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Abstract 

 Synchronization phenomena are encountered in various fields, from mechanics to biological 

and social processes. In the paper, the results of laboratory experiments on the mechanical and 

electromagnetic synchronization of mechanical instability (slip) of a slider-spring system consisting 

of basalt blocks are presented. Slip events were recorded as acoustic emission bursts. The data 

allow delineating the synchronization region in the plot of forcing intensity versus forcing 

frequency for both mechanical and electromagnetic synchronization. Experiments are compared 

with theoretical models. 

  

Introduction 

 Synchronization is encountered in various fields, from mechanics to biological and 

economical processes (Pikovsky et al., 2003;  Blekhman and Rivin, 1988 ). One important domain is 

the synchronization of seismic process and its small scale model - stick-slip by a weak external 

forcing (Scholz, 2003; Beeler and Lockner, 2003, Bartlow et al., 2012).  As the Earth is embedded 

in the oscillating field of different origin with extremely wide range of frequencies, from seconds to 

months and years, synchronization is possible in many geophysical processes. For example there 

are a lot of 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). 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). 

 It should be mentioned that the papers devoted to theoretical nonlinear analysis of natural 

(non-forced) stick-slip equations (Becker, 2000) demonstrate beautiful phase plots with typical 

attractors.  Similar results are obtained in theoretical studies of stick-slip under periodic forcing 

(Savage and Marone, 2007; Capozza et al., 2011), but the same authors also illustrate that obtaining 

such clear nonlinear patterns in experiments on physical models is very difficult due to a strong 

noise caused by the irregularity of slip surfaces of fixed and sliding blocks. In the present paper the 

results of laboratory experiments on the mechanical and electromagnetic (EM) synchronization of 

mechanical instability (slip) of a slider-spring system consisting of basalt blocks are presented and 

an attempt is done to find corresponding nonlinear dynamics patterns of natural and periodically 

forced stick-slip process, such as Arnold’s tongues, Recurrence Plots etc. 

 

Theoretical Models 

 The natural stick-slip can be approximated by relaxation process, where quasi-periodic 

sequence of slow accumulation of stress (stick phase) is followed by fast stress-drops or slips 

(Chelidze et al., 2010b) and is considered as an autonomous oscillator with a natural frequency ω0. 
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The (periodically) forced stick-slip process is an example of the integrate-and fire oscillator under 

periodic forcing. There are many papers devoted to the problem of forced stick-slip (Beeler and 

Lockner, 2003, Bartlow et al., 2012; Johnson et al., 2013; Capozza et al., 2011; 2012; Savage and 

Marone, 2007; Guyer et al, 2013). The most general approach to a problem of forced autonomous 

oscillator is presented in Pikovsky et al., (2003): according to it the autonomous oscillator with 

natural frequency ω0 subjected to a weak forcing of frequency ω and intensity I changes its 

frequency ω0 to some different value  . The difference )( 0   is called detuning: on the plot of I 

versus    the area of synchronization of autonomous oscillator forms an inverse bell-shape (or 

triangle) area, so called Arnolds' tongue (Arnold, 1983) with a minimum at  )( 0  = 0, i.e. at the 

point where forcing frequency is close to the natural frequency of oscillator (Fig. 1a);  as the 

detuning increases, you need stronger forcing and at very large detuning synchronization became 

impossible. In many cases the phenomenon of high order synchronization can be observed at 

multiples of natural frequency ω0 (Pikovsky et al., 2003; Chelidze et al., 2010a,b). 

     
                                        a)                                                                    b) 

Fig.1.  Different models of synchronization area: (a) Arnold's tongue - the region on the plot of 

intensity I versus frequency ω of the external forcing, where synchronization of occurs in the 

presence of noise; ω0 is the frequency of forcing when the minimal intensity I0 is needed for 

synchronization (in absence of noise I0 equals zero); (b)  nucleation or Scholz (2003) model - on the 

plot of I versus ω the correlation (synchronization) area is similar to Arnolds' tongue only at low 

forcing frequencies 0   and at high frequencies the correlation of slips with forcing became 

frequency independent. 

 

 On the other hand in geophysical research the different (nucleation or Scholz) model of 

forced stick-slip is developed: according to it the plot of I versus ω (the correlation/synchronization 

area) is similar to symmetric Arnolds' tongue only at low forcing frequencies 0  and at high 

frequencies the correlation of slips with forcing became frequency independent (Fig. 1b). For 

explanation of such asymmetry the concept of slip nucleation phase (time) is introduced (Scholz, 

2003). According to this model if the period of forcing is greater than the slip nucleation time, 

nucleation does not hamper synchronization; but if the forcing period is less than nucleation time, 

the slips cannot follow forcing oscillations (detuning is too large), hence much higher intensity of 

forcing is needed to correlate slips with forcing. The above model was used to explain the lack of 

(or insignificant) correlation of earthquakes' occurrence with tidal stress variations (Beeler and 

Lockner, 2003; Scholz, 2003): according to them tides' period (hours) is too short compared to 

significant earthquake nucleation time (months, years).  

 Laboratory experiments on forced stick-slip (Beeler and Lockner, 2003; Bartlow et al., 

2012; Savage and Marone, 2007) seem to confirm indeed  that stick-slip synchronization area is 

strongly asymmetric like in Fig. 1b.  
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 Our study is aimed to demonstrate the relevance of the presented models to laboratory  

experiments on the forced stick-slip.  

 

Laboratory Experiments and Interpretation. 

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 
pF  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 a mechanical vibrator in case of mechanical forcing). 

Mechanical pull from both these forcing were much weaker   (of the order of 10-3-10-4) compared to 

the pulling force of the spring. 

 Slip events in synchronization experiments were registered as acoustic bursts by the sound 

card of PC (upper channel in Fig. 2) and the EM or mechanical forcing was recorded on the second 

channel (lower channel in Fig. 2).  

 
                                   a)                                                                        b) 

Fig. 2. Synchronization of stick-slip by EM forcing. The upper trace is records of AE signals 

generated by slips; the lower channel records EM forcing; a) non synchronized (zero forcing, 

0V ) and b) synchronized stick-slip process (forcing = 1000 V). The vertical axis shows the 

intensity of signal in dB and horizontal axis shows the time in msec.  

 

 Details of the setup and technique are given in (Chelidze et al., 2002; Chelidze and 

Lursmanashvili, 2003). In order to pick the phases of Acoustic Emission (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.3.  

Due to this methodology the weak AE signals created by microslips or precursor AE 

(Johnson et al., 2013) were filtered from the processing and only strong events generated by large 

Charaslips were selected (Fig.3). 
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Fig. 3. Filtered (top) and original unfiltered (bottom) records of AE signal during stick-slip. 

 

 Synchronization of oscillating autonomous system of natural frequency 0  by forcing 

frequency   results in modification of systems’ natural frequency 0  to the so called observed 

frequency  .  In our experiments the following parameters were varied: i) the frequency,   of 

superimposed periodical perturbation; ii) the amplitude of the external excitation or forcing (in case 

of electromagnetic forcing aV  is the voltage applied to electrodes glued to contacting surfaces of 

fixed and pulled blocks; in case of mechanical forcing V is the voltage applied to mechanical 

vibrator).  

 

Measuring synchronization strength: 

 Last decades several new approaches were suggested to quantify the 

complexity/synchronization of processes by analysis of measured time series (Blekhman, 1988; 

Pikovsky et al., 2003; Chelidze and Matcharashvili, 2015).  The possible measures for 

quantification of synchronization are: generalized phase difference; mutual information; conditional 

probability of phases; flatness of stripes of synchrograms or stroboscopic technique; coefficients of 

phase diffusion (Chelidze and Matcharashvili, 2013, 2015). The other methods stem from the 

information theory including Shannon or Tsallis entropy, algorithmic complexity etc. It should be 

stressed that both laboratory stick-slip and EQ source evolution can be considered as the integrate 

and fire type processes, where the acoustic/seismic signals contain well-defined marked events 

corresponding to slips/acoustic bursts. To deal with relatively short time series new tests have been 

proposed such as recurrence plots (RP) and recurrence quantitative analysis (RQA). In the case of 

very restricted statistics (tens of events) less demanding methods, such as Shuster test (Schuster, 

1897) can be used. 

 

Synchronization at electromagnetic forcing - Arnold’s tongue: 

 The example of synchronized and non-synchronized stick-slip at electromagnetic (EM) 

forcing are shown in Fig. 2. The electric field in this case was normal to the sliding plane. 

Synchronization was observed only at some definite sets of parameters (spring stiffness sK , forcing 

frequency f , forcing intensity aV ). Several methods were used for measuring synchronization 

strength depending on forcing parameters, which are presented in Chelidze and Matcharashvili 

(2013, 2015), Chelidze et al., (2002, 2003, 2005, 2010a,b). 

  Here we focus on the “phase diagram” for variables f  and aV or so-called Arnold’s 

tongue (see Pikovsky et al., 2003), which is presented in the Fig. 4. 

The minimum forcing intensity 400 aV V needed for a strong synchronization 

corresponds to the forcing frequencies in the range 60-80 Hz.  
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Fig. 4. Stick-slip synchronization area (Arnold’s tongue) for various intensities ( aV ) and 

frequencies ( f ) of the external periodic EM forcing. Filled circles – strong, circles with crosses – 

intermittent and empty circles – absence of synchronization (Chelidze et al., 2003, 2005, 2010a,b). 

 

 In our experiments with EM forcing besides (1:1) locking the high order synchronization 

(1:n) was also observed, where 1n  is the number of synchronized slips generated by one forcing 

period (Chelidze et al., 2002, 2003, 2005, 2010 a, b, 2015). 

 

Synchronization by mechanical forcing: 

 Weak mechanical periodic perturbations also imposes ordering on the slip, namely a phase 

synchronization. Mechanical forcing was realized by the vibrators of geophone “СВ-5” or “СВ-20”. 

The intensity of mechanical vibration was regulated by the voltage V applied to the vibrator. In our 

experiments with mechanical forcing as a rule the high order phase synchronization (HOS) was 

observed, namely, the triggered slip occurred only after several tens of forcing periods. High-order 

synchronization means that the forcing ( ) and observed ( ) frequencies in the system are related 

to each other by some winding ratio ( mn  ) that is mn  (Chelidze et al., 2010a,b). The 

winding ratio mn   at mechanical forcing was in the range 80:1 to 200:1, depending on the 

experimental conditions. 

The stick-slip experiments with mechanical forcing were carried out at following 

parameters: the stiffness of the spring, 2.235sK N/m; the voltage applied to vibrator was 0.25V, 

0.5 V, 0.75V, 1 V, 1.5 V, 2 V, 2.5V 3 V; the frequency of forcing was varied in the range 5-120 Hz 

and the natural frequency of the sensor was 20 Hz. 

In order to assess the strength of phase synchronization phase differences between the 

phases of periodic forcing signal and the onsets of AE burst were picked out (in Figs. 5 a-h on X 

axes are shown phase differences value and on Y axes – the number of events in a bin; bin is taken 

equal to 1/15th of the forcing period) and the corresponding histograms were compiled; the binned 

distribution was approximated by parabola.  

As a model for the phase distributions of events a polynomial of the second degree 

(parabola) was used: 

32

2

1)( pxpxpxf   

The parabolic plot is considered as a proxy of probability density function (PDF) of a 

number of AE signals in the certain range of forcing phases  yi  : the width of parabola is a proxy of 
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PDF width. The optimal parameters ....,, 321 ppp of the polynomial were calculated using the least 

squares method for  minimization of the residual between parabola and experimental values R2: 

  2
1 32

2

1

2 )( 


n

i iii pxpxpyR  

Where yi  is the number of events  in the ith bin,  i - is a bin’s current number. 

The width of the parabola depends on the parameter 1p .  The half-width of the parabola (a proxy of 

half-width of PDF) is equal to 1
2

1
p . 
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Fig. 5. PDF of number of AE signals in the certain range of forcing phases (in 1/15th bins of the 

forcing period) for the stiffness of the spring 2.235sK N/m and forcing 1V (natural frequency of 

sensor 20 Hz). Forcing frequencies: (a) 5Hz; (b) 10Hz; (c) 20Hz; (d) 30Hz; (e) 40Hz; (f) 50Hz; (g) 

80 Hz; (h) 120 Hz. 

 In order to assess the strength of phase synchronization and compile the Arnolds' plot 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 (Fig. 5 a-h). 
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Arnold’s tongue at mechanical forcing: 

 For randomly distributed AE signals PDF plots are almost flat and for increased strength of 

synchronization are bell curve like with the half-width 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.6). 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 20-40 Hz, which is not very far from 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. 

Obtained results confirm the inverse bell-shape configuration of the mechanically forced 

stick-slip synchronization area similar to EM forcing data. The minimal forcing frequency/intensity 

required for synchronization should provide optimal friction conditions or friction stabilization 

(Cochard et al., 2001; Capozza et al., 2012). Here we'd like to comment that friction stabilization by 

weak periodic forcing does not mean complete elimination of stick-slip: experimental data (Fig.3 in 

Cochard et al, 2001,) show that even at minimal friction in forced experiments there are still small 

scale synchronized stick-slip events; so instead of the term friction stabilization it seems better to 

use the term stick-slip minimization or stick-slip quantification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6. Phase 

space plot of synchronization strength (Arnold’s tongue) expressed as half-widths 1
2

1
p of parabola 

plots (proxies of PDFs) in Fig.5 a-h for the spring stiffness 2.235sK  N/m. Hollow dots mean 

absence (half-width 014.0
2

1
1 p ), dots with crosses – moderate 014.0

2

1
012.0 1  p  and filled 

dots – good synchronization. 012.0
2

1
1 p . 
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In addition to Arnold’s plot some other nonlinear tests were performed, namely Recurrence 

Plots (RP) were composed and corresponding Recurrence Quantitative Analysis (RQA) was 

performed (Marwan et al, 2007; Webber, Marwan, 2015) using Visual Recurrence Analysis (VRA) 

tools (Kononov, 2006). RP plots for original data contain horizontal and vertical lines/clusters, 

which mean that during both natural and driven stick-slip some states are “laminar”, i.e. they 

change slowly or do not change at all. We can attribute laminar states of AE waiting times to the 

periods, when the upper plate is stuck till strain from the spring became equal to friction force.   

 

 

Recurrence Plots for various frequencies and constant forcing intensity 1.5 V show clear 

recurrence structures at frequencies 20-40 Hz, which are fading at higher frequencies (the plots 

became similar to RP of random sequence) in accordance with the Arnold's plot (Fig. 6).  

 
Fig. 7. Recurrence plots of slip-generated AE signals (original sequence of events) for the stiffness 

of the spring sK =235.2 N/m and forcing 1.5V (natural frequency of sensor 20 Hz).  
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Synchronization at forcing frequencies: 20Hz (a); 30Hz (b); 40Hz (c); 50Hz (d); 80Hz (e);  120Hz 

(f).  

 

Calculation of quantitative parameter (namely the percent of determinism %DET) of 

recurrences at various frequencies and intensities of forcing by RQA approach (Marwan et al, 

2007), presented in Fig. 8, show that the %DET significantly increases in the frequency range from 

20 to 60 Hz and at intensities of forcing larger than 0.5V, again in accordance with Arnold's plot 

(Fig.6). 

 

 
 

Fig.8. %DET versus the frequency of forcing at various intensities of forcing (original sequence of 

events). 

 

The previous results (Figs.6-9) are related to the original sequences of AE events. It was 

interesting to consider also the smoothed sequences as according to general statistics terminology 

they correspond to a conditional rate (conditional intensity) models in the point process theory. We 

used the rates, obtained by Savitsky-Golay  (S-G) filtering. Savitzky-Golay filter helps to resolve 

smoothing problem in the time domain as the magnitude of the variations in the data, i.e., the value 

of the local extremes, is preserved to a large extent (Press et al., 1997). The operation of smoothing 

performs actually a low-pass filtering of the sequence, which in turn allow revealing long-range 

correlations in the data. RQA calculations for the waiting times (WT) data, smoothed by Savitzky-

Golay filter (Fig.9)  indicate that the sequences of WT of  the natural stick-slip (left plot) is less 

ordered than that of the periodically forced one (right plot); increase in the determinism %DET  

from 67% for natural process to 84% in the forced stick-slip. 
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Fig.9. Visual Recurrence Analysis (VRA) plots (Kononov, 2006)  of waiting times sequences of 

acoustic emissions (AE) smoothed by Savitzky-Golay filter: left column - RP (top) and VRA 

(bottom) plots for waiting times sequences of AE generated during natural stick-slip, right column - 

RP (up) and VRA plots of waiting times sequences of AE generated during stick-slip under periodic 

mechanical forcing (spring stiffness of 235 N, drag velocity 0.7 mm/s, forcing frequency 20 Hz  

 

 According to our experiments, the intensity-frequency phase space plot for forced stick-slip  

(Fig.7) follows inverse bell-shape pattern of Arnold model (Fig.1a), though a bit skewed at higher 

frequencies. We guess that the absence of the high-frequency branch declared in some studies of 

forced stick-slip (Beeler and Lockner, 2003; Bartlow et al., 2012; Savage and Marone, 2007)  and 

explained in terms of Scholz model (Fig.1b)  in principle can be due to some experimental 

restrictions (e.g. to a high inertia of the loading frame, transition from the synchronization regime to 

modulation mode etc). Besides, it should be noted that in some experiments of the cited authors the 

incipient high-frequency branch of Arnold plot seems to be present (see Figs. 5a, 7a in Beeler and 

Lockner, 2003 and Fig. 3a in Bartlow et al., 2012).  

At the same time we cannot exclude the possibility of the strongly asymmetric pattern 

shown in Fig.1b: for example, simulations of frictional slip triggered by mechanical vibrations  

(Capozza et al., 2012) show that in some specific conditions, namely in case of  very strong 

attractive interparticle forces the time-averaged friction coefficient    at high enough  forcing 

frequencies became frequency independent. At the same time the values of    in this high 

frequency domain are very low, which seems to be in contradiction with   nucleation model 

(according to it friction is very high during nucleation period). 

 We presume that the frictional behavior can be very different depending on many variables: 

rate, state, normal and pore pressure, gorge characteristics, intensity and frequency of forcing etc. 

This makes the  response of the sliding  systems to external forcing extremely variable. Mapping of 

Arnold tongue plot is informative for solving friction optimization/stabilization problem by 

application of weak external forcing. Application of nonlinear dynamics methods such as 

Recurrence Plots and Recurrence Quantification Analysis can be very helpful in analysis of forced 

stick-slip process. 

 

Conclusions 

 In the paper the results of laboratory experiments on the mechanical or electromagnetic 

periodic forcing of mechanical instability (slip) in a slider-spring system are presented. Slip events 

were recorded as acoustic emission bursts. The data allow delineating approximately 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 not very 

far from 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, 

normal stress/sliding block weight etc) in both EM and mechanical synchronization experiments. 
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 Our experiments with both electromagnetic and mechanical periodic forcing support the 

general model of stick-slip synchronization area (known as Arnold’s tongue), whose geometry is 

close to symmetric inverse bell-curve form; in this model both low- and high-frequency branches of 

forcing intensity vs frequency plot are frequency dependent. At the same time frictional motion 

depends on many variables like rate, state, normal and pore pressure, gorge characteristics, intensity 

and frequency of forcing etc other configurations of synchronization area cannot be excluded.  

 The results obtained by analysis of half-width of phase difference distribution are confirmed 

by other method, namely calculation of Recurrence Plots and Recurrence Quantification Analysis. 

The results can be important in tribology as the minimum of Arnold's tongue corresponds to optimal 

friction control (friction stabilization) by application of minimal external mechanical/EM forcing. 

Further investigations in this direction are needed to describe in detail the complexity of frictional 

motion. 
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ფორსინგის პირობებში არამდგრადი ხახუნის (სტიკ-სლიპის) 

სინქრონიზაციის არის შესწავლის წინასწარი შედეგები : ექსპერიმენტები და 

თეორიული მოდელები 

 
თამაზ ჭელიძე, თეიმურაზ მაჭარაშვილი, ეკატერინე მეფარიძე, დიმიტრი ტეფნაძე, 

ნატალია ჟუკოვა 

 

რეზიუმე 

 

 სინქრონიზაციის ფენომენი მრავალ დარგში გვხვდება, მექანიკიდან დაწყებული 

ბიოლოგიურ და სოციალურ პროცესებამდე. სტატიაში მოყვანილია ლაბორატორული 

ექსპერიმენტების შედეგები ზამბარა-მცოცის სისტემის მექანიკური არამდგრადობის   

და ელექტრომაგნიტური დასინქრონების (წაცოცებების) თაობაზე. წაცოცებები 

ფიქსირდებოდა როგორც აკუსტიკური ემისიის იმპულსები. ეს მონაცემები საშუალებას 

იძლევა შემოფარგლულ იქნას სინქრონიზაციის არე (მასინქრონებელი ზემოქმედების) 

ფორსინგის სხვადასხვა სიხშირესა და ინტენსივობის პირობებში. ექპერიმენტები 

შედარდა თეორიულ მოდელებს.  

 

Предварительные результаты синхронизации неоднородного трения 

(Стик-Слип) при внешнем воздействии: теоритическая модель 

эксперимента 

 
Тамаз Челидзе, Теймураз Мачарашвили, Екатерина Мепаридзе, Дмитрий 

Тепнадзе, Наталья Жукова 

 

Резюме 

 
Явление синхронизации наблюдается во многих направлениях, как в механическом, 

биологическом, так и в социальном. В статье приведены результаты синхронизации 

лабораторных экспериментов системы скольжения пружины при механическом и 

электрическом воздействии. Скольжение фиксировалось в виде импульсов акустической 

эмиссии.  Такие данные дают возможность ограничить область синхронизации (воздействие) 

в условиях приложенного воздействия частот и интенсивности. Также было произведено 

сравнение экспериментальных данных с теоритическими моделями. 
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Underground water level/temperatureresponse to seismic/tectonic transients: effects of 

poroelasticity 

 

Tamaz Chelidze 

 

Abstract 

 

The problem of underground water flow is discussed in many publications. The upper crust 

down to approximately 20 km is a sequence of layers of porous/fractured fluid-saturated deformable 

rocks. When subjected to stress of various duration and mode, the excess transient pressure appears 

in the pore fluid, which can be observed practically as water level change/oscillations in boreholes. 

In the paper are presented elementary theoretical models of underground water 

level/temperature response to seismic/tectonic transients taking into account effects of poroelasticity 

(Biot model). Besides, a direct mechanical squeezing of pore water by seismic vibrations 

(instantaneous flow) is considered. 

 

 

 

The problem of underground water flow is discussed in many publications beginning from 

papers of Branchard and Bayerly (1935), Meinzer (1939), Jacob (1939), Biot (1941), which were 

followed by publications of  Bredehoft (1967), Roeloffs (1988), Palciauskas and Domenico (1989), 

Brodsky et al (2003), Costain and Bollinger (2010). 

Underground water levelresponse to seismic/tectonic transients. The upper crust down to 

approximately 20 km is a sequence of layers of porous/fractured fluid-saturated deformable rocks. 

When subjected to stress of various duration and mode, the excess transient pressure Pex appears 

in the pore fluid. The fluid diffusion (or consolidation) equation defines the response of one-

dimensional vertical flow to the appearance of Pex(Domenico and Schwartz, 1994): 
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Here Kz is vertical hydraulic conductivity, w is density of water, g is acceleration due to gravity,  

is porosity, wand p arecompressibilities of correspondingly water and pore space,  is the total 

stress 

 = eff + (Ps + Pex)                   (2) 

 

whereeff is effective stress and Ps is the hydrostatic component of pressure. The coefficient 

wg(w +p) is defined as a specific storage Ss and wgp is a contribution to Ss, produced by pore 

compression. 

Equation (1) states that the time rate of stress change defines the response of system to a given 

impact. There are two limiting cases: for stress rate much less than the characteristic time of 

diffusion of pore fluid, the excess pressure can exist only at small times; it dissipates quickly and 

the fluid is most of the time under constant pressure. As dissipation of excess pressure results from 

the rapid redistribution of fluid in the media of high permeability, this behavior is defined as a 

drained (relaxed) one. At fast loading, pore fluid has no time to escape; the mass of fluid in a given 

volume remains constant. This response is defined as undrained (unrelaxed). The undrained porous 
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system is much stiffer as the part of load is supported by the uncompressible liquid. Accordingly, 

the fluid flow term in (1)  d2Pex/dz2 can be neglected. 

Of course, elastic moduli of porous media differ considerably under drained and undrained 

conditions; in drained mode the porous system is more deformable. 

If we convert the diffusion equation into a dimensionless form, a useful parameter, defining 

response mode of the aquifer can be obtained, i.e. the Fourier numberNFo: 

ee

s
Fo

t

T

t

KLS
N

*2 /
      (3) 

Here T* = SsL
2/K is the time constant of a given aquifer and te is the characteristic time of a 

transient (or observation time), L2 is some characteristic length, in this case aquifer thickness. 

 

 
 

Fig.1. Hydrodynamic Fourier number NFo = (SsL
2/K)/te = T*/te versus characteristic time of transient (or 

observation interval) te  for various SsL
2/K ratios: 

1- K= 10-8 m/s; L2Ss= 10-1m;  2 - K= 10-10 m/s; L2Ss= 10-1m;  3 - K= 10-8 m/s; L2Ss= 10-4m; 

4 - K= 10-4 m/s; L2Ss= 10-1m; 5 - K= 10-2 m/s; L2Ss= 10-1m;  6 - K= 10-4 m/s; L2Ss= 10-4m; 

 

Large Fourier numbers NFo correspond to the undrained response; that means that all transients 

with T*>10te can be recorded. At small Fourier numbers NFo<0.1  orT*<10tethe respond is drained, 

which means that transients, generated by fluid flow will be observable in a drained mode. So, 

depending on (local) aquifer properties the well can be selectively sensitive to co-seismic (te from 

10 to 1000 s), tidal (te from 103 to 106 s), air pressure or pre- and post-seismic transient strain 

signals (te from 106 to 109 s and more). 

The plot of “thermal” Fourier number NFoT  is identical with NFo at the condition SsT/c = Ss. 

All transients with te much less than T* can be recorded by monitoring, but if the characteristic 

time of a basin T* is much less thante , than the transient will not be observable, because the 

medium relaxes very fast. 

It is evident that on the conceptual level time-dependence of hydraulic and microtemperature 

responses can be explained by the above theory. Therefore, a different response to coseismic 

(minutes), tidal (hours and days) or pre- and post-seismic (months and years) processes can be 

expected. 

The plot of  NFoversus characteristic timetefor various values of SsL
2, that is, for various time 

constants of a basin is shown in Fig. 1. The plot allows to predict the probable mode of response of 
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a given aquifer to the impacts of various duration (Fig. 1). For highly permeable rocks (K< 10 –2 

m/s), the coseismic  impact (te of order of  102-103 s) NFo is very small, if the basin parameter SsL
2  

is of the order of 10-4-10-5 m (which corresponds to  L = 10 m, Ss= 10-6 m). Because  NFois small we 

have to expect drained response in hydraulics and microtemperature, i.e. the coseismic signal will 

not be steadily observable.  

The same can be said on the tidal impact (te of order of 10-5 s), as well as on pre- and post-

seismic signals (te = 10-6-10-7 s). 

In rocks of a permeability of K = 10-8 m/s, coseismic and tidal transients will be steadily 

observable, whereas slow pre- and post-seismic processes are observable in drained mode. 

Only in tight rocks (K = 10-10 m/s) all three effects are steadily observable in unrelaxed mode 

for  SsL
2 = 10-4-10-5 m. 

If we consider an aquifer with basin parameters of SsL
2 = 10-1 m (e.g. L =100 m, Ss = 10-5m) the 

highly permeable rocks of K = 10-2 m/s again seem to be unfavorable for observation of all three 

transients in undrained mode, but at K = 10-8 m/s all of them are observable. 

Values of hydraulic conductivity, favoring undrained response, seem to be too high, but in 

these calculations the porous formation was presumed as homogeneous. Real aquifer can be 

composed by layers of various hydraulic conductivity, or the porous space can be fractal (Sahimi, 

1994); in these cases the channels of lowest permeability may limit the rate of (vertical) fluid flow. 

It should be stressed that even in drained regimes the long pulse-like excitation can be observed 

at initial stage of response before pore fluid attains its drained equilibrium state.  

 

  
 

Fig. 2. Water level response to train passing close to a well 

 

The spikes in   water level immediately after arrival and departure of a train are transient 

undrained contributions to the response; the transients decay soon, giving way to the dominant 

drained contribution. 

In the above analysis it was supposed that the deformation is reversible and the impact is 

transient, which means that the system regains its undrained elastic moduliafter distortion. If the 

mechanical impact lasts long enough like tectonic strain, even in reversible systems the largest 

portion of response reflects drained modules, which equals that the resulting “drained” strain should 

be maximal. Thus, in principle, the response to tectonic strain should be stronger than for short-

living perturbation. In real systems, the strain time history can be more complicated(Fig.2); this can 

be connected with additional factors (saturation state, gas component, nonlinear response, etc.).  

Underground water temperatureresponse to seismic/tectonic transients. The above analysis 

was related mainly to the hydraulic response. Therefore the question arises whether it is directly 
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applicable to the thermal one? In relation to the atmospheric pressure the responses are very similar: 

both microtemperatures and water level are in a negative correlation with atmospheric pressure. 

Thus, the above analysis seems to be applicable at least qualitatively, to microtemperatures. A 

quantitative analysis should be founded on the solution of the heat conduction Equation with mass 

transfer, which is in the one-dimensional form: 
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    (4) 

 

whereke  is the effective thermal conductivity for porous system with moving water 

 

ke= kw + (1-)ks + cvz 

 

kw and ksare water and solid thermal conductivities, c is the effective heat capacity for the unit 

volume 

 

c = nwcw+(1-) scs 

 

cw andcsare water and solid specific heat capacities respectively, and vz is the mean ground water 

velocity in z direction, c is proportionality factor. A simplest, linear dependence of  ke on vz is 

assumed. As a rule, quantity vz in Equ. (14)  is considered as Darcy velocity (Domenico, Schwartz, 

1994); combination of Darcy Equation with Equation (14) allows to model a thermal transient, 

which is connected with tectonic/seismic perturbations. It has to be noted that regional flow is a 

slow carrier of thermal perturbation; its velocity is 10-4-10-5 m/s or less. It follows that this approach 

can be successfully applied to the modelling of the decay phase of co-, pre and post-seismic phase 

in the earthquake source area when the forced convection, generated by elastic pulse, comes to an 

end. The build-up (coseismic) phase of signals themselves call for another explanation, because 

their velocity is not less than 0.2 km/s. Presumably, the build-up phase of strain-related thermal 

signal results from some of elastic perturbation of medium by an elastic pulse, such as seismic 

wave, dislocation, plastic or deformation wave, Biot’s slow wave, etc. The pulse disturbs the 

hydraulic and thermal stability of the borehole liquid through mixing of fluids with different 

temperatures. The analysis of this case can be founded on the solution of the heat equation when the 

source moves with velocity vz much larger than the Darcy velocity of regional flow (forced 

convection). 

A further model of fast heat transfer is based on analysis of losses caused by the friction on the 

solid-liquid interface in porous rocks. Friction generates heat during passing of seismic waves 

through the borehole area.  

In both models the thermal anomaly appears “instantly” after the earthquake or generally after 

elastic displacement, but relaxation to the stable state will be slow, as the system is driven by 

conduction and slow convection only.  

Dimensionless Eq.(14) reveals, like in the case of hydraulics, some controlling parameters of 

thermal process, i.e. the Peclet number 

 

Npe= (wcwvzL)/e               (5) 

 

(process is dominated by convection at NPe>>1), and Fourier number for heat diffusion 

 

NFoT=  (L2c/e)/te = (L2SsT/ke)/te = Tt*/te  (6) 

 

whereSsT = c  can be defined as a “thermal specific storage”. The effective thermal conductivity 

includes also the effect of fluid motion and in this case it is dominated by the convective term. 
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Plots, similar to Fig.3 can be drawn, using typical values of c for rocks. The hydraulic and 

thermal time response coincide at SsT/c = SsT. 

 Using this formalism we calculate NFoT for various values of governing parameters c, vz and L (Fig. 

3), assuming typical values of thermal parameters of rock components: 

cw = 1 cal/g oC;  w= 1g/cm2;  cs = 0.2 cal/g oC; s = 2.5 g/cm3 ; n =  0.1. 

 
Fig. 3. Thermal Fourier number for heat transfer NFoT versus characteristic time of thermal 

transient te : 

1 – c = 10 cal/cm2, vz = 1 cm/s, L = 103 cm,  = 170; 

2 – c = 10 cal/cm2, vz = 1 cm/s, L = 104 cm,  = 170; 

3 – c = 103cal/cm2, vz = 1 cm/s, L = 103 cm,  = 1164; 

4 - c = 103cal/cm2, vz = 1 cm/s, L = 104 cm,  = 1164; 

5 - c = 103cal/cm2, vz = 10-3 cm/s, L = 104 cm,  = 1164; 

6 –c = 1.0 cal/cm2, v = 100 cm/s, L = 104 cm,  = 38 000; 

7 – c = 1.0 cal/cm2, v = 100 cm/s, L = 103cm,  = 98. 

 

The ratio ke/c in (6) of units L2/T is referred to as the thermal dispersivity ; it includes 

influence of moving fluid, which is so important in strain-related microthermometry. Thermal 

dispersivity reduces to thermal diffusivity, if the fluid is resting.  Thermal Fourier number, like its 

hydraulic analogue, allows understanding the response of the formation to thermal transients. The 

conclusion can be drawn that thermal transients with L2/<<1 are not observable; in other words, 

observation ofshort thermal transients is favored by large thickness of aquifer and large velocity of 

moving water. 

It seems that in principle hydraulic and thermal decay phases can differ significantly due to 

inertia of thermal perturbation. If in the build-up phase the thermal relaxation time of the system is 

governed by thermal dispersion, in the decay phase, at vz = 0, the heat is dissipated by thermal 

diffusion. Thus, thermal anomaly can persist even when the pressure transient has gone. 

Hydro-seismic response to tides and wave-trains of remote strong earthquakes. The tidal 

response of water level (WL) in boreholesis well known; its intensity depends mainly on the aquifer 

properties. The strain-sensitivity of a given well is calculated as ratio of WL change to tidal impact, 

expressed in units of displacements or stresses (Table 1). 

Generally, the reaction of the underground water (Wang et al, 2009; Zhang, Huang, 2011; 

Wang, Manga, 2010), WL responds 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 
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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; 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 close to instantaneous, it is 

expected that pore water has no time to displace, which in turn means that the WL response is 

undrained (Wang, Manga, 2010). 

Below we present the observation data on hydro-seismic response to tidal strains and wave-

trains of remote strong earthquakes recorded by the hydrogeodynamic network of deep wells of the 

M. Nodia Institute of Geophysics. 

Table. 1. Reactions to tidal strain on the water level WL the various boreholes of network. 

 

Name water level (kPa) tidal (kPa) Response (%) Date 

Axalakalki 

 

 no  

Ajameti 0.66841 3.6247 18.4 22.01.2016 

Kobuleti 0.47743 3.4204 14.0 06.02.2016 

Lagodexi 0.46481 3.9388 11.8 11.01.2016 

Marneuli 0.71401 3.9549 18.1 11.01.2016 

Oni 

 

 no  

Gori 0.30677 3.9228 7.8 11.01.2016 

Nakalakevi 0.51188 3.9223 13.1 11.01.2016 

Borjomi70 1.5125 3.6395 41.6 19.08.2013 

BorjomiPark 0.1962 3.3492 5.9 22.08.2013 

Borjomi47 1.1473 3.5874 32.0 29.05.2014 

 

Responseis  calculated as a ratio of WL stress (KPa) to the theoretical value of the tidal stress 

(KPa) in percents. “no”means absence of tidal reaction. The ratio is time dependent, so the 

calculated values are characteristic for corresponding dates. 
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Fig. 4. WL oscillations due to passage of wave-trains of the Chile earthquake 16-09-

2015,time:22:54,M8.3.Reactions successively from top to bottom in: Nakalakevi, Gori, 

Oni,Marneuli. 

 

Fig. 4 shows that WL in the network of wells responses to the passage of seismic waves  (here 

– mainly to direct and multiple Rayleigh waves). This seems to contradict the common knowledge 

that due to relatively short duration of seismic oscillation the groundwater regime should be 

undrained, i.e. the WL in the borehole should not change during seismic wave passage: the data of 

Fig.4 testify against this model. The explanation of synchronous oscillation of WL with fast seismic 

vibrations should take into consideration, that even in the undrained regime small-scale water 

displacement in the wellis observed (Fig.4). This effectis connected not with a pore water diffusion 

in the aquifer (slow flow, Eq.1), but with direct mechanical squeezing of fluid from the porous 

media, surrounding the well,by the passing seismic wave (Dvorkin, Nur, 1993): this we can call 

instantaneous flow. In this case again p-waves, though compressive, are less effective in generation 

of WL oscillations. It seems that the most effective impact on the WL manifest Raileigh waves; 

then follow Love and s-waves. Thus, in the instantaneous flow also should be some time constant of 

the order of dozens of sec for mechanical vibrations to be effective generators of WL oscillations. 

 

Conclusions 

We considered theoretical models of underground water level/temperatureresponse to 

seismic/tectonic transients taking into account effects of poroelasticity (Biot model):  we show that 

the response intensity depends on the Hydrodynamic Fourier number in case of water level change and on 
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the Thermal Fourier number in case of temperature response. Calculations manifest that response 

depends strongly on the characteristic time of hydraulic/thermal transient. 

Besides, a direct mechanical squeezing of pore water by seismic vibrations (instantaneous 

flow) is considered. 
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მიწისქვეშა წყლების დონის/ტემპერატურის რეაქცია სეისმურ და ტექტონიკურ 

გარდამავალ ზემოქმედებაზე: ფოროელასტიურობის ეფექტები. 
 

თამაზ ჭელიძე 
 

რეზიუმე 

 

ზედა ქერქი დაახლოებით 20 კმ სიღრმემდე წარმნოადგენს ფოროვან ან დაბზარულ 

ფლუიდით გაჯერებულ დეფორმადი ფენების მიმდევრობას. სხვადასხვა 

ხანდრძლივობის და ინტენსივობის გარდამავალი დაძაბულობები იწვევს ამ სისტემაში 
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ფლუიდის ჭარბ ასევე გარდამავალ ფოროვან წნევას, რაც პრაქტიკულად დაიკვირტვება  

ჭაბურღილებში წყლის დონის ცვლილებასა და ოსცილაციებში. სტატიაში მოცემულია 

მიწიქვეშა წყლების სეისმურ/ტექტონიკურ გარდამავალ ზემოქმედებებზე რეაქციის 

ელემენტარული თეორიული მოდელი ფოროელასტიურობის ეფექტების 

გათვალისწინებით (ბიო-ს მოდელი). გარადა ამისა, განხილულია ფოროვანი სითხის 

პირდაპირი მექანიკური გამოდევნება  სეისმური ვიბრაციებით (წამიერი დინება). 

 
РЕАКЦИЯ УРОВНЯ ПОДЗЕМНЫХ ВОД /ТЕМПЕРАТУРЫ НА ПЕРЕХОДНЫЕ СЕЙСМИЧЕСКИЕ И 

ТЕКТОНИЧЕСКИЕ ВОЗДЕЙСТВИЯ: ПОРОУПРУГИЕ ЭФФЕКТЫ 
 

                                                                         ЧЕЛИДЗЕ Т.Л. 

 
                                                                              Реферат 

 
Верхняя кора приблизительно до глубины 20 км представляет собою последовательность пористых или 

трещиноватых, подвергнутых деформации пород, насыщенных флюидом. Переходные напряженности разной 

длительности и интенсивности в этой системе вызывают избыточное, также переходное, поровое давление 

флюида, что, пректически, наблюдается в скважинах, как изменение уровня воды и ее осциляциях. В статье  

дана элементарная теоретическая модель реакции на сейсмические/ тектонические переходные воздействия на 

состояние подземных вод с учетом эффекта пороупругости (Модель Био).  Кроме того, рассмотрено прямое 

механическое выжатие пористой жидкости сейсмическими выбрациями (Мгновенное течение).                                                             
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Abstract 

 

The modern concept of seismic and landslide  processes relays mainly on the model of 

frictional instability.  Simple models of mass movement and seismic processes are important for 

understanding the mechanisms for their observed behavior. In the present paper, we analyze the 

dynamics of a single-block and Burridge-Knopoff model on horizontal and inclined slope. We 

investigated stick-slip process: triggering of instabilities by recording acoustic emission, 

accompanying the slip events. Also acceleration was recorded on each sliding plate using attached 

accelerometer. In the case of the inclined slope experimental model, a seismic vibrator, which 

produces low frequency impact (forcing) was attached to the sliding or/and immovable plate. We 

can impose an external periodical mechanical loading to sliding plate and at several points of fixed 

plate individually or together. Simple landslide model triggering effect is depend on inclination 

angle, numbers of vibrators, distribution and triggering signal amplitude 
 

Introduction  
   

  In the last years it has been shown that the triggering of dynamic events by weak external 

forcing is ubiquitous and is observed in biological systems, lasers, electronic networks, etc. The aim 

of the study was modeling landslides and landslides’ triggering processes. 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. Large-scale experiments and field observations show that the landslide 

may reveal stick-slip motion [Helmstetter et al., 2004; Fabio Vittorio De Blasio, 2011]. Analysis of 

the experimental data, obtained by investigating of spring-slider system motion has lead to 

empirical law, named rate- and state-dependent friction law [Dieterich 1979, Ruina 1983].  

To study the stick-slip process, a mathematical model, proposed by Burridge-Knopoff is also 

used [Burridge R. and Knopoff L. 1967; Erickson et al., 2010, Matsukawa, H., Saito, T., 2007] 

(Fig.1). Plates are arranged on a massive platform and pulled by the upper platform. The upper plate 

moves with a constant loading velocity v. The blocks of mass m are connected to the upper plate by 

linear springs with spring constant 𝑘𝑝. The blocks are also connected to each other by linear springs 

with springs of natural length a and the constant 𝑘𝑐. Frictional force acts between the lower plate 

and each block.  
 

 
Fig.1. The schematic presentation of Burridge-Knopoff model 
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The Burridge-Knopoff model is convenient, as it allows us to simulate many scenarios of 

rupture without being too expensive in regard to computing time. Thus we have the ability to 

explore the parameter space of the system more broadly and observe the emergent dynamics 

introduced by the friction law. 

 

Experimental setup 

 
Experiments were conducted on a Burridge-Knopoff laboratory device for the models 

consisting of one, two or three basalt plates (Fig.2). Registration was made with the help of 

accelerometers and piezo sensors.  In one plate model three accelerometers were attached on the 

sliding plate, which recorded x, y and z components. Plates were pulled via the upper platform. The 

experiments were also conducted for the model of the three plates. To each plate was attached one 

accelerometer, which measures the x component of the acceleration. Was also recorded the pulling 

force, using fabricated in our laboratory sensor (dynamometer). Accelerations, acoustic emissions 

and pulling force recording are presented in Figure 3. Mass of the each sliding plate ≈ 335 𝑔 , 

spring constants 𝑘𝑐 ≈ 360
𝑁

𝑚
   and  𝑘𝑝 ≈ 155

𝑁

𝑚
. Dragging velocity was 𝑣 ≈ 1 𝑚𝑚/𝑠. 

 

 

 

Fig.2. The Burridge-Knopoff  experiments with accelerations, acoustic emissions and pulling force 

registration (with clean surfaces of plates and with a layer of sand between the plates) 

 

 Burridge-Knopoff stick-slip experiments were conducted for the horizontal position of fixed and 

sliding plates with clean surfaces and with a layer of sand between the sliding plates (Figure 3 b, c). 

The information was recorded on a 8-channel PicoScope 4824. 
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a) 

Burridge-Knopoff model; blue acc.– block 1;  red acc. – block 2;    
yellow – Acoustics1;  violet – Acoustics2;  grey - force on the dragging spring

Horizontal fixed block and 2- sliding blocks – BK; x- acc. component (along sliding); 
acoustic emission and force on the dragging spring

 

                                b)                                                                      c) 

   

Fig.3. The Burridge-Knopoff  experiments accelerometers, acoustic emission and pulling force data 

recordings: blue and red curve – acceleration, yellow and violet  acoustic emission and grey – 

pulling force. 

 

     To study the phenomena of stick-slip and triggering of Burridge-Knopoff model under the 

influence of gravitational forces we collected laboratory equipment with an inclined  and horizontal 

plane (Figure 6). These settings may help to learn the process of landslide stick-slip motion 

triggering under different conditions on the sliding surface between basalt plates and under the 

influence of gravitational forces. The acoustic emission and acceleration arising during sliding of 

upper plate was recorded. To this goal piezo sensors were attached to the upper and lower corners 

of the large (fixed) plate and accelerometer were attached to the sliding plate.  At the critical angle 

of inclination of the system triggering forcing was applied by a seismic vibrator attached to the 

sliding or on the fixed (immovable) plate. On the fixed plate we have 8 seismic vibrator attached. 

Seismic vibrators can have any configuration. The information was recorded on a 8-channel 

PicoScope. In experiments the inclination slope of boards was measured. 
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Fig. 4. Laboratory model for series of Burridge-Knopoff experiments under the influence of 

gravitational forces. Middle figure shows the seismic vibrator attached to the sliding plate. 

 

Experimental results for one- and three plate models under the influence of gravitational force are 

presented in Fig.7. The critical angle of slip is different for one- and three plate models. Triggering 

of sliding close to the critical slope, but still stable, is triggered by a seismic vibrator. Namely, the 

system was left close to the critical angle for 45 minutes. Then, to the attached seismic vibrator a 

forcing of 20 Hz frequency and 1.6 V intensity was applied. The information was recorded on a 8-

channel PicoScope. As can be seen from Fig.7 during the experiment several intermediate slips took 

place. The beginning of sliding of system of plates was caused by influence of the seismic vibrator. 

The seismic vibrator played the role of a trigger in slip. 

 

a)                                                                              b)              

 

    c)                                                                               d) 

 

Fig.5. a) The record the acoustic emission occurred on the one-plate model, b), c), d) record the 

acoustic emission, when sliding occurred on three-plate model. 

 
We carried out experiments on the inclined plane. Periodic external impact is applied to fixed 

(immovable) plate. Forcing performs seismic vibrators. For the external influence we arrange 6 

different points on the external surface and 2 points on the rear surface of the fixed plate. We 

carried out experiments on the impact, applied at different points of the fixed plate and also in the 

some cases, on the standby time at the critical angle of the sliding. 
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             a)                                                b)                                                      c) 

 

  
                 

                 d)                                                   e)                                             f) 

 

 
    

                 g)                                                                           h) 

 
 

  
 
Fig.6. Triggering experiments on the inclined model. a.b.c.d.e.f.g.-  seismic vibrator attached at 

different points. h. experiments by the other critical slip angle.  

 

Experiments, presented in  Fig.6 a., b., c., d., e., f., were carried out by attaching seismic 

vibrators on a upper surface of fixed plate at 6 different points. In all the experiments  we changed 

frequency on seismic sensor in 1,2,3,4,5 Hz range. Maximal voltage ~8V.  

In a), b), c), d) experiments the upper plate starts slipping at the frequency of 5 Hz, from1 to 2 

minutes after the switching seismic vibrator on. The longer is kept the upper plate, the longer must 

operate a vibrator to start sliding. The tilt angle was 26.65°. 

In e), f) experimentis seismic vibrator is placed far enough from the sliding plate position, 

therefore triggering period increased noticeably (5-10 minute range). 

In g) experiments seismic vibrator attached to the back surface of the fixed plate could not 

trigger plate even after a few tens of minutes in some experiments. When we switch the vibrator to 

the c) or d) position slipping begins after 1-2 minutes. 
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a)                                                                        b) 

 
 

Fig. 7. Recordings of the accelerometer: a) seismic vibrator is placed on the outer surface of the 

fixed plate according to “d” condition; b) the seismic vibrator is placed on the rear surface of the 

fixed plate. 
 
Figure 7 shows that when the vibrator is applied on the top and back surface of the fixed plate, 

different perturbation amplitude reach the accelerometer attached to the moving plate. As can be 

seen, high values disturbance causes in one case triggering sliding, in   another case triggering is 

absent. 

h) A few days later, when it the environment humidity and accordingly, the plate surface moisture 

was changed (increased), slip critical angle increased from 26.65° to  28.90°. Experiments results 

were fundamentally the same, but slipping critical angle, probably, due to the additional force of 

water surface tension between surface water on the fixed and sliding blocks, increased appreciably.  

 

Conclusions 
     For each experiment we have files of large volume with records of accelerations and acoustic 

data. Data recording in a digital form was made at the sampling rate 2 kHz. First gravitational 

experiments taking into account a parking phase (prior to the impact of the seismic vibrator) 

proceeded about 50 minutes. In gravitational experiments duration of the parking phase under the 

external periodical influence depends on the location of the seismic vibrators, the frequency and 

amplitude of the periodic signal, sliding plate delay time, moisture of the sliding surfaces. The 

greater the distance from the vibrator to a sliding plate, the more activation time is needed for 

triggering slip. Along with the growth of the sliding plate delay time increases triggering time. By 

attaching seismic vibrator to the fixed plate rear surface triggering event does not occur at all. We 

guess, that by attaching seismic vibrator on the upper surface, we arise surface waves, which (as in 

the case of an earthquake) cause a sliding plate perturbation and triggering (slipping). By attaching 

seismic vibrator to the rear surface of the fixed plate, to the small plate reaches only weak 

perturbation (Fig 7), which can not cause slip triggering. Thus, more powerful impact (forcing) and 

relevant experiments are needed.  
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მეწყრის და სეისმური პროცესის ტრიგერირების 

ლაბორატორიული მოდელირება  

 
ნოდარ ვარამაშვილი, თამაზ ჭელიძე, დიმიტრი ამილახვარი, ლევან დვალი 

რეზიუმე 

 

სეისმური და მეწყრული პროცესების თანამედროვე კონცეფცია ძირითადად 

დაფუძნებულია არასტაბილური ხახუნის მოდელზე. მასების მოძრაობის და სეისმური 

პროცესების მარტივი მოდელები მნიშვნელოვან როლს თამაშობენ მათი მექანიზმების 

შესასწავლად. წარმოდგენილ სტატიაში ჩვენ ვაანალიზებთ, ჰორიზონტალურ და 

დახრილ სიბრტყეზე  ზამბარა-ბლოკის და ბურიჯ-კნოპოვის მოდელის დინამიკას. 

ჩვენს ვიკვლევდით სტიკ-სლიპის პროცესს, არამდგრადობების ტრიგერირებას, 

სრიალის თანმხლები აკუსტიკური ემისიის ჩაწერის საშუალებით.   ასევე ხდებოდა 

თითოეული მოსრიალე ბლოკის აჩქარების ჩაწერა აქსელერომეტრების საშუალებით. 

დახრილი ექსპერიმენტული მოდელის შემთხვევაში სეისმური ვიბრატორები, 
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დამოკიდებულია დახრის კუთხეზე, ვიბრატორების რაოდენობაზე, მათ განალაგებაზე 

და ტრიგერირების სიგნალის ამპლიტუდაზე.  

 

Лабораторное моделирование тригерирования оползневых и 

сейсмических процессов 

 
Нодар Варамашвили, Тамаз Челидзе, Димитри Амилахвари, Леван Двали 

 
Резюме 

 

Современная концепция сейсмических и оползневых процессов в основном связана с 

моделью нестабильного трения. Простые модели движения масс и сейсмических процессов 

имеют важное значение для понимания механизмов их наблюдаемого поведения. В 

настоящей работе мы анализируем динамику моделей пружина-блок и Бурриджа-Кнопова на 

горизонтальной и наклонной плоскости. Мы исследовали процесс стик-слип, тригерирование  

неустойчивостей путем записи акустической эмиссии, сопровождающие события 

скольжения. Также записывали ускорение каждой скользящей плиты с помощью 

прикрепленного к плите акселерометра. В случае наклонной экспериментальной модели 

сейсмические вибраторы, которые производят низкочастотное воздействие,  были 

прикреплены к подвижному и неподвижному плитам. Мы можем наложить внешнюю 

периодическую механическую нагрузку, на подвижную и/или неподвижную плитам, в 

нескольких точках по отдельности или вместе. Эффект тригерирования простой модели 

оползня зависит от угла наклона, числа вибраторов, их распределения и амплитуды сигнала 

тригерирования. 
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A homogeneous reliable earthquake catalog is very important in seismic hazard assessment.  

The accuracy of earthquake location calculation, also accuracy of magnitude estimation influence 

on delineation and parameterization of seismic sources.  In this work, we summarize all our attempt 

to obtain modern earthquake catalog for Georgia 

In this work, there are two main goals: 1) Drafting a new catalog of historical earthquakes of 

Georgia and 2) Compilation of new instrumental seismic catalog of Georgia. In the process of 

compiling the level of the magnitude completeness was limited to: MS2.9 or MW4.0.  

 

 

Catalog of historical earthquakes 

 

The methods of interpretation of macro seismic data about historical earthquakes include: 

 Collection and systematization of the whole available information concerning each historical 

earthquake. 

 Parameterization of historical earthquakes on the basis of equalizing the macroseismic field 

 Restoration of historical earthquakes with pure macroseismic data by using isoseist models of 

earthquakes with different magnitudes, built for the territory of Georgia. 

 Complex analysis of macroseismic, archeological, seismotectonic and other kinds of data 

More detail information about this work are presented in Varazanashvili et al. (2011) [1]. 

Here we just mentioned that about 47 historical earthquakes were studied. After investigation of 

data, three earthquakes had to be excluded from consideration because of the uncertain input data. 

This directory improves the accuracy of determining the basic parameters of historical earthquakes. 

The final parametric catalog for 44 historical earthquakes includes the date and the location of 

the epicenter, magnitude and depth of focus, intensity epicenter (Fig. 1).  

 

 

Instrumental seismic catalog 

 

The second main task of this work is to refine the catalogue of instrumental earthquakes from 

1900 to the present (Fig. 2). 

In the Caucasus instrumental seismological observations started in the beginning of XX 

century. The lack of the instrumental data, particularly for the first half of the last century requires 

systematic recalculation of magnitude and location of earthquakes from the beginning of 

instrumental period since 1900 till 1962. The revision of macroseismic data and creation of reliable 

macroseismic databases is one of the important tools to achieve succeed in this work. 
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Fig. 1. Map of historical earthquakes (pre-1900) in Georgia. 

 

 
 

Fig.2. Map of instrumental  earthquakes (1900-2009) in Georgia. 

 

After 1962 the seismic network in the Caucasus and in Georgia began to improve, but 

inaccurate velocity models do not give good results. To reveal the best velocity model the 

hypocenter parameters of the earthquake were calculated, using the HYPO-71 program [2] for all 

existing velocity models of the Caucasus region, which were obtained by various geophysical 

methods [3, 4, 5, 6, 7]. The model obtained by the interpretation of the surface wave group velocity 

dispersion curves [8] gave a much higher accuracy in determining the hypocenters of earthquakes 

than the others. To be surer in our decision all velocity models were tested for explosions for which 

we directly know both the epicenter and the depth. Model [8]  gives for explosions depth less than 2 
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kilometers, while others give depth more than 5 kilometers. The scatter of epicenter also was not 

high for this model. Thus we assume that the optimal crustal model consists of four layers   (Table 

1). 

  

Table 1. Velocity model [8] 

Layer thickness (km) Vp (km/s) Vp/Vs 

0.0 4.2 1.71 

4.0 5.5  

20.0 6.2  

30.0 6.9  

49.0 8.2  

 

During the period 1963-2002 for the territory of Georgia parameters of about 250 earthquakes 

were re-calculated. The difference between obtained and existing locations of individual 

earthquakes was sometimes more than 20 km (see Fig. 3, 4, 5).  

 
Fig. 3. Re-location of Borjomi earthquake, 1970. 
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Fig. 4. Re-location of  Tliarta earthquake, 1978. 

 
Fig. 5. Re-location of Gavazi earthquake, 1981. 

 

In addition, it should be noted that in the catalog of earthquakes of Georgia magnitudes were 

categorized by surface waves (MS). Since 1962 the accepted technique was to determine the energy 

class (K) of earthquakes, so in cases when the direct determination of the magnitude MS was 

impossible, it was estimated mainly by the correlative dependence [9]: 

K=1.8MS+4 
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and sometimes following [10] we accept that MSMC, where Mc is the magnitude estimated from the 

coda waves.  

Since 2004, as a consequence of the reorganization of the network of seismic observation of 

Georgia, basically only local magnitude Ml was estimated for earthquakes and rarely magnitude Md 

and Mb. In this case, the transition to the magnitude MS was carried out by the correlation 

dependence given in Zare et al. (2014) [11]. 

Thus, after the determination or specification of the basic parameters of earthquakes, we 

present a new catalog of historical earthquakes (pre-1900) of Georgia and the refined instrumental 

earthquake catalog (1900-2015) of Georgia, complete for MS2.9 or MW4.0, in format (Fig. 6). 

 
 

Fig. 8. New catalog of historical earthquakes (pre-1900) and the refined instrumental   

          earthquake catalog (1900-2015) of Georgia, complete for MS2.9 or MW 4.0. 

 

 

Technique for declustering an earthquake catalog 

 

Decluster process means to remove dependents events from seismic process and obtained 

independent events. This means to remove from earthquake catalog foreshocks, aftershocks and 

swarms. There are several declustering algorithms that applied by most users up to now  [12,  13, 

14, 15, 16]. However when we applied these methods for our catalog various number of 

earthquakes left (Table 2). 

 

Table 2. Number of earthquakes in catalogue from various decluster methods 

Reasenberg Uhrhammer Grünthal Gardner and Knopoff 

754 1433 674 929 

 

As it is shown the number of independent events are very different that influence very much 

on seismic parameter estimations such as seismic rate and b value. That on his side influence very 

much on seismic hazard estimation. Moreover if obtained catalogs involve just independent events, 
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they should follow stationary Poisson process. To be sure for it we calculated coefficient of 

scattering measure R that show us the nature of obtained process.  

N

N
σ

R  (1) ;  where 
n

N
N i , 

n

NNi

N

 


2)(
  

n is the number of observed year, iN is earthquake with I magnitude. When R equal 1 means events 

follow Poisson process. In table 3 are presented obtained results for R. 

  

Table 3.  Results for R obtained by various declustering methods  

 

MM RR  RReeaasseennbbeerrgg RR  Uhrhammer  RR  Grünthal  RR  Gardner and Knopoff  RR  Tsereteli-Butikashvili  

33..55 22..2288 22..8877 11..6677 11..5566 11..3388  

44..00 11..0066 11..2266 11..0033 11..1111 11..00  

44..55 11..2255 11..2255 11..2255 11..2255 11..00  

55..00 11..00 11..1111 00..88 11..00 00..99  

33..55  ––  77..  00 22..2255 22..4422 11..3344 11..1122 11..3366  

 

During investigation of clustering methods we pay attention on behavior of Racha earthquake 

on of 1991. This earthquake had unusual high number of aftershocks that continue during the very 

long period. We plotted the number of earthquakes for Racha region 10 years earlier and  after 

events Fig. 9 (blue diamond). In the same figure we plot the Spitac earthquake of 1988 (brown 

dots). As we see Raca region was very active during the several years after strong earthquake, while 

the Spitac region was active during the one year. From the same picture we can see that seismic 

activity remain higher after Racha earthquake up to now, while Spitac region became calm. This 

gave us idea that strong earthquake should be consider individually during the clustering process. 

Based on this consideration we develop new methodology for declustering catalog. We consider 

earthquake with magnitude MS more than 6 individually.  
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  Fig. 9.  The number of earthquakes for Racha earthquake of 1989 10 years earlier 

and  after events (blue diamond). The number of earthquakes  for Spitac 

earthquake of 1988 (brown dots). Redlines indicate the seismic level before and 

after earthquakes.  

 

For the earthquake area [17] we investigate the number of earthquake before and after events 

during the 5 years. The average seismic level for each period is estimated. Comparison of these 

levels allow us estimate relaxation time period for this event. The earthquake source zone is divided 

by cells. The average numbers of earthquakes with various magnitudes are estimated for each cell 

by the seismic level that stabilized after strong earthquake. The same numbers with the same 

magnitude are left for each cell during the relaxation period. These increase numbers of earthquake 

during the relaxation period thought process anyway stay Poisson. Following this methodology total 

number of earthquake in decluster catalog is 2565. This is more then previous results show in table 

2. The results of R are presented in table 3 as RRTsereteli-Butikashvili. 

For earthquake with magnitude less than 6 we use decluster methods described in [17] and in 

[18]. 
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საქართველოს სეიმური კატალოგი 

 

ნ. წერეთელი, ო. ვარაზანაშვილი, მ. კუპრაძე, ნ. ყვავაძე, ზ. გოგოლაძე 

 

რეზიუმე 

 

მიწისძვრების კატალოგების ერთგვაროვნებას და სიზუსტეს დიდი მნიშვნელობა 

აქვს სეიმური საშიშროების ამოცანების გადაწყვეტაში. მიწისძვრის ეპიცენტრიისა და 

მაგნიტუდის განსაზღვრისა და მათი ცდომილების შეფასების გარეშე შეუძლებელია 

მიწისძვრების სტატისტიკური კვლევა,  სეისმური  კერების ზონების გამოყოფა და 

პარამეტრიზაცია, გრუნტის მოძრაობის პროგნოზული განტოლებების შედგენა. ეს 

ყველაფერი თავის მხრივ გავლენას ახდენს სეისმური საშიშროების ალბათურ და 

დეტერმინისტულ გათვლებზე. აქ წარმოდგენილია მიწისძვრის პარამეტრების 

განსაზღვრის შეფასებები, როგორც ისტორიული, ასევე ინსტრუმენტული პერიოდის 

მიწისძვრებისთვის. ასევე განხილულია მიწისძვრის კატალოგების ფორ- და 

აფტერშოკებისაგან, გუნდებისაგან გაწმენდის სხვადსახვა მეთოდები, რომლებიც 

ფართოდ გამოიყენება სეისმოლოგიაში და შედარებულია ჩვენს მიერ შემოთავაზებულ 

მეთოდთან. ნაჩვენებია ამ უკანასკნელის უპირატესობა.  

 
Сейсмический каталог Грузии 

 

Н. Церетели, О. Варазанашвили, М. Купрадзе, Н. Квавдзе,  З. Гоголадзе 

 

Резюме 

 
При решении задач сейсмической опасности очень важно однородность и точность 

каталогов землетрясений. Без определения эпицентра и магнитуды землетрясения и оценки 

их ошибок не возможно статистическое исследование землетрясений, выделение зон 

сейсмических очагов и их параметризация, составление прогнозстических уравнений 

двыжении грунта. Все это в свою очередь влияет на расчет вероятностной и 

детерминистической сейсмической опасности. Здесь  представлены оценки определения 

параметров землетрясений, как для исторического, так и инструментального периода. Также 

обсуждаются различные методы очистки каталогов землетрясений от фор- и афтершоков, 

роев, которые широко используются в сейсмологии и они сравниваються с предложенным 

нами методом. Показан преимущество последнего. 
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Abstract 

 

Different methods of structural and geomorphological analysis to solve problems of oil and gas searching at 

different stages of the work (from regional to detailed) are observed. There are the most acceptable for the 

Dnieper-Donets Basin are: hypsometric terrain analysis (construction of the morphotectonic structural 

contours maps); analysis of relief differentiation (degree of horizontal and vertical relief differentiation); 

morphographic techniques. A priori structural and geomorphological information in the software product 

ArcGIS, as well as satellite images Sich-2, Landsat–7 ЕTM+, Landsat–8 OLI, shuttle radar topography 

mission - SRTM and structural contours scheme based on SRTM data are used. 

The result of this comprehensive research is the Scheme of the relative neotectonic activity of the Dnieper-

Donets Basin. 

 

Key words: oil and gas structure, remote sensing, structural and geomorphological analysis, 

morfotektoizogips, neotectonic scheme. 

 

The Neogene-Quaternary period of the Earth’s crust formation is of high importance in the 

oil and gas deposits location and hydrocarbon migration. The ancient faults are updated, new faults 

laid and activation of foundation's block movements' are occurred during the Neogene-Quaternary 

period. The local structural forms growth and rearrange occur in the sedimentary cover. The 

neotectonic activity of the Dnieper-Donets Basin deep structures was contributed to the formation 

of the relief and its structure peculiarities and this activity can be interpreted using satellite imagery. 

There are different methods of structural and geomorphological analysis used for different 

areas for the solving problems connected with finding oil and gas structures at the different stages 

of the research works (from regional to detail). The most appropriate methods for the Dnieper-

Donets Basin are as follows: 

 hypsometric analysis of relief (construction of the morphotectonic structural contours 

maps); 

 analysis of relief differentiation (degree of horizontal and vertical relief differentiation); 

 morphography techniques.  

In the first case, the analysis is conducted for both hypsometric zoning of the territory and 

assessment of the interconnection between relief and tectonics. 

In the second case, the structural interpretation is the following: zones of the increasing 

dissection degree of relief are identified with the Neogene-Quaternary structural uplift, and zones of 

depression - with the possible Neogene-Quaternary subsidence. 

In the third case, the planned picture of the Earth's surface is investigated based on 

aerospace materials. Morphography elements, which identify structures in plans, are divided by 

their form on straightened, arc-shaped and planar. 
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The main purpose of the structural and geomorphological studies (SGS) during the regional 

researches conduction was the investigation or rectification of the tectonic structure, which include 

large oil-gas regions, and local structures. A priori structural and geomorphological information in 

the software product ArcGIS, as well as satellite images Sich-2, Landsat–7–ЕTM+,  Landsat–8–

OLI (Fig.1), shuttle radar topography mission - SRTM and structural contours scheme based on 

SRTM data (Fig.2) are used in these studies. 

 

 A 

 

 

B 

 

C 
D 

Fig.1. The Dnieper-Donets Basin: A, B – satellite imagery Sich-2 (2012); C - satellite image 

(Landsat–7–ЕTM+, 2002); D - satellite imagery (Landsat–– OLI, 2013) 

 

  

A B 

Fig.2. The Dnieper-Donets Basin: A – shuttle radar topography mission image (SRTM); B – 

scheme the structural contours (based on SRTM) 
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At the first stage, the scheme of the structural decryption was established based on 

aforementioned satellite imagery, on which lineaments (Fig.3) and their zones (Fig.4) were marked. 

The result of these procedures was the structural decryption scheme of the Dnieper-Donets Basin 

(Fig.5). 

 

 

A 

 

B 

 

Fig.3. The Dnieper-Donets Basin: the scheme of lineaments (B) based on remote sensing from 

Landsat–7–ЕTM+ (A) 
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A 

 

B 

 

 

Fig.4. The Dnieper-Donets Basin: the scheme of lineaments (B) based on shuttle radar topography 

mission (A) 
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Legend: 1 - lineaments; 2 – lineaments zones; 3 - the research area 

 

Fig.5. The Dnieper-Donets Basin:  the resulting scheme of the relief structural identification based 

on materials of satellite imagery 

 

Thus, there are lineament zones of the north-western strike can be observed as well on the 

performed scheme. These zones have inherited ravines and valleys, most of which are oriented 

parallel to the marginal faults of the Dnieper-Donets Basin and longitudinal cuts off power within 

the northern and southern near edge zones and the northern edge. As a result, there are the 

following associations were traced:  

1) the north-western apophysis of the salt stocks cap rocks connected with these marginal 

faults; 

2) the coming of hydrocarbons out to the day surface connected with intersection nodes with 

such cross sectional dislocations; 

The north-eastern sectional dislocations can be identified less clearly by short extension 

young erosion topographical formations. Obviously, this is associated with a later activation of 

neotectonic movements on the surface of ancient faults. Moreover, there are traced the salt stocks u-

turn of the Dnieper-Donets Basin in the south-eastern part. Submeridional and sublatitudinal faults 

more clearly, but still fragmentary, are shown in relief's north-western part of the Dnieper-Donets 

Basin, where they inherited by the valleys of big rivers that were laid, obviously, by the updated 

ancient fault structures which may extend from the Ukrainian Crystalline Massif through the 

Dnieper-Donets Basin in Voronezh anteclise. 

At the next stage diagram of the relief vertical differentiation is constructed (Fig.6). For 

these studies the SRTM is used, which greatly simplifies the process of materials’ construction and 

interpretation [1]. The analysis of the scheme allowed establishing the connection between the 

degree of vertical differentiation of relief and tectonic movements. 
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Legend: 1 – structural contours of relief vertical differentiation, m; 2 - level vertical differentiation; 

3 – study area 

 

Fig.6. The Dnieper-Donets Basin: the vertical differentiation of relief (based on SRTM) 

 

According to SRTM the authors carried out the hypsometric relief analysis and built the map 

of morphotectonic structural contours (Fig.7).  

 

 

 

Legend: 1 - faults in the basement; 2 - lineaments and their zones; 3 – unconsolidation zones; 4 - 

morphotectonic structural contours; 5-12 scale of height, m; 13 – study area 
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Fig.7. The Dnieper-Donets Basin. The morphotectonic structural contours scheme (based on 

SRTM) 

 

The method involves the reconstruction of relief. Thus, differently amplitude block structure 

of the recent relief is defined quite clearly: there are stand out the most elevated blocks, which 

allows draw conclusions about the positive deformation of the Earth's surface. The neotectonic 

activity the Dnieper-Donets Basin’s deep structures led the displaying of these structures’ features 

of relief’s forms depression. Thus, the edges are associated with the uplifted areas of relief, and the 

depression areas are - with an axial part of the Dnieper-Donets Basin. The structural contours block 

structure of reconstructed relief with relative range of these blocks motions is performed on the 

built morphotectonic structural contours scheme as well. 

The result of comprehensive research is the scheme of the Dnieper-Donets Basin relative 

neotectonic activity (Fig.8). 

 

 

 

Legend: 1 – deposits: а – natural gas, б – oil-gas, в – crude oil; 2 – blocks' boundaries;  3–7 - scale 

of the relative neotectonic activity, m; 8 – study area 

 

Fig.8. The Dnieper-Donets Basin.  Scheme of the relative neotectonic activity 

 

Our studies provide an opportunity to identify areas that are characterized by varying 

intensity of neotectonic movements. 

The maximum relative amplitude of neotectonic movements - 200 m and more common for 

the northern edge and the eastern part of the Dnieper-Donets Basin. At the same time, there are the 

sharp increasing of neotectonic activity and the number of high blocks with high activity while their 

size reducing in the eastern part. Oil and gas structures in this part of the Dnieper-Donets Basin are 

characterized by high amplitudes. High values of the neotectonic amplitudes are typical for most of 

the salt stocks that occur in the recent relief in the form of the positive relief deformations. 
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Moreover, negative deformations were formed under the stocks that stopped their growth in the 

Paleogene or had negative direction of movements. 

Thus, famous Turutynske, Huhrynsk-Chernetchynske, Yuliyivske and Skvortsivske deposits 

located within the northern edge and northern near edge zone are confined to regions of the 

maximum neotectonic activity.  

Mean values of relative neotectonic amplitudes - about 160-200 meters - are typical mainly 

for near edge zone of crystalline basement - Makeyevkske, Lubensk-Isachkivske, Pliskivsk-

Lysohorske, Talalaevske, Novotroitske, Radiansk-Koziyivske and others. Therefore, here are 

concentrated lineaments, which form elongated north-western zones that overlap with less powerful 

north-eastern zones and the layout of a significant amount of oil, gas condensate and natural gas 

deposits are related to them. 

Within the southern edge of the Dnieper-Donets Basin amplitudes of relative neotectonic 

movements are much smaller and generally do not exceed 130 meters. However, there are a number 

of hydrocarbons deposits there and eastern of the Vorskla river district are observed: Livenske, 

Holubivske, Bohatoyske. Obviously, this is connected with the presence of a significant fractured 

zone of basement and sedimentary rocks, which may be hydrocarbon transportation routes. 

Low values of the relative neotectonic amplitudes of 100-130 m, are occurred on the slopes 

of deflections and sloping monoclinale of the basement. 

Thus, within the studied area of the Dnieper-Donets Basin the following regularity is 

observed:  

 the bulk of hydrocarbons confined to moderate (150-200 m) neotectonic active areas;  

 oil deposits are located within the north-western part of the Dnieper-Donets Basin (160-

180 m);  

 gas condensate deposits are located in the South-eastern part of the Dnieper-Donets Basin 

(180-200 m). 

Consequently, we can conclude that finding of hydrocarbons deposits at the north edge, 

which is characterized by high amplitudes of relative neotectonic movements, greatly increases its 

oil and gas prospects due to favorable conditions for the formation of capacitive fracture and 

fractured-porous reservoirs in the crystalline basement’s rocks. 
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Неотектонические исследования по материалам 

дистанционного зондирования Земли при поиске структур 

перспективных на нефть и газ на примере Днепровско-

Донецкой впадины 

 
З.М. Товстюк, Т.А. Ефименко, О.В. Титаренко, М.О. Свиденюк 

 

Резюме 

 
В статье рассматриваются разные приемы структурно-геоморфологического анализа для решения 

задач поиска нефтегазоносных структур на различных стадиях проведения работ (от региональных до 

детальных). Для Днепровско-Донецкой впадины наиболее приемлемыми оказались следующие: 

гипсометрический анализ рельефа (построение карт морфотектоизогипс); анализ расчленения 

рельефа (степень горизонтального и вертикального расчленения рельефа); морфографические 

приемы. При этих исследованиях используются структурная и геоморфологическая информация в 

программном продукте ArcGIS, а также космические снимки Сич-2, Landsat-7 ЕTM +, Landsat-8 OLI, 

радарная топографическая съемка SRTM и схема изогипс по данным SRTM. 

Результатом комплексных исследований стала схема относительной неотектонической 

активности Днепровско-Донецкой впадины. 
 

ნეოტექტონიკური გამოკვლევები დედამიწის დისტანციური 

ზონდირების მასალების მიხედვით გაზისა და ნავთობის პერსპექტიული 

სტრუქტურების ძიებისას დნეპროპეტროვსკ-დონეცკის ქვაბულის 

მაგალითზე 

 
ზ.მ.ტოვსტიუკი, ტ.ა.ეფიმენკო, ო.ვ.ტიტარენკო, მ.ო.სვიდენიუკი 

                                            

რეზიუმე 

 

 

სტატიაში განიხილება სტრუქტურულ-გეომორფოლოგიური ანალიზის სხვადასხვა ხერხები, 

ნავთობგაზური სტრუქტურების ძიების ამოცანების გადაწყვეტისათვის, სამუშაოების 

ჩატარების სხვადასხვა სტადიაზე (რეგიონალურიდან დეტალურამდე). დნეპროვსკ-დონეცკის 

ქვაბულისათვის ყველაზე მისაღები აღმოჩნდა შემდეგი: რელიეფის გიფსომეტრიული 

ანალიზი(მორფოტექტოიზოგიფსების ანალიზი); რელიეფის დანაწევრების ანალიზი(რელიეფის 

ჰორიზონტული და ვერტიკალური დანაწევრების ხარისხი); მორფოლოგიური ხერხები. ამ 

გამოკვლევების დროს გამოიყენება სტრუქტურული და გეომორფოლოგიური ინფორმაცია 

პროგრამულ პროდუქტში ArcGIS, აგრეთვე კოსმოსური სურათები Сич-2, Landsat-7 ETM+, 

Landsat-8 OLI, რადარული ტოპოგრაფიული გადაღება SRTM და იზოგიფსების სქემა SRTM-ის 

მონაცემების მიხედვით. 

კომპლექსური გამოკვლევების შედეგია დნეპროვსკ-დონეცკის ქვაბულის ფარდობითი 

ნეოტექტონიკური აქტივობის სქემა. 

 

 

 

 



84 

 

 Journal of Georgian Geophysical Society, 

Issue (A), Physics of Solid Earth, v.17a, 2016, pp. 84-103 

 

Hydrodynamic and geomagnetic anomalies related with preparation of 

earthquakes in Caucasus 
 

George Melikadze, Tamar Jimsheladze, Genadi Kobzev, Alexandre Tchankvetadze, Marina Devidze 

 

Iv. Javakhishvili Tbilisi State University, M. Nodia Institute of Geophysics 

 

Abstract 

 

During  July 2016 - September 2016 several hydrodynamic and geomagnetic anomalies were observed 

on the multiparametrical monitoring network located on the territory of Georgia. Data were recorded 

minutely and receiving in real time. Data were analyzed by the special program. In order to exclude the 

influence of geological factors, the data from various stations were calibraited by the common value of 

tidal variations. Were analyzed variation and reaction of parameters to the earthquake preparation 

process, the value of stress field before and after earthquake was calculated as well. 
 

Introduction 

 

Observation of spatial and temporal variability of earth crust's stress-deformation gives a possibility 

to create some modern methodology for earthquake prediction. In order to monitore the pre and post 

earthquake anomalies, considering the interaction between hydrodinamic, geophysical and other 

geodeformation processes (earthquakes, slow tectonic proceses, technogenic and etc), the data from 

July 2016 till September 2016 have been analyzed by the special program.  

 

Data analysis 

 

Multiparametric data (water level, atmosphere pressure, temperature, geomagnetic variation etc) 

were recorded with a minute frequency, in the deep boreholes located on the territory of Georgia. 

Observations were carried out using the specialized equipment providing measurement of deformation 

up to 10-8 degrees (1-2).  In order to exclude the influence of geological factors, the data from various 

stations were rated against the common value of tidal variations (3-4). Variation and reaction of 

parameters to earthquake preparation process (5-9) were analyzed. The value of stress field by 

hydrodynamical parameters (10-11) and the stress field variations during preparation of several 

earthquake processes on the territory of Caucasus were calculated and analyzed: 

 

Earthquake in Akhalkalaki area -21.07.2016 Mag-4.3 
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Fig.1.  

Hydrogeodeformational field picture on the moment of 21 July 2016 earthquake.  The field was created 

by the trended water level value 

 

Anomaly was revealed on Akhalkalaki station before 21 July 2016 earthquake, 2 days earlier and 

continued 1day long. The earthquake was in 42km distance from the station.  

 

  
   a                                                   b 

Fig. 2 

 a- Origin of water level, atmospheric pressure and tidal variations at the Akhalkalaki borehole. 

Vertical line marks an earthquake moment. On abscise axis time is in hours. b- Speed factor of 

variations water level and earth tidal and the difference between them. 

  

Anomaly was recorded at Marneuli station, as well. 
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       a                               b 

     

Fig. 3.  

a- Water level, atmospheric pressure and tidal variations at the Marneuli borehole (cm). Vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

Anomaly of behavior of water level is revealed 2 days earlier before 21.07.2016 earthquake, 62 km 

from station. 

Anomaly was observed in Dusheti geomagnetic observatory 1 day earlier before event of 21 July 

2016. The Earthquake occurred in 99 km from a station. 

 

 
a                                                                               b 

Fig. 4 

 a- Variations of x,y,z components of the magnetic field. b- Variation of calculated module value. 

 

 

Earthquake in Kobuleti area-28_07_2016, Mag-3,6. 
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Fig. 5. 

 Hydrogeodeformational field picture on the moment of 28 July 2016 earthquake.  The field was built 

for the value of trended water level. 

 

Anomaly was observed from the Akhalkalaki station before 28 july 2016 few hours earlier and was 

continuing also during earthquake and after earthquake period. Earthquake happened in 142 km far 

from the station. 

 

 
   a                                     b 

Fig. 6 

 a - Water level, atmospheric pressure and tidal variations at the Akhalkalaki borehole. Vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 
. 

Anomalies were observed before the earthquake of Kobuleti, as well as on the Ajamenti station, also. 
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a                                      b 

Fig. 7 

 a - Water level, atmospheric pressure and tidal variations on the Ajameti borehole (cm). Vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 
 

At Ajameti station anomaly behavior was 9-10 days earlier before the earthquake. Earthquake 

epicenter was located in 93 km far from the station. 

At Kobuleti station anomaly was observed 4 days earlier before the earthquake. Increasing water 

level and at the same time falling can be seen on the graph. Derangement continued for 2 days before 

the earthquake and the variation of water level got his regular face after 2 days.  Earthquake epicenter 

was 9 km away from Kobuleti station. 

 

 
a                                                                 b 

Fig. 8. 

 a - Water level, atmospheric pressure and tidal variations on the Kobuleti borehole (cm). Vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

Anomaly can be seen at Oni station, before 8 days earlier earthquake, as well as at on Ajameti 

station, water level drop was observed. The Epicenter of the 28 July earthquake occurred 161 km away 

from Oni station. 
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                                              a       b 

Fig. 9.  

a- Water level, atmospheric pressure and tidal variations at the Oni borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

At Gori station water level drop also was observed. 6 days earlier before the earthquake water level 

increased. This process continued for 2 days and then began to drop down.  Earthquake occurred 175 

km away from Gori station 

   

 
a                                                        b 

Fig. 10. 

   a- Water level, atmospheric pressure and tidal variations on the Gori borehole. The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

The level started rising before Kobuleti earthquake on Chkvishi station, 4 days earlier before the 

earthquake. The epicenter was 65 km away from Chkvishi station. 
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                                        a                                                          b 

Fig. 11. 

 a - Water level, atmospheric pressure and tidal variations at the Chkvishii borehole (cm). The vertical 

line marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 
 

As we can see on the graph, on 28 July before the earthquake, anomaly was recorded at Tsaishi 

station, 2-3 days earlier before the earthquake. Epicenter was 77 km away from the station. 

 

 

 
                                                           a                                                     b 

Fig. 12. 

  a- Water level, atmospheric pressure and tidal variations on the Tsaishi borehole (cm). The vertical 

line marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

Anomaly was observed at Dusheti geomagnetic observatory 3 days earlier before the earthquake and 

continues for 2 days after the earthquake. The earthquake occurred 240 km away from station. 
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a                                                         b 

Fig. 13. 

 a-Variation of x,y,z components of the magnetic field. b- Variation of the module value 

 

 

Earthquake near Akhalkalaki-  04.08.2016, Mag-3.1 

 

 
 

Fig. 14. 

 Hydrogeodeformational field value observed during the 4 August, 2016 earthquake.  The field was 

created by the value of trended water level. 

 

At the Marneuli station we observed anomaly on 4 August between the earthquake and its 

aftershock, it was also observed for 1 day after the earthquake. Earthquake occurred 60 km away from 

the station. 
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                                             a                                                         b 

Fig. 15  

a- Water level, atmospheric pressure and tidal variations on the Marneuli borehole (cm). The vertical 

line marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

        

At the Gori station, like the one at Marneuli station, anomaly was observed on 4 August before the 

earthquake and its aftershock. Gori station is in 51 km from the Epicenter. 

 

 
          a                                                        b 

Fig. 16 

 a- Water level, atmospheric pressure and tidal variations, Gori borehole (cm). The vertical line marks 

an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and earth tidal 

and the difference between them. 

 

Anomaly was observed at Dusheti geomagnetic observatory, starting from 4 August 2016, 2- days 

prior to the earthquake. The earthquake occurred in 98 km from the station. The anomaly continued for 

2 days after the earthquake. 
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a                                                                               b 

Fig. 17. 

 a-Variation of x,y z components of the magnetic field. b- Variation of the module value. 

 

 

Earthquake in Ninotsminda area-15.08.2015, Mag-3.6 

 

 
Fig. 18.  

Hydrogeodeformational field value during the 15 August 2016 earthquake.  The field was plotted for 

water level trended values. 

 

Anomaly was observed at Ajameti station, on 15 August 2016, before the earthquake. The station is 

in 150 km from the epicenter of the earthquake. 3-4 days earlier before the earthquake the water level 

dropped by 40 cm. 1 day earlier before the earthquake we observed sudden rise of the water level by 20 

cm. The stressed condition remained after the earthquake as wall. 
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  a                                                            b 

Fig. 19. 

  a- Water level, atmospheric pressure and tidal variations,  Ajameti borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them.. 

 

In Kobuleti, which is 193 km away from the epicenter, we observed an anomaly 2 days prior to the 

earthquake. 

 

 
      a                                                                             b 

Fig. 20 

a- Water level, atmospheric pressure and tidal variations at Kobuleti borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

The anomaly observed 4-5 days prior to the before earthquake can be seen in the plot. The epicenter 

was 81 km away from Gori station. 
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a                                                       b 

Fig. 21 

a - Water level, atmospheric pressure and tidal variations, Gori borehole (cm). The vertical line marks 

an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and earth tidal 

and the difference between them. 

  

At Chkvishi station anomaly was observed 2days prior to the earthquake. The duration of the 

anomalous period is shown on graphic. Chkvishi station is 165 km away from the epicenter. 

 
a                                                       b 

Fig. 22 

a- Water level, atmospheric pressure and tidal variations at Chkvishi borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

At Tsaishi station the anomaly was observed a week prior to the earthquake. Borehole is out flowing 

and is located 227 km away from the epicenter.  
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a                                                        b 

Fig. 23 

a - Water level, atmospheric pressure and tidal variations on the Tsaishi borehole (cm). The vertical 

line marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

 

Earthquake in the Gagra region- 02.09.2016  Mag=4 

 

 
 

Fig. 24 

. Hydrogeodeformational field value during the 02 September 2016 earthquake.  The field was built for 

the water level trended values 

 

2 days prior to the 2 September earthquake we observed the anomaly at Kobuleti station. Kobuleti 

station is 191km away from the epicenter.  
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      a                                       b 

Fig. 25 

 a- Water level, atmospheric pressure and tidal variations at Kobuleti borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Their variations speed graphics and the 

difference. 

 

We observed anomaly at Ajameti station 1 day prior to the earthquake- water level remained 

dropped after the earthquake as well.   

 

 
a                                        b 

Fig.  

Fig. 26 

a- Water level, atmospheric pressure and tidal variations at Ajameti borehole. The vertical line marks 

an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and earth tidal 

and the difference between them. 

 

Anomaly was also observed at Chvishi station before the earthquake on 2 September, where like 

the one in Ajameti, the water level dropped and maintained the level for some time after the 

earthquake. Chkvishi borehole is 187 km away from epicenter. 

 



98 

 

 
a                                                b 

Fig. 27 

a - Water level, atmospheric pressure and tidal variations at Chkvishi borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

 

Earthquake occurred on the North-West territory of Azerbaijan- 07.09.2016, Mag=4.4 

 

 
 

Fig. 28. 

  Hydrogeodeformational field value during the 07 September 2016 earthquake.  The field was built for 

the trended water level values. 

 

Anomaly was also observed at Dusheti Geomagnetic Observatory, a week prior to the 7 September 

2016 earthquake and continued for 6 days. The earthquake occurred in 165 km from the station. The 

second earthquake in the graph is an aftershock. 
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a                                         b 

Fig. 29. 

 a-Variation of x,y,z components of the magnetic field. b- Variation of the module value. 

 

Lagodekhi station is in 35 km from the epicenter. As we can see the graph, the anomaly is observed 

2 days prior to the 7 September earthquake. 

 

 
 

a                                                        b 

Fig. 30. 

a - Water level, atmospheric pressure and tidal variations at Lagodekhi borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

  

At Marneuli station, which is 169 km away from the epicenter, the anomaly was observed 2 days 

prior to the earthquake and lasted during the earthquake as well. 
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                                                            a                                                           b 

Fig. 31. 

a - Water level, atmospheric pressure and tidal variations at Marneuli borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

Anomaly was also observed 2 days prior to the earthquake at Gori station. Here like in Marneuli, 

conditions lasted after the earthquake as well. Gori station is 226 km away from the 7 September 

earthquake epicenter. 

 

 
a                                                               b 

Fig. 32 

a - Water level, atmospheric pressure and tidal variations at Gori borehole (cm). The vertical line marks 

an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and earth tidal 

and the difference between them. 

 

4 days prior to the earthquake an anomaly was observed near Chkvishi borehole. Here a typical 

picture of Chkvishi station is shown before the earthquake expressed in sharp changing of the level. 

Chkvishi station is away 352 km from the earthquake epicenter, which occurred on 7 September 2016. 
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a                                                                    b 

Fig. 33 

a - Water level, atmospheric pressure and tidal variations at Chkvishi borehole (cm). The vertical line 

marks an earthquake. On abscise axis time is in hours. b- Speed factor of variations water level and 

earth tidal and the difference between them. 

 

Conclusions 

 

The results show that variations in hydrodynamic and geomagnetic parameters are caused by the 

earth stress. During normal period it change according tidal variation and has “background” value. 

“Anomalous” variations during preparation period of the seismic event demonstrated change above 

“background” value, as indicator of tectonic activity. Earthquakes with Magnitude 3-5, occurred during 

the observed time period on the territory of Caucasus.  Character of “anomalies” depended on energy 

of earthquakes. Period of “anomalies” varied between 2-5 days and the distance of influence changed 

between 200-500 km from the epicenter.   
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რეალური დროის მონაკვეთში. მონაცემები მუშავდებოდა სპეციალური პროგრამის 

მეშვეობით. გეოლოგიური ფაქტორების გავლენის გამოსარიცხათ სხვადასხვა სადგურების 

მონაცემები კალიბრებოდა მიმოქცევითი ვარიაციებით. გაანალიზდა პარამეტერბის 

ვარიაციები და რეაქციები მიწისძვრის მომზადების პროცესზე და ასევე მიწისძვრის წინ 

დაძაბულობის ველის რეალური სიდიდეები. 
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