

Comparative analysis of
the results obtained on soil
condition assessment

Fig. 1: The strategy of analysis of soil conditions in the Gyumri City
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Geology of the Gyumri city area

The Shirak depression is a typical intermountain trough with flat bottom, filled with Quaternary lacustrine,

lake-and-alluvial and alluvial sediments that overlie the Akchaghil dolerites, basaltic andesites, various

horizons of strongly dislocated deposits of the Miocene, Oligocene,Eocene, Cretaceous and Jurassic. The

Shirak Plain and the Akhourian River valley stand out clearly there. The Shirak Plain represents the surface

of the same-name depression built with the Early-Middle Pleistocene sediments of Lake Shirak. (Sayadyan

Yu. V.2007).The geological structure of the Shirak Depression was studied by many researchers in detail. In

particular, Paffenholtz K. N. (Geology of the Armenian SSR, 1964) described the lithological stratigraphic

section of the depression in the following way (top to bottom):

1. Alluvial and proluvial formations up to 7.5 m thick;

2. Volcanic tuff of dark color up to 12 m thick;

3. Old alluvial-proluvial sediments (pebblestone, clay, sands) up to 35 m thick;

4. Typical lake sediments represented by clays (sandy in places) with inclusions of pebble, inter-layers of
volcanic sand in the form of lenses, diatomite clays and tuff limestones. The overall thickness of the
stratum is 250 m.

Engineering geology

From the standpoint of engineering geology, presence of this kind of clayey and sandy-clay
unconsolidated and highly plastic sediments, “sandwich”-type inter-layering of strata that have different
physical and mechanical properties (Fig. 2), as well as the high level of ground water are among the main
factors of the disastrous effect seismic impacts can have within the Gyumri City area, which was
demonstrated during both the Spitak earthquake of 1988, and the earthquake of 1926.

Many studies have mentioned the contribution of unfavorable soil conditions and amplification of the
seismic effect during the Spitak earthquake (Borcherdt 1989, Yegian 1992, Babayan 2001, Khachyan et al.
2006).

2 (m) & Geophysical tests

SITE4

Fig. 2: Geotechnical cross-sections for the four project sites in Gyumri (Yegian 1992)

Hydro-geological conditions
There are two main horizons of ground waters within the Gyumri City area — the supra-tuff and sub-tuff
horizons. These waters pour out within central parts of the city at the sites, where tuffs, serving as the
confining bed for the supra-tuff water, are common. Large portion of surface and atmospheric water
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penetrates into the sub-tuff strata of sandy-clayey and pebble-gravely soils, forming a sub-tuff water horizon,
for which lake clays serve as the confining bed. This horizon is up to 15 m thick and is intensively drained
within the valleys of the Akhourian River, Gyumri River and Cherkezi-Dzor River. This water horizon feeds
also springs and marshes in the city stadium district and the Cherkezi-Dzor, as well as the swamps located in
the southern area of the city (IGES, “ArmProyekt”, 2001).

Landslide processes and dangerous man-made effects in the area of the Gyumri city

The main landslide effects - soil subsidence and rock falls - are common also over the valley of the
Cherkezi-Dzor River, displaying thicknesses of up to 25 m, and vertical displacements up to 20 meters.
Some of the landslides are in relatively stable condition, but if water is present, the hazard of landslide
activation builds up. Moreover, the over-loading of slopes, construction activities, agricultural use of land on
the slopes and their undercutting activate landslide processes sharply (Fig. 3).

Along with landslides, such effects as rock collapses, falls, soil subsidence and other are observed as
well. Landslide effects developed mostly in the areas of the so-called Arapi Suite, represented by lacustrine-
river deposits, pebble, sands, plastic clays, loams and diatomite clays of Middle-Quaternary age. At some
sites, landslide phenomena involve also ignimbrite tuffs of the Yerevan-Leninakan type, overlying the lake
and fluvial sediments. In the majority of cases, these processes are represented by regressive block-type or
flow-type landslides when displacement develops regressively (landslide head part spreads gradually
upwards on the slope).

Landslide effects have activated drastically after the Spitak earthquakes as it had triggered activation of
more or less stabilized sites. The uncontrolled land use within these areas, construction and slope loading
with various structures, slope undercutting, and the malfunctioning or complete unavailability of drainage
systems to provide for surface and ground water run-off has led to a significant increase of the rate of activity
of landslide processes and of the potential of development of new areas, where slope effects are manifested.

It is important to note that no engineering protection measures have been actually realized for these areas
during the last years. In addition to the listed effects, underground processes related to natural and man-made
voids have been observed in Gyumri, in particular, in the central district of the city (Gasparyan, R., Babayan,
T.). Periodically, these underground discontinuities manifest themselves in deformation, settlement and
destruction of buildings in some parts of the city. The results of geophysical surveys indicate that the area of
Gyumri is characterized by very complex and tangled network of the underground infrastructure, the greater
part of which corresponds to qyarizes (qavriz, kanat, qanqan and other) (Gasparyan R., 2009).

Legend

- Modern active landslides
Unfavorable areas
— Qarize

—  City master plan

Fig. 3: Map of distribution of landslides and hazardous man-made /anthropogenic/ effects within the area of
the Gyumri City

Analysis of the preceding geophysical studies of soils completed for the areas of Gyumri City and the
Shirak Depression
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The first map of seismic micro-zoning (SMZ) of the Gyumri City area prepared by the Institute of
Geophysics and Engineering Seismology (IGES) of the NAS of RA in 1971 was tested by the earthquake of
1988. Detailed study of the Spitak earthquake of 1988 has demonstrated that complex structure of the Shirak
Depression determined sharp increase of earthquake size, velocities and duration of seismic shakings, which
led to large casualties and high-rate destruction in Gyumri. Apart from this, it is necessary to consider not
only the first tens of meters, but also the deeper strata (Khaltourin,1997).

From the standpoint of seismic hazard assessment in seismically active regions it is extremely important
to study local soil conditions (“site effect”). Depressions of similar structure in San- Francisco, Mexico, and
elsewhere have been studied during many years to assess this kind of effects during earthquakes. Among
empirical methods, the most common is the H/V approach known also as the Nakamura method (Nakamura
1989). This method was for the first time proposed by Nogoshi and Igarashi (1971) that had based on the
preliminary studies by Kanai and Tanaka (1961). Similar measurements were made also by the Japanese
specialists in the Gyumri City area directly after the Spitak earthquake of 1988.

According to the findings of the conducted studies, predominant period values for the central part of
Gyumri fall in the range of 0.51-0.64 s (1.5-2.0 Hz) (E. Khachian 2008; Suyehiro S. et al. 1989), and 0.6-0.8
s (1.25-1.6 Hz) (A. Godzikovskaya, Y. Aisenberg, 1989), while during aftershocks predominant soil
vibration periods were 0.2-2.5 Hz (0.4-5 s) (Borcherdt et al. 1989). The joint study conducted by the
Columbia University, United States Geological Survey (USGS), and the Institute of Geophysics and
Engineering Seismology (IGES of the NAS of RA) in 1994 applied the Nakamura method and measured soil
vibration spectra, with predominant periods of 2 s (0.5Hz) (Field E. H. et al, 1995). Out of the four
measurement sites, Point AGA was the only one located on bedrock, while Points LMD, MAR and SLO
were measured within the Shirak Depression.

In 2001, IGES of the NAS of RA prepared the map of seismic micro-zoning of the Gyumri city area
where engineering geology, hydrogeology, seismic prospecting and other types of data were used. This map
served as the basis for the master plan of Gyumri, it identified zones with different values of peak ground
acceleration (0.28 g — 0.56 g) «ArmProyekt», 2001. That map (prepared at the scale of 1:10000) passed
through all required stages of getting concurrence, complex expert evaluation and approval, and represents
the basic urban development document.

However, according to the new Building Code adopted in 2006 (CH PA 11-6.02-2006) the Gyumri city
falls within Seismic Zone 3 with estimated seismic hazard level of 0.4g. In 2010, the new concept of seismic
safety development adopted in the Republic of Armenia set forth the requirements with respect to application
of new approaches and techniques, which necessitated revision of the seismic hazard assessment studies.

In 2010, in the framework of this Project, GEORISK Scientific Research CJS conducted new
geophysical surveys aimed at revealing dynamic characteristics of soils within the Gyumri City, considering
the requirements of the above legislative acts and norms, as well as the results of earlier studies, and
international standards.

Analysis of the obtained results and dynamic characteristics of soils and soil model

Considering dense network of urban development in Gyumri, military and industrial facilities, and other
infrastructure available in the city, the Contractor (GEORISK CJS) assessed the situation and found it
appropriate to realize geophysical surveys using a multi-channel seismic station (36 observation points) and
the method of micro-tremor records (50 observation points) to enable determination of the seismic properties
(shear wave propagation velocities, natural periods of soil vibration) within the upper 30 meters section and
establishing soil categories (Fig. 4). To record seismic waves, vertical seismic sensors with natural vibration
period of 4.5Hz were used. The method of multi-channel analysis of seismic waves (MASW) was applied
(Nazarian, S., Stokoe, K., 1983).

In compliance with Subclause 5.3.3, Clause 5.3 of RA Building Code II — 6.02 — 2006, the average Vg
value of shear wave propagation velocity and the value of predominant T, period for a soil, in case of
heterogeneous soil section, are determined theoretically or by testing during engineering-geology surveys
and seismological investigations, and values of Vg/1.3 and 1.3T, are applied as their estimated values
(Khachiyan et al., 20006).

In terms of geology, the upper 6 m-deep layer corresponds to sands and loamy sands, including the soil
and vegetation layer, and the second layer includes tuff and has the depth of 6 m. According to the
observations made by GEORISK CJS in 2010, these layers are immediately underlain with sands, loamy
sands and plastic clays (Fig. 5). The latter can be up to 120 m thick, as attested by the integral analysis of the
relevant frequencies of micro-tremors and surface wave propagation results.
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Fig. 4: Locations of geophysical record points (GEORISK-2010) on the map of engineering geology
conditions within the area of the master plan of the Gyumri city
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Fig. 5: Model of average velocities of surface wave distribution

As an outcome of the integral analysis of all collected data, the map of distribution of average shear
wave propagation velocities over the area of the Gyumri city master plan (general plan) was prepared (Fig.
6).

Considerable share of damages caused by destructive earthquakes worldwide is related to the
amplification of seismic waves in the near-surface layers of the Earth crust, which is determined by local soil
conditions. Recognizing the above, we conclude that from the standpoint of seismic hazard assessment for
seismically active regions, it is extremely important to study local soil conditions. For this purpose, a series
of investigations shall be carried out. Among of the empirical methods, most common is the H/V method,
named also as the Nakamura method. A few studies carried out based on spectral ratios micro-tremors
(Nakamura, 1989; Tenorio, 1997) for hard soils and bedrocks have demonstrated the credibility of these
statements SESAME, 2004).
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Fig. 6: The map of Vg 30 velocity distribution superimposed with the map of qyarizes, gullies and landslide
effects

Site effects associated with local geological conditions are important part of any seismic hazard
assessment. Many examples of disastrous earthquake consequences have demonstrated the importance of
reliable analytical procedures and hazard calculation methods as well as risk mitigation strategy. In this
regard, micro-tremor records with the H/V processing technique, or the Nakamura method, were proposed to
help deriving characteristics of local soil conditions — the “site effect” (European research project SESAME).
This method proved to be most efficient in assessment of natural vibration predominant periods of
Quaternary sediments. The curves of predominant soil vibration periods shown in Fig. 7a and 7b have high
rate of matching and reflect predominant periods of natural vibrations of the sedimentary basin and surface
layers.

Frequency (Hz)

. Frequency (Hz}

Fig. 7 ab: Characteristic curves of natural vibrations for the soils in Gyumri city (GEORISK 2010)

According to the recommendations of the SESAME Project and the presented consensus results achieved by
participants of the European Research Project based on the comprehensive and detailed investigation, the
spectral ratios derived by us are characteristic for thick (up to 800 m) sedimentary basins, to which lake-
fluvial and lake sediments are corresponding. Based on this example, predominant period FO<1 (Hz)
corresponds to natural vibrations of a basin, while F1=10 (Hz) reflects vibrations of the surface layer. In
addition to the dynamic properties of soils, the derformed works enabled us to apply overall analysis of
geological and geophysical data to build the model of surface wave propagation average velocities for the
Gyumri city area.

66



Sl

10.

Conclusions

1. From the standpoint of seismic hazard assessment for seismically active regions, it is extremely important
to study local soil conditions (site effect), and it is necessary to take into account dynamic characteristics of
not only the first tens of meters, but also those of deeper layers.

2. The predominant periods of natural vibrations of soils according to the CHPA 2006 document fall in the
range of 0.1-3.33 s (0.3-10 Hz), with two distinct sub-ranges of FO<1 (0.45 Hz on average) and 5<F1<10
(7Hz on average).

3. In compliance with the European research project SESAME and worldwide experience, FO ~ 0.45Hz
corresponds to the natural vibrations of a sedimentary basin, and F1=7.0 (Hz) is typical for surface layer
vibrations.

4. The results of processing of surface wave measurements demonstrated that velocities of surface wave
propagation (Vs30) fell in the range of 150-400 m/s (110-310 m/s with allowance for the CH PA 2006).

5. The average characteristic velocity value of 310 m/s was calculated based on the models of propagation of
surface waves within the first 30 m section in Gyumri City.
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I'epusnyeckue MeTOAbI OLICHKA CBOWCTB IPYHTOB B IJIOTHO HACEJIEHHbIX
paiioHax

dyprapsmu, P., ba6asn, C., ABanecsin, M., 'eBopksn, M.
AblcTpakT

Ienpto naHHON pabOTHI ABIAETCS MOAENUPOBAaHME I'PYHTOBBIX YCIOBHUM B ocaJouyHbIX OacceifHax. Jlins
BBITOJTHEHHUST TIOCTABJICHHON 3a/a4i ObUTH YUYTEHBI CIEAYIOUINE COCTABISIONIHE: T€OJOTHUECKIE YCIOBHS H
CTPYKTypa, yYpOBEHb MOJ3EMHBIX BOJ, AHTPONOr€HHOE BIUSIHHE HA TPYHTOBBIE YCJOBHUS, BTOPUYHBIE
reosiorndeckue 3QpQexrs U T.A. Jag JoNOoJHEeHUs uMmerollelics 0a3bpl JaHHBIX, U1 TEPPUTOPHM Topoja
ltompu ObUT  BBIMOMHEH KOMIUIGKCHBIH aHANM3 TPYHTOBBIX YCIOBUH H  TPOBEOCHBI  HOBBIE
celicMopa3Bel0UHbIE U3MEPEHUS.
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JlaHHBIC HOBBIC 3aITUCH OBUIH MCIIOJB30BAHbI JIJISI H3YYCHHUS! CTPYKTYPBI IPOCTPAHCTBECHHON KOPPEISIINN
MEXJly CKOpPOCTSMH S-BOJH U JOMHHHPYIOIIMMH YacTOTAMH MHUKPOTPEMOPOB JUIsI TEPPUTOPUHU TOpPOJa
I'tompu, xoropas sBisgerca uacTbio Illupakckoro ocagogHoro OacceiiHa. IlomydeHHblE pe3yJbTaThl
U3MEpEeHHH JAlOT TPENCTABICHUS O MaclTadax M3MEHEHHs CKOPOCTed S-BOJH BHYTPH OCalOYHBIX
OacceiiHOB, KOTOpble UMEIOT Ba)KHOE BIMSHME IS JajJbHEHIIEro MOCTPOEHHs TOYHOM MOJENU U OLEHKH
BIIMSIHUSA TPYHTOBBIX YCIIOBUN HCCIIEyEMOU TEPPUTOPUH.

The geophysical approaches to ground condition assessment in densely
populated areas

Durgaryan R., Babayan S., Avanesyan M., Gevorgyan M.

INSTITUTE OF GEOLOGICAL SCIENCES NAS RA
Abstract

The main goals of study are to numerically modeling the effects of local soil conditions in sedimentary
basins. Taken in to the consideration other impacts: geological situation and structure, under ground water
level, man made effects on ground condition, secondary geological effects and etc. we are generally focused
on complex analyses of ground condition. For this case we involved and collecting a dense set of in-situ
seismic measurements in Gyumri City to supplement existing knowledge’s. We are used this dataset to study
the spatial correlation structure of S-wave velocities and microtremors predominant frequencies in the
Gyumri City part of Shirak sedimentary basin. These measurements results provide insight into the scale of
variation of S-wave velocity within sedimentary basins, which has important implications for how accurately
can it be modeled and how the effects of the soil conditions are estimated at different locations.
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Introduction

The results of investigations about the block construction of the territory of Armenia in different times by
different autors are generalized and some suggestions are given for solution of the problem [1]. Particularly was
mentioned that the specialists haven’t given any determination for more or less acceptable term “earth crust
block”, the suggested block schemes were severely different and there wasn't a unit classification for separated
blocks, etc. In frame of this study we trying to give the block structure of the territory of RA coming out from
the suggestions is done.

To build the block structure scheme of the territory of RA it is necessary to solve at least the following
important problems: a) give more or less acceptable determination for the term “block™; b)correct the location
and the class of adjacent faults; ¢) determine the comparable homogeneous fragments of the earth crust that
different from the adjacent regions and represent the territory of given block coming out from geological,
geophysical, geomorphological, geodynamical data; d) give the classification of the blocks coming out from the
class of the adjacent faults, location in tectonic construction, sizes of the block, deep structure, etc; e)taking into
account the characteristics of modern movements of the earth crust give the directions and average velocities of
movements of the blocks. Let us briefly tern to these problems coming out from the peculiarities of geological
structure of RA, existing factual data and in main existing conceptions about the block construction of the earth
crust.

By the term “earth crust block” we understand the comparable homogeneous fragment of the earth crust
bound by faults that by it contracture, including depth contracture, differs from the adjacent regions. Thus in the
limits of the block that part of the earth crust is more or less homogeneous by which it differents from adjacent
regions. The main condition is that the block of RA necessarily must be bound by faults at least 20kms in depth.
So it is important to determine the geometric parameters of the fault: length, angle of fall, width of the
fragmentation zone of the fault and types of possible movements, etc. For solution of above mentioned
problems the geological, geophysical, geomorphologic, tectonic and other data must be used, as only by
complex application of the data the reliability of separation of the blocks and their boundaries will arise and it
will become possible to use the data on depth constructions of blocks in maximum. The statement of the first
question is comparable clear, but the difficulties and complexities connected with the second question are a lot,
as the data on depth structure of the earth crust are not enough, their reliability is low, and the idea about
stretching of the block into the depth is indefinite, particularly as it concerns to the blocks of low classes.

Materials for separation and investigation of blocks
It is obligatory to use the following data for the territory of RA:

e Maps of regional and local components of gravity, magnetic and geothermal fields with the
results of interpretations done by different authors [2-11].

e The results accepted from the seismic stations “Zemlya” and “Cherepakha” interpreted by the method of
exchange waves of earthquakes (MEWE), particularly the data of separation of blocks in the structure of
the earth crust and vertical movements due to this. It is necessary to use the relief maps of depth layers as
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a generalization of those data [4]. These data are important as on the territory of Armenia the seismic
researches of sounding haven’t been done.

e The maps of separated regional faults built by different methods, particularly by complex geological and
geophysical methods [3-12].

e The maps of active regional faults built during the last 20-30years on field observations and the values of
movements and velocities by faults [6, 12].

e The GPS and other data about the horizontal movements of the earth crust and the data about the source
mechanisms of comparable strong earthquakes and their aftershock zones [13-15].

e The velocity maps of waves built on the records of regional stations by teleseismic methods in different
depths of the earth crust and mantle [16, 17].

e The interpretation of results and factual geological, geo morphological data about the structures located
nearer to the surface [5, 7, 9, 12].

The separation of the blocks of the earth crust of the territory of RA

Methods and approaches developed by different authors [3-5,7-9,11-13], above mentioned and other data
for the structure of the earth crust of the territory of RA are used for solution of the problem.

The faults as the boundaries of the blocks
It is known that in separation of the faults of the territory of RA different specialists have used different
initial data and approaches due to those there are serious disagreements about the location of separated faults,
their depths, classes, dynamics and other questions, so an attempt was done to give an important place to
more or less reliable initial data including the more productive methods of separating of depth faults.

In main the results of analysis of geological material that were approved and accepted by broad masses of
specialists were used. Usually the specialists give a special place to geophysical field, which contains
information about the depth structure. In that range the data on the faults separated by the method of
exchange waves of earthquakes, regional geophysical fields, earthquakes, their depths and source
mechanisms, etc. occupy a significant place[2-4,6-9,11-15,18,19]. For separation of the borders of blocks by
geological data the structural separation of territorial faults, magmatic and other factual data of sedimentary
nature and their tectonic interpretations were used. From the morphological data the distance and field
observation data and their results are more important. The great part of geologists separate 3 tectonic zones
and Kapan anticliniorium on the territory of RA and adjacent regions as a separate segment. The all
specialists as the borders of those zones accept the regional (deep) faults [2-3, 7-12]. As this problem, the
following tectonic formation complexes(megablocks): 1) simple folded plate structure of Virahayots-Kapan
tectonic complex, 2) compound folded plate construction of Bazum- Zangezur zone, 3) moderate folded
plate construction of Araks zone[5]. It is clear that the separated by these and other specialists tectonic units
are the block structural elements of the earth crust: mega blocks, blocks of different classes.

The validation of the boundaries between the mega blocks due to the gravity field occupies a significant
place as it contains information about the peculiarities of blocks and their boundaries. The anomalous
gravitation field of the territory of RA with the Bouguer’s correction clarifies itself by negative values and
represents a part of great gravity minimum of Alpine-Mediterranean zone. The axis of the minimum has
north-west direction and coincides with main peaks of Armenian highland. The mentioned gravitation
minimum within the bounds of RA by the level of Ag is divided into big marzes (fig.1): South-West, Central,
North-East and South-East. Thus the presented region in general is determined by mosaic gravity field.
These areas stretch in North-West direction and coincide with the main geological structures. The North-
West and South-East marzes are determined by comparable increased values of Ag and coincides with
tectonic zones of Virahayots- Kharabakh and Araks (by A. Aslanyan). The Central region is determined by
gravitation minimum and coincides with the Armenian region with folded plate construction(A.
Gabrielyan).The boundaries of gravitation field of the territory are presented by stretching zones of
horizontal gradients with 3-5 mol/km values those greatly coincides with the faults [3,5,7-9,11]. The first
three regions are parallel to each other and stretch like an arch from South—East to North—West and the
region of the minimum of South-East like a wedge enters into the Central minimum and North—East
maximum. The widths of above mentioned anomaly regions make 70-100 kms and their lengths more then
some hundred kms (on the territory of RA 300kms and more). The differences of levels of Ag between the
regions make about 60-80mGl. Ordinary the appearance of such anomalies is connected with the surfaces of
Konrad and Mohorovich, thus the separated gravitation fields have depth character and reveal the depth
inhomogeneous state of the earth crust of the territory of Armenia.
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VAN

Fig.1. The schematic map of gravity anomalies of the territory RA. Zones with different values of field of
the territory: 1-high; 2-not so high; 3-average; 4-low; 5- regional zones stretched by high gradients of
field; 6- their axes (by dotted lines are brought the supposed axes). Anomalies of local character: 7-
maximums; 8- minimums.

A definite place occupies the determination of boundaries between the mega blocks coming out from the
peculiarities of the magnetic field of the territory. It is known that on the territory of RA the specialists have
separated two severely different zones depend on the strength of anomalous magnetic field, character of
changes, sign and morphology: Araks and Sevan [2,8]. By Ts. Hakobyan the boundary between them
stretches like an arch in the direction of Hoktemberyan-Yerevan-Vayk-Ordubad line. The application of 1:50
000 scale aero-magnetic maps (the height of the survey makes 80m) and the investigations of Z, by profiles
makes possible to correct the boundaries between that zones [8].By this data the boundary mentioned in the
South-East stretches in the direction of Nakhichevan- Djugha.

1. The Araks zone includes Ararart and Nakhichevan plains and it is determined by its quiet, near to zero
values, without gradient of anomalous magnetic field, where the anomalies with positive sign predominate.
The comparable strong, small size anomalies with negative and positive signs were registered in the North—
West, where the main structures are covered by volcanic sediment of upper Oligocene—anthropogenic age.

2. The zone nearer to Yerevan includes the all highland of the Lesser Caucasus and by the character of
magnetic field is the opposite of the Araks zone. Here strong anomalies of different sizes and signs the
values of which reach to some thousand gamms are predominate. But in spite of the complicate character of
the Sevan zone it can be divided into three sub-zones that are more precisely separated on aero-magnetic
maps, as here the influences of lava sheet and “magnetic relief” is weakened. The sub-zones of magnetic
field have total Caucasian stretching and coincide with the main directions of tectonic complexes [2].

The separation of mega blocks by the gradient of geothermal field and values of thermal flow has a
definite productivity. The geothermal zonation scheme of the territory of RA built by

R. Mirijanyan is separated into 3 zones [8], those and the zones of gravitation and magnetic fields have a
unit Caucasian stretching and coincide with the main tectonic constructions. The coincidence gives us a basis
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to consider that there is a connection among the sources of the all fields that makes the block structure.
Exclusion makes only the zone of thermal gradient and average values of thermal flow that in main coincides
with Kapan Anticlinorium. For
the construction of the final scheme of boundaries of blocks the data of movements of the fragments of depth
faults divided by seismic waves and by this the movements in vertical direction of the layers of the earth
crust[8] and the maps of regional faults constructed on the results of field observations are used [4,8]. To
understand on which data the boundaries of blocks were separated in the fig. 2 on corresponding fault in
Latin letters are noted the methods and criteria for separation of the blocks. These criteria are known and are
presented in the works [8]. It is important to note that the faults are separated by a few groups of criteria.

The following important condition for separating of the blocks concerns to considerable homogeniousity
of the blocks of the earth crust, it means that the blocks must have similar structure at the first approach:
rocks of the same class, the same considerable depth of layers and crystal basement, strength, etc, by which
it generally differs from neighboring blocks. As the depth construction of the territory of RA is investigated
in main by the MEWE, gravitation and magnetic, geological methods and the method of upper layers also, so
the depth elements located in the depths of 20-30kms are more reliable. More reliable are the location
elements of crystal basement of the surface. During the classification of the blocks in the first place as the
basis were taken more or less accepted schemes of regional plate tectonics of Anatolia-Caucasus-Iran region
and attention was paid to the two main parameters: classes of faults, location of the blocks in known tectonic
zonation schemes of the territory of RA. The territory of the Republic is located in the collision zone, it
means that the mega block can be a high class unit of block structure on the territory of RA, thus the
existence of plates, sub-plates and segments is excluded. The mega blocks can be formed of blocks of
different classes, as the zones of crash of plates usually are crashed and the amount of separated faults are
many and their classes are different [5, 7-8, 10, 12]. The elements of block structure of the earth crust of the
territory of RA have definite peculiarities, for example a grate amount of blocks of different class, depth,
complex structure of blocks, their movements both vertical and horizontal directions, stiffness of the rocks
forming the blocks till the depths of 20-30kms that corresponds to the strength of seismic layer, the
differenced parameters of the earthquakes: strength, depth, source mechanism, etc. The separated 3 mega
blocks correspond to tectonic zones that are to regional zones of gravitation or magnetic fields (fig.2). For
the classification of the blocks of lower classes preference is given to the data expressing the depth
construction of the earth crust, particularly to seismic, gravity data and faults and regions bounded by them
and we can persist that the blocks of the first class must correspond to the tectonic sub zones or to geological
elements: anticlinorium or synclinorium, segment, etc.. In the fig. 2 five blocks of the first class are
separated: the three in the second mega block and the two in the third. There isn't an obvious basis for
separation of the first class blocks in the first mega block by geological and geophysical data, but it doesn’t
mean that the blocks of the first class are absolutely absent here.

The blocks of second class are separated in the all maga blocks. Their amount is 19 blocks. By these data
the first mega block is more crashed then the second one.
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Fig.1 .The scheme of the mega, first and second class blocks of the earth crust of the territory of RA due
to complex geological, geophysical data: 1-3 mega blocks; 4- boundaries of mega blocks; 5-
numeric display of mega blocks; 6- boundaries of the blocks of first class; 7- numeric display of the
blocks of first class; 8- boundaries of the blocks of second class; 9- numeric display of the blocks
of second class. On the picture the supposed boundaries of blocks and mega blocks are presented
by dotted lines. The criteria of separation of mega blocks, G-gravitation data (g-linear zones of
high gradients, m-changes of values of levels of the field, t-changes of directions, shapes, sizes and
strengths of local anomalies);M-magnetic data (I- linear zones of high gradients, s-changes of signs
of anomalies, t-changes of directions, shapes, sizes and strengths of stretched anomalies); P-
geothermal data (i-changes of values of geothermal gradient and thermal flow, k-presence of local
anomalies of geothermal gradient and thermal flow);S-Seismological data(e-linear location of the
epicenters of strong earthquakes, o-probable faults of the mechanism of source, v—sharp changes of
velocities of seismic waves in the earth crust and upper mantle); E- geological data (r-faults nearer
to the earth surface, h-linear location of volcanic con, f-sharp changes of formations, p-sharp
changes of geo morphological elements);D-data of depth construction (b-sharp changes of the
depth of crystal basement, n-gradual changes of depth boundaries of the earth crust, d- changes of
strengths of different layers of the earth crust).
Reflection of block construction in the lower levels of the earth crust
During the comparison of the maps of the territory of RA constructed by Mohorovich’s surface (built by
MEWE data ) and block structure maps it becomes visible that there is a definite coincidence among the mega
blocks, boundaries of the first class and elements of the relief. Those boundaries sometimes coincide to the
stretching zones of horizontal gradient of Mohorovich’s surface. The data of velocities of seismic waves, which
don’t include in details the depths of lower earth crust [17] and upper [16] mantle are more or less reliable for
investigation of more deep layers of the earth crust of RA. There is a definite coincidence between the mega and
first class blocks and anomalies of P waves.

Horizontal movements of the blocks

For this aim the results of observations realized by GPS on the territory of RA and directions of pressing
strains defined by different specialists in different time periods in the source zones of the earthquakes with M>4

are used (fig.3).

By GPS data the all observation points located on different mega blocks and blocks by a very little difference
move to North- North- East direction. The velocities of horizontal movements annually make 10-20mms, the
velocities of adjacent points those are nearer to the Arabian plate exceed the velocities of the points located in
the Northern part of the Republic. If we consider this question for bigger regions, then this regularity in the scale
of the Southern Caucasus is more obvious. The directions and velocities of movements of the points during 10

years by GPS observations are stable [14].
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The parameters of source mechanisms of the earthquakes with M>4 for the territory of RA are stable enough.
If we take only the directions of pressing axes during those earthquakes, then they also will have an average
North — South direction (fig. 3). It is true, that sometimes the pressing vectors of the source deviate from this
regularity, but those deviations are not significant, that is obvious from the diagram of pressing axes (fig. 3B).
By these data we can’t speak about the twist, rise and fall of the blocks. The faults formed during the earthquake
of an average strength faults, have fall nearer to the vertical direction, and the pressing and stretching vectors
have fall in 50-70°[15, 18, and 19]. This gives us a basis to suppose that the blocks can move both in vertical
and in horizontal directions during the strong earthquakes. It means that the main type of the faults formed
during the strong earthquake is strike-slip, about which indicate the geological data and the parameters of the
mechanisms of strong earthquakes [4, 5-6, 8, 12-13, 15]. The definition of the width of the zone of crash of the
fault is more complicated. The specialists think that in this question the data of width of aftershock zone of
strong earthquakes are more reliable [6, 11, 18, 19], which directly show the width of the zone of crash. Due to
those data the maximal width of the crash zone is 5-8kms.

Conclusions

1. A new scheme for block structure of the territory of RA on which the mega blocks, and the blocks of first
and second classes are separated coming out of the geological and geophysical complex data. An attempt to
give the general scheme of movements of the blocks and to make conclusions about their dynamics is done.
The concept done by different authors that the earth crust of the territory of RA is crashed is confirmed. The
widths of mega blocks makes about 80kms and they stretch in general Caucasian direction, and the blocks
of first and second classes have limitation in stretching and they are more isometric.

2. The boundaries among the mega blocks: regional faults in main are separated by the all geological—
geophysical data and are reliable enough. With some admissions the separated boundaries of blocks of first
and second classes are also reliable. The significant part of the boundaries of third class must be corrected
by new initial data, in spite of the fact that they were separated by the same approaches and complex data.

Fig. 3.Map of block construction of the earth crust of the territory of RA (A) added with some
geodynamical data. - velocity vectors of GSP, the lengths of which correspond to the values
of the velocities [18].2- the directions of the pressing strains of the earthquakes sources with
M>4 [12], the separation diagram is presented in the fig. B.

3. The dominating horizontal movement of the blocks of the territory of RA is in the North-Northeast direction
and the pressing strains of the earthquake sources with M=4, 5 in main have North- South stretching. The
faults formed during the earthquakes of average strengths have inclination nearer to the vertical direction,
and the pressing and tension vectors have inclination of 50-70°. During the strong earthquakes the blocks
can move as in vertical and horizontal directions and the main type of the activated fault is strike-slip.
Twisting, damping or other movements haven’t been mentioned factually.
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4. The data expressing the block structure of the territory have depths nearer to the surface or are located in the
depths of 20-30kms, so the above mentioned regularities in the best case concern only to those depths or as
it is accepted in seismology to the seismic layers.

5. The earth crust of the territory of RA is crashed very much, and the existing data about the movements and
strains give us a basis to suppose that the specialist excluding the possibility of the earthquakes with M>7.5
on the territory of RA are true [5, 11, 15], as in such geological conditions the accumulation of tectonic
strains corresponding to that is impossible.
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BiokoBoe cTpoeHne 3¢MHOIi KOPBI TEPPUTOPUH APMEHHH
C.Hazapersn, T.11lax0exsH
Pesome

Ha ocHoBe aHanm3a pe3yJbTaTOB H3y4YeHHs OJOKOBOIO CTPOCHHUsS 3€MHOM KOpPBI TEPPUTOPHUH ApPMEHHU
PasHBIMH MCCIIEIOBATEIISIMU T€OJIOTHYECKUMH U Te0(PHU3MIeCKUMU METOJaMbl B paboTe ObUIH CHOPMYIUPOBAHBI
OCHOBHBIE HEpEIlCHHbIe 3aZayd. 3aTeM, ONHpasChb Ha KOMIUIEKC TI€0JIOro-reo(pu3nyeckux OaHHBIX OblIa
COCTaBIJIeHa HOBasi cxema OJIOKOBOTO CTpPOEHHSA, JaHa Kiaccudukanus 0;1okoB. Ha cxeme GJIOKOBOTO CTpOEHHS
ApMeHUH BBIJENCHBI TpU Meradioka u 19 OJ0koB pa3HOro mopsnka. I'paHHIaMu MeXAy Meradiiokamu ObLIH
NPUHATBl PETHOHAJBHBIC(TIYOMHHBIE) pPAa3JiOMBl, KOTOpbIe TPAaJUIMOHHO CUUTAIOTCS TPAHULIAMH MEXIY
TEKTOHUYECKUMH 30HaMHU. JTH PAa3IOMBI JOCTATOYHO HAJEKHO BBIICIAIOTCS MOYTH BCEMH (PAKTHUECKUMHU
JaHHBIMBL. C HEKOTOPBIMH JAONYIICHUSIMH JOCTATOYHO HAJEXKHO BBIIEIETCS TakKe OOoJblIas 4acTh OJIOKOB
NepBOro nopsiaka. I'paHuIbl 6JI0KOB HAMHU3KOTO(BTOPOTO) MOPSIIKA HYKIAIOThCS Y TOUHEHHIO.

U3 pucyHka 2 BHAHO, YTO 3€MHas KOpa TEPPUTOPUH APMEHHH CWIBHO pa3ipobiieHa Ha OJOKH pasHOTo
MOPSZIKA, YTO XapaKTEePHO 30HaM KOJHM3HHM TEKTOHMYECKUX IUIUT. BONBIIMHCTBO OJIOKOB JBHUTAIOTCS Ha CEBEPO-
BOCTOK CO CpEJIHEH TOpU30HTAIBLHONW CKOPOThIO 1-2MM/rosi. OCHOBHOW THII MOJBIKOK 10 TpaHHUIAM OJIOKOB(TIO
pasiomMaM) P CHITBHBIX 3eMIICTPSICEHUIX-B30pOCO-CIIBHT.

Block structure of the earth crust of the territory of Armenia

Sergey Nazaretyan, Tigran Shahbekyan
Abstract

On the base of previous studies analysis of block structure of the territory of Armenia by different
researchers the main unsolved problems were formulated. Then according to complex geological-
geophysical data the new scheme for block structure was built and the classification of those blocks was
done. On the scheme of block structure of Armenia three mega blocks and 19 blocks of different classes are
separated. As the boundaries of the mega blocks were accepted the regional (deep) faults that traditionally
are considered as the boundaries among the tectonic zones. These faults more reliable are separated almost
by the all factual data. The great part of the blocks of first class, with some admissions, are separated more
reliable. The boundaries of lower classes (second) must be corrected. From the figures it is visible that the
earth crust of the territory of Armenia is crashed into blocks of different classes strongly that corresponds to
the zones of collision tectonic plates. The great part of the blocks move to the North- East with average
horizontal velocity of 1-2mm/year. The main type of movements by the boundaries of blocks (faults) during
the strong earthquakes is strike-slip.
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The Map of Expected Earthquakes Algorithm: Results of 30 Years of Testing
and Latest Findings

A.D. Zavyalov
Institute of Physics of the Earth, Russian Academy of Sciences,
Moscow, Russia, zavyalov@ifz.ru

Summary
The Map of Expected Earthquakes (MEE) algorithm was suggested in the mid-1980s by G.A. Sobolev,
T.L. Chelidze, L.B. Slavina, and A.D. Zavyalov, the most active members of a special informal team called
QCSA (Quick-Look Comparative Seismic Analysis). Over the last 30 years, the algorithm has been tested in
a variety of seismically active regions all over the world, including the Caucasus, Kamchatka, the Kopet
Dag, the Kyrgyz Republic, Southern California, Northeast and Southwest China, Greece, West Turkey, the
Kuril Islands, and New Zealand. The average predictive effectiveness for these regions was Jygg=2.56 and

3.82, with conditional probability value PEIED 709, and 90%, respectively, selected as an alarm level.
This being the case, 68% and 41% of predicted earthquakes occurred in the zones with these levels of
conditional probability; the area of alarm zones was 30% and 14% of the total area of observations,
respectively.

The most recent paper was the first to use the MEE (Map of Expected Earthquakes) medium-term
earthquake prediction algorithm to develop maps of expected earthquakes in a classical area with a transient
seismic regime, namely the Koyna-Warna reservoir site (India).

The local earthquake catalogue for this area, covering the period of time from 1996 to 2012
(approximately 17 years) and including 4,500 earthquakes with Mr=0-6.5 magnitudes that occurred in the
depth range of H=0-20 km, was used as the database for this work. Linear dimensions of the seismic area are
40x60 km. Approximately half of all earthquakes included in the catalogue are the aftershocks of
earthquakes with Mz >4. They were not excluded from the catalogue when calculating time and space
distributions of predictor parameters and expected earthquake map values. Magnitude M+=2.1 selected as a
representative magnitude, all subsequent calculations of seismic parameters used all earthquakes with
M >2.1 magnitudes registered continuously starting from 1996 over the entire Koyna-Warna area.

A standard set of seismic predictor parameters (dynamic characteristics) used for expected earthquake
mapping of seismically active regions with pronounced tectonic activity was used for the Koyna-Warna area:
b-value of the magnitude-frequency relationship, number of earthquakes in the form of relative seismic
quiescences Ng and in the form of seismicity activations Na, released seismic energy in the form of energy
quiescences Eg and in the form of energy activations Ea, and density of seismogenic ruptures 857 . Time and
space distributions of seismic parameters were calculated in half-overlapping rectangular grid cells AXxAY.
As the base case scenario, we selected the dimensions of a spatial cell equal to 10x10 km. When calculating
Ksp parameter distributions, the cell dimensions were 5x5 km. The sliding time window value &0= for
calculation of current predictive characteristics was selected as =3 years with the shift Af =3 months.

Earthquakes with Mz >4.0 were selected as targets for prediction since they are of interest not only from
a scientific point of view, but also from a social and economic point of view. In 1996-2012, 26 such
earthquakes and their groups occurred in the area under study. This was enough to obtain retrospective
statistical estimates for each precursor used. Among these earthquakes, four groups of events that include
earthquakes with 5.0<Mr <5.5 were the largest. Seven groups include earthquakes with 4.5<Mi<5.0.

Unconditional probability of a major earthquake in the grid cell was estimated as P2 43-0.1698.
Effectiveness of most predictive characteristics J for the selected alarm levels turned out to be more than
3, i.e. these characteristics can be regarded as “quite useful”. For just one characteristic (Ea), effectiveness
was about half as much and equal to J=1.58, which is classified as “useful”.
A series of 42 expected earthquake maps was developed for the Koyna-Warna area, from 1 July 2002 till
1 October 2012, with 3-month step and 2-year prediction periods for each map. The findings of using the
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MEE algorithm in a classical area with a transient seismic regime for the first time were very encouraging.
They showed that its prediction reliability was quite high and equal to Jyee=2.76. Zones with conditional

probability levels P 1EI>90% experienced 56.3% of all earthquakes with #£ >4.0. The alarm area was
20.4+8.4% of the total area of observations. The MEE algorithm was particularly efficient in predicting the
largest earthquakes in the Koyna-Warna area that occurred during the retrospective prediction period. At a
later stage, more accurate adjustment of algorithm parameters may improve the overall prediction reliability.

The prediction can be verified in real time using the most recent expected earthquake map in the series
for the period from 1 October 2012 to 30 September 2014.

Therefore, integral predictive reliability estimates obtained when the MEE algorithm was used for the
Koyna-Warna reservoir site are close to the average values of these parameters for all previous seismically
active regions. These findings may be considered proof of the flexibility of the proposed algorithm.

Introduction

In the mid-1980s, an informal research team called the Quick-Look Comparative Seismic Analysis
(QCSA) Team was formed at the Institute of Physics of the Earth (IPE) in the USSR Academy of Sciences.
The team was headed by G.A. Sobolev and had no permanent members. At different times, the members of
the team were:

From IPE of the Russian Academy of Sciences (RAS): Gennady A. Sobolev, Lidia B. Slavina, Alexey D.
Zavyalov, Elizaveta N. Sedova, Evgeny A. Rogozhin, Andrey A. Nikonov, Timur T. Tagizade.

From the Institute of Geophysics (Georgia): Tamaz L. Chelidze, Tamaz Pilishvili, Rusiko Khelashvili,
Vano E. Nikoladze, Lali Kakhiani, Lali Labadze, Yury M. Kolesnikov.

The task of the team was to develop methodology for mapping areas where major earthquakes are most
likely to occur, using time and space distributions of various geological and geophysical data. After several
years of work, the team developed an algorithm that was later called the Map of Expected Earthquakes
(MEE).

By the earthquake prediction algorithm we shall mean a sequence of actions to distinguish unique
characteristics or abnormal changes in various geological and geophysical fields, and study and analyze them
all to determine the location, intensity, and time of an earthquake.

The MEE algorithm is based on the concept of destruction of the geological environment as a self-
similar and self-organized system of different-scale rock blocks. Based on the kinetic concept of strength in
solids, the authors developed images of abnormal behaviour for different seismological parameters
(precursors) before major (M=>5.5) earthquakes. The MEE algorithm uses the principle of space-time
scanning of the earthquake catalogue within the seismically active region under study. Using the Bayesian
approach, maps of conditional probability distribution P(D;|K) for a potential major earthquake in each
space-time cell were calculated. These maps were called the Maps of Expected Earthquakes.

Over the last 30 years, the algorithm has been tested in a variety of seismically active regions all over the
world, including the Caucasus, Kamchatka, the Kopet Dag, the Kyrgyz Republic, Southern California,
Northeast and Southwest China, Greece, West Turkey, the Kuril Islands, and New Zealand. The average
predictive effectiveness for these regions was Jyge=2.56 and 3.82, with conditional probability value

FE2,J53=70% and 90%, respectively, selected as an alarm level. This being the case, 68% and 41% of
predicted earthquakes occurred in the zones with these levels of conditional probability; the area of alarm
zones was 30% and 14% of the total area of observations, respectively.

This paper also presents the results of developing maps of expected earthquakes for the Koyna-Warna
reservoir site. The site is interesting for the reason that it was considered aseismic prior to the construction of
the Koyna Dam in the north (Fig. 4) and reservoir filling (started in 1961); therefore, no instrumental seismic
observations were conducted in the area. However, on 10 December 1967 a devastating earthquake with
Mp=6.5 hit the area. The earthquake later named the Koyna Earthquake was a classic example of an
earthquake triggered by human activity. The same happened again when the Warna Dam was constructed (to
the south of the Koyna Dam) and its reservoir was filled (filling started in 1985). Therefore, seismic activity
has been observed in the region for almost 50 years and seismic observations have been underway.

The Koyna-Warna area has a transient seismic regime, with such important features as short duration of
the observation period, a small area under study and, therefore, a small number of seismic events in the
catalogue. During our work, we managed to overcome the challenges associated with a relatively short
period of instrumental observations and a small number of earthquakes in the catalogue. This work was done
for the first time. Before that, maps of expected earthquakes were developed only for seismically active
regions with pronounced tectonic activity, such as continental margins, island arcs, subduction zones, etc.
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Examples of MEE Algorithm Applications in Various Regions
Kamchatka. The regional earthquake catalogue for 1962-2012, prepared by the Kamchatka Branch of
the Geophysical Survey of RAS was used to compile maps of expected earthquakes in Kamchatka. The

catalogue includes almost 180 thousand earthquakes with energy classes K =0-16.1 that occurred in the
depth range of A=0-701 km. frew =9.5 is the representative energy class of earthquakes. H=0-100 km was
selected as the hypocenter depth range for earthquakes included in MEE calculations. Approximately 16,300
events were included in the working catalogue of representative earthquakes with frew >9.5 that occurred in
the depth range of H=0-100 km during 1962-2012. The energy class of major earthquakes, i.e. prediction
targets, was selected equal to Kyr>135 (""'Ew >6.0).

Fig. 1 shows one of the maps of expected earthquakes in Kamchatka with the prediction period from 1

January 1997 to 31 December 2002. All earthquakes with Kar >13.5 that occurred during this time interval
are plotted on the map. Most of these earthquakes originated in zones where levels of conditional probability
were higher than 50%. The results of the retrospective prediction for Kamchatka for the entire period of
observations are summarized in Table 1. The total number of earthquakes with the corresponding energy
range is given in brackets.
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Fig. 1. Map of expected earthquakes (map of conditional probability distribution) in Kamchatka for the
period from 1 January 1997 to 31 December 2002. The map shows epicenters of earthquakes and their
groups with &pr >13.5 that occurred during the MEE validity period (6 years). The size of circles is
proportional to the length of rupture in the earthquake source on the map scale. The dashed ellipse indicates a
group of earthquakes that occurred on 5-7 December 1997. The legend in conditional probability terms is
shown on the right. The dimensions of a square elementary cell are 25%25 km.

Table 1. Retrospective Prediction Results for the MEE Algorithm in Kamchatka

Energy class Conditional probability level, PR, 1K}
range
50 % 70 % 90%
K>15.5 1(2) 1(2) 1Q2)
14.5<K<15.5 5() 4 (7) 2(7)
13.5<K<14.5 38 (46) 35 (46) 26 (46)
Total: 44 (55) 40 (55) 29 (55)
JMEE 2.30 3.17 3.27

The Kuril Islands. Fig. 2 shows an example of a map of expected earthquakes for the Kuril
Islands area with the prediction period from 1 October 2006 to 30 September 2010 covering the
series of Simushir earthquakes in November 2006 (M=8.3) and January 2007 (M=8.2). In this case,
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we used the data from the regional earthquake catalogue for 1962-2009, prepared by the Sakhalin

Branch of the Geophysical Survey of RAS for calculation purposes. 'ﬁ'i'g‘ =9.5 is the representative
energy class of earthquakes. H=0-100 km was selected as the hypocenter depth range for
earthquakes included in MEE calculations. Approximately 18 thousand events were included in the
working catalogue of 1962-2009. The energy class of major earthquakes, i.e. prediction targets, was
also selected equal to &zr>13.5 (Mpr >6.0). As can be seen from Fig. 2, most of the earthquakes
Kpr>13.5 originated in the zones where levels of conditional probability were higher than 50%.
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Fig. 2. Map of expected earthquakes in the Kuril Islands for the period from 1 October 2006 to 30

September 2010. The map shows epicenters of earthquakes and their groups with Kyr>13.5 that occurred
during the MEE validity period (4 years). The other symbols are the same as in Fig. 1.

New Zealand. The regional earthquake catalogue for 1980-2010, compiled by GeoNet
Project (http://www.geonet.org.nz/), with a total of some 400 thousand seismic events, was used
for MEE calculations. According to preliminary analysis, the representative magnitude for this
catalogue is #rex =3.5 for the entire period of observations and for the most part of the seismically
active region. H=0-50 km was selected as the depth interval. The working catalogue included
almost 20 thousand representative earthquakes. Earthquakes with magnitudes #sr >5.5 were the
prediction target. Fig. 3 shows one of the maps of expected earthquakes in New Zealand with a
prediction period from 1 January 2006 to 31 December 2010. Table 2 contains retrospective
prediction data for New Zealand for the whole series of maps of expected earthquakes.

Fig. 3. Map of expected earthquakes in New Zealand for the period from 1 January 2006 to 31
December 2010. The map shows epicenters of earthquakes and their groups with Mwr>5.5 that
occurred during the MEE validity period (5 years). The dimensions of a square elementary cell are
50%50 km. The other symbols are the same as in Fig. 1.

Table 2. Retrospective Prediction Results for the MEE Algorithm in New Zealand
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Magnitude Conditional probability level, PE2,(K)
range
50 % 70 % 90%
M>7.0 5(5) 4 (5) 4 (5
6.5<M<7.0 44 4 (4) 4 4)
6.0<M<6.5 10 (11) 10(11) 8 (1)
5.5<M<6.0 16 (20) 16 (20) 13 (20)
Total 35 (40) 34 (40) 29 (40)
JMEE 1.40 1.79 2.76

Koyna-Warna reservoir site. Let us discuss in detail how maps of expected earthquakes for
this region are compiled and analysed.
Input Data and Selection of Parameters

The local earthquake catalogue for the Koyna-Warna area covering the period from 1996 to
2012 (approximately 17 years) and including 4,500 earthquakes with #z=0-6.5 magnitudes that
occurred in the depth range of H=0-20 km was used as the database for this work. Linear
dimensions of the seismic area are 40x60 km. Approximately half of all earthquakes included in the
catalogue are the aftershocks of earthquakes with Mz >4. These aftershocks were not excluded from
the catalogue when calculating time and space distributions of precursor parameters and expected
earthquake map values. With Mc=2.1 sclected as a representative magnitude, all subsequent
calculations of seismic parameters used all earthquakes with #2>2.1 magnitudes registered
continuously starting from 1996 over the entire Koyna-Warna area. Average location errors were
approximately 1 km for epicenters and 3 km for hypocenters.

A standard set of seismic predictor parameters (dynamic characteristics) used for expected
earthquake mapping of seismically active regions with pronounced tectonic activity was used for
the Koyna-Warna area: b-value of the magnitude-frequency relationship, number of earthquakes in
the form of relative seismic quiescences Ng, number of earthquakes in the form of seismicity
activations Na, released seismic energy in the form of energy quiescences Egq, released seismic
energy in the form of energy activations Ea, and density of seismogenic ruptures &37 . Bach of these
parameters and their mathematical definitions are described in detail in [2]. All dynamic predictor
characteristics, excluding concentration of seismogenic ruptures Ky , which has a cumulative
nature and is a threshold value, were represented as time and space distributions of abnormal
deviations from the respective long-term (background) levels scaled to the root-mean-square error
of its definition (the so-called &-parameter). Time and space distributions of seismic parameters
were calculated in half-overlapping rectangular grid cells AXxAY. As the base case scenario, we
have selected the dimensions of a spatial cell equal to 10x10 km. When calculating parameter
distributions of #2f, the basic cell dimensions were 5x5 km. The sliding time window value &T=
for calculation of current predictive characteristics was selected as &7:=3 years with a shift &f =3
months.

Since there were no data on static predictor characteristics (that vary very little during the
seismic cycle) for the Koyna-Warna area, they were not used for this paper. The MEE calculation
methodology allows for such an approach.

In 1996-2012, 26 earthquakes and their groups with magnitudes #z>4.0 occurred in the area
under study (Table 3). Prediction of earthquakes in this magnitude range is of interest both from a
social and economic point of view and a scientific point of view and their number is large enough to
draw statistical conclusions. Among these earthquakes, four groups of events that include
earthquakes with 5.0<Mi<5.5 were the largest. Seven groups include earthquakes with
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4.5<Mr<5.0.
Calculation of Retrospective Statistical Characteristics for Seismic Regime Parameters

Retrospective statistical characteristics for precursor parameters were calculated for different
alarm levels set by the researcher; after that, experts selected the values at which prediction
reliability (i.e. the ratio of the average density of major earthquake flow during alarms (or in the
alarm area) to their average density during the period of observations (or in the area of
observations) for a specific precursor best matched the objective: either the largest number of
predicted earthquakes over quite a long alarm time or the smaller number of predicted major
earthquakes over a short alarm time (strategy by G.M. Molchan). The calculations were performed
as described in [2]. Table 4 shows retrospective statistical characteristics for precursors with alarm
levels selected by the expert for use in subsequent calculations. Note that reliability of most
predictive characteristics J for the selected alarm levels proved to be more than 3, i.e. these
characteristics can be regarded as “quite useful” (see Table 3.2 in [2]). For just one characteristic
fea , reliability was about half as much and equal to J=1.58, which is classified as “usefil”.

The results of using each characteristic to predict earthquakes with #z >4.0 at the Koyna-Warna
reservoir site are summarized in Table 3.
Table 3. Retrospective Prediction Results for Earthquakes with M1 >4.0 that occurred in the

Koyna-Warna Area from 1 January 1996 to 30 November 2012

Geographic Depth, | Magnitu .
No. Date Time coordingatels), grad. klr)n ge Prognostic feature
Lat. Lon. H Mg b Ng | Na | Eq | Ea | Ky
1 1996.04.26 | 12:19:32 17.17 73.71 7 4.4
2 1997.04.25 | 16:22:53 17.35 73.76 3 44
3 [1998.02.11 | 01:08:47 17.17 73.77 6 43 +
1998.02.14 | 00:59:49 17.15 73.73 10 4.2 +
4 11999.06.07 | 15:45:01 17.27 73.76 2 4.7 + +
5 12000.03.12 | 18:03:54 | 17.20 73.72 12 5.2 3 3 + +
6 [2000.04.06 | 22:30:12 17.14 73.67 2 4.8
7 12000.09.05| 00:32:43 | 17.20 73.77 14 5.3 3
8 [2000.12.08 | 13:23:05 17.11 73.74 7 4.1 + + + +
9 [2001.05.17 | 16:04:27 17.19 73.74 8 4.0 + +
10 | 2001.08.02 | 04:08:52 17.13 73.76 5 4.0 + + + +
11 |2003.03.27 | 06:18:23 17.34 73.79 8 4.1 + +
12 | 2005.03.14 | 09:43:48 | 17.14 73.76 3 5.0 A 3 3 + + +
2005.03.15| 02:07:07 | 17.18 73.76 10 4.2 4 3 3 + +
2005.03.26 | 00:56:36 | 17.16 73.77 2 4.0
13 |2005.06.07 | 21:32:06 17.24 73.72 14 4.2 + + + + +
14 | 2005.08.30 | 08:53:17 17.19 73.79 5 4.5 +
15 |2005.11.20 | 18:50:41 17.20 73.76 5 4.0 +
16 | 2005.12.26 | 10:46:05 17.16 73.76 12 4.2 +
17 |2006.04.17 | 16:39:59 17.16 73.77 8 4.6 + +
18 |2007.08.20 | 19:15:53 17.18 73.78 2 4.0 + + +
19 |2007.11.24 | 10:57:48 17.14 73.79 9 4.3 + + + +
20 |2007.11.24 | 11:35:45 17.12 73.7 5 4.0 + + +
21 [2008.07.29 | 19:10:51 17.31 73.74 4 4.2 +
22 |2008.09.16 | 21:47:13 17.31 73.72 14 4.8
23 [2009.11.14 | 13:03:34 17.14 73.79 4 4.7 + + + + +
2009.11.14 | 13:34:35 17.12 73.78 3 4.0 +
24 (2009.12.12 | 11:51:25 | 17.13 73.78 5 5.1 3 +
2009.12.12 | 16:25:41 | 17.16 73.8 12 4.3 A + +
25 12009.12.23 | 03:49:29 17.12 73.78 3 4.0
26 [2012.04.14 | 05:27:41 17.33 73.74 12 4.8 + + +
Total number of predicted earthquakes, Npr (263) ég) ég) (2‘;) é;) éz)
Total number of predicted earthquakes in % % 26.1 | 435 | 609 | 17.4 | 47.8 | 88.5
M>5.0 2@ 3@ 3@ 1@ [3@[4@

82



4.5<M,<5.0 1D |22 |11 |4()
2 4 7 2 6 11
4.0<M,<4.5 12) | (12) | 12) | (12) | (12) | (A5)

Note: The total number of earthquakes with the corresponding magnitudes is given in brackets.

The analysis of the table suggests the following conclusions:
Only one group of earthquakes (No. 12), which consisted of 3 events with the largest one having
a magnitude of Mr=5.0, was preceded by abnormal, statistically significant values of all six
predictive characteristics.
Of the total number of earthquakes, only 5 earthquakes (No. 1, 2, 6, 22, and 25) were not
preceded by any anomalies in any of the characteristics.
All four groups of earthquakes with the largest events with #M1>5.0 were preceded by
anomalies in a number of characteristics.
Of all predictive characteristics, density of seismogenic ruptures Kar+is the most successful in
terms of the number of predicted earthquakes. Using this characteristic, 88.5% of earthquakes
with #z>4.0 were predicted.
Validity of a map of expected earthquakes obtained by averaging expectation times for all 6

characteristics €&, £na, Ena, fea, €ea, Kar | with the selected alarm levels, is &Fmee =2.13710.94

years, whereas the expectation area for an earthquake with Mz >4.0 is &g & =1520117 km’
(Table 4).

Table 4. Retrospective statistical characteristics for predictive characteristics before
earthquakes with M1 >4.0 that occurred in the Koyna-Warna area
from 1 January 1996 to 30 September 2012

. Average Average
P Probability ProF?lilllty expectation | expectation If\hllmbTr of Effecti
ara;nete of detection oala?rrsle time, squage, Real number| 2 se/a arm :(S:ti)\;ene
Alarm level year km of predicted .
PULID) carthquakes Nurpber of ;_)re(pctlon
K; : Ji 49 1 | 'y g missed | in time J;
e k@ | fand @ targets
¥y +2.0c 0.1190 0.0211 1.5+1.1 133426 6 10/71 3.84
fng -2.0c 0.2024 0.0227 1.8+2.2 133447 10 2/66 5.39
Faa +2.0c 0.3929 0.0100 2.612.5 16440 14 0/45 4.78
f"_cﬁ; -1.20 0.1310 0.0358 1.9+1.7 17561 4 3/71 341
- +1.5¢ 0.2500 0.1431 3.843.0 145442 11 13/59 1.58
K.t 11.7 0.5684 0.1508 1.2+41.1 161+50 23 35/41 2.92

Note: Grid size: 10x10 km for £», Tna , $na, feq , $ea parameters and 5x5 km for Kar parameter.

Calculation of Unconditional Probability of a Major Earthquake
To calculate the unconditional probability of a major earthquake in a spatial cell with the

selected dimensions, data on major earthquakes (and their groups) that occurred in the area under
study during the period of observations are used (Table 3). In this case, spatial cells must not be
overlapped (they must be independent). Each seismic event (or a group of events) is represented by
a certain nucleation area where typical changes in geophysical fields are observed, rather than by a
single point corresponding to the hypocenter. The average major earthquake expectation area can be
taken in a first approximation for a set of predictive characteristics as an estimated area of
earthquake nucleation. Then the average number of major earthquakes and their groups that occur
in the expectation area during the expectation time (period of MEE validity) will be equal to
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= ($enp 'K)/S10bs - (ATMEE)/T10bs - Nyjtot | where Nior is the total number of major
earthquakes and their groups; Tams is the period of observations during which #wer events

occurred; Sass is the area of observations where o events occurred. We will call 4 the major
earthquake flow intensity.

If we assume that the flow of major earthquakes obeys the Poisson distribution (and this is
enough in a first approximation), then the unconditional probability of one major earthquake

occurring in the expectation area during the expectation time will be equal to PW) = A gxpl—4)
[1]. Therefore, Py = 1= P2 is the probability of an earthquake not occurring. The resultant
unconditional probability of a major earthquake P2, g assigned to each spatial grid cell. In our
case, if we substitute the required parameter values, we obtain PL041=0.1698. Then #2:3=0.8302.

P24 values were assigned to each rectangular cell of the grid covering the area under study.
Calculation and Initial Analysis of Maps of Expected Earthquakes for the Koyna-
Warna Area

All conditional probability values FPLOIEY for all spatial grid cells was called the Map of
Expected Earthquakes for a period of time [fos fo#&Tmeel, where &7 mee is the MEE validity. It is
assumed that the occurrence of a major earthquake in this time interval is equally probable.
However, it is appropriate to mention here the work by M.O. Kutsenko and A.D. Zavyalov [3]
which shows that the occurrence of earthquakes in different one-year expectation time intervals is
not equally probable. As it turned out, major earthquakes are most likely to occur during the first
years after the precursor appears. The possibility of a major event was 25% during the first year and
more than 70% during the first 5 years for almost all precursors. Please note that this work was
based on data from tectonic earthquake catalogues from different seismically active regions of the
world.

A series of 42 expected earthquake maps was developed for the Koyna-Warna area, from 1 July
2002 to 1 October 2012, with 3-month shift and 2-year prediction periods for each map. The period
from 1 January 1996 to 30 June 2002 (6.5 years) was used to train the algorithm; therefore, the
earthquakes that occurred during this period were not included in the assessment of retrospective
prediction results and MEE algorithm effectiveness. The prediction can be verified in real time
using the most recent map in the series with the prediction period from 1 October 2012 to 30
September 2014 (Fig. 4). As can be seen from Fig. 4, two areas are the most hazardous: one of them
is located to the south of the Koyna Dam and the other, which is larger, is located to the north of the
Warna Dam. At present, we do have no data available on earthquakes with #£>4.0 that occurred in
the area under study.
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Fig. 4. Map of expected earthquakes for the Koyna-Warna reservoir site (India) for the period
from 1 October 2012 to 30 September 2014 (real-time prediction target). The dimensions of a
square elementary cell are 5x5 km.

All earthquakes with M >4.0 that occurred during the prediction period of the map were plotted
on each map of expected earthquakes; then the area of alarm zones with different conditional

probability levels FE2.88Y was calculated. Fig. 5a shows a typical map of expected earthquakes for
the Koyna-Warna area for the two-year period from 1 October 2003 to 30 September 2005. Another
MEE with a different prediction period is shown in Fig. 5b. As can be seen on both maps, major

earthquakes occurred in the zones with the conditional probability level # 2,153>909 during the
prediction period.
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Fig. 5. Map of expected earthquakes for the period from 1 October 2003 to 30 September 2005
(a) and from 1 January 2009 to 31 December 2010 (b). The map shows epicenters of earthquakes
and their groups with &z >4.0 that occurred during the MEE validity period (2 years). The size of
circles is proportional to the length of rupture in the earthquake focus on the map scale. The dashed
ellipse indicates a group of earthquakes that occurred on 14-26 March 2005 (a) and 12-23
December 2009 (b). The dimensions of a square elementary cell are 5x5 km.

The results of the analysis of the whole MEE series are summarized in Table 5. As can be seen from the
table, during the retrospective prediction period from 1 January 2003 to 30 September 2012 at the
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conditional probability level B, |f“ﬂz90%, which is more than 5 times higher than the level of
unconditional probability, both largest earthquakes with Mi>50 (No. 12 and 24), 3 earthquakes out of 5 in
the 4.5<Mr <5.0 range (No. 14, 23, and 26), and 5 out of 9 earthquakes with 4.0<Mz <45 (No. 13, 15, 19,
and 25) were predicted. Out of 16 major earthquakes, a total of 9 earthquakes (56.3%) occurred in the zone

with FEIEY>00%. In this case, the area of observations #g&s with the seismic activity level of 0.1 events
per year falling within the zone with the conditional probability level of 90% was 20.4+8.4%. The integral
prediction effectiveness of the MEE algorithm at this level of conditional probability was 2.76. Table 5 also
shows similar data for other levels of conditional probability (50% and 70%).

Table 5. Retrospective prediction results for earthquakes with M1 >4.0 that occurred in the Koyna-
Warna area from 1 July 2002 to 30 November 2012, using MEE algorithm.

Conditional probability level,

Magnitude range PR, IK)
50 % 70 % 90%
Mr>50 212 2/2 2/2
45<Mr <50 4/5 3/5 3/5
so<dr <45 7/9 6/9 4/9
Total number of predicted earthquakes, Npr 13 11 9
Number of predicted earthquakes in %% 81.3 68.8 56.3

Total number of strong earthquakes that occurred in

C 16
the area, #aae

]
“ai o 40.5+7.6 | 36.648.8 | 20.4+8.4
Average alarm square m/ﬁ#s %% 0.4+8

MEE effectiveness Jyveg 2.01 1.88 2.76

Conclusions

The paper contains examples of MEE for a variety of seismically active regions all over the world and
retrospective prediction results for each of them.

The paper also provides a detailed description of MEE calculations for the Koyna—Warna area and initial
analysis of the results. A retrospective analysis of prediction effectiveness has been made for each of the
seismic precursors used in the MEE algorithm. It transpired that the density of seismogenic ruptures is the
most successful characteristic of all predictive characteristics in terms of the number of predicted

earthquakes. The resultant unconditional probability of a major earthquake in grid cells is PED1)—0.1698.
The findings of using the MEE algorithm in a classical area with a transient seismic regime for the first
time were very encouraging. They showed that its prediction effectiveness equal to 2.76 was quite high.

Zones with conditional probability levels PLD1ED>909, experienced 56.3% of all earthquakes with
Mr>4.0. The alarm area was 20.4+8.4% of the total area of observations. The MEE algorithm was
particularly efficient in predicting the largest earthquakes in the Koyna-Warna area that occurred during the
retrospective prediction period. At a later stage, more accurate adjustment of algorithm parameters may
improve the overall prediction effectiveness. Integral predictive effectiveness estimates obtained when the
MEE algorithm was used for the Koyna-Warna reservoir site are close to the average values of these
parameters for all previous seismically active regions. These findings may be considered proof of the
flexibility of the proposed algorithm.

The prediction can be verified in real time using the map of expected earthquakes for the period from 1
October 2012 to 30 September 2014.
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Aaroputm Kaprtel Oxunaembix 3emiieTpsiceHuii: pe3yjabTathl 30-j1eTHUX
HCNBITAHUIA U TIOCJIeIHUE JOCTHKECHU S

A. 1. 3aBbssI0B
Pestome

Anroputm KO3 — Kapra Oxunaembix 3emuerpsicennid Obul npeasiokeH B cepeanne 1980-pix
rojioB [.A.CoboneBbim, T.JI.Uennmze, A.J[.CnaBunoit u A.J[.3aBbsIIOBEIM, SBIISIBITUMUCS HanOoOJee
aKTUBHBIMH wWwieHamMu HedopmanpHOi Temarmdeckoir rpymmel OCAC —  omepaTHBHOTO
CPaBHHUTEIHHOIO aHalM3a celicMuyHOCTH. 3a mpomeamue 30 JeT alropuTM ObLI MPOTECTUPOBAH B
Pa3IMYHBIX CEHCMOAKTUBHEBIX perrnoHax mupa: Kaska3, Kamuatka, Komer-Jlar, Kuprusus, HOxHas
Kamudopuusi, Cesepo-Bocrounwiit u IOro-3anagnerii  Kuraii, ['peuwms, 3anagnas Typrwus,
Kypunsckue o-Ba, Hoas 3enannus. CpenHsst nporHoctuueckass 3(QQEeKTHMBHOCT IO 3TUM
pernoHam cocrtaBuia Jxk03=2.56 u 3.82 mpu BBIOOpE B KadecTBE YPOBHS TPEBOTU BEIUYHHBI

yenosroii Bepositioctn FE24183=70% u 90% coorserctBenHo. IIpu 3TOM B 30HAX C ITHMH
YPOBHSIMU YCJIOBHOM BEpOSTHOCTH Ipou3ouuio 68% u 41% nporHo3upyeMslx 3eMIIETPSICEHHM, a
TUIOMIa b 30H TpeBoru cocraBuia 30% u 14% ot obmieit miomaau HaOIroIeHUH.

B mocnenneii paboTe BHepBbIE MpENNpPUHATA TONBITKA  HCIOJNB30BaTh  AITOPUTM
cpenHecpodyHoro nporHosza 3emierpsaceHudt KO3  ans  moctpoeHus KapT — OKUIAeMbIX
3EMIIETPSCEHHH B KJIACCHYECKOM palOHE C TEPEXOTHBIM PEXUMOM CEHCMHYHOCTH — pailoH
Bonoxpanwmig Koina-Bapua, Uaaus.

BenuunHbl WHTETrpalibHBIX OIEHOK MPOTHOCTHYECKOW 3((EKTUBHOCTH, TONYYCHHBIE NpU
ucnons3zoBanun anroputMa KO3 B paiione Bopoxpanwmmil KoitHa-Bapha, Onusku K cpegHum
BEJIMYMHAM 3THX [apaMeTPOB MO BCEM IMPEAbIAYIINM CEHCMOAKTUBHBIM PErHOHaM. DTOT pe3yIbTaT
MOKHO pacCMaTpUBaTh B KAYECTBE CBUIETEILCTBA YHUBEPCAIIBHOCTU IIPEUIOKEHHOTO AJITOPUTMA.

dobogrmebgemo dofolidg@gdbols @gz0L Semgm@omndo: 30 Farosbo

3>dm3pgdol dgogagdo ©s gobaglo dow§gggso
o, bogosgmgo

@gbgmolb IgbogHhgdoms Szo@gdool gesdofoli gobogol obbBodgGo
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Abstract
Studies of precursors and events that occur before an earthquake is one of the most important problem
that arose in todays’ seismology. Earthquake prediction has become the issue that needs to be solved, it will
help us to forecast destructive earthquake. In this article we will discuss water level daily monitoring in
several boreholes located in different parts of Georgia.

Keywords: water level, precursors, earthquake prediction, geoelectromagnetism

Introduction

The main reason of this research was to find the answer to the question is the change of water level in
the boreholes the same effect on the incoming earthquake appearance as the variations of magnetic fields or
not.

The hypothesis for possible correlations between the earthquakes and the variations of magnetic fields,
Earth’s horizontal and vertical currents in the atmosphere, was born when in the when the historical data on
the Black Sea was systemized. The achievement in the Earth surface tidal potential modeling, with the ocean
and atmosphere tidal influences being included, makes an essential part of the research. In this sense, the
comparison of the Earth tides analysis codes [1] was very useful. The possible tidal triggering of earthquakes
has been investigated for a long period of time [2].

The earthquake-related part of the models has to be infinitely repeated in the “theory—experiment—
theory” process, using nonlinear inverse problem methods in looking for correlations between the different
fields in dynamically changing space and time scales. Each approximate model supported by some
experimental evidence should be included in the analysis. The adequate physical understanding of the
correlations among electromagnetic precursors, tidal extremes and a impendant earthquake is related to the
progress of an adequate Earth magnetism theory and electrical currents distribution, as well as to the
quantum mechanical understanding of the processes in the earthquake source volume before and during the
earthquake.

Simultaneous analysis of more accurate space and time measuring sets for the Earth crust condition
parameters, including the monitoring data of the electromagnetic field under and over the Earth surface, as
well as the temperature distribution and other possible geophysical precursors, would be the basis of
nonlinear inverse problem methods. It could be promising for studying and solving the “when, where and
how” earthquake prediction problem.

The discovery of geomagnetic quake as reliable precursor for increasing of

regional seismicity

In December 1989, a continuous measurement of a projection of the Earth's magnetic field (7 ) with a
magnetometer (know-how of JINR, Dubna, Boris Vasiliev) with absolute precision less than one nano-Tesla
at a sampling rate of 2.5 samples per second was started. The minute’s mean value of F, its error mean value,
the minute’s standard deviation SDF, and its error were calculated, i.e., every 24 hours, 1440 quartets of data
were recorded.

Minute standard deviation of F'is defined as:

1)\ 2\2
SDF, = (N)Z(Ff ~Frn) M

i=1

where m is the chosen time interval and # is the number of simples during the period,
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F =| — F
( N)Z , 2)

i=1

with N, the number of samples per minute.

The connection between variations of local geomagnetic field and the Earth currents was established in
INRNE, BAS, Sofia, 2001 seminar [3]. The statistic of earthquakes that occurred in the region (1989-2001),
confirmed the Tamrazyan notes [4,5], that the extremes of tides are the earthquake’s trigger. The
Venedikov’s code [6,7] for calculating the regional tide force was used [8].

The signal for imminent increasing regional seismic activity (incoming earthquakes) is the “geomagnetic
quake” (Gq), which is defined as a jump (positive derivative) of daily averaged SDF .., devoted to half sum
of middle geomagnetic field indices. Such approach permits to compare by numbers the daily behavior of the
geomagnetic field with those in other days.

Among the earthquakes occurred on the territory under consideration in certain time period, the
“predicted” one is the earthquake with magnitude M and distance between epicenter and monitoring point

Dist,, which is identified by the maximum value of the function:
Sy = 10134748 /(D + Depth,, + Dist , )2 [energy/kmz] (3)

where D=40 km is a fit parameter.

The physical meaning of the function Scy, is a surface density of earthquake’s energy in the point of
measurement. It is important to stress out that the first consideration of the earthquake magnitude M and
epicenter distance dependence was obtained using nonlinear inverse problem methods. Obviously, the close
distance strong earthquake (with relatively high value of Scy.s) will bear more local Earth currents variations,
which will generate more power geomagnetic quake.

It is very important to note that in the time scale of one minute, the correlation between the time period
of increasing regional seismic activity (incoming earthquake), and tide extrema, recognized of predicted
earthquake was established using the Alexandrov’s code REGN for solving the over - determined nonlinear
systems [8,9]. The very big worthiness of Alexandrov’s theory and its code is possibility to choose between
two functions, which describe the experimental data with the same Ai-squared, the better one.

Day-Difference analysis

The role of the electromagnetic variations as earthquake’s precursor can be explained in general by the
hypothesis: the strain accumulation in the Earth Crust during the earthquake preparation causes medium’s
density change, within which a chemical phase (“dehydration”) shift and a corresponding electrical charges
shift appears. The Earth tides extreme as earthquake’s trigger could be based on the hypothesis of
“convergence of tidal surface waves” in the region (territory with prominent tectonic activity as
consequences of chemical phase shift) of impending seismic activity.

For every occurred earthquake was calculated “day-difference”; the smaller absolute time difference
between the hypocenter time and the daily times of pre and post tide’s extreme time at that site on the Earth
surface (the earthquake epicenter). This procedure was provided on all reported earthquakes in ISC catalogue
(http://www.isc.ac.uk/) for the time period 1981-2011 and M=>3.5. The program for calculating of daily
averaged module of vector movement 7mean is based on Dennis Milbert TIDE program (solid.for), by which
Tide data could be calculated only for the time period after 1981. The DailyTide time of the Tide extremes
Tmean were calculated by analogy of center mass calculation.

The statistic of day-differences for the earthquakes that occurred worldwide (1981-2011) and the
Gaussian fitted curve (Fig.4), confirmed the Tamrazyan notes [5,6] from 1960-th, that the extrems of tides
play a role of earthquake’s trigger.

Data and stations

The main reason of this research was to find the answer to the question has changing water level in the
boreholes the same effect on the earthquake appearance as the variations of magnetic fields or not.

The hypothesis for possible correlations between the earthquakes, the variations of magnetic fields,
Earth’s horizontal and vertical currents in the atmosphere, was born when in early 1988, the historical data
on the Black Sea was systemized. The achievement in the Earth surface tidal potential modeling, with the
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ocean and atmosphere tidal influences being included, makes an essential part of the research. In this sense,
the comparison of the Earth tides analysis codes [6] is very useful. The possible tidal triggering of
earthquakes has been investigated for a long period of time [7].

After studying this fact a hypothesis was born may be we can forecast earthquake using the same
methodology.

Before discussing our methodology let stop our attention on the boreholes, which are located in different
parts of Georgia.We have Ajameti borehole (depth 1300 m); Axalkalaki (1400 m); Borjomi-70 (1300 m);
Kobuleti (2000 m); Lagodehi (800m) and Marneuli (3500m).

The location of these boreholes is shown in Fig.1a.

Fig.la Map of boreholes in Georgia
Here is the detail description of the boreholes:

Depth, Filter  interval, . Geologlcal Water
Borehole Lithology intervals,
meters meters level, meters
meters
Ajameti 1330 520-740 Litostone 520-740 -6
Tuff, andezit,
Ahalkalaki 1400 1000 basalt, dolomite | 580-1000 -0.2
Borjomi-70 1330 1260-1300 Clay 0-12 -22
Tuff, andezit, | 0-150
Kobuleti 2000 187-640 bazalt 150-2000 -0.5
Lagodehi 800 255-367 Sand+gravel 0-24 -15.8
Marneuli 3500 1235-1600 Gravel 0-50 -5

Methodology of analysis

We have selected earthquakes with magnitude M > 3.5 at distance D < 500km from boreholes for
2011,2012 and 2013 years. After format conversion of water level data we calculate the daily standard
deviation (daily level signal). When we have the jump of today and yesterday signals we say that we have a
precursor for incoming regional seismicity. After this we analyze the day difference between occurred
earthquakes and next extreme of the tide, calculated using Dennis Milbert Fortran code for local tidal
behavior, http://home.comcast.net/~dmilbert/softs/solid.htm.

For precursors calculation we used one hour water level data. The statistic evidence that water level
precursors can be used for estimation of incoming regional seismic situation is illustrated in the figures 2,3
and 4,5.
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Fig.1b The map of earthquakes during 2011-2012
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Fig.2 Marneuli borehole daily monitoring including period of great earthquake in Turkey (2011)

As we see in figure 2 the first graph in the left corner is the picture of tidal behavior [m], the next shows

the energy (J/km2 ), the next — magnitude, and the last describes precursors (red columns) and water level
signals (blue points). The blue points has been count using normal standard deviation and the red columns so
called precursors were obtain by subtraction of the daily standard deviation of today and the previous day
[10,11]. The first graph in the right corner is water mean during 23 October the period of great Turkey
earthquake and the next describes standard deviation of water level [12].

The same emplacement is shown for another period in the figure 3.
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Fig.3 Marneuli borehole daily monitoring (2012,2013)
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Fig.4 Marneuli borehole Gauss Distribution for day difference (2011-2012,2012)
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Fig.5 Marneuli borehole Gauss Distribution for day difference (2013)

From the figures 4 and 5 we see that the day difference distribution from 2011 until 2013 are described
well by Gaussian curve with the R-square not less than 0.90.

The figure 6 presents frequency count for the distance of the selected by precursors earthquakes with
maximal energy density in monitoring point with increment 10 km.

The highest number of the earthquakes is at the distance 300-350 km (Turkey earthquakes), the

earthquake at distance 350-450 km are Iran earthquakes and the other one that are at distance less than 300
km are regional local earthquakes.
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Fig.6 Two boreholes frequency counts for distance of selected by precursors quakes
and frequency count of distance on Marneuli borehole 2013

Conclusion
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As conclusion we can say that the using in analogy of geomagnetic quake approach of daily boreholes
water data level analysis can serve as precursor of increasing regional seismic activity.
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MoOHUTOPUHT YPOBHA BOAHI B CKBAXKMHAX M METOZ, IPeCKa3aHUA 3eMJIeTPSACEHUH
A. Coopmukos, I'. Koo3es, C. Maspoaues, I'. Meaukanse

Pesrome

W3yuenus mnpekypcopoB M HEKOTOPHIX JpPYrUX IPOLECCOB MPENUIECTBYIOUIMX 3EMIIETPSACEHUI0
ABJISIETCS OAHOM M3 BaKHEHMIIMX MpoOiieM COBpeMeHHOHM Hayku. IIpenckazaHue 3eMIIETPSACEHUH CTalo 4yTh
J1 HE BOIPOCOM HOMEp OJIMH, KOTOPBII HyXIaeTcs B PELICHUH, A TOro YTOOBI CMATYUTH IOCIEACTBHS
paspyLIUTEIbHBIX 3eMIIETPsICEHU. B 3TOl cTaThe MBI pacCMOTPUM U3MEHEHUS YPOBHS BOABI B CKBOKHHAX U
METOJ IpeACKa3aHus 3eMIIETPSICEHHH.
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Abstract

In present research we investigated the fractal and multifractal properties of the earthquake time
series occurred around the Enguri dam. We used field and laboratory data sets. Different data analysis
methods including the methods of detrended fluctuation analysis (DFA) has been used. Exactly, we analysed
the interevent time series in two periods: 1) 1960-1980, in which the investigated area was characterized by
the natural seismicity; ii) 1981-2012, in which quasi-periodic change of the reservoir water level affected the
earthquake generation. Additionally stick-slip acoustic emission data sets have been used.

Our findings in both field and laboratory data sets show that the water level variation may influence
the dynamical properties of earthquake temporal distribution in the local area around the Enguri dam.

Introduction

As it follows from many literature data large reservoirs may influence local seismic activity.
Reservoir-induced seismicity has been reported in many cases worldwide in last two decades (e.g. Simpson
et al., 1988; Talwani, 1997; Telesca, 2010; Telesca, 2011; Telesca et al., 2012a; Telesca et al., 2012b;
Telesca et al., 2012c; Telesca et al., 2012d; Telesca et al., 2012¢). Proposed mechanisms are change of strain
in the earth’s crust caused by the weight of water, or increased groundwater pore pressure which decreases
the effective strength of the rocks around the reservoir (Simpson et al., 1988; Talwani, 1997; Trifu, 2002).
This mechanism seems may work at the first stage of influence of large amount of water increasing to the
maximal level. Later, for the period when the change becomes periodic, like for electric hydro power
stations, it was proposed mechanism of reservoir induced synchronization of seismic process (Peinke et al.
2006; Matcharashvili et al., 2008).

Although several aspects related with reservoir-induced seismicity are well-know, some other issues
related with the changes of local seismic activity caused by water level still remain poorly investigated. One
of these is related to the dynamical characterization of time distribution of seismicity in the area around large
dams and water reservoirs.

In this paper, we investigate, dynamical properties of the time distribution of the earthquake series
with and without the influence of reservoir water level variation in the Enguri area. Laboratory data of stick
slip acoustic emission also have been analised.

Methods

In present research we used the detrended fluctuation analysis (DFA) (Peng, et al. 1993, 1995) and
phase synchronization quantification methods for our data sets. DFA is method for detrending local
variability in a time series, providing insight into its long-term variation features. This technique provides a
quantitative parameter (DFA scaling exponent) that gives information about the correlation properties of the
time series. The reason why the DFA is so useful is that it allows to detect scaling behavior in nonstationary
time series, along with its really simple implementation; these characteristics feature the DFA as a very
effective method in gaining information about an observational time series.

The DFA works as follows (Peng et al., 1993). The time series x(k) (of length N), is firstly integrated
and the so-called “profile” Y(i) is determined . Then Y(i) is divided into boxes of size n, and in each box of
length 7, the polynomial local trend Y,(7) is calculated and removed from the profile. The root mean square
fluctuation of the integrated and detrended series is, then, calculated:
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This process is repeated for all the available scales (box sizes n). If the relationship between F(n) and n is a
power-law, the signal is fractal:
F(n)~n”

The scaling exponent a gives the information about the long-range power law correlation properties of the
signal. Scaling exponent a = 0.5 corresponds to white noise (noncorrelated signal), when a < 0.5the
correlation in the signal is anti-persistent, if a > 0.5the correlation in the signal is persistent. @ =1 means
uniform power law behavior of 1//noise and a =1.5 represents a Brownian motion (Peng et al., 1993,1995).
The value a >1.5corresponds to long-range correlations that may be related to both stochastic and
deterministic correlations (Peng et al., 1995; Rodriguez et al., 2007).

Besides the field data, as an appropriate laboratory model we investigated acoustic emission data
collected during the stick-slip experiments with superimposed weak periodical forcing. The experimental set
up consists of a system of two roughly finished basalt plates. A constant dragging force of about 10 N was
applied to the upper (sliding) plate weighting 0.7 kg. During the first series of experiments, the upper plate
was subjected to periodic electric (48 Hz) perturbations with variable amplitude (from 0 to 1000 V)
superimposed on the constant dragging force. During second series of experiments the periodic perturbations
were of the constant amplitudes, correspondingly 7.5 V and 975 V. Slip events were recorded as acoustic
emission bursts. Acoustic emission waveforms as well as the sinusoidal electro magnetic signal (f = 48 Hz)
were digitized at 44 kHz. Details of the setup and technique are given in (Chelidze and Lursmanashvili,
2003; Chelidze et al., 2005).

From these acoustic emission data sets the time series (catalogues) of the emitted acoustic power
during consecutive 27 cycles of the external 48 Hz periodic forcing were calculated as a ratio of the area
between the acoustic signal curve and x-axis for 27 periods of superimposed sinusoidal signal to the time
duration of this 277 periods.

In experiments without or with small external periodic forcing the same duration of the mentioned
27 cycles was used as a time scale. In Fig. 5 a typical time series of the emitted acoustic power at increasing
external forcing is presented. The data were normalized to zero mean and unit of standard deviation. As in
the case of seismic energy analysis, the probability of emitted acoustic power P, exceeding the given
threshold value was calculated for laboratory stick-slip data.

For the investigation of possible synchronization effects, the instantaneous phases of
mentioned data sets were calculated based on the Hilbert transform and analytic signal concept
(Pikovsky et al., 2003).

Results and discussions

We analyzed the earthquake catalogue of the Enguri area (west Georgia) within 90km from the
location of the dam. The construction of the dam started in 1970. The filling period ended in 1980 and after
that, the water level variation became quasi-periodic. Therefore, we investigated the fractal properties of the
interevent times (in minutes) in two time periods, 1960-1980 and 1981-2012 (Fig. 1). We considered both
the whole and the declustered (Reasenberg, 1985) catalogues for a threshold magnitude of 2.0.
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Fig. 1. Interevent time intervals from the whole catalogue of Enguri area in 1960-2012. The arrow indicates
the separation in the two periods: before the arrow, 1960-1980; after the arrow 1981-2012.

Fig. 2 shows the DFA fluctuation curves in the two investigation periods. We calculated the

fluctuation curves for p=2,..,5 where p indicates the degree of the fitting polynomial. Table 1 shows the
scaling exponents with varying p.
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Fig. 2. DFA fluctuation curves for interevent time series from earthquake catalogue in 90km area around
Enguri dam in a)1960-1980 and b)1981-2012. Order of polynomial fitting p=2 (squares), 3 (triangles), 4
(circles), 5 (diamonds).

Table 1. DFA scaling exponent a of interevent time series.

Order of fitting Before influence of water During influence of
polynomial, level variation, (1960-1980) | water level variation in
p reservoir, (1981-2012)
2 0.54+0.02 0.72 £0.03
3 0.50+0.01 0.77 £0.03
4 0.51+0.02 0.75 £0.03
5 0.54+0.02 0.77 £0.04

It is striking that the scaling exponent is approximately unchanged with varying of the detrending
polynomial degree. In particular, the period during the effect of the water level quasi-periodic variation is
characterized by a more persistent interevent time series than the period before, with exponent around 0.7,
significantly larger than 0.5, which characterizes the seismicity in the first period (Fig 3).
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Fig. 3. DFA fluctuation curves for interevent time series from declustered earthquake catalogue in 90km area
around Enguri dam in a2)1960-1980 and b)1981-2012. Order of polynomial fitting p=2 (squares), 3
(triangles), 4 (circles), 5 (diamonds).

Table 2. DFA scaling exponent a of interevent time series from declustered catalogue.

Order of fitting Before influence of water During influence of
polynomial, level variation, (1960-1980) | water level variation in
p reservoir, (1981-2012)
2 0.52+0.02 0.77 £0.03
3 0.504+0.02 0.77 £0.04
4 0.53+0.02 0.74 £0.03
5 0.534+0.02 0.73 £0.03

Next in order to have longer data sets we analysed acoustic emission data from stick-slip
experiments which is laboratory model of seismicity. Results of stick-slip (acoustic emission)
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experiments with external periodic forcing confirm the hypothesis that the dynamics of process was
changed under water level periodic influence.
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Fig. 4. Phase increase of power of emitted acoustic energy time series. Upper line —lower, and mid
line —larger, external periodic forcings. Bottom line corresponds to phase increase of periodic
influence.

Such changes connected with synchronization confirmed above results on field data.

Indeed, in order to test the results on longer time series and at constant amplitude of external
forcing the data on the acoustic emission experiments with stable external influence were analysed
from the synchronisation point of view. Namely, the time series of power of emitted acoustic
energy obtained in two series of experiments with different external periodic forcing (Fig. 4).

Thus, comparing field seismic and experimental acoustic energy emission data, the
conclusion can be drawn that the during periodic variation of water level in reservoir dynamical
changes in local seismic process are detectable both by DFA as well as synchronization testing
analysis.

Conclusions

We investigated properties of the earthquake temporal distribution around Enguri dam located in
West Georgia during two periods: 1960-1980 and 1981-2012. The first period is characterized by natural
seismicity, because occurred before the construction and the filling of the dam; the second period is
characterized by reservoir-induced seismicity affected by the quasi-periodic water level fluctuation.

It was found that, water level variation may influence the dynamical properties of the temporal
distribution of the seismicity of the Enguri area. In particular, the temporal dynamics of the seismic process
under the effect of the quasi-periodic water level oscillation is more persistent and more homogenous than
that governing the natural seismicity typical of the area before the filling of the dam.

Acknowledgements
This research wouldn’t have been possible without the kind support and overall help of member of
Georgian National Academy of Sciences Prof. T.Chelidze as well as Prof. T.Matcharashvili who influenced
the creation of this article both directly and indirectly, without whose knowledge and assistance this study

would not have been successful.

References

101



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

Chelidze, T., Lursmanashvili, O., 2003. Electromagnetic and mechanical control of slip: laboratory
experiments with slider system, Nonlinear Processes in Geophysics, 20, 1-8.

Chelidze, T, Matcharashvili, T., Gogiashvili, J., Lursmanashvili, O., Devidze, M., 2005. Phase
Synchronization of Slip in Laboratory Slider System, Nonlinear Processes in Geophysics, 12, 1-8.
Matcharashvili, T., Chelidze,T., Peinke, J., 2008. Increase of order in seismic processes around large
reservoir induced by water level periodic variation, Nonlinear Dynamics, 51, 399-407.

Peinke, J., Matcharashvili, T., Chelidze, T., Gogiashvili, J., Nawroth, A., Lursmanashvili, O., Javakhishvili,
Z., 2006. Influence of Periodic Variations in Water Level on Regional Seismic Activity Around a Large
Reservoir: Field and Laboratory Model, Physics of the Earth and Planetary Interiors, 156/1-2, 130-142.

Peng, C. K., Mietus, J., Hausdorff, J., Havlin, S., Stanley, H. E., Goldberger, A. L., 1993. Long-Range
Anticorrelations and Non-Gaussian Behavior of the Heartbeat, Phys. Rev. Lett. 70, 1343-1346.

Peng, C. K., Havlin, S., Stanley, H. E., Goldberger, A. L., 1995. Quantification of scaling exponents and
crossover phenomena in nonstationary heartbeat time series, Chaos. 5, 82-87.

Pikovsky, A., Rosenblum, M.G., Kurth. J., 2003. Synchronization: Universal Concept in Nonlinear Science,
Cambridge University Press, Cambridge, 411.

Reasenberg, P., 1985. Second-order moment of central California seismicity, 1969-1982, J. Geophys. Res.,
90, 5479-5495.

Rodriguez, E., Echeverria, J. C., Alvarez-Ramirez, J., 2007. Detrended fluctuation analysis of heart intrabeat
dynamics, Physica A: Statistical Mechanics and its Applications. 384, 2, 429-438.

Simpson, D.W., Leith, W.S., Scholz, C., 1988. Two types of reservoirinduced seismicity. Bull. Seism. Soc.
Am. 78, 2025-2040.

Telesca, L., 2010. Analysis of the cross-correlation between seismicity and water level in Koyna area (India),
Bull. Seismol. Soc. Am., 100, 2317-2321.

Telesca, L., 2011. Investigating the temporal variations of the time-clustering behavior of the Koyna-Warna
(India) reservoir-triggered seismicity, Chaos Solit. & Fractals, 44, 108-113.

Telesca, L., Mohamed, A. E.-E. A., ElGabry, M., El-hady, S., Abou Elenean, K. M., 2012a. Time dynamics
in the point process modelling of seismicity of Aswan area (Egypt), Chaos Solitons & Fractals, 45, 47-55.
Telesca, L., Lovallo, M., Amin Mohamed, A. E.-E., ElGabry, M., El-hady, S., Abou Elenean, K. M.,
ElShafey Fat ElBary, R., 2012b. Investigating the time-scaling behavior of the 2004—2010 seismicity of
Aswan area (Egypt) by means of the Allan factor statistics and the detrended fluctuation analysis, Nat.
Hazards Earth Syst. Sci., 12, 1267-1276.

Telesca, L., do Nascimento, A. F., Bezerra, F. H. R., Ferreira, J. M., 2012c. Analyzing the temporal
fluctuations of the reservoir-triggered seismicity observed at Agu (Brazil), Nat. Hazards Earth Syst. Sci., 12,
805-811.

Telesca, L., EIShafey Fat ElBary, R., Amin Mohamed, A. E.-E., ElGabry, M., 2012d. Analysis of the cross-
correlation between seismicity and water level in the Aswan area (Egypt) from 1982 to 2010, Nat. Hazards
Earth Syst. Sci., 12, 2203-2207.

Telesca, L., Matcharasvili, T., Chelidze, T., Zhukova, N., 2012e. Relationship between seismicity and water
level in the Enguri high dam area (Georgia) using the singular spectrum analysis, Nat. Hazards Earth Syst.
Sci., 12, 2479-2485.

Talwani, P., 1997. On nature of reservoir-induced seismicity. Pure Appl. Geophys. 150, 473-492.

Trifu, C.I. (Ed.), 2002. Special Volume Pure & Applied Geophysics, vol. 159.

BpeMeHHbIe Bapuanumn CCﬁCMH‘lHOCTH, CBA3aHBIC ¢ BOAOXPAHWINIIEM I/IHI‘ypl/l -
AHAJIN3 ITOJICBBIX U JIﬂﬁOpﬂTOprIX JAHHBIX

A. Coopuiukos, E. Menapuase, /. Tennanze, H. IxxaBaxumsuiau, U. Ilerpuamsuiiu
Pesrome

B nanmsolt paboTe OBUTH HCCIEIOBAHEI (DPAaKTATIBHBIC W MYJIBTH(PAKTATEHEIC CBOWCTBA BPEMEHHEIE
CepHU 3eMIICTPACCHUH, MPOU3OLIEAIINX BOKPYT BojoxpaHmmumia Wurypu. lcnons3oBaanuch MoJeBbIE U
71abopaTOpHbIE JaHHbIE. BBUIM UCIONB30BAHBl PA3JIMUHbIE METOJbl aHAIM3a, BKIIOYas NETPEHIUPOBAaHHBIN
(biyxTyanoHHbI aHanu3. Takke ObUIM MPOaHATM3UPOBAHBI JiBe BpeMeHHbie cepuu: 1) 1960-1980 srtot
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neproa OBl OXapaKTepH30BaH ECTECTBEHHOW cedcMuuHOCThIO; 2) 1981-2012 B 3TOT TMepmon KBas3u-
HEepHOIUYHAsT U3MEHEHHSI yPOBHS BOABI B Pe3epByape BIMsUIA Ha TCHEPUPOBAHHE 3eMileTpeceHnil. B pabore
ObuIa HCIIOIb30BaHA AKKYCTHUYECKAs YMUCCHS BUIA CTUK-CIIUIL.

HccnenoBanne moseBbIX U Ja0OPaTOPHBIX JAHHBIX MOKa3alld, YTO BapHanus YPOBHS BOIBI MOXKET
BIMATH Ha JUHAMHYECKYIO XAapaKTEpUCTHKY paclpeieleHHsl 3€MIIETPECEHHUHI B OKPECTHOCTAX
Bomoxpanmwmima UHrypu.
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ECOLOGICAL RISK OF TERRITORY AFFECTED BY MINING
INDUSTRY IN CONDITIONS OF HIGH SEISMIC HAZARD
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of Vladikavkaz Scientific Center of Russian Academy of Sciences and the Government of the
Republic of North Ossetia-Alania, e-mail:cgi_ras@mail.ru

In connection with the growing anthropogenic impact the protection of environment became the global
issue. The portion to the environmental pollution made by the mining industry is significant.

In conditions of mountainous relief the problem is aggravated even more because of limitedness and
closure of space. The factors, which influence the state of environment, under the conditions of highland
region bear priority nature because of the special signs of topographical, territorial and geographical plan [1,
6, 7].

It is also necessary to note that practically all forms of natural phenomena and processes of geological,
hydrogeological and meteorological nature are the sources of risks. Earthquakes are some of the most
dangerous natural phenomena under the conditions of mountainous relief. From the point of view of
spreading on the territories the earthquakes are the most dangerous natural phenomena in Russia (about 20%
of the territory potentially is subjected to the impact of earthquakes with the intensity of 7 points on MSK
scale and more).

Besides its direct destructive impact in the territories, where industrial enterprises generating or
processing dangerous chemical substances are located, the earthquake can cause ecological catastrophes.

The estimations of losses from the earthquakes, made according to world data of the insurance company
Munich Re, show that the number of events with the severe consequences in the entire world in the period of
1986-1995 is more than three times increased in comparison with 1960, and the volume of losses grew
almost 15 times. The analysis of causes for an increase in the losses shows that these are the irreversible
consequences of the rapid population and industry growth, increase of the infrastructure, commercial and
economic activity in the large cities and the industrial centers, located in seismically active regions.

The wastes of output and processing placed in confined area create the ecologically tense situation in the
regions and they contribute to the degradation of environment. The ecological capacity of the biosphere of
mining systems in comparison with the plains territories is limited; therefore the technogenic interference on
the system of mountain landscapes requires balanced approach [2].

The territory of North Osetia is located in the zone of high seismicity and it is characterized by the
greatest seismic risk, since in conditions of high seismic hazard there is the greatest density of population in
North Caucasus [4].

In 2007 on the basis of accounting of possible seismic sources (PSS) zones (Rogozhin E.A.) the
probabilistic maps of seismic hazard of the RNO-A were constructed by the specialists of Center in
collaboration with the Georgian scientists.

According to the maps of seismic hazard in the territory of republic for the important objects, such as the
tailings dumps, entire southern part of the republic is located in the limits of 9 MSK intensity (Fig. 1). [4, 5].

In the case of earthquakes with intensity of 5 points the site, folded by some type of soil and occupied by
tailings dump (wastes of mining industry), will be under active impact. The natural volume of the waste,
which contains heavy metals and their salts, frequently irrigated deformed by waves, will obviously
noticeably change under the moderate seismic influences, accelerating the leaching of minerals. This will
increase the volume of toxic substances penetration into the soil, which will enlarge the area of pollution.
Toxic substances temporarily “preserved” in the bottom deposits, for example river Ardon, will increase the
pollution of territory more even though the river flow will take away large part of waste in the estuary.
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Fig. 1. The seismic hazard map of the RNO-A territory

It is known that even in the case of moderate earthquakes so-called second hazards (for example, landslides or
fires) can exceed many times the seismic risk from the earthquake. The leaching process of the mining industry wastes
will considerably increase in the case of strong earthquakes, and the consequences, formed by such a second hazard,
can, exceed many times losses from the primary sources without any doubt.

To assess the pollution of the territory as closely related parameter, the development of neoplasm among the
inhabitants of the urbanized mountain territory on the example of Vladikavkaz city was investigated. Morbidity was
studied depending on the distance from the metallurgical enterprises and tailings dumps, located in the northeastern part
of the city. The dispersion halo of heavy metals from the enterprises is revealed over the area of approximately 40 km?,
where the content of metals by an order exceeds the mean concentration.

For the processing and the subsequent analysis of the obtained data about the neoplasm morbidity the special
database was developed [3]. We also studied the wind rose to investigate the influence of the air flow on the spreading
of pollutants and their possible influence on cancer morbidity of population. Investigating the dependence of the
number of diseases from the distance to the sources of pollution, makes it is possible to conclude that the number of
cases per unit of area decreases with an increase of the distance from the industrial objects and the tailings dump (Fig.

2) [3].

number of blood diseases per
areaunit

2 2.5 3 3,5 4 4,5 5 5,5 6
Distance. Kin

Fig 2. Dependence of the number of blood diseases per area unit on the distance from
the industrial objects
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Fig 3. Neoplasm morbidity on data of city polyclinics

The analysis of the constructed maps for different age groups, and also forms of localizations, makes it
possible to conclude that the special features of air flow directions and the immediate vicinity of buildings
and construction of industrial enterprises “Electrozinc” and "Pobedit”, including tailings dumps form the
maximum negative contribution (fig.3).

Conclusions

The map of neoplasm morbidity for the territory of Vladikavkaz city is constructed.

The closest correlation of the air flow motion the special features of which penetrate on the tailings
dump and expanding the region of pollution by toxic substances in the territory of city, is observed on cancer
morbidity of age class of up to 20 years and on cancer morbidity in some locations for all age classes.

In the case of sufficiently strong earthquake the emission into the environment of harmful wastes and
substances, which will affect ruinously the health of population and environment, can occur.
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3KOJOTHYECKHNU PUCK TEPPUTOPUH TOJABEPT AIOLIIEVICS
BO3JENCTBHUIO T'OPHBIX NPEJINPUSTHUH B YCJIOBHUSIX BBICOKOM
CEMCMHUYECKOM OITACHOCTH

3aanunumsuiu B.B., Bypazuesa O.I'.

Jns  OIlEHKH 3arps3HEHHWS TEPPUTOPUU  TSHKEIBIMH  METAUIaMH  OBUIO  W3YyYeHO  pa3BHUTHE
HOBOOOpa30BaHUil Ha TeppUTOpUM I'. BragnkaBkasa. Bbu1o yCTaHOBIEHO, UTO UX paclpelesieHHe HaXOAuTCs
B KOppEISIHUs ¢ 0COOCHHOCTAMU JIBUKEHUS BO3IYIIHBIX MTOTOKOB (Po3a BeTpoB).

Tepputopust CeepHoit OceTun pacroyiokeHa B 30HE BBICOKOH celicMuueckoi omnacHocTu. CoryiacHo
KapTe JeTaJbHOIo CEHCMHMYECKOTO palOHMpOBaHMS Ul OTBETCTBEHHBIX OOBEKTOB, XBOCTOXPAaHWIIMIIA
PacToNOoKEHbI B Ipeienax 30Hbl 9-0aIbHON HHTEHCUBHOCTH.

W3BecTHO, UTO aXke MPU YMEPEHHBIX 3eMIIETPSACEHUAX T.H. BTOPUYHBIE OIACHOCTH MOTYT MHOTOKPaTHO
IPEBBICUTh CEHCMHUUYECKHH PUCK OT COOCTBEHHO 3emileTpsiceHus. IIpu CHIIBHBIX 3€MIIETPSCEHUSAX MPOLECC
BBILLENIAUYMBAHUA ~ OTXOZOB TOPHOJOOBIBAIOIIEH NPOMBINUICHHOCTH  3HAUUTEIbHO  YBEJIMYHTCH, a
HOCIEACTBUS, GOPMUPYEMBIE TOA00OHONH BTOPUYHON ONACHOCTHIO, MOTYT 0€30 BCSKOTO COMHEHHS, BO MHOTO
pa3 IpeBBICUTH NOTEPH OT NMEPBUUHBIX HCTOUHUKOB.

[Ipu 1OCTaTOYHO CHUIBHOM 3EMJIETPSICEHUN MOXKET MPOM30UTH BBIOPOC B OKPYIKAIOLIYIO Cpelly BPEAHBIX
OTXOJIOB U BEII[ECTB, KOTOPEIE MaryOHO OTPAa3sATCs Ha 30POBLE HACCICHNS M OKPY’KAIOIIEH Cpe/ie B IIEIOM.
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ANALYSIS OF GLACIER KOLKA FALL ON 20-th SEPTEMBER 2002 ON
THE BASIS OF INSTRUMENTAL DATA OF THE SEISMOLOGICAL
NETWORK OF GEORGIA

Zaalishvili V., Makiev V., Melkov D.
CENTER OF GEOPHYSICAL INVESTIGATIONS
of Vladikavkaz Scientific Center of Russian Academy of Sciences and the Government of the
Republic of North Ossetia-Alania, e-mail:cgi_ras@mail.ru

On 20-th September of 2002 the tragic event occurred, which took aback the entire population of the
Republic of North Ossetia-Alania — sudden fall of the glacier Kolka. As a result the village Nizhniy
Karmadon disappeared. The bigger part of houses in village Gornaya Saniba, built in recent years in the river
Genaldon floodlands, turned out to be under water. People were buried by the flow, there were children
among them. The group of Sergey Bodrov, that participated in filmingwas also buried.

The instrumental records obtained by the local network of the Center of Geophysical Investigations (at
that time — the Geophysical Center of Experimental Diagnostics (GCED)), due to the trigger start mechanism
of the seismic stations, the preceding event and the large part of the glacier Kolka fall process were
registered only partially. This caused the need for the comparison of the obtained records with the data of
other stations. The absence of complete information often led to different and sometimes to reinforced in no
way hypotheses [Berger, 2013].

The analysis of available instrumental data shows the correspondence of the basic stages, obtained on the
different stations of the local network of the seismological observations of RNO-A [Zaalishvili, Nevskaya,
2003; Zaalishvili et.al., 2004, Zaalishvili et.al., 2005, Zaalishvili, Kharebov, 2008; Zaalishvili, Melkov,
2008, 2012].

For the purpose of the more detailed investigation of the glacier Kolka fall process data of the seismic
stations (Abastumani, Ambrolauri, Akhalkalaki, Akhaltsikhe, Oni, Tbilisi) given by Georgian colleagues
civilly in 2004 year, were investigated. These analog records completely cover the period of twenty-four
hours from 19-th to 20-th September of 2002. The most complete and qualitative is the data of Tbilisi station
(geophysical observatory) (Fig. 1-2).
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Fig. 1. Records of the preceding events (time of the beginning of events is indicated in the
absolute corrected values)

The analysis of the earthquake catalog showed that on 20-th September of 2002 before the catastrophic
fall of the glacier Kolka the earthquake occurred. Thus on 15:43:50,3 in region of West Irian (1,68° N
134,23° E) the earthquake with magnitude M=6,2 and the depth of the epicenter of h=33 km occurred. This
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distance longitudinal P-waves pass in time of approximately 13 min., and shear S-waves in time of
approximately 26 min. It is necessary to note that the arrival of P-wave in this case will occur in
I15h 56 m 50 s, and S-wave 16 h 09 m 50 s. The attention is immediately drawn to the good correspondence
of the times of the basic phases of waves with the stages of the glacier fall.
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Fig. 2. The glacier Kolka fall process on 20-th September 2002.

The registration of such remote signals by the indicated type of observations is quite possible. Moreover,
even less sensitive local network of the observations of CGI RAS & RNO-A repeatedly recorded the remote
earthquakes (China, Japan, etc) [Zaalishvili et al., 2012]. In connection with this, it can be assumed that the
“trigger” for the glacier fall was the indicated earthquake. In our opinion, precisely, it caused the trigger
recording of the most sensitive stations: Chikola, Vladikavkaz 31 and stations of Geodynamic Observation
Center in the Energy Sector (GOCES) located in Zaramag hydroplant construction site [Zaalishvili et.al.,
2004].

Vertical component attenuates with the distance considerably more rapidly than the horizontal
component. In connection with this the records of the remote earthquakes, as a rule, are characterized by
relativly weak vertical component. After attenuation of the indicated vibrations it is possible to observe the
long-period pulse on the vertical component (events 4', 4* in Fig. 2). The horizontal component of pulse
(EW) is quite significant.

On 16 h 09 m 29 s low-amplitude high-frequency vibrations (in our opinion the beginning of the glacier
fall!) are observed, through 80-82 s end by large high-frequency pulse (impact on the rocks of the starboard
of river Genaldon valleylower the ice tongue of the Mayli glacier) and further continues nearly the same
high-frequency process, but characterized by the considerably large, distinctly expressed vibrations.
According to the data of different stations, the amplitude of horizontal vibrations in this case exceeds the
amplitude of vertical not less than in 2.5 times. Strictly the process of the glacier Kolkafall before the
achievement of microseismic disturbance level continued for 10 m 31 s. In this case the monotonic reduction
of the amplitude of vibrations is observed already after 16 h 14 m 31 s.

The maximum duration of the process of the glacier Kolka fall, which was controlled by GCED stations,
covers, as noted above, 7 m 40 s and, undoubtedly, includes the major part of the fall process according to its
amplitude contribution (event 5, event 8, Fig. 2).

Thus, the analysis of obtained data gives grounds to assert that in the region of glacier Kolkaon 15 h 56
m the echoes of the remote earthquake appeared, which was “the trigger”of the glacier Kolka fall.

Conclusions

1. On the basis of instrumental records, the basic stages of the process of the glacier Kolka fall are
established.

2. According to the results of analysis, undoubtedly different nature of the preceding event and basic
process of the glacier Kolkafallon 20-th September 2002 is established.

3. In the region of glacier Kolkaon 15 h 56 m the echoes of the remote earthquake appeared, which was
“the trigger” of the glacier Kolka fall.
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AHAJIN3 CXOJA JIEAHUKA KOJIKA 20 CEHTABPSI 2002 I'. 11O
JAHHBIM 3AIIMCEU CEUCMOJIOTHYECKOU CETHU I'PY3UHU

3aaaumBuiu B.B., MakueB B.Jl., Meabkos J[.A.,
Lenmp ceopuzuueckux uccnedosanuti BHI] PAH u PCO-A, Baraouxaskas, Poccus

20 cents6ps 2002 r. mpowm3omien BHe3anHbld cxon JiegHnka Konka. B pesysibrare yka3aHHOro cxopia
ucued noc. Hwkumit Kapmagon. Oxkasanace mox Bomoil Oombmiasg vacth 1oMoB c. [opras CanmuOa,
MOCTPOEHHBIX B IIOCJIEAHUE rofbl, B okiMe p. ['enangon. [lorubnu moau, B TOM yucie, A€TH.

INomydeHHBIC ¢ TOMOIIBIO JIOKAIBHON ceTH L{eHTpa reopu3nvecKknx UCCIeTOBaHUH HHCTPYMEHTAIbHBIC
3allUCH, B CHUJIy TPUITEPHOCTH BKJIIOUEHHS CEHCMHYECKHX CTAHIUH, JUIIb YaCTHYHO 3aperUCTPUPOBAIH
IpenIIecTByoee cOOBITHE U OOJBIIYIO YacTh IIporecca cxoa Jeaganka Konka.
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no 20 centsiOpst 2002 r. m OBUIM YCTaHOBIICHBI OCHOBHBIE 3Tambl Ipollecca cxona lemnuka Konka. B
4acTHOCTH ObLIa TOKa3aHa pa3iindHasi IpUpoia MPEAIeCTBYIOIET0 COObITHS U OCHOBHOTO TpOIecca CX0/a.
bbuio moka3aHo, YTO Ha 3alMCAX BBIAENEHBI IIPOAOJIBHBIE M IONEPEeYHbIe BOJHBI OT YJAJICHHOTO
3eMJICTPSICEHHUSI.
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CAPABILITIES OF POLARIZATION ANALYSIS IN SEISMIC
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Polarization analysis opens great possibilities in processing of different data, in particular, algorithm
developing by the Center of Geophysical Investigations makes it possible to locate epicenter of earthquake
(with a certain accuracy) in “real time”, using data even of one seismic station (in the absence of connection
with the remaining observation points). The task of localization consists in detection of arrivals of p- and s-
waves, azimuth and incidence angles, and evaluation of epicenter coordinates and depth using hodograph.

The possibilities of using the polarization analysis for the identification of seismic waves [Alkaz and
other, 1977], in practice we have approved for the first time in 2008 for operational processing of the Kirov
earthquakes records took place on the territory of North Ossetia [Zaalishvili et al., 2008].

On May 11, 2008 in 14:57 of local time (MSK) in the territory of North Ossetia occurred the earthquake,
felt in Vladikavkaz city with intensity of 2-3. In the first hours after earthquake, on the request of
EMERCOM of RNO-A, we have processed the record of the SGI VSC RAS station and by means of
polarization analysis the azimuth was estimated and suppositional region of the earthquake epicenter was
determined.

The determination of the coordinates of epicenter according to the data of one station was conducted on
epicentral distance, determined according to the difference in the time of the first entrances p- and s-waves
and the azimuth to the epicenter, which was determined by the parameters of the ellipsoid of the wave form
of the first arrivals of the longitudinal wave. According to the preliminary data the epicenter was found in 30
km to the West-NorthWest from Vladikavkaz city. Macroseismic survey of the territory of epicentral region
(Ardon and Alagir regions) was carried out.

Special features of seismic impact were taken into account. Earthquake affect was described by all the
respondents in the form of the push, remarkable by to the reaction of household articles (table, sofa, bed,
etc). The special features of vibrations during the earthquake are well visible on the instrumental records,
where the entrance of share wave has the form of short-term pulse (Fig. 1).
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Fig. 1. The record of earthquake 11 May 2008, station Geocenter (Vladikavkaz).
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Assuming duration of vibrations as the interval, in which the amplitude exceeds half of its maximum
value, one can obtain it equal to 1.6 seconds. In connection with this, even under the conditions of the
relatively high impact amplitude, the facts of the rattle of dishes (seismic scale) and, all the more, windows
and doors, will be absent because of the short duration of action. On the basis of the survey results map of
seismic of intensity on the territory of the Republic was composed (Fig. 3). The macroseismic epicenter of
earthquake was located in the region of Kirov village in the Ardon region. Since in ss.villages Nogkau and
Michurin intensity was also more significant than in the remaining territory, and given populated areas were
assigned the zone of three-point intensity.
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Fig. 2 Map-diagrams of the manifestation of the earthquake of 11.05.08 in the RNO-A territory

After detection of arrivals of p-wave the azimuth to epicenter and incidence angle of seismic ray are

determined directly by eigenvectors e/ and eigenvalues A of the matrix a; :
i si)i_
(ai-2,-6) =0
aj =2 u(t)-u;()
t 2
where i, j = X, y, z, sum is accomplished on the chosen time fragment.
The results of calculating the azimuths are represented in Table 1, epicenters are designated by the

asterisks in Fig. 2: number 1 corresponds to the assumed epicenter, determined according to the first
entrance, and 2-4 on the following phases of the fluctuations of p-wave (Fig. 3).

Table 1.
# of fragment incidence angle azimuth
1 68° 284°
2 71° 294°
3 60° 277°
4 49° 281°
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Fig. 3. The analyzed fragments of the record of p-wave

For determination of p- and s-waves arrivals STA/LTA algorithm is used, i.e., the ratio of energy of
signal in the sliding windows, for the background (LTA) and the useful signal (STA). The results of the
algorithm application presented in Fig. 4. The values of the parameters are LTA =5 s; STA = 0,5 s. For s-
wave allocation preliminary projection of record to the direction, perpendicular to azimuth to the source was
performed, which makes it possible to unambiguously identify it on the seismogram.
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Fig. 4. Results of the isolation of the entrances of longitudinal and transverse waves.

The examined event was also localized with the use of a package of standart programs (HYPOELLIPSE,
etc.) [Zaalishvili and others, 2008]. As a result difference between the instrument and macroseismic
epicenters was noted. However, such differences are well known. Thus, for Racha earthquake (Georgia,
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1991) the difference between instrument and macroseismic epicenters was significant. Such facts of intensity
distribution are, obviously, caused by a whole series of the factors: the special feature of the geological
structure of the structures formation - source (fault), the depth, the way of the propagation of seismic waves,
by directional effect, and finally by the influence of local conditions.

Conclusions

1. The use of polarization analysis with the algorithms of automatic pick-up of seismic waves makes it
possible to produce operational preliminary localization of seismic events according even on the basis of
data of single seismic station.

2. Proposed algorithm can be used together with other procedures of data processing, in particular its use
improves the accuracy of detection of s-waves.

3. The work of algorithms is demonstrated on the example to postprocessing, at the same time there is a
possibility of their use in the data processing systems in real time regime.
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BO3MOXHOCTHU HOJISIPUBAITUOHHOI'O AHAJIM3A B OBPABOTKE
CEUCMOJIOTHYECKUX JAHHBIX
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HVcnionp3oBaHue MOJIIPU3ALMOHHOIO aHAJIN3a COBMECTHO C JITOPUTMAMU aBTOMATHUYECKOTI'O BBIAEIECHUS
CEMICMUYECKUX BOJIH TMO3BOJISET MPOHU3BOAMUTH OINEPATHBHYIO MNPEABAPHTENBHYI0 aBTOMATH3UPOBAHHYIO
JIOKAJIM3aLHUI0 04aroB 3eMJIETPSICCHUH B PeKUME PEabHOTO BPEMEHH.

OneHka KOOpAMHAT OIHUIEHTPa MOXET OBITh BBINOJIHEHA IO SHHUIEHTPAILHOMY PAaCCTOSIHUIO,
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BCTYIUICHUH MPOJOIBHON BOJIHBI.
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Automatic onset time picking of acoustic signals
N. Zhukova, T. Chelidze, T. Matcharashvili.
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Abstract

We present an application of the modified Akaike Information Criterion (AIC) for an automatic
determination of the onset time of acoustic emissions (AE). Instead of analysis of original signal in
the modified AIC the Hilbert Transformation of a signal with further implementation of 3 SIGMA
signal filtering is suggested .The onset time information is used to derive automatically AE
characteristics during laboratory natural and forced stick-slip experiments for dynamical
investigations, namely revealing phase synchronization of natural slip events by a weak forcing.

Program description
There are many methods for determination of onsets of seismic and acoustic signals
automatically (Grosse et al, 2004; Kurz et al, 2005; Niccolinilet al, 2012). For our task we adapted a
well known Akaike Information Criterion (AIC) techniques. Initially developed to predict an
optimal order for an autorecursive filter, the criterion can be used to demark the point of two
adjacent time series with different underlying statistics.
We modified AIC method like it is shown on the block-scheme bellow:

Original signal
Hilbert
Transformation

signal nullification, No

f signal is
higher than
3 sigma value
in a window

Combine
AIC
transformatio
v
Detect

Wave train ‘lolnset position
Wave train duration
Wayve train energy

Yes, pass signal

Fig.1. Block-scheme of modified AIC method calculations

In our case we do not apply AIC directly to original acoustic signal. The program package
developed at M. Nodia Institute of Geophysics implements the algorithm with underlying block-
scheme, shown in (Fig.1).

The program ANBW.exe passes the original acoustic signal (Fig.1a, wav file) through the
Hilbert Transform block. As the result of this operation we get envelopes of acoustic signals (Fig.
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2b). The construction of envelope of the signal leads to increase of the signal-noise ratio. After this
using the second program (filt.exe), we compare each point in acoustic time series with a 3 Sigma
value in a predefined window. By this procedure we are able to separate wave trains the from noise
background (Fig. 2¢).
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Fig.1. Wave trains processing scheme by the modified AIC method

Lastly we calculate AIC function (by program naicf.exe) for the each wave train (Fig.2d)
AIC value is calculated from the signal by formula:

AIC(t) = t -log{var(x[1,¢])} + (N — ¢ — 1) - log{var(x[t + 1, N1},

where x - time series, N - window, t - current point position in a window,
2 1 < N2
var is determined as o, , = WZ(xi —x)”,x—mean value of x.

A time window is chosen on the previous steps. AIC picker finds the onset point as the global
minimum, the selected time window includes only the segment of the wave train. If the time
window is chosen properly, AIC picker can find the first arrival of the signal very well.

The program was tested on time series of Acoustic Emission (AE) produced during stick-slip
motion of a sliding rock plate on the fixed one. These spring-slider experiments were aimed to
model dynamic triggering/synchronization of the seismicity by a weak forcing (Chelidze et al,
2010a, 2010b). In our case the segment of interest is the acoustic emission AE signal (wave train)
generated by slip events during instable friction movement; precisely, can these slip events be
triggered/synchronized by the weak external applied force.

Typical acoustic time series is depicted on Fig.3. During stick-slip experiments acoustic time
series with triggered wave trains have been recorded. Experimental setting and detailed description
can be found in (Chelidze et al, 2010a, 2010b). We used these time series for adaptation of AIC
method and for comparing results of manual and automatic determination of onset time arrivals.
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Fig. 3. Acoustic Signal generated during stick-slip motion
Fig. 4 shows the calculated AIC functions for each AE. The min value of AIC is located in the

position T, which corresponds to the time of onset arrival.
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Fig.4. AIC transformation of AE

Our research showed that the automatic picking by AIC gives a good coincidence with
manual picking. Fig. 5 shows 2 curves of PDF plotted for waiting times between wave trains, plotted
manually and automatically.

As we can see the curves are generally identical.
PDF of interevent between AEs

30

25

— Automatical AIC picker

20

——Manual picker

10

Bins( sec)

. Fig. 5. Distribution of waiting times between onsets of wave trains: (black line) - onsets are found
automatically by AIC method; (grey line) - onsets’ are found manually.

The times between onsets we used also to plot the distribution function of phase shifts A¢
between onsets of AE for natural and mechanically forced stick-slip (Fig. 6). The experiments were
carried out in identical conditions except forcing. We can see 2 curves: the first corresponds to a
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stick-slip experiment with a weak periodic (20 Hz) mechanical forcing and the second one —to a
natural stick slip. The PDF function of A¢ for forced stick-slip, which shows a strong maximum
indicates that the assumption on phase synchronization of stick-slip is correct. The PDF for A¢p
between AE during natural stick-slip and virtual 20 Hz sinusoid shows absence of synchronization as
it was expected.
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Fig. 6. Distribution of AE phase shifts 4¢ relative to the virtual sinusoid phase for natural (grey line)
and forcing sinusiod (black line) stick-slip in seconds.

It should be noted that besides onsets and terminations timing the modified AIC program
developed in M. Nodia Institute of Geophysics allows automatic determination of many
characteristics of AE wavetrain: position of the maximum of AE signal, magnitude of the absolute
maximum in AE signal, duration of the wavetrain, interevent time between maxima of AE busts,
time between termination of one AE signal and the onset of the following one, time between
successive onsets of AE signals, the energy of the AE signal (as a sum of squares of amplitudes in the
wavetrain), sum of modules of amplitudes in the wavetrain.

Conclusion
Modified AIC picker is able to find accurately the onset of acoustic signals against the
backgroundnoise as well as several other important characteristics of AE wavetrains. The modified
AIC calculation improves the accuracy of acoustic signal filtration.
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