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Abstract: The initial scientific studies performed in the framework of the research project "Multidisciplinary study on the active geodynamic setting of Southwestern Bulgaria" (Project funded by the Scientific Research Department at the University of Architecture, Civil Engineering and Geodesy, Sofia) are presented. The establishment of a geodynamic network that covers the main tectonic structures in the region of Southwestern Bulgaria is of great importance. The paper gives the main geological features, an analysis of the seismic data for the last 10 years, the stages of planning and setting up the GPS network. The first GPS campaign performed in August-September 2001 is briefly outlined. We expect in the framework of this project to establish the present-day kinematics in the studied region. The obtained results can be used to bring up-to-date assessment of the seismic risk and the seismic zoning of that part of the country. 
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1. Introduction
Southwestern (SW) Bulgaria is the region of the most expressed tectonic and seismotectonic activity on the whole territory of Bulgaria (Shanov et al., 2001). The area belongs to the zone of recent extension of the Earth’s crust with complex interference of horizontal and vertical movements of the geological structures (Zagorchev, 1992, 2001). The data confirm the recent activity of the fault structures, which have been formed in Late Neogene and Quaternary times and are mostly geological and seismotectonic ones (Tzankov et al., 2000). The recent tectonic activity is closely connected with the high seismicity in the region under investigation. The strongest earthquake for the last two centuries in Europe occurred here in the region of Kroupnik-Kresna. Till now the scientific studies have been mainly devoted to the Neogene-Quaternary tectonics and the recent seismicity. The region of SW Bulgaria has been well investigated geologically and seismically. A complex scientific study has been performed in the framework of the project "ASPELEA", a part of COPERNICUS program of the European Union. Numerous generalizing papers on the earthquake sources in the Kroupnik-Kresna area are published during the last years on the basis of all geological, seismological and other known geophysical data (Sledzinski, 2000).

Further clarifying and development of the geodynamic settings in the region and of the geological hypothesis are hampered because of insufficient geodetic information about the recent crustal movements. That is the reason a research team including specialists from the Department of Geodesy at the University of Architecture, Civil Engineering and Geodesy, the Central Laboratory of Geodesy, the Geological and Geophysical Institutes at the Bulgarian Academy of Sciences to develop the scientific project "Multidisciplinary study on the active geodynamic setting of Southwestern Bulgaria". The main scientific goal of the project is to establish the present-day kinematics in the SW Bulgaria region. A combination of advanced geodetic, geological and geophysical methods will be used to investigate the recent tectonics of the region (Gospodinov et al., 2001).

The establishment of a geodynamic network that covers the main tectonic structures in the region is of great importance. The paper presents the main geological features, analysis of the seismic data for the last 10 years, the stages of planning - choice of the point’s location and setting up the GPS network. The first GPS campaign performed in August-September 2001 is briefly outlined.

2. Geological features


SW Bulgaria comprises the territory south of Vitosha and Plana Mountains and west of Rhodope Mountains. The deeply cut relief of this region includes the highest Bulgarian Mountains of alpine type - Rila and Pirin, many moderately high to low mountain massifs and the hilly and depressed regions. SW Bulgaria is an area with varied relief structures, which at present are subject to horizontal and vertical movements with different intensity. The neotectonic investigations of SW Bulgaria are presented most completely by Zagorchev (1992, 2001). The analysis of the geological information for the period from Late Miocene time till now shows that the region is a subject to a relative extension. In the period of the Young-Alpine tectonic stage the main blocks were divided into parts - Vlahina, Ograzhden, Rila, West Rhodope and Pirin. The horst structures formed (Osogovo, Vlahina, Kresna, Belasitsa, Rila, Pirin, etc.) and the graben structures (Dupnitsa, Simitli, Razlog, etc.) are characterized by intensive horizontal and vertical movements in conditions of dominant extension for the whole neotectonic stage. The vertical movements, as most intensive, form the pattern of the area. The movements of the Pirin block are especially expressive – during the neotectonic stage it has been uplifted with respect to the Sandanski graben with about 2-3000 m. The displacements between the Rila horst and the Blagoevgrad graben are also intensive. In recent times, after Pliocene, the Belasitsa horst is undergoing intensive uplift with regard to the Strumeshnitsa graben.

The main block structures in the studied region are: Vlachina horst, Lisiya horst, Ograzhden horst, Struma graben system (Blagoevgrad and Sandanski grabens), Rila horst, Pirin horst, Mesta graben system (Razlog and Gotse Delchev grabens) and West Rhodope horst. Lower order blocks are: Simitly graben, Kresna horst, Strumeshnitsa graben, Belasitsa horst, Mesta horst, Beslet horst and Dospat graben (see Fig. 1).
Localization of the active faults is one of the main tasks of the research project. According to a detailed geological study made in the framework of the “ASPELEA” project (see for example Shanov et al., 2001) and the field investigation during the GPS network design, the main recent active and the potentially active fault structures are summarized in the First project report "Multidisciplinary study on the active geodynamic setting of Southwestern Bulgaria" (2002). They are:

( Klisura fault (Vrabljanski, 1977). The fault bounded the Rila horst to the northwest. Intensive movements during Pliocene and Quaternary times (about 1600-1800m uplifting of Rila horst with respect to the Valley of Dzherman River). It is a recent active fault;
( West-Rila fault zone (Vrabljanski, 1977). The fault zone is the western boundary of the Rila horst to the Blagoevgrad graben. There were intensive movements during the Late Miocene to the end of Pliocene (about 2700m uplifting of Rila horst relative to the Blagoevgrad graben);
( Lisiya fault zone (Zagorchev, 1971). The fault zone bounds the Vlahina horst to the east from Blagoevgrad graben. It was active during the Miocene time;
( Kroupnik fault (Vrabljanski, 1974). The fault bounds the Kresna horst to the north from Simitli graben. There were intensive movements during the Pliocene and Quaternary times. It is a recent active fault and during the earthquake on 04.04.1904 surface ruptures about 2m high were formed;

( West-Pirin fault zone (Zagorchev, 1970, 1971; Vrabljanski, 1974). The fault zone bounds the Pirin horst to the west from Sandanski graben. There were intensive movements during the Late Miocene to the Pleistocene (about 3000 m uplifting of Pirin horst relative to the Sandanski graben);

( Ograzhden fault (Zagorchev, 1970, 1971). The fault bounds the Ograzhden horst to the east. It is active during the Late Pliocene;

( Petrich fault (Ignatovski, 1968). The fault bounds the Belasitsa horst to the north from Strumeshnitsa graben; there were intensive movements during the Pliocene and Quaternary time. It is a recent active fault;
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Fig. 1. Scheme of the main block structures and faults in the region of SW Bulgaria

( Predela fault (Grigorova et al., 1966). The fault bounds the Pirin horst to the northeast from Razlog graben; there were most intensive movements during the Quaternary time. It is a recent active fault;

( Semkovo fault. The fault bounds the Rila horst to the south from Razlog graben; there were intensive movements during the Late Miocene and Pliocene;
( Osenovo-Ribnovo fault zone (Stojanov et al., 1974; Vrabljanski, 1975). The fault bounds the West Rhodope horst to the west from Mesta graben system. The intensive movements started during the Oligocene and continued during the Neogene (about 1800m uplifting of the West Rhodope horst relative to the Mesta graben system);

( East-Pirin fault zone (Zagorchev, 1971; Zagorchev et al., 1974; Stojanov et al., 1974). The fault bounds the Pirin horst to the east from Mesta graben system. There were intensive movements during the Pliocene and the Pleistocene time;

( Gotse Delchev fault (Zagorchev et al., 1974; Stojanov et al., 1974). The fault bounds the Pirin horst to the east from Gotse Delchev graben. There were intensive movements during the Pliocene and the Pleistocene time;

( Ognyanovo-Ilindentsi fault zone (Nikolov, 1994). The fault zone cuts Osenovo-Ribnovo fault zone and Gotse Delchev fault. It determines the Quaternary evolution of Gotse Delchev graben. It is a recent active zone;

( Dospat fault (Jaranoff, 1956). The fault zone separates Beslet horst from West Rhodope horst. Along the fault the narrow Dospat graben is formed. There were intensive movements during the Pliocene and the Pleistocene time and less expressive movements during the Quaternary time.

According to the geological data the horizontal movements both between the Lisiya and Rila horsts and between the Ograzhden and the Pirin horsts are expected to be confirmed as a result of the recent activity of the West-Rila and West-Pirin fault zones; also the horizontal movements between the Pirin horst and the West-Rhodope horst as a result of the recent activity of the Osenovo-Ribnovska fault zone and the Gotse Delchev fault; and finally the horizontal movements along the Kroupnik and Predela normal faults.

3. Seismic data

SW Bulgaria is one of the most active parts of the highly seismic North Aegean area. In the beginning of the last century, two catastrophic earthquakes occurred followed by a long-term seismic activity. The earthquake on 04.04.1904 with magnitude 7.8 in the region of Kroupnik is one of the strongest shallow earthquake in Europe in the last two centuries (Christoskov, 1999). There are data about very strong earthquakes in SW Bulgaria before the XX century (as early as 52 A.D.) but their common characteristic is the low reliability of the scarce information since historic times.

After the 1904 aftershock sequence, the seismic activity in SW Bulgaria is lower but it has a prime role in the determination of the seismic view of the whole country. The most active seismogenic structures are located in the Struma seismic zone and they are of a subequatorial orientation. This is manifested by the high intensity of macroseismic isolines of the catastrophic Kroupnik earthquake as well as in the macroseismic field of the smaller earthquakes. The distribution of the small earthquakes in this region, registered by high-precision seismographs in the last 20 years, also shows the seismogenic structures with direction WSW-ENE (Botev, 2000). The higher concentration of seismic events is observed close to the faults: Kroupnik, Kyustendil, Predela, Osenovo-Ribnovska fault zone, Gotse-Delchev and West Pirin fault zone.

The results of the seismic hazard assessment of SW Bulgaria show a high potential seismic risk for the investigated region (Bonchev et al., 1982, Papazachos et al., 1994). The spatial coincidence of the area with the biggest density of the active faults with the area of the strongest seismic activity marks a high correlation between the realization of the seismic events and the evident tectonic deformation. 

The high sensitivity of the seismographs and the location of the investigated region relative to the seismic network geometry of the National Operative Telemetric System for Seismologic Information (NOTSSI) allow a registration of about 4800 seismic events with magnitude M > 0.1. A detailed analysis of the seismicity for the period 1990-2001 in the SW Bulgarian region and the adjacent lands was presented in the First Year Project Report (Project Report for 2001, 2002). Most of the seismic events (98%) during this period are of a micro-earthquake category (M < 3.0). On Fig. 2 the seismic events with a high accuracy of the hypocentral parameters (M > 2.5), which are registered by almost all seismic stations of NOTSSI, are shown.

The depth distribution of the seismic events during the period 1990-2001 shows that nearly all earthquakes are realized at no more than 20 km depth (Project Report for 2001, 2002). The abrupt decreasing of the earthquakes’ number with depth confirms the rule of an easy stress release in the surface layers. The seismic events’ distribution according to the magnitude in depth shows a concentration between 10 - 15 km. Most of the strongest earthquakes in the region occured in the same depth range. The mean depth of the strongest earthquakes (M > 3.6) is 12 km. The magnitude of the seismic events decreases with the depth increase.

The time distribution of earthquakes for the period 1990-2001 does not allow finding out any quasi-periodic character of the events (Project Report for 2001, 2002). We can only mark a tendency of decreasing and increasing of the earthquakes’ frequency every 2-3 years with different maximum and minimum of the earthquakes’ number. Most of the registered seismic events are in 1997 during the sixth monthly swarm of Rila’s earthquakes. The smallest events’ number is in 1994 and 2001.
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Fig. 2. Epicenters of the seismic events in the region of SW Bulgaria with magnitude M > 2.5 for the period 1990-2001 (1 mm diameter ( magnitude 1.0)

Thirty three percents of all seismic events are realized between April 1996 and September 1998. The period 1991-1993 is also significant from an energy point of view because 3 earthquakes with magnitude M > 4.0 occurred (Mmax=4.1).

The seismic events with magnitude M > 2.5 – more than 600 - are grouped in four magnitude categories. The greatest concentration of epicenters is observed around and north of the Kroupnik fault (5 on Fig. 1). Sixty seven percents of the strongest earthquakes - with magnitude M > 3.0 - occurred in this area. The seismic process is going on closely to the west-east direction. To the east the process reaches Razlog and to the west it is connected with the faults along the southwestern board of the Delchevo graben (Macedonia). The seismic activity in the central part of the zone (the region of Simitli) expresses the high seismic potential of the complicated tectonic structure under Simitli graben. The increase of the earthquakes depth to the north marks probably the seismic activity of the southern board deeping north of this graben (Botev, 2000). This depth distribution marks the processes of the deep faulting to the north from the Kroupnik fault. The recent activity of the zone around Kroupnik fault (with direction WSW-ENE) is clearly manifested by the seismic data. Probably this seismogenic structure has to be prolonged at least 20 km to the west-southwest on the territory of Macedonia. To the east-northeast the Rila swarm activation along the Semkovo fault zone is observed. Its short time duration does not allow to connect it genetically with the influence of the permanent active Kroupnik fault zone.

The strongest earthquake with M = 4.1 in the period under investigation (1990-2001) has occurred along the Strumeshnitza river valley (on the western prolongation of the Petrich fault – 14 on the Fig. 1). This is the north periphery of the so-called Valandovo seismic source, which expresses a certain activity in the direction of the Bulgarian territory. The strongest seismic event on the Bulgarian territory for the same period (with magnitude M = 4.0), occurred to the north of Petrich. This event cannot be connected with the fault zone and till now we do not have a clear evidence confirmed by the recent tectonics.

We can also mark a faulting process with transversal orientation in the region of Kovachevitsa, between Gotse Delchev and Razlog, in the background of relatively weak diffuse seismicity in the Mesta zone. The Razlog seismic source, known with the earthquake in 1910 (M = 5.4), has a weak seismic manifestation. The seismicity in the region of Middle Mesta lineament situated on the Greece territory is characterized by high activity, but with significant space diffusion.


The conclusions we can draw from the analysis of the seismicity for the investigated period (1990 – 2001) are:

( The energy level of the observed seismicity is relatively low - 98% of the seismic events are micro-earthquakes with magnitude M < 3.0;

( The strongest earthquake (M = 4.1) occurred in the region of Strumeshnitsa (Macedonia) and it can be connected with the western prolongation of the Petrich fault - the northern periphery of the Valandovo seismic zone. The strongest earthquake on the Bulgarian territory during the period 1990-2001 occurring in the region of Ograzhden (M = 4.0), cannot be connected directly with the active faults shown on Fig. 1.

( The dominant seismic activity in the region is associated with the main fault lineament Kroupnik-Brezani, which got activated on 04.04.1904. The depth distribution of earthquakes probably marks a prevailing activity of the northern boards of Simitli graben;

The activity of South Rila faults (for example Semkovo fault – 4 on Fig. 1) is marked clearly but with relatively weak and short-term swarm type seismicity; 

( A weak and a diffused seismicity characterizes the faults around the Razlog, Mesta and Sandanski grabens. The same is the situation in the Valandovo seismic source and the seismicity along the Middle Mesta lineament.

4. Available geodetic data on the recent crustal movement in the SW Bulgarian region

Seismic events mark the recent tectonic processes but from this information it is not possible to find out the main tectonic movements. The most reliable information about the recent tectonic activity can be obtained by the geodetic methods. They enable to get quantitative estimations for the recent horizontal and vertical movements of the earth crust.

Estimations about the recent vertical movements of the earth crust for the region of SW Bulgaria are available but they have different values (Beljashki, 1988; Totomanov and Vrablianski, 1980). Estimations of the horizontal movements of the main tectonic structures for the region are practically missing.

Since 1972 the local geodetic measurements are carried out in the region of the Kroupnik fault. The analysis of the precise spirit levelling line Sofia-Dospat reveals three main blocks with different intensity of the vertical movements (Milev et al., 1984; Milev, 1999). The obtained results are in contradiction with the results reported in Dimitrov et al. (Dimitrov et al., 2000).

In the region of crossing of the Kroupnik and Struma faults a 3-D geodynamic network was established. The classical geodetic measurements performed in different epochs did not show horizontal displacements because of their limited accuracy.
The horizontal velocities of only three points from the EUREF network in Bulgaria (Altiner et al., 1996) located in the research region - Petrich, Satovcha and Separeva banja are reported in (Kotzev et al., 2000; Kotzev et al., 2001) and they have different values and orientations.

The lack of geodetic data on the recent crustal movements in the region of SW Bulgaria prevents the complex geodynamic assessment of the recent tectonic processes.

5. Network design

According to the project’s schedule in 2001 a GPS geodynamic network was established within the range 41.40 N and 42.20 N latitude and 230 E and 23.80 E longitude (Fig.3). The points are chosen to cover the main tectonic structural blocks in the region. The choice of each point’s location is in conformity with the geological and geophysical considerations about the tectonic features and it was made after a field geological investigation. In grabens, which are filled up with weak cemented sediments, it is not expedient to monument points. Therefore most points are monumented in horsts. We also have in mind the expected movements between different tectonic blocks suggested by geological data.

All points are designed to fulfil the requirements for GPS measurements: to be accessible by vehicles in all weather conditions; to be sited on secure and easy access and permission manner; not to be affected by subsidence, landslides or any local movements; to avoid obstructions above 10o elevation angle; to avoid reflective surfaces for reducing the multipath effects.
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The network consists of 16 points. Eleven new GPS points are monumented into a bedrock, built with metal (bronze) bolts. A crossing sign was
Fig. 3. Scheme of the monumented (() and planed (() GPS points in the region of SW Bulgaria

 scratched onto these markers to allow precise optical pluming. The network includes also the 3 EUREF points (Petrich, Satovcha and Separeva banja), a triangulation point first class – Vihren, and a point from the local geodynamic network Kroupnik-Kresna. The detailed geological and topographic description of each point from the GPS network is presented in the First project report "Multidisciplinary study on the active geodynamic setting of Southwest Bulgaria" (2002).

6. First GPS campaign

The first GPS campaign was performed in August – September 2001. The points were occupied by two Trimble 4000 SSI receivers with Geodetic L1/L2 ground plane antennas. The data were collected in 48-hour session lengths, with 10o-elevation cutoff and 30s sampling rate. During the campaign a problem occurred when observing the first class triangulation point Vihren. The point is located at 2925 meters above the mean sea level. Because of the very bad weather conditions the tracking period was reduced to 12 hours.

7. Conclusions
The main expected result is to establish the present day kinematics in the region of South-West Bulgaria and to integrate it into a regional geodynamic framework, which includes the processes of continental collision and convergence in eastern Turkey, the processes of extension within the Aegean Sea and subduction along the Hellenic convergent boundary. Obtaining of the active stresses from the recent crustal movements will allow making inferences about the recent active faults and the tectonic block structure behaviour. The comparison of stresses obtained by the geodetic methods and by the focal mechanisms of seismic events will contribute to determine more reliably the distribution of stresses in the zones with actively manifested seismicity. Results of this investigation could be used for the assessment of the seismic risk and seismic zoning in this part of the country.

The geodynamic network in Southwest Bulgaria will be extended to the east to cover the West Rhodope Mountain area (see Fig.3). That will be done in the framework of the research project “Geodetic investigation of the geodynamic processes in the region of the rivers Mesta and Dospat”, accepted for funding in 2002 by the National Science Foundation at the Ministry of Education and Science.
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Регионална геодинамична GPS мрежа в Югозападна България: геоложка и геофизична обстановка, състояние и перспективи

И. Георгиев, Л. Пашова, Г. Николов, Е. Ботев, Д. Димитров, Сл. Господинов, И. Здравчев, Б. Александров
Резюме:  Представят се първоначалните научни изследвания извършени в рамките на проекта “Комплексно изследване на съвременната геодинамика на Югозападна България”. Изграждането на геодинамична мрежа, която обхваща основните тектонски структури в района на Югозападна България е от особена важност. Статията представя основните геоложки особености, анализа на сеизмичните данни за последните 10 години, етапите на планиране и изграждане на GPS мрежата. Накратко е представена първата GPS кампания проведена през август-септември 2001 год. В рамките на изследователския проект се очаква да бъде определена съвременната кинематика на изследвания район. Получените резултати могат да се използват да се усъвремени оценката на сеизмичния риск и сеизмичното зониране на тази част от страната.
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