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A b s t r a c t  

Based on the results of application of correlation analysis to records 
of the 2005 Mukacheve group of recurrent events and their subsequent 
relocation relative to the reference event of 7 July 2005, a conclusion has 
been drawn that all the events had most likely occurred on the same rup-
ture plane. Station terms have been estimated for seismic stations of the 
Transcarpathians, accounting for variation of seismic velocities beneath 
their locations as compared to the travel time tables used in the study. In 
methodical aspect, potentials and usefulness of correlation analysis of 
seismic records for a more detailed study of seismic processes, tectonics 
and geodynamics of the Carpathian region have been demonstrated. 

Key words: recurring earthquakes, waveforms, cross-correlation, reloca-
tion, station terms. 

1. INTRODUCTION 
The fact that records of some seismic events appear very similar to each other 
at the same station had been known almost since the beginning of instrumen-
tal observations. Explanation to the phenomenon was very simple – factors 
shaping the records, source and path effects must be the same, similar, or 
even identical in these events. It was not until digital records became availa-
ble en masse, along with adequate computing and storing facilities, however, 
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that an analysis of recurring events could be applied on a large scale to vari-
ous aspects of seismological research.  

In the majority of works (e.g., Shearer 1997, Waldhauser and Ellsworth 
2002, Shearer et al. 2005), the similarity of waveforms enabled, in particu-
lar, the more accurate picking of arrivals, especially in the noisy records, by 
comparing them with the records where arrivals appeared clearer, which, in 
turn, led to the improved accuracy of relative hypocenter locations. Some-
times, the results turned out just striking – the fuzzy clouds of hypocenters 
without any recognizable structure settled onto the well-defined planes, neat-
ly portraying the local tectonics after relocation with an application of re-
fined arrivals.  

Also, recurrent earthquakes were used to solve such diverse seismologi-
cal problems as inferring the fault slip rates at depth (Nadeau and McEvilly 
1999), determining the lower mantle heterogeneity (Tibuleac and Herrin 
1999), or monitoring velocity variations in the crust (Poupinet et al. 1984). 

In the present paper, we intended to find out what use can be derived 
from an analysis of the recurrent earthquakes occurring in the region of the 
East Carpathians, where digital recording lasts for almost a decade and the 
number of permanent seismic stations remains still insufficient to achieve 
uniform covering needed to secure such basic seismological tasks as deter-
mining of confident hypocenter depths, or fault plane solutions.  

2. DATA 
In the Transcarpathians, the most seismically active part of the region, where 
local sources capable of producing the MSK-64 intensity 7 are known (Bune 
and Gorshkov 1980), a cluster of similar events has been identified during 
2005. Earthquakes of different size, but not larger than MSH 1.8, have re-
curred almost a yearlong in the area of Kushtanovytsiya, near the city of 
Mukacheve. Some of them were felt as of intensity 3 to 5 and spawned a 
considerable anxiety among local citizens. The narrow area of macroseismic 
effects along with the small size of the earthquakes indicated relatively shal-
low source depths, within a few kilometers.  

Individual earthquakes had been registered by different configurations of 
the Carpathian net stations, some of them even by such relatively remote 
ones as Lviv (at the epicentral distance of ∼180 km) and others, including 
stations in the neighboring countries. Continuously, stations of the local net 
record at the rate of 0.2 s, and only after a signal of programmed discrimina-
tor the rate switches to 0.02 s. However, against a significant background of 
noise the discriminator is often unable to recognize smaller events. So, 
records of the Mukacheve earthquakes  were available  with sampling rate 
either of both 0.02 s and 0.2 s or of 0.2 s only. Again, due to noise, some of 
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the smaller earthquakes left completely unrecognizable in the 0.2 s records. 
And finally, some of the earthquakes were not recorded by some of the sta-
tions at all because of interruptions in their continuous operation during the 
period of the Mukacheve sequence.  

Unfortunately, most of the Carpathian net stations were (and still remain) 
located in inappropriately noisy environments. To worsen the things, the 
noise conditions appeared highly variable throughout a day and during long-
er intervals. That is why pre-filtering of records was used with caution and in 
the stations with known and stable parameters of noise only. In our study, 
Butterworth filter was applied with a band-pass between 0.5 and 3.5 Hz to 
0.02 s records, and between 0.5 and 2.0 Hz to 0.2 s ones.  

Fig. 1. Location of the Carpathian net stations and the background local seismicity. 
Displayed are almost 200 MSH = 0.6-3.9 earthquakes that have occurred during 
1996-2005 in the area between 47.74–49.0°N and 22.25–24.25°E (Pustovitenko 
1997, 1999-2006 and 2007).  Seismic stations are shown  with  the bold triangles, 
epicenters of the earthquakes – with the hollow circles.  The bold patterned line – 
approximate position of the Pieniny Klippen Belt associated with the deep crustal 
fault, the major element of the regional tectonics (Khomenko 1971, 1987). The fault 
separates the Pannonian depression (to SW) from the Folded Carpathians (to NE). 
The hollow square around MUKU – the source area of the 2005 Mukacheve series. 
International codes of the stations: UZH – Uzhgorod (48.63°N, 22.29°E), RAK – 
Rakhiv (48.06°N, 24.20°E),  MEZU – Mizhgirya (48.51°N, 23.51°E), MUKU – 
Mukacheve (48.45°N, 22.68°E), BRIU – Brid (48.35°N, 23.0°E), BERU – Berehove 
(48.25°N, 22.57°N), TRSU – Trosnyk (48.09°E, 22.96°N), KORU – Koroleve 
(48.15°N, 23.14°E), NSLU – Nyzhnye Selyshche (48.2°N, 23.46°E).  
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Table 1  
The bulletin source parameters of the 2005 Mukacheve earthquakes 

Date Source time 
[GMT] 

Epicenter coordinates Depth
[km] 

Magnitude Intensity 
MSK-64 ϕ λ MSH MD 

25 Mar 11h38m23.0s 48.47° 22.76° 7.6 1.3 (1) 2.4 (11) 3-5 
25 Apr 22  31  46.8 48.46  22.77  6.8 1.2 (1) 2.4 (6)   
  6 Jun 09  45  41.6  48.46  22.77  3.1  1.0 (1) 1.8 (9)   
22 Jun 15  32  17.0  48.50  22.81  2.3   2.5 (12)   
22 Jun 23  26  01.2  48.49  22.67  2.0   1.7 (6)   
  7 Jul 19  56  17.9  48.46  22.75  6.5 1.8 (1) 2.8 (9) 3 
  7 Jul 20  31  50.0  48.44  22.76  3.0   1.9 (6)   
  4 Aug 01  33  13.7  48.46  22.63  6.0   1.9 (3)   
  9 Sep 12  50  39.8  48.59  22.86  2.0   2.2 (7)   
31 Oct 19  33  08.9  48.44  22.73  6.7   2.1 (7)   
31 Oct 21  09  37.5  48.47  22.77  4.8   2.0 (7)   
31 Oct 21  10  51.4  48.40  22.74  1.3   1.6 (3)   
25 Nov 09  26  50.5  48.63  22.64  4.0   1.4 (3)   

Note: MSH is the magnitude from amplitude of horizontal component of shear waves, 
MD is the magnitude from the length of coda (Pustovitenko et al. 1983).  
In brackets the number of stations participating in magnitude estimation. 

Locations of the Carpathian net station along with the background local 
seismicity for the period of 1996-2005 are shown in Fig. 1. The catalogue 
data on the earthquakes are listed in Table 1 (Pustovitenko 2007). 

3. ESTIMATION  OF  RELATIVE  ARRIVALS 
Cross-correlation analysis of the Koroleve waveforms 
(some technical aspects) 
The more accurate picking of arrivals in the records of repeating earthquakes 
based on the similarity of their waveforms enables to improve both relative 
and absolute location of the events (Shearer 1997). Since a relatively small 
number of earthquakes in the Mukacheve series and due to the fact that reli-
able Pg and Sg arrivals were only available for the earthquake of 7 July 
2005, the largest one in the series, we have set out to refine the location of 
the earthquakes relative to the latter. The technique of improved picking of 
arrivals can be most easily described practically, taking a case of the station 
Koroleve, known to possess the most favorable observational conditions of 
all the stations of the Carpathian network. Almost all earthquakes from the 
series have been recorded by the station at a rate of 0.02 s. The distance be-
tween the epicenter area of earthquakes and the station was around 40 km. 
According to travel time tables of Kutas et al. (1999), the delay of Sg arrival 
relative to Pg  would be more  than 6.5 s at that distance,  which corresponds 
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to more than 300 samples of the 0.02 s trace. Such a length of a series must 
be sufficient for the statistically reliable estimation of the cross-correlation 
function between the segments of traces, and, therefore, for independent 
identification of Pg and Sg arrivals. For this purpose, cross-correlation func-
tion has been calculated between vertical components of the Koroleve veloc-
ity records windowed from 1 s before to 5 s after the bulletin (Pustovitenko 
2007) Pg arrivals, peak values of the function identified, along with relative 
shifts they correspond to (Table 2, Fig. 2). In the table, positive elements 
imply that the correlation function was peaking when record in a column 
shifted by a corresponding number of samples to the right relative to one in a 
row,  and negative – to the left,  respectively.  The zero value  of the element 
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Fig. 2. Vertical components of the 0.02 s Koroleve velocity records windowed from 
1 s before to 5 s after the bulletin Pg arrivals (a) and the Pg arrivals adjusted relative 
to that of the reference earthquake of 7 July-1 (b). The dates of the 2005 Mukacheve 
earthquakes are indicated. Records are normalized relative to their highest amplitude 
within a window. 

Table 2  
The peak values of cross-correlation function (left) between vertical components 

of the 0.02 s Koroleve records windowed from 1 s before to 5 s after  
the bulletin Pg arrival (Fig. 2a) and the corresponding relative shifts (right).  

Shadowed are the data of the reference event. 

  2 3 4 5 6 7 8  2 3 4 5 6 7 8 
25 Mar 1 .67 .52 .84 .88 .32 .52 .30 1 7 41 27 11 -33 32 -23 
25 Apr 2  .43 .69 .70 .30 .37 .27 2  33 20 4 -40 24 46 
06 Jun 3   .55 .57 .26 .43 .24 3   -14 -30 32 -9 11 
22 Jun 4    .90 .30 .56 .34 4    -16 -60 4 26 
07 Jul-1 5     .37 .59 .27 5     -44 20 41 
07 Jul-2 6      .40 .30 6     -25 -20 
31 Oct-1 7       .42 7     21 
31 Oct-2 8        8        

                                                                    (a)                                                                           (b) 
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implies a zero shift. When a record is shifted to the right relative to the refer-
ence one, the arrival time in it could be adjusted by subtracting the amount 
of shift. And, vice versa, when a record is shifted to the left, the amount of 
shift should be added. 

At that stage, it was important to decide which of the records would be 
considered correlated (e.g., similar) and which of the adjusted arrivals is re-
liable. In our study, we did not engage any formal criteria of correlativeness 
(like threshold values of the correlation coefficient, for instance). The low 
values of correlation could naturally result from the presence of uncorrelated 
noise. Often, due to a different signal to noise ratio, the records with no dis-
tinctive correlation at a particular station appeared highly correlated at 
another one. Again due to the same cause, the correlation was, as a rule, 
lower around the Pg arrival than around Sg within the same pairs of earth-
quakes. A high correlation between records might also result from the pres-
ence of noise – even the implementation of threshold values of correlation 
alone could not help to solve the problem without application of further scru-
tiny with additional criteria.  

Handling a dilemma of whether the adjusted arrivals could be rendered 
consistent or not, we relied basically on visual analysis of records window-
ing them around the adjusted arrival times of a particular phase  (Fig. 2b). 
Estimating the table of relative shifts between records we were also able to 
sort out whether the correlation was incidental. Indeed, it would be natural to 
expect that all the records windowed around the adjusted arrival times will 
best correlate with each other at a zero shift. However, it was known from 
the experience of similar studies (Shearer 1997) that despite a high correla-
tion inside event pairs (A, B) and (B, C), event A would not necessarily cor-
relate equally well with event C and at the consistent shift (as in column 8 of 
Table 3, for instance). To resolve the problem, Shearer (1997) suggested 
consecutive linking the events into a tree depending on correlation between 
them. However, when a threshold value of cross-correlation was engaged it 
was not always possible to construct a tree containing all events (and a refer-
ence event as well). In our study, we applied only some elements of the tree, 
when correlation between an event and the reference one appeared uncertain 
or the amplitude of the estimated shift violated obvious kinematic con-
straints. In such cases, the arrival was adjusted to one of other earthquakes, 
better correlated with the both. 

In Table 3, six of eight events appear to correlate with each other (as 
well as with the reference event of 7 July-1) well and without a shift. Ambi-
guous remained only arrivals of 7 July-2 and 31 October-2. The first one 
correlated with the reference event at a maximum of 0.40 and the second one 
– of 0.28. Both events correlated with other 4 events without a shift (or at a 
relatively modest one) and with the remaining 3 events (and with each other) 
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Table 3  
The peak values of cross-correlation function (left) between vertical components 

of the 0.02 s Koroleve records windowed from 1 s before to 5 s after 
the adjusted Pg arrival (Fig. 2b) and the corresponding relative shifts (right). 

For more details see the caption to Table 2. 

Table 4  
The peak values of cross-correlation function (left) between EW components 

of the 0.02 s Koroleve records windowed from 1 s before to 5 s after 
the bulletin Sg arrival (Fig. 3a) and the corresponding relative shifts (right). 

For more details see the caption to Table 2. 

 
– at relatively large shifts of different sign, which could be indicative of in-
cidental character of the related maxima of cross-correlation function. For 
a firmer confidence, it might be reasonable to check out the secondary max-
ima of the correlation function too – although we left that as an option  for 
future. 

The same routine of analysis was then applied to EW components of the 
Koroleve velocity records, peak values of the cross-correlation function and 
the corresponding relative shifts estimated, along with adjustments to the 
bulletin Sg arrivals (Table 4, Fig. 3). In the table, all event pairs appear high-
ly correlated with each other, which removes all uncertainty that remained 
regarding the events of 7 July-2 and 31 October-2, resolving the question of 
their membership in the study group of recurrent events. Also, doubts did not 

  2 3 4 5 6 7 8  2 3 4 5 6 7 8 
25 Mar 1 .68 .56 .88 .90 .33 .66 .25 1 0 0 0 0 0 1 –62 
25 Apr 2  .48 .72 .71 .27 .46 .29 2  –1 0 0 –49 0 1 
06 Jun 3   .58 .62 .34 .40 .20 3   0 0 1 1 41 
22 Jun 4    .92 .34 .60 .37 4    0 0 0 1 
07 Jul-1 5     .40 .64 .28 5     0 0 0 
07 Jul-2 6      .33 .29 6     –92 26 
31 Oct-1 7       .35 7     0 
31 Oct-2 8        8        

  2 3 4 5 6 7 8  2 3 4 5 6 7 8 
25 Mar 1 .92 .91 .96 .91 .87 .80 .76 1 –28 21 11 7 –19 7 14 
25 Apr 2  .93 .90 .89 .82 .77 .76 2  48 39 35 8 35 42 
06 Jun 3   .95 .91 .81 .78 .74 3   –10 –14 –40 –14 –6 
22 Jun 4    .92 .81 .78 .73 4    –4 –30 –4 3 
07 Jul-1 5     .88 .74 .69 5     –26 0 7 
07 Jul-2 6      .66 .63 6     26 34 
31 Oct-1 7       .76 7     7 
31 Oct-2 8        8        
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Fig. 3. Components EW of the 0.02 s Koroleve velocity records windowed from 1 s 
before to 5 s after the bulletin Sg arrivals (a) and the Sg arrivals adjusted relative to 
the arrival of 7 July-1 (b). The dates of the 2005 Mukacheve earthquakes are indi-
cated. Records are normalized relative to their highest amplitude within a window. 

Table 5  
The peak values of cross-correlation function (left) between EW components 

of the 0.02 s Koroleve records windowed from 1 s before to 5 s after 
the adjusted Sg arrival (Fig. 3b) and the corresponding relative shifts (right). 

For more details see the caption to Table 2. 

 
arise concerning the adjusted Sg arrivals estimated for these events. It is 
worth noting that the table of relative shifts estimated for the records win-
dowed around the adjusted Sg arrival times looks almost ideally too (Ta-
ble 5, Fig. 3). Finally, the Koroleve bulletin (Pustovitenko 2007) and 
adjusted Pg and Sg arrival times of the Mukacheve earthquakes are listed in 
Table 6. Listed are also the delays of Sg arrivals relative to Pg, measuring 
the hypocenter distance. For the bulletin arrivals the delay fell between 5.9 
and 7.0 s, whereas for the adjusted ones – from 6.58 to 6.64 s. The most re-
markable was that for four of the events, with arrivals estimated most relia-
bly, the delays have appeared identical with accuracy beyond its threshold 
limited to the sampling rate  of 0.02–6.62 s.  In a homogeneous medium with 

  2 3 4 5 6 7 8  2 3 4 5 6 7 8 
25 Mar 1 .93 .93 .97 .92 .88 .79 .76 1 0 0 0 0 0 0 0 
25 Apr 2  .97 .94 .90 .81 .79 .78 2  –1 0 0 –1 0 0 
06 Jun 3   .95 .92 .83 .79 .73 3   0 0 0 0 1 
22 Jun 4    .93 .85 .78 .73 4    0 0 0 0 
07 Jul-1 5     .90 .74 .70 5     0 0 0 
07 Jul-2 6      .67 .65 6     0 1 
31 Oct-1 7       .76 7     0 
31 Oct-2 8        8        

                                                                    (a)                                                                           (b) 

Unauthenticated
Download Date | 12/17/15 7:12 AM



A. GNYP 

 
338

Table 6  
The bulletin and adjusted arrival times Pg (TP) and Sg (TS) at the station Koroleve. 

Shadowed is the row of reference event,  ΔTSP  = TP – TS 

Date 
Bulletin arrival time at Koroleve

[GMT] ΔTSP
[s] 

Adjusted arrival time at Koroleve
[GMT] ΔTSP 

[s] 
TP TS TP TS 

25 Mar 11h38m31.1s 11h38m37.8s 6.7 11h38m31.32s 11h38m37.94s 6.62 
25 Apr 22  31  55.0  22  32  01.0  6.0 22  31  55.08  22  32  01.70  6.62 
  6 Jun 09  45  50.6  09  45  56.9  6.3 09  45  50.00  09  45  56.62  6.62 
22 Jun 15  32  25.3  15  32  31.7  6.4 15  32  24.98  15  32  31.60  6.62 
  7 Jul 19  56  25.9  19  56  32.5  6.6 19  56  25.90  19  56  32.50  6.60 
  7 Jul 20  31  56.8  20  32  03.8  7.0 20  31  57.67  20  32  04.31  6.64 
31 Oct 19  33  16.7  19  33  22.9  6.2 19  33  16.30  19  33  22.91  6.61 
31 Oct 21  09  45.8  21  09  51.7  5.9 21  09  44.98  21  09  51.56  6.58 

 
pressure wave velocity of 4 km/s and  vP/vS = 1.73, a delay difference of 
0.02 s corresponds to distance interval of about 100 m. Purely qualitatively 
assessing a possible break length in the earthquake sources of the related 
magnitude range as of ∼1 km, a conclusion gets obvious that all the earth-
quakes from the Mukacheve group have occurred on the same rupture plane. 

Estimation of arrivals at the rest of the Carpathian net stations 
Then, correlation analysis has been performed for the rest of the net stations: 
Mukacheve, Brid, Mizhgirya, Trosnyk, Nyzhnye Selyshche (over the 0.02 s 
records); Uzhgorod, Berehove, Rakhiv, Mizhgirya, Trosnyk (over either 
0.02 s and 0.2 s records or only the 0.2 s ones). Merely with a purpose of 
space saving, tables of adjusted arrival times are not displayed for each sta-
tion. It would be admitted only that delays of Sg arrivals relative to Pg esti-
mated from 0.02 s records also fell within extremely narrow ranges in these 
stations: 3.00–3.04 s in Brid, 7.92–8.00 s in Mizhgirya, 1.30–1.32 s in Mu-
kacheve, and 6.98–7.00 s in Trosnyk. 

Analysis of Pg arrivals separately of Sg in the 0.2 s records appeared 
problematic. Due to rare sampling of 0.2 s there were only a few tens of 
samples in the portions of traces between the arrivals in most of the stations. 
Such a length of a series was insufficient for the statistically reliable estima-
tion of correlation function, and – as a consequence – for independent identi-
fication of Pg arrivals. Instead, Sg arrivals in these records could be analyzed 
without limiting the length of a series. Expanding a window length even to 
40 s (200 samples) we did not observe any significant correlation drop. 
Which also is clear, the accuracy of arrivals estimated from 0.2 s records was 
10 times lower than from 0.02 s ones.  
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4. RELOCATION  OF  THE  EARTHQUAKES 
After application of correlation adjustments, Pg and Sg arrivals (in some 
records, as it was mentioned, only Sg) of the earthquakes of 25 March, 
25 April, 6 June, 22 June-1, 22 June-2, 7 July-2, 31 October-1, 31 October-2, 
and 31 October-3 were used to relocate them relative to the earthquake of 
7 July-1. The events of 4 August, 9 September, and 25 November, with 
sources in the same epicenter area (Table 1), had dropped from further anal-
ysis due to uncertain correlation with the reference earthquake or the lack of 
reliable arrivals.  

In relocation, a relatively simple algorithm DETECT_PI was applied ex-
ploiting a well known least square scheme of Tarantola and Valette (1982) in 
minimizing the misfits between the observed arrival times and the times es-
timated from empirical travel time tables.  In the algorithm, the input empiri-
cal time tables of Pg, Sg, Pn, and Sn arrivals for several source depths (for 0, 
6, 10, and 33 km in the tables used in our study) are approximated linearly in 
the point  of the initial source time, depth,  and horizontal location.  Then the 

Fig. 4. Epicenter locations of the 2005 Mukacheve earthquakes: the full squares – 
the bulletin (Pustovitenko 2007) epicenters, the full diamond – the bulletin epicenter 
of the reference earthquake; the empty squares – the epicenters relocated with appli-
cation of adjusted arrivals, the empty diamond – epicenter of the reference earth-
quake relocated with the same configuration of stations as the rest of the earthquakes 
(Table 7). In the background: the hollow up triangle – Mukacheve (MUK) station; 
the thick dashed lines – faults in the pre-Neogenic basement; the thick square dot 
line (in the bottom left) – major tectonic faults; the thick round dot line – the south-
ern contour of the Vyhorlat-Huta volcanic ridge overlying the Neogenic basement. 
Elements of the local tectonics are according to Khomenko (1971, 1987). 
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travel time misfits are calculated and the system of linear equations with di-
mensions depending on the number of available arrivals is solved to deter-
mine the next best fitting location and time. The search is repeated until the 
prescribed misfit threshold is met in a least square sense. Although many 
much more advanced and sophisticated packages for earthquake location are 
available today, I have chosen the DETECT_PI, developed in the Institute of 
Geophysics, National Academy of Sciences of the Ukraine, more than a 
couple decades ago, due to its stability and fast convergence, as well as its 
simplicity and reliability, enabling the user to directly control the procedure 
and easily manipulate data. 

Given the insufficient number of arrivals and sometimes significant in-
consistencies between travel time tables of Kutas et al. (1999) and the real 
velocity structure between the source region and the stations located in high-
ly variable crustal environments, the source depths remained constrained in-
sufficiently. However, from the earlier analysis it was already clear that both 
horizontal and vertical positions of the sources could not vary more than 
within a few hundred meters. So, we decided to fix a depth at 3.8 km, infer-
red from macroseismic data available for some of the earthquakes (Table 1). 

Table 7  

The bulletin epicenters of earthquakes, the epicenters relocated with application 
of adjusted arrivals (C, Fig. 4), with application of adjusted arrivals 

and the mean arrival residuals CM1 (Table 8, Fig. 5), as well as adjusted arrivals 
and the station terms CM3 (Table 8, Fig. 5). 

The source depth is fixed at 3.8 km, Δϕ and Δλ – estimations of the RMS values 
of latitude and longitude error in the positions of final epicenters (CM3). 

Date 
Bulletin Relocated (С) Relocated (СМ1) Relocated (СМ3) 

ϕ 
[deg] 

λ 
[deg]

ϕ 
[deg] 

λ 
[deg]

ϕ 
[deg] 

λ 
[deg] 

ϕ 
[deg] 

Δϕ 
[km] 

λ 
[deg] 

Δλ 
[km] 

25 Mar 48.47 22.76 48.481 22.777 48.474 22.771 48.469 0.26 22.767 0.14 
25 Apr 48.46 22.77 48.477 22.793 48.469  22.775 48.467 0.38 22.770 0.24 
  6 Jun 48.46 22.77 48.470 22.780 48.470 22.780 48.469 0.20 22.775 0.11 
22 Jun 48.50 22.81 48.487 22.776 48.472 22.773 48.469 0.14 22.773 0.08 
22 Jun 48.49 22.67 48.488 22.767 48.478 22.768 48.475 0.13 22.771 0.07 
  7 Jul 48.46 22.75 48.479 22.787 48.469 22.773 48.466 0.39 22.768 0.24 
  7 Jul 48.44 22.76 48.468 22.781 48.467 22.767 48.462 0.15 22.768 0.07 
31 Oct 48.44 22.73 48.477 22.773 48.477 22.775 48.475 0.16 22.774 0.10 
31 Oct 48.47 22.77 48.474 22.771 48.476 22.771 48.474 0.36 22.771 0.23 
31 Oct 48.40 22.74 48.482 22.776 48.476 22.771 48.476 3.56 22.772 1.40 
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As it might be expected, the relocated epicenters had occurred much 
closer to that of the reference earthquake than in the bulletin (Fig. 4, 
Table 7). While the bulletin epicenters were scattered within a range of 
∼15 km, the relocated ones – within ∼3 km only. The fact that the largest dis-
tance between relocated epicenters still remained much larger than that esti-
mated earlier from the differences between the adjusted Sg-Pg delays would 
naturally  be attributed  to  inconsistencies  in  the travel  time tables.  We 
decided to improve the situation  by introducing station terms  that would 
account for travel time residuals between the tables and the real velocity 
structure between the sources and the stations. (As a rule, station terms are 
estimated with the use of events located at different azimuths from the sta-
tion. In that case, the terms contain variations in the portions of velocity 
structure ray paths traverse only immediately beneath the station and can lat-
er be used without limitations on the event’s azimuth.) Introduction of the 
station terms looked relevant also in a view of the fact that travel time resi-
duals for individual events occurred  very close to each other  at the same 
stations.  Location of epicenters  after adding median (L1-norm) values of 
residuals  determined  over  9  of  the Mukacheve events  (CM1)  to  their 
observed arrival times is shown in Fig. 5  (Tables 7 and 8).  Again, scattering 

Fig. 5. Epicenters of the 2005 Mukacheve earthquakes relocated with application of 
adjusted arrivals (the hollow squares and the diamond, same as in Fig. 4), with ap-
plication of adjusted arrivals and the arrival residuals CM1 (Tables 7, 8) (the 
crosses,  along with the epicenter of the reference earthquake),  as well as adjusted 
arrivals and station terms CM3 (Tables 7, 8) (the circles, along with the epicenter of 
the reference earthquake). In the background: the thick dashed line – the Mukacheve 
fault in the pre-Neogenic basement (Khomenko 1971, 1987). 

48.4

48.48 

22.76 22.78 22.80 

1 km 
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Table 8  
The median arrival residuals CM1 and the station terms CM3 estimated 

after the adjusted arrivals of the Mukacheve earthquakes. 
The positive term should be subtracted from the observed arrival time 

(the travel time table of Kutas et al. 1999 is too fast), 
the negative – added (the table is too slow). The source depth is fixed at 3.8 km. 

Station 
Station coordinates Epicentral

distance 
[km] 

Phase CM1
[s] 

CM3 
[s] φ 

[deg] 
λ 

[deg] 

Mukacheve (MUKU) 48.45 22.68 6.7 Pg 
Sg 

 0.25
0.33 

 0.22 
0.34 

Brid (BRIU) 48.35 23.00 21.5 Pg 
Sg 

 0.26
0.14 

 0.25 
0.23 

Berehove (BERU) 48.25 22.57 29.2 Pg 
Sg 

-0.43
-0.32 

-0.45 
-0.20 

Uzhgorod (UZH) 48.63 22.29 39.6 Pg 
Sg 

-0.05
0.16 

-0.04 
0.24 

Trosnyk (TRSU) 48.09 22.96 43.6 Pg 
Sg 

-0.22
0.68 

-0.11 
0.76 

Koroleve (KORU) 48.15 23.14 44.7 Pg 
Sg 

-0.42
-0.08 

-0.41 
0.05 

Mizhgirya (MEZU) 48.51 23.51 55.4 Pg 
Sg 

-0.18
0.21 

-0.13 
0.27 

N. Selyshche (NSLU) 48.20 23.46 59.1 Pg 
Sg 

-0.09
0.20 

-0.18 
0.24 

Rakhiv (RAK) 48.06 24.20 115.7 Pg 
Sg 

-1.00
-1.00 

-1.33 
-1.58 

of the epicenters became narrower with the largest distance between them 
lesser than ∼1.5 km. Then, the iterations repeated two times. The location of 
epicenters after the third step is shown in Fig. 5 (Table 7). Comparing the lo-
cations of the epicenter groups in Fig. 5 their systematic migration to the 
south can be admitted, closer to their inferred macroseismic location around 
48.44°N and 22.79°Ε. From Table 8, where the first step residuals, CM1, 
and their sum after the three steps, CM3, are shown, a conclusion could be 
drawn that since the changes appeared insignificant, further iterations were 
impractical. 

5. DISCUSSION  AND  CONCLUSIONS 
The fact that refined epicenters of the 2005 Mukacheve recurrent earth-
quakes have not finally aligned with projection of a hypothetical single rup-
ture plane can be attributed to their still insufficient accuracy. Beyond the 
factors already mentioned, the accuracy could be affected by that of the cor-
relation corrections themselves (that could not be better than 0.2 s in the 
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0.2 s records). Also, it was prone to differences in the configuration of sta-
tions used in relocation of individual events. For technical reasons, not all 
the events had been recorded by some of the stations even in the 0.2 s for-
mat. On the other hand, some of the noisy arrivals remained impossible to 
pick even with correlation analysis. Inconsistencies in the travel time tables, 
even with application of station terms, affected the locations determined with 
different configurations of the stations in a different ways, however. Again, a 
minimum configuration for all of the events proved impossible to refine be-
cause of insufficient number of data. 

From an oblate-ellipsoidal shape of the area within which the relocated 
epicenters are scattered in Fig. 5, a conclusion might be drawn out that their 
hypothetical shared rupture plane stroke NE. Indeed, according to the local 
tectonic data (Khomenko 1971, 1987) the Mukacheve fault is present within 
the pre-Neogenic basement here, directed exactly NE (Figs. 4 and 5). Taking 
into account the schematic character of the tectonic elements in Figs. 4 and 5 
and the magnitudes of the horizontal relocation errors (indicated in Table 7) 
it becomes apparent that the scatter area of the final epicenters, represented 
with the hollow circles in Fig. 5, almost coincides with the strip area of the 
fault, which is quite wide indeed. However, there are multiple fault patterns 
of variable age, associated with different geologic systems, imposed on and 
intersecting each other within and around the source zone of the 2005 Muka-
cheve series (Fig. 4) (Khomenko 1971, 1987), which, again taking into ac-
count the magnitudes of horizontal errors, precludes unequivocal attaching 
of the earthquakes just to the Mukacheve fault.  

Unfortunately, the fault plane solutions, which might be helpful in con-
straining the source mechanisms, are also lacking. Since most of the local 
earthquakes are of a small size, the polarity of their first arrivals is left al-
most completely unrecognizable against relatively large amplitudes of noise 
at local seismic stations. It seems that correlation analysis of recurrent wave-
forms may be helpful for identifying the polarities too; we are going to ad-
dress this problem in our further studies. 

Returning to analysis of Table 8, the absence has to be admitted of dis-
tinct correlation between the magnitude of station terms CM3 and the epi-
central distance to the Mukacheve earthquakes. The latter may be in favor of 
a suggestion that the terms can further be applied on a regular basis to station 
arrivals of the local events with sources at similar depths (of ∼3.8 km). Some 
cautions might persist only regarding the terms estimated for the station 
Rakhiv at –1.33 s for the Pg arrivals, and –1.58 s for Sg. The terms would be 
added (with a sign “+”) to the arrival times of related phases observed at the 
station which means that the tables of Kutas et al. (1999) are too slow for the 
station. The most worrisome appeared the terms’ magnitudes. However, 
based on our previous experience with relocation of events from various epi-
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central areas with the use of the Rakhiv arrivals and the tables of Kutas et al. 
(1999) we arrive at a conclusion that the terms seem quite realistic, with 
their magnitude indicating a much faster (as compared to the tables) velocity 
structure beneath and around the station. 

In this article we have presented a procedure of correlation analysis of 
the 2005 Mukacheve recurrent earthquakes in much detail. Although tech-
nical aspects of analysis appeared very simple and the number of data was 
rather modest (as compared to studies mentioned above) its results still 
enabled us to draw some valuable inferences on the nature of the related 
sources. And although assumptions exploited in some applications of corre-
lation analysis to recurrent events still need to be clarified better we believe 
that its effectiveness has been proved in many aspects of seismological re-
search with its potentials explored still incompletely both in theoretical and 
applied aspects.  
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