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M9 Tohoku earthquake response in Georgia — possible local tremors and
hydroseismic effects
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1. M. Nodia Institute of Geophysics at Iv. Javakhishvili Thilisi State University Alexidze
str. 0160, Thilisi, Georgia, tamaz.chelidze@gmail.com
2. llia State University

Abstract

Presently, there are a lot of observations on the significant impact of strong remote earthquakes
on underground water and local seismicity regimes: (so called nonvolcanic or dynamical tremors). On
the other side, teleseismic wave trains give rise to several hydraulic effects in boreholes, namely water
level oscillations, which mimic seismograms (hydroseismograms). Both these effects are closely related
to each other as one of main factors reducing local strength of rocks is the pore pressure of fluids.

Some evidence of possible dynamic triggering from great Tohoku (M9) earthquake has been
obtained recently in the West Caucasus. Besides tremors, clear identical anomalies on the large part of
territory of Georgia from Borjomi to Kobuleti in the borehole water levels has been observed at
passing S- and Love-Rayleigh teleseismic waves of Tohoku earthquake. We presume that coincidence
of possible tremor signal with water level anomaly (oscillation) makes much more reliable event
classification as a triggered one. We also report a new observation on water level oscillations during
passage of multiple surface Rayleigh waves.

1. Introduction.

Presently, there are a lot of observations on the significant impact of strong remote earthquakes
on underground water regime and triggered local seismicity (so called nonvolcanic or dynamical
tremors). The stresses imparted by teleseismic wave trains according to assessments are 10° times
smaller than confining stresses at the depth, where dynamical tremors are generated. Many of such
results still are subject of intense scientific discussions due to the weakness of wave trains from remote
earthquakes, but nevertheless are quite logical in the light of undisputable strong nonlinearity of
processes underlying seismicity: the tremors are generated due to a nonlinear effect of super-sensitivity
to a weak impact. On the other side, teleseismic wave trains give rise to several hydraulic effects in
boreholes, namely water level oscillations, which mimic seismograms (hydroseismograms). Both these
effects, seismohydraulic and triggered tremors are closely related to each other as one of main factors
reducing local strength of rocks is the pore pressure of fluids: this is the scope of relatively new
direction, so called hydroseismology. Thus we presume that coincidence of possible tremor signal with
water level anomaly (oscillation) makes much more reliable triggered seismic event classification.
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The stresses imparted by teleseismic wave trains according to assessments are 10° times smaller
than confining stresses at the depth, where the tremors are generated (Hill and Prejean, 2009; Prejean
and Hill, 2009). Our laboratory data on stick-slip confirm reality of triggering and synchronization
under weak mechanical forcing (Chelidze et al, 2010). According to (Brodsky et al, 2003; Wang, C.-Y.,
Manga, 2010; Zhang and Huang, 2011) the dynamically triggered tremors (DTT) can be related to the
fluid pore pressure change due to passage of wave trains from remote strong earthquakes; that is why
we carried out integrated analysis of seismic and WL data. Good correlation of WL signals with offsets
of strongest teleseismic waves (S, L, R) should be some validation of hypothesis that perturbations in
filtered seismic records of remote earthquakes (EQs) are indeed DTT events.

There are fundamental questions which have to be answered in order to make the domain of
dynamically triggered seismicity useful instrument of earth crust physics. It is not clear why dynamic
triggering (DT) is not observed everywhere (Parsons et al, 2014), why it is observed mainly in some
specified tectonic zones (extensional, hydrothermal areas), why the same dynamical forcing results in
different response in similar tectonic zones, how ubiquitous is the phenomenon, is there a coupling of
DT and water level change in boreholes, how DT can be related to the stress state in the depth, where
the DT is forming, etc.

2. Local possible tremors triggered by Tohoku earthquake in Georgia

The dynamic triggering due to the great Tohoku M 9 earthquake (2011), Japan was observed in
local seismicity all around the globe (Gonzalez-Huizar et al. 2010; Obara and Matsuzawa, 2013). The
main characteristic of DT events are peak dynamic values of stress (Tp) or strain (ep); for shear waves
Tp= G (uplvs) and &, = uplvs ; here G is the shear modulus, up is particle’ peak velocity and Vs is
velocity of the shear wave. Analysis of the field data gives values of T, from 0.01MPa to 1MPa (&,
from 0.03 to 3 microstrain). We assume that such large scatter is due to the impact of another important
factor, namely, the local (site) strength of earth material, which is highly heterogeneous. Thus what
matters is not the absolute value of T;, or g, but the difference between local stress and local strength
or resistance to failure (Chelidze and Matcharashvili, 2013, 2014). This is why in some areas high T,
do not trigger local seismicity and, on contrary, some areas manifest DT even at low peak stresses
(Hill, Prejean, 2009;). One of main factors reducing local strength is the pore pressure of fluids, which
is the scope of relatively new direction, so called hydroseismology (Costain and Bollinger, 2010).

We presume that Tohoku EQ could also trigger local seismic events in Georgia (Caucasus),
which is a continental collision area, separated from Japan by 7800 km. The teleseismic waves’ phases
onsets at Thilisi and Oni seismic stations (s/s) for the main shock are as following (UTC/GMT): p - 05
57 41,S - 06 07 26; Love - 06 18 00, Rayleigh - 06 21 30. Though it is accepted that extensional
tectonics and presence of hydrothermal sources favors dynamical triggering of local tremors (Prejean
and Hill, 2009), the latest analysis shows that weak “seismicity rate significantly increases immediately
after (~45 min) M7 mainshocks in all tectonic settings and ranges” (Parsons et al, 2014).

Band pass (0.5-20 Hz) filtered records at two broadband seismic stations (s/s) located in Oni
(South slope of Greater Caucasus) and Thilisi (valley of river Kura), separated by the distance 130 km,
as well as in Azerbaijan (Altiagach station ATG) were analyzed. The digital records were processed
using SEISMOTOOL program (Chelidze et al, 2014) as well as by standard procedure (Chao et al,
2012) are shown in Fig.1. The sequence of triggered events is quite similar at seismic stations of the
region.
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channel). Phases of seismic waves from the mainshock and arrival times of p-waves of strong
aftershocks are marked by vertical lines. (a) at Thilisi s/s; (b) the same for Oni s/s; in (a) and (b) the
original records were processed using the SEISMOTOOL program (Chelidze et al, 2014). (c) at
Thilisi s/s (NS-component); (d) Z-component at Altiagach s/s (ATG), Azerbaijan. In (c) and (d)
original EQ records (upper channels) were filtered by high-pass band 0.5-20 Hz filter (lower
channel) using standard filtering procedure (Chao et al, 2012).
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The strongest event in the filtered signal coincides with the arrival of p-waves. The source of the
strong seismic signal at p-wave arrival time in the bandpass 0.5-20 Hz filtered record (Fig. 1) is
ambiguous: maybe it is a processing artifact caused by the specific range of filter as the burst
practically vanishes at 5-20 Hz bandpass filtering. Thus in the following analysis we ignore p-wave
effect (see section 4). Nevertheless, we still prefer to use bandpass filter 0.5-20 Hz as the DTT
corresponding to S, L and R- waves as well as signals from strong aftershocks can be clearly
distinguished in the filtered record.

As the seismic network in Caucasus is not dense and high quality the standard approach to
tremors’ identification (Chao et al, 2012, 2013; Peng et al, 2010) is not effective here. We suggest the
proxy method for discrimination of tremors generated by remote EQ that can be used even at one
station; of course this does not allow calculation of location, depth and other details. Our approach is an
analog of Reasenberg’s spatial [3-parameter (Reasenberg, 1985) in the temporal domain. We used the
following criteria for presumed tremor discrimination:

i. Deviation by 3 sigma (3 times standard deviation) from the background seismic record scanned
for several hours before EQ - this is considered as a lower threshold of presumed tremor signal. An
additional condition is that the oscillation amplitudes of tremors should exceed +0.05 of the maximal
amplitude of the considered EQ (Fig.1, b, ¢) or £0.25 for EQ record in db (Fig 1 a, b) or the
corresponding value in counts /bit during 5 s (500 counts).. In case of Tohoku EQ this criterion
corresponds to (2500 counts/bit) for amplitudes during 500 counts.

ii. 3 sigma deviation lasts at least 5 s (500 counts)

The number of such “tremors” increased 4-6 times in both Thilisi and Oni stations during the first
several hours after Tohoku EQ and cumulative curve increases drastically during passage of teleseisms
(Fig. 2). Of course the strong aftershocks also can contribute to the statistics and the problem needs
thorough consideration. According to USGS data Tohoku EQ from 05.46 11 March 2011 (local UTC)
produces 112 aftershocks in the range M4.7-M7.9, which is much more than number of presumable
tremors in Oni s/s, which equals 29. The onsets of 13 “tremor” signals coincide with the arrivals of p-
waves of M6 and stronger aftershocks. The cause of other “tremor” signals is not clear as there were so
many aftershocks that their p-wave arrival time coincidence with tremor signals can be quite accidental
(for example such accidental coincidence was found for aftershock of M4.9, but we know that the
isolated events of such magnitude from Japan do not cause tremor-like signals). So we can presume
that at least half of “tremors” in Fig. 2 can be of local genesis, but still the significant increment in
number of possible tremors remains. Still, in future the problem of discrimination of local tremors’
signals from aftershocks should be analyzed in detail to avoid wrong interpretation
(http://earthquake.usgs.gov/earthquakes/seqs/usc0001xgp.php).

As the pure seismological information is not enough to recognize local tremors in following we
try to involve into interpretation process local hydroseismic data because simultaneous appearance of
local tremor-like signal and local WL oscillations during passage of wave trains from remote EQ
especially when there are not strong aftershock’s can be an solid argument for tremor identification
(Brodsky et al, 2003).
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3. Seismohydraulic effects in Georgia related to Tohoku EQ

Our next task was to compare the possible tremor signals with anomalies in water levels (WL) in
deep wells’ network in Georgia (Fig.3), operated by the M. Nodia Institute of Geophysics. Regular
monitoring by this network is going on for several decades.

It was important to find WL anomalous changes and compare them with teleseismic waves’
phases as well as to assess pressure and stress changes of correlated seismic and WL signals: according
to Brodsky et al (2003) the tremors can be triggered by fluid pore pressure change during teleseismic
wave passage. Generally (Wang et al, 2009; Zhang, Huang, 2011; Wang, Manga, 2010), WL respond
to the EQ wave trains’ impact depends on the distance of the well to the ruptured fault: i. Very close to
the fault intensive shaking may increase opening of fractures, i.e.it cause rock dilatation and
consequently, WL dropdown; ii. Outside this zone, but still very close to the fault shaking can
consolidate loose sediments causing sudden upraise of WL iii. In the intermediate field both positive
and negative signs of sustained WL change are observed, which are explained by permeability changes;
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Fig. 3. Network of WL borehole stations in Georgia



iv. Lastly, in the far field (which is our case) mainly correlated with seismic wave oscillations of WL
are observed (hydroseismograms), sometimes accompanied with sustained WL change. As the seismic
impact is instantaneous, it is expected that pore water has no time to flow, which in turn means that the
WL response is undrained (Wang, Manga, 2010).

WL monitoring network in Georgia includes the following deep wells: Kobuleti, Borjomi, Axalkalaki,
Marneuli, Lagodekhi, Ajameti and Oni (Table 1, Fig.3).

Table 1. Locations and depths of wells in Georgia

Depth of Depth of well,
Location well, meters Location meters
Kobuleti 2000 Akhalkalaki 1400
Marneuli 3505 Ajameti 1339
Borjomi70 1339 Lagodekhi 800
Borjomi Park (borehole is 30
located on the top of the fault). Oni 255

The sampling rate at all these wells is 1/min (except Oni, where the sample rate is 1/10 min).
Measurements are sensors MPX5010 (resolution 1% of the scale) recorded by datalogger XR5 SE-M
remotely by modem Siemens MC-35i using program LogXR; datalogger can acquire WL data for 30
days at the 1/min sampling rate. The range of WL measurements by this equipment is 0-100 cm.

Below (Fig.4) we show water level respond to a series of Japan earthquakes 11 March 2011 with
following p-wave arrival times of the main shock and aftershocks: a) M 9; time - 05: 57; b) Mw?7.4,
time - 06.19; ¢) Mw =7.9, time — 06: 26; d) Mw =7.7, time — 06: 36. The oscillations due to the EQ
impact last for 24-12 hours in various wells.
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Fig.4. Water Level change in Kobuleti (top), Borjomi Park (middle) and Marneuli (bottom)
boreholes before and during Japan M9 earthquake,11 March 2011 in conventional units (1/min
sample rate): compressed 24 hour record.
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Fig.5 a, b, ¢, d. Water Level change in Kobuleti BorjomiPark (top) and (bottom) before and
during first 30 minutes of Japan M9 earthquake,11 March 2011 in conventional units (1/min sample
rate), aftershocks and seismic phases; expanded records. On (a, b, ¢, d) the dashed lines mark
onsets of the teleseismic p, S, Love and Rayleigh waves generated by the main shock Mw9 (a), and
aftershocks Mw?7.4 (b), Mw7.9 (c), Mw7.7, (d) correspondingly. The best correlation between
teleseismic wave phases and pattern of strong WL signals is for the main shock (Fig. 5a). The most
important phases of strong aftershocks (S, L, R) pass to late to cause major WL signals (Figs. 5 b, c,
d).

It was interesting to know whether the wells recording oscillations due to seismic waves respond
also to earth tides. In Fig.6 the two-weeks’ record of WL in Kobuleti well is presented: upper figure
shows original record and lower one — the same record after elimination of atmospheric pressure effect.
It is evident that Tohoku EQ oscillations are superimposed on the tidal variations and that both
responses are of almost the same amplitude — several (5-6) cm.
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Fig. 6. WL record at Kobuleti borehole 06-20 March 2011: (a) original record of WL, absolute values,
cm; (b) WL after removal of atmospheric pressure effect in reduced units; note well-marked tidal variations.

As the WL values in different wells change in a very wide range in order to show their reactions
on the same plot, the signals from the i-th borehole (WL;) are plotted in conventional units, namely,
they are shifted along y-axis according to the expression: (WL;) = WL,—[min(WL,;)]+offset; where WL,
is the observed WL, [min(WL,;)] is a minimum WL in borehole for the year 2011 and the offset is a
constant, needed to fit WL curves into the same plot. For example, on the Figs (4, 5) the value of
[min(WL,)] for Kobuleti is -106 cm, the value of offset = 0; for Borjomi [min(WL,)] is - 523 cm;
offset - 6 cm. Reduced water level value obtained after this manipulation is shown on vertical axes of
Figs. 4,5.
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Fig. 7. The integrated plot of seismic and WL events in Georgia during Tohoku event. It is
evident that the first strong WL perturbation at 06.07 correlates definitely with S-wave offset; no
aftershocks are recorded at that time. The second strongest WL event between 06:19 and 06:22
coincides with both onset of L/R waves’ package (06:18-06:21) and aftershock M;7.4 at (06:19).
Note, however, that the foreshock of Tohoku event (2011-03-09) of the same magnitude (M;7.3) as
well as stronger aftershock at 06.36 do not produce any characteristic WL oscillations; thus the
most probable explanation of WL effect at 06:19 is the passage of L/R waves.

WL signals from the Tohoku events are fixed in Kobuleti, Borjomi Park, (Figs. 4, 5, 6), Marneuli
and Oni boreholes.

Figs. 5, 6 demonstrate a striking similarity of hydraulic responses to passage of some phases of
teleseismic waves from Tohoku event in areas separated by 300 km: namely, to S-wave and to
summary impact of Love and Rayleigh waves (as the sampling rate was 1/m, it is impossible to
separate reaction to L and R waves). Besides phases of the main shock, the strong aftershocks of
Tohoku EQ also can affect WL; the first strong (M;7.4) aftershock reach Thilisi 11 March 2011on
06:19. Note, however, that the foreshock of Tohoku event (2011-03-09) of the same magnitude (IM;7.3)
as well as even stronger aftershocks at 06.26 (Mj7.6) and 06.36 (Mj7.5) do not produce any
characteristic WL oscillations. Thus the most probable explanation of WL effect at 06:19 is the passage
of the main shock generated L+R waves. Further, the best correlation between teleseismic wave phases
and pattern of strong WL signals is for the main shock (Fig. 5a). The most important phases of strong
aftershocks (S, L, R) pass too late to cause major WL signals (Figs. 5 b, ¢, d). We can conclude that
there is good coincidence between teleseismic S waves onsets, some local tremor signals and
hydroseismic anomalies. At the same time we cannot affirm that all seismic signal in the filtered record
are definitely local tremors — some of them are most probably p-waves of strong aftershocks ( Fig.7).

Finally, we conclude that teleseismic S and L+R waves of Tohoku EQ excite significant and quite
identical WL anomalies on the whole territory of Georgia. In principle this means that corresponding
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pore pressure changes can excite DTT though the existing data do not allow making decisive
conclusions.

3. Spectrum of WL oscillations following Tohoku EQ and mantle surface waves.

It is evident that after Tohoku EQ water level undergoes characteristic oscillations, which decay in
a dozen of hours (Fig. 4). The spectrum of WL oscillations for 10" and 11™ March is shown in Fig. 8.
After Tohoku EQ in the spectrum of WL oscillations appear several spikes around frequencies 2.5
10 4.0 10 4.9 10°; 6.2 10>; 7.2 10° Hz. Highest frequencies seem to be harmonics of the first
mode (2.5 10 Hz) with a multiplier approximately 1.3. The intensity of harmonics is especially high
during the first 30 min after EQ. The reverberations are absent in the spectrum for the 10" March
(Fig.8a, black curve). The spectrogram of the same WL record also shows intensive signals around
above frequencies (Fig. 8b). The observed reverberations in WL hardly can be explained by the
excitation of so called Kraukis waves which propagate back and forth along fluid-filled fractures of the
aquifer, emitting periodic seismic signal (Tary et al, 2014). The frequency of Krauklis wave depends on
the fracture width, shear modulus of the solid, fluid density and the ratio of shear and longitudinal
waves: in order to be in the observed range, the system should contain unrealistically long and thin
cracks.

Borjomi (water level)

Power Spectrum
o o
8 8

2
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‘

S A ALY £ 100,
0.25 0.3 0.35

Fréquency (1/minute)
11
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[s] 2 4 6 8 1A0 12 14 16 18 20 22 24
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Fig.8. Spectrum (a) and spectrogram (b) of WL oscillations in Borjomi borehole before, during
and after Tohoku EQ. The black curve in (a) is a background spectrum calculated for 10 March and
grey curve - for 11March. The last one shows several strong spikes at (central) frequencies 2.5 107;
4.010% 4.9107% 6.2 10°; 7.5 10 Hz (periods 2-7 min), which are visible in the spectrogram (b) also
and probably correspond to Rayleigh waves R1-R5.
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The observed reverberations in WL hardly can be explained by the excitation of so called Kraukis
waves which propagate back and forth along fluid-filled fractures of the aquifer, emitting periodic
seismic signal (Tary et al, 2014). The frequency of Krauklis wave depends on the fracture width, shear
modulus of the solid, fluid density and the ratio of shear and longitudinal waves and is of the order of
tens of Hz in typical aquifers: in order to be in the observed low-frequency range (Fig. 8), the system
should contain unrealistically long and thin cracks.

The most probable explanation of WL oscillations with periods 2-7 min is the impact of mantle
surface waves (Love and Rayleigh), which can excite seismic signals with periods up

to about 500 s (Bormann, 2012), which fits to the observed WL oscillations’ frequencies:

4107 to R5; 4.9 10° to R4; 6.2 10° to R3 and 7.5 10 Hz to R2 (Figs. 4, 8). These WL oscillation
frequencies are compared to frequencies of Rayleigh waves in Table 2.

Table 2. Comparison of periods in WL oscillations with periods of multiple Rayleigh phases

Rayleigh Periods of Periods in
phases Rayleigh WL

phases, s oscillations, s
R2 110 133
R3 155 161
R4 185 200
R5 220 250

Taking into account wide distribution of observed WL oscillation periods (Fig.8 a, b), the
dominant WL periods are close enough to these of Rayleigh phases.

We can conclude that our interpretation on coupling of WL events with multiple surface R-wave
phases is confirmed by both good coincidence of WL signals and R-waves arrival times as well as by
closeness of their frequencies’ ranges.

4. Fusion of seismic and WL effects in Georgia related to Tohoku EQ

In the Table 3 the seismological and WL information on the Toholu EQ impact in Georgia is
summed. Here and in the Table 3 A(WL)mr and A(WL)mc are the maximal WL signal (peak-to-peak
amplitude of oscillations) for R-group waves and L/G-group waves correspondigly, cm;  APqg and
APnr are the maximal water pressure change during L/G-waves and R-wave passage, KPa; vs, Ve and
vg are correspondingly the velocities of S, L/G and R waves in cm/s; 4o and dor are the dynamic
stress changes for L/G waves and R waves correspondingly, KPa; ALs, AL, and ALg are accordingly
displacements due to S, L/G and R waves in cm;  is the amplification factor of seismic waves in the
well calculated as the amplitude of water level oscillations in meters A(WL)n, to the particle velocity in
the seismic waves v (or its proxy Peak Ground Velocity - PGV), x = A(WL)p/v in units m/(m/s)
(Brodsky et al, 2003).

Love/Rayleigh phases induce maximal WL displacement (peak-to-peak amplitude), which vary
from 4 cm in Borjomi to 10 cm in Oni. The hydraulic effect (displacement) is

4-10 times larger than seismic L or R wave displacement. In order to estimate dynamic stress
(Chao, Peng et al, 2011) we measure the peak ground velocity for the Love and Rayleigh waves in the
instrument-corrected NS and vertical component seismograms, respectively (Table 3). Then we
calculate the corresponding dynamic stress (4o) based on equation: 4¢ =G (du/dt) /v, where G is the
average shear rigidity of crust - 35 GPa, v - phase velocities accordingly 4.0 and 3.5 km/s for Love and
Raylegh waves, (du/dt) is a Peak Ground Velocity (PGV) respectively. Measured PGV for Love and
Rayleigh waves are 0.09 and 0.1cm/sec, respectively. So the corresponding dynamic stress is about 10
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KPa. These data allow calculating the amplification factor %, which turns to be of the order of 8010
m/(m/s). Interestingly, the calculation of the similar factor for tidal response y; results very low
amplification value: ¥, ~3.10° m/(m/s) due to a low velocity of deformation.

The different WL responses in different boreholes to practically the same mechanical impact (11
KPa) is explained by the difference in aquifers’ transmissivity/storage: large amplitudes of WL are
favored by a high transmissivity/low storativity (Wang, Manga, 2010; Brodsky et al, 2003).

Table 3. Seismic and hydraulic reactions to Tohoku (M9) EQ in Georgia

APr Vs AI-S AO‘G
sitename | AWL)mR, | ‘pp | cm/s | cm | Vi AL, | VR | Al | dog X
cm cm/s | cm | cm/s | cm | kpa | m/(m/s)
Kobuleti 8 0.8 0.1 1 0.09 1.4 0.11 1.2 11 80
BorjomiPark 4 0.4 0.1 1 0.09 1.4 0.11 1.2 11 89
Oni 10 1 0.1 1 0.09 1.4 0.11 1.2 11 73

Generally, earlier it was accepted that the main impact on WL should cause Rayleigh wave as it
provokes volume change. The strong enough response of WL to S- and Love waves passage was
considered less probable as these wave does not lead to volumetric strain. Nevertheless recent
observations document WL coherent oscillations with S- and Love waves (Wang, Manga, 2010). Our
data also confirm strong impact of S-wave on WL in Georgia boreholes (Figs. 5, 6).

There is also very interesting detail on the WL plot for Borjomi well (Fig.4, trace for Z-
component): clear delayed WL perturbations are registered at the following times: 08:11, 09:21, 11:14
and 12:33, which cannot be associated with aftershocks.

The possible explanation of these anomalies is the passage of late teleseismic phases, namely
multiple surface waves circling the Earth: according to Peng et al (2011) they also trigger seismic
events. The most effective in delayed triggering of microearthquakes are the first three groups of
multiple surface waves (G1-R1, G2-R2, etc). Indeed, analysis of seismograms shows that exactly at the
above mentioned times of WL perturbations arrive multiple surface waves R2 (08.10), R3 (09.21), R4
(11.13) and R5 (12.30), which travelled correspondingly 289, 431, 649 and 791 degrees (Bormann,
2012). Thus, we show that multiple surface R waves can generate not only local microseismicity, but
also significant WL signals.
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Fig.9. Seismogram with arrivals of multiple surface G and R waves at Thilisi s/s.

On the other hand WL does not respond to the arrival of Love waves (G1, G2 etc — compare
Figs.4, 9). Thus the WL signals, recorded at 08:11, 9:21, 11:14 and 12:33 are definitely triggered by
passing multiple surface R-waves (Fig.4, 9). Table 4 summarizes corresponding seismic and WL data.

Table.4. Seismic and hydraulic response to the multiple surface waves (R2, R3, R4, R5 and G2, G3,
G4, G5) of Tohoku, M9, EQ in Kobuleti, Georgia.

Site AMWL)mR | APrr | AWL)mg | APme Vg Aog Vg Aor
name cm KPa cm KPa cm/s KPa cm/s KPa
X
m/(m/
s)
3.20 0.32 - G2 -0.030 3.0 R2 - 0.020 2.0 160
Kobuleti | 1.65 0.17 - G3-0.015 1.5 R3-0.018 1.5 90
1.26 0.13 - G4 - 0.007 0.7 R4 - 0.008 0.7 160
0.90 0.09 - G5 -0.003 0.3 R5 - 0.006 0.5 150

We can conclude that though the stress change imparted by multiple surface waves of both G and
R-groups are comparable (Table 4), the WL responds strongly only to R-waves impact. This result is in
agreement with the statement that for WL change porous space should consolidate or dilate; Rayleigh
waves give rise to volumetric strain what satisfies this model (Wang, Manga, 2010). S and L waves
have not volumetric component and accordingly they should not affect WL, but the recent data (Wang,
Manga, 2010; Hill et al, 2013; Wang et al, 2009) as well as our results show that S and SS waves also
significantly change WL. The mechanisms suggested for explanation of the latter observation include
anisotropic poroelastic effect (Brodsky et al, 2003), permeability enhancement of fractured rocks due to
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removal of blocking elements by oscillating fluid (Wang, Manga, 2010) or just strong
anisotropy/heterogeneity of aquifer rocks, which can add volumetric component to a shear
displacement; such effect is absent in isotropic homogeneous material.

Thus our new observation obtained by integrated analysis of seismic and water level records
(hydroseismograms) document, for the first time, that multiple surface R waves generate not only local
microseismicity (Peng et al, 2011), but also significant synchronous WL signals (unlike less efficient
multiple surface G waves), see Figs. 4 and 8 (Chelidze et al, 2014).

Conclusions

The great Tohoku earthquake provokes significant local seismic and hydraulic events in Georgia
triggered by passage of teleseismic wave trains, mainly by S and Lave-Rayleigh waves. Some seismic
triggered events are masked by offsets of strong aftershocks of Tohoku earthquake. Thus in future the
problem of discrimination of local tremors’ signals from aftershocks should be analyzed in detail to
avoid wrong interpretation.

Comparison of WL anomalies with seismic waves’ phases can help to discriminate triggered
events from aftershock signals. The strong hydraulic events with amplitude 8-10 cm, correlated with
passage of S- and L-R waves are caused by mechanical displacement of the order of 1 cm, i.e WL
response to displacement is amplified 8-10 times due to mechanical stress change 11 KPa. It should be
noted that the WL response at wells separated by hundreds of km are practically identical. Besides WL
response to the first arrivals of S and Love—Rayleigh phases, there are some clear delayed WL
perturbations, which document for the first time that passage of multiple surface Rayleigh waves: R2,
R3, R4, R5 imparting dynamic stresses of the order of 0.5-2 KPa, also can affect WL regime. The
amplification factor for S and L+R waves is of the order of 80.

Though teleseismic S and L+R waves of Tohoku EQ excite significant and quite identical WL
anomalies on the whole territory of Georgia, which means that corresponding pore pressure changes
can excite DTT the obtained data do not allow making decisive conclusions related to generation of
local tremors by this event.

Further development of sensitive devices, dense networks and processing methods will develop a
new avenue in seismology, which can be defined as DT microseismology and which will study
systematically small earthquakes and tremors, especially events, triggered and synchronized by remote
strong earthquakes (magnitudes 7-8). These events at present are ignored by routine seismological
processing and are not included in traditional catalogues. At the same time, DT microseismic events
contain very important information on geodynamical processes and can give clues to understanding
fine mechanism of nonlinear seismic process and may be, even contribute to the problem of earthquake
forecast.
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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 non-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 attempt to construct a sensitive acoustic emission registrator. 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.

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.
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Fig.1. The landslide in Dariali Gorge in northern Georgia, on the Greater Caucasus range 17 May 2014.
It severed the road connecting Georgia and Russia causing large economic losses and several deaths

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
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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\/\/V\/\ W — | Amplifier Analogue to

with filters digital

converter

Pre-amplifier

ALE

Waveguide

Data analysis
and output

Fig. 2. Components of an AE monitoring system (Dixon et al., 2003)

Figure 2 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 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 main goal of our study is registration and monitoring of landslide slow motion (creep) by
recording the acoustic emission. For this goal we early developed the special equipment (Varamashvili
et al., 2013), by which occurred landslide modeling process and registration occurred during this
acoustic emissions. 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.
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Fig.3. Acoustic sensors

The probes are constructed from thick-wall stainless steel tube (Fig.3) 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. ltis 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.4), with which after using special
processing software information is sent to computer.

The goal of our experiment the increase in sensitivity of the acoustic sensor by changing its
mechanical parts. For this goal plastic small volume was filled with gravel (Fig.4a). At its center was
placed aluminum stem with small cross-section, on which was fixed electronic block of the acoustic
sensor. In one experiment on an aluminum rod was fixed aluminum radiator (Fig4b), which increases
the useful area of the sensor and therefore, in our opinion, its sensitivity. In a second experiment,
nothing was fixed to the aluminum rod.
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Fig.4. aexperimental equipment, b)acoustic sensor with fixed aluminum rod and radiator for
increasing sensitivity

On the gravel-filled, plastic container made mechanical impact from the outside, using a pendulum, and
recorded an acoustic signal by the sensitive sensor or conventional acoustic sensor. Pendulum used to
effect could be measured (Fig.4). Mass of the pendulum m & 175 g, length of [ # 50 cm. Pendulum
collision with the upper plate was realized from different distances: 10, 15, 20 and 25 cm.
It is interesting 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

At 10 cm deviation the pendulum rises to a height of h ® 2. 107%m, corresponding potential energy

equals E, = mgh. pendulum speed at collision with a plate v = ,/2gh & 0.63 ? the value of pulse
which the pendulum delivers to the plate p * 0.11 kg.?. From analysis we conclude that the

pendulum-equipment interaction duration time is t & 0.125s. Accordingly, the impact force
is: F=2~ 088N

Tablel.Gradations of the pendulum deviations and corresponding forcing values on the container

Deviation 10 15 20 25

cm
Heigh,m | 2.107° 45107 | pg.10-t | 125.107t
Pendulum 0.88 1.33 1.77 2.21
forcing, N

Results analysis
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Experimental equipment is described above (Fig.4). Records of acoustic signal waveform using
USB oscilloscope;
a.l.
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Fig.5. Recording acoustic pulses encountered in collisions on a plastic container from different
distances: 1 column-sensitive sensor, 2 column-conventional sensor, a) Pendulum deviation of 25 cm,
b) deviation of 20 cm, ¢) deviation of 15 cm, d) deviation of 10 cm; x-axis is time in sec, y-axis is the
acoustic signal intensity in volts.

As can be seen from Fig5, the difference of sensitive and conventional sensor records is not
significant. Especially for the large deviation of the pendulum. By small (10 cm) deviation (case d) the
amplitude of the sensitive sensor records is larger than normal sensor records. This may be due to the
fact that by the strong collision a pendulum with a plastic container sensor begins to vibrate, which
causes a change in the amplitude and spectrum of the acoustic signal recording. For weak pendulum
collisions vybrate not occur and there is a registration occurred acoustic emissions. At this time of great
importance to the sensor receiving surface area and its orientation with respect to the acoustic emission
source. A series of experiments are planned to look for a sensitive sensor for optimum shape. Our guess
is that in this direction, it is possible to develop monitoring and early warning acoustic system for
revealing landslide incipient slipping.
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MeToabl JeTEeKTHPOBAHUS AKYCTHYECKHX HMITYJIbCOB B CHINIYYHX Cpeaax

Honap BapamamBuiu, Tama3 Yeaunnze, 3ypad Yeanase

Pe3rome

Hpe,[[OTBpaH_ICHI/IC MOTCPHU KU3HU U UMYIICCTBA B PE3YIILTATC CTUXHUHHBIX 66,[[CTBPII>1 B HACTOALICC
BpEMs pacCMATPUBACTCA OYCHb CEPHE3HO BO MHOTUX CTPAaHAX MHUpaA. Ectb MHOTO HCEONIPCACIICHHOCTH B
OIICHKE MOMCHTa, KOorjaa HpOI/ISOI\/’I)IeT JABHKCHHUEC OIIOJI3HA. AKYCTI/IIIGCKB.H OMHUCCHUA ABJISACTCA
C€CTCCTBCHHBIM SBJICHUCM, KOTOPOC MNPOUCXOOUT, KOT'Ja TBCPAOC TEJIO IOABEPracTCA ILe(I)OpMaI_[I/II/I.
AKYCTI/I‘-ICCKaSI OMHUCCHUS HECET I/IH(I)OpMaLII/IIO O JIOKaJIu3alu, HWHTCHCHUBHOCTH MW MCXAaHHU3MC
,Z[e(bOpMaI_lI/II/I, HpOI/ICXOI[HH_Ieﬁ B MaTcpuajic. ]_[eJ'IB Hamero UCCIcA0BaHus IOIMBbITKA KOHCTPYUPOBAHUA
YYBCTBUTCIILHOTO PCrucTpaTropa aKYCTquCKOﬁ OMUCCHHU. OZ[Ha U3 IeJiel Hallero OKCIICpUMCHTA,
OIITUMU3 AU 060py11013aHy151 JUIL UCTIOJIB30BAaHM A €TI0 B IMOJICBBIX YCIIOBHUAX U CO3JIAHUC aKyCTI/I'lCCKOﬁ
CHUCTCMBbI PAHHCTO OMOBCHICHUS AKTHUBU3ALUU OIIOJI3HA.
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Abstract

Synchronization phenomena are encountered in various fields, from mechanics to biological
and social processes. Thus it is only natural that synchronization is observed in many geophysical
fields, as the Earth is embedded in the oscillating field of different origin with extremely wide range of
frequencies, from seconds to months and years. These large-scale natural processes can be modeled in
laboratory. In the paper, the results of laboratory experiments on the mechanical and electromagnetic
synchronization of mechanical instability (slip) of a slider-spring system are presented. Slip events
were recorded as acoustic emission bursts. The data allow delineating approximately of the
synchronization regions (Arnold’s tongues) in the plot of forcing intensity versus forcing frequency for
both mechanical and electromagnetic synchronization.

Introduction

Synchronization is encountered in various fields, from mechanics to biological and economical
processes (Pikovsky et al., 2003). Thus it is only natural that synchronization phenomena are observed
in many geophysical fields, as the Earth is embedded in the oscillating field of different origin with
extremely wide range of frequencies, from seconds to months and years. For example there are a lot of
(disputable) observations that seismic activity is coupled with the action of such weak oscillating fields
as Earth tides, solar activity, atmospheric pressure, electromagnetic pulses (storms), seasonal
variations, and reservoir exploitation. The intensity of stress, invoked by these superimposed periodical
mechanical or electromagnetic (EM) oscillations is as a rule much smaller (of the order of 0.1-1 bar)
than that of the main driving force — tectonic stress (Prejean and Hill, 2009). Nevertheless, finally, this
weak interaction may invoke the phenomenon of synchronization, at least, the so called phase
synchronization — PS (Rosenblum et al., 1996; 1997). It is evident that these phenomena cannot be
understood in the framework of traditional linear approach and that such high sensitivity to weak
impact imply essentially nonlinear interactions (Kantz and Schreiber, 1997).

Experimental set up.

Experimental set up in synchronization experiments represents a system of two horizontally
oriented plates of the same roughly finished basalt. 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.

A constant pulling force F, of the order of 10 N was applied to the upper (sliding) plate; in

addition, the same plate was subjected to periodic mechanical or electric perturbations (forcing) with
variable frequency (from 10 to 120 Hz) and amplitude (from 0 to 1000 V in case of EM forcing or
applying from 0 to 5 V to mechanical vibrator in case of mechanical forcing). Mechanical pull from
both these forcing were much weaker compared to the pulling force of the spring; the electric field was
normal to the sliding plane.
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Fig.1. The scheme of laboratory installation for studying stick-slip synchronization.

Slip events in synchronization experiments were registered as acoustic bursts by the sound card
of PC. The scheme of installation is presented in Fig. 1. Details of the setup and technique are given in
(Chelidze et al., 2002; Chelidze and Lursmanashvili, 2003; Chelidze and VVaramashvili, 2010). In order
to pick phases of AE signals’ relative to forcing phase onsets more precisely, a special package was
developed for reducing the level of ambient noise (Zhukova et al., 2013): the result is shown in Fig.2.

AAAANAANN/ ANAAAA,

Fig. 2. Filtered (up) and original unfiltered (down) records of AE signal during stick-slip.

Synchronization parameters.

Synchronization of oscillating autonomous system of natural frequency @, by forcing

frequency @ results in modification of systems’ natural frequency @, to the so called observed
frequency Q.
In our experiments the following parameters were varied: i) the stiffness of the spring, K.; ii)

the frequency, f of superimposed periodical perturbation; iii) the amplitude of the external excitation
or forcing (here voltage V, is applied to electrodes in case of electromagnetic forcing or voltage
V applied to mechanical vibrator in case of mechanical forcing); iv) the velocity of drag, v,; v) the
normal (nominal) stress o,,.
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Fig. 3. The upper traces record AE signals generated by slips; the lower channel records EM forcing; a)
— non synchronized and b) - synchronized (expanded) stick-slip process. The vertical axis shows the
intensity of signal in dB and horizontal axis shows the time.

Synchronization at electromagnetic forcing - Arnold’s tongue.

The example of synchronized and non-synchronized stick-slip at electromagnetic (EM) forcing
are shown in Fig. 3.
Synchronization was observed only at some definite sets of parameters (K., f, V,). The

“phase diagram” for variables f, and V,or so-called Arnold’s tongue (see Pikovsky et al., 2003) is

presented in the Fig. 4.
The minimum forcing intensity needed for a strong synchronization corresponds to the forcing
frequencies 60-80 Hz.
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Fig. 4. Stick-slip synchronization area (Arnold’s tongue) for various intensities (V, ) and frequencies
( ) of the external periodic EM forcing. Filled circles — strong, circles with crosses — intermittent and
empty circles — absence of synchronization.

Synchronization affects not only waiting times, but also frequency-energy distribution.
Decrease of contribution of extreme events at synchronization is confirmed by calculation of the
coefficient of variation CV (CV=standard deviation/mean). As it is shown in Fig.5, the extent of the
deviation from the mean value of released AE power calculated for consecutive sliding windows,
decreases at synchronization. That means that synchronization limits the energy release associated with
individual AE events (quantization effect).
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Number of sliding window

Fig. 5. Coefficient of variation of power of acoustic emission time series at increased external forcing
for 500 data length sliding window with 50 data shift. The first 20 windows correspond to no or very
weak forcing; windows from 50 to 56 correspond to maximal forcing.

Synchronization by mechanical forcing.

Relatively weak mechanical periodic perturbations also imposes some ordering on the slip,
namely a phase synchronization. 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.

In our experiments with mechanical forcing as a rule the high order phase synchronization was
observed, namely, the triggered slip occurred only after several tens of forcing periods. High-order
synchronization (HOS) means that the forcing (@) and observed (Q) frequencies in the system are
related to each other by some winding ratio (n+m) that is new=mQ (Chelidze et al., 2010a, 2010b).
The winding ratio n+m at mechanical forcing was in the range 80:1 to 200:1, depending on the
experimental conditions.

The experiments with mechanical forcing were carried out at following parameters: the stiffness
of the spring, K,=78.4 N/m, 235.2 N/m and 1705.2 N/m; the voltage at vibrator was 0.5V, 1V, 1.5V,
2 V. 3 V; the frequency of forcing was varied in the range 10-120 Hz (Chelidze et al., 2005; 2013).

In order to assess the strength of phase synchronization phase differences between the phase of
periodic forcing signal and the onset of AE burst was picked out and the plots of probability density
functions (PDF) of number of AE signals at certain phases of forcing (in bins of period) were
constructed (Figs. 6- 12).
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Figs. 6 - 12 shows PDF-s obtained for spring stiffnesses 78.4 N/m, 235.2 N/m, 1705.2 N/m and

forcing frequencies 10 Hz, 20 Hz 50 Hz, 80 Hz and 120 Hz at various intensities of forcing (frequency
of sensor was 20 Hz).
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Fig. 6. PDF of number of AE signals at certain phases of forcing (in bins of period) for the stiffness of
the spring K,=78.4 N/m and forcing frequency 20 Hz, which is also a natural frequency of the sensor
used. Synchronization at forcing: (a) 0.5V; (b) 1V; (c) 1.5V;(d) 2V;(e) 25V;f) 3 V.

w.__ PDF vs forcing 0.5v-235.2-1 PDF vs forcing 1v-235.2-1 . PDF vs forcing 1.5v-235.2-1
45 “l 1
40 U 1 ®
" 30t & 9
25 %) 1 %
20, 20t 4
15, 15} | 20
10 10t
10)
| L] | [— | |
% 001 002 003 004 00t O 0005 001 001 062 0025 003 0035 004 0045 005 O 0005 001 005 002 002 003 0035 004 OO 005
a)0.5v. b)1v. c)1.5v.
i PDF vs forcing 2v-235.2-3 - PDF vs forcing 2.5v-235.2-1 . PDF vs forcing 3v-235.2-1
40
{ 3|
35
I
30|
|| |
5
| = ! m
[ W
_— 1 %
| ] | [
o mm . —llm = Hmm n
0 0005 001 0015 002 0025 003 0035 004 0045 005 0 0005 001 0015 002 0025 003 0035 004 0045 005 o 001 0015 002 0025 003 0035 004 0045 005
d)2v. e)2.5v. H3v.

Fig. 7. PDF of number of AE signals at certain phases of forcing (in bins of period) for the stiffness of
the spring K, =235.2 N/m and forcing frequency 20 Hz, which is also a natural frequency of the
sensor used. Synchronization at forcing: (a) 0.5V; (b) 1V; (c) 1.5V;(d) 2V; (e) 25V;f) 3V.
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Fig. 8. PDF of number of AE signals at certain phases of forcing (in bins of period) for the stiffness of
the spring K, =1705.2 N/m and forcing frequency 20 Hz, which is also a natural frequency of the

sensor used. Synchronization at forcing: (a) 0.5V; (b) 1V; (¢) 1.5V;(d) 2V;(e) 25V;f) 3 V.
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Fig. 9. PDF of number of AE signals at certain phases of forcing (in bins of period) for the stiffness of
the spring K, =235.2 N/m and forcing frequency 10 Hz (natural frequency of sensor 20 Hz).
Synchronization at forcing: 0.5 V (a); 1V (b); 1.5 V (c).
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Fig. 10. PDF of number of AE signals at certain phases of forcing (in bins of period) for the stiffness of
the spring K, =235.2 N/m and forcing frequency 50 Hz (natural frequency of sensor 20 Hz).
Synchronization at forcing: 0.5V (a); 1V (b); 1.5V (c); 3V (d).
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Fig. 11. PDF of number of AE signals at certain phases of forcing (in bins of period) for the stiffness of
the spring K, =235.2 N/m and forcing frequency 80 Hz (natural frequency of sensor 20 Hz).
Synchronization at forcing: 0.5 V (a); 1V (b); 1.5V (c); 3 V (d).
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Fig. 12. PDF of number of AE signals at certain phases of forcing (in bins of period) for the stiffness of
the spring K, =235.2 N/m and forcing frequency 120 Hz (natural frequency of sensor 20 Hz).
Synchronization at forcing: 0.5V (a); 1V (b); 1.5V (c); 3V (d).

Arnold’s tongue for mechanical forcing.

For randomly distributed AE signals such PDF plots are almost flat and for increased strength
of synchronization are bell curve like with the half-width (W /2) depending on the synchronization
strength.

The data obtained allow construction of phase space plot of synchronization strength
dependence on intensity and frequency of forcing or Arnold’s plot (Fig.13). Here synchronization
strength is assessed visually from PDFs in Fig. 7, Figs. 9-12 for spring stiffness K, =235.2 N/m.

Hollow rings mean absence, rings with crosses — moderate and filled rings — good synchronization.

The minimum forcing intensity needed for a strong mechanical synchronization corresponds to
the forcing frequencies 40-50 Hz, which is close enough to the optimal forcing frequencies at EM
synchronization — 60 Hz (Fig. 4). The filled dots correspond to good synchronization, hollow dots — to
absence and dots with crosses — to moderate synchronization.

We guess that the similarity in optimal forcing frequencies can be related to the identity of
configuration of sliding and fixed blocks of basalt as well as to closeness of other stick-slip parameters
(spring stiffness, drag velocity etc) in both EM and mechanical synchronization experiments.

35



FORCING (V)

0o 20 4 60 gy 100 5,
FREQUENCY (Hz)

Fig.13. Phase space plot of synchronization strength dependence on intensity and frequency of forcing
or Arnold’s plot. Synchronization strength was assessed visually from PDFs in Figs.9-12 for the spring
stiffness K,=235.2 N/m. Hollow dots mean absence, dots with crosses — moderate and filled dots —

good synchronization.

Conclusions

In the paper, the results of laboratory experiments on the mechanical or electromagnetic
synchronization of mechanical instability (slip) of a slider-spring system are presented. Slip events
were recorded as acoustic emission bursts. The data allow delineating approximately of the
synchronization regions (Arnold’s tongues) in the plot of forcing intensity versus forcing frequency for
both mechanical and electromagnetic synchronization.

The minimum forcing intensity needed for a strong mechanical synchronization is close enough
to the optimal forcing frequencies at EM synchronization. We guess that the similarity in optimal
forcing frequencies can be related to the identity of configuration of sliding and fixed blocks of basalt
as well as to closeness of other stick-slip parameters (spring stiffness, drag velocity etc) in both EM and
mechanical synchronization experiments.
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A3bIKN APHOJIBAA NMPH JIEKTPOMATHUTHON U MEeXaHUYEeCKOM
cunxponmn3amnuu (Stick-slip)

T. Yenumze, E. Menapunze, Jl. Tennanze
Pesrome

SIBieHMe CUHXPOHU3ALMN BCTPEUAETCS B PA3IMYHBIX MPOIECCAX, B MEXaHUKE, OMOJOTHYECKUX
U COLIMANIBHBIX Mpolieccax. Takum 00pa3oM, BIOJHE €CTECTBEHHO, YTO CHMHXPOHM3AIM HaOIroAaeTcs
BO MHOTHX reou3nyeckux cdepax, MOCKOJbKY 3eMisl HaxXxOTUTCS IMOJ BIUSHHEM KojeOaTesbHbIX
npoueccoB (popcuHra) pa3aMyHOTO MPOUCXOXKAECHUS C YPE3BbIUAHHO IIUPOKUM IHANa30HOM YacToT,
OT HECKOJIbKMX CEKYHJ JO0 HECKOJbKHUX MecsleB M JieT. Takue KpymHoMaclITaOHble MPHUPOIHbBIE
MIPOLIECCHI MOTYT OBITH CMOJEITUPOBAHBI B TAOOPATOPHBIX YCIOBUSX.

B nanHoif pabore mpeAcTaBieHBl pe3ylbTaThl JIAOOPATOPHBIX HAKCIEPUMEHTOB IIpU
MEXaHUYECKON M AJIEKTPOMArHUTHOM CHHXPOHHU3ALMU HECTAOUJILHOCTH NPU HEYCTOWYMBOM TPEHUU
(cTuk-cnune) cucreMbl. MexaHu4yeckue HeCTaOMIbHOCTU OBLITU 3allMCaHbl KaK BCIUIECKH aKyCTUYECKOM
sMHUCCHH. JlaHHBIE TMO3BOJISIOT MPUOIHU3UTENHHO OrPaHUYMBATh OOJIACTH CUHXPOHM3AIMU (S3BIKU
ApHonbaa) Ha rpaduKe HWHTEHCHUBHOCTh (OpcHHra-yactota (GOpPCHMHITa MPU  MEXaHUYECKON u
AIIEKTPOMArHUTHOW CHHXPOHHU3AIUU.

38



Journal of Georgian Geophysical Society,
Issue (A), Physics of Solid Earth, v.17a, 2014, pp. 39-46

Preliminary result of stable isotopes monitoring in the Alazani-lori
catchment

1George Melikadze, !Natalia Jukova, !Mariam Todadze, !Sopio Vepkhvadze, INino
Kpanadze,'Alexandre Chankvetadze, 'Tamar Jimsheladze, 2Ramaz Chitanava

Ilv. Javakhishvili Thilisi State University, M. Nodia Institute of Geophysics
National Environmental Agency of Ministry of Environmental and Natural Resource Protection of
Georgia

Abstract

In order to static stable isotopes variation has selected please and organized GNIP and GNIR
station on the territory Alazani-lori catchment. In order to investigate underground water systems in
Alazani-lori catchment, for the first time have been conducted studies based on the hydrochemical and
environmental isotope methods. The first step was to organize the monitoring of air temperature,
humidity and precipitation on the recharge and discharge areas of aquifer. Also have been organized
monitoring of water level and discharge on Alazan and lori rivers as well as monitoring of underground
water level in Lagodekhi and Dedoplitskaro.The results of isotope data analyze clearly shows the
seasonal variations. Their composition changes according to the elevation and geographical location of
observation stations, which is fully consistent with the regularities of isotope distribution all over the
world.

Introduction

Global warming will have negative effect on natural conditions of Georgia. These negative
effects could be the most serious in Eastern Georgia, especially in the basin area of the lori river, which
is famous for clearly depicted characteristics of arid-zone and semi-desert. Geomorphologically this is
Uplands of Kakheti, which includes: Big and Small Shiraki, Eldari, Taribani, Natbeuri, Naomari, Ole,
Jeiran-Choli valleys and their watersheds, as well as majority of Southern slope of Kakheti mountain
range, i.e. 3000 km2 area of Dedoplistskaro and partially Sagarejo and Gurjaani administrative regions.
Preliminary meteological data show that precipitation has significantly decreased in this region, which
caused significant decrease and in some places even drying of surface water flows and depletion of
underground water natural springs. Significant decrease of groundwater tables resulted in aeration and
exhaustion of soil crust, activation of wind erosion and reduction of areas covered by vegetation
(including pastures). Hence, there is a distinct tendency of processes actively leading to desert
formation. All these negative ecological events led to deterioration of population’s social-economic
conditions. It can be expected that the situation will become even worse since the population is already
experiencing deficit of potable and irrigation water. As the negative ecological processes become
stronger, desert formation can easily turn into irreversible form. Thus, the most promising region for
agricultural products, such as crops, cattle-breading and vine-growing and for developing oil and gas
extraction can be left without population.
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Understanding the groundwater regime, interactions with surface waters and factors which
influence groundwater quantity and quality is therefore of utmost importance to secure water supply for
the economy and population.

Besides the traditional methods of hydrogeological survey such as pumping tests, geophysics,
geochemistry and groundwater flow modeling, environmental isotopes as water tracers provide useful
complementary information on water origin (where does the water come from) and history (which
pathways did the water move until it arrived to an aquifer). Chemical and isotopic composition of
surface waters and groundwater is determined by the composition of rainfall and modified by the
processes in the vadose zone, snow cover, tributaries and aquifers. These modifications are different in
various climatic settings and result in different pathways of water from rainfall to runoff and
groundwater recharge.

In order to study isotope distribution on the some territory at first is necessary to know its
background value in precipitation and surface water. International Atomic Energy Agency IAEA
organized regular sampling and analysis of oxygen and hydrogen (180, 2H,) isotopes in surface water-
Global Network Isotope in River (GNIR) and precipitation Global Network Isotope in Precipitation
(GNIP). This network is becoming common in many countries of World as part of national
meteorological, geological and hydrological services. Independent network was organizing in
Switzerland or in the USA. This kind of investigation is new and startin the Georgia only now.

In order to definition of hydrogeological, hydrogeochemical and isotope regimes has been
planned the organization of multi-disciplinary monitoring in Alazanis-lori catchment basinsin the
framework of Rustaveli National Science Foundation Grant.

Field observations

According project goal has selected please and organized GNIP and GNIR station on the territory
of Kakhetia. On the first stage, the regime observation of air temperature, humidity, atmospheric
pressure and precipitation at the meteorological stations since 2013 had been organizedin the recharge
areas of aquifers, which are located evenly throughout of all territory of area and characterize the
following regions: Tianeti — recharge area of river lori, Telavmdinare — the upper part of Alazani river,
Lagodekhi — the recharge area of left tributaries of Alazani river and Dedoplitskaro — River lori and the
lower part of Alazani river (1).

The parameters were measured daily at the mentioned meteorological stations. Air temperature
and humidity were measured by the specialized equipment (HOBO). In addition, the atmospheric
precipitation is measured daily and also, in order to determine the stable isotope composition, the
sampling takes place once per month. Their Station has been included in network GNIP of IAEA.

In order to determine the water level variations in rivers, the observations has been organizedat
the groundwater discharge areas, namely on the river lori in Tianeti and in Alazani river at village
Shagriani (Telavi discrit). Also, the water sampling has been started for stable isotope analyzes from
the mentioned rivers. The stations have been joined to the global network GNIR of IAEA.
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'Fig 1. The location of GNIP and GNIR stations

The Isotope and hydrochemical analyze of Water samples have been done with the equipment
laser spectrometer “Picarro”, purchased by Agency at the laboratory of Geophysics and Geothermal
research Center, Institute of Geophysics.

In order to determine the underground water regime in the main aquifers of Alazani and lori
catchments, the hydrodynamic observations have been organized. The monitoring was started on the
borehole, located in Lagodekhi discreet. The equipment, (produced in the USA) provides the data
logging and transfer to the center in Thilisi by GSM system. Water level in borehole, air temperature
and atmospheric pressure is measured in a minute regime.

The observations have also been organized at “Dedoplitskaro” — the "Diver was installed in the
wall. Water level and temperature is measured hourly. Data transfer occurs once per month or two via
laptop. It is planned to increase the number of observed parameters in future.

The data is collected at the center by the required frequency. Also, data processing occurs at the
center and the influence of seasonal and other factors are analyzed.

Database creation and analysis

In order to fulfill the objectives of the Project, the database was created, which is consistently
updated by the meteorological, hydrogeological and hydrological data. Only the primary analysis of
Isotope data showed the seasonal variations. In the monthly Precipitation isotope variations are
observed from "Telavi" meteorological station. In particular, the Spring fraction is light (-10 %o -180; -
80 %o -2H), which becomes heavier in summer (--4 %o 180; -20 %o -2H) and in winter period it is
reduced again (-15 %o -180; -80 %o; -120H Before).The peak of the "weighting"” is marked on almost
perfect curve, which is related to the autumn rainy season (fig. 2).
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Fig.2 Stable isotope variations in precipitation, “Telavi” station

We get a different picture of the nearby located "Shakriani” Station on the River Alazani"
samples (Fig. # 3). The isotopes "Winter" values (-9.2 %o - 180; -60 %o -2H) are getting "lighter” in
May, which is caused by the mixing of mountain snow melt water into the river (-10 %o - 180; -68 %o -
2H), in June-August, the isotopic composition becomes again "heavier”, however, it does not fully
repeat the Isotope values of atmospheric precipitation curve of nearby located "Telavi" station, because
in this case the isotopic composition of river water characterizes the more area from the beginning of
Alazani river down to its middle part. The “heavy” peak of rainy season in October and also in January
2014, the peak of getting “lighter” caused by snowfall (10.5 - %o - 180; -72 %o - 2H) is observed on the
curve.
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Fig. 3 Stable isotope variation in river Alazani; “Alazani-Shaqriani” station
We have different picture of Isotopic composition in precipitations in samples collected at

“Tianeti” meteorological station. Sharply expressed “lightness” of isotope composition (10 - %o - 180;
-68 %o -2H) in March-April 2013, during the snow melting period (Fig.#4).
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Like previous case, in the precipitation samples from “Dedoplitskaro” station, we observe that
isotopes become “lighter” in spring (Figure 5).
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Comparing the Values of isotope composition and character of their variation, the differences
between of geographical location and altitude of observation stations should be taken into account.
Overall, on "Tianeti" station, the isotope composition variation in “lighter”- less range (-14 - (- 18) %o -
180; -100 - (- 140) %o - 2H) has been observed during one year. On the “Telavi” station, which is
located southwest and at lower elevation, accordingly we observed “heavier” changes: -11 - (- 16) %o -
180; -80 - (- 120) %o - 2H).There are much “heavier” isotope values on “Dedoplistskaro”
meteorological station, which is actually located on the semi-desert zone: -5 - (- 8.8) %o - 180; -55 - (-
85) %o - 2H)

The isotope composition of river waters is “heavier” then in precipitations. In accordance to the
changes of geographical location of observation station, the isotope values of the rivers also changes. In
particular, the samples taken from the river “lori” at “Tianeti” station, isotope composition variation is
15 -10 - (- 11) %o - 180; -66 - (- 68) %o - 2H, which is much “heavier” then values in precipitation at
“Tianeti” meteorological station (-14 - (- 18) %o - 180; -100 - (- 140) %o - 2H) and at the same time
slightly “lighter” than values from “Alazani-Shaqriani” station (-9 - (- 11) %o - 180; -60 - (-70) %o -
2H). The Alazani river samples, at “Shaqriani” station, the measured isotope composition is much
“heavier” than observed values in precipitation samples at “Telavi” station values (-11 - (- 16) %o -
180; -80 - (- 120) %o - 2H).

Conclusions

For the first time on territory of Kakheti have been organized GNIP and GNIR stations in order to
study the Stable isotope variations. Fixed up to date revealed regularities, which fully agree with the
general regularities of Stable isotope distribution on the World. The continuing of mentioned studies
will give us possibility to determine the background value of isotope distribution for this area (global
meteoric waterline -GMW L), which is necessary condition for the Hydrological and hydrogeological
investigation.
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Georgia) For Provision of Sustainable Use of Groundwater Resources”.
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IlepBuuHBIE pe3yabTATHI MOHUTOPUHIA CTA0WIBLHBIX M30TONOB B AJIa3aHU-
HopckoM BogHOM Dacceiine

Menukamzel .U, XKyxosa H. H., Toganaze M. 111., Bepxsanze C. I'., Kamananze H. A., YankBeranaze
A. 111., 'Ko63esI'.H., UlxummenanzeT.A., Ynrtanasa P. b.

Toumuckuii ['ocynapcrenuii YauepcureT uM. UB. xaBaxumswmim, Macturyr ['eodusnku
PE3IOME

Jlnst u3ydeHns cTaOMIIbHBIX H30TOTIOB ObUTH BeIOpaHbl 1 opranu3oBanbl GNIPu GNIR cranmm
Ha TeppuTopuu BojaocObopa Anazanu-Wopu. Jlns m3ydeHus NMOA3EMHBIX BOJHBIX CHUCTEM BoAocOOpa
Anazanu-Mopu Obui peIBapuUTENbHO MPOBEIEHBI HCCIEI0BAHNS, OCHOBAaHHBIE HA TUIAPOXUMHUUYECKUX
U M30TONHBIX METOJAaX H3YyYeHHUs OKpykawuleld cpeabl. I[lepBbIM Im1arom crana OpraHu3anus
MOHHUTOPHHIA TEMIIEpaTypbl BO3[yXa, BIQKHOCTH MU OCAJKOB B OOJACTAX MUTAHUS M pasrpysku
BOJIOHOCHBIX TOPH30HTOB. bbUIO OpraHnzoBaHO Takke HaOIOJIEHHE 3a YPOBHEM BOJIBI U BOJHOMU
pasrpy3koil Ha pekax Anazanu u HMopu, a Takke MOHMTOPHUHI 3a YPOBHEM IIOJI3€MHBIMH BOJ B
Jlaromexu n [lenomnncukapo. Pe3ynbTaTel H30TOIMHOTO aHAIW3a SCHO NMOKA3aJIM HAJMYUE CE30HHBIX
kojebanuil. MIx coctaB MeHseTcs B 3aBHUCHUMOCTH OT BBICOTBI M Te€OrpaMuecKoro pacroyiokKeHUs
HaOI0JaTeNbHBIX CTaHIMI, KOTOPbIE MOJHOCTBIO COOTBETCTBYET 3aKOHOMEPHOCTSIM pacIpe/leeHUs
M30TOIOB BO BCEM MUpE.
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Abstract

During hydro-geodynamical observation on the territory of Georgia has fixed various anomalies in
water level before earthquakes. Revealing of the mechanism of interrelation between the deformation
processes, forestall strong earthquakes, and a hydrodynamic variation of underground waters, would
allow to explain such preliminary behavior of hydrodynamic effects and to develop scientifically
proved methods of the forecast of earthquakes. For a select of a correct method the comparative
analysis of various methods of processing has been carried out in view of all possible working factors.
One of methods based on the idea, that aquifer property (porosity and conductivity) is changing during
the geodynamic strass. According Results during normal period it change according tidal variation and
has “background” value, but during the seismic event changed the porosity, as indicator of tectonic
activity.

Introduction

From the end of the last century have developed a special network of hydro-geodynamical (water
level, Atmosphere pressure and air temperature) observation on the territory of Georgia. 15 deep
boreholes located basically on the main geo-structure and open deep aquifers. These wells as sensitive
strain meters recorded all kinds of deformation caused by exogenous (atmospheric pressure, tidal
variations and season variation), as well as endogenous processes. Observations were carried out using
the specialized equipment, providing measurement of deformation up to 10-9 degrees (1-3).

During observation have observed various anomalies in water level before earthquakes, besides
in most cases, on enough distant places from an epicenter.
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Fig. 1 Graphic of a tidal (the bottom I|ne) an atmospherlc pressure (The top line) and the
underground water level (an average line) variations in time. Vertical lines show earthquakes having
place for this period.
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Database creation and analysis

Many scientific works have been dedicated to research of the nature of these anomalies. Despite
lacking unequivocal understanding of this process, the hydrodynamic data are admitted as the most
informative for the forecast of earthquakes (4-6). Revealing of the mechanism of interrelation between
the deformation processes, forestall strong earthquakes, and a hydrodynamic mode of underground
waters, would allow to explain such preliminary behavior of hydrodynamic effects and to develop
scientifically proved methods of the forecast of earthquakes.

To solve this problem some scientists tried to add here anomalous violation in a hydrodynamic
regime with the deformation processes proceeding directly in the epicenter, but could not explain
"long-range action™ of anomalies (7-9). Others held the opinion, that anomalies are formed directly in
aquifer of the borehole and are reaction of water bearing horizon on all kinds of deformation processes,
including seismo-generative ones. Therefore in parallel with studying hydrodynamic characteristics of
aquifer of the boreholes (porosity, conductivity, etc.), scientists analyzed reaction of water bearing
horizon on deformation both endogenous, and the exogenous origins (2-4).

At the analysis of materials, scientists individually selected methods of mathematical statistics,
but all of them had one thing in common: after removal of the trend caused by exogenous factors (tidal
the variation of the ground and atmospheric pressure), used frequency filters that in our opinion,
deforms a required endogenous signal. The residuary values were analyzed for revealing correlation
with seismic events.

For a select of a correct method the comparative analysis of various methods of processing has
been carried out in view of all possible working factors (1, 2, 3). One of methods based on the idea, that
aquifer property (porosity and conductivity) is changing during the geodynamic strass. According
investigation of Russian scientists (10) can calculated amount of aquifer porosity by equation:

dh=dP/pg=4*K,/(npg)

where:
n — porosity;
A — amplitude of tidal variation (3*10°®);
Kw— volume module of elasticity of water (2.25*10° Pa);
p — density of water (10%kg/m°);
g — acceleration of gravity (9.8 m/s?)

By this equation calculated static value of porosity for Georgian network boreholes. Amount of it
are depends from many factors such as depth of a borehole, its design, an originality of a geological
and hydro-geological structure water-bearing horizon, value of the gas factor, etc.

Tab. 1 Data of porosity for difference boreholes

Amplitude of water level reaction .
Boreholes name P on the tidal, cm Porosity, %

Kobuleti 4 17
Marneuli 7-9 7.6-9.8
Lagodexi 5-7 9.8-13.6
Borjomi70 15-16 4.3-4.5
Borjomi47 12-14 4.9-57
Borjomi67 11-12 5.7-6.2
Gori 3 22.9
Nakalakevi 7 9.8
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Change of value of porosity will be depends from the strass variation and all geodynamical in

fact around aquifer.
In order to fix influence of the tectonic factor on the aquifer, during preparation strong

earthquakes, was prepared special program in MatLab area. This program can show porosity amount
variation in time. The program gives possibility to show porosity amount variation in time, by comparison
of data of tidal and underground water level variations (fig. 2).

Fig. 2 Tidal (dashed lines) and the underground water level variations on the Marneuli borehole in 2012.
In order calculate value of porosity, has been made the calculation between the water level and

the theoretical value of the tidal variations according equation.

Fig. 3 Variation of Porosity on the borehole Marneuli in 2012.

Porosity value was changed according stress variation caused by tidal influence and has background
value. Has been built histogram of variation porosity for this period.

. Fig. 4 Typical histogram of porosity for Marneuli, 2012

Figure show normal distribution of parameter for this period (6-9%).
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On the Marneuli boreholes, every minute recorded water level, atmosphere pressure and temperature
value. There are observed the significant violation of water level before and during the period of seismic
events (fig. 5).

Fig. 5 Variation of water level on the Marneuli boreholes during Sumatra ”earthquake (11 April 2012)

Period anomalies, porosity value changed compare with background value.

B @0 B DD Be@®m A DE D @ g Bm o 000

Fig. 6 Variation of porosity value on the Marneuli boreholes during Sumatra earthquake (11 April 2012)

In the Histogram fixed second pick related with anomaly value of porosity. Typical porosity
equal 6-9%, after earthquake porosity equal 11-13%

Fig. 7 Histogram of porosity value on the Marneulimboreholes during Sumatra earthquake (11 April
2012)
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Conclusions
Results have shown that variation of porosity of aquifer is caused by stress. During normal
period it change according tidal variation and has “background” value. Variations during the seismic
event demonstrated change of the porosity value above “background” (tidal variation), as indicator of
tectonic activity.

Acknowledgments: The authors thank the Rustaveli National Scientific foundation for financial
support of the project #156/13 “Spatial and Temporal Variability of Geodynamical Field and Its
Influence on the Deep Aquifers and Geomagnetic Field.
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Abstract

85 groundwater, stream water and lake water samples were analysed in 2013 for composition of
major ions and isotopes **0, ?H and *H in the Alazani-lori area, eastern Georgia. Three groups of
groundwaters were identified, revealing the dominant evolution in mineralization from Northwest to
Southeast, with major increase in the Shiraki syncline area. The geochemical patterns among these
groups evolve from Ca(Mg)/HCOj3 type in the Kvareli aquifer to Na/SO4(CI) type in the Shiraki
syncline. Almost all aquifers in the study area contain admixture of older waters recharged prior to the
1950’s or paleowaters with no Tritium and low §®0 values between -11 and -13 per mil SMOW.
Although most of the artesian boreholes are up to 500m deep, their groundwaters belong to different
hydrochemical and isotopic groups and must be considered with respect to local stratigraphy. Whereas
the groundwaters in the Alazani valley artesian aquifers are concluded to be of a good quality for
drinking, it is recommended to enhance the use of waters from the karstic formations such as the
Dedoplitskaro Plain for alternative drinking water sources in the Shiraki —lori basin.

Introduction

Eastern Georgia encounters, due to its semiarid climate, a big deficit of water for irrigation and
domestic use. The aquifers of the Alazani basin are generally abundant in artesian groundwater due to
recharge from Cretaceous and Jurassic formations of the southern slope of the Greater Caucasus and
the northern slope of the Kakhetian ridge, the growing population and industrial and agricultural
activities require new insights into the monitoring, assessment and development of these resources,
partly abandoned after the collapse of the Soviet Union. Historically, the Alazani area was not prone to
droughts and was not characterized by water shortages. However, runoff predictions for a temperature
increase of 1.3 °C and precipitation decrease by 12% in 2011-2040 compared to 1961-1990 data result
in average decrease in annual water flow by 12% (1). This may lead to lower groundwater recharge
and cause water shortage for crops. Particularly the Shiraki plain encounters serious water quality
problems due to limited regional recharge, elevated evapotranspiration-induced salinity and high
content of organic sulphates. The communities on the Shiraki plain therefore need a better assessment
of their groundwater supply facilities for drinking water purposes.

The groundwater resources of Eastern Georgia were systematically assessed since the 1940°s.
First boreholes were drilled in the northwestern part of the Alazani basin (Kvareli aquifer).
Geophysical and hydrochemical studies were conducted until the 1990°s, but their publication has been
very sparse. Some geochemical data from the 1950’s and 1960’s mostly based on the work of
Buachidze and Zedginidze (2) were published in the USAID report “Groundwater Resources of the
Alazani Basin®“(3). Data from the 1970’s and 1980’s were partly elaborated in Beselia (4), Bagoshvili
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(5) and in particular Buachidze and Zedginidze (2). They have revealed the hydrogeological and
hydrochemical characteristics of the principal aquifers (Kvareli, Telavi, Gurjaani) of the Alazani basin,
demonstrating the main groundwater flow gradient and hydrochemical evolution from Northwest to
Southeast. Geochemical evolution from Ca/HCOs3 type to Na/Cl (SO,) type appears in the Telavi and
Gurjaani artesian aquifers, the Lower Alazani series and the Cretaceous-Jurassic formations, whereas
the Kvareli artesian aquifer is concentrated around Ca/HCOj3; type. Groundwater in the Quaternary
synclines around the Shiraki Plain shows Na/Cl (SO,4) characteristics and in particular remains poorly
understood. No tangible publications exist on the water resources on the Shiraki Plain and its
surroundings. Because groundwater and surface water resources have been assessed separately from
the institutional point of view, little is known on the interactions between streams and aquifers and on
the groundwater recharge travel times.

Until the beginning of 1990, about 2000 hydrological and geological boreholes were drilled in
the study area, including about 20 % observation wells and the rest production wells (7). Most of them
are in a very poor condition and without any documentation or records. A large proportion of these
wells are overflow wells, and their construction does not allow them to be sealed and there is therefore
a huge loss of groundwater and significant disruption to the piezometric conditions of the
hydrogeological structure. Non-artesian wells or wells which have lost their artesian overflow over
time have in most cases been destroyed because their wellheads have been stolen and such wells are
currently overgrown or buried. This may have a negative impact groundwater flow and cause hydraulic
short circuit, unnatural overflowing between watershed layers,decrease of water levels and
deterioration of the entire hydrogeological structure (7).

Besides the traditional methods of hydrogeological survey such as geochemistry and
groundwater flow modelling, environmental isotopes as water tracers provide useful complementary
information on water origin (where does the water come from) and history (which pathways did the
water move until it arrived to an aquifer). These methods have been applied in Georgia since the first
decade of this century through projects under the auspices of the International Atomic Energy Agency
(IAEA). While the first project of this nature has focused on the identification of recharge areas
drinking water resources in the Borjomi-Bakuriani region (8 and 9), recent activities cover various
parts of Georgia, incl. eastern Georgia.

The Rustaveli National Science Foundation Grant was awarded for assessment of recharge
conditions in the principal hydrogeological units of the Alazani-lori catchment basins including the
semi-desert areas, using environmental isotope and hydrochemical approaches. This paper has
therefore the following objectives:

a) Evaluation of recharge conditions in the principal hydrogeological units of the Alazani-lori area
b) Evaluation of groundwater travel times and hydrochemical evolution along flowpaths
C) Identification of zones of increased groundwater vulnerability and possible alternative sources

of drinking water.

Geological and hydrogeological settings
The area of the Alazani and lori basins is located in eastern Georgia. It has an area of
approximately 8000 sgkm. It includes the Alazani and lori artesian aquifers, the adjacent aquifers of the
Shiraki Plain synclinale and the Kakheti-range in the West-Northwest. This range and the entire
Greater Shiraki Plain are a climatic boundary between the water-abundant Alazani basin and the water-
scarce lori basin.

The geological composition of the study region is complex and contains Jurassic, Cretaceous,
Palaeogene, Neogene and Quaternary rocks. Most of the area belongs to the folded system of the
Greater Caucasus, and a smaller part on the southeast (Garekakheti Plateau) belongs to the
Transcaucasian Intermountain Area (10).
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The major units of the Alazani-lori water-bearing complex are the Telavi and Gurdjaani water-
bearing horizons. The Telavi water-bearing horizon is located from village Kogoto to the village of
Sabatlo over 150 km. It contains about six water-bearing layers with the total capacity up to 50 m. The
horizon is formed from coarse-grained sand and fine pebbles with the sandy filler. The horizon is
deposited at the depth from 90 to 360 m, gradually submerging towards north-east and south-east
directions, to the central part of Alazani valley. The Gurdjaani water-bearing horizon belongs to the
upper part of the middle section of the Alazani. It submerges at the depth of 125-500 meters and is
observed from the Velistsikhe station to the Gumbati village over 140 km. The Gurdjaani horizon is
formed by porous gravely sediments with sandy fillers, in about nine water-bearing layers. The
maximum number of these layers is observed in Gurdjaani-Kardanakhi region. Almost the whole
horizon is covered by the Telavi water-bearing horizon. Eastwards of the Lagodekhi meridian the
groundwaters from this water-bearing horizon border with Azerbaijan.

In contrast, the water-bearing horizons of the lori-Shiraki artesian basin are developed locally
within the boundaries of monoclinal and synclinal structures such as Sartichala, Sagaredjo,
Mtsvanemindori, Shiraki, Olei and Djeiran-Choli basins.

Methodology
Fieldwork

85 water points (two examples on Fig.1) were sampled during six campaigns from April 2013 until
October 2014. They include 5 points on surface waters (rivers and lakes) and 76 on groundwaters
(springs, boreholes, dug wells). Major ions, *®0, *H and ®H were measured at each site. Physico-
chemical parameters in the field (Temperature, pH, DO, EC) were obtained by the WTW Multi 340i
set.

Depth and position of screen in the boreholes were taken from local archives and registers (2),

Additional monthly monitoring of isotopes ‘0, ?H and °H in rainwaters and streamwaters was
established in the study area in the framework of the Global Network of Isotopes in Precipitation
(GNIP) and Global Network of Precipitation in Rivers (GNIR) operated by the IAEA (11). New GNIP
(**0, 2H) stations in the study area include the recharge area in Tianeti (since January 2013), the central
area in Telavi (since May 2012), and the discharge area in Dedoplitskaro (since January 2013) and
Lagodekhi (since July 2013). While the information on temperature, rainfall amount and air humidity at
Telavi is supplied by the adjacent meteorological station, the rain samplers at Tianeti, Dedoplitskaro
and Lagodekhi were complemented by air temperature and humidity sensors HOBO. New GNIR (*®0,
’H) stations include Alazani/Shakriani (since May 2012) and lori/Tianeti (since January 2013), both
equipped with HOBO water level sensors. Available meteorological datasets and discharge data from
official meteorological and hydrological stations were obtained from the office of Hydro-Meteological
service of Ministry of Environment and Natural Resources Protection in Thilisi.

Fig. 1 “Tetri-Tsklebi” —Borehole (left) and “Telavi” -Borehole Nel (right)
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Laboratory

Stable isotope (**0, 2H) analyses of water sampleswere performed in the Laboratory of the
Ivane Javakhishvili Thilisi State University, M. Nodia Institute of Geophysics, by the Picarro Laser
Water Isotope Analyzer L2110-1 equipment purchased in the framework of the IAEA projects. Major
ions were obtained by Flame photometer PFP7 and spectrophotometer DREL2800. Tritium was
measured in the radioisotope laboratory Hydrosys, Inc. in Budapest, Hungary. Additional stable isotope
and hydrochemical analyses were also carried out in other external laboratories in Hungary, Czech
Republic and Morocco.

Fig. 2 laboratory equipment “Picarro” and “Flame photometer”

Interpretation
According on the regional knowledge, obtained field data and information on the geology and
existing boreholes, the sampling points were assembled into following groups for further interpretation:
AK Kuvareli artesian aquifer
AT Telavi artesian aquifer
AG Gurjaani artesian aquifer
AN Lower Alazani series artesian aquifer
SCJ Springs in Jurassic and Cretaceous formations
CJ Jurassic and Cretaceous formations - boreholes
SQS Quaternary formations of the Shiraki syncline —springs
QS Quaternary formations of the Shiraki syncline - boreholes
R Streamwaters (and lake)
The distribution of the water points according to these categories is given in Fig. 3.
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Fig. 3 — Distribution of water points according to hydrogeological groups.

Following techniques were used to visualize and interpret the hydrochemical and isotopic data
a) Bivariate plots and Box-Whisker plots
b) Aquachem 5.0 with trivariate plots (Piper-diagrams)

Results

Hydrochemistry

Hydrochemical composition of water samples from different aquifer units was assessed. Patterns of
formation of the chemical composition of groundwater were refined with new data and the
hydrochemical zonation of groundwater “Alazani-lori”Artesian Basin was created.
Fig. 4 displays the hydrochemical characteristics of the different hydrogeological groups of water
points.
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Fig. 4 — Content of major ions in groundwater from the “Alazani-Iori” area according to the
main water point groups

Fig. 5 - Hydrochemical evolution of the groups of water points.

Three types of groundwater were derived from the hydrochemical paterns.
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The most mineralized groundwater type covers the territory of the waters of which have total

mineralization of more than 2 g/l, temperature 14-19 ° C. By the chemical composition these water are
sodium chloride. This type of water are generally located in the Shiraki Plain area (springs QS and
boreholes SQS, see Fig. 3). The increased mineralization can be explained by saline sediments of
Quaternary age as a result of intense evaporation, with a minimum amount of precipitation.
The upper groundwater layer is more mineralized, while the bottom layer which is assessed by the
wells, is less mineralized. This can be explained by the fact that the top layer does not have discharge
area, being located within a closed syncline under the influence of intense evaporation. There lower-
layer pressure horizons dischargeas springs, located on the slope north of the Shiraki on the right bank
of the Alazani river. They are characterized by a more rapid discharge and relatively good conductivity
of the aquifer. These patterns are reflected on the general map of groundwater conductivity (Fig. 6) An
upward trend of conductivity is observed along the river Alazani from the North-west to the South-east
direction, and on the Shiraki valley from the South-west to the North-east.
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. 21701 - 36400
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Fig. 6 Spatial distribution of electrical conductivity in the Alazani-lori area.

Groundwater on the Kakheti ridge (between the Alazani and lori valleys) has a local
distribution due to their confinement to the zones of tectonic faults (Gamardzhveba, Bodbe) in the
Lower Alazani series artesian aquifer (AN).

The second type of groundwater has a total mineralization between 1.0 to 2.0 g / I. By chemical
composition this water is represented by various compositions of (Na,Mg)/ (CI,SO4 ;") and temperature
between 14 and 19°C. These types of waters are distributed in parts of the Telavi and Kvareli aquifers
and in the entire Gurjaani aquifer (AT, AK, AG, see Fig. 3).

The third type of groundwater has a total mineralization up to 1.0 g / I. Water chemistry is
represented by various proportions of Ca(Na,Mg)/ HCO3; (SO4 ;) and temperature between 12
and16°C. This type of groundwater is distributed in the rest of the basin, covering most of the area of
distribution Kvareli aquifers and Neogene, Cretaceous and Jurassic sediments.
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Pronounced changes in the total mineralization of the artesian water of Telavi, Gurjaani and “methane”
aquifers of the Alazani series are observed in the vertical cross section of the boreholes.

Isotopes

Stable isotopes (**0, ?H)and Tritium (*H)were analysed in all water samples from the different
hydrogeological groups. Fig. 7 reveals that modern recharge with 5'®0 values between -8.5 and -9.9 %o
V-SMOW is dominant in groundwaters of the Alazani series (AN), Kvareli aquifer (AK), springs (SQS
and SCJ) and in the rivers. Aquifers of Telavi (AT) and Gurjaani (AG) artesian structures as well as the
Cretaceous and Jurassic formations (CJ) and the Shiraki syncline (QS) contain paleowaters with 820
values between -11 and -13%. V-SMOW. Similarly, the Tritium concentrations (Fig. 7) show a
presence of older (recharged prior to 1950°s) waters in samples from all groups except for the
Quaternary Shiraki springs (SQS) and the rivers (R). The isotopic composition of samples confirms the
groundwater hydrochemical patterns explained in 4.1. The first highly mineralized groundwater type
has relatively low concentrations of tritium (0.1-1.8 TU), which characterizes old groundwaters
recharged prior to the 1950°s, including paleowaters. Tritium concentrations increase for the second (3-
6 TU) and third group of waters, respectively (7-11 TU). These values indicate waters with modern
recharge (after 1950), partly with admixture of old components.

——Median
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R AK AT AG AN SCJ CJ sQs QS

Fig.7— Isotopic characteristics of waters in the Alazani-lori area. Left: content of **0; right : content of
3
H.

Tritium concentration is decreasing from the West direction to East on the territory and smallest
is observed on the Shiraki plain (Fig. 8).
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Fig. 8- Spatial distribution of Tritium in the Alazani-lori area.

Fig. 10 displays the *0-2H relationship. It reveals that waters in almost all samples are located
along the global meteoric water line. Values of two samples deviate from the global meteoric water line
— the Lake Kechabi on the Shiraki Plain, and the geothermal karst spring Heretitshkali. These
deviations are related to evaporation under semiarid climate conditions and to water-rock interactions
in geothermal environment.
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Fig. 10.Plot of *¥0-?H of waters in the study area.
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10.

11.

12.

13.

Conclusions

Complex geological, hydrogeological, hydrogeochemical and isotope investigations were carried
out in the Alazani-lori area. They have confirmed the evolution in mineralization from Northwest to
Southeast, with major increase in the Shiraki syncline area. Isotope investigations have confirmed the
entirely modern groundwater origin of the Kvareli aquifer and admixture of pre-1950 waters (or
paleorecharge in case of 8'°0 values between -11 and -13 per mil SMOW) in all other aquifers.
Although most of the artesian boreholes are up to 500m deep, their groundwaters belong to different
hydrochemical and isotopic groups and must be considered with respect to local stratigraphy. Waters
on the Shiraki plain area are characterized by high content of SO, and CI and therefore lower quality
for drinking. It is recommended to enhance the use of waters from the karstic formations such as the
Dedoplitskaro Plain for alternative drinking water sources in the Shiraki region. The conjunctive use of
hydrochemical and isotopic approaches demonstrates a high potential for future water resources studies
in Georgia.
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OuneHka NpPoUCX0KAeHHEe U MUTPAIlMU MTOeMHOM BOAbI B AJia3anu —Hopckom
0acceifHAX ¢ UCMOJIb30BAHNEM THAPOXMMHUYECKHX U M30TOMHBLIX METO/10B

IMenmukanzel’. 1, DKykosa H. O, 'Tonanaze M. 111, 'Bedxsanse C. I'., 'Kanananze H. A,
Yankseramse A. I11., 'Ko6sesl.H., UlxummenanseT.A., *Bursap T. A.

nnucknil 'ocynaperBenuii YHusepenret uM. UB. xaBaxumBunm, MacTuTyT ['eopusukn
IT6 Tocy, vy u , 1 yr T
Texunueckuii Yuusepcurer ITparn, Yexus, daxynprer I'paganckoro CTpoOHTEIbCTBO

PE3IOME

2013 roxy ObUTH MpOaHATU3UPOBAHKI 85 00pa3loB U3 MOA3EMHBIX, PEYHBIX M O3EPHBIX BOJ IS
M3yYEHHSI COCTaBa OCHOBHBIX MOHOB M M30TONOB 80,?Hu*H B paiione Anazanu-Mopu B BocTounoi
I'py3un. Bwimm ompeneneHbl TpU TPYIIBI MOA3EMHBIX BOJ, KOTOPBIE MOKa3aJld TOMHHHUPYIOIIYIO
HBOJIIOIMIO B MUHEpAIM3AlUN C CEBEpO-3alajia Ha FOr0-BOCTOK, CO 3HAYMTEIHHBIM YBEIHMYCHHEM B
cUHKJIMHANIbHOU oOnactu [lupaku. ['eoxuMudeckre MOJICNIM CPEIU STUX TPYII SBOJIONUOHUPYIOT OT
Ca(Mg)/HCO3 -tuna B Ksapensckom BomoHocHOM ropu3onte K Na/SO4(Cl) -tuny B CHHKIMHAIN
[Iupaku. [Toutn Bce BOAOHOCHBIE TOPH3OHTHI B 00JACTH MCCIEAOBAHMS COJIEPKAT MPUMECh CTapbie
npeaBapuTeNIbHO 10-1950 BOIBI MM MTaJICOBOIBI O€3 TPUTHS M HU3KUE 3HAYCHUS 5180 Mexnay -11 u -13
npommwuie SMOW. XoTs OOJNBIIMHCTBO apTE3MAHCKUX CKBWKHH HMEIT riayouHy ao 500M, wux
MOJI3EMHBIC BOJIbl MPUHAUICKAT K Pa3HBIM THAPOXHMMHYECKHMM W W30TOIMHBIM TPYIIAM W JIOJDKHBI
paccMaTpUBaThCS 10 OTHOIIICHUIO K MECTHOM cTparurpaduu. XoTs, KaK BBIICHEHO, B JOJIMHE AJla3aHu
apTe3WaHCKHE BOJOHOCHBIC TOPU30HTHI HMMEIOT XOpOIee KadyeCTBO U MPHUTOJHBI JJISl ITHTHS,
PEKOMEHIyeTCsST ~ pacUIMpUTh  KCIOJB30BAaHHE BOJ  KapCTOBBIX  OOpa3oBaHMM, TaKHX  Kak
B/lenomucikapo-paBHUHE U TIOUCKA aJbTEPHATUBHBIX MCTOYHHKOB IHTHEBOW BOJBI B OacceiiHe
[Tupaku-Hopu.
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Abstract

The article describes the methods of hydrodynamic observations for monitoring tectonic
processes in real time and seismic isolation component. The developed methods are used to
extract the geodynamic component of observation data to examine patterns of its distribution in
space and time over large areas in the process of preparation of strong earthquakes. For data
processing, we have developed a new method on MATLAB (program RestDance) to synthesize
the theoretical signal and compare it with the real data of the water level. The article also
describes the method of speed and its values to visualize the anomalous behavior of water level
during strong earthquakes.

Introduction

The correlation between the hydrodynamic anomalies of groundwater and seismic
phenomena, caused by tectonic processes, long fixed. Physical meaning of this phenomenon: the
lithosphere rocks contain cracks and pores that respond to mechanical stresses. As is known, the
water is incompressible medium in the case of open system during compression changes the
water extracts from the stress-strain medium and this makes it possible to observe the change of
intensity. Identifying the mechanism of the relationship of deformation processes, the strong
earthquake and hydrodynamics of groundwater helps to explain this variability hydrodynamic
field.

Description of the methods of data processing

To monitor hydrogeodeformation field of the Earth, which allows to fix the rapid changes of
deformation-stress state of the medium (1), due to the preparation of the earthquake, in the 80s of
the last century, work began on the creation specialized network of water wells. Regime wells
were chosen so that they are all characterized by large geological units.
Well as bulk strain meters, sensitive to deformation of various kinds, both exogenous and
endogenous (2-5). Accuracy of the observations reached 107-10"° values. Has accumulated a
long series of observations throughout the Caucasus.
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Figure2. Layout observed wells for geological units

Change in water level due to the following factors: atmospheric pressure (AP); precipitation
(PR); tidal variation (TI); Tectonics-seismic stress (T/S) and the proportion of errors apparatus

(e).
Water level: = f (AP)+ f (PR)+ f (TD)+ f(T/S)+ ¢;

To isolate the tectonic components necessary filtering and selection of primary materials
netektonicheskih components. As a good example of the decomposition analysis can point to the
analysis of the level of water wells Gaybara (Japan). Akaike et al, 1985 and Tamuta, et al, 1991
developed a special program BAYTAP-G (Bayesian Tidal Analysis Program in a Grouping
Method) to filter rainfall and tidal variations. Influence of precipitation on water level by means
of regression analysis was evaluated Matsumoto (1992), Matsumoto and Takahashi (1993). It
should be noted that Kitagava and Matsumoto (1996) used the Kalman filter to select all
netektonicheskih components of the water level data. They identified tectonic component after
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subtracted influence of atmospheric pressure, tidal variations and precipitation. (Matsumoto et al,
2003).

Another example of a consistent approach to the problem is to analyze the data of the water
level in the well Lisi, Georgia (Gavrilenko, Melikadze et al, 2000), where the decomposition of
the water level was applied a special method. On the basis of real data on the tidal variations,
atmospheric pressure and precipitation for the period 1988 - 1992 years. Was promoted synthesis
of theoretical reaction variations of the water level in the well Lisi, which was compared with the
actual variations in the water level. With this same time period, two strong earthquakes in the
Caucasus region - Spitak (7.12.1988, M = 6,8, A = 110 km) and Raczynski (29.04.1991, M = 6.9,
A = 125 km), here M - is magnitude, and A - epicentral distance. Before the earthquakes
observed anomaly of water level throughout the region.

For data processing, we have developed a new method on MATLAB (program RestDance) to
synthesize the theoretical signal and compare it with the real data of the water level. The
program enables counts each exogenous parameter separately and examine their impact on the
aquifer.

For example, the article demonstrates variation of parameters during preparation “Racha”
earthquakes of 12.08.2009 (M= 4) and in 9.09.2009 (M= 4.6) in the three boreholes. First of
them “Oni” is located in the epicentral areas, the second one, “Adjameti”, is 100 km far to
South-West direction and finally “Lagodekhi” is 200 km far to East direction from the epicentre.
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Figure 3. Variation of water level (upper curve), atmosphere pressure (middle curve) and tidal
variation (lower curve) at the “Oni” station. The vertical lines mark earthquakes.

The figure shows the violations that occurred at the station Oni at the time of the earthquake in
Racha.

Figure 4. Variation of water level (upper curve), atmosphere pressure (lower curve) and tidal
variation (middle curve) on the “Ajameti” station. The vertical lines mark earthquakes.
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Figure 5. Variation of water level (”Upper cur\)éj, atmosp'H'ére pressdrr”é (lower éUrve) and tidal
variation (middle curve) on the “Lagodekhi” station. The vertical lines mark earthquake.

The pictures show the variation of different fields on the stations. Water level variation as
a multi-signal value contains all exogenous (tidal variation, atmosphere pressure and
precipitation) and endogenous (earthquakes) factors’ influence. In the seismically passive period
the background of variation reflects only exogenous factors, but during earthquake preparation
process the character of variation changed (Bella, Biagi P. et al., 1992, Hsieh et al., 1988). In
this period are recorded disturbances in the water level variation before and after of earthquakes
(Fig. 3-5).

In order to calculate the relationship between changes in the parameters and earthquakes
were introduced correlation coefficients with the tidal water level variations - a, with
atmospheric pressure changes - b, and the constant- c. To identify the statistical dependence of
the change of energy reaching the area well away from the epicenter zone, was written by a
special program that allows you to identify "variation™ of the coefficients a, b, ¢ and the signal
"balance™ between earthquakes on the three stations are shown in Fig. (6-11).
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Figure 6. Variation of a, b and ¢ coefficients at the “Oni” station.
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Figure 9. Variation of “summary” coefficients at the “Adjameti” station.
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Figure 10. Variation of a, b and ¢ coefficients at the “Lagodekhi” station.
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Figure 11. Variation of ”summary” coefficients at the “Lagodekhi” station.

The “background” values of water level variation was changing before and after events
(Melikadze et al., 1989). Character of variation of coefficients for each borehole depends on the
energy value, which reached boreholes area. “Lagodekhi” borehole is sensitive for local
earthquakes then for “Racha” earthquake. At the same time the amplitude of variation before
“Racha” earthquake is stronger in the “Adjameti” station. This can be explained by larger strain-
sensitivity of “Adjameti” station (Melikadze et al.,).

Furthermore, the program calculates variation of “geodynamical” signal -difference
between the water level’s theoretical and observed values and “residual” values of high
frequency signal in the water level variation. (Fig. 12-14).
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Figure 12. Variation of “trend” value of geodynamical signal (upper curve) and “residual” (lower curve)
at “Oni” station.
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Figure 14. Variation of “trend” value of geodynamical signal (upper curve) and “residual” (lower
curve) at “Lagodekhi” station.

The drawdown of water level in the “Oni” and “Lagodekhi” boreholes and increase of the
“Adjameti” boreholes are fixed. The first effect is characterizing decompression and the second
one - compression of aquifer system before Racha earthquakes. After considered events water
level in the “Adjameti” borehole goes down, this characterizes decompression processes. “Oni”
station kept compression processes.

Another way to study the anomalous behavior of water level — is the speed method.
Seasonal trend, which is usually present in the water level of wells, take a number of problems in
monitoring.

Consider the concept of velocity (speed) for the water level.

Definition:

EADD

Speed (m + i) = (water (m + i) -water (i)) /m, i =123, ...
Where m is some fixed number of minutes.
In the examples below (Figure 15) the speeds are multiplied on coefficients for visual
comparison. We point out that in the speed graph disappears seasonal component.
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Figurel5. Speeds. The reaction to the earthquake in Indonesia (Sumatra)
From top to bottom: Borjomi70 (top), Marneuli, Kobuleti, Akhalkalaki
m=180 minutes
The figure shows the velocity violations during an earthquake in Indonesia (Sumatra).
Table 1. shows the values of water level changes that have been committed during the
earthquake in Sumatra (Indonesia).

Tablel. Earthquake in Sumatra (Indonesia), 11 April 2012, Mag=8.4, distance =6508 km

Borehole Jump of water (cm)
Kobuleti 4
Marneuli 8
Borjomi70 70

Figure 16. also seen some irregularities that occurred 2-3 days before the earthquake in Turkey
(\ani), which occurred October 23, 2011 (Magnitude = 7.2).
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Figure 16. Speeds: m=180 mindtes interval for boreholes of'Georgia, 18-24 October and Turkey
(\Vani) earthquakes 23 October 2011, Mag=7.2 From top: Marneuli, Kobuleti, Lagodekhi,
Borjomi, Ajameti, Akhalkalaki.

Within 2 days, from October 18 to 21, before the earthquake, see the violation, and then
there was a leveling off. During an earthquake on October 23 following changes were
observed.

- The well Kobuleti, which is located at a distance from the epicenter 369km, there was a
drop in water level at 0.5 cm; The well Borjomi, which is located at 339km from the epicenter,
there was an increase in water level at 3.5 cm;

- The well Akhalkalaki, which is located at 291km from the epicenter, there was a drop in
water level at 0.5 cm.

- Minor violations can be seen at the station Marneuli, which is located at 317km from
the epicenter. With help of speed method were also studied water levels for wells of Bulgaria
(Irechek, Belgun, Chelopechene and Vaklino) for 2008-2014 years. In the vicinity of these wells
are almost no rivers, as developed karst and surface runoff is absent.

Figure 17. Wélls of Bulgaria: Irechek, Belgun, Chelopechene and Vaklino.
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Level temporary rivers near Irechek, Belgun and Chelopechene about 80-100 meters, and
near Vaklino - about 15 -20 meters. Two wells are not deep and open the first karst of
unconfined aquifer in sarmath (neogen) limestone - Belgun and Vaklino. Wells do not cross the
entire thickness of the aquifer. The upper part of the casing strings isolated. Water-bearing
intervals Belgun- from 51 to 106 m, and in Vaklino - from 40 to 68 m. Upper limits depend on
supply.

The remaining two wells are deep and reach the head waters in the Upper Jurassic-Lower
Cretaceous sediments.
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According to the result of the processed data was recorded by the influence of external factors
(tidal variations, atmospheric influence, seasonal fluctuations), this they have low information to
fix the possible geodynamic factors

Conclusion

The results of data analysis showed deterioration reaction coefficients a, b, ¢ before and
during a seismic event. Periods recorded anomalies coincide with periods of strong earthquakes
occurrence. Characteristic anomalies (amplitude, period coefficients a, b, c) are correlated with
the strength of an earthquake. Speed method showed its suitability for imaging of the anomalous
behaviour of water level during strong earthquakes.
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B crathe paccMOTpEHBI METOIBI THAPOJMHAMUYECKUX HAONIONEHWH UII MOHUTOPHHTA
TEKTOHUYECKUX IPOIIECCOB B PEXKHUME PEaTbHOIO BPEMEHHM M BBLACICHHUS CEHCMUYECKOIO
KOMIIOHEHTa. Pa3paOoTaHHbIE METOABI MCIOJB3YIOTCS JJISi BBIIEICHUS T'€OJIMHAMHUYECKON
COCTaBJISAOLIEH U3 JAHHBIX HAOIIOIEHHM C LIEIbI0 N3yUEHUsI 3aKOHOMEPHOCTH €€ pacrpeaeeHus
B IPOCTPAHCTBE M BPEMEHM Ha OOJBIIMX IUIOMIAAAX B TMpolecce MOJATOTOBKU CHIIBHBIX
3emiieTpsiceHuid. Jlig o6paboTku naHHBIX ObUT pazpaboraH HOBBIM Meton B cpene MATLAB
(mporpamma RestDance), mo3BoJiromuii CHHTE3UPOBATh TEOPETHUESCKUI CUTHAT U CPAaBHUBATH
€ro ¢ peaJbHbIMU JaHHBIMU YPOBHS BOJIbl. B cTaThe Takyke paccCMOTPEH METO] CKOPOCTEH U ero
3HAYCHUsI JUIS BU3YaJH3alli aHOMAJbHOTO TIOBEJCHUS YPOBHS BOIBI BO BpPEMS CHIIBHBIX
3EMJIETPSACEHUH.
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Abstract

Prometheus Cave
Water Dynamics
e Rainwater enters the cave relatively quickly at several places therefore guided cave
tours should be stopped during strong and long lasting storms
e Water at the lower part of the cave runs as a small brook with a few litres per second
(low flow first week of March 2014) up to approximately 1 cubic meter per second
during strong floods
e During low water flow in March the microbiological contamination is high and in
agreement with traces of artificial sweeteners and corrosion inhibitorsindicating inflow
of domestic waste water into the cave
e The recharge area of the cave waters should be mapped and waste water treatment of
houses and farms in this area should be managed and monitored.

Speleometeorological Dynamics

A general summary of the situation in the Prometheus cave, based on the data already
available and on experience from other comparable caves is as follows:

The overall status of the speleometeorological parameters at the given time-interval of
investigation (March 2014) can be regarded as quite good with respect to the cave
environment and the safety of the visitors. There was no significant enrichment of CO,, which
is mainly due to the natural ventilation, but certainly also due to the early season.

During the summertime CO, will increase due to natural causes (increased soil activity plus
thermodynamic barrier against the outside air increases the influx of CO, into the cave
through fissures) as well as due to the increased number of visitors. However, the
diminishing, but most likely still existing ventilation will limit it to values that cause no
significant threat to the environment and to the visitors. The result of these opposing effects is
also documented by a slightly higher content of radon in the Prometheus Cave during the
summer months (Vaupotic et al. 2012).

Nevertheless - to remain on the safe side —a modelling of the CO, development under
changed boundary conditions was performed, with pessimistic boundary conditions and
assumptions as well as a more realistic scenario. Taking also research and experiences in
other show caves into account, a serious threat to both visitors and the caves is unlikely as
long as some simple precautions are taken during the touristic peak season and high outside
temperatures.

Inour opinion the natural air movement, which could be enhanced by opening doors
for two to three hours during the evening hours or during night time (depending on the
necessary safety measures) in the summer season, should be sufficient to stay on the safe side.
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The inflow of outside air (the relative humidity of which is lower than the cave air) is no
threat to the cave atmosphere or the speleothems during the summer season because its
relative humidity will increase due to lower water saturation of colder air.

A simple and reliable tool to measure the CO, content of the air during the peak season could
be DRAEGER diffusion tubes (we used that during our measurements in Marchin addition to
direct measurements) for longer measuring periods (> 12 hours) or simple CO,-monitors for
instant measurements. A continuous and much more expensive CO;-online-measurement
equipment is not essential.

Electric cave lighting

In the Prometheus cave sophisticated cave lighting has been installed. Whereas the
position of the lighting elements causes no trouble, the lighting colours do, at least in part.

Looking at the wavelengths of optimal lampenflora growth (Fig. 1) — due to the
absorption of special wavelength of light — and the spectrum of different LEDs, one can see
that especially blue colours and, to a certain degree, red colours should be avoided to reduce
at least the growth of mosses and green algae. Blue green algae (being bacteria in fact) cannot
be restrained much in that way but cause less trouble than the other kind of lampenflora.
White LED is close to the critical wavelengths too, but are acceptable as long as the light
intensity close to the lamps is not too high. Simple devices like light shades might be helpful
in this case.

We propose especially to avoid blue colours entirely and reduce the red ones to a
minimum.
Besides that any reduction of overall lighting times (turning off the lights in sections not
visited at the moment would be most effective) would help to reduce the lampenflora, which
appears to be a more serious threat to the cave environment and the speleothems than the
visitors are.
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Figure 1 Light spectra of Chlorophyll A and B and spectra of different LED colours. Blue =
blau, white = weiss, green = griin, yellow = gelb, orange = orange, red = rot, from Pavuza,

Mais&Cech (2002).
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Sataplia Cave

Only a reconnaissance investigation was performed on the water flow and the cave
climate of the Sataplia Cave. At the director’s option no water flow monitoring was installed.
Nevertheless, a few preliminary findings are documented here.

Water Dynamics

e Due to the higher altitude and the smaller recharge area the water flow in the cave was
significantly cooler (8.5° C) and the flow much lower (1.5 L/s)than in the Prometheus
Cave during the first week of March 2014.

¢ Due to volcanic rocks in addition to karstified carbonate rocks in the recharge area the
water composition is less mineralised, but more enriched in magnesium (Mg), sodium
(Na), iron (Fe), aluminium (Al) and silica (Si) compared to the one in the Prometheus
cave.

e The microbiological contamination was also high in March 2014, but no indicator for
domestic waste water could be found. Therefore the microbiological indicators should
be monitored over one year to clarify, if the contamination comes from animals living
in the recharge area or has other sources.

Speleometeorological Dynamics

Most probably due to the adjacent volcanic rocks, which are also abundant as allochthonous
cave sediments in the Sataplia Cave, the gamma-radiation was significantly higher than in the
Prometheus Cave (124 against 71 nSv/h — outside values ~ 130 nSv/h). Unfortunately — as all
devices had to be used in the Prometheus — we had only the possibility to measure radon
daughter products (EEC — Equilibrium Equivalent Concentration = radon-222 progeny
concentration) once. The results, being significantly lower than in the Prometheus Cave, point
towards a more active ventilation in this cave at least at the time of the measurements.

Introduction

The Imereti Caves Protected Areas include a number of caves in Tskaltubo, Terjola,
Tkibuli and Khoni districts. Each of the cavies culturally rich, unique and interesting for its
characteristics.

Prometheus Cave, located close to the village Kumistavi 20 km north of Kutaisi, in
Tskaltubo district (Figure 2), is 20,000 meters in length; however, the tourist pedestrian path
is only 1,420 meters. The temperature inside at any time of the year is 14-17°C degrees, the
water temperature is 13-14°C and humidity is 97-98%, while the oxygen content in the air is
21%.
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Figure 2Survey map of the investigated area

Prometheus Cave was discovered in 1983 by the Vakhushti Bagrationi’s university
team, led by Jumber Jishkariani. In 2011, the cave was visited by 70,331 visitors in total
(Georgia today, 2013).Within a short time work was carried out in the 1,060m section of the
main cave (Attraction Highway); concrete paths were constructed, bridge-flyovers were built,
viewing platforms were prepared and an additional tunnel was cut to facilitate discharge of
the cave water flows (Tsikarishvili et al. 2010).

Sataplia Cave is located in Sataplia Nature Reserve, which has a size of 354ha and is
located 10km north of Kutaisi (Figure 2). The nature reservelies on the extinct volcano Mt.
Sataplia (494m asl). Sataplia Cave was first discovered in 1925. The show path is 309m long;
the temperature inside the cave is 12-13°C; the cave receives around 90,000 visitors/per
year).A few hundred metres from the cave entrance are footprints of dinosaurs: about 200
footprints have been located, found in two different layers of the Cretaceous limestones (first
discovered 1933). The 30cm long footprints of the lower layer belong to an unknown
predator; the 48cm long footprints of the upper layer to an ornitopod herbivore
(http://www.showcaves.com/english/ge/showcaves/Sataplia.html).

The investigations which is the subject of this report were performed in the framework
of the EU Twinning project (GE12/ENP-PCA/EN/14) Strengthening Management of
Protected Areas of Georgia”. One of the project’s tasks is to elaborate a management plan for
Imereti Caves Protected Areas. The quantification of the water dynamic and the
speleometeorological conditions in Prometheus Cave and Sataplia Cave were selected as
special topics for further investigation during a preliminary visit in 2013.

Hydrogeology
Tskhaltubo artesian basin of porous, fracture, fracture -karst and karst waters covers
mainly the Lower Imereti plain and its adjacent Samgurali ridge. The mentioned district is
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composed by Mesozoic-Cenozoic sediments forming wide folds in a flat part and is uplifting
to the north-east on the Samgurali ridge. The Cretaceous, Paleogene and Neogene strata
compose Lower Imereti syncline, which is sandwiched between the northern ridges of Adjara-
Imereti Range and the southern foot of Samegreloanticlinal ridge.

Here, as well as in serrounding areas, there is well traced the main artesian horizons:
Lower Cretaceous limestones, Upper Cretaceous and Paleogene limestones and Quaternary
sand and gravel deposits.

The Lower Cretaceous limestone aquifer contains pressured fracture and fracture-karst
groundwater. The biggest deposit of these waters are in Tskhaltubo area, which are weakly
radioactive. The outputs of these waters are confined to the gentle anticlinal fold. Here, under
the slight layer of Quaternary sands and clays deposited marls of Aptian stage, and under
them thick aquifers of Valanginian-Barremian limestones. Chemically Tskhaltubo water is
very close to the pressured waters of Lower Cretaceous limestone horizon, developed in the
artesian basins in Western Georgia. Their distinguishing features are the radioactivity and the
high debit (200-220 |/ s). The gas composition is dominated by atmospheric nitrogen.

Climate

Long term data of the Kutaisi meteorological station show a mean temperature of 13.5
°C and an annual precipitation of 1322 mm. The amount of the mean monthly precipitation is
lowest in spring and summer months. In January and March 2014 the monthly precipitation
was with more than 160mm particular high (Figure 3).
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Figure 3Monthly precipitation sum 2014 compared to mean precipitation (http://en.climate-
data.org/location/2079/_140924) compared to mean temperature of the Kutaisi
meteorological station (156 m altitude).
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Methods

Rain collectors (Palmex Corp.) with minimized evaporation (Groning et al. 2013) for
daily or monthly measurements by means of a measuring cylinder were installed close to the
visitor centres of the Prometheus and Sataplia caves in March 2014 (Figure 4).

The discharge of the brooks in the caves was measured in the Prometheus Cave by a
combination of a water level gauge board and a capitance water level recorder (Odyssee
Corp.) (Figure 5). The discharge measurements were calibrated by salt dilution measurements
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(Hudson & Fraser 2005). Discharge in the Sataplia Cave was measured by a beaker and stop
watch.

All stable isotope samples of the precipitation and cave brooks were analysed by laser-
spectroscopy (CRDS — System, Types L1102-i Picarro) at the University of Vienna.

Figure 4Palmex rain collector (2014/2240
GW84: 42.60105°E 42,37688°N 180m) installed
next to the visitor centre of Prometheus Cave
©OFoto: M. Kralik

For all the samples water temperature, conductivity and pH (WTW Multiline P4-
meter) was measured after calibration in the field. The major ions, the trace elements and the
microbiological parameters were measured at the Austrian Institute of Technology.

Dissolved silica was analysed at the Museum of Natural History Vienna (colorimetric,
with SQ300 Photometer/Merck). Selected organic tracers as indicators for domestic waste
water were measured by the Environmental Agency Austria by a combination of gas-
chromatography and mass-spectrometry.

Radon and EEC was measured with Doseman/DosemanPro (Sarad, Dresden),
SunNuclear 1028 Continuous Radon Monitor) and Kodalpha Dosimeters (GT-Analytic,
Lambesc, France), and CO, with Diffusion Tubes (Draeger) and AirCO,ontrol 3000
(Dostmann), Gamma Radiation by GMZ-dosimeters, temperature by Data-Loggers
(Testo174) and calibrated electronic thermometers. Radon (Rn) in water was determined in
Vienna (Radim 3-W; SMM Prague) and empirically back calculated to the field value.

Results
Water Dynamics
Discharge measurements
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After installation of the water level gauge board and the capitance water level recorder
in the Prometheus Cave (Figure 5) the discharge of the brook were measured in the range of
12 — 138 L/s several times in March and April by the salt dilution method (Table 1).

Table 1 Salt dilution measurements of discharge of the brook in the Prometheus Cave

Date NaC |Wwat |EC' |[wat |[Dis | Velo
Sampling site I er uS er charg | -city
kg |Tem |cm™ |Leve |e m/s
p. I Ls™
°C m

Prometheus Cave

Grove of Aresi bridge at 955 m | 4.3.2014 05 |13.2 | 354 4.5

16:15 15 0.08
Grove of Aresi bridge at 955 m | 5.3.2014 05 |13.2 | 358 3.5

14:00 14 0.07
Grove of Aresi bridge at 955 m | 7.3.2014 05 |13.2 | 355 3.5

13:30 12 0.08
Grove of Aresi bridge at 955 m | 2.4.2014 0.5 |13.1 |249 19

12:00 138

EC: Electric Conductivity;
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Water Level recorded in the brook in the Prometheus Cave at 955 m (between sites 8/9 in
Figure 6) shows several quick water level changes (up to 1.25 m in ca. 10h) during March 2014
(Figure 7). An earlier installed water level recorder at site 1 (ca. 800 m, Figure8) shows similar
rapid changes in water level from summer 2012 till March 2014. The water temperature varies
between winter and summer in the range of 12.9 to 13.7°C. During rapid level changes the water
temperature changes about 0.1-0.2°C in winter down to 12.7°C and in summer up to 13.9°C.
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The precipitation next to the Prometheus visitor centre, and the waters of the Prometheus,
Sataplia and Opichum Cave (small cave close to the Prometheus Cave) were analysed for water
temperature, electric conductivity (EC), pH, oxygen-18 and hydrogen-2 composition (Table 2). The
water temperature in the Sataplia Cave (ca. 400 m asl) is significantly lower than in the Prometheus
(ca. 150 m asl) and Opichum Caves due to the higher altitude. The electrical conductivity of the
water in the Sataplia Cave is significantly lower than in the Prometheus Cave due to the mixture of
volcanic and carbonate rocks.

Table 2 Oxygen-18 (*°0) and deuterium (*H) values in the waters of Prometheus and Sataplia Cave

Sampling site Date Dis |Wat |EC' |pH |00 |é°H

charg |er uS SMO | SMO

e Tem | cm™ W% | W %o

Ls’ |p.

°C
Prometheus Cave
Precipitation next to visitor | 3.3.2014
center’ 14:53-
1.4.2014
12:00 -9.75 | -65.8

No.4 Quick dripping sword | 3.3.2014 8.1
like stalagmite 14:00 0.004 | 15.3 | 467 |3 -9.77 | -64.5
No.1 Siphon with groundwater | 3.3.2014 10 7.3
at 850 m 14:00 13.3 | 361 |0 -10.15 | -65.8
No.1 Siphon with groundwater | 8.3.2014 10 7.4
at 850 m 09:15 13.3 360 |5 -9.98 | -65.5
No.8 Grove of Aresi brook 7m | 3.3.2014 7.4
away from footpath 16:30 10 13.3 [ 361 |0 -9.54 |-62.5
No0.9 Water at the start of boat | 3.3.2014 7.5
exit 16:45 13.3 | 365 |2 -10.10 | -65.9
Well next to Visitor Centre 100 | 7.3.2014 7.5
m depth 16:00 143 | 467 |5 -9.98 | -65.4
Sataplia Cave
Right of footpath just before | 6.3.2014 7.8
exit 14:30 1.5 96 |256 |6 -10.35 | -68.1
Right of footpath just before | 8.3.2014 8.0
exit 10:10 1.5 89 |265 |3 -10.39 | -67.4
Opichum Cave
Small spring left of cave |5.3.2014 7.2 [-9.86 |-65.0
entrance 17:00 2.5 142 | 545 |6

'EC: Electric Conductivity; “Palmex rain collector No. 2240 GW84: 42.60105°E 42,37688°N 180m
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Figure9Delta Oxygen-18 vs. hydrogen-2 of the waters of the Prometheus and Sataplia cave

compared to the weighted mean precipitation data (GNIP 2014) of the Bakuriani (1665m) Batumi
(6 m) and Thilisi (490 m) station.

The delta oxygen-18 and hydrogen -2 values of the waters of the Prometheus Cave vary
between 0 -10,2— -9,5 %o and -68,1— -62,4 %o. Significantly, one water sample in the brook in
the Grove of Aresi (Table 2 and Figure 9) is different. The mean precipitation of March and the
spring water of the Opichum Cave have similar values.
The water samples of the Sataplia Cave show lower 8 *20 (-10.39 to -10.34 %o and & *H (-68.1to -
67.4 %o) values due to their higher altitude.

Table 3 Chemistry and microbiology of two water samples from the Prometheus and Sataplia Cave

Parameter | Concen | Promethe | Sataplia
S - us Cave Cave
trations
No. No. 1 SC
Siphon
. with . .
er at 850
m
Sampling 08.03.14 08.03.14
date 09:10 10:10
Discharge | (L/s) 12.0 1.5
slightly slightly
brown/ brown/
Color
susp. susp.
matter matter
smell no no
Water o
Temp. O] 13.3 8.9
EC? (25°) §“S/"m 360 265
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pH 7.45 8.03
Ca (mg/l) |69.2 45.3
Mg (mg/l) |9.7 10.5
Na (mg/l) | 1.70 4.30
K (mg/l) | 0.50 0.50
HCOs (mg/l) | 259.1 190.3
S04 (mg/l) | 4.2 4.9
Cl (mg/l) |14 1.6
NO3 (mg/l) |44 4.4
Sum (mg/l) | 350.2 261.8
Cations mmol | 337 3.323
(eq)/l

Anions gg;(/’l' 4.447 3.339
Calon ) |25 05
Ca/Mg 7.13 4.31
Na/Cl 1.21 2.69
Na/K 3.40 8.60
Si0,” (mg/l) | 4.0 11.3
PO, (mg/l) | <0.5 <0.5
Fe (mg/l) | 0.05 0.11
Mn (mg/l) | <0.001 0,001
Zn (ug/l <50 <50
Cu (ug/l <10 <10
Al (mg/l) | 0.08 0.14
F (mg/l) | <05 <0.5
Cd (ug/L) | <1 <1
Cr (ug/L) | <5 <5
Li (ug/L) | <5 <5
Mo (ug/L) | <5 <5
Ni (ug/L) | <5 <5
Pb (ug/L) | <2 <2
KBE 22°C Q?Z'/ 1 1880 1600
KBE 37°C Q?Z'/ 11220 120
Escherlchla Anz./10 100 44
coli 0ml
coliforme Anz./10
Bakterien 0ml 100 108
Entero- Anz./10
kokken 0ml 50 45
Pseudomon Anz/10
as 2 0

. 0ml
aeruginosa

! Analyst: Aqua Test, Austrian Institute of Technology; ° Analyst: R. Pavuza; ®* EC: Electric
Conductivity.

The main ion composition of the water samples of the brooks in the Prometheus and Sataplia
Cave is very similar to common karst water composition (e.g. the mean of Austrian karst springs).
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The water of the Sataplia Cave is significantly lower in the ion sum but higher in magnesium (Mg),
sodium (Na), iron (Fe), aluminium (Al) and silica (Si) (Table 3 and Figure 10).

Both water samples show a high concentration of specific cultivatable bacteria (e.g. Escherichia
coli) indicating impacts of excretion mammals or human beings.

From the same brooks analyses were made of a set of waste water indicators which
frequently occur in waste water of modern households (Table 4): Artificial sugars (acesulfam,
sucralose), corrosion inhibitors (1H-benzotriazole and tolyltriazole) and pharmaceuticals (e.g.
carbamazepine, sotalol, metoprolol).Acesulfam and 1H-benzotriazole were detected in the brook
water of the Prometheus Cave, whereas in the brook waters of the Sataplia Cave all these indicators

mKarst Springs Austria

Major lons Piper - Furtak

Diagram ©Prometheus Cave

@ Sataplia Cave

Calcium + Magnesium

are below detection limits.

Table 4 Waste water indicator test of brook waters in the caves

Sampling site | Date Ace- | Sucr | Tolyl- | Carba | 1H- Sota | Met | CBZ
sulfa | a- triazol | ma- Benzo | - 0- -
m lose |e zepine | - lol Prol | DiO
triazol ol H
ng/L | ng/L | ng/L | ng/L e ng/L
ng/L ng/L | ng/L
Promethelis 2232014 20 <K <K <N/ 120 <2 <28 | <9
Qatanlia Fyit 222014 <28 <R <R <N & <R <2 <28 | <2
Detection 258 5 5 N5 5 2 25 2
L imit nf 5 10 10 1 10 4 5 4

Analyst: Kulcsar & Schuster, Environment Agency Austria

Measurements of speleometeorological parameters

Between March 3rd and 82014 single and continuous measurements of temperature, radon,
radon daughter products (EEC), gamma-radioactivity, CO,, relative humidity, air pressure and air
velocity wereconducted at different sites in the Prometheus Cave (see Figure6).
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The outside temperature and humidity (Figurell) was primarily measured to check whether lower
night temperatures do have an influence on the air movement in the cave. It turned out that during

temperature [°C], rH [%] Air temperature and relative humidity outside the
(lower) exit of Prometheus Cave (2014)

80.0

70.0

60.0 -

50.0 +

40.0 -

30.0 -

00 _w

10.0 =

the night hours the outside temperature dropped below the cave temperature and a reverse air
movement (from the boat exit into the cave) developed, characterised by sharp drops of air
temperatures at the very sensitive measuring device in the Amphitheatre Hall, adjacent to the boat
exit (Figure 12).

This night-time inflow of comparatively cold and therefore more humid air (relative
humidity 60-80 %)into the cave became more saturated (most probably up to ~ 100 %) by passing
over the water body in the boat passage. Therefore, this does not have any effect on the relative
humidity (which is usually close to 100 %) in the cave.

It further turned out that in the Amphitheatre Hall the air movement — and therefore the influence of

temperature [°C] Air temperature in Amphitheatre Hall., Prometheus Cave
13.90

13.80

13.70

13.60

13.50

13.40

13.30 —

“16:30

3.

Figure 12 High precision measurement of air temperature at different heights in the
Prometheus Cave
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the inflowing air during the night — was higher in the lower part of this big chamber. The average
temperature increased in the upper part, but stayed more constant (the standard deviation decreases,
see Figure 12). As the correlation is nearly linear, a slow and non-turbulent air flow is most likely.
Investigating the average temperatures of the period March3™ to 7th2014 of different points
within the cave a striking decrease near the emergence (“spring”) of the cave brook(between points
7 and 8, see Figure6) can be observed (Figure 13).The lower temperature of the brook water (ca. 1
degree lower than the air temperature at the higher parts of the cave) yields a significantly cooling
of the cave air. The stratification of air within the cave complex (colder air below warmer air in the
cave and much warmer air outside) results in a stronger air flow during the day. The pedestrian exit

Co, (ppm) Evidence of interaction between cave water (brook) and cave air
800

Hall of love
700 - .

600 - Old Hall
o

><Q .
500 - cave water as Rn-source Great Stalagmlte

(28a/l
>

400 - .
outside

300 -
200 -

100 -~

0 T T T T T T T
0 100 200 300 400 500 600 700 800
222Rn (Bg/m3)

Fiqure 13 Average radon activity and CO, contents in the Prometheus Cave (March 2014)

tunnel on the other hand — entirely isolated from the cooler cave brook and lake — shows a similar
temperature average as the higher parts of the cave.

Taking average CO, values (ppm) as well as *’Rn activities (Bg/m®) into account (Figure 14), one
can see an increase of both parameters along the path from the upper entrance to the lower exit.
This relation is disturbed again — like the air temperature, see above — close to the inflow of the
brook water (“spring”) into the cave. This water yields 2 Bg/m® (which is slightly radon-
oversaturated with respect to the cave air), leading to an abrupt increase of ?*’Rn in the cave air at
this point and implying that in the remaining part of the cave the cave brook dominates the
behaviour of ?’Rn in air.
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This is most significant near the beginning of the boat exit, where a radon-datalogger has been

placed during the measuring period (Figure 15).
(avg.) air temperature (°C) Average temperatures (3.3.14 - 7.3.14) in the Prometheus Cave
16.5
outside

16.0 + ’
15.5 +
Ll 0 ’ highest point

L 'S ¢

reat ’ ’
14.5 -{ Bolder Tunnel
Hall
14.0 +
Cave spring (13,6-13,9°C) @ ’
13.5 +
*

13.0 T T T T T T T T

2 3 4 5 6 7 8 9 10 11

measuring point (see cave map)

Figure 14 Average values of air temperatures at different sites in the Prometheus Cave
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In contrast to the temperature, radon did not generally indicate the inflow of air during the night
hours in the Amphitheatre Hall near the boat ramp (Figure 16): usually radon is much more

222 3
700 Rn [Ba/m?] Radon at Amphitheatre Hall, Prometheus Cave (2014)
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sensitive to air movements than the air temperature and low values of ?Rn should arise therefore
during the night hours.

This is not the case in this part of the Prometheus Cave, leading to the conclusion that the
222Rn activity in the cave air is almost entirely influenced by the radon - degassing of the lake as the
cave brook — feeding the lake — showed a slightly elevated radon-222 activity with respect to the
cave air. The distinct decrease of radon, starting in the morning hours of March 6" (Figure 16), on
the other hand, shows the limits of the degassing process: during that particular night the inflow of
air was more significant than in the previous nights (Figurell), the increased volume of inflowing
air more than offset the effect of radon-degassing — which diminishes along the flow path anyway.

No fast air pressure variations — which usually lead to abrupt alterations of Rn-values - could
be observed during the measurement period (Figurel7), indicating that the variation of outside
temperatures was the driving force for air movements and variations of temperature and radon in
the Prometheus Cave.

Discussion

Water Dynamics and Water Quality of the Prometheus Cave

Water enters in the upper part of the cave (until up to 800 m, site 1 Figure 6) at a very small
rates as dripping stalagmites. At the site 1 (800m) water flows via a siphon at dry periods at a rate
of several litres per second. During strong and longer rain storms the water discharge rate in the
brook seems to rise over the period of hours up to several hundreds of litres per second (Table 1;
Figure 7-8).

The similar 6 **O values of the precipitation of March and the brook water in the cave
indicate that both are from precipitation of the winter half-year (Oct. — Mar.)and lower than the
weighted yearly mean of Batumi (Figure 9). However, the water sample in the brook in the Grove
of Aresi with a 0 'O values of -9.54 % is significantly different to the rest of the brook water
samples (-9.98— --10.15 %o) indicating at least two major infiltration areas of the brook water.
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The major ion composition is characteristic for karst water in contact with a dolomitic
limestone with no obvious contamination. However, the microbiological analyses indicate a certain
contamination by humans or mammals. The artificial sweetener acesulfam and the corrosion
inhibitor 1H-benzotriazole support the assumption that some domestic waste water enters the
Prometheus cave. Microbiological contamination and waste water may have a negative effect on the
stalagmites and the ecological habitat of the cave. Due to the low flow (12-14L/s) during sampling
the concentrations may be higher than normal, but during summer time the concentration could be
influenced by a large number of visitors as well.

Air Dynamics of the Prometheus Cave
Prometheus Cave is a moderately ventilated cave, showing increased CO; and Rn with respect to

the outside air and slightly elevated radon daughter products (EEC; Equilibrium factor > 0.5). These
values are comparable to many other show caves (including some in Austria). At the time of the
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investigation (March) the air movement was certainly higher than it usually is during the summer
months due to lower outside temperatures in spring time. Therefore an increase of both parameters
(CO; and Rn) is likely. However earlier measurements as well as modelling tests indicate that the
values still stay in ranges that are not dangerous to visitors, staff and the cave environment. The
radon content seems to be influenced by the ventilation and the degassing of the brook water in the
cave. Additional measurements at times of very high and very low outside temperatures might
enhance the validity of these conclusions.

Modelling approach for summer high-season CO, in the Prometheus Cave air

In order to evaluate the influence of visitors to the CO, content of the Prometheus Cave some
measurements, published and unpublished data and — in general — very pessimistic assumptions
(“worst case scenario”) were used for a modelling procedure:

Air volume of the cave: length 1000 m, average cross section 50 m?> minimum cave air volume 50
000 m3
Air flow (summer high season): none (4/2014: 1 — 2 m3/h near the upper entrance)
Average CO, content of exhalated respiratory air: 40 000 ppm (wikipedia)
Average CO, content of cave air before opening: 2 000 ppm  4/2014 max. 750 ppm

5/2013 avg. 1100 ppm (unpubl. Czech data)

6/2013 avg. 1600 ppm (unpubl. Czech data)

11/2013 avg. 800 ppm (unpubl. Czech data)

Respiratory volume per visitor (strong breathing): 6 m3/hour
(www.msporting.com/planung/4_2_2%?20Athem.htm)
Lenght of stay per visitor: 1 hour

A second modelling was done with a “most probable scenario” data (cave air volume 70 000
m?, respiratory volume per visitor 3 m*/h, but still assuming no airflow within the cave.

Finally a single point modelling for an airflow value of 1 m%/s, taking 8 hours of guided
tours into account was done too (Figure 18).

This brief modelling with some pessimistic assumptions yields maximum CO, contents of
some 5,000 ppm assuming that there is no airflow even with doors open, which is not likely. The
measured airflow during springtime of 1-2 m* per second (even with closed doors) would enable an
air exchange to a large extent e.g. during the late evening. Anyway, 5,000 ppm would not cause a
danger to visitors (5,000 ppm is the maximum CO; concentration for working space in Austria and
Germany — for an average 8 hours working day).

In some Austrian show caves — like Eisensteinhohle (Lower Austria) and Grasslhohle
(Styria) - these values are exceeded during the summer season.In show caves in Western Australia
COyvaluesare getting sometimes much higher and visitors may have some breathing problems. This
will not happen even at pessimistic 5,000 ppm in the Prometheus Cave.

Concerning the potential corrosion of speleothems there is barely any data available apart
from empirical observations at the Austrian caves mentioned above, where no significant corrosion
could be observed even at rates well above 5,000 ppm. Nevertheless Dragovic&Grose (1990) used a
“limestone corrosion threshold” of 2,400 ppm for their evaluations in the Jenolan Caves (Australia).
For the example of Prometheus cave — using the pessimistic assumptions again — this would mean
that the threshold would be reached at a level of already 100 visitors per day. Taking into account
that the visitors do not show up in one large group and that values drop during the night when no
tours are conducted, this value will be reached only at higher visitor rates — still assuming that there
iS no air movement at all. The “most probable scenario” however would enable at least 300 persons
per day to reach that value of 2,400 ppm, still assuming no airflow (which would decrease the CO,
value).

Furthermore, as the solubility of CO, in H,O decreases with temperature (in the order of 5 %
per degree centigrade) , speleothems in colder caves with an elevated amount of CO; (e.g. at higher
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altitudes in alpine environments) are more endangered than those in temperate caves like
Prometheus.

Inour opinion the natural air movement, which could be enhanced by opening doors for two
to three hours during the evening hours or during night time (depending on the necessary safety
measures) in the summer season, should be sufficient to stay on the safe side. The inflow of outside
air (the relative humidity of which is lower than the cave air) is no threat to the cave atmosphere or
the speleothems during the summer season because its relative humidity will increase due to lower
water saturation of colder air.

Figure 19 shows that the cave air (e.g. 12°C with rH close to 100 % corresponds with an outside air
0f 30° C and a rH of ~ 35 % - both bearing the same amount of water vapour (~ 10 g/m°)
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A simple and reliable tool to measure the CO, content of the air during the peak season
could be DRAEGER diffusion tubes (we used this instrument during our measurements in March
additionally to direct measurements) for longer measuring periods (> 12 hours) or simple CO,-
monitors. A continuous and expensive CO, online-measurement equipment is not necessary from
our point of view.

Water Dynamics and Water Quality of the Sataplia Cave

A small brook enters the cave just north of the exit and only small amounts of water in form
of few dripping stalagmites is added. The small discharge of about 1.5 L/s below the entrance of the
cave was about the same as that entering the cave next to the exit. The dynamic of the discharge
during the rest of the year is unknown and not recorded.

The 6 *0 values of the brook water are about 0.37 %o lower than in the Prometheus cave.
Due to the altitude difference of about 200 m a decrease of about 0.19 %o per 100 m altitude
increase is in the range of international reported values.
The lower electric conductivity and ion sum as well as the higher concentrations in magnesium
(Mg), sodium (Na), iron (Fe), aluminium (Al) and silica (Si) are the result of the occurrence of
volcanic rocks in large parts of the recharge area.

The major ion composition of the brook water shows no sign of contamination and all
indicators of domestic waste water (Table 4) are below detection limits, but the microbiological
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analysis shows high concentration of cultivatable bacteria. The source of these high values is
unknown and should be studied in more detail.
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Appendix

Compilation of single air parameter measurements in the Prometheus Cave

[ Trokatitat [meters [date [air-1  [air-T(avg.) [Water-T [airVelocity [rel. Hum. _[co, (direct)[cO, (avg) [Rnavg  [PRnH20  [gEC  [Remark \
[ [ | [ 1 C [« [ ms [ = I pom [ pom [ Bams | Bq/l | a/m3 | ]
2 Great Bolder Hall 90 03.03.2014 1,5 463 air velocity within doorframe; 2 m3/s, inbound

3.3.-7.3. 14,8
3 Kolchida Hall 140 03.03.2014 668

33.73. 15,0
4 NEOId Hall 255 03.03.2014 486
07.03.2014 025 659 358 air velocity in gallery, Im3/s, outbound (S->N)
33-73. 15,0 390 284
5 Medea Hall 440 03.03.2014 619
07.03.2014 670
33.-73. 14,6
6 Golden Waterfall 610 03.03.2014 674
33.73. 14,6
7 Hall of Love 645 03.03.2014 729
07.03.2014 719
33.73. 14,7 556 717
1 "Cave Spring" 790 03.03.2014 136
04.03.2014 728

05.03.2014 139
08.03.2014 2
8 E Great Stalagmite 880 03.03.2014 549
04.03.2014 133 522 289
05.03.2014 99,9 478
07.03.2014 631
33.-73. 139 >99,9 479 642
9 Amphitheatre Hall "1020"  03.03.2014 14,6 623
07.03.2014 492 air movement inbound (S->N)
33.-7.3. 13,4 527 356
10 Tunnel 1200 03.03.2014 638
07.03.2014 air movement inbound, when opening door
33.-7.3. 14,8
11 Outside Exit 1233 03.03.2014 421
33.-73. 16,1
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doM0MOs© 01693030 396GH0WS300mss J9dM[39E0, MMBEs FOBIMZ9wolHobgdgwos
ol 854303, O 4oBMB3900 BoEM©S SMIME LgBmbby.

Dogbmmol  296353cmdsdo  goobMmgds CO2- ol 3mbggb@Hesgos  dbgdmogz0
3060MdYdOL (33¢00gdoLs s (6050l 2oBMEOEI0 9dBH03MdS s TS TSBHYOMWO
B536oegddo CO2-0L A5BM©OEr0 90m©0bgds, M3 39dmMfI3gMeEos 4909gEsb dgdmdsgswo
35960bm30L MYMIMEObsT0ZMOO BM0gMOL AsBgbom) s1g3g 30BOEHMMYOOL PoBOOEO
50m9bMdOL  250Mm. P93 999300900, BogMed MMM BoBL, ds0bi 9OLgdMwo
396G 0wogools  qsdm  dolo  360d3bgemds 96 0BMHYds  0d  ©mbgdg,  Mo3
Log3MObOLIYI33900  0d69dmEs 83000l 256MgdMby @S 30BOGHMEMGOOLIMZOL. 53
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MON0JONBIS0OOLI0OM R3odBHJOoL F9ga)00  ©B0JLOMYONME0s Dogbmeols ™M399d30
36MHmJgmgl 90308930 Go®bol 899339 ™dol 3069  FIBOHOWO  3:mb;396E G300
(Vaupotic et al. 2012).

0d0bom30L, OMI 15306 0gdbsl S350 gdMwo dw30d9qddo  BsbIoOHMEEbYOL
Lobogosmm 3mbagbdMozogdo,  Bs@o®ms dobo 33w0wqdol dm©geo®gds dmgwrgbgdol
39630056900l HMyMOE 439wsbg 3gbodobEBGmO, 1939 MY MEo b3gbsGol Jobgzoom.
bbgs 9030099080  Bo@9MgdMo  33¢0g3900L 99 gdols o edMmEEOMgdol
3om3z5oljobgdom,  GHMOMoLEGHwo  LBYHBMbol  303oLs s oMy 309Mm0oL  Fowowo
AH9939605GH Mol 3060Mmd7dT0, 030 FJoEYdMEo 0dbgds ®sdmEgbodyg BoMGHo30 BmIs,
Bogergd  Logo®momms  BIbHJoOMM9bA0L  3mbEIbGHMIEo0l 33000l 2oMgdmbs o
30D0@MOMsmM30L Lobogsmm bodbwyesdg 5§939.

B39bol  sHMom, Bogbmwol LaBmbol OML  359M®ol  36906MH030 IMIMSMDS
99L5degdE0s QoMAXMIJBEIL TGLOLZEGEO S F9FMLILZYWO 356190 JdOL Bodmgbody
L5500 2ogd0® LoEsdmlb 96 MsToL 96dogeEMdsTo (IFMI0WIINY0s MUsBROMLMIIOL
LoFomm BmIgdbg). 3509 35900L 3300930 906905 (HMIOL FoOEMOOMO FJb0sbMdS
@©3ds0s 33000l 359M0L  BHYb0osbMdsBY) 96O [oMmBmoYgbl 5M6s0M  LoggMMbgl  St3
903000l 5GHIMLGIOMLS s 9®E dsLdo  HomImddbowwo FMOTS309d0LIMZOL, MO
395016 gds oLO BIMPMOOMO FHJb0sbMdS FoLO B0 Py QoKX IMIIYWMOOL ASTM.

303296 bgbmbgddo 359630 CO2-0b 8993390 MdOL FoLsBMIsE TgEMmYd0m AMHAJEO
396M0mEobsmzol (> 12 bo) Fgledergdgeros 3sdmygbgdmwro 0dbsl ds®EH030 s Lsodgom
bgbsfym ©ogYHBo©m-396EH0Ws30OHO dowo (Mog 25dmygbgdmmo odbs B3zgbl dog®
35M@GH00 300300 45BMIZYIMD JOHs©) 96 LHMsxko osbmIzolsmgol - COz- dmbo@meo.
bobaMdewo30 s MBOM dZ3005V0M90E0 COz- mbsob 2odbmdo bgabsfiym 56 sGol

SEOLIOIC00.

dm30089980 9en993Gm 35650985
30Mmdgmgl 90300930  s0bLEBHIWOMGdIMYo  0dbs  MbsdgMmgg  gobsmgdols

LobBgdgdo. dombgszs 0dols, MM Jobomgdol 9wgdgb@gdol gdscgMds 6 Jdbols
5656506 3MI0d¢gdsLs, A96509d0L BGMYd0 35063 bsfowMmdGm03 3OIMIWYTsEME0s.

0dolb  ao0m, MmI 0030099030 @wmGs (lampenflora)dmsbmdogl  Lobsmerols
3M6309@ Mo ool Log®mdgl s 5939, b30IMGOOL gosBbos goblibgeggdmeo b3gdd Mo,
B396 3b9o3m, MM MHxol s bsfomdmog fomgwo ggeols boormgdols 4s9myqbgds
Mbs  0dbsll 093096  sgogdero, Gsms o6 dmbgb bogbols o 83569
0908396509900l BOIEOL 3OM3ME0MYds. 98 B WMGX-0(3569 §Yoed3965699d0L
(0903 BogBHoMme©  d5JBHYM055) BOEs 3600369 m3bs 9O 0BEMYdS, o™
Po68mygbl B53e0gd 30IMdGBsls, 30Mg bbgs Lol BWMMS. MY bsmmEmqdo s1g39
SBEMLYS 3M0GH03M BHo ol LogMdglimsb, oa®sd 35063 BoloMgdos, M6 Lobsowols
06@9bLbomOMds  BomBGIMb  BWML 96  9MOL  doerosh  Fsmoo. 8 Fgdmbgzgzsdo
91899EMM05 0LbgMo 5MGH030 FofiyMmdOWMdOL 453MmYgbgds, HMYMMOES LIBOEOWMBdGdO.

B396  30035DMdmM, 3530056 93030M®  goblogMMmmgdom Mo  BgOOL
39b5mgdoL  godmyggbgds LogMmmE s Homgwo gghol godmygbgds ©syzsbowo 0gbsl
90608358009.

530 oM, BMOOL JgLsdE0MGOWI, LOLIMRIOMM 04690M© F9BsMYdOL EO™Ol
9993060905 (939wsDg 9899EHO0 0d69dMm©s 4965 gdOL gomodzs 03 bgdGHmM9gddo, Lowss
300GHMMPO0 56 5M05D) M55, OMyMOE Bbl MBOM FgBo LYIOOMBMEO 3OMBEIGTss
9030099000 go6Mqdml dgLsbseBMbgdws©, 300Mg 30DOEGHMO™MS LTS3 Y.
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boosg@erosl 3mz039
LoMOROsl 3303990 gwrol Bsgools s Jarods@ol dbmerm@ FobslfjoMo asHmdgzgdo

BoGo®m@s. 903000l 0MgJ300l  owHY3930wgdol odm 96 dmbs {iyeol mbol
dmboBmEmobaol  bgebsfgml  s0bLEGHIWOMmgds.  FJobgszs  sFoLY,  MIM©Ybodg

Pobofoto 9990 0dbs m3mdgbEoMgdmwo:

Pyaol obsdogzs

o NBOM FoOE0 BLMEEWMEOHO LoJsVEOLY s 553100 BsMMMBOL 33900L SOOL ASTM,
LMOGosl 8303930 fysero oym WRG™ d60d3bgemzbs 3030 (8.5° C) s bsgosog
3g0m9(1.5 /§0), 3006y 3OHMIgmgl 30300930 ToMGHOL 30MH3ge0 33060l gsbdsgwrmdsdo
(2014).

® 339000 56900 gobersqdIo 3936 Mm0 @S STSBMIB JOHMOE FodMIIMEHBYIO
3900mbsG o Jobgdol  s®LYdIMBIOL  Asdm,  Pyrol  89doygbermds  Bogergds
306960 0BgdMos, Foa®od MBOM IE0M0s dsabomdom (Mg), bBs@Momdoo (Na),
630bom (Fe), seomdoboms (Al) o Logrogomdoom (Si), 30069 fysero 3G@Igmngl dwz0dgdo.
o 2014 Herol dsm@GHTo 91939 MBRO® F5VIWO 0gm F0ZOHMIOMEMAO0YOHO IOODBINGMYDY,
3953 oM 0gbs s0dmPgbowo Logmxzssbmgz®mgdm bsdBgbo fywols 33s5wo. 3oL godm,
030bsM30L, MMI EOEYOBEIL, M) S sMOL dOBIMEOYdOL fystm (33900l oMgdo
dgbmzmgdo  3bmzggdo vy Lbgs §goHm)  F0zOHMOIOMMY0OHO  0bEO3ZSEGHMMHIOOL
dmboBm®H0bA0 Mbs 2oaMdgergl 9H™Oo ool 496353 mdsdo 3506.

U39¢m939(9926502¢m 30290 ©©0bsF035

L5MOGROSl F308900 2ods 2odmlbogqds d60d3bgermgzbo  MBOM FsLoos, 30069
36mIgogl dngodgdo (124- 71 nSv/h —s6gms BMbmsb  Tgscmgdom ~ 130 nSv/h), Gog
QOO SEOSMMOOM  3SIM{I39E0s 3 39bmMo  Jobgdol  LodMogwrom,  GMIgeros
3653955 oMMy gboro s1gzg 3308980 sermdmmbam®mo bogrgdgdol Lasboo.
LoahbomE, - 36MMIgogl 9309980 godmygbgdmwo  BgwLsHymgdosb  Lsmogwosls
90300930 B396 a3jmbs dbmmwm  bgwbsfym, MmIgwog Bmdsgh Fbmemp MHsmbol
930mdo  3MMmEnd@gdLb  (radon-222  gofmbsliffm®gdmmo  dymdstgmdobmgol).
99092900, 6mIwgdog 9609369 m3bo BSOS, 30O  3MMIgmgl  dm3089do,
359m{3999wo MBS 0ymb LsMsREPOsl 83030L MBOM 5dGHOMMO 396EGH0EE00m, ymzge
3900mb393580 25DM339d0L MML do0bs.
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Ilemepa Ilpomeres
JlnHaMuka BoJbI

» Jlo)xneBass BoJa BXOJUT B MEIIEPY OTHOCHUTENIBHO OBICTPO B HECKOJBKUX MECTaX, MOITOMY
OKCKYpCHHM B TEIIEPY AODKHBI OBITh OCTAaHOBIICHBI BO BPEMSI CHJBHBIX M TPOJOJKUTEIBHBIX
LITOPMOB.

* B HikHell yacTu nemiepsl HEOOJBIION pydeli C pacX010M HECKOJIBKUX JINTPOB B CEKYHAY (HU3KUN
pacxon B nepByro Heaento mapra 2014 r.) no npumepHo 1 KkyOuueckuii MeTp B CEKyHAY BO BpeMs
CUJIbHBIX HaBOIHEHUN.

* Bo BpeMs1 Majioro pacxojia BOJbl B MapTe MHUKPOOHOJIOTHYECKOE 3arpsi3HEHHE SBJISIETCS] BBICOKUM
U COIVIacyeTcsi €O CJeAaMHU MCKYCCTBEHHbBIX IIOJCIACTUTENE U WHIUOUTOPOB KOPPO3HH,
YKa3bIBAIOLIUX HA IPUTOK OBITOBBIX CTOYHBIX BOJ B NELIEPY.

* O6sacTh MUTaHUS MELIEPHBIX BOJ JOJKHBI OBITh 3aCHATA CheMKOU. J[o/kHa OCYyHIECTBIATHCS U
KOHTPOJIMPOBATHCS OUYMCTKA CTOYHBIX BOJ U3 JKUJIBIX JJOMOB U ()epM B 3TOH 00JIaCTH.

CueJsieomeTeopoJinyecKast JTMHAMHKA

Curyanus B niemiepe [Ipomeres, Ha OCHOBE UMEIOIIUXCS JaHHBIX U OMUPASCh HA OIBITE JAPYTUX
AQHAJIOTUYHBIX TIEHIEP, BBITJISIUT CISAYIONUM 00pa3oMm:

OO0mmii craTyc CHEIeOMETEOPOJIOTHIECKUX TapaMeTpOB Ha JAaHHOM BpPEMEHHOM WHTEpPBAJIC
uccnenoanuss (mapt 2014 roma) MOXKHO paccMaTpuBaTh Kak HEIUIOXOW IO OTHONIICHHIO K
OKpYXalolllel cpeae TMemepshl W K Oe3omacHOCTH mocetuteneil. Tam He ObUIO HHUKAKOTO
cymectBeHHOro oboramenuss CO2, 9TO B OCHOBHOM CBSI3aHO C €CTECTBEHHOW BEHTHIIAIIMEH W C
HayaJioM CE30Ha.

B nernee Bpems conepkanue CO; yBenMYMBAeTCs B CUJIy €CTECTBEHHBIX MPUYUH (TIOBBIIIEHHE
AKTUBHOCTH TOYBHI TUTFOC TEPMOJUHAMUYECKUN Oaphep MPOTHUB HAPYKHOTO BO3/IyXa YBEIUYHBACT
nputok CO; B memiepy yepe3 TPeluHbl), a TAKKE B CBSI3M C YBEJIUUYCHUEM YHCIa mocetuteneit. Tem
HE MEHee, CKOpee BCEero [0 CHX IOp CYIIECTBYIOIIas BEHTWIAIMUS OyAeT OrpaHUYuBaTh HX
3HaY€HUE 10 BEJIMYMH, KOTOpPbIE HE BBI3BIBAIOT CEPHE3HOM Yrpo3bl I OKpYKaIoLEH cpenbl
nemepel U ee mnocerutened. PezynpratoM 3THX 30 (dEeKTOB sBisieTcs (UKCUpOBAHUE HEMHOI'O
TTOBBIIIICHHOTO COJIEP>KaHMs pajioHa BO BpeMsi JieTHUX MmecsieB (Vaupotic et al. 2012).

Tem He MeHee, s 1eeit 6€30MacHOCTH, OBIIO BBIMOJTHEHO MojenupoBanue usmenenus CO; mpu
W3MEHEHUU TPaHUYHBIX YCJIOBUM KakK IMPU MECCUMHUCTHUYHBIX CLEHApHUsIX, a Takxke Hpu Oosee
PEATUCTUYHBIX YCIOBUSAX. YUUTHIBAs 3TU MCCIEAOBAHMUSI U OMBIT APYTUX MeEmiep, OTCYTCTBYIOT
Cepbe3HbIC YIPO3bl Ul MOCETUTENEH U JJIs Melepbl, eclu OyAYyT MPUHSATH HEKOTOPbIE MPOCTHIE
Mepbl MPEIOCTOPOKHOCTU BO BpeMs MUKa TyPUCTHYECKOIO CE30Ha M MPHU BBICOKUX TeMIlepaTypax
Hapy>KHOTO BO3/1yXa.

Ha nam B3risia, ectecTBEHHOE JIBHKEHHE BO3/IyXa MOKHO ObUIO ObI MOBBICUTH MYyTEM OTKPBITHS
JIBEpPU Ha JBa-TPHU Yaca B BEUEPHUE YAChl WJIM B HOUHOE BpeMs (B 3aBUCUMOCTU OT HEOOXOIUMBIX
Mep 0e30macHOCTH) B JIETHUH CE€30H, U ATO JOJDKHO OBITH JOCTATOYHO, YTOOBI 00ECIEYHTH
6e3omacHOCTh. [IpUTOK Hapy>KHOTO BO3AyXa (OTHOCHTENbHAS BIAXXHOCTH KOTOPOTO HUXKE, YeM Yy
BO3JlyXa MeIepbl) HE CO3JacT yrpo3bl s aTMochepsbl Melepsl WiK Cieneo0pa3oBaHuil BO BpeMs
JIETHETO CE€30Ha, MOCKOJbKY €r0 OTHOCHTENbHAs BIAXKHOCTh OyJeT yBENUUYHMBATHCS 3a CueT OoJee
HU3KOM BOJOHACKIIIEHHOCTH XOJI0JHOTO BO3TyXa.

[TpocThIM M HaJEKHBIM HHCTPYMEHTOM Ui u3MepeHus conaepxkanust CO2 B BO3IayXe BO BpeMs
MMUKOBOTO CE30Ha MOTyT ObITh Draeger muddy3noHHbIe TPyOKH (MBI MX HCIIOJIB30BAIH, Kak
JIOTIOJTHEHHE K TPSIMBIM WU3MEPEHUSM, BO BPEMs HAIlUX M3MEPEHUI B MapTe) Il U3MEPCHUH Ha
nonruii nepuon ( >12 yvacoB) mim npocteie CO2-U3MEpHUTENBHBIC YCTPOWCTBA I HEMEJICHHBIX
3amepoB. HenpepbiBHast u Oonee poporas onnaiiH CO,-u3MepHTeNnbHas anmaparypa He SBISIeTCS
HEOOXO0IMMOIA.

3HeKTpH‘leCK06 OCBCIICHHE MEICPbI
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B memepe IIpomerest Obuta ycTaHOBJIEHA CIOXHAs CHCTeMa OCBEIIeHHE. B To BpeMs Kak
MIOJIOKEHHE CBETOBBIX AJIEMEHTOB HE BBI3BIBAET HUKAKUX BOIPOCOB, TO I[BETA OCBEIICHUS MOXKHO
HU3MEHUTB, 110 KPaliHEN Mepe YaCTUYHO.

W3-3a mormoIieHrss BOJH CBETa OIpPENCNCHHOW IUHBI, TIAAS HA CHEKTP H3Iy4YeHHs Pa3HBIX
CBETOJMOJOB, HAJI0 Y4ECTh, UTO CHHUE (OCOOCHHO) M KpacHbIE (YaCTHMYHO) L[BETa HAJ0 M30erars,
9TOOBI YMEHBIITUTH POCT MXOB M 3€JICHBIX BoJopociieid. CHHe-3eJIeHbIE BOJOPOCIH (Ha CaMOM JIelie,
0akTepun) HeNb3s OTPAaHUYUTh TaKUM CHOCOOOM, OJTHAKO OHH BBI3BIBAIOT OECIIOKOMCTBAa MEHBIIIE.
benple cBeTOAMOABI HMMEIOT TOXE ONM3KYI0 K KPUTHYECKOW JUIMHY BOJIHBI CBETa, OJHAKO
JOIMYCTUMBI, €CIIM WX WHTEHCHUBHOCTh HE CIMIIKOM Onm3ka K Jyammnam. [Ipocteie yctpoiicTBa
CBETJIBIX OTTEHKOB MOT'YT OBITh TIOJIE3HBI B 3THX CIIydasX.

Maz1 npeajiaracm moJIHOCThIO n30erath CUHHE OBC€Ta U YMCHBIIUTH KPACHBIC 10 MUHUMYMa.

Kpome Toro, uro mr000e cokpaiieHue oOOIIero BPEMEHH OCBEIICHHs (BBIKJIIOYAs CBET B
HeTocenaeMblii MOMEHT) OyzaeT Hanbosiee Y PeKTUBHBIM U OyIeT CIIOCOOCTBOBATH CHIDKEHHIO T.K.
Ha3bIBaeMO#l (Quiopbl Jamm, KOTopas TMpeACTaBiIseT co0oil Oojiee CEpbEe3HYI Yrpo3y Juis
OKpY’Karolllel Cpe/ibl Menepbl, YeM MOCETUTEIH.

IHemepa Caraniua

Tonpko mpeaBapuUTEIbHOE HCCIIEOBAaHME OBIJIO MPOBEAEHO 00 M3MEHEHWHU BOJbl U KIMMaTa B
nemepe Cararuma. [1o moxxenaHuio AUPEKTOpa, HE OBUIO TTPOBEICH MOHUTOPUHT JIBVXKCHHS BOJIBI.
OpnHako HEKOTOPBIE IPENBAPUTEIBHBIE UTOTH 3[1ECH TPUBEICHBI.

JlnHaMuka BoJbl

* B cBsi3u ¢ OoJbIel BHICOTOM M MEHBIIIECH TUIOMIAAbI0 00JIACTH MUTAHUS MOTOK BOJIBI B TEHIEPE
Obl1 3HauuTeNbHO XoJomuee (8.5 © C) m moTox HamHoro meHsine (1.5 m / c), yem B memepe
[IpomeTeit B Teuenue nepBoit Heaenu mapta 2014 roaa.

* B cBs3u ¢ HanMuueM BYJIKaHMYECKHX MOPOJ M KapCTOBAaHHOCTHIO KapOOHATHBIX MOPOJ B 30HE
MOJMUTKHA COCTaB BOJIa MEHEE MUHEPAIN30BaH, HO OoJiee oborameH maraueM (Mg), HatpueMm (Na),
xene3oM (Fe), amomunnem (Al) u nnokcumom kpemuus (Si) o cpaBHEHHIO ¢ ieniepoit [Ipomeres.
* MukpoOnosornieckoe 3arpsi3HeHHe Takke Obula BbICOKMM B mapte 2014, HO HU OOUH W3
MHUKATOPOB OBITOBBIX CTOYHBIX BOJ HE ObLI HaiineH. [loaToMmy MUKpOOHOIOrHYEeCcKHe MOKa3aTean
JOJIKHBI KOHTPOJHMPOBATHCS B TEYEHHE OJHOTO TIOJla, 4YTOOBI YTOYHUTH, MPOUCXOIUT JIK
3arpsi3HEHUE OT )KUBOTHBIX, KUBYILUX B pallOHE MOAMUTKY WU UMEET APYrue UCTOYHHUKH.

CueJieoMeTeopoJinyecKas JTMHAMHKA

[ToBuarMOMy, B CBSI3U C COCEIHHUMH BYJIKAHHYECKHMMH IMOPOJAMH, KOTOpbIE TaM B HM300WINH, a
TaKKe aJUIOXTOHHBIX MEUIEPHBIX OTIOXKEeHWH B B memepe Cararius, raMMa-u3ilydeHue ObLIOo
3HAYUTENBHO BhINIe, yeM B memepe Ilpomeres (124 mpotuB 71 nSv/h — nHapyxkubsiii don ~ 130
nSv/h). K coxanenuro, mockoibKy Bce yCTPOMCTBa ObUIM MCHONB30BaHbI B nemiepe [Ipomeres, Mbl
MMEJH BO3MOXHOCTh TOJIbKO Ao4yepHue npoAykThl pagoHa (EEC — paBHOBCHOe 3HaYeHHe paJloH-
222) numb oaHaxAbl. PesynmbTaThl, Oynyud 3HAUMTENbHO HIKE, 4eM B memepe [Ipomeres,
yKa3bIBaIOT Ha OoJiee aKTHBHYIO BEHTUJISIIUMIO B STOM memiepe, MO KpalHell mMepe Ha MOMEHT
HU3MEPEHUI.
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Abstract

In order to assessment water resource, a numerical model of groundwater was elaborated for
Shiraki area. It is consists of 3 layers. Each layer represents a porous material with different
infiltration properties. The model was calibrated in transient transport mode to tritium
concentration measured in boreholes and springs located in Shiraki area. Tritium was assigned as
a single mobile species, not reacting with chemical elements and concentrated in water, what
allowed determining the residence time of groundwater flow. The model estimated discharge and
recharge zones, groundwater flow directions and velocities as well as groundwater age for
Shiraki area. It is recommended to enhance the use of waters from the karstic formations as
alternative drinking water sources.

Introduction
Eastern Georgia encounters, due to its semiarid climate, a big deficit of 1040 million cubic
meters of water for irrigation and domestic use. One of the most important examples is the
agricultural area of Shiraki Plain, which occupies over 80.000 km? on a large, partly artesian
aquifer of the Alazani basin and on the upland synclines between the rivers Alazani and lori (1).
In order to assessment water resource, numerical model of groundwater hydrodynamics was
elaborated for this area based on the conceptual model, which based on the provisional data
(geological, geophysical, hydrogeological, hydrological, etc). Model of the aquifer have been

processed by special software Visual Modflow Package.

Geological and hydrogeological settings

In geo-tectonic point of view the region is part of the tectonic zone of the river Mtkvari (2),
and forms slanting and wide (up to 20km) syncline of considerable extension (up to 50km). The
core and wings of the crease lie in the form of sediments of Krasnokolodski suite with the power
of 1000m, which belongs to the akchagil-Apsheronian layer. Lythologically this uniform width
of the crumby drift-pebbly layers belong to argillaceous sands, also loamy sands containing
pressure waters (3,4). On the whole area of the Shiraki Plain basic rocks are covered with
proluvial -deluvial and lake gypsiferous argil sands with sub-layers of loamy sands and gravel.
The fourth cover is, on the whole, characterized with great diversity of the lythogenic com-
position of the soil of different genetic types and variable power, ranging from 5-10 to 40-50.

The dynamics of the ground waters are greatly affected with the peculiar composition of
Shiraki Massif, which is the component of the lori Plateau dividing the basins of the rivers lori
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and Alazani in the lower current. To the north the Shiraki Massif is distinctly divided from the
Alazani valley with the eroded tectonic batter of 400m of height. Within the plain the modern
relief is characterized with considerable sloping towards the axial part. Besides, bending can be
observed along the axis of the syncline as well, thus, in spite of the general regional sloping in
the south- east direction, the plain is contoured as a locked depression.

In conditions of the entire lack of the hydrographic network in the area the ground water
supply takes place at the expense of atmospheric precipitation, which is proved by the given
regime observations. Besides we suppose the possibility of some injection of the ground waters
from below by the downstream waters. The horizon of the ground waters is dated for the fourth
sediments and is mapped quite sharply by the given measurements of the boreholes. The horizon
is, on the whole, weakly aquifer and is characterized by the low filtration values. The average
value of the filtration quotient equals K=0,1-1,2 m per 24 hours. On the map hydroisogyps the
picture of water movement from the relatively raised peripheral parts of depression towards the
lower and locked central part where ground waters are closer to the ground surface is quite
distinctly depicted (6m at the middle sedimentary depth of 25m) and on the whole are spent on
evapotranspiration. A great width of the crumby continental layers krasnokolodski suite (Akcha-
gil- afsheron), lain in a large syncline, is a main aquifer, and contains pressure ground waters.
Part of the boreholes situated on the south-western rim of the Shiraki Syncline and opening the
pressure horizons within the intervals of 400-600m of depth, gives a well-spring with the
maximal debit of 1,7litres per second. The rest of the wells are sub-artesian but having negative
water level close to the ground surface. Besides we can observe increase in productivity of the
falls of the aquifer deep horizons. Aquifer is contain paleowaters with %0 values between -11
and -13%o0 V-SMOW and relatively low concentrations of tritium (0.1-1.8 TU).

The issue of the hydraulic interconnection among the pressure and ground waters of the
Shiraki Plain and the possibility of surface water reserves extraction for drinking and irrigation
purposes is very interesting.

Database creation and analysis

Conceptual 3D model consists of 3 layers (Q,N,J). Each layer represents a porous material
with different infiltration properties. Data from geological profiles and maps where used to
recreate layers. 2 layers (Q and N) are designed as unconfined.

Fig. 1 (Conceptual model) Conceptual and numerical model were developed in Visual
Modflow Flex 2012 and Visual Modflow Classic 2011 programs.
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Each layer, as single hydro stratigraphic unit, was determined by hydraulic conductivity,
specific storage, and effective porosity:

Layers Hydraulic conductivity Specific storage (m’ Effective porosity
(m/s) D)

Q 7.6042x10° 3x10° 0.05

N 1.6204x10° 5x10° 0.03

J 1.8519x10° 9x10™ 0.07

Rivers were used as boundaries of the model area. They were assigned as specific flow

boundary conditions.

River Riverbed River width (m) Riverbed conductivity
thickness (m) (m/day)

Alazani 5 50 20

lori 3 30 10

Visual Modflow Flex supports the standard Drain Boundary Package; we used it to
simulate the boreholes under artesian conditions. 20 drain boundary conditions were added to
the model. Next table shows parameters which were assigned to drains. Debit rate depends on
the position of well screen.

Avrtesian boreholes screen geology Debit rate (L/sec)
Q Upto 165

N Up to 60

J Upto 10

Recharge boundary condition (800 mm/year) was assigned to upper right zone of model.
Conceptual model were converted to numerical one and further development. Debits rate of
artesian wells where used for to calibrate model in steady-state mode.

The model was also calibrated in transient transport mode to tritium concentration in springs
and boreholes located at the Shiraki area. Tritium was specified as a single species with first-
order decay of 12.32 yr. The longitudinal dispersivity was selected to be 10 m. Initial
concentration was set to 10 T.U. The simulated tritium concentration for the Shiraki model is
shown in the Fig. 2.

Fig. 2 Distribution of tritium concentration

Simulated water table is shown on Fig. 3
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Fig. 3 Water table

In the model was fixed water level in absolute elevation (Fix 3) and was simulated Flow
velocities for Shiraki area (Fig. 4).

Fig. 4 Flow velocities of a) 1 layer; b) 2" layer; c) 3" layer

Fig. 4 shows us flow velocities intensity and direction of simulated water system. As we can
see water does not enter the system in upper horizon. 1%horizon is weakly water-bearing and
does not infiltrate water down. In the middle zone water is discharged in the rivers. Middle
horizon is recharged by groundwater flows. Intense of flow is increasing in the 3" layer.
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From the tritium-calibrated MT3DMS model, the groundwater age was assigned as a single
mobile species that allowed determining the residence time of groundwater flows. From the
Shiraki valley groundwater moves to the Azalani site, average water age between 2 locations is
about 35 years. From the Shiraki hills water moves to lori site’s artesian wells (Kasritskali and
others), water age between 2 locations is about 9 years (Fig.5).

Water table (m) Pathlines (years)
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W 2 W 60
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Fig. 5 Groundwater flow pathlinesand residence time

We specified two zones to investigate flow budget in the model. Zones are marked by dark
regions in the Fig. 6.

Fig. 6Water table depth and specified zones
Fig.6 shows us total flow budget of the model. As we can see, zonel is recharged more

intense than zone#2, but water discharged in general in the zone#1. Drains in the Fig.7 represent
artesian wells. Groundwater discharge of drains is rather slight compared to rivers.

106



W o 4 4 4 4

DDDDD RIVE

Fig. 7 (Flow Budget), Blue is discharge, Red is recharge

Conclusions

Complex geological, hydrogeological, hydrogeochemical and isotope investigations were
carried out and created thenumerical model of the ShirakiArtesian Basin.

Ggroundwater  belong to different hydrochemical and isotopic groups and must be
considered with respect to local stratigraphy. Grounwater has confirmed the evolution in
mineralization from Northwest to Southeast, with major increase in the Shiraki syncline area.
Therefore, are observed changes of total mineralization in the vertical cross section of the
boreholes.

Model fixed water path lines. From the tritium-calibrated model, the groundwater age was
assigned as a single mobile species that allowed determining the residence time of groundwater
flows from the Shiraki valley groundwater moves to the Azalani site, average water age between
2 locations is about 35 years.

It is recommended to enhance the use of waters from the karstic formations such as the
Dedoplitskaro Plain for alternative drinking water sources in the Shiraki region.
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Pe3yabTaThl HU(PPOBOr0 MOIETUPOBAHNSI PECYPCOB MOJA3eMHBIX BOJ
IIupakckoro Bomocdoopa

Memnkanzel .1, DKykosa H. O, 'Tonanze M. 111, 'Benxsamze C. T'., “Butsap T. A.

PE3IOME

1T 6umickuit I'ocynapctBenuit Yuuepcutet um. UB. Jhxapaxumsuian, Uactutyt I'eodusuku

2 .
Texunueckuit YHausepcuret [Iparu, Uexust, @akynsrer ['paxnanckoro CTpoUTENbCTBO

C 1enpro OLEHKH PecypcoB MOA3EMHBIX BOJI UUCIIEHHAs MOJEIb IPYHTOBOW BOJIbI Oblia
paspaborana mis obnactu Illupaku. Moaens cocrout u3 3 cioeB. Ciaou MpeacTaBIOT cOO0M
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re0JIOTUYECKHE TOPOAbl C pa3MYHBIMU (UIBTPALMOHHBIMUA CBOWCTBaMH. Mojens Oblia
OTKaIMOpOBaHa B MEPEXOAHOMN PeKUME 10 3HAUYCHHUSIM TPUTHS, KOTOPBIA MEPUIICS B CKBRKMHAX
n ucroynukax lupaku. Tputuit G MCHONB30BaH B MOZEIV KaK He3aBUCHMOE BellecTBO,
KOTOpOe He BCTyIlaeT B peaKIIu{, HO KOHIeHTpUPYyeTcsA B Boge. Mozens onpenennia o01acT
IIATAaHWUS U Pa3rpy3KU TPYHTOBBIX BOJ, IIYTH U CKOPOCTH JABWKEHUS IOJ3EMHBIX BOJ,a TAKKE
BpeMsl 3alepKKH BOABI MOJ 3eMied. PexomeHayercs yBEIWYWTh HMCHOJIB30BAaHHE BOJA B
KapCTOBBIX (POPMUPOBAHUAX KaK AIbTEPHATUBHBIN HCTOYHIKB TUTHEBOI BOBI.
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on the ground of the data of the observed deformographic processes
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Abstract

Here we consider some latent process of deformation caused by the forces in the Earth’s crust
or/and cosmic, latent as well, ones. These processes represent a certain regularities in the nature
where, as we know, all physical events are caused by other events and in their turn produce some other
ones. To such events belong naturally crust deformations. These events are in organic cause-effect
relation with earthquakes and cosmic tidal processes. Many signs and criteria are related to the period
of preparation of earthquakes, and it is necessary to attempt to predict to some extend their
(earthquakes’) parameters (time, place, strength...) on this ground.

The Earth is characterized by multi-geophysical processes. The problems of studying their nature
and their control represent some of the main subjects of scientific investigation. There are some
processes which are easy to identify. To their class belong, among others, strong earthquakes.
However, it is impossible to control them. The only possible thing to do here is taking some preventive
measures, such as, for instance, are reinforcement of buildings and constructions, in order to avoid or
alleviate the catastrophic consequences. Unfortunately this will not give us absolute guarantee, for
there are still many factors of which we have very little knowledge.

There are also processes which are weakly manifested though they accompany and promote the
development of strong processes. To such processes belong: change of inclination of the Earth’s
surface, deformation in the Earth’s crust, triggered earthquakes and other. The present article is
dedicated to the study of such processes, namely, of the connection of the nature of earthquakes and the
structure of the Earth’s crust.

An earthquake is perhaps the most destructive phenomenon for human society (either for human
lives or material objects) among all the natural ones that threaten it. Its hardness increases due to the
unexpectedness of its occurrence. However it is impossible yet to calculate even approximately where
and when it will occur and of what strength it will be. These questions are of a particularly importance
for seismoactive regions, such as are the Caucasus and Georgia, as its integral part. It is well known,
what disaster brought the Spitak Earthquake of M=6.9, 1988 (Armenia), Racha-Ossetian, M=7.1, 1991,
Baris Akho, M=6,3, 2003 (Georgia).

The picture given in Fig. 1 gives some idea of seismic activity of the Caucasus.

Considering what was said above, it is not necessary to look for the additional arguments for
stressing the urgent necessity for the Caucasus (Georgia) to carry out the works which
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Fig. 1 The scheme of distribution of the instrumentally recorded earthquakes which took place in
Georgia and its acjacent territories in 1900-2008.
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could help us to advance on our way to the achievement of the above stated goal — prediction of the
possible earthquake’s place, time and magnitude. In Fig. 2 a seismic zoning of the territory in relation
to intensive earthquakes (M>3.5) is presented. And we have all the grounds to expect the similar
picture of seismic activity in the future.

So, any attempt to any scope in this direction is undoubtedly justified. Particularly when there are
parametric data of absolutely new physical essence connected with earthquake processes, recording
them from the moment of their formation and to the end of the event.

It is acknowledged that tiltometeric and extenzometric (deformographyc) measurements of the
Earth’s crust as well as these of micro-earthquakes provoked by dynamic triggering represent at present
stage one of the most important and perspective means for the study of tidal processes in the Earth’s
crust, mechanisms of tectonic deformation and seismicity.

The study of the tidal processes in the Earth’s crust in Thbilisi has started since 1960 by
gravimetric observation of the tidal variations of gravitation force.

From 1963 an underground observatory of 102 m length with horizontal tunnel at 60 m depth
from the surface with 0.005°C variation of temperature was founded, where the following scientific-
research equipment was installed:

1. Askania Werker, two fixed gravimetric recorders of tidal variations of gravitation force of Gal .10
’/mm sensitiveness.

2. Deformation recording ternary linear quartz deformograph:

a) Base 42 m, horizontal, azimuth N 66,5, E sensitiveness 0.22 10°/mm.

b) Base 14.5 m, horizontal, azimuth N 30°,W, sensitiveness 0.7 10°%/mm.

c) Base 6.45 m, vertical, sensitiveness 0.15 10°/mm.

3. Eight photo-electric tiltmeters, which were placed on two independent basalt platforms, four on
each one and oriented by pairs in N-S (Ne45, Ne87) and E-W(Ne33, Ne85) azimuths, with sensitiveness
0.01 m sec/mm.

The research works in dynamic triggering of seismicity was started in Thilisi by uninterrupted
acceleration observations in November 2010.
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Fig. 2 The general scheme of seismicity and seismic regularities of Georgia and its
adjacent territories for the period of 1900-2008
In both cases and particularly in the first one (a half of the century of observation) a unique
experimental material has been accumulated which needs theoretical and practical processing with
consequent generalization: study of the genesis, of the mechanisms of working, the role of the structure
of the environment, and other aspects.

a) The noted parameters are recorded with frequent significant anomalous divergences from the
background values which (divergences) according to express-interpretation data are connected with the
forces caused by cosmic bodies and the processes that take place in Earth’s crust (earthquakes etc.).

The drawing on Fig. 3 needs study by spectral analysis. Intuitively it may be said that there takes
place a drift in time-interval in the north-western direction with a tendency of increasing inclination
and uneven gradient, in which a periodicity of 5 years interval is observable. This fact is of much
interest, and namely, how is it connected with other geophysical facts.
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Fig. 3 Averaged drifts of tiltmeters on the Earth’s surface in Tbilisi 1967-1991
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The summary move of the inclinations is given on Fig. 4 in the shape of a vector diagram. Such
presentation of inclinations is often rather convenient, because it gives an opportunity to define for any
moment the value of the inclination as well as its direction. The summary

msec
30000 7 Koney 31:1.90

20000

(V8 VI A O S O W O O O L O O B O O

10000
: Hauano 1.1.67
-10000 L
-10000 -6000 -2000 2000 6000 10000

Fig. 4 The vector diagram of inclinations of the Earth’s surface in Tbilisi in 1967-1991

inclination during 24 years of observation made up 27,0 in northern direction and 9,2 in eastern.
The module of the summary inclination made approximately 28,5, which gives us 17,2 yearly or
0,7,003 for a day, which points to stability of the point of observation. At moments, the change of
inclination shows itself here more sharply than on Fig. 3, due, it seems, to the processes that take place
in the crust.

b) Non-tidal inclinations in Thbilisi during the Spitak and Racha earthquakes. According to
modern theories, genesis of earthquakes is ascribed to tectonic processes. These processes produce in
the beginning cracks which gradually broaden up to large complex fracturing, which causes change in
the volumes and properties of rocks, and produce defects in them.

On the basis of measurement and calculation it is noted [2] that a tension of 1000 N/cm? may be
accumulated in a hearth, which is caused by deformation of the rocks of which the value may reach 10
>-10™. Such accumulations should mainly be connected with the block structure of the Earth’s crust.
The blocks differ from each other in size as well as physical-mechanical properties. There takes place a
distribution of the additional energy they receive among them and the change in their energetic
condition takes place. In certain conditions the system may become instable, one of the possible results
of which may be an earthquake. Immediately before the earthquake the character of deformation
changes which causes variation of different background geophysical fields and produces some so called
earthquake’s preconditions, which are characterized by an interval of formation and the radius of
possible spread.

The radius of earthquake’s precursors pe «m) IS defined by the following ratio between relative
100.433M—2.73

deformation ¢ and the magnitude M of the earthquake (Kasakhara, 1985) p, =—F—
23
Other Japan scientists propose the following linear relation between magnitude M and t at the time of
earthquake’s preparatory period: lg t =0.79M — 1.88, where t is measured in 24 hours. The connection
between magnitude M and seismic energy E (erg) is calculated: lg E-=1.5M —11.8
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There in the records of tiltmeters some anomalies were noted of which the origin according to
express-interpretation should be connected only with strong earthquakes.

The summary moves of inclination of the Earth’s surface at Spitak and Racha earthquakes at the
periods before and after the occurrences are shown on Fig. 5 in the shape of vector diagrams. It must be
noted, in the first place, that the diagrams deeply differ formally from each other, changing with
different gradients and in different direction. The Racha Earthquake is characterized by several 2-3
abrupt changes of inclination, while in the Spitak Earthquake diagram such thing is hardly observable
and/or may be noted only once. Studying the resemblance and difference of their diagrams, several
factors must be taken into consideration: first, these objects are situated on different sides from Thilisi,
correspondingly in southern and in northern; and they are in different geological and seismological
conditions. In what ones, and why? These questioins must be answered by investigation.

In addition, it may be said in regard of the Spitak diagram, that starting from January 1988 the
Earth’s surface in Tbilisi had been inclining with constant speed and in northern direction, where the
angle of inclination during 6 months was 2. 2” (second), and in eastern direction —0.4”. During 5
months after the earthquake the inclinations changed direction from east to west. It may be seen on the
diagram that two months before the earthquake the direction of the vector of inclination coincided with
the direction towards the epicenter.
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Fig. 5 Vertical diagrams of the inclinations of the Earth’s surface in Tbilisi during the Spitak 1988 (a)

and Racha 1991 (b) earthquakes, at the anterior and posterior periods of their occurrences.

On the vector diagram of inclination for 11.10.1990-5.9.1991 of the Earth’s surface during Racha
earthquake, two earthquake occurrences may be noticed; one the properly Racha 29.04.1991, K=15.5,
Atp= 140 km and Java - 15.06.1991, K=11.5, Arp= 115km. The arrows point to some moments of the
earthquake. In both cases the direction of the vector coincides with the line connecting epicenter of the
earthquake and the recording equipment.

Physical grounds of anomalous inclinations in the period of preparation and the preceding period of
an earthquake are considered in different theoretical models, where it is shown that the variations of the
velocity of deformation in the zone of seismic focus should have a bay-like character. It may be
supposed that outside the focus zone the variations of deformation must have the same character. Here
it must be noted that the existence of the anomalous tectonic regime in the zone of earthquake’s
preparation arouses a great interest of scientists not only because it can be observed long before the
earthquake. This circumstance is particularly important because it gives us the opportunity of localizing
future earthquake’s epicenter with the help of integral investigations.
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With the help of the above given empirical relations we estimated the radius of manifestation of the
earthquake’s precursors p. for the Spitak (7.12.1988) and Racha (29.4.1991) earthquakes. The time of
manifestation of anomalous symptoms corresponding to the precursors t has also been estimated. For
the value of the anomalous precursor we take the inclination of the Earth’s surface in Thilisi, which
exceeds 20 msec (20 msec represents the summary tidal inclination for Thilisi as well as the zone of
Enguri Power Station in E-W direction). The Table 1 shows the corresponding values.

Table 1
#H# The time of Magnitude Distance fromthe | p. km T,
the M epicenter, km year

earthquake
1 Spitak 6.9 105, Thilisi 380 8.0

7.12.1988 300, Enguri
2 Racha

29.4.1991 7.1 140, Thilisi 470 11.4

As can be seen from this evaluation, the radius of manifestation of the precursors p. is different for
the noted earthquakes, the time of manifestation of the deformational precursors 1 is also substantially
different. Here it must be noted: if for the given p, and t and different earthquake’s epicenters their
formation takes place at the same time, it is possible that their precursors superimpose each other and
anomalous disturbances have a complex form, which can, of course, impede their identification.

The noted empirical examples allow us to suppose with the sufficient confidence that they are
perhaps the precursors of earthquakes and there are other similar deformational-mechanical and
geophysical precursors which are necessary to study with the deepest possible scientific earnestness.
And this in our firm opinion will quite certainly take place in the nearest future.

It must be said that the equipment for registration of tidal processes gives us an opportunity to make
registration of long-period seismic waves, which is impossible for classic seismic equipment. On one of
such recordings in Thilisi observatory have been received some distant A>100" many times going
round the globe Rayleigh R;,R; .....Ry0 and Love Ly, L, ....... Lio waves caused by an earthquake,
according to which the S;, S, ....... Sioand Ty, T, ...... T1o specters of free oscillation of the Earth were
determined . The earthquake that took place in the south of Tonga Island on June 22, 1977 (M=7.9;
A=141.2"; h=65 km) with deformometer component N 66.5 E, recorded in Thilisi

It is known that the tension which exists inside the Earth is produced and changes under the influence
of the forces acting inside it. At particular places and in particular conditions some accumulation of
energy takes place; then upon reaching the limits of durability of solid bodies the latter snap.
Accumulation of elastic energy, which is unleashed during the earthquake, needs certain time, for
which reason an earthquake is preceded by a certain period of preparation. We can connect
earthquake’s precursors with these processes which are reflected on the change of the conditions of
tension as well as on different characteristic parameters of geophysical fields. Having this
circumstances in view, we tried to calculate tidal inclinations of the Earth’s surface registered in Tbilisi
in connection with the two last and most intensive earthquakes in the Caucasus (Spitak, 1988 and
Racha, 1991), the so called tiltmeter y-factor (y is the ratio of the tidal inclination angle and the
theoretic angle of the place) by the method of harmonic analysis of main tidal 12-hour wave M, by
means of 60 day long time series. Then the central moment of the series was replaces by two days and
the diagram of y-function was drawn. To determine this factor only M, wave was used,
correspondingly, for N-S and E-W azimuths. Theoretical amplitudes for these azimuths at Thilisi
latitude are An-s=7.85 msec; Ae.w=11.79 msec.
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Fig. 6 The change of y-function during Spitak 1988 (a) and Racha 1991 (b) earthquakes

It turned out that before both events — the earthquakes in Thilisi and in Enguri — the reduction of the
value of y took place. Fig. 6 shows the diagram of change of y-factor at Spitak and Racha earthquakes.
In the noted time the interval value of y in Spitak was systematically reducing and reached its minimum
on November 12, 26 days before the earthquake. Then the growth began and reached its maximal value
by the end of December. The whole change made 15% of the average value of vy, yay =0.64.

After that it was interesting to study the specters of tidal waves. In order to find out how the spectral
densities of tidal waves changed for the above mentioned two earthquakes we built spectral time
diagrams for corresponding periods with the help of the periodogram analysis. The results obtained
show that during the earthquakes a sharp reduction of amplitudes of 12-hour and 24-hour waves took
place, and in some cases even the whole disappearance of 24-hour waves (Fig. 7).

It is assumed that earthquakes are the results of abrupt shift of the masses of tectonic dislocation,
which is characterized by a period of preparation — continuous physical changes.

In order to observe the precursors of these changes it possible to use any physical quantity which
reflects tension in the rocks as well as its change. It may be change of seismic regime of the region
reflected in different properties of geophysical fields. The changes of the parameters which are
connected with the change of the physical properties of the rocks.

The materials of tidal inclinations with mechanical properties were processed for the Spitak and
Racha earthquakes, the change in time of which may have caused the changes of inclinations and
deformations of the Earth’s surface around them and as a result the change of amplitudes of tidal
waves. So, for instance, shrinking of the Earth’s surface may cause consolidation of the rocks in the
zone of dislocation, while stretching can cause the opposite effect. In the first case, the amplitude of
tidal wave inside the zone would diminish and grow again outside it. Such is the apriori conception
proposed in literature, let us see how it will work in regard of Spitak and Racha earthquakes’ materials
and in the differing seismic and geological conditions of Javakheti.

116



P496. 07 18689, 87 2833.66 3777, 95
L4 L 12

1888. P2 3607.57 5395,04
L L1slts L )

5

2.27

Fig. 7 Change of spectral density of tidal waves during Spitak 1988 (a) and Racha 1991 (b) earthquakes

A physics of earthquakes uses the theory of dislocation. However, the scope of dislocation
investigations was substantially broadened and enriched after development of the Voltera theory. For
determination of the residual shift we have to integrate the following (\VVoltera-Vaingartner) equation:

U, (Q) = [[ AU, (PW] (P.Q)v, (P)dZ
5

where X-is the surface of the dislocation, W,j'— the kI component of Green tensor for homogenous
half-space caused by elementary force of M direction applied to a point; AU, (P) - the shift on the
surface of dislocation; AU, (Q) — the shift in the observation point; ye — normal in p-point to the

dislocation surface;
AU, (P)=U, —U_ - represents shift on the dislocation surface in P-point; and U, — the shift of right

and left surfaces relative to initial location.
In general, it is impossible to integrate this equation. For its solution it is necessary to make a

simplified model of dislocation. Here the rectangular vertical dislocation was considered to be of 2L
length, and immersion of the lower boundary — D, immersion of the upper boundary — d.

The calculations may be made for two cases:
1. The shift on dislocation is made along the fall of the dislocation in horizontal direction (Straight-

Slip)
2. The shift on dislocation is made along the fall of the dislocation in vertical direction (Deep-Slip)

For these cases the shift components w1, u,, us are found out.

In this way, the materials obtained in Thbilisi with the help of the old Reber-Elest horizontal three-
component pendulum in 1899-1916 as well as more resent — photo-electric tiltmeters,
three-component quartz extezometer, fixed plotter with gravimeters Askania Werke, will be processed.

Such investigations will give us the opportunity to calculate also the deformational energy of the
Earth which is discharged during strong earthquakes.

As it was noted, the events of triggering and synchronization can be observed in many geophysical
processes, because the Earth generates a broad specter of oscillations and itself takes part in these
processes. To strong geophysical forces often correspond more unobvious forces, of which the
periodicity varies in wide range, from seconds up to years. Their influence on other weak or powerful
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geophysical processes is not easy to estimate and they may even have catastrophic effects. It is often
underlined in scientific literature the far-reaching influence of weak outside forces in connection with
the change of intensity of seismic regime, which is explained by nonlinear nature of seismic processes,
inadequacy of cause-effect factors. To such events belong micro-seismic oscillations caused by
triggering of strong earthquakes. Of great interest in this respect is the monitoring and analysis of local
micro-seismicity triggered by distant strong earthquakes, which may turn out to be an effective means
of controlling the existing tension in the Earth’s crust and a criteria for indentifying seismicity. This
approach is new and perspective in seismology of earthquakes. In the conditions of present dense
seismo-metric net and high-frequency wide-diapason seismic equipment it is possible to record
dynamically triggered processes and connect them with strong earthquakes, on the one side, and with
the local structure of the Earth’s crust and the processes in it, on the other.

Many examples can be brought from the literature, though we will mention here just a few ones:
dynamic triggering processes of Lander (1992), Denal (2002), Hector mine (1999), Sumatra (2004) and
other earthquakes caused increased seismicity at different distances. Particular raise of seismicity was
observed in the areas of active volcanic regimes and geothermal tension [4].
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Fig. 8 The fragments of the record of  triggering oscillations in Thilisi by an accelerometer
a) before the arrival of background waves b) at the time of arrival P-waves ¢) at the moment of
arrival surface

waves

As it was noted, triggering processes in our country are recorded by accelerometers. An important
informational empirical material has been accumulated. To analyze and generalize the results it is

necessary to compare it with the records of highly sensitive wide-frequency range equipment of seismic
stations,.
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The Fig. 8 shows the oscillations caused by strong Japan-Tohiku earthquake (11.03.2011), M=9,
A=7800 km recorded in Tbilisi: the corresponding parameters are given in Table 2.

Table 2
N Earthquakes Components |max|+|min| |A2D|cm/s | |A2D|sm/s
cm/sec? ec? ec?
11.02.2011 (Japan) Chl(z) 8.20
T=06"1615° Ch2(N550.5) 4.95 8.74 12.0
Ch3(N340.5) 7.20

In order to establish the nature of triggered micro-seismic processes, the records in Thilisi of two
distant earthquakes had been chosen for express-interpretation: 1. New Zeeland of 21.02.2011 M=6.3,
A=17000 km and 2. Japan-Tohiku 11.03,2011 M=9, A=78000 km. The values of acceleration of ground
for their maximal tremors (micro-seisms) in plane and space have been determined. Here the azimuth
of the vector of acceleration is directed from the point of observation to the epicenter of the observed
occurrence. It must be mentioned that on the seismogram a clear arrival of Love and Rayleigh surface
waves with velocity dispersion can be noticed.

The object of investigation is the concept that seismic response of the lithosphere with a certain
probability represents one of the most important means of determination of the epicenter mechanisms
or, in particular, of evaluation of the environmental durability in relation to its critical condition.

One more theoretic consideration: the tensions which seismic waves transport over tele-distance are
10° times less than corresponding tensions in depth where the generation of seismic waves takes place.
In spite of such ratio, according to the theory of synchronization, even weak forces can have great
influence on the resonance rhythms of oscillating systems, the results of which are sometimes
catastrophic! Resonance process, in particular, should be connected with the arrival of surface waves,
triggered oscillations are also connected with the arrival of these waves.

¢) The role of the Earth’s tides as starting mechanism for earthquakes

Here, too, the considerations are hypothetical, grounded on the fact that the tension and deformations
in the Earth’s crust are not even in space and permanent in time. In some areas, and particularly there
where the intensive tectonic processes are observed even the small changes in tension and deformation
cause all kinds of dislocations, including faults of tension, and manifest themselves through
earthquakes. There are different manifestations of nonlinear properties of geological environment,
among which we note:

1. Seismic emission belongs to the class of nonlinear seismic events which shows itself in the fact
that comparatively weak long-periodic oscillations can cause high-frequency oscillations of the
environment (dynamic triggering).

2. Strong response to weak impact — is neatly manifested and frequently observed effect. It is
apparent in the cases when the tension of the environment reaches a certain critical limit and at that
moment some additional force (for instance, tides caused by the Moon or the Sun) affects it. It is noted
in literature that such influence can cause earthquakes (static triggering).

As an experiment we tried to check the role of the tidal tension in inducing earthquakes, according to
the seismic and tidal data on the Caucasus 1960-1979. For this the most seismically active Javakheti
region was selected, which is located at A~150 km distance on the average from the epicenters of
strong (M > 5) earthquakes. This choice was motivated by the following circumstances:

1. Javakheti region, having ¢ = 408 +41°3; A=43"3+44"3 coordinates, is situated in a particularly
seismically active zone and is characterized by a complex seismological-geological structure. In the
noted period here occurred 65% of all the earthquakes of the Caucasus, among which K < 7; =80%; K
= 8; =40%; K =9+11; =10%; not one of them with K>13;
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2. Close to Javakheti Plateau (in 150 km on the Turkish side) several epicenters of strong earthquakes
(M=6.1<65) are located of which the influence on the seismicity of the region has not been noted. On
the other hand, the tidal maximum in the noted period often correlates with the earthquake occurrences
of M<a.

The seismic response represents an urgent problem for study and must characterize many important
details of tectonic structure of the place, such as durability and stability moment.

If dynamical triggering causes the discharge of the static environmental tension it must be considered
a positive event, and it may be noted: if that is so whether it is not possible to cause gradual discharging
in the seismically tense areas? Such thing could be perceived as a preventive measure. Though if the
artificial dynamic cause comes in resonance with static tension it may trigger a strong earthquake
which can have a devastating effect on the environment. These problems deserve certainly the closest
attention on the part of the scientific society.
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K. Kapreerumsninm , /]. [amkpernngse , C. Torrazgse , I. Kaprpesnusrim,
M. Hurkorasmsram , O. ABo/I0BCcKag.

Pesome

PaCCManI/IBaIOTCﬂ MIPpOUCXOOAIINUC B 3eMHOH KOpE€ CKPBIThIC ,Z[e(i)OpMaHI/IOHHBIe IMpOonCCChI,
BBI3BAHHBIC HCI;'ICTBYIOIHHMH BHYTPU HEC HWJIM BHCIHIHMMH KOCMHUYCCKUMHU CHIIAMH. OTH IIPpONLECChI
OpeaACTaBJIAOT 4aCTb IMPHUPOAHBIX SaKOHOMepHOCTeﬁ, 1€ BO3HHUKACT BCEC paSH006pa31/Ie (1)I/ISI/ILIGCKI/IX
SIBJICHUI H, B CBOIO OYEPCAb, BLI3BIBAOT KAKHE-TO SABJICHHA. K Takum SBIECHHMAM OTHOCSTCS TaKXKe
KOPOBLIC I[e(bOpMaI_II/II/I. OTH  sSBJICHUS HaxogiaATCd B HpH‘IHHHO-CJ’ICI{CTBGHHOﬁ CBiA3HU C
3CMIICTPACCHUAMU W KOCMHUYCCKHUMHU IIPUIMBHBIMH ABJICHUAMU. C IMOATOTOBUTCIIbHBIM IICPHUOAOM
SeMHCTpHCCHI/Iﬁ CBA3aHO MHOXCCTBO IIPU3HAKOB KPHUTCPHCB I[e(i)OpMaI_II/II/I KOpbl, Ha OCHOBAaHHH
KOTOPbIX BO3MOXXHO CTPOUTH OIIPEACICHHOTO YPOBHA HNPOTHO3UPOBAHUC MECTAd, MHTCHCHBHOCTU U
BpEMCHU SCMHeTpHCGHHﬁ.
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Abstract

Solve the inverse problem, which is aimed at modeling a discrete frequency spectrum of seismic
body waves generated by artificially weak point explosion or a natural earthquake (M <4). Proposed a
spherical model of the hollow area of the point explosion and used a well-known analytical method for
modeling the hydro-mechanical oscillations of a liquid drop. Innovation in the applied work is the use
of a complete solution of the radial Euler equation. Such a modification of the classical scheme, which
uses only an internal solution is mathematically quite correct, because it means virtuality of seismic
source’s elastic oscilation. As a result, with the help of the discrete spectrum of seismic body waves can
be determined the linear parameters and total energy of point explosion (weak earthquake) that is
approximated as a hollow body with spherical shape.

Keywords: weak earthquake, hollow area, elastic oscilation, fundamental frequency.

Introduction. Despite the similarity of effects that accompany earthquakes and explosions, these
phenomena have a different nature . Primarily, the point source of explosion can be located anywhere
while hypocenter of earthquake is always in seismically active zone and significant tectonic stresses
area. The energy released during an earthquake and a point explosion in the focal zone is distributed
according to the same pattern from a mechanical point of view: a significant portion of this energy
expended in irreversible changes in the sources area , the rest part of its generates the body and surface
seismic waves. The point explosion’s energy comparable with the weak earthquakes (M < 4) (perhaps
with the exception of particularly powerful nuclear explosions), during which most of the energy of
elastic deformation is consumed to generate the seismic body waves. There are differences in the
method of measuring the total energy released during moderate and strong earthquakes and point
explosions. However, before the era of underground nuclear explosions was assumed that in case of
lack of dispersion, the amplitude of the elastic body waves of point explosion should be proportional to
the square root of the oscillations energy density (as for earthquake). However, analysis of the
underground nuclear explosions’s series data in 1958, that in fact are analogous to the point explosions,
this is not confirmed. The relationship between the explosion‘s energy and the amplitude was linear, so
new model of explosion source have been proposed [1]. According to this model, the area of any
explosion source is a special, so-called zone violation, in which energy is transferred and absorbed by
nonlinear laws. It is believed that the radius of the zone is proportional to the cube root of the energy of
the explosion. Further, beyond the violations zone, disturbance is linearly elastic in the medium. It is
assumed that propagating compression wave here are not subjected to the dispersion. In this case, the
individual harmonics of the body waves can can propagate independently. Obviously, such a situation
is ideal and is expected wave propagation without any obstacles, which is possible only in a completely
homogeneous medium. In fact, analysis of of seismic waves propagation can be quite complex in the
elastic medium, not only because of the heterogeneity of the environment and the absorption of waves,
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but also the existence of a free boundary, for example: the earth's surface and the fault. Therefore, it
was suggested that the medium is uniform in a sufficiently large area, the radius of which substantially
exceeds the radius of the explosion energy release, in other words, the zone of nonlinear
transformations. In some studies, factually the model in [1] has been used to simulate the change of the
radial stress at the interface of the inelastic and elastic region [2].

Model of a point explosion. The purpose of work [1] was an analytical justification of the
relationship between soil displacement and the explosion energy carried out by body seismic waves.
Obviously, such a task is straightforward because suggests a correlation between the known
parameters: given energy of the explosion and the observed value of soil displacement. However,
besides displacements soil informative are also themselves seismic wave frequency spectrum, which is
also dependent on the energy of the explosion. If we consider that the heterogeneity of the medium
influenced less significant effect on seismic waves, in particular, on their frequency, an attempt to
study the relationship between the explosion energy and body waves can be considered as a perspective
task. It should be noted that assuming no dispersion of body waves, in contrast to [ 1], it is possible to
solve the inverse problem, i.e. determine the explosion energy by body waves frequency spectrum. An
attempt to solve such a problem has been undertaken in the work [3]. Physical conditions of the work
actually coincide with the statement of the problem in [1] as it also assumes that the point explosion is
followed by an avalanche-like release of energy resulting in the generation of shock waves and plastic
deformations. So there should be a zone of non-linearity. On the border of this zone must establish a
balance between the pressure force and the elastic force of the environment. It is evident that the
balance of forces arise only if the energy density of the explosion will be commensurate with the
energy density of the elastic deformation. The front propagation of disturbances caused by a point
explosion is supposed to be radial in a homogeneous incompressible medium. Spherical symmetry is
violated with increasing distance in an inhomogeneous medium. However, in any case, the deviation
from sphericity is unlikely to be so significant that the boundary of the plastic deformation of the
explosion could not be approximated by a spherical , or more complex , by the surface of the rotation
ellipsoid. The same form can be assumed also for the outer boundary of linear elasticity area, if we
neglect the inhomogeneity of the medium and to postulate the absence of free boundaries. In this case,
in work [3] was proposed hypothesis that body seismic waves are the result of self mechanical
oscillations of the body, which is an spatial abstraction of the linearity zone around the point explosion
source. Obviously, these oscillations induced by the elastic force and should have a discrete frequency
spectrum. In the simplest case, discussed body may have the shape of a hollow sphere, the inner radius
equal to the radius of the zone violation. The next step is to approximate the area of a point explosion
by hollow rotation ellipsoid. This figure has a lower degree of symmetry comparable with the sphere.
Due to this the degenerate oscillations will take place. Therefore effects of shear deformation can be
neglected at a point explosion, unlike earthquakes. This is essential since simulation of the vibrational
spectrum, generated by a strong earthquake is very challenging. During the earthquake, as a rule, there
are considered as body waves , so surface seismic waves . Analytical solution of this problem is
obtained only in the case of spherical symmetry by presenting the shear modulus as a sum of normal
modes of vibrations [4].

Statement of the problem. The problem of accurate determination of the total energy released by
an earthquake, is the main task of seismology. It is known that some of the total energy, the so-called
seismic energy, is consumed to generate the body and surface seismic waves. Unlike natural
earthquakes, the total energy is known in advance during point explosion. Furthermore, for an
underground nuclear explosions has been determined that the approximately 5-8% of the total energy
passes to the elastic seismic waves [5,6]. Therefore, if the total energy of the explosion is known, there
IS no need to determine the seismic energy by seismic data. However , estimation of total energy,
during the earthquake, is a problem. It is obvious that the direct transfer of the result, which is valid for
explosions, to an earthquake is incorrect. It is known that seismic energy is dependent on the source
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volume [7] . In the case of moderate and strong earthquakes this area is difficult to determine because
of the considerable scatter of aftershocks in time and space. Therefore, proportion of seismic energy in
the total energy can very substantially changed with increasing earthquake magnitude. However, for
small earthquakes, like an nuclear and tecnical explosions, almost all the seismic energy transfer in
body waves. Therefore, the relationship between seismic energy and the total energy of the earthquake
in both cases varies in the same range. It is obvious that, like explosions, for small earthquakes
seismic source zone is a violation within the meaning of [1] .

Assessment of the explosion volume, and consequently, the seismic energy, when we know its
total energy, it is not difficult . During the earthquake the total energy is unknown that sould be
estimated by seismic data. Therefore, any attempt that simplifies the tedious process of seismic source
volume determination can be considered relevant. In particular, it appears that the volume of weak
earthquakes source can be quite easy define following [3], the essence of which is given below.

Scheme of mathematical modeling. The physical analogy with hydromechanical natural
oscillations of a liquid incompressible drop of spherical configuration has been used as the basis of the
model proposed in [3]. It is known that small perturbations of its surface is able to maintain the shape
of a drop due to the action of capillary forces [8]. If it is assume that the generation of body waves
associated with perturbations of the boundary of a hollow elastic body, we can use the mathematical
scheme of self hydro-mechanical oscillations of a spherical drop. As it was shown in [8] this scheme
can be generalized to the case where the drop has shape of elongated rotation spheroid. Obviously, for
the area of a point explosion such shape is more appropriate than a sphere. Though, to estimate the
volume of seismic source is enough to use the result, which corresponds to the most simple spherical
symmetry. According to [8], a mathematical model is correct if the amplitude of the oscillation or
radial displacement of the boundary of the hollow body modeling area of point explosion considerably
small compared with the characteristic linear dimension of the body. Additionally, the oscillation speed
of the hollow body surface should be substantially less than the velocity of shock waves generated in
the nonlinear transformation zone or in seismic source area. It is obvious that both of these
requirements are performed that is the necessary condition for small perturbations causing the linear
elasticity, and generating self mechanical oscillation of the body, identified with the area of the point
explosion. It is believed that regardless of the site condition, this area despite a small radial
displacement of its borders is incompressible and homogeneous , both before and after an explosion (
or a weak earthquake). Consequently, the oscillation motion of the hollow body obeys the Laplace
equation

Ay =0, Q)

where y is potential, oscillation speed - V = grady

In a spherical coordinate system, the condition of equilibrium boundary of the hollow body,
modeling area of a point explosion, is given with the Laplace formula for a liquid drop

PP, :KL(Ri+iJ, %)

1 RZ

where P; and P, are the pressures respectively inside and outside the sphere, R; and R, are the
principal curvature radii of the oscillating surface. The coefficient of capillary surface tension giving
the elasticity effect is replaced by the product of the uniform compression modulus K by the
characteristic linear dimension of the sphere boundary L
E

K=§(m, (3)

where E is the tension modulus (Young’s modulus) and o . the Poisson coefficient.
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Therefore the difference between the pressures can be defined by means of the expression [8]

AP=P,—P, =—pgu— pt—‘i’ (4)

where u is the radial displacement producing the oscillation of the spherical surface, p - density
of the medium, g -gravity force acceleration. In the Spherical system, the displacement velocity is
related with the motion potential by the expression
X ©
ot or
Since the gravity force does not influence the elastic deformation effect without loss of generality
in (4), we can neglect the first term on the right-hand side, i.e. in the sequel it will be assumed that

AP = —p%’l/, which coincides in form with the first motion integral [8].

. . . . 1 1 . .
This condition and also analytical expression for the parameter — +— defined by variation
1 2

surface used in the expression (4), from which we obtain the boundary condition for i
2
5 81//+8 1 a(smaa—wj+ _12 avg =0. (6)
or or ar|sindor 00 ) sin“0op }

Condition (6) is valid if the potential will have the form of a standing wave
w=AF(r.0,p'™, A=const, )
where the function F(r,6, (0) satisfies the Laplace equation (1). As is well known, any solution
of this equation can be represented as a linear combination of volumetric spherical functions:
F(r,0,0)=X(r)Y(0)z(¢) where X(r)- radial function, ,Y(@)=P (cosd),- the Legendre

function, Z(p)=¢ M | the work [3] is used the function: X = A r" + Bnr‘(”+1), that is full solution
of the Euler radial equation. This is different fundamentally from the solution in [8], where the

potential in (7) represented only by the inner part of the radial function ~ r". As a result, after
standard transformations, the discrete spectrum of natural frequencies of a hollow sphere can be
obtained

n-1 —(n+2)
L2 KL (n-1)n 2\nﬁhr (n +1)B, r ®
" ord Ar"tyB rm?

where n>2 (n =0 corresponds to a state at rest, n = 1 to translational motion.

Expression (8) differs from the formula defining oscillations of a solid spherical drop. First , in
(8) is presented as a multiplier value of compression modulus and density of the medium, which is
the square of the velocity of body waves [3]. Addition , solution for a solid sphere must be valid
everywhere, including the focal point. So in classical scheme only the inner solution of the Euler

equation is used as a solution of the form: rr at point r = 0 is divergent. For a hollow body this
problem does not exist and therefore we can use a general solution. As a result, as is seen from (8), the
frequency should not be real, it may be has an imaginary value too. Such a situation is quite favourable
when modelling the point explosion region whose inner surface must bound the volume in which shock
waves propagate and plastic deformations take place. An example of a relatively simple formula for a
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hollow sphere of finite thickness clearly shows that it is only by means of a general solution of the
Euler equation that we can define the size of the region where elastic forces may generate seismic
waves. For this purpose, it is necessary to determine the constants of a complete radial function by
introducing a radius of the boundary between the linear and nonlinear zones. On this surface, according
to the model, the frequency of elastic waves sould be zero. Thus, from (8) we have

nAR™ = (n+1)B,R ™ )
which implies

n 2n+l
B,=——A -R
n n+1An

Consequently, because of the relation (9) constants in the formula (8) should be excluded. After
the introduction of the parameter R, the characteristic linear dimension of the hollow body also be
defined: L = (r - R). Finally the following expression for discrete frequency spectrum has been

obtained
( r jnl [RJI’HZ
, I N A
02 = n | (h-1fne2)—RL_ AT

n r2 1( r jn—l l (Rjrﬁz
| — +7 N
n\ R n+1\r

1

9)

2
were a =(1-R/r), V| :(Ej - velocity of longitudinal body wave without taking into account the
Yo

E %
3p(1-20) 3p(l+o)

2
shear deformation. Velocity of primary seismic wave: Vp:{ } . It almost

1

2
exceeds the speed of secondary shear wave V, :(E] average by a factor 1.7 in any environment

(G= ﬂlE_) -transverse shear modulus). So velocity V,, ~0.8V .
+0o

Discussion of the inverse problem. The aim of this work is to show the way for a relatively
simple solution of the inverse problem for the hollow sphere approximation, when two linear parameter
of a point explosion were defined: the radii of the plasticity and linear elasticity zones. Besides the
physical parameters of the considered medium it is assume that the spectrum of point explosion
frequencies is also the given one, then we can define the unknowns R and r. In fact, the problem is in

the knowledge of the fundamental frequency @, (n=2), as in a homogeneous medium D3 oo
w3

Therefore, the spectral analysis of point explosion is necessary to solve the inverse problem, which

should give the value of the fundamental frequency of seismic body waves. The desired radius can be

determined by the first two equations (9) corresponding frequencies @, and ;.

A distinctive feature of this work is to neglect of the effect of shear deformation and use the
modulus for compression as a parameter of the elastic properties of the Earth's environment. This
assumption is justified in the case where the power of a point explosion is not higher than the power of
weak earthquakes (M<4). According to [2], for sufficiently powerful underground nuclear explosions,
when the transverse seismic waves became visible, their fundamental frequency is given by equation
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= (10)

where R is the radius of the surface elastic wave generation. Obviously, in the case of the
expression (9) yields the fundamental frequency of the same order as that of the expression (10).

It is notable that one solution of task is known to determine the frequency spectrum of the radial
natural oscillations of an elastic sphere. Physically, it is obvious that realization such oscillations is
possible only when the speed of displacement changes is directed along a radius and depends only on
coordinate r [8,10]. According to the boundary condition on the surface of the sphere, the radial
component of the strain tensor is equal zero. The problem of periodic oscillations in time reduces to the
general wave equation for the potential movement. The solution of this equation, which is valid
throughout the volume of a sphere, including its centre, has the form

sinkR __j
p=A—c—e lot (11)
Due to equation (11) and the boundary conditions resulting from the Hooke’s condition on the
surface R = r, the transcendental equation was obtained for kr

tgkr 1
ke 1-0.25]\, v krf

1 . : . :
k ~= -is the wave number. The roots of this transcendental equation (the exact analytical
r

(12),

solution of which is impossible) determine the frequency of natural oscillations of an elastic sphere.
However it is possible approximate analytical or numerical solution, after which the fundamental
frequency of the radial oscillations of an elastic sphere is determined by the velocity of the longitudinal
wave: o, =V, k.

Thus, using the formulas (9) and (10), as well as the numerical solution of equation (12) when the
velocity ratio is 1.7, it is possibility to compare different models of elastic oscillation of point
explosion. The radius value of linear zone should be considered as the core defined by the expression
(9). The underground nuclear explosions represent the most convenient case as all parameters are
known for comparative analysis. It is suitable, for example, the very first underground nuclear
explosion conducted in Nevada in 1957 [11]. The wave effects of this explosion were well studied.
That is necessary to test the effectiveness of our model and the comparison with the parameters
obtained from other models. Power of the explosion in Nevada was 1.7 Kt trotyl (equivalent M =4 ),

that is corresponding to an energy E = 7,4-10% J.

Now it should be defined the fundamental frequency, which is being main parameter in the
formula (9). It is believed that in the case where the magnitude is known, it is possible not to use a
spectral analysis and use the empirical relationship between the period and magnitude. However, in the
range M =/ 3-5 / such a relation is not defined. There is the equation that is considered fair for small
magnitudes [12]

IgT =0.47M —-1.79. (13)

According to this equation, the main (peak) frequency should be ~2.4 Hz when M =<3.
Obviously, for M ~4, it will be even less. In fact, for the explosion in the Nevada, main frequency was
significantly greater, because fixed frequency were in the ranged / 6-40 / Hz. Consequently, the
fundamental frequency of this interval should be considered as 6 Hz. However, it should be noted that
during the arrival of the first head wave there were two peaks of frequency 3 Hz and 7.5 Hz at the same
time. Then, after considerable delay, there were two peaks at 10 Hz and 5 Hz. This is not a very
significant difference from the frequency of the first registered interval. This may have been caused by
heterogeneity of the medium, as well as by the records error. The observations were made at a distance
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of about 600 km from the explosion site. Due to mention above appropriateness of the formula (13)
seems doubtful.

Thus, the frequencies: @,= 6 w,= 12 Hz were used to determine the characteristic radii of the
Nevada explosion from formula (9). At the same time, the most probable value of the velocity should
be used, which, according to our model, can be assumed equal the velocity rate of body waves 6.1 km /
s [11]. Consequently, since V,, ~0.8V, we will have V = 7.6 km/s. As a result, the specific values
have been obtained for fundamental and first harmonic from the two equations (9) characterizing the
area of underground nuclear explosions r = 1.84 km (the radius of the surface of the generation of body
waves) and R = 1 km (radius of the seismic source).

For comparison the well-known empirical formula for seismic source radius (in kilometers) and
the magnitude can be used [13]

Ig R=-1.67+0.42M . (14)

According to this formula R ~1 km, that is identical to the value obtained by our model for M =~

. . I 4 I
4. Using R we can determine the volume of the seismic source VC:EﬂRQ’and seismic

energy E, =eV_, where e is the density of the elastic strain energy. According to [5,6,12], this

parameter is e~10™* J . Seismic energy is approximately 5-8% of the total energy of the explosion, so
its value will be (5+8,4)-10* J, which correspond to the nuclear explosions with power in the range of
[2-1.2/ kt trotyl. Thus, in this case a good agreement have been established between the known value
and corresponding interval of the modelled value of the total energy of an underground nuclear
explosion in by the formula (9). Obviously, it is necessary to evaluate the quantitative effect of classical
mathematical scheme's modification, which is the basis of our model. For this should be compared the
result obtained for the hollow body with the result corresponding to a continuous area for the same
value of the fundamental frequency. In this case, in the formula (9) must be regarded as R= 0, the
following expression will be obtained from which we can determine the radius of the body,
approximating the area of a point explosion

w? = a:/z"f [(n=1)Xn+2)n] . (15)

From the equation (15) for @,= 6 Hz we obtain: r ~1, 95 km. If this magnitude is considered as
the radius of the source, then the total energy of a point explosion will have a range that is much greater
than the energy of the explosion in Nevada: E= (3.5 +5.8)-1013J. Thus, if this range is compared with a

range derived above for the hollow body, the efficiency of our model giving real value of the energy is
quite apparent.

For comparative analysis, the main frequency can be identified, which is given by equation (12)
and formula (10). For this we use the radius of the area of the point explosion: r ~1,85 km, because
according to the formula (9) it corresponding to the frequency @, = 6 Hz. In particular, the first root of

the numerical solution transcendental equation (12) is kr = 0.5. Since o, =V k fork=1/r,and V,
~7.6 km /s, we obtain: @, ~ 2 Hz. Further, in formula (10) is presented the velocity of shear wave. Its
value when V, =7.6 km /s, is equal to: V; ~0.6V, ~4.6 km / s. Therefore, according to this model, the

fundamental frequency o,=5 Hz. Based on these estimates, it can be concluded that in most cases there
are small difference between the results of the formula (9), equation (12) and (10). But it is apparent
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disagreement with the empirical relation (13). These facts serve as a clear demonstration of the
effectiveness of our own model for mechanical vibrations of the point explosion. In particular, it is the
only one using only the velocity of seismic body waves, as well as their fundamental frequency and the
first harmonic explicitly defines the volume of the point explosion and its total energy.

For clarity of the formula (9), figure 1 illustrates the dependence of the radii r and R on the

fundamental frequency @, when the ratio @3 ~2. Here a seismic body wave velocity is V,, ~6.1 km/
@3

S.

It should be noted that the assumption of the harmonic nature of the seismic waves is quite rude.
This requirement becomes very hard when data are recorded on a great distance from the explosion or
the weak earthquake. Obviously, in the real environment, due to its heterogeneity, the ratio between the
fundamental frequency and the first harmonic will change. During the solution of the inverse problem,
this ratio should be determined only by the harmonic analysis of the data.

Figure 1. The dependence of the radii r (solid line) and R (dash line) on the fundamental frequency
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MoaeaupoBanue ceHCMHUYECKON IHEPIrUHM TOYEYHOI0 B3PbIBA NPU
MOMOIIY CHEKTPA YaCTOT 00bEeMHBIX BOJIH

3. Kepeceaunse, H. Lleperenn
Pe3rome
Pemaercs 06paTHa;1 3ajJga4da, LCJIb KOTOpOfI 3aKJII0YaCTCd B MOICIUPOBAHUHN IJUCKPETHOTO
CIICKTpa 4YacCTOT 00BEMHBIX CEMCMHUYECKAX BOJIH, TCHCPUPOBAHHBIX HCKYCTBCHHBIM TOYCHYHBIM
B3PBIBOM HJIN CJIa0BIM €CTECTBEHHBIM 3CMIICTPACCHUCM (M ) HpezmoraeTcsI C(bepI/IquKaH
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MOJIEIb MOJION O00JIACTH TOYEYHOTO B3PHIBA M MCIIOJIB3YETCS M3BECTHBIM AHATUTHYCCKUNW METOH ISt
MOJEIUPOBAaHUS COOCTBEHHBIX THAPOMEXaHMYECKHX KoOJieOaHWH kuakol karmmd. HosmrecTBowMm,
MPUMEHCHHBIM B pa0oTe, SBISETCS MCIOJIB30BAaHUE IMOJHOTO PEUICHUS PaAHabHOTO YpPaBHEHUS
Oiinepa. Takas MomudduKanus KIaCCUYECKON CXEeMbI, B KOTOPOW MPUMEHSJIOCH JIUIIbL BHYTPEHEE
pelieHne, SBISETCS MAaTEMaTHYeCKHU JTOCTATOYHO KOPPEKTHOW, T.K. MOJAPA3yMEBAET BUPTYaITbHOCTH
VIOPYTrUX KOJICOaHW CeHCMHYecKoro odara. B pesynpTare, MpU MMOMOIIH JUCKPETHOTO CIEKTpa
9acTOT OOBEMHBIX CEHCMUYECKMX BOJH, MOXHO  OIPEACIUTh JUHEHHBIC NapaMeTpbl 001acTh
TOYEYHOTO B3pbIBa (CITA0OTO 3EMIICTPSICCHHS), ANMPOKCHMHPYEMOU IOJIBIM TeJIOM ChepHIecKOi
¢dopmbl. TakuMu JIMHEHHBIMH XapaKTEPUCTUKAMH SIBJISIFOTCS PAJMyC CEHCMUYECKOro odvara (30Ha
IUTACTUYHOCTH) W paJnyC 30HBI JIMHEWHOW ympyroctu. Ilocie 3TOro MOKHO IOCTaTOYHO MPOCTO
OILICHUTH CEHCMHYECKYIO H MOJIHYIO SHEPTHIO TOYEYHOTO B3pPhIBa JHOO CIIa0d0TO 3eMIICTPSCEHHS.
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Abstract

There are considered results of the laboratory works which continue the modeling of vertical
convective motions in different geophysical fluids (theoretically) and (experimentally) — in artificial
and natural water solutions — by means of suggested before original fluids bubble boiling method
(FBBM)[1, 2]. Using the edible salt and sugar water solutions, peculiarities of their temperature-
density, T(p), temperature-time, T(t), entropy-temperature, AS(T), and heat intensity-time, Q(t),
functional dependences were investigated experimentally, in detail. Three characteristic values of
temperature of the bubble boiling regime change, T (H,0) = T(C12H2,011) = 40°C, 80°C, 100°C and
T(NaCl) = 40°C, 80°C, 108°C, were found, respectively. These values were obtained on the base of
detail experiments for accessible intervals of densities (minimal-maximal) equal, respectively:
Ap(NaCl) = (1.01-1.2) g cm™ u Ap(C1oH5011) = (1.04 —1.47) g cm™. Experimental curves T(p), T(1)
and 4S(T), as a rule, in the temperature interval AT = 40°C — 80°C undergo the discontinuity of the
second kind. They allowed us to establish the law of appearance of the points of the second kind
discontinuities. Obtained T(p), T(t) and AS(T) experimental curves (Figs. 1-6) have universal
character, are independent on the substrate’s nature and initial temperature of the researched
solutions. They give sufficiently full information about new results of provided experiments, which may
have not only applied meaning. It is necessary to emphasize an importance of obtained experimental
dependences, (T(p), T(t), 4S(T), and Q'(t)) from the point of view of opening perspectives of
development and deepening of suggested method both to avoid superfluous technical efforts quickly
and without error, find main characteristics of investigated fluids.

I. Introduction.

In this report, new results of experimental research of vertical one-dimensional two-phase flow,
modeling natural convective processes according to the original fluids bubble boiling method (FBBM)
suggested by us in works [1, 2]. These laboratory modeling experiments are further continuation of
above mentioned investigations of fluids vertical convective motions.

The character values of studying thermodynamic system, such as dependences: temperature-
heating time, T(t); entropy-temperature, AS(T); hysteresis curves, T*(t)-T(t), ("+’and “— “ signs
correspond to heating and cooling of fluids, respectively), are represented in Figs. 1-6 and Table 1.
Each of Figs. 1-5, both for convenience of analysis and limitation of place, simultaneously contains two
by two graphs: upper —constrained by means of net experimentally measured data, T(t); lower — on the
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base of calculated characteristics of system, AS (T). It is necessary to note, that analogical laboratory
modeling vertical one-dimensional geophysical convective flows in literature practically are absent ([6,
7,1, 2], see also refs in [1]).

Il. Method and results of the experiments.

Both graphs, T(t) and AS(T), in Fig.1 for clear water have a second kind of discontinuity at
temperature T; = 80°C, connected with bubble boiling point [1, 2]. The temperature is achieved (in
conditions of our experiments, at intensity of heating about 15 cal/min flux) after the lapse of 25 min
from the initial temperature of T, = 10°C.Experiments provided on investigated water solutions of
different materials showed that on the background of the curves of T(t) and AS(T) appear a new
additional point of the second kind of discontinuity at more low temperatures. The entropy curve, AS
(T), of NaCl maximal density water solution (pmax = 1.2 g cm™ (see Fig. 5, where the entropy curve has
two points of the second kind of discontinuity at T; = 80°C and T, = 40°C, respectively) exactly just so
behaves, as T(t) one. In common with the results of our previous works [1, 2], and by the present ones
it was experimentally established, that any substance water solutions curves, T(t) and AS (T), have two
points of the second kind discontinuity (T; = 80°C and 40°C < T, < 80°C) — for solution densities (pmax
> ps > 1.0 g cm™) (see Figs. 1-5).
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Fig. 1. Above — temperature-time dependence, T(t); lower —
entropy-temperature dependence, AS(T), of clear water of
density, p = 1.0 g cm™, heating from 10°C up to 100°C.

Fig. 2 illustrates results of experiments on the sugar,C;,H2,011, water solutions of density p =
1.08 g cm™. As is seen, both curves, T(t) and AS(T), have two by two points of the second kind
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discontinuities at temperatures T; = 80°C and T, = 60°C, respectively. It is interesting to note that the
NaCl water solution of the same density, p = 1.07 g cm™, has analogical readings (see Fig. 5).
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Fig. 2. Above — temperature-time dependence, T(t); lower —
entropy-temperature dependence, AS(T), of sugar, C12H2,011 ,
water solution ( p = 1.08 g cm™), heating from 10°C up to 100°C.

Fig. 3 corresponds to the the maximal density (p = 1.47 g cm™) sugar, C1,H2,011 , water solution,
heating from below at initial temperature To = 10°C. After 6 min (see Table 1 in [2]), it is achieved the
sugar solution bubble boiling temperature T, = 40°C, and then, after 24 min, — the sugar solution

intensive bubble boiling temperature invariably equals to T; = 80°C. The entropy, as a rule, undergoes
both discontinuities at T, = 40°C and T; = 80°C, too.
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Fig. 3. Above — temperature-time dependence, T(t); lower —
entropy-temperature dependence, AS(T), of sugar, C12H2,011 ,
water solution ( p = 1.47 g cm™), heating from 10°C up to 100°C.
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Fig. 4 shows the curves of T(t) and AS(T) for light NaCl water solution (p = 1.07 g cm™). Here, saying

figuratively, the same past the baton of two points of the second kind discontinuities (T; = 80°C and T
= 60°C) to NaCl and other substances (see, present Figs. 1-3, and [1, 2]).
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Fig. 4. Above — temperature-time dependence, T(t); lower —
entropy-temperature dependence, AS(T), of NaCl water
solution ( p = 1.07 g cm™), heating from 20°C up to 100°C.

In Fig. 5, it is recurred the same very interesting property — availability of two points of the second
kind discontinuity on the curves T(tg u AS(T). Here it was used the same NaCl water solution, but of
the maximal density (p = 1.2 g cm™), having two limit values of solution bubble boiling points T; =
80°C u T, = 40°C (1), as in the case of the sugar water solution of maximal density (see above and [1,

2]).
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Fig. 5. Above — temperature-time dependence, T(t); lower —

entropy-temperature dependence, AS(T), of NaCl water
solution (p = 1.2 g cm™), heating from 10°C up to 100°C.
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Fig.6 shows results of detail measuring during heating to the bubble boiling and then reverse
motion of both curves ( H,O and C12H201; solution of maximal density, p = 1.47g cm™). There are
two points of crossing curves at temperature T3 = 100°C (Figs. 6a, 6b) and lower at T~ 62°C (Fig. 6a).
In case of clear water, H,O, time of heating from 20°C to 100°C equals to 45 min; coordinates of the
second kind discontinuity are following T1(80°C, 25 min); coordinates of point of boiling are —
T5(100°C, 45 min). In case of sugar, C1,H2,011, time of heating from 20°C to 100°C equals to 40 min;
coordinates of the second kind discontinuity are following T2(40°C, 5 min); coordinates of point of
boiling are — T3(100°C, 40 min).
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Fig. 6. The clear water (a) and sugar solution (b) bubble boiling
(solid lines, time scale — below ) and hysteresis (dashed lines, time
scale — above) curves. Heat flux, Q'(t) ~ 15 cal s™.

Unlike the water solution of NaCl (with maximal density p = 1.2 g cm™, and temperature of boiling
T3 = 1080C), in case of sugar water solution (C12P2,011), a rise of boiling temperature doesn’t occur,
and its boiling temperature T3 = 100°C. In case of sugar water solution of maximal density (p = 1.47 g
cm®), the hysteresis square (ADy) between solid line an dashed one, directed in the opposite direction
(of low cooling process of the solution from the point of boiling T; =100°C ) before their crossing with
each other equals to, respectively: (a) for clear water (p = 1.0 g cm™) hysteresis square ADy, (H20) =
3.5 sqg. un., coordinates of this point are following (see Fig. 6a): T, ~ 62°C, and corresponding time of
cooling, t, = 28 min; (b) for sugar solution of maximal density p = 1.47 g cm™, AD(C12P2011) = 2 un.
sq.; coordinates of this point are following (see Fig. 6b): T, = 68°C, and corresponding time of cooling,
t, = 23 min; ratio between hysteresis squares of sugar and clear water ADy(C12P22011): ADy (H20) =
4:7.

III. Analysis and discussion.

It is necessary to note, at once, that the results of measuring of character parameters of considered
solutions in the most complete form represent in Fig. 6 a,b (during of heating: Ty, Ty, Ts; AS1, ASy,
ASg; 11, 1o, t3; during cooling — hysteresis parameters: ADy, T, tp).

On the derivation of initial linear parts of T(t)-curves at achievement of the points of the second
kind of discontinuities — to the side of decrease along elliptical curve (when a heat is spent during a
bubble boiling process); in case of the AS (T)-curves the initial linear character of growth of the curve,
after the points of the second kind of discontinuity, is continued in the form of growing parabolic
curve. In the solutions, such picture is repeated twice because of appearance the second analogical
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point of discontinuity. Increasing of the entropy curves growth temp is accounted for its inverse
proportionality to the temperature of solution. Here it is also necessary to take into consideration that
we have dealings with associated fluids (in particular, the water belongs to them, too), at heating of
which, except of formation of bubbles of vapour, a part of the heat is spent in addition for dissociation
of molecules, and, as a result, — the second kind of discontinuities in all curves T(t) and AS(T) (Fig. 1-
6).

The vapours bubbles, generating into the fluids during boiling, are under hydrostatic pressure of
column of water, surface of water curvature, and atmospheric pressure. To not to be crushed, the
bubble must contain sufficiently high value of saturated vapour pressure in order to resist of whole
external pressure. But, as is known, inside of the bubble, because of concave surface, the pressure of
saturated vapour is less, than over a plate surface, and the smaller than the smaller of bubbles radius,
too. Because the bubble boiling process begins from generation of very small size bubbles (r = 107
cm), then this insufficiency of the pressure inside of the bubble reaches considerable value, and the
bubble of air fast becomes flat and disappears. In the volume of heating fluids, huge accumulation of
the smallest bubbles slowly moves vertically upwards, under action of Archimedes force. The boiling
does not begin, although from the outside of the liquid the conditions of the boiling are available. When
temperature of liquid at the bottom of the vessel is increased, the vapour bubbles of size r ~10™ cm
suddenly quickly growth at the temperatures (T; and T,) of the second kind discontinuity. In case of
clear water T; = 80°C, and in case of different substance solutions the temperature of discontinuities is
between T, = 40°C and 80°C, and following growth of liquids temperature and completing very
intensive bubble boiling temperature T3 = 100°C (for clear water, H,O, and for the water solution of
sugar, Hi,C2011, of maximal density p = 1,47 g/cm®) u Ts = 108°C (for NaCl water solution of
maximal density, p = 1,2 g/cm?), intensive boiling in form of stable vertical columns of lengthened
bubbles, which maybe named “hose” — boiling.

IV. Conclusion.

Thus, obtained experimental curves T(p), T(t) and AS(T) (Figs. 1-6) (or the bubble boiling
method):

(1) — have universal character are independent on the substrate’s nature and initial temperature of
the researched solutions; (2) — allow one to establish the law of appearance of the points of the second
kind discontinuities; (3) — give sufficiently full information about new results of provided experiments;
(4) — may have independent and not only applied meaning; (5) — are significant from the point of view
of opening perspectives of development and deepening of suggested method; (6) —the method allows
also to avoid superfluous technical efforts, quickly and without error, find main thermodynamic
parameters of investigated solutions.
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JlonoJIHMTeIbHbIE IKCIIEPUMEHTHI 110 UCCJIeJ0BAHUIO 0COOCHHOCTEH
Ny3bIPbKOBOI'0 KMIIEHUSI Y CTOI BOJAbI, BOAHBIX PACTBOPOB Caxapo3bl,
C12H,,011, u noBapennoii conu, NaCl, paznuunpix mioTHocreii

Amnzop I'senecuann, Homap UnaOpuiipmim

Pesrome

B Hacrosmiell crTaThe paccMaTPUBAIOTCS PE3YNbTAThl JTAOOPATOPHBIX PAOOT, SIBIISFOIIAXCS
JTaTbHEUITUM  TPOJOJDKEHUEM HCCIIEIOBAaHMA KOHBEKTUBHBIX IMIPOIIECCOB, TI0 OPUTHHAIBHOMY
1a00paTOPHOMY METOJY MOJEIHMPOBAaHUS IMPOIEcca My3bIPHKOBOTO KUIICHUS PACTBOPOB Pa3IHMUHBIX
moTHoctew [1, 2]. Ha mpumepe BOAHBIX pacTBOPOB MOBApPEHHOW COJIM M caxapa TINATEIbHO H3y4eHbI
0COOEHHOCTH BPEMEHHOI'0 X0/1a TEMIIepaTypbl paCTBOPOB U 3aBUCHMOCTH SHTPONHHU OT TEMIIEPaTYpBhl.
[TokazaHo Hanmmuue TPEX XapaKTepHBIX 3HAYEHUH TEMIIEPATyphl, SHTPONMH W HWHTEHCHUBHOCTH
nomaBaemoro terta (T(p), T(t), AS(T) m Q(t)) B mporecce 0OBEMHOTO KHITEHHS H3y4aeMbIX
PacTBOPOB, SBJSIFOIIMXCS PEMEPHBIMUA TOYKAMHM CMEHBI peXHuMa My3bipbkoBoro kunenus: T (H20) =
T(C12H2011) = 40°C, 80°C, 100°C and T(NaCl) = 40°C, 80°C, 108°C. IIpu stoM 06HAPYXKEHO, 9TO IS
gyuctoi Boabl (p = 1,0 1 CM'3) Y BOJIHBIX PacTBOPOB IOBAapEHHOM COJIM M Caxapo3bl B MHTEpBaIax
IUIOTHOCTEH ( JIOMYCTUMBIX MUHHMAJIbHBIX- MAKCUMAaJIbHBIX 3HaueHui) , coorBeTcTBeHHO: Ap(NaCl) =
(1,01-1,2) r em™ 1 Ap(C12H22011) = (1,04-1,47) T em™. Tlomyuernbie rpaduKn 3aBHCHMOCTH MEXKILY
TOYKaMH Pa3pbIBOB HEMIPEphIBHOCTH BTOporo poaa — T(p), T(t), AS(T), Q'(t) — umeroT yHUBepCcaIbHBbIi
XapakTep, HE3aBUCHMBI OT MPUPOJbl PACTBOPSIEMOrO B BOJIE BEIIECTBA M HA4yallbHOTO 3HAYEHUS
TeMIieparypbl pactBopa. [IpencraBienHble skcnepuMeHTanbHble rpaduku (dur. 1-6) coxmepxkar
JOCTaTOYHO TMOJHYI0 HHGOpPMAalMI0 IIOHOBBIX pE3yibTaTax , KOTOPbIE MOTYT UMETh HE TOJBKO
MpHUKIagHOe 3HaueHuero. IIpemnaraemplii MeTON MO3BOJSET, 0€3 JIMIIHUX TEXHUYECKHX 3aTpar U
BPEMEHH, B TIEPBOM MPHUOIMKEHUU OBICTPO M 0€30MHMO0YHO OINpPEACTIUTh OCHOBHBIE (pETEpHBIC)
TEPMOJIMHAMHYECKHE XapaKTEPUCTUKHU U3y4aeMbIX PacTBOPOB.
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The Modified Version of ty Method
Davit Kitovani

Abstract

The article refers to the modified variant of the well known method of to. It is shown that if there
exists one complete hodograph and oncoming hodograph is not complete, but with its help the
apparent speed can be calculated. In this case it is possible to build the refractive border with adequate
accuracy and to determine its parameters.

The study of deep structure of the Earth is an important goal during the prospecting on oil, gas, ore,
hydrological or regional researches. During these researches the Physical characters of various borders
are studied, the contacts, tectonic disturbances, ore bodies are revealed, also the depths of deposition of
existing borders and the strength of the zone of weathering is determined.

Following seismic methods are used for solution of this objectives: the Method of Reflective Waves
(MRW), the Method of General Deep Point (MGDP), the Correlative Method of Refractive Waves
(CMRW), the Method of Exchanging Progressing Waves (MEPW), and the Deep Seismic Zondage
(DS2).

In some cases, because of the character of the border, the most detailed and accurate methods -
MRW and MGDP do not allow reliable prospecting of the reflective border. Even in the case of reliable
registration of reflective waves only the geometry of borders are researched. DSZ allows to research
deep layers and the speed with very low accuracy, which is caused by the usage of low frequencies and
small detail of the monitoring systems.

The method which gives the most accurate determination of refractive borders and the speed of the
distribution of waves in these borders is CMRW, but it cannot settle all objectives listed above, also it
does not work with the enough accuracy everywhere. This is caused by: 1. inadequate readiness of
physical basis of the method; 2. Sometimes the complex relief hampers to receive the high level field
information.

There are various level difficulty and accuracy techniques of building of refractive borders. One of
the ways for determination of refractive borders is the method t,, This method allows to define the
refractive borders with enough high accuracy and reliably and to calculate the speed of the distribution
of waves. For this method both branches of the hodograph (straight and reverse) are needed which are
connected by the reciprocal spot T.

In this article we want to show that the refractive border can be defined with enough accuracy and
reliably, if we have only one complete hodograph and the other one is not complete but it can calculate
the apparent speed.

Supposedly we have a two-layer environment. Lets specify the speed of spreading of resilient
waves in the upper layer with Viand in the lower one V, The angle of inclining of the border is
specified by I ¢ and straight and reverse hodographs with t* and t” and the apparent speeds which are
defined by them accordingly will be V* and V". h and h, are deep beddings refractive border under the
points of explosions O and O;. With the help of these values lets calculate to;, to, and to.

to1 =2hcos i N1

hy =h+xsin@; V' =Vy/sin (i+ ¢); V' =Vi/sin (i- 9);

too=2(h+x sin @) cos i /VV1=2h cos i /VV1+2x cos i sin @ /V1=t1+X/V1(2cosisin ¢ ) =
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=ty +X/Va[sin (i+ ¢)- sin (i- @)]=ta+X/V* -XIV" = t-x/\V"

Analogously -  to;=t-x/ V"

And now let’s calculate to

to= t-X/Vo=to1+X/V"-x/V,=2h cos i /V1+x sin (1+ ¢)/ Vi-x(V+V)/(V* ' V)= 2hcosi /V1+x sin (1+ ¢)/
Vi- x sinicos ¢ /V1= 2hcos i /V1+x sin ¢ cos iV,

Accordingly:

to=2hcos i /V1+x sin cos i'V1=(to1 + to2)/2
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The result is following: if we have full hodographs (straight and reverse), for finding the spot t, the
straight hodograph (t*) is processed by apparent speed which is calculated by the reverse (t) hodograph
(speed V), and on the contrary - the reverse hodograph is processed by speed V*, which is calculated
by the straight hodograph. t, is received from the averaging of the value to; and to,, accordingly - t, =
(t01 + toz)/z.

If we have only one hodograph and the finding of the apparent speed is possible with the help of
another (not complete) one, in this case the separation of refractive border and the calculation of the
apparent speed in the border layer is also possible.

This result is important for the country like Georgia, which is characterized by the complex relief
and high agrarian field compactness, what as usual does not support the process of receiving of good
field results.
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ABOUT THE MECHANISM OF IMPACT OF EARTHQUAKES ON HUMAN HEALTH

Sakvarelidze E., [Sharadze Z, Mirianashvili K.

Iv. Javakhishvili Thilisi State University, Thilisi 0179, Georgia
Abstract

It is known, that when preparing for an earthquake, at the time of the earthquake and in the
period following the earthquake in the epicenter area generated infrar-alow frequency (0.001-10 Hz)
weak electromagnetic fields that are registered in areas far from the epicenter. Generated by an
earthquake infra-alow frequency fields superimposed on electromagnetic fields of Schumann resonance
frequencies, causing changes in the biosphere, the low frequency electromagnetic situation . Values of
the Schumann resonance frequency can also be changed by propagation generated by earthquake
acoustic-gravity waves (AGW). The amplitude of ionospheric perturbations caused by earthquakes,
peaks at a height of Alven resonator (layer F). AGW generated by earthquake and associated
propagation of disturbances in the Schumann and Alven resonators alters background ultralow
frequency electromagnetic situation of the biosphere and related with this changing biological effect.

Natural geomagnetic fields create conditions for synchronous work of numerous rhythms existing
in a human body and its normal functioning. Change of parameters of natural fields in the biosphere
during their disturbances causes violent reorganization of an organism according to a new situation,
that rather without serious consequences occurs for a healthy, mature human body.In organisms in
which ability to adaptation is weakened or being in process of formation (sick, elderly, embryos,
children) adaptation proceeds difficult or defectively. Therefore synchronous connection between
exogenous “leading” natural rhythms and endogenous biorhythms is broken ,that causes
desynchronization of endogenous rhythms, and, results in health deterioration. Reaction of biological
objects to geomagnetic disturbances represent adaptive stress reaction [1]

In days of magnetic storms infra-low frequency weak natural electromagnetic fields are
observed. During these days impact on live organisms is carried out by means of the information
mechanism when the bioeffect of influence is measured not by energy of an electromagnetic signal and
its frequency, i.e. the information which contains a signal. Information influence is especially effective
at so-called resonant frequencies, i.e. at influence of such fields frequencies which coincide or owe
close to frequencies of different parts of a human body and own frequencies of biological systems.
Such resonant frequencies arise in Schumann resonators (the resonator Earth — ionosphere) and Alven
resonators, occupying space between a wall ionosphere of the Schumann resonator and a maximum of
electric ionospheric concentration (h < 800 km). Theoretical values of frequencies of Schuman
resonator are: 8 Hz, 14 Hz, 20 Hz, 26 Hz and 32 Hz. The first three frequencies from them are
expressed most clearly. Source of excitement of this resonator is atmospheric discharge (lightning)
during a thunderstorm.

Thunderstorm is quite frequent phenomenon on Earth therefore the Earth- ionosphere resonator
always is in the excited state. Resonance frequencies of the Alven resonator less than 6 Hz and sources
of his excitement are in the atmosphere and a magnetosphere.

Values of resonant frequencies of natural resonators depend on a condition of an ionosphere
which, in turn, depends on activity of the Sun, geographic latitude of observation point, a season and
an interval of day time.
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Coincidence of values of frequencies of the main infra-low components of the electromagnetic
fields generated by separate systems of a human body with values of resonant frequencies of natural of
Schumann and Alven resonators and the short periodical magnetic disturbances became the basis to
explain negative influence of magnetic storms on an organism with resonance or information influence
of infra-low frequencies weak natural fields

Change of an infra-low frequency electromagnetic state in the biosphere can be provoked by a
earthquakes which number also correlates with activity of the Sun, and often strong magnetic storms
can occur against strong and weak earthquakes [2]. Those years when the number of spots grows on the
Sun, a strengthening of seismic activity is observed on Earth. It is established that by preparation for an
earthquake, at the time of an earthquake and during the period following an earthquake in the epicenter
area weak electromagnetic fields of ultra-low-frequencies (0,001-10 Hz) are generated, which are
registered in the areas remote from epicenter [3,4]. During earthquake preparation the ultra-
lowfrequency electromagnetic waves generated in the epicenter are considered as earthquake
harbingers, they are perceived by live organisms. Human mortality (generally from cardiac heart
attacks and cerebral hemorrhages) in the areas remote from epicenter where there were no destructions,
is related to the waves caused by an earthquake generated in the specified frequency range at the time
of an earthquake and the subsequent period.

On the infra-low frequencies electromagnetic fields, generated by an earthquake resonant
Schumann frequencies are imposed, causing change of an electromagnetic low- frequency situation in
the biosphere that affects on human health. Values of Schuman resonant frequencies and, respectively,
an electromagnetic situation of the biosphere can be changed also at quasiperiodic (T = 3 - 40 sec.)
changes of an ionospheric wall's height of the resonator and distribution of the acustic-gravitational
waves (AGW), generated by an earthquake. There are two mechanisms of generation of AGV [5]: 1) at
the time of an earthquake AGV are generated in epicenter under the influence of a strong "piston” push
on the atmosphere, which are registered for hundreds and thousands kilometers from epicenter; 2)
superficial seismic waves ,which are generated in epicenter and extend in all the directions. On the way
of propagation weak surface fluctuations of Earth also generate AGV in the atmosphere.

It is known [6] that amplitude of atmospheric acustic-gravitational waves grows depending on
height, and in high layers of the atmosphere (at ionosphere heights) is shown in the form of
quasiperiodic (T ~ 5-90 sec.) variations of parameters of an ionosphere, so-called mobile disturbances
of an ionosphere. The disturbances amplitude of ionosphere caused by earthquakes, reaches the
maximum values (10-15%, sometimes more) at the height of F layer of ionosphere, where Alven
resonator is located. It is possible to expect that AGV generated by an earthquake and the related
distribution of disturbance of an ionosphere in Schumann and Alven resonators create prerequisites for
intensive quasiperiodic (T ~ 5-90 sec.) changes of values of their resonant frequencies and
corresponding to these frequencies electromagnetic waves, that surely causes change of a background
ultra-low frequency electromagnetic condition of the biosphere and related biological effect with this
change. Change of an electromagnetic situation of the biosphere can happen and at AGV
transformation in electromagnetic waves.

At the present time at an assessment of negative influence of magnetic storms on human health
change of frequency-energetically parameters of background of infralow frequency range
electromagnetic fields in the biosphere, caused by close or far earthquakes isn't taken into account,
though presumably , the role of earthquakes in the above-noted changes, especially in seismoactive
areas, is considerable. Therefore geomagnetic storms, even weak, occurring on low latitudes during
strong close earthquakes in seismically active areas, can have bigger biological effect, than on high
latitudes, though strong magnetic storms there are observed.
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O MEXAHM3ME BO3JIEMCTBHA 3EMJIETPSICEHAM HA 3JOPOBBE YEJIOBEKA

Caxsapeannse E.A, , Mupuanamsuiau K.IO

Pesome

VY CcTaHOBIIEHO, YTO MPH MOJATOTOBKE K 3€MJIETPSICEHHUIO, B MOMEHT 3€MJIETPSACEHUS U B NEPUOJ,
CIIEAYIOIMKA 32 3EMIIETPSCEHHEM, B PErHoHe OSIHIEHTpa TEeHEPUPYIOTCS WH(PPaHU3KOYACTOTHBIC
crabble HIEKTPOMAarHUTHBIE TIOJIs, KOTOPBIE PETUCTPUPYIOTCSA U B pallOHAaX, YAAJCHHBIX OT AHULEHTPA.
['enepupyemble 3eMJIETPSICEHUEM UH(PPaHU3KOYACTOTHHIE 10JIs HaKJIa/IbIBAIOTCS Ha
AIIEKTPOMArHUTHBIE TOJIST pe3oHaHCHBIX vacToT Illymana, BeI3BIBasgs B Ouochepe W3MEHEHHUS
AJIEKTPOMAarHUTHOM HU3KOYaCTOTHOW OOCTaHOBKHM. 3HaueHUs pe3oHaHCHbIX 4dacToT lllymana moryr
U3MEHSTBCSI TAKXKE PaclpOCTPAaHEHHUEM T€HEPUPYEMBIX 3€MJIETPSICEHHEM aKyCTHKO-TPaBUTAILIMOHHBIX
BojdH (AI'B). Ammiuryaa Bo3MylieHHII HOHOC(EPHl BBI3BAaHHBIX 3E€MJIETPACEHUSMHU, JOCTUTAET
MaKCHUMaJIbHBIX 3HAYCHHUI Ha BBICOTE pe3oHaropa AsBeHa (cioit F). ['eHepupyembie 3eMIIeTpsCEHHEM
AI'B u cBsSI3aHHO€ C HUMM pPacHpoCTpaHEHHE BO3MyHIeHHW B pe3oHatopax l[llymana m AsBena
BBI3BIBAET U3MEHEHHE (POHOBOTO MHPPAHNU3KOUACTOTHOTO 3JIEKTPOMAarHUTHOTO COCTOSIHUS Onocdepsl u
CBSI3aHHBIN C 3TUM H3MeHeueM O0nodpheKT.
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Abstract

For further development of physics it is necessary to reexamine its fundamental notions, as the
concept about matter and space existing nowadays.

It is applicable and correct: to divide material objects into three forms or levels: (primary,
secondary and tertiary); belonging more delicate objects compared with primary matter to
differentiated type of matters. The author thinks that it is necessary the matter space to return the
status of absoluteness, provided by I. Newton. To be accepted that forming of the space preceded
formation of solid material objects. Space is discrete, non-homogenous, electrically neutral, motionless
(doesn’t move), has the ability to vibrate. It consists of special, most delicate types of matter. The solid
massive bodies consisting of tertiary matter include great pores and they can’t curve the space. Space
is their important component.

Matter and space present the fundamental notions of physics. Every important step made for the
development of science required explorers to review and broaden the knowledge about these
foundations. Matter is the base, substratum, substance for every real object and system existing in the
universe. All known different types of states of substance belong to matter: plasma, gas, liquid, solid.
Some scientists refer them to cosmic rays, neutrino and other massless proportions and fields. The
forms (levels) of matter, their qualitative base differences are various and each of them has specific
character, structure, unity of stable connections. It is known that while existing character type
differences of these connections you may talk about the state of defined matter. Modern physics
recognizes the following types of the state of matter: elementary particles and fields, atoms, molecules,
microscopic bodies, planets, stars, inner galactic systems, galaxies, galactic systems. There are also its
completely unnatural forms in such astronomic objects as neutron stars, black holes and others. After
developing of quantum theory, the process of cognition in physics changed and the attention was
attracted on more delicate forms of matter. There is the opinion, that studying of elementary particles
helps us to learn deeper laws of the universe.

Modern physicist tries to known the origin of the mass of quarks, electrons and other elementary
particles and how the particles with electric charge are created. The scientists have already reached the
resolution to this question [1].

It is clear that substance is made from energy. And the latter is the constant component of the
universe. Many modern physicists think that the continuous process of creation new substances takes
place in the universe, agrees with the ideas of W. Heisenberg and K. Paul that the particles and forces
present the exposure of deeper quantum fields of realty. Particles are combined energy of different
fields [1].

There is the concept that the electron is born along with spreading of the light by participation of
particles created in space microstructures, in the points where light beam crosses its wavy part scheme
[2]. By piling radial and wavy energies there is formed such energy quantity that is enough to transform
the virtual electron into real electron. There may be the idea that newly born free electron, which
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moves in high speed with light wave in the space will meet nucleus which will attract it and make it as
its companion. So is made the first atom-hydrogen. It is clear that the processes of appearing,
disappearing and intertransmitting of virtual and elementary particles and also other particles that are
included in the matter are constantly running in the universe [1]. The knowledge about matter existing
in scientific literature doesn’t give us the base to believe that definition of the forms of matter made by
physicists is appropriately approved and is close to realty [3.4].

We think it is right to divide all material objects into three forms: primary, secondary and tertiary
ones. Such division corresponds to the interaction of three varieties — nuclear, electromagnetic and
gravitational. Besides mentioned forms there are also the most delicate types of matter, fields of
different energy, light, warmth and others. Statements on this kind of classification is reffered in
modern literature, but leading physicists has no paid attention on this issue yet. Among the forms of
matter the most delicate form of matter is the primary matter. All virtual particles — protoelements are
included to it. They are made from energetic field when its energy reaches special importance. The
secondary matter is more solid. All elementary particles belong to it. It is made from the energetic field
of the primary matter when its concentration exceeds the special limit. From the secondary matter is
made plasma; it is also the component part of the space existing around the stars. The tertiary matter is
the most solid one. They are atomic particles. It is made from energetic field of the secondary matter,
when the latter reaches the special limit and exceeds it. All the solid physical surrounding, subject,
body and object are included in the list of the tertiary matter.

The concept that the process of creation and development of matter is directed from the most
delicate objects to solid forms and not vice-versa is close to realty. The idea, that forming of space
precedes the process of formation of matter and substance in space should be true and the latter is made
form the most delicate creations — special varieties of matter.

In the past in atomic theory of Democritus and in cosmology space wasn’t discussed as Vvoid.
According to his supposition, there are native elements distributed in the space. It is non-homogenous
and has defined structure [5]. According to I. Newton space is objective and doesn’t depend on
concrete movements of the body. Attention should be attracted to the supposition of 1. Newton that
there are ethereal, unusually flexible substance are spread having the ability to contract and expand [6].
He wrote: “I think that ether that fills up the universe consists of particles that differ from each other in
delicacy [6]. In XX century physicists noted that the ether mentioned by Newton which fills up the
universe is very close to the space mentioned by Descartes and his “hierarchy of delicacy — is related to
hierarchy of particles mentioned by Descartes [5]. I. Newton thought that general skeleton of nature is
nothing but the net of different ethereal creations. Following to his concept we can’t conclude that the
space is void”. I. Newton refers ether the ability of oscillation. According to his conception real
absolute space existed before creation of subjects [6]. According to the theory of I. Newton there is
absolute motion existing (along with the relativity of motion of bodies) in relation with absolute space
that is three dimensional and immovable.

At the end of XIX century H. Hertz and H. Lorentz made theories based on the concept that space
is filled up with “ether of the world”. According to the theory of H. Lorentz ether is motionless. It
doesn’t participate in the motion of material systems. This was the base for the existence of reference
systems connected with motionless ether the same or the space. E. Mach criticized the supporters of the
notions of absolute space: he thought that the mentioned concept was against general manual of
classical science — the interaction of bodies as the reason for all happening in the universe. There is a
question: was this “manual” really untouchable and true? From the standpoint of E. Mach the
gravitational field is fully defined by the masses of the bodies and stars make the space [5]. The
concepts of A. Einstein coincide with the principles of E. Mach. He thought that the construction of
space exists as there are its creator stars, planets and other material bodies and systems. The first
postulate of A. Einstein starts with the followings: “none of physical experiments held in laboratories
(reference system) gives ability to know if this laboratory is in motionless state or moves equally and
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rectilinearly, that’s” why the absolute motion isn’t revealed and the absolute space of Newton is such a
fiction as its material substrate — ether”. In connection with this postulate there appears the natural
question: is the impossibility of proving something by experiment under the condition of given
knowledge and the level of technical development the hard evidence of its non-existence?

A. Einstein argued that space was non-homogenous and its geometrical structure is depended on
distribution of masses, substance and the field. He took four-dimensional space-time notion and
concept that in surrounding of great material bodies the structure of the bodies is non-euclidean so the
space is curved. Here dominates geometry made by B. Riemann.

Physicists faced the following acute question: does space exist independently or is it made from
substance? The majority of scientists thought that the characteristic features of space aren’t depended
on moving bodies existing in it, though many of them believed that local curving of space is formed by
bodies.

The special theory of relativity by Al. Einstein overthrew ether and changed it by void space-
surrounding carrying the impulses of elector-magnetic fields. His theories demoted space and granted it
with general characteristic features of physical universe that are changed due to motion or gravitation
[1].

It becomes clearer for modern physicists that the universe has special orderly structure and space is
its level system. It is impossible to describe it by general mathematical methods that are used during
examination of macro processes and natural phenomenon. The structure of space can be described only
partially yet by the laws of modern science. The part of physicists argues that space is isotropic and all
directions in it are equivalent. It is more probable that the complex structure of space is non-
homogenous and non-isotropic. According to Mach micro space has grain type structure, so it is
interrupted. The analogue opinion is expressed by Van-Danzig when he speaks about space quantum
and the fact that the processes between them aren’t subject to observe [7]. |. Tamm also supposes that
in microscopic scales it is possible the space to be discrete [8]. At the end of fifties of XX century it
was experimentally stated that under the events of weak influence the law of keeping evenness is
violated. Besides, there was created the necessity of reexamination of outlooks about characteristic
features of the universe.

Modern physicists often talk about absoluteness of the space and relativity of such notions as
homogeneity in space and isotropy. As deep and universal characteristic features of space there is
acknowledged its objectivity and specificity as unity of matter form and type, unity of interruption and
continuity and etc.

Logical discussion of the knowledge about space existing in science at the present time and private
vision of its essence became the base for the conclusion below made by the author:

1) Space doesn’t present only set proportions brought by scientists expressing coordination of
coexisting objects — distance and orientation between them, their size and location in relation with each
other as it was confirmed by some leading physicists.

2) The statement that absolute space doesn’t exist made by scientists was a great mistake. The
concept about existing of absolute space provided by I. Newton is true. Absolute space exists in realty
and it is the source and base of material universe.

3) Forming of space preceded formation on material objects in it. It isn’t made with stars.

4) From composition standpoint it is material type — it consists of special type of delicate matter, is
discrete, small graining type, electrically neutral. Space grains are curved that plays important role in
the events passing in space. Corns are distributed separately; the structure of space is similar to the
surface of corn cob (Fig.).
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Fig.1 Approximate scheme of microstructure of space surface

5) Hard massive bodies existing in space, that are composed by the matter of tertiary form, don’t curve
it as they have great pores between atoms and molecules (in atoms emptiness takes huge place) and the
space (that is resilient) fully exposures these bodies and is its important part. So, the concept that space
due to the objects inside it, is curved doesn’t correspond to realty.

6) Space is motionless from the standpoint that it doesn’t move, but it has ability to vibrate and other
very important characteristic features, creation of virtual particles, their development and etc.
Space is formed from emptiness (where there are many things, but there aren’t matter and scientists
called it as vacuum), inside it and combined in it, as its indivisible and important part - the base of
grandiose and multiform material world, the initial source of evolution processes going there.
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K Bonpocy maTtepuu 4 npocTpaHCcTBa
0. Jlomasn
Pe3rome

Jlia panpHeiiero pa3BUTUS (U3MKU HEOOXOJMMO MNEPECMOTPETh M YTOYHUTH B3IJISABI Ha
HEKOTOpbIe (PyHIaMEHTaIbHbIE OCHOBBI (PU3MKH, B YACTHOCTH - HA MAaTEPUIO U MTPOCTPAHCTRO.

[IpencraBnsiercss 000OCHOBAHHBIM U II€JI€COO0Pa3HBIM: MPUHATH AEJEHUE BCEro MHOTooOpa3us
MaTepHUaIbHBIX 00BEKTOB Ha TpU (OPMBI (YPOBHH) - IEPBUUHYIO, BTOPUYHYIO U TPETUYHYIO; OOBEKTHI
0oJiee TOHKKE, YeM NIEpPBUYHAs MaTepusl, OTHECTH K Pa3IUYHBIM BUAAM MAaTEPHH.

ABTOp CUUTaeT, YTO MPOCTPAHCTBY HAJO0 BEPHYTh CTATyC aOCOJIOTHOCTH, MperioxeHHbIH .
HeroTonom, u mpusHaTh, 4To 00Opa3oBaHUE MPOCTPAHCTBA MPEIIECTBYET (OPMUPOBAHHMIO B HEM
MaTepHUaIbHBIX O00BEKTOB. [IpOCTpaHCTBO ITUCKPETHO, HEOJHOPOAHO, OSJIEKTPUYECKU HEUTPAIIbHO,
HEMOoJBIKHO (HE mepeMeniaercs), o0namaeT cBoiicTBoM BuOpupoBaTh. CocTOMT W3 0co0Oro BHAA
ToHYalimeil marepun. [10THRIE MacCHUBHBIE Tella U3 TPETUYHON MaTepHH, UMEIoIue OOJIBIINE MOPHI,
HE MOTYT U3rubaTh MPOCTPAHCTBO, KOTOPOE MPOHU3BIBAET BCE MAaTEepPHAbHBIE OOBEKTHI H COCTABIISET
WX BOXKHEUIIYIO YacTb.
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Abstract

Model for remote sensing and geological/geophysical data integration based on Bayesian probabilistic inference
is described. The proposed model has been tested on example of the Khukhra oil and gas condensate field
territory in Ukraine. The results of testing are accorded well with previous geological forecasts.

Key words: oil and gas prospectively, geospatial data integration, Bayesian probabilistic inference, Khukhra oil
and gas condensate field.

Introduction

Oil and gas fields forecasting and exploration is a complex and knowledge-intensive problem.
Effective solution to this problem requires all available data consideration using new geoinformation
technologies for geospatial analysis.

Direct methods for oil and gas prospecting, such as drilling and seismic measurements, require
considerable expenses. Therefore, the modern satellite technologies for the new hydrocarbon deposits
detection and mapping can reduce cost and time of exploration.

The main goal of exploration is to improve the accuracy and reliability of oil and gas fields
forecasting. Satellite-based geological research is conducted to assess tentatively the oil and gas
potential of study area before exploratory boring. At the moment, significant amount of various
necessary information (remote sensing imagery, geological maps, geophysical data, etc.) are involved
to implement such assessment in shorter time and with the least financial costs. However, large amount
of data from different information sources, on the one hand, complement each other, and, on the other —
require adaptive and flexible scientific and methodological tool for integration and joint processing.

State of the art

A number of studies are addressed to data integration problem. The simplest approach to
integration and joint processing of data from different information sources is a summation of data of
the same physical nature [1]. In other cases the development of effective model for data fusion is a
great challenge. Models for statistical-based and ontology-based data integration are considered in [2-
4]. Such models are quite efficient; they are implemented in existing software.

Modern technology of remote sensing application in geological prospecting is based on the
integration of remote sensing data with other geospatial data — cartographic, geological, geophysical,
geochemical and other available ones [5, 6]. This approach dampens a subjectivity, inherent the visual
interpretation of satellite imagery. Integration of remote sensing and other geoscience spatial data
computerizes the study area evaluation and calculates its similarity to a reference sites (deposits) [7].
Classification of remote sensing and geological/geophysical data hypercube maps the probability of oil
and gas occurrence inside study sites and ranks them by its prospectivity.
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Method

In this paper the model of integration of remote sensing and geological/geophysical data based
on Bayesian probabilistic inference is proposed.

The Bayesian probabilistic inference in oil and gas prospecting involves a priori and conditional
probability estimates of data hypercube dots membership in positive or negative reference patterns to
calculate the posterior probability of each dot membership in positive one.

The posterior probability of a positive reference pattern P*(x) for the current dot x € X of data
hypercube X is estimated by the Bayesian rule:

P P(x| X ")
P P(X|X)+P -P(x|X)

where P*, P~ are a priori probabilities of positive and negative reference patterns, P(x|x"), P(x|x") are
conditional probabilities of x membership in positive X* and negative X reference patterns of data
hypercube [8].

The information divergence D(x|y) between normalized values of hypercube vectors is used to
estimate conditional probabilities P(x|x") u P(x|x) in oil and gas prospecting using remote sensing and
geological/geophysical data [9]:

P*(x) = (1)

DY) = | FDxl-log, -2 g @

ueU f[y(U)]
where f[-] is a probability density distribution of values in hypercube vector, U is the range of possible
values.

Probability density distributions of vectors values both of hypercube single dots f(x) and
positive f(X") or negative f(X) reference patterns can be estimated by matching histograms of data
hypercube [10]. Information divergence (2) is uniquely associated with a counterpart conditional
probability [11]:

P(x|x") = 1 — 27D (3)
where n+ is a statistical sampling size of corresponding reference pattern.

A posteriori probability (3) of positive reference pattern mapping over hypercube as a matter
implements the remote sensing and geological/geophysical data integration in oil and gas prospecting.

Data

The proposed model for remote sensing and geological/geophysical data integration based on
Bayesian probabilistic inference was tested over the Khukhra oil and gas condensate field territory,
which is located in the Akhtyrka district within the Sumy region of Ukraine. The field is characterized
as complex geological media. It consists of layers of Paleozoic, Mesozoic and Cenozoic sedimentary
rocks that overlie the crystalline rocks of Precambrian basement. There are multiple stratigraphic
discordances inside the sedimentary cover.

In tectonic terms, the south-western part of the field lies within the northern cutoff edge of the
Dnieper graben while the north-eastern part lies within the northern edge of Dnieper-Donetsk
depression. They are separated by marginal disruption zone. The basement topography of northern
edge and northern cutoff edge are significantly different [12, 13]. Productivity of Mesozoic and
Devonian petroleum systems is proved for this territory. Deposits are layered, tectonically and
lithologically screened. They form a multilayer field with different combination of gas-bearing and oil-
bearing stratums at depths over 5000 m [14].
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Available heterogeneous geospatial data have been incorporated into the integrated geological
model of Khukhra oil and gas field (Fig.1): bore-wells (both productive and non-productive) positions;
map of provincial and regional faults; lineament zones and lineaments; maps of lineaments density in
different directions; map of the residual gravity; field outline according seismography; thermal
anomalies within the territory; neotectonic (depression and ridge) blocks; geochemical anomalies;
optical anomalies; routes of soils and vegetation ground spectrometry; structural horizon B,; isohypses;
maps of sedimentary strata; digital terrain elevation data; surfaces of terrain vertical and horizontal
dissection.

Legend
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Fig.1. Geospatial database for the Khukhra oil and gas condensate field territory (Ukraine)

All geospatial data were georeferenced, rasterized and converted to 30 m spatial resolution for
the further stacking into hypercube.
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Result and discussion

As a result of performed remote sensing and geological/geophysical data integration the spatial
distribution of a posteriori probability is obtained (Fig.2a), which can be interpreted as an integral
rating of oil and gas prospectivity inside the study area.
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Fig.2. Probability distribution of oil and gas occurrence by result of geospatial data integration

There are several medium and small sites (plots 51, 52, 53, 56) with a high probability of oil
and gas occurrence were detected in the northern area of Khukhra field. In addition, plots 32, 33, 34,
35, 36 can be recommended for further detailed exploration. This result correlates well with the
previous geological forecasts and available structural and geomorphological data interpretations
(Fig.2b); also it provides a subsequent area reduction of sites, which are recommended for drilling.

The occurrence or lack of hydrocarbon deposit in the forecast point was determined by the
results of exploration drilling. Because reliable quantitative specifications of hydrocarbon reservoirs are
not available yet, the rank correlation between the distribution of a posteriori probability and the
location of productive/non-productive bore-wells was estimated. The Spearman’s rank correlation
coefficient, according to 13 exploration bore-wells data is equal to 0.786. This fact demonstrates a
reasonable efficiency of carried out data integration [15].
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Conclusion

Thus, the remote sensing and geological/geophysical data integration is an efficient and
descriptive tool for overall assessment of oil and gas prospectivity within the territory of interest.
Approach to data integration based on Bayesian probabilistic inference provides mapping of spatial
distribution of similarity to known similarity to a reference oil and gas bearing sites. Such maps are
very important for decision-making information support on detailed exploration strategy.
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