ISSN1330–0016 CODEN FIZBE7

RADON MONITORING FOR EARTHQUAKE PREDICTION IN SLOVENIA

B. ZMAZEK^a, J. VAUPOTIČ^a, M. ŽIVČIĆ^b, U. PREMRU^c and I. KOBAL^{a,1}

aJ. Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

bGeological Survey of Slovenia, Dimičeva 16, 1000 Ljubljana, Slovenia

cGeophysical Survey of Slovenia, Kersnikova 3, 1000 Ljubljana, Slovenia

Received 22 December 1999; Accepted 4 May 2000

Radon (^{222}Rn) concentration in water of several thermal springs was measured with the aim of obtaining a correlation with the seismic activity of the region. Though a qualitative correlation was found for a spring with deep water circulation, we are far from being able to predict either the time or the place of an earthquake. An additional study with more relevant sampling sites and more frequent water analyses would be necessary to achieve this.

PACS numbers: 87.52.-g UDC 539.164

Keywords:^{222}Rn concentration in water, monitoring in Slovenia, earthquake prediction

1. Introduction

Anomalous changes in radon concentration of ground water have been observed prior to certain large earthquakes, first in Russia [1] and then in China [2]. Since then, in addition to hydrological studies, numerous radon concentration determinations in ground waters and in soil gas have been performed in many seismically active areas in several countries [3,4] in order to elaborate a methodology to predict earthquakes. Thus in many countries extensive radon studies have been carried out [5-45]. For earthquake prediction, radon is determined either in grab samples of air and water or it is measured continuously [26,28,29,32,33]. Radon itself or its decay products are detected by ionization chambers [6,12], alpha scintillation cells [2,15,32,35], alpha track detectors [9,16,23,28,30,46], silicon solid state detectors [36], gamma spectroscopy [8,25,33] or by liquid scintillation counting [13,29]. In addition to radon, seismic data and meteorological parameters, sometimes also thoron (^{220}Rn) [26,31], gases like Ar, N_2, CH_4, CO_2 [32,34,47], or other chemical constituents and physico-chemical parameters of water are systematically measured [18,22,30,33,48,49]. For the selection of reliable sampling sites and frequency of sam-

1Contact person, Tel: +00386 1 177 3580; Fax: +00386 1 177 3811; e-mail: ivan.kobal@ijs.si

pling and analysis, a thorough knowledge of the geology, hydrology and tectonics of the area under consideration is needed [25,28,31,45]. As known from the literature, radon monitoring in soil gas and waters has been shown to be a successful method for predicting earthquakes. Radon levels are correlated with meteorological and hydrological data as well as with seismic activity, and often abrupt changes in radon levels appear as precursors of earthquakes [4,33-35,45,46,50]. Since in the neighbouring regions of Friuli (Italy) and Carinthia (Austria), radon monitoring as an earthquake prediction tool is already applied [7,51], we carried out a research programme with the aim of implementing and checking this methodology in our own seismically active region. The analysis of radon concentrations in waters from the uranium ore deposit area at Žirovski vrh [52,53] led to no reliable correlation between radon concentration and earthquakes in this region. Since these analyses were carried out monthly, we decided to increase the frequency of measurements and extended sampling to tectonically relevant sites in Slovenia.

2. Seismotectonics of the Slovenian territory

Seismic phenomena in Slovenia are manifested in the active fault zones, which are several tens of kilometres long and several kilometres wide. The active fault zone represents a netlike pattern of active faults and fractures [54,55]. On the basis of geological and geomorphological studies, as well as neotectonic studies, their seismic activity in the Würm Glacial, i.e. 10,000 to 20,000 years ago, was determined [55,56]. Superficially active fault zones resulted from the earthquakes which occurred in shallow depths [55]. Geomorphological signs and a netlike pattern of faults and fractures are relevant for the dip-slip, reverse and strike-slip movements of tectonic blocks. In active fault zones, epicentres of earthquakes have been registered in the last 1200 years [56]. The seismotectonics of Slovenia is most probably influenced by three kinds of deep lithospheric mass: the Adriatic mass in the west, the Pannonian mass in the south-east, and the Central Alps mass in the north. The most mobile is the Adriatic mass, exerting pressure towards the NW with its frontal part (in Friuli) causing reverse faulting and underthrusting under the Southern Alps [57]. In western Slovenia, reverse fault zones arose with simultaneous left and right horizontal side movements. North of the Friuli reverse zones, which extend to the Julian Alps, there are rightward and leftward strike-slip fault zones with tectonic block movements because of the blocking effect of the Central Alps mass to the north. The latter mass also affected the formation of strike-slip fault zones in north-eastern Slovenia. Here, in addition, it meets the WNW directed pressure of the Pannonian mass.

3. Experimental

For this preliminary study, four sites for sampling water in the vicinity of Ljubljana, the capital of Slovenia, were selected (Fig. 1): Skaručna (S), a spring in alluvial deposit, Pirniče (P), a thermal spring located in a contact zone of alluvial deposit

Fig. 1. Map of Slovenia, with sampling sites: S-Skaručna, P-Pirniče, Pp-Podpeč, F.T.-Furlanove Toplice. Epicentres of earthquakes in 1981-82 are presented by circles: radius is proportional to magnitude, colour presents depth.

with dolomite, Podpeč (Pp) and Furlanove Toplice (F.T.) - both thermal springs with deep water circulation in karstified limestone at the border between alluvial deposit and the karst region. Measurements and sampling at each spring were performed every Monday from January 1981 to December 1982 at Podpeč, and from January 1981 to December 1981 at other locations. The temperature of the air and water was recorded and samples were taken to be analysed in the laboratory. Radon was measured weekly and Cl^− , SO^{2−}_4 , water hardness and pH monthly. Average weekly barometric pressures and 5-day rainfall were obtained from the Hydrometeorological Survey of Slovenia. For radon determination, a water sample was enclosed in a 0.6 dm^3 glass flask and transported to the laboratory, where radon was isolated in a trap cooled with liquid nitrogen [58] and transferred into a scintillation cell [59]. Alpha activity was counted after three hours. Cell constants (efficiency) were about 2 s^{−1} Bq^{−1} (radon in equilibrium with its short-lived decay products), background from 0.5 to 1.0 min^{−1} and counting times from 30 to 60 min. The lower limit of detection [60] was around 200 Bqm^{−3} .

4. Results and discussion

Results of monitoring radon in the selected waters are presented in Fig. 2, together with seismic activity (recorded and provided by the Geophysical Survey of Slovenia), water temperature, barometric pressure and rainfall (the latter two obtained from the Hydrometeorological Survey of Slovenia). The highest radon concentrations were found in Furlanove Toplice water, while in Skaručna and Pirniče values are about five times lower. Podpeč lies in between. There is no correlation between earthquake activity and radon concentration in Furlanove Toplice. Thus, for instance, the earthquake in the middle of March 1982 was followed by an increase in radon concentration, while a series of smaller earthquakes in the middle of June 1982 were preceded by a decrease of radon concentration. Further falling of radon concentration in this period may be assigned to heavy rains in June, which is also supported by an abrupt decrease of water temperature. On the other hand, the rainfall in May was too low to decrease the water temperature, thus the decrease in radon concentration in this period might be assigned to earthquake activity and not to dilution by rainfall waters. All other decreases of radon concentration in water from Furlanove Toplice seem to be related to rainfall and not to seismic activity. Variations in radon concentration in Skaručna and Pirniče waters are very small, with an exception in the summer 1981. A steady increase in radon concentration in both waters from the mid of June to the mid of August might be attributed to a number of small earthquakes in this period. But, on the other hand, the concentration in both waters fell off substantially after that time even though the seismic activity did not alter. At this stage, we are not able to interpret these observations. Podpeč water seems to be promising for earthquake prediction. The great majority of radon concentration maxima coincide well with the occurrence of earthquakes. Unfortunately, radon data from the beginning of 1982 are missing, and the relation to the earthquake in March was not recorded. One of the exceptions is June 1982 when, in spite of several small earthquakes, radon concentration fell significantly. As in the Furlanove Toplice case, this decrease could be attributed to a heavy rainfall in this period. No correlation between radon concentration and barometric pressure was observed. We consider the obtained results as very preliminary and, therefore, we have not done a theoretical analysis of the data.

5. Conclusions

From all sampling sites selected, only the water from Podpeč was found to be promising for predicting earthquakes on the basis of a correlation between radonin-water concentration and seismic activity [4,61]. With only a few exceptions, occurrence of earthquakes is preceded by a peak in radon concentration. At this stage, a correction due to rainfall dilution of water has not been taken into account. The oscillations of radon emanation are also considerable in the Furlanove Toplice spring. Some characteristic peaks and falls are in an evident relation to earthquakes, but others, which could be even more intense, do not show any relation to earthquakes. At this preliminary stage, it was obvious that weekly or even daily radon

Fig. 2. Radon concentrations in selected spring waters together with seismic activity (earthquakes with epicentre distances up to 150 km), water temperature, barometric pressure, and rainfall.

analyses are not frequent enough to follow the seismic events adequately. Recently, reliable instruments for continuous radon in water determination have become commercially available [8,40,62]. We shall continue our research at two locations: (i) along the Soča (Isonzo) river several thermal waters were selected to continuously measure radon concentration (every 15 minutes) [63], electric conductivity and temperature (once an hour), with periodic chemical and isotopic analyses of water and carbon dioxide [64]; (ii) at the Krško polje, in the vicinity of a 635 MW nuclear power plant, radon in soil gas in five boreholes above a fault will be continuously measured [63]. Even though our goal is earthquake prediction, we primarily expect to enrich our knowledge of geologic and tectonic phenomena in these regions and to promote their better understanding [8,17,39,40,42,65-67].

Acknowledgements

Authors are thankful to M. Škofljanec, J. Šubelj, and M. Treul for collecting water samples and performing field measurements. This study was supported by the Ministry of Science and Technology of Slovenia.

References

[1] V. I. Ulomov and B. Z. Mavashev, Dokl. Acad. Sci. USSR, Earth Sci. Sect., 176 (1967) 9. [2] P. Liu, D. Wang and T. Wan, Acta Geophys. Sinica 18 (1975) 279 (in Chinese). [3] E. A. Roeloffs, Pageoph. 126 (1988) 177.

[4] Rare Gas Geochemistry, Application in Earth and Environmental Sciences, Ed. H. S.

Virk, Press and Publication Department, Guru Nanak Dev University, Amristar (1997). [5] H. Friedmann, Naturwissenschaften 64 (1977) 566 (in German). [6] H. Friedmann and F. Hernegger, Geophys. Res. Lett. 5 (1978) 565. [7] K. Aric, G. Duma, H. Friedmann, R. Gutdeutsch and F. Hernegger, Zentralanstalt für Meteorologie und Geodynamik 243 (1980) 1.

[8] U. Koch and J. Heinicke, Geologie en Mijnbouw 73 (1993) 399. [9] J. Heinicke and U. Koch, Geophys. Res. Lett. 22 (1995) 771.

[10] C. Papastefanou, M. Manolopoulou, S. Stoulos and A. Ioannidou, Nucl. Geophys. 9 (1995) 4811.

[11] J. Sato and K. Sato, J. Soc. Engin. Mineral Springs (Japan) 12 (1978) 101 (in Japanese).

[12] S. Nishimura, Radioisotopes 28 (1979) 29 (in Japanese).

[13] K. Ikeda, S. Nagai, H. Goto, S. Abe, S. Nagata and N. Oba, Spec. Rep. Geol. Surv.

Japan 7 (1979) 129.

[14] H. Kanaya, K. Ikeda and K. Abe, Bull. Geol. Surv. Japan 31 (1980) (in Japanese) 447. [15] H. Wakita, Y. Nakamura, K. Notsu, M. Noguchi and T. Asada, Science 207 (1980) 882.

[16] J. Planinić, V. Radolić and D. Čulo, Fizika B (Zagreb) 9 (2000) 75.

[17] N. Segovia, M. Mena, J. L. Seidel, M. Monnin, E. Tamez and P. Pena, Radiat. Meas.

25 (1995) 547.

[18] L. L. Bogdanova and V. G. Yasko, Acad. Sci. USSR, Report No. III, Moscow (1967) (in Russian).

[19] V. P. Rudakov, Acad. Sci. USSR, Geokhim., 1 (1985) 123 (in Russian). [20] V. P. Rudakov, Acad. Sci. USSR, Geokhim., 7 (1985) 1055 (in Russian). [21] V. P. Rudakov, Acad. Sci. USSR Sibirian Sect., Geologija Geofizika, 63 (1985) (in Russian).

[22] K. Liu, T. F. Yui, Y. H. Yeh, Y. B. Tsai and T. L. Teng, Pageoph. 122 (1984/85) 231. [23] T. H. Lin, P. S. Weng and K. H. Sun, Nucl. Sci. J. 21 (1984) 162. [24] A. N. Sultanohodzhaev, V. G. Tyminskii, V. I. Ulomov and I. S. Faizulin, Acad. Sci.

Uzb. SSR, Uzb. Geol. Zh., 2 (1974) 44 (in Russian).

[25] A. R. Smith, H. R. Bowman, D. F. Mosier, H. A. Wollenberg and Chi-Yu King, IEEE Nucl. Sci. Symp., San Francisco, CA, USA, Report LBL-4445 (1975).

[26] J. D. Melvin, M. H. Shapiro and N. A. Copping, Nucl. Instr. Methods 153 (1978) 239. [27] C. Y. King, Nature 271 (1978) 516.

[28] C. Y. King, Natural Radiation Environment III, Houston, USA, 1978, Conf.-780422, Eds. T. F. Gesell and W. M. Lowder, Technical Information Center, U. S. Department of Energy 1 (1980) 175.

[29] T. L. Teng, J. Geophys. Res. 85 (1980) 3089.

[30] G. F. Birchard and W. F. Libby, J. Geophys. Res. 85 (1980) 3100. [31] M. H. Shapiro, J. D. Melvin and T. A. Tombrello, J. Geophys. Res. 85 (1980) 3058. [32] Y. Chung, Pageoph. 122 (1984/85) 294.

[33] H. A. Wollenberg, A. R. Smith, D. F. Mosier, S. Flexser and M. Clark, Pageoph. 122 (1984/85) 327.

[34] M. H. Shapiro, A. Rice, J. D. Mendehall, J. D. Melvin and T. A. Tombrello, Pageoph.

122 (1984/85) 309.

[35] P. S. Talwani, W. S. Moore and J. Chiang, J. Geophys. Res. 85 (1980) 3079. [36] A. Mogro-Campero, R. L. Fleischer and R. S. Likes, J. Geophys. Res. 85 (1980) 3053. [37] R. L. Fleischer and A. Mogro-Campero, Geochim. Cosmochim. Acta 49 (1985) 1061. [38] D. M. Thomas and K. E. Cuff, J. Geophys. Res. 91 (1986) 186. [39] C. Y. King, Pageoph. 122 (1984/85) 340.

[40] C. Y. King, Radon Monitoring in Radioprotection, Environmental Radioactivity and Earth Sciences, Trieste, Italy (1989) Eds.: L. Tommasino, G. Furlan, H. A.Khan and M. Monnin, World Scientific (1990).

[41] C. Y. King and G. Luo, Pageoph. 134 (1990) 45. [42] C. Y. King, W. Zhang and B. S. King, Pageoph. 141 (1993) 111. [43] C. Y. King, D. Basler, T. S. Presser, W. C. Evans, L.D.White and A. Minissale, Appl.

Geochem. 9 (1994) 83.

[44] G. W. Luo, X. Z. Shi and J. H. Wang, Acta Geophys. Sinica 24 (1981) 117 (in Chinese). [45] C. Y. King, Earthq. Predict. Res. 3 (1985) 47. [46] S. R. Steele, Pageoph. 122 (1984/85) 353.

[47] H. Craigh, Y. Chung, R. Poseda, J. Lupton and J. Damasceno, Trans. Am. Geophys.

Union 61 (1980) 1035.

[48] T. Rikitake, Geophysics, Vol. 9, Elsevier, New York (1976). [49] D. Thomas, Pageoph. 126 (1988) 241. [50] S. R. Steele, Geophys. Res. Lett. 8 (1981) 465.

[51] C. Breitenberg, M. Garavaglia, S. Magnoni and M. Zadro, Chapter 16, p. 143 in Rare Gas Geochemistry, Application in Earth and Environmental Sciences, Ed. H. S. Virk, Press and Publication Department, Guru Nanak Dev University, Amristar (1997).

[52] I. Kobal, J. Kristan, M. Škofljanec, S. Jerančič and M. Ančik, J. Radioanal. Chem. 44 (1978) 307.

[53] D. Novak, Nova proizvodnja (Ljubljana) 28 (1977) 3 (in Slovene with an English abstract).

[54] U. Premru, 11^{th} Congr. Geol. Yugoslavia, Tara, Yugoslavia (1986) p. 429 (in Slovene with an English abstract).

[55] U. Premru, Geologija (Ljubljana) 9 (1987) 211 (in Slovene with an English abstract). [56] V. Ribarič, Catalogue of Earthquakes, Seismological Survey of Slovenia, Ljubljana, Special Publication (1982) (in Slovene with an English abstract).

[57] A. Zanferrari, G. Bollettinari, L. Carobene, A. Carton, G. B. Carulli, D. Castaldini, A. Cavallin, M. Panizza, G. B. Pellegrini, F. Pianetti and U. Sauro, Memm. Sci. Geol. 35 (1982) 135 (in Italian).

[58] I. Kobal and J. Kristan, Radiochem. Radioanal. Lett. 10, 291 (1972). [59] J. Kristan and I. Kobal, Health Phys. 24 (1973) 103.

[60] HASL (Health and Safety Laboratory), U. S. Atomic Energy Commission, Reporting Data, D-08-01 (1983).

[61] D. Novak, Nova proizvodnja (Ljubljana) 34 (1983) 1 (in Slovene with an English abstract).

[62] F. Bella, R. Bella, P. F. Biagi, M. Caputo, G. Della Monica, A. Ermini, E. Pettinelli and V. Sgrigna, Pageoph. 141 (1993) 125.

[63] Barasol - Continuous Radon Device, ALGADE, Bessines, France. [64] J. Heinocke, U. Koch and G. Martinelli, Chapter 15, p. 136 in Rare Gas Geochemistry, Application in Earth and Environmental Sciences, Ed. H. S. Virk, Press and Publication Department, Guru Nanak Dev University, Amristar (1997).

[65] V. M. Choubey, R. C. Ramola and K. K. Sharma, Nucl. Geophys. 8 (1994) 49. [66] L. Eisenlohr and H. Surbeck, C. R. Acad. Sci. (Paris) 321 (1995) 761. [67] I. Liritzis, E. Lagios and D. Kosmatos, C. R. Acad. Sci. (Paris) 321 (1995) 473.

MJERENJE RADONA U VODI RADI PREDVID– ANJA POTRESA U SLOVENIJI

Mjerili smo količinu radona (^{222}Rn) u vodi iz više izvora radi utvrdivanja moguće korelacije sa seizmičkom aktivnosti u Sloveniji. Iako smo našli kvalitativnu korelaciju za jedan izvor s dubokim kruženjem vode, nismo još u mogućnosti predvidjeti mjesto ili vrijeme potresa. Za to su potrebna proširena mjerenja na više mjesta i sa češćim uzorkovanjem vode.