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EDITORIAL NOTE

The name of Acta Geodaetica, Geophysica et Montanistica Academiae 
Scientiarum Hungaricae has been abbreviated to Acta Geodaetica, Geophysica et 
Montanistica Hungarica.

Acta Geodaetica, Geophysica et Montanistica Hungarica is a journal of the 
Hungarian Academy of Sciences. The change does not affect the status and editorial 
policy of the journal.
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PROFESSOR LAJOS HOMORÓDI 
1911— 1982

Less than one year passed between the festive scientific session held at the 
Hungarian Academy of Sciences on the occasion of the 70th birthday of Professor 
Lajos Homoródi, full member of oür Academy — where he himself delivered a lecture 
in good health and at the height of his creative power — and January 22, 1982, when 
after short suffering he left us for ever.

His death means a serious loss for the scientific life in Hungary and within that, 
for geodesy. In his person the Section of Geosciences and Mining of the Hungarian 
Academy of Sciences lost one of its most active members, chairman of the Geodetic 
Scientific Committee, member of the Hungarian National IUGG Committee, member 
of the IAG Section of IUGG, and member of the editorial board of this journal.

Excellent practical sense was very favourably combined in him with scientific 
interest and inclination to intensive research work. Thus from a practical, later 
managing engineer of the State Surveying he turned into an outstanding scientist and a 
Member of the Academy.

1* Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983
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His gift for technical literature developed already in his youth, the fruit of which 
was a rich choice of foreign-language papers in different Adas of the Academy as well 
as publications in Hungarian in the journals of the Section, further in Geodézia és 
Kartográfia, in Periodica Polytechnica and in a number of other journals. He was one of 
the most fruitful specialist authors on geodesy in Hungary. His works include the first, 
and till today only, Hungarian text-book on geodesy as well as several university 
lecture notes, about 60 scientific papers and more than 140 actual reviews.

His excellent ability to see and select the crux of the matter, his sharp logic, his 
mastery as lecturer, his interesting university lectures raised him among the most 
outstanding university professors. The Technical University of Budapest lost in him a 
former Head of the Department of Photogrammetry, a former Director of the Institute 
for Geodesy, Surveying and Photogrammetry, a former scientific Vice-Rector and a 
former Dean of the Faculty for Civil Engineering.

Throughout his life his working capacity was almost limitless. He held active and 
highly responsible leading posts simultaneously in several national and international 
scientific organizations and boards. He was a founding member and for nearly twenty 
years chairman of the Hungarian Society for Geodesy and Cartography. At the same 
time he successfully worked as vice-chairman and chairman of Commission 2 
(Professional Education) of FIG (Federation International des Geometres) for six 
years, further in the International Society for Photogrammetry (ISP) and in the 
International Union of Geodesy and Geophysics (IUGG). Besides, he took part in the 
work of several scientific boards, committees and councils.

His death leaves a gap in the Hungarian scientific life which will be difficult to fill 
for a long time. We will keep his memory.

The board of editors

The scientific publications of Professor Lajos Homoródi

A) Books, lecture notes

1. Geodesy. Lecture notes. Budapest, 1948.
2. Geodesy I—III. University lecture notes. Budapest, 1953— 1954.
3. Geodesy I—II. University lecture notes. Budapest,1960— 1961.
4. Geophysics. University lecture notes. Budapest, 1960.
5. Mapping—City surveying. Notes of a special-engineer course. Tankönyvkiadó, Budapest, 1962.
6. “Basic concepts” and “Primary triangulation”. In: Handbook of Geodesy and Surveying, Vol. 1. 

Közgazdasági és Jogi Kiadó, Budapest, 1975.
7. Photogrammetry I. (Co-author: Mrs. Gy Domokos) University lecture notes. Tankönyvkiadó, 

Budapest, 1966.
8. Modern tendencies in geodesy. (Co-author: P Biró) Notes for a special engineer course. Tankönyvkiadó, 

Budapest, 1966.
9. Geodesy. University text-book. Tankönyvkiadó, Budapest, 1966.
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10. Photogrammetry II. (Co-author: Mrs. Gy. Domokos) University lecture notes. Tankönyvkiadó, 
Budapest, 1967.

11. Photogrammetry II. University lecture notes. Tankönyvkiadó, Budapest, 1973.
12. Photogrammetry II. Tankönyvkiadó, Budapest, 1975.
13. Geodetic control networks. University lecture notes. Tankönyvkiadó, Budapest, 1980.

B) Scientific papers

1. The unit of time. Technika, Budapest, 1937.
2. Geophysical exploration methods. Technika, Budapest, 1938.
3. The accuracy of the prism range finder type Oltay—Süss. Geodéziai Közlöny, 16 (1940), 13-38.
4. The accuracy reached in the angular measurements of the new traverses of the city surveying in Budapest. 

Geodéziai Közlöny, 18 (1942), 41-52.
5. The accuracy reached in the distance measurements of the new traverses of the city surveying in 

Budapest. Geodéziai Közlöny, 18 (1942), 83-94; 118-127.
6. Error sources of exact distance measurements with rods. Geodéziai Közlöny, 20 (1944), 6-39; 70-96.
7. Development and present state of the works of the National Surveying. Geodéziai Közlöny, 23 (1947).
8. Test of circle graduation. Geodéziai Közlöny, 23 (1947).
9. The reliability of the excentricity elements determined indirectly. Földméréstani Közlemények, 2 (1950), 

15-24.
10. Calculation of the excentricity elements determined indirectly. Földméréstani Közlemények, 2 (1950), 87- 

97.
11. Operations in geodesy in the USSR. Földméréstani Közlemények, 3 (1951), 1-11.
12. The application the Laplace-equations in the adjustment of the primary triangulation network. 

Földméréstani Közlemények, 3 (1951), 93-101.
13. The new formulae of the International Association of Geodesy for determining the accuracy of leveling. 

Földméréstani Közlemények, 3 (1951), 137-141.
14. Investigations of the geodetic datum of our new triangulation network. Földn\éréstani Közlemények, 4 

(1952), 1-10; 61-71.
15. The influence of the variation in the dimensions of the ellipsoid on the results of the adjustment of a 

triangulation network. Földméréstani Közlemények, 4 (1952), 134-145; 185-193.
16. Datum and orientation of our old triangulation networks. Földméréstani Közlemények, 5 (1953), 1-18.
17. Reduction of the base lines onto the ellipsoid. Földméréstani Közlemények, 5 (1953), 117-131.
18. High capacity computers. Földméréstani Közlemények, 6 (1954), 55-63.
19. La reduction des bases géodésiques sur l’ellipsoide. Acta Technica, 1954.
20. National triangulation and local control systems. Geodézia és Kartográfia, 7 (1955), 82-98.
21. The error-ellipse and the error of a point. Geodézia és Kartográfia, 8 (1956), 5-16.
22. The test of the circle graduation of a theodolite. Geodézia és Kartográfia, 9 (1957), 19-24.
23. Old stations in the new control network. Geodézia és Kartográfia, 9 (1957), 133-145.
24. The renewal of the fourth order triangulation network. Geodézia és Kartográfia, 9 (1957), 218-239.
25. Determination of the movement and deformation of big buildings by surveying method. Geodézia és 

Kartográfia, 10 (1958), 26-35.
26. Problems in connection with our new map projection system. Geodézia és Kartográfia, 11 (1959), 99-110.
27. Die Deutung des Punktfehlers. Acta Technica, 1959.
28. Problems in connection with the utilization of the results of the new geodetic triangulation in Hungary. 

ÉKME Tudományos Közleményei, Budapest, 1960.
29. The reorganization of the professional education of civil engineers for geodesy and surveying. Geodézia és 

Kartográfia, 12(1960), 181-190.
30. Artificial earth satellites in the service of geodesy. Geodézia és Kartográfia, 13 (1961), 94-105.
31. The absolute orientation of our new geodetic triangulation network. ÉKME Tudományos Közleményei, 

Budapest, 1961.
32. Investigation of the Earth ’s crustal movements. Geodézia és Kartográfia, 14 (1962), 300-302.
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33. The situation of the science geodesy and the trend of its development. Geodézia és Kartográfia, 15(1963), 
110-114.

34. The reform of the professional education of Civil engineers for geodesy and surveying. Geodézia és 
Kartográfia, 15 (1963), 170-175.

35. Deduction of local control networks from the new geodetic triangulation network. Geodézia és 
Kartográfia, 15 (1963), 247 257.

36. Tasks and problems of the professional education of civil engineers with respect to the reformed 
curriculum. Magyar Építőipar, 1967.

37. Is the mark “sufficient” really sufficient? Pedagógiai Közlemények, 1967.
38. Twenty years. Geodézia és Kartográfia, 20 (1968), 1.
39. Remarks to the paper “Technical school for surveyors”. Geodézia és Kartográfia, 20 (1968), 133-136.
40. From astrogeodesy to panel surveying. Geodézia és Kartográfia, 20 (1968), 261-265.
41. Investigation of the accuracy of geodetic triangulations with deduced angles. Geodézia és Kartográfia, 20 

(1968), 406-413.
42. Geodetska delatnost u NR Madjarskoj. Geokarta, 1968.
43. Loránd Eötvös and the geodesy. Geodézia és Kartográfia, 21 (1969), 81-86.
44. Again about the geodetic triangulation with deduced angles. Geodézia és Kartográfia, 21 (1969), 244-247.
45. Untersuchungen der Genauigkeit der mit abgeleiteten Winkeln vollzogenen Triangulierung. Acta Geod., 

Geoph., Mont. Hung., 4 (1969), 425-439.
46. 25 years of professional education of civil engineers for geodesy and surveying. Geodézia és Kartográfia, 

22 (1970), 178-182.
47. The problems of the professional education of civil engineers for geodesy and surveying at home and 

abroad. Geodézia és Kartográfia, 23 (1971), 249-256.
48. Photogrammetry, settlement-development, protection of environment. Acta Geologica, 17 (1973).
49. Terrestrial and aerial triangulation. MTA X. Oszt. Közleményei, 1974.
50. Some problems of the professional education and postgraduate training of surveyors in Hungary. 

Geodézia és Kartográfia, 26 (1974), 243-247.
51. A special photogrammetric problem. Geodézia és Kartográfia, 26 (1974), 255-260.
52. The basis of aerial triangulation. Geodézia és Kartográfia, 27 (1975), 25-32.
53. Ergebnisse und Anwendungsbereiche der Aerotriangulation in Ungarn. Periodica Polytechnica, 19 

(1975).
54. The development of photogrammetry at home and abroad. Műszaki Tervezés, 1975.
55. The new curriculum of the branch geodesy and surveying at the Technical University, Budapest. 

Geodézia és Kartográfia, 29 (1977), 164-168.
56. Einige Erfahrungen über die mehrstufige Ausbildung von Vermessungsfachleuten. Berichte des XV. 

Kongresses der F1G, Stockholm, 1977.
57. Three decades of Geodézia és Kartográfia. Geodézia és Kartográfia, 30 (1978), 397-399.
58. The study curriculum for civil engineers for geodesy and surveying. Geodézia és Kartográfia, 31 (1979), 

254-257.
59. Photogrammetrische Arbeiten für nicht-topographische Zwecke in Ungarn. Int. Archiv fúr Photogram

metrie, Hamburg, 23 B5 (1980).
60. Eine besondere photogrammetrische Aufgabe. Int. Archiv für Photogrammetrie, Hamburg, 23 B5 (1980).
61. Die Anfänge der Vermessungsingenieurausbildung in Ungarn. Mitteilungen d. Geod. Inst, der TU Graz. 

Festschrift К Hubeny. 1980.

C) Reviews

1. Hundred years photography. Vasárnap, Arad, 1937, 411-412.
2. Rutherford. Vasárnap, Arad, 1937, 423-424.
3. The birth of the sunbeam. Vasárnap, Arad, 1937, 254-255.
4. The earthquake. Vasárnap, Arad, 1938, 265-266.
5. The dowsing rod and its successors. Vasárnap, Arad, 1938, 284-285.
6. N atural sciences and free will. Vasárnap, Arad, 1938, 470-471.
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7. The common adjustment of the European geodetic triangulation networks. Az Állami Földmérés 
Közleményei, 1 (1949), 97-100.
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10. The improvement of distance measurement by the interference of light-rays. Geodézia és Kartográfia, 2
(1950) , 64.

11. Two new theodolites for primary geodetic observation. Földméréstani Közlemények, 2 (1950), 148-151.
12. New and modern surveying instruments. Földméréstani Közlemények, 3 (1951), 85-86.
13. The 1951 General Assembly of the Hungarian Academy of Sciences. Földméréstani Közlemények, 3

(1951) , 48-49.
14. The General Assembly of IUGG in Bruxelles. Földméréstani Közlemények, 4 (1952), 115.
15. The Congress for Geodesy and Geophysics in Budapest. Geodézia és Kartográfia, 4 (1952), 171-176.
16. Leveling experiences in France. Földméréstani Közlemények, 4 (1952), 178-181.
17. Triangulation with infrared rays. Földméréstani Közlemények, 4 (1952), 230-232.
18. Triangulation with electromagnetic rays. Földméréstani Közlemények, 4 (1952), 235-237.
19. Conquering of giant mountains. Geodézia és Kartográfia, 6 (1954), 68.
20. The leveling refraction. Geodézia és Kartográfia, 8 (1956), 250-251.
21. A new leveling rod for underground and night observations. Geodézia és Kartográfia, 8 (1956), 331-332.
22. The Geodetic Congress of the Hungarian Academy of Sciences. Geodézia és Kartográfia, 9 (1957), 64-68.
23. International course for distance-measurements in Munich. Geodézia és Kartográfia, 9 (1957), 81-82.
24. About the invention of triangulation. Geodézia és Kartográfia, 10 (1958), 65.
25. The European uniform triangulation network. Geodézia és Kartográfia, 10 (1958), 65-66.
26. The electric eye in the praxis. Geodézia és Kartográfia, 10 (1958), 67.
27. Conference about the Text-book of Geodesy and about the journal Geodézia és Kartográfia. Geodézia és 

Kartográfia, 10(1958), 75-78.
28. Polish proposals to the standardization of the works in geodesy surveying and cartography. Geodézia és 

Kartográfia, 10(1958), 153-154.
29. Meeting on the professional education of surveyors in Dresden. Geodézia és Kartográfia, 11 (1959), 210- 

215.
30. International Conference on Geodetic Calculations in Cracow. Geodézia és Kartográfia, 11 (1959), 298- 

299.
31. Geodesy and its related sciences before UN. Geodézia és Kartográfia, 12 (1960), 209-211.
32. Geodesy at the liberation festivities of the Technical University for Civil Engineering and 

Communication. Geodézia és Kartográfia, 12 (1960), 212.
33. An interesting French innovation. Geodézia és Kartográfia, 12 (1960), 213.
34. The Congress of IUGG. Geodézia és Kartográfia, 12 (1960), 288-292.
35. New definitions of the astronomical unit. Geodézia és Kartográfia, 14 (1962), 116-117.
36. Criticism on “Geodézia és Geofizika”. Geodézia és Kartográfia, 14 (1962), 207-210.
37. Geodesy in the service of artificial satellites. Geodézia és Kartográfia, 14 (1962), 302-303.
38. The international organization of geodesy is 100 years old. Geodézia és Kartográfia, 14 (1962), 303-304.
39. Scientific conference on recent crustal movements in Leipzig. Ge'odézia és К ortográfia, 14(1962), 380-381.
40. The 3rd Congress of Yugoslavian surveyors. Geodézia és Kartográfia, 15 (1963), 65.
41. A geodetic artificial satellite. Geodézia és Kartográfia, 15 (1963), 66.
42. The education of engineer-teachers in the GDR. Geodézia és Kartográfia, 15 (1963), 66.
43. Large-scale mapping of Japan. Geodézia és Kartográfia, 15 (1963), 131.
44. To the 100 years anniversary of the birth of Radó Kövesligethy. Geodézia és Kartográfia, 15 (1963), 222.
45. The key of symbols in our large-scale maps. (Co-author: I Novotny) Geodézia és Kartográfia, 15(1963), 

290-292.
46. Training practice of surveying students abroad. Geodézia és Kartográfia, 15 (1963), 292-293.
47. Some data about the content ofVolume 14 of our journal. Geodézia és Kartográfia, 15(1963), 293-294.
48. The accuracy of the topographic maps. Geodézia és Kartográfia, 15 (1963), 370-373.
49. Conference on surveying of mines in Pécs. Geodézia és Kartográfia, 15 (1963), 377.
50. The problems of engineering surveying at the FIG. Geodézia és Kartográfia, 15 (1963), 389.
51. International colloquium on photogrammetry in Dresden. Geodézia és Kartográfia, 15 (1963), 459-460.

Acta Geodaetica, Geophysica et Monlanistica Hung. 18. 1983



6 OBITUARY: L HOMORÓDI

52. A new gravimeter for marine observations. Geodézia és Kartográfia, 16 (1964), 292.
53. Triangulation with distance measurements in the Pacific area. Geodézia és Kartográfia, 16 (1964), 292.
54. A new electronic distance meter. Geodézia és Kartográfia, 16 (1964), 458.
55. Clairaut (1713—1765). Geodézia és Kartográfia, 17 (1965), 138.
56. HIFIX: a new electronic instrument in surveying. Geodézia és Kartográfia, 17 (1965), 141-142.
57. Fermat (1601—1665). Geodézia és Kartográfia, 17 (1965), 201.
58. The situation of our literature on geodesy and surveying. Geodézia és Kartográfia, 18 (1966), 40-46.
59. Altimeter working on the laser-principle. Geodézia és Kartográfia, 18 (1966), 58.
60. Conference on the shape of the Earth and on refraction in Vienna (Co-author: P Biró) Geodézia és 

Kartográfia, 19 (1967), 299-300.
61. Congress of the IAG. Geodézia és Kartográfia, 20 (1968), 136-138.
62. The 18th Conference of the Polish Geodetic Society. Geodézia és Kartográfia, 20 (1968), 143.
63. A new photogrammetric plotter. Geodézia és Kartográfia, 20 (1968), 145.
64. Connection of the Azores to the European tringulation net. Geodézia és Kartográfia, 20 (1968), 219-220.
65. Technical practice and exchange of foreign experiences. Geodézia és Kartográfia, 20 (1968), 291-292.
66. Cosmic triangulation above the Caribean See. Geodézia és Kartográfia, 20 (1968), 295-296.
67. The number of surveyors in the Federal Republic Germany. Geodézia és Kartográfia, 20(1968), 292-293.
68. Some data of taking photos from the Moon. Geodézia és Kartográfia, 20 (1968), 303.
69. A new objective. Geodézia és Kartográfia, 20 (1968). 304.
70. Upper Mantle Project. Geodézia és Kartográfia, 20 (1968), 304.
71. Instrument for the measurement of electric aerial contact lines. Geodézia és Kartográfia, 20 (1968), 375.
72. Dr. István Rédey. Geodézia és Kartográfia, 20 (1968), 458.
73. The 4th Congress of Yugoslavian surveyors. Geodézia és Kartográfia, 21 (1969), 140.
74. Suomen Geodettinen Laitos. Geodézia és Kartográfia, 21 (1969), 375-376.
75. Expenses of surveying. Geodézia és Kartográfia, 21 (1969), 462.
76. The number of surveyors and cartographists in the FRG. Geodézia és Kartográfia, 21 (1969), 462.
77. A new law about the mine-surveying service. Geodézia és Kartográfia, 22 (1970), 211.
78. Some data on the situation of the world survey. Geodézia és Kartográfia, 22 (1970), 375-376.
79. Scientific session at the Academy. Geodézia és Kartográfia, 23 (1971), 47.
80. Reports on the sessions of the Photogrammetric Sub-Committee of the Geodetic Scientific Committee of 

the Hungarian-Academy of Sciences. Geodézia és Kartográfia, 23 (19714), 296-297.
81. Conference on the training of surveyors in Dresden. Geodézia és Kartográfia, 23 (1971), 298-299.
82. Conference on land registers in Yugoslavia. Geodézia és Kartográfia, 23 (1971), 299-300.
83. To the memory of two Finnish scientists. Geodézia és Kartográfia, 24 (1972), 125-127.
84. The Institute for Geodesy, Surveying and Photogrammetry at the Technical University of Budapest. 

Geodézia és Kartográfia, 24 (1972), 136-137.
85. The economical importance of city-surveys. Geodézia és Kartográfia, 24 (1972), 144.
86. The Union of Technical Societies and the Society for Geodesy and Cartography in figures. Geodézia és 

Kartográfia, 24 (1972), 292-293.
87. The 12th Congress of the International Society for Photogrammetry. Geodézia és Kartográfia, 24 (1972), 

371-372.
88. Géza Hankó (obituary). Geodézia és Kartográfia, 25 (1973), 121-122.
89. Days of hydrosurveying in Baja. Geodézia és Kartográfia, 25 (1973), 292-293.
90. The GEOPLANE 300. Geodézia és Kartográfia, 25 (1973), 387.
91. 25 years “Geodézia és Kartográfia”. Geodézia és Kartográfia, 25 (1973), 401-404.
92. Days of Hungarian Geodesy in Vienna. Geodézia és Kartográfia, 26 (1974), 67-68.
93. Information about the Conference on Technical Education in Székesfehérvár. Geodézia és Kartográfia, 

26 (1974), 280-282.
94. The 14th FIG Congress. (Co-authors: Gy Gabos, I Joó) Geodézia és Kartográfia, 27 (1975), 63-68.
95. Opening talk at the festive session to the 30th anniversary of the liberation of our country. Geodézia és 

Kartográfia, 27 (1975), 153-154.
96. Awarding doctor honoris causa at the Technical University, Budapest. Geodézia és Kartográfia, 27 

(1975), 216.
97. Dr. Gertrud Láng (obituary). Geodézia és Kartográfia, 27 (1975), 219.

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983



OBITUARY: L HOMORÓDI 7

98. Artificial satellites launched in 1973. Geodézia és Kartográfia, 27 (1975), 221.
99. Information about the 13th International Photogrammetric Congress. Geodézia és Kartográfia, 27 

(1975), 223-224.
100. Report on the yearly assembly of IAG, 1975. (Co-authors: Gy Alpár, F Halmos, I Joó) Geodézia és 

Kartográfia, 28 (1976), 57-64.
101. Remarks to the paper of G. Vagács: About the parallax. Geodézia és Kartográfia, 28 (1976), 145-146.
102. The Fifth Congress of the Yugoslavian Surveyors and Technicians. Geodézia és Kartográfia, 28 (1976), 

148.
103. The African surveying conference. (Co-author: F Raum) Geodézia és Kartográfia, 28 (1976), 452-453.
104. The Geodetic Society of the GDR 25 years old. Geodézia és Kartográfia, 28 (1976), 453-454.
105. The Congress of the International Society for Photogrammetry. Geodézia és Kartográfia, 28 (1976), 

449-451.
106. Reports of the Department of Geodetic Science of the Ohio State University. Geodézia és Kartográfia,

28 (1976), 475-476.
107. The Congress of ISP. (Co-authors: J Gebry, M Gerencsér, В Kovács, О Rádai) Geodézia és Kartográfia,

29 (1977), 129-136.
108. The new curriculum of civil engineers for surveying at the University of Dresden. Geodézia és 

Kartográfia, 29 (1977), 138.
109. Willem Schermerhorn (obituary). Geodézia és Kartográfia, 29 (1977), 206-207.
110. Artificial satellites launched in 1974. Geodézia és Kartográfia, 29 (1977), 292-293.
111. The leading staff of UGGI. Geodézia és Kartográfia, 29 (1977), 293 294.
112. The Union of Technical Societies and the Society for Geodesy and Cartography in figures. Geodézia és 

Kartográfia, 29 (1977), 295-296.
113. The 15th Congress of IAG. (Co-authors: Á Detreköi, F Halmos, F Raum) Geodézia és Kartográfia, 29 

(1977), 368-370; 455-460.
114. The National Surveying in Sweden. Geodézia és Kartográfia, 29 (1977), 461.
115. An anniversary. Geodézia és Kartográfia, 29 (1977), 464.
116. The artificial satellites launched in 1975. Geodézia és Kartográfia, 30 (1978), 311-312.
117. The 6th Conference of Special Committe of ISP. Geodézia és Kartográfia, 30 (1978), 470.
118. The session of the Council of ISP. Geodézia és Kartográfia, 30 (1978), 470-471.
119. Remarks to the paper: The teaching of economics and management principles. Geodézia és Kartográfia, 

31 (1979), 192-194.
120. The artificial satellites launched in 1976. Geodézia és Kartográfia, 31 (1979), 220-221.
121. A new French technical society. Geodézia és Kartográfia, 31 (1979), 460.
122. The General Assembly of the Hungarian Academy of Sciences in 1980. Geodézia és Kartográfia, 32

(1980) , 279-280.
123. The General Assembly of the Polish Geodetic Society. Geodézia és Kartográfia, 32 (1980), 396.
124. The artificial satellites launched in 1977. Geodézia és Kartográfia, 33 (1981), 66-67.
125. Commemoration to Prof. Buchholz at the Technical University Dresden. Geodézia és Kartográfia, 33

(1981) , 68-69.
126. The artificial satellites launched in 1978. Geodézia és Kartográfia, 33 (1981), 138-141.
127. The 14th Congress of ISP. (Co-author: P Winkler) Geodézia és Kartográfia, 33 (1981), 219-220.
128. The work of Committee VI at the 14. Congress of ISP. Geodézia és Kartográfia, 33 (1981), 224-225.
129. Commemoration to the 25th anniversary of founding the Society. Geodézia és Kartográfia, 33 (1981), 

237-240.
130. The General Assembly of the Hungarian Academy of Sciences. Geodézia és Kartográfia, 33 (1981), 367- 

369.
131. The education of surveying engineers in Switzerland. Geodézia és Kartográfia, 34 (1982), 45-47; 1 ló

iig.
132. The XVI. Congress of FIG. Geodézia és Kartográfia, 34 (1982), 50-53.
133. The Technical Society and our Society in figures. Geodézia és Kartográfia, 34 (1982), 63-64.
134. The XVIth Congress of the International Association of Surveyors (FIG). The meetings of the 

commissions. (Co-authors: Л Detrekői and T Lukács) Geodézia és Kartográfia, 34 (1982), 125-130.

Acta Geodaetica, Geophysica el Montamstica Hung. 18, 1983



8 OBITUARY: L HOMORÓDI

135. Control of bridge structure elements by photogrammetry. Geodézia és Kartográfia, 34(1982), 139-140.
136. The anniversary of the founding of the Polish Photogrammetrical Society. Geodézia és Kartográfia, 34

(1982), 140.
137. Opinions about the technical education in the FRG. Geodézia és Kartográfia, 34 (1982), 140.

Acta Geodaetica, Geophysica et Montanislica Hung. 18, 1983



Acta Geodaet., Geophys. et Montanist. Hung. УоЫте 18 ( I— 2), pp. 9— 14 ( 1983)

SOME PROBLEMS OF GEODYNAMICS 
AND METHODS FOR THEIR SOLUTION1

A A I z o t o v 2

Central Research Institute for Geodesy, 
Photogrammelry and Cartography, Moscow

[Manuscript received October 15, 1980]

Inner and outer forces influencing the present evolution of the Earth can be detected and 
interpreted by the effects caused in the Earth’s crust and surface (change of the rotation velocity, polar 
motion, earth tides, vertical and horizontal crustal movements, movements of lithospheric plates). 
The most urgent problems are in this field the connection of physico-chemical processes in the 
Earth's interior with tectonic phenomena, interaction between continental and oceanic parts of the 
crust, the development of oceanic trenches and their effect on the crustal evolution, present and past 
continental movements.

In the framework of the International Geodynamics Project the problems are approached 
from a geological-geophysical point of view. These methods, however, cannot yield accurate 
numerical data on these movements. Global geokinetic processes could be studied most easily by 
satellite geodetic and astronomic methods. The author discusses such methods and proposes to 
establish a mixed commission of astronomers-geodesists and geologists-geophysicists which should 
outline the problems to be solved by common efforts.

Keywords: crustal movements; geodynamics; geokinetics; plate tectonics; polar motion; 
satellite geodesy; spherical astronomic

Some basic ideas of geodynamics emerged already at the end of the last century. 
They were connected with the dynamics of the rotation of the Earth, namely, it has been 
found that measured and theoretical periods of the polar motion differ from each other. 
These problems have been closely connected ever since their emergence with Earth 
tides, with the inner construction of the Earth, and with the investigation of 
geodynamic processes in the interior and at the surface.

In the last decades, the problems of geodynamics met deep interest in many 
branches of the geosciences and they are the subject of extended researches. These 
investigations are carried out partly in the framework of national programs, partly in 
international cooperations with the collaboration of scientists from many countries. 
Such an international project was from 1961 on “The Upper Mantle and Its Effect on 
the Evolution of the Earth’s Crust”, reorganized since 1975 into the “International 
Geodynamic Project”, suggesting a wider program for researches in this field.

1 Paper presented at the Conference “The role of geosciences in the prospection of energy sources”, 
Sopron, October 15, 1980

2 125 167 Moscow A— 167, Ul. Viktorenko 211 kv 18
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Geodynamics is separate branch of geosciences with its own field of research. It 
consists of two Greek words: “ysoo" is Earth, and “Swa/uo” is force; this two words 
well describe the content of the branch of science. Evidently the inner and outher forces 
were considered by the founders as the subject of their investigations, as they act in the 
interior of the Earth and in the surrounding space and influence its evolution.

The Earth is a planet of the solar system and it is under the action of the 
gravitational forces exerted by other members of this system, mainly by the Sun and the 
Moon. They together bring about the Earth tides. In addition in the Earth’s interior 
there are own gravitational forces which influence differentiation and mass 
movements. But the most important fact is that the Earth is yet in an active phase of 
inner physico-chemical and physico-mechanical processes which cause changes in its 
stress distribution, and result in material movements in deep layers as well as in the 
Earth’s crust.

Inner and outer forces which influence the present evolution of the Earth can be 
detected and understood by a study of effects and phenomena caused in the Earth’s 
crust and at the surface. This means that the study of geokinetic processes has utmost 
importance for the study and solution of many geodynamic problems. Such geokinetic 
effects can be immediately measured and observed. They include variations of the 
rotational velocity of the Earth polar motion, Earth tides, vertical and horizontal 
crustal movements, including also the drift of great lithospheric plates.

The changes of the Earth’s rotation were studied so far by the astronomic 
observation of the changes in the longitude of observatories of the world time service 
network. The long-term observations led to the conclusion that the rotation of the 
Earth has seasonal, longer periodic and even secular changes. In the results and 
consequently in the scientific conclusions deduced from them, however, many 
contradictions have appeared, not yet being clarified. Thus e.g. by using the results of 
the European and North-American stations of the time service, different values are 
obtained for the change of the Earth’s rotation.

The results of the observation of the longitudes in the observatories of the time 
service are also used in the study of the polar motion. For this purpose astronomical 
observations in five stations of the International Polar Motion Service have been used 
for more than 80 years. On the basis of the latitude observations, the main components 
of the polar motion have already been determined. The same data show that the North- 
Pole has also a secular wandering in the direction of Greenland with a velocity of 10 
cm/year, but, the whole wandering is a little dubious.

Some contradictions and doubts in connection with the non-uniform rotation 
and the polar motion can be due to movements of the astronomical observation 
stations in consequence of the drifts of the lithospheric plates. Meanwhile there are no 
reliable data on the stability or possible motion of these stations, as their relative 
situation has not been determined in a uniform geodetic system of coordinates, and 
they are not controlled by regular repetitive measurements. In addition, it is supposed
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for all temporary and permanent astronomical regular latitudinal and longitudinal 
observations that the vertical conserves its original position at all stations in spite of its 
temporary changes in the Earth’s interior and surface due to material movements. That 
means that on the basis of exclusively astronomical latitude- and longitude 
determinations it is very difficult to reach unambiguous and clear conclusions about 
the geokinetic phenomena to be studied.

Researches of the vertical crustal movements by geodetic methods resulted in the 
conclusion that positive and negative height changes with values of 3—5 mm/year are 
possible even inside of lithospheric plates. The studies of the horizontal crustal 
movements have at present only a local character, as they are carried out only on 
tectonically active areas. Thus, the direction and velocity of the regional horizontal 
movements of the Earth’s crust are not yet well understood.

It is evident that the vertical and horizontal movements of the Earth’s crust are 
the components of its own deformation caused by the same geodynamic processes in 
the Earth’s crust and in the layers below it. Nevertheless, geodetic investigations result 
in independent determinations of these components without any connection between 
them. In addition it is supposed in the study of the vertical crustal movements that the 
gravity field of the Earth does not change in time. Naturally these suppositions do not 
allow to get a complete picture on the realistic deformations of the Earth’s crust and on 
the geodynamic processes provoking them.

Earlier purely astronomic measurements made for the verification of the 
hypothesis on the drift of the continents did not yield any conclusive results.

The latter can be explained by the unadequateness of technics and methods of the 
astronomical observations in the near past for determining small-scale variations in the 
position of sites at the Earth’s surface. This is why the continental drift is even now 
severely discussed, and neither its opponents nor its supporters possess sufficient data 
to convince about their point of view.

As it is known the international programs mentioned resulted in a survey of the 
mid-ocean ridges and deep sea trenches, and it was recognized that the inner structure 
of the Earth’s crust is different below continents and oceans, etc. These discoveries 
resulted in a revival of old theories on the mobility of the Earth’s crust and new 
hypotheses were made about the. Earth’s inner structure and development. The actual 
problems of this field are: physico-chemical processes in the Earth’s interior, their 
connection with tectonic phenomena, interaction between continental and oceanic 
parts of the crust, mechanism of the deep oceanic trenches and their effect on the 
evolution of the Earth’s crust, continental drift at present and in the historic past.

The present International Geodynamic Project proposes the solution of these 
problems by geologic-geophysical means. But these methods, even if they are the most 
uptodate ones, do not allow a numerical determination of the present drift rate of 
continents and lithospheric plates. Further, this project does not include a study of the 
geokinetic phenomena such as non-uniform rotation of the Earth, polar motion,
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although they can be the consequences, sometimes even the causes of tectonic 
processes.

The mentioned presently active geokinetic phenomena can be detected only by 
regularly repeated astronomical-geodetic observations in some points of the Earth’s 
surface in a uniform and invariable system of coordinates. By a determination of the 
relative position of these points in different epochs, numerical data can be collected on 
the studied phenomena, further on their temporal and spatial changes. The same data 
enable to reach very important, but non-unambiguous conclusions about the 
geodynamic processes causing these geokinetic variations.

It is evident that the study of geokinetic phenomena as the drift of continents 
necessitates repeated geodetic-astronomical measurements during rather long time 
spans in not very long time intervals. Therefore, they can be studied most easily in a 
network of permanent geodetic-astronomical stations (or in geodynamic stations or 
observatories). The basis for such a network could be the station network of the 
International Polar Motion Service and the latitude observatories of the International 
Time Service. Naturally, it is advisable to extend this network by other existing or newly 
established stations in order to include the most interesting zones and areas of the 
Earth’s surface. Such stations would be necessary not only in continents, but also in 
oceanic areas, using for this purpose suitable islands.

For the establishment of the geodynamic station network and for the 
determination of the changes of the coordinates of the stations both classical and 
modern satellite methods of geodetic-astronomical observations are to be used. Both 
methods will find applications according to their theoretical properties. It would be 
necessary to solve one and the same problem by several methods in order to obtain 
results which are free of the characteristic errors of the different methods.

The most important task of every geodynamic station is to carry out regular 
latitude and longitude determinations by classical methods. These methods have 
developed to a very high level, thus the error of latitude and longitude determinations 
from yearly series do not surpass 0.0Г' or 0.3 m. Classical astronomical methods can be 
used for these purposes as they enable the independent determination of latitude and 
longitude which are then independent from all other stations.

In order to eliminate the effect of the changes of the vertical on the de
terminations latitude and longitude, high precision gravimetric investigations are to 
be carried out around every geodynamic station in certain time intervals. Uptodate 
gravimetric instruments and methods enable the determination of the relative value of 
the gravity acceleration with an error not greater than 0.05 mgal. This accuracy enables 
already a rather accurate determination of the changes of the vertical at the 
geodynamic stations.

In addition it is advisable to carry out high precision measurements of the gravity 
acceleration with absolute methods at all geodynamic stations. At present this is 
already possible as there are ballistic gravimeters at disposal which enable the absolute
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measurement of the gravimetric field with a precision of some 10“2 mgals. These 
instruments enable the study of the temporal variations of the Earth’s gravity field and 
to collect new data for the explanation of geodynamic processes in the Earth’s interior 
and at its surface.

The theory of the continental drifts could be controlled by very high precision 
classical geodetic measurements, including repeated levelings and triangulations. But 
such measurements are, especially when they cover wide areas, very expensive and 
time-consuming, even within one cycle of the measurements. Therefore, classical 
geodetic measurements can only be used at present for the study of local and partly of 
regional crustal movements.

For the study of the global geokinetic phenomena the most advantageous 
methods and technical means are satellite geodetic and astronomical measurements. 
They enable a very accurate positioning of points on the Earth’s surface even with very 
long distances between them, and seas and oceans can be traversed as well. These 
methods are at the same time both organisatorically and technically more simple and 
operative than classical geodetic methods.

Continental drifts and polar motion can also be studied by laser location of the 
Moon, by observing laser mirrors on its surface. As it is known the observation of the 
distance to a laser mirror on the Moon’s surface during one night enables the 
determination of the radius of the latitudinal circle of a station with an error of 10 cm. 
Such measurements made during one month enable already a similarly high precision 
determination of the distance of the station from the equatorial plane of the Earth. 
Measuring the transit times of the same laser mirror on the Moon’s surface through the 
meridians of a number of stations, in knowledge of the right ascension of the laser 
mirror, the geocentric longitudes of the stations can also be measured. Naturally the 
laser location of the Moon necessitates the exact knowledge of the geocentric 
coordinates of the laser mirrors, the shape parameters of the Moon, its physical 
libration and movements along its path. Besides, this method necessitates high power 
telescopes, therefore it can only be realized at greater astronomic observatories.

It seems that the geometric methods of the space geodesy are more adaptable for 
a study of the continental drifts. It is sufficient for this purpose to carry out regular 
measurements to a satellite with laser ranging equipment and to carry out synchronous 
photographic measurements. These measurements and observations enable in all cases 
the determination of the relative position of terrestrial stations in a system of 
coordinates connected with the gravity centre of the Earth and its rotation axis. 
According to computations, the present level of cosmic geodesy enables the 
determination of the distance of surface stations with errors of 10-20 cm using satellites 
in altitudes of 4-5 thousand km provided with laser mirrors and observations made 
with laser telescopes. For the study of the continental drift, and even more for that of 
the changes of the rotation velocity of the Earth, the VLBI-method can also be used 
which has been developed in the Soviet Union and in the US. That means the
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synchronous observation of an extragalactic radio source using two radio telescopes at 
great distances from each other. Its utilization is enabled by etalon frequencies of high 
phase stability; portable radio telescopes have already been manufactured or will be 
produced in the near future. A survey of the possibilities of the VLBI shows that the 
determination of the relative position of observing stations with errors of 10 cm can be 
reached and the changes of the length of the day can be measured with an error of less 
than one tenth of ms.

There are other radiotechnical methods for the solution of geodetic problems by 
satellite observations too. Among them the most sympathetic and perhaps most 
advantageous method is the Doppler-method which has been used already for a 
number of purposes. It is partly used for the tasks of the International Polar Motion 
Service. It can also be applied for the temporal tracing of the relative spatial position of 
geodynamic stations.

It is clear that researches for the solution of geodynamic problems shall be 
continued and intensified in the future. These programs have to include the study of the 
presently known geokinetic phenomena by geodetic-astronomical methods which are 
based on the observation of the artificial satellites of the Earth. In this connection, 
working plans for the study of the Earth environment should include the needs of 
geodynamic investigations, too.

The tools and methods of the geodetic-astronomical observations and 
measurements are continuously improving in accuracy. Thus e.g. it can already be 
hoped that repeated geodetic-astronomical measurements can be used for the control 
and monitoring of the present drift of continents during the lifetime of a scientific 
generation.

Naturally, the organization of the geodetic-astronomical measurements for the 
solution of geodynamic problems raises many technical questions, too. This problem 
should be studied by a team consisting of geodetico-astronomists and geologico- 
geophysicists in order to enable the start of such measurements in the near future. This 
is necessary to conclude the discussion of theories and to begin with proven facts and 
unambiguous scientific conclusions in connection with problems which are of great 
interest for the modern geosciences.
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ENTWICKLUNGSTENDENZEN 
IN DER LANDESVERMESSUNG1
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[Eingegangen am 15. Oktober 1980]

National Survey stands for the creation of the basis of geodetic operations required in 
national, regional, and continental areas. It is observed that these fundamentals are not settled 
definitions but depend on requirements and theories and on available technologies. From the present 
point of view these are systems of terrestrial control points and navigation satellites as well as maps 
and digital models for conveyance of land informations and geodetic observatories where the 
connection to higher systems is exercised.

In the following the historical development of geodesy is considered first. Then kind and 
accuracy of measured variables, models, and procedures as well as education are discussed. A view to 
the future shows the activities in geodesy in developing countries as well as in countries with geodetic 
tradition. Finally it is pointed out that the tasks of national survey are completed neither in theory 
nor in practice and that a period begins which is marked by a broader offer of geodetic informations 
and by the measurement of the influence of time variations.

Als „Landesvermessung“ wird die Schaffung von Grundlagen für die Durchführung der im 
nationalen, regionalen und kontinentalen Bereichen erforderlichen geodätischen Operationen 
bezeichnet. Dabei wird beachtet, daß diese Grundlagen nicht feststehende Begriffe sind, sondern von 
Anforderungen und Theorien und von den verfügbaren Technologien abhängig sind. Aus der 
derzeitigen Sicht sind diese flächenförmig angeordnete vermarkte Systeme von terrestrischen 
Kontrollpunkten und von Navigationssatelliten sowie Kartenwerke und digitale Modelle zur 
Vermittlung von Landinformationen und Geodätische Observatorien in welchen der Anschluß in 
übergeordnete Systeme erfolgt.

In der Folge wird erst die geschichtliche Entwicklung der Geodäsie betrachtet. Sodann 
erfolgt eine Diskussion über die Art und die Genauigkeit der Meßgrößen, über Modelle und 
Verfahren sowie über die Ausbildung. In einem Ausblick in die Zukunft wird die Tätigkeit in den 
geodätischen Entwicklungsländern sowie in den Ländern mit geodätischer Tradition betrachtet. 
Schließlich wird festgestellt, daß die Aufgaben der Landesvermessung weder in der Theorie noch in 
der Praxis abgeschlossen sind und eine durch die Erweiterung des geodätischen Informations
angebotes und die Erfassung von zeitlichen Veränderungen gekennzeichnete Epoche beginnt.

Keywords: control points; digital models; geodetic observatories; history of geodesy; national 
survey; navigation satellites

1 Vortrag abgehalten am 15. Oktober 1980 an der Konferenz „Die Rolle der Geowissenschaften in 
der Erkundung der Energiequellen“ in Sopron

2 A-8010 Graz, Rechbauer Str. 12
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1. Was ist Landesvermessung?

Die geodätischen Aufgaben werden in allen Teilen der Welt in gleicher Weise 
gestellt. Immer ist es ihr Ziel, geometrische und andere Informationen über die 
Erdoberfläche und die darauf befindlichen materiellen Organismen und natürlichen 
und künstlichen Objekte zu ermitteln. Immer interessieren zeitliche Veränderungen 
dieser Größen und immer ist eine geeignete Darstellung und Interpretation der 
Information erforderlich. Einteilung und Bezeichnung der verschiedenen geodätischen 
Operationen sind jedoch in verschiedenen Teilen der Welt verschieden. Aus diesem 
Grund muß erst die Frage beantwortet werden: Was ist Landesvermessung?

Nach dem Sinn des Wortes könnte als Landesvermessung die Summe aller 
geodätischen Operationen in einem Land (nationaler Bereich) bezeichnet werden. 
Tatsächlich erfolgt jedoch eine fachliche Beschränkung auf geodätische Operationen, 
welche Grundlagen hiefür schaffen und eine geographische Erweiterung auf zusam
mengehörige Regionen oder Kontinente. Die Begriffe Landes-, Regional- und 
Kontinentalvermessung sind daher in fachlicher Hinsicht analog. Hinsichtlich der 
Organisation ihrer Durchführung sind sie jedoch von gegebenen nationalen oder 
übernationalen Gegebenheiten abhängig. Ganz allgemein werden durch die Landes
vermessung selbständige geodätische Einheiten geschaffen, die zu regionalen oder 
kontinentalen Vermessungssystemen zusammengefügt werden und mit dieser einen 
Bestandteil des endgültig angestrebten Weltsystems bilden. Die Schaffung dieses ist 
jedoch Aufgabe der Erdmessung.

Wegen der großen Bedeutung der geodätischen Aktivitäten für die Wirtschaft, 
die technische Erschließung, die Wissenschaft und die Verwaltung werden die 
Hauptaufgaben der Landesvermessung in der Regel im staatlichen Bereich durchge
führt und nur Teilbereiche privaten Büros übertragen.

Nach dem bisher Gesagten ist es Aufgabe der Landesvermessung ( = LV), Grund
lagen für die Durchführung der im nationalen, regionalen und kontinentalen Bereich 
erforderlichen geodätischen Operationen zu schaffen. Dabei muß beachtet werden, daß 
Grundlagen nicht feststehende Begriffe sind, sondern von den Anforderungen, den 
Theorien und den verfügbaren Technologien abhängig sind. Aus derzeitiger Sicht sind 
dies folgende Operate:

— Flächenförmig angeordnete und vermarkte Systeme von terrestrischen 
Kontrollpunkten (Festpunktfelder) für die Bestimmung der Lage, der Höhen 
und von Schwerewerten, deren zeitliche Veränderungen routinemäßig 
bestimmt werden sollen. Diese Systeme werden durch Navigationssatelliten 
hoher Genauigkeit ergänzt und kontrolliert.

— Topographische und thematische Kartenwerke, Pläne, Verzeichnisse und 
digitale Modelle zur Vermittlung von Landinformationen, die in möglichst 
kurzen Intervallen dem aktuellen Zustand angepaßt werden.
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— Geodätische Observatorien, in welchen der Anschluß der LV an übergeord
nete, geodätische Systeme und die Mitarbeit an überregionalen Projekten 
erfolgt, sowie Testfelder in welchen neue Verfahren und Technologien den 
besonderen Bedürfnissen des Landes (Region oder Kontinent) angepaßt 
werden.

Tendenzen für die weitere Entwicklung der LV hängen von allgemeinen 
Zielsetzungen und Aufgaben der Geodäsie, sowie von Entwicklungen der Technologie 
der geodätischen Instrumente ab. Es ist daher notwendig, erst diese zu betrachten.

2. Blick in die Entwicklung der Geodäsie

Wie jede naturwissenschaftliche Disziplin erfüllt auch die Geodäsie wissen
schaftliche und praxisorientierte Aufgaben und Anwendungen. Als Wissenschaft 
obliegt ihr einmal die Bestimmung der geometrischen, der gravimetrischen und der 
Orientierungsparameter der Erde, also eine Aufgabe, welche der Geophysik 
zuzuzählen ist. Außerdem muß sie Theorien, Verfahren und Technologien für den 
Einsatz bei der Durchführung von technischen Projekten bereitstellen und ist daher 
auch ein Teil der Ingenieurwissenschaften. In der praktischen Anwendung liefert die 
Geodäsie einerseits Daten, die als Grundlage für Theorien und Aussagen anderer 
Geodisziplinen Verwendung finden, und nimmt anderseits an der Planung, 
Durchführung und Kontrolle von technischen Projekten teil, welche der wirtschaftli
chen Erschließung dienen, trägt zur Bodenordnung bei und stellt für die Verwaltung 
bedeutsame Informationen bereit.

In allen Funktionen werden geodätische Aussagen aus Meßgrößen mit Hilfe 
mehrfach kontrollierter überbestimmter Modelle abgeleitet und können daher in jeder 
Funktion als Fundament für die Aussagen anderer Disziplinen Anwendung finden. 
Fundamentale Aufgaben der wissenschaftlichen Geodäsie sind:

— die Bestimmung der geometrischen Form, der Orientierung und der 
Strukturparameter, des Schwerefeldes der Erde in einem inertialen Bezugssy
stem,

— die Bestimmung der zeitlichen Veränderungen der geometrischen und 
Orientierungsparameter sowie der zeitlichen und räumlichen Veränderungen 
der Strukturparameter des Schwerefeldes,

— die Darstellung der Ergebnisse in zeitabhängigen Erdmodellen durch die 
Raumpositionen eines Fundamentalsystems von Kontrollpunkten, die 
geometrischen und physikalischen Parameter eines Erdellipsoids, Parameter 
der Polbewegung und die Parameter von bekannten, dynamischen 
Phänomenen (Erdgezeiten, Krustenbewegung, Plattentektonik),
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— die Durchführung analoger Aufgaben für die Bestimmung der geometrischen 
Form der Orientierung und des Schwerefeldes des Mondes und der übrigen 
Planeten des Sonnensystems.

Dazu kommen wichtige Aufgaben, welche die praktische Anwendung 
der geodätischen Operate betreffen. Es sind dies:

— die Bestimmung und Erhaltung von nationalen und regionalen Systemen von 
geodätischen Kontrollpunkten für die Position und die Schwere sowie die 
Ermittlung ihrer zeitlichen Veränderungen,

— die Anfertigung von grundlegenden topographischen und thematischen 
Land- und Seekarten, Verzeichnissen und digitalen Modellen, durch welche 
geometrische und andere Informationen über die Oberfläche der Erde auf den 
Kontinent und unterhalb der Meere vermittelt werden,

— die Einrichtung von Datenbanken, in welchen die ermittelten Informationen 
gespeichert sind und die Vereinigung dieser zu einem Landinformations
system, das möglichst viele geometrische, juridische, physikalische, geologi
sche, land- und forstwirtschaftliche, hydrologische und andere Daten über 
das betrachtete Gebiet enthält,

— die Absteckung von technischen Projekten in der Natur und Überwachung 
der plangerechten Ausführung und

— die Bestimmung der zeitlichen Veränderungen von Objekten und ihrer 
Umwelt zufolge der Durchführung von technischen Projekten oder von 
Naturereignissen, Ermittlung von Prognosen für den weiteren Verlauf.

Aus Voraussetzung für die Durchführung der geodätischen Aktivität kommt 
dazu die Ausbildung des Nachwuchses in die einschlägigen, mathematischen, 
physikalischen und ingenieurwissenschaftlichen Theorien sowie in die Technologie der 
Meßinstrumente und in den Verfahren der Messung, Berechnung und Analyse.

Die geodätischen Aussagen werden aus Meßgrößen mit Hilfe von mathemati
schen und physikalischen Modellen abgeleitet, welche sich den in der Natur vorliegen
den Verhältnissen möglichst gut anschmiegen. Die Genauigkeit der Aussage hängt von 
der Genauigkeit der Meßgrößen, von der Güte der benutzten Modelle und Verfahren 
und von der im konkreten Fall vorliegenden Konfiguration der Bestimmungsgleichun
gen ab. Eine Steigerung der Genauigkeit kann durch Verbesserung aller drei genann
ten Faktoren erfolgen.

2.1 Meßgrößen

Geodätische Meßgrößen sind geometrische Verbindungsparameter zwischen 
Meß- und Zielpunkten (Richtung und Winkel, Strecken und Streckendifferenzen, 
trigonometrische Höhenunterschiede), physikalische Parameter des Schwerefeldes
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(Beschleunigungen, Gradienten, Potentialdifferenzen), Frequenzen (Zeit, Doppleref
fekt), Interferenzen, Beschleunigungen, Druck, Temperatur usw., sowie durch 
Photogrammetrie, Radargrammetrie und durch andere Verfahren der Fernerkundung 
vermittelte Information.

Geometrische Meßgrößen, die aus Zustandsgrößen (Richtung, Frequenz, Phase, 
Intensität) von Licht- und elektrischen Wellen abgeleitet werden, sind durch die 
Refraktion beeinflußt. Ihre derzeit etwa±(l bis 10)-10“6 betragende Genauigkeit 
zwischen terrestrischen Punkten kann durch Dispersionsmessungen (zwei-Farben- 
Laser) und Mikrowelle um ein bis zwei Zehnerpotenzen gesteigert werden. Bei 
Messungen nach Punkten außerhalb der Atmosphäre nimmt der innerhalb dieser 
verursachte Refraktionseflekt bei Richtungsmessungen proportional mit der Entfer
nung zu, bei der Entfernungsmessung aber ab. In der Entfernungsmessung nach weit 
entfernten Satelliten werden daher hohe Meßgenauigkeiten im cm-Bereich erwartet.

Physikalische Meßgrößen können im allgemeinen mit höherer Genauigkeit 
bestimmt werden als geometrische. Bei Zeit-(Frequenz) Messungen wird eine relative 
Genauigkeit von + 110“ 13 bei Dopplerfrequenzen + 10~12 erreicht. Aus bestimmten 
physikalischen Meßgrößen (Geschwindigkeit, Beschleunigung) lassen sich geometri
sche (Strecken) durch Integration bestimmen. Aus Potentialdifferenzen (Nivellement, 
Schweremessung) abgeleitete Höhendifferenzen sind ein bis zwei Zehnerpotenzen 
genauer als trigonometrische. Für die Bestimmung von ellipsoidischen Höhen werden 
aber mehrfach ungenauer bestimmbar (Undulationen, Anomalien, Mittelwerte von 
Pegel) benötigt.

Der Betrag des Schwerevektors kann mit einer Genauigkeit von (1 bis 10)-10"9 
bestimmt werden, die Richtung (aus astronomischen Messungen) mit einer Genauig
keit von etwa HO-6 je Richtungskomponente, eine Steigerung ist wegen der schlecht 
erfaßbaren Refraktion nicht absehbar. Änderungen von Richtung und Betrag des 
Schwerevektors lassen sich durch Pendel- und Gravimetermessungen mit einer 
Genauigkeit von (1 bis 10)- 10 9 ermitteln.

Die Genauigkeit der photogrammetrischen Information wird durch Verbes
serung der optischen und photographischen Abbildung und durch Digitalisierung der 
Informationen gesteigert. Analoges gilt auch für die Radargrammetrie und andere am 
Beginn der Entwicklung stehende Verfahren der Fernerkundung.

Ein Ausblick in die Zukunft läßt erkennen, daß neben der Erhöhung der 
Genauigkeit auch eine Erweiterung in der Art und Anzahl der geodätischen 
Informationen zu erwarten ist. Außerdem wird der Meßvorgang durch die Automation 
und die Möglichkeit, diesen auch von und nach Raumfahrzeugen auszuführen mit 
geringeren Kosten und in kürzerer Zeit erfolgen können.
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2.2 Modelle und Verfahren

Für die Bestimmung von 2D und 3D Positionen von Punkten stehen nach wie 
vor die klassischen Verfahren der Triangulation und Trilatération, sowie des 
geometrischen und trigonometrischen Nivellements zur Verfügung. Diese sind durch 
die Entfernungsmessung mit elektromagnetischen Wellen, sowie durch die Automa
tion der Meß- und Rechenvorgänge effektiver geworden und lassen sich in kürzerer 
Zeit, mit größerer Genauigkeit (in kleineren Systemen von 1 bis 2 km Ausdehnung im 
sub-Millimeterbereich) und größerer Wirtschaftlichkeit durchführen.

Zu diesen Verfahren kommt die Positionsbestimmung mit Hilfe von Satelliten, 
nach oder von welchen Meßgrößen (Richtungen, Entfernungen und Dopplerfrequen
zen) bestimmt werden. Dabei muß unterschieden werden, ob Satelliten nur als 
Hochziele (Ziel- oder Standpunkte) dienen (geometrische Verfahren), oder ob auch die 
durch die Bewegungsgesetze vorliegenden Informationen mitbenutzt werden (dynami
sche Verfahren). Im ersten Fall lassen sich nur die Positionen der Meß- und Zielpunk
te, in letzteren zusätzlich auch die Strukturparameter des Schwerefeldes bestimmen.

Praktische Bedeutung haben Verfahren erlangt, die von bekannten Bahndaten 
ausgehen und als Meßdaten integrierte Dopplerfrequenzen benutzen. Ein Beispiel 
hiefür ist das Navy Navigation Satellite System = NNSS, bei dem erst die Bahndaten 
(Ephemeriden) aus Dopplermessungen auf Stationen mit bekannten Positionen oder 
einem bekannten Modell des Schwerefeld abgeleitet und dann die Bestimmung der 
Positionen von Neupunkten aus integrierten Dopplerfrequenzen ermittelt werden. Ein 
Nachfolgesystem (GPS = Global Positioning System) höherer Genauigkeit wird 
installiert. Bei diesen Systemen haben die in Funktion der Zeit angegebenen 
Raumpositionen der Satelliten die Funktion von Kontrollpunkten, von welchen mit 
Hilfe der Meßdaten die Positionen der Neupunkte durch Einfach- oder Mehrfach- 
Punkteinschaltung bestimmt werden können. Die absolute Genauigkeit dieser 
Positionsbestimmung liegt derzeit im Meter-Bereich, die relative ist um eine 
Größenordnung besser.

Für die genaue Bestimmung der Verbindungsvektoren von weit entfernten 
Punkten stehen auch Verfahren mit Laser Entfernungen und interferometrischen 
Daten zur Verfügung. Diese werden in globalen und regionalen Versuchsnetzen (in 
Europa EROS, VLBI und EDOC) erprobt und mit bekannten Daten verglichen. Die 
bisherigen Ergebnisse lassen Genauigkeiten im cm-Bereich erwarten.

Die Bestimmung der Parameter des Schwerefeldes erfolgt durch terrestrische 
Messungen der Schwerebeschleunigung und ihrer Gradienten, durch entsprechende 
Messungen in Raumfahrzeugen und aus geometrischen Meßdaten, welche nach, von 
und zwischen Raumfahrzeugen ermittelt werden.

Strukturparameter des Schwerefeldes, Orientierungsparameter der Erde (Pol
schwankungen, Rotationsgeschwindigkeit, Krustenbewegung und Positionen der 
terrestrischen Meßpunkte werden in einem Iterationsprozeß bestimmt. Die Kombina-
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tion verschiedener terrestrischer und Satellitenverfahren und die Verwendung 
verschiedener Meßmittel und Meßgrößen läßt die Ausschaltung systematischer 
Einflüsse erwarten.

Für die Gewinnung globaler Werte werden Beobachtungseinrichtungen in 
stationären Observatorien benötigt (globales Testnetz). Für die Verdichtung und die 
Verfeinerung werden transportable Laserstationen und interferometrische (VLBI) 
Geräte entwickelt. Die genannten Aufgaben können nur in internationaler Zusammen
arbeit gelöst werden. Jedes Land kann und soll dazu durch Errichtung von 
entsprechend ausgerüsteten geodätischen Labors (Geo-Stationen) beitragen und sich 
mit diesen an der Forschung beteiligen.

In die so geschaffenen Grundlagen können die regionalen und nationalen 
Festpunktfelder für die Lage, Höhe und Schwere eingebunden werden. Durch die 
moderne Technologie für die Datengewinnung (Messung) und Datenverarbeitung 
(Berechnung) in Verbindung mit der Automation von Messung, Berechnung und 
Darstellung kann die Neubestimmung und Strukturanalyse der Festpunktfelder in 
kürzerer Zeit und mit höherer Genauigkeit als bisher erfolgen. Außerdem werden 
durch Anwendung statistischer Verfahren numerisch belegte Hinweise für die 
Interpretation der Ergebnisse erhalten. Daraus folgt die Möglichkeit zeitabhängiger 
Veränderungen der geometrischen Förm, des Schwerefeldes und der Orientierung der 
Erde durch geodätische Verfahren zu bestimmen und zur Erfassung von geodynami- 
schen Phänomenen beizutragen.

Von besonderer Bedeutung sind die am Beginn ihrer Entwicklung stehenden 
inertialen Meßverfahren, bei welchen auf kreiselstabilisierten Plattformen die 
Beschleunigungskomponenten der Bewegung eines Trägerfahrzeuges (Auto oder 
Flugzeug) vom Start zum Zielpunkt gemessen werden. Durch zweifache Integration 
folgen daraus die Koordinatenunterschiede der Verbindungsstrecke, außerdem kann 
die Schwerebeschleunigung gemessen werden. Mit Hilfe eines Computers werden die 
Meßdaten mit Normalwerten verglichen und Lotabweichungen und Schwereanoma
lien ermittelt. Bei inertialen Meßverfahren können daher die Informationen über die 
Raumposition und über Schwerewerte in einem Arbeitsgang ermittelt werden. Wegen 
auftretender Gänge in den Meßeinrichtungen sind die Verfahren derzeit nur für die 
Interpolation zwischen etwa 100 km entfernten Punkten geeignet. Die erreichbare 
Genauigkeit liegt derzeit für Koordinatenunterschiede im Dezimeterbereich, Verbes
serungen können erwartet werden. Es kann angenommen werden, daß Inertialverfah- 
ren in Zukunft an Bedeutung gewinnen.

Für die Beschaffung von Detailinformationen über geometrische und andere 
Eigenschaften der Erdoberfläche stehen die leistungsfähigen Verfahren der Photo
grammetrie, der Radargrammetrie und andere Verfahren der Fernerkundung zur 
Verfügung. Diese werden durch Verbesserung der Abbildung (Auflösung und 
Geometrie) und durch die Digitalisierung genauer, vollständiger und wirtschaftlicher. 
Die Verarbeitung zu thematischen Karten, Verzeichnissen und digitalen Modellen
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wird automatisiert, die Kartographie wird in den Prozeß der bisherigen Auswertung 
einbezogen. Auf dem Weg von der Datengewinnung durch die Aufnahme zum 
bisherigen Endprodukt der Karte werden digitale Modelle eingeschaltet.

Die erzielten Fortschritte in der Gewinnung geodätischer Aussagen haben 
naturgemäß auch die Auswirkungen auf die ingenieurgeodätischen Anwendungen. Sie 
stellen einen wertvollen Beitrag zur Rationalisierung und Kontrolle von bestehenden 
und der Entwicklung neuer Verfahren dar, welche für die Planung, Durchführung und 
Überwachung von technischen Projekten von großer Bedeutung sind.

Für die praktische Anwendung ist die Optimierung der geodätischen Operatio
nen in Bezug auf vorgegebene Zielstellungen von Bedeutung. Dabei soll die Frage nach 
dem optimalen Meßaufwand bei vorgegebener Genauigkeit bestimmter Daten, oder 
nach der maximal erreichbaren Genauigkeit bei vorgegebenem Meßaufwand 
beantwortet werden. Die Theorien hiefür sind bekannt, leistungsfähige Computer 
ermöglichen die numerische Berechnung, oder das numerische Experiment. Als 
Ergebnis der Optimierung liegen Hinweise für die optimale Anordnung und 
Gewichtung von Messungen und für die Orientierung von Systemen vor. Doch muß 
beachtet werden, daß dabei auch Fragen einer geodätischen Kosmetik eine Rolle 
spielen. Eine wichtige ingenieurgeodätische Aufgabe liegt in der Erstellung von 
Genauigkeitsprognosen für bestimmte geodätische Daten, z.B. für Durchschlagsfehler 
unterirdischer Bauwerke.

Ein Ausblick in die Zukunft zeigt, daß die Geodäsie durch die Entwicklung neuer 
Technologien, durch den Computer, durch die Automation und durch die Verwendung 
von Satelliten als Ziel und Träger von Meßinstrumenten leistungsfähiger geworden ist 
und dieser Trend noch anhält. Die Geodäsie kann daher zusätzlich zu den bisherigen 
statischen Aufgaben der Beschreibung bestehender Zustände neue Aufgaben überneh
men, welche die Veränderungen und den Trend dieser sowie die Vermehrung der 
Information, also dynamische Vorgänge betreffen. Sie entwickelt sich damit zu einem 
Informationssystem über bestimmte Zustände und deren Veränderungen der Erde und 
ihres Außenraumes im Großen und im Kleinen und wird in Zukunft mit erhöhter 
Aussagekraft und Leistung Grundlagen für die wirtschaftliche Erschließung, für die 
Überwachung, Verwaltung, für die Kontrolle unserer Umwelt und für wissenschaftli
che Forschung liefern.

2.3 Ausbildung

Für jede Disziplin ist die Ausbildung der Nachwuchskräfte eine wichtige 
Aufgabe. Dies gilt besonders in Zeiten des Umbruches, in denen neue Möglichkeiten 
und Verfahren entstehen und althergebrachte Anschauungen den Wert verlieren. Die 
Ausbildung soll weniger die Anwendung, als die Grundlagen betreffen und soll der 
Erkenntnis entsprechen, daß nichts praktischer ist, als eine gute Theorie. Sie muß 
künftige Führungskräfte in die Lage versetzen, das leistungsfähige Instrument der
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Automaten für die Messung und die Berechnung voll einzusetzen und mit Hilfe 
verfeinerter Modelle eine bessere Anpassung an die Wirklichkeit zugewinnen. Die 
Ausbildung muß von der Erkenntnis ausgehen, daß im Zeitalter der Automaten 
für die Messung und Zeichnung sowie für die kartographische Verarbeitung, vor allem 2 
Gruppen von Führungskräften gebraucht werden: Geodätische Manager, welche 
Automaten und Techniker einsetzen und die gewonnenen Ergebnisse richtig bewerten 
können und Wissenschaftler, welche beitragen, die Verfahren, sowie die Meß- und 
Rechenautomaten zu entwickeln und die erhaltenen Ergebnisse zu analysieren.

Wegen der großen Bedeutung der Ausbildung und den verschiedenartigen 
Anforderungen, welche hiebei mitwirken, haben alle internationalen Vermessungsor
ganisationen Kommissionen und Arbeitsgruppen gebildet, welche Vorschläge hiefür 
ausarbeiten sollen. In der nächsten Zeit ist unter Mitwirkung der UNESCO eine 
gemeinsame Tagung dieser Kommissionen beabsichtigt. Bei dieser soll das Ziel 
verfolgt werden, gemeinsame Grundlagen für die in verschiedenen Regionen unserer 
Welt bestehenden Aufgaben der Ausbildung zu formulieren und den einzelnen 
Ländern in Form von Modellen zur Verfügung zu stellen.

3. Ausblick in die LV

Nach den Betrachtungen im ersten Abschnitt besteht für jedes Land die 
Notwendigkeit eine LV einzurichten, welche die Herstellung der vermessungstechni
schen Grundlagen für die wirtschaftliche Erschließung und für die Verwaltung, sowie 
die routinemäßige Mitarbeit an wissenschaftlichen Projekten durchführen soll. Zu 
ihren Aufgaben gehört die Bestimmung der Festpunktfelder für die Position und für die 
Schwerewerte, die Herstellung grundlegender Kartenwerke und digitaler Modelle für 
Landinformationen und die Einrichtung und der routinemäßige Betrieb von 
wissenschaftlichen Observatorien und Testnetzen.

Für die Durchführung dieser Aufgaben stehen außer den klassischen Geräten 
und Verfahren neue, leistungsfähige, weitgehend automatisierte Meßgeräte und 
Computer zur Verfügung. Durch die Entfernungsmessung mit elektromagnetischen 
Wellen, durch die Benutzung von Satelliten als Ziele und Träger von Meß
einrichtungen, durch Inertialverfahren und durch die Automation können mehr 
und auch neue Informationen in wesentlich kürzerer Zeit erhalten werden als bisher. 
Durch die Möglichkeiten der automatischen Berechnung lassen sich daraus mit Hilfe 
von verfeinerten Modellvorstellungen in kürzerer Zeit, mit größerer Genauigkeit und 
Zuverlässigkeit und in größerer Allgemeinheit verbesserte Aussagen ableiten.

Dadurch wird die Leistungsfähigkeit der LV in der Bestimmung von 
Festpunkten und in der Ermittlung von Landinformationen wesentlich erhöht. Die LV 
kann daher nicht nur die bisherigen statischen Aussagen über einen bestimmten 
Zustand einfacher ermitteln, sie ist auch in der Lage, durch Wiederholung der nunmehr
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genaueren Operationen in kurzen Zeiträumen zeitabhängige Phänomene meß
technisch zu erfassen und Vorhersagen über den weiteren Verlauf mitzuteilen.

In fast allen Ländern der Welt gibt es daher Ämter und Organisationen, welche 
für die Durchführung der LV zuständig sind. Mit der regionalen und kontinentalen 
Vermessung, also der Zusammenfassung einzelner LV zu größeren Einheiten befassen 
sich naturgemäß internationale Arbeitsgruppen und Organisationen.

Der Zustand einer LV hängt vom Zustand der technischen und kulturellen 
Entwicklung des Landes ab, ebenso die Maßnahmen, welche zur Erreichung der 
gestellten Ziele erforderlich sind. Es muß daher zwischen der LV in Ländern mit 
geodätischer Tradition und Ländern unterschieden werden, welche erst am Beginn 
ihrer technischen Entwicklung stehen.

3.1 Länder mit geodätischer Tradition

In geodätischen Traditionsländern sind in der Regel Festpunkte vorhanden. Die 
Genauigkeit ihrer Parameter ist aber als Folge der in vielen Jahrzehnten erfolgten 
Entstehung und Überarbeitung nicht homogen und oft unzureichend. Hier besteht die 
Aufgabe durch ergänzende und Neumessungen und Berechnungen eine Verbesserung 
der Genauigkeit der Parameter (2D-Koordinaten, Höhen und Schwerewerte) zu 
erreichen.

Für relative 2D Positionen kommt hiefür die Messung von Laser-Entfernungen 
und Richtungen zwischen bisher nachgeordneten Punkten (niederer Ordnung) in 
Betracht, weil in diesen der Einfluß der Refraktion weitgehend erfaßt werden kann. Die 
Ausschaltung systematischer Einflüsse und der Anschluß an übergeordnete Systeme 
kann mit Daten (Entfernungen, Richtungen, Positionen) erfolgen, die für mehrere 
Hundert km von einander entfernte Punkte mit Hilfe von Satelliten abgeleitet werden. 
Bei der Berechnung kann die bisherige Hierarchie der Systeme erster, zweiter usw. 
Ordnung wegfallen, und eine gemeinsame Behandlung aller Meßdaten bei Einführung 
entsprechender Gewichte erfolgen.

Die durch Potentialdifferenzen definierten Höhen werden durch Nivellement 
und Schweremessungen erhalten. Zur Bestimmung von trigonometrischen (ellipsoidi- 
schen) Höhen werden zusätzlich Undulationen des Geoides oder Höhenanomalien 
benötigt. Diese lassen sich nach bekannten terrestrischen oder aus Satellitenverfahren 
ermitteln. Als Ergebnis werden ellipsoidische 3D Koordinaten (Länge, Breite, Höhe 
oder XYZ) und Nivellementhöhen für alle Festpunkte angestrebt, damit terrestrische 
und Satellitendaten unmittelbar verwendet werden können.

Schwerewerte werden in der LV für die Reduktion von Meßgrößen, für die 
Bestimmung von Lotabweichungen und Undulationen, für die Ermittlung von Höhen, 
als Strukturparameter des Schwerefeldes, für geophysikalische Aufgaben und als 
Ausgangsdaten für die Lagerstättenforschung benötigt. Da die Aussagekraft von der
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Genauigkeit der Schweredaten abhängt, besteht das Bestreben, diese durch Einsatz der 
absoluten Schweremessung mit Hilfe von transportablen Frei-Fallgeräten zu erhöhen. 
Es liegt daher die Aufgabe vor, innerhall? der LV ein Grundsystem nullter Ordnung 
einzurichten, an welches bestehende und neue Gravimetermessungen angeschlossen 
werden können.

Die LV wird in Zukunft mehr als bisher mit der Bereitstellung von 
Landinformationen beschäftigt sein. Zusätzlich zum Grundstücks- und Grenzkataster, 
welche geometrische Informationen über die Einteilung, Bebauung, sowie die land- 
und forstwirtschaftliche Nutzung vermitteln, werden die juridischen Informationen des 
Grundbuches, die hydrologischen und geologischen und andere technischen Informa
tionen aus den zuständigen Katastern, sowie die Vermittlung soziologischer 
Informationen, Aufgabe der LV sein. Als Endziel zeichnet sich ein Landinformations
system (LIS) ab, in welchem für bestimmte Flächeneinheiten möglichst viele 
Informationen enthalten sind, die abgerufen und in beliebiger Form dargestellt werden 
können. Dadurch leistet die LV einen wertvollen Beitrag zur Verbesserung und zur 
weiteren Entwicklung der Bodenordnung und damit der Verwaltung, Überwachung 
und Verbesserung der Lebensbedingungen.

Als Grundlage für die technische Planung und für wissenschaftliche Untersu
chungen wird ein möglichst genaues digitales Geländemodell für jedes Land benötigt. 
Die Anfertigung und die laufende Berichtigung dieses Modelles ist ebenfalls Aufgabe 
der LV.

Für grundlegende topographische und thematische Karten besteht im Zuge der 
wirtschaftlichen Erschließung, der Planung und Durchführung technischer Projekte, 
für Aufgaben des Verkehrs, der Verwaltung und andere technische Aufgaben ein 
zunehmendes Bedürfnis. Der Inhalt der Karten wird aber nicht mehr wie bisher 
ausschließlich graphisch vermittelt werden, hiefür werden digitale Speicher und 
Dateien angefertigt, aus denen gewünschte Informationen in gewünschter, manipulier
ter Form dargestellt werden können. Ein wichtiges Informationsmittel sind Orthopho- 
tos und Radargramme, die in zunehmendem Maße als Grundrißinformation für 
Kartenwerke Anwendung finden.

3.2 Geodätische Entwicklungsländer

In Entwicklungsländern sind in der Regel unzureichende geodätische Grundla
gen vorhanden. Aufgabe der LV ist es daher, diese möglichst rasch bereitzustellen. 
Dabei spielt in der ersten Phase die benötigte Zeit die wesentliche Rolle, die angestrebte 
Genauigkeit und Vollständigkeit braucht erst in späteren Phasen erreicht werden. In 
diesen Fällen liegt naturgemäß ein ideales Anwendungsgebiet für neue Verfahren vor, 
mit welchen der erstrebte Endzustand in aufeinander aufbauenden Phasen wie ein 
lebendiger Organismus geschaffen werden soll.
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Unabhängig von den praktischen Bedürfnissen sollen aber schon von Anfang an 
auch wissenschaftliche Bedürfnisse der LV beachtet und gefördert werden. Denn 
dadurch kann die Anwendbarkeit von Ergebnissen der Forschung außerhalb des 
Landes geprüft, der für die Entwicklung der Geodäsie erforderliche nationale Beitrag 
erbracht und der Anschluß an übernationale geodätische Systeme gesichert werden.

Als Kontrollpunkte für die Positionen kommen in der ersten Entwicklungsphase 
die Satelliten eines operativen, präzisen Navigationssystems in Betracht. Dies sind 
derzeit die beiden Versionen (broadcast und precise des US Navy Navigation Satellite 
System = NNSS), die in absehbarer Zeit durch das leistungsfähigere Global Positio
ning System (GPS) ergänzt werden. Auch andere Nationen diskutieren oder erproben 
derartige Systeme. Es kann daher angenommen werden, daß in Zukunft eine große 
Zahl von Satelliten mit bekannten Bahndaten als Kontrollpunkte der LV zur 
Verfügung stehen. Die Raumpositionen (kartesische oder ellipsoidische Koordinaten) 
der Punkte eines terrestrischen Festpunktefeldes können daraus durch Messung von 
geodätischen Daten (Entfernungen, Richtungen, Dopplerfrequenzen) nach oder von 
diesen Satelliten-Kontrollpunkten erfolgen. Dabei muß zwischen Verfahren zur 
Bestimmung der relativen und der absoluten Positionen unterschieden werden. Erstere 
können derzeit mit einer Genauigkeit von etwa ± 0,2 m, letztere um eine Zehnerpotenz 
ungenauer bestimmt werden.

Die Verdichtung wird in der ersten Entwicklungsphase vor allem durch 
Inertialverfahren erfolgen und durch die wesentlich weniger leistungsfähigen terrestri
schen Verfahren der Triangulierung und Polygonierung ergänzt werden. Für die 
Kontrolle und Verbesserung werden in einer zweiten Phase der Entwicklung 
Verfahren der Stellartriangulation, der 3D-Polygonierung und kombinierten Triangu
lation und Trilatération, sowie Satelliten verfahren mit mobilen Laser und interfero- 
metrische Verfahren zur Verfügung stehen. Dabei sollten auch die Geo-Stationen und 
die Testfelder des Landes benutzt werden. Das Festpunktefeld für die Schwerewerte 
kann auf ein System absoluter Schwerepunkte gestützt und durch Gravimetermessun
gen verdichtet werden. Erste Informationen über die Topographie und andere 
Eigenschaften des Landes werden durch Informationssatelliten vermittelt. Diese 
können durch photogrammetrische und Radaraufnahmen aus Flugzeugen und auch 
durch terrestrische Verfahren ergänzt werden. Die Verarbeitung zu topographischen 
und thematischen Karten wird durch die Digitalisierung der Information und 
Programmen zur Manipulation weitgehend automatisiert werden. Das Orthophoto 
und das digitale topographische Modell werden bereits in einem frühen Entwicklungs
stadium vorliegen. Mit fortschreitender wirtschaftlicher Entwicklung und der damit 
verbundenen technischen Aufschließung wird als Grundlage für eine Bodenordnung 
die Anfertigung von Grundkataster, Grundbuch und anderen Katastern erforderlich 
sein. Dabei besteht aber die Möglichkeit, gleich von Anfang an, ein allgemeines 
Landinformationssystem zu planen, dieses aber erst im Zuge der Entwicklung langsam 
auszuführen.
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3.3 Abschließende Bemerkungen

Die LV hat die ihr in der Vergangenheit übertragene Aufgabe für die 
Bodenordnung, Verwaltung und Planung weitgehend erfüllt. Festpunktefelder für die 
horizontale Lage, für Höhen und für Schwerewerte liegen in vielen Ländern vor, 
Katastraloperate für Grundstücke und andere Daten und grundlegende Kartenwerke 
sind entweder vorhanden oder in Bearbeitung. Manchmal wird daher die Meinung 
vertreten, daß in Zukunft die LV nur mehr konservierende Aufgaben zu erfüllen habe 
und die inzwischen entwickelten präzisen und automatischen Geräte für die Messung, 
Berechnung, Analyse und Kartierung gar nicht mehr richtig ausgenutzt werden 
können. Diese Meinung ist aber nicht richtig. Denn in der Zwischenzeit sind neue 
Aufgaben entstanden, welche vor allem zeitliche Veränderungen, also dynamische 
Zustände feststellen sollen und die nun zusätzlich zu den bestehenden, statischen 
Aufgaben aktuell geworden sind. Diese erfordern eine Erhöhung der Genauigkeit der 
geodätischen Aussage und eine Verminderung der Zeit für ihre Gewinnung und 
Interpretation. Dazu kommt eine Vermehrung des Inhaltes der geodätischen 
Informationen und der geodätischen Aussagen durch die Fernerkundung aus 
Flugzeugen und aus Satelliten, die digitale Speicherung der Informationen und die 
Möglichkeit ihrer Manipulation sowie die Mitteilung in thematischen Karten, Ver
zeichnissen und anderen Darstellungen. Die Geodäsie entwickelt sich nunmehr zu 
einem Informationssystem für technische Planungen, für die Verwaltung und auch 
für die Überwachung unserer Umwelt.

Die LV beschreitet damit einen Weg, der vom zentralen Vermessungsamt zur 
Informationszentrale für geodätische, physikalische, geologische, land- und forstwirt
schaftliche, juridische, soziologische und andere Parameter unseres Landes führt. Die 
bisherigen geodätischen Meßdaten werden durch allgemeinere Informationen ergänzt. 
Zusätzlich zu Koordinatenverzeichnissen, Plänen und Karten kommen nun digitale 
Modelle mit oben genannten Parametern. Die LV wird damit ein tragendes Element 
und Instrument eines übergeordneten Landinformationssystems.

Daraus folgt, daß die Aufgaben der LV weder in der Theorie noch in der Praxis 
abgeschlossen sind. Eine neue durch die Erweiterung des geodätischen Informations
angebotes und die Erfassung von zeitlichen Veränderungen gekennzeichnete Epoche 
beginnt. Die Anwendung neuer Verfahren der Meß- und Rechentechnik, der 
Datengewinnung, Speicherung, Manipulation und Darstellung und neue 
wissenschaftliche Erkenntnisse stehen bereit. Für die LV bestehen daher neue 
Möglichkeiten und Verpflichtugen. Es ist zu hoffen, daß alle damit befaßten Personen 
in den Ämtern, Labors und Büros und die in den Regierungen Verantwortlichen diese 
Aufgabe erkennen und ihre Bewältigung in Angriff nehmen. Dazu gehört neben dei 
instrumentellen und personellen Ausstattung aber auch ein enger Kontakt mit den 
Forschungsstellen an den Universitäten, der Industrie und der Verwaltung.
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ON THE ADJUSTMENT OF GYROTHEODOLITE 
OBSERVATIONS
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The paper presents the results of the adjustment calculations for the observations of a 
gyrotheodolite type MOM Gi-B2. The purpose of the study was to evaluate some aspects of different 
orders best fitting curves to the observations. Three sets of reversion points observed with the three 
measuring techniques of the amplitude method were used in the measurements. The three sets of 
observations were adjusted to get the order of the curve which show the best fitting for both the left 
and the right reversion points of different sets with minimum corrections. The mean of the gyroscope 
swings were calculated from the adjustment results of both the right and the left reversion points. The 
damping factor was also calculated from the same results on the basis of the theoretically exact 
equation of a damped simple harmonic motion which describes the damping factor. Finally a 
comparison was made between the obtained results. The results are shown in Tables and illustrated 
with diagrams.

Keywords: adjustment of gyrotheodolites; amplitude method; damping; drift of gyro- 
theodolites; gyrotheodolites; MOM Gi-B2; reversion point

1. Introduction

In a pendulous gyroscope used for finding the direction of the meridian, the 
horizontal movement of the spinning axis of the gyroscope is that of a damped simple 
harmonic motion. The direction of the meridian can be calculated from a number of 
successive turning points of the spinning gyroscope. This problem has been 
investigated by many authors starting with the famous formula derived by Schuler 
(1932) of Göttingen.

The paper presents a study for the adjustment of the gyrotheodolite observations 
(of the amplitude method). The adjusting procedures are based on the best fitting curve. 
The purpose of the study is to evaluate their aspects in the case of the gy'rotheodolite 
observations to find to what extent it fits. The adjusting calculations were made for the 
right and the left reversion points separately on the assumption that the observations 
are stochastically independent and observed with equal precision. The mean of the 
gyroscopic swingings (the rest position) and the initial amplitude of the swings were 
calculated from the adjustment results of both the right and the left reversion points

1 Permanent address: Banha University, Faculty of Engineering, Cairo, Egypt
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Table I. Results of the adjustment

Observation
set

Order of the 
adjusting model /*«iv <*o М«о / %

1“ order ±9.65" ±8.48" 212° 40' 02.92" ±2.83" 1° 40' 35.68" ±2.83" 3 .71x10-’ ± 6 .6x10“ 6

SET 1 2’“' order ±9.58" ±8.61" 212° 40' 04.33" ±2.83" 1° 40'39.23" ±2.83" 5.17x10-’ ± 2 .7 x 1 0 “ ’
3rd order ±4.49" ±4.82" 212° 40' 04.71" ± 1.45" Г  41' 02.06" ±1.45" 8.84 X 10-’ ± 3 .6 x 1 0 “ ’

1" order ±4.56" ±4.32" 46.80" ± 1.38" 38' 10.50" ±  1.38" 6.10X IO '5 ±8.6 X 10“6
SET 2 2nd order ±4.65" ±4.23" 48.53" ±  1.38" 38' 09.30” ±1.38" 1.00 X 10“* ±3.5 x 10“ ’

3rd order ±2.52" ±2.95" 47.78" ±0.86" 37' 58.35" ±0.86" 1.99 X lO- “ ±5.7 X 10“ ’

1“ order ±5.80" ±3.46" 28.80" ±  1.28" 24' 00.75" ±  1.28" 1.66x10-* ±  1.5 x 10“ ’
SET 3 2nd order ±1.76" ±2.26" 31.73" ±0.63" 24' 10.65" ±0.63" 2.88x10-* ±2.5 x 10“ ’

3rd order ±1.50" ±2.18" 33.60" ±0.58" 24' 11.55" ±0.58" 4.28 X 10“* ±6.2 x 10“ ’
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after the reduction to the instant of release of the spinning gyroscope. The damping 
factor was calculated from the same results on the basis of the expansion of the 
exponential function which describes the damping factor.

The gyrotheodolite observations used in the investigation were measured with 
the usual techniques of the amplitude method, namely: observations with automatic 
and manual following, SET 1, observations with automatic following only, SET 2, and 
observations without following, SET 3. The observations were made in the geodetic 
laboratory of the Geodetic and Geophysical Research Institute of the Hungarian 
Academy of Sciences, Sopron. The used gyrotheodolite was of the type MOM Gi-B2.

The observations of the three sets were long series (56 reversion points) to give 
results clear enough to enable a good comparison between the adaptability of different 
adjusting models.

A comparison was made between the adjusting results of the three sets in Table I 
and in Figs 4-9. The azimuth of the observed reference direction was calculated using 
the rest position obtained after the adjustment and the reduction to the instant of 
release. A comparison was then made between the calculated azimuths to know which 
adjusting model gives better results. The results are shown in Table II.

Table II. Calculated azimuths and their accuracies

Observation Order of the adjusting model
set 1“ order 2lW order 3rd order

SET 1 287° 55' 14.55" ±3.50" 287° 55' 13.14" ±3.50" 287° 55' 12.76" ±2.51"
SET 2 287° 55' 12.61" ±2.47" 287° 55' 10.88" ±2.47" 287° 55' 11.63" ±2.23"
SET 3 287° 55' 17.39" ±2.42" 287° 55' 13.89" ±2.15" 287° 55' 11.66" ±2.13"

2. The mathematical model used in the adjustment

The right hand and left hand reversions were adjusted separately three times. The 
mathematical model used in the first adjustment is that of the first order best fitting 
curve i.e. the best fitting straight line as follows,

Yi=A + BXi , (1)

where У( = the adjusted value of the reversion points read on the horizontal circle or 
in the autocollimator, 

i = the order of the observations,
A = the initial Y-value of the fitted line, and 
B = the slope of the fitted line.

Equation (1) was applied with both the right and the left reversion points separately; for 
the right reversions points »=(1,3,5,. . .  n—1) and for the left ones i=(2,4,6, . . .  n),
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where n is the number of the reversion points of each set. The X-axis in Fig. 1 represents 
the time intervals between the reversion points which are equidistant with the time of a 
complete swing (T), Fig. 2. In the adjustment, T  is supposed to be error-free as it can be 
measured with a high accuracy at the positions of the reversion points.

2.1 Formation of the observation equations

In Eq. (1) Yf is replaced by the observed reversion points Ut and their residuals 
(correction) V:, that is,

Pi+Vt~ A  + B X t . (2)

Applying Eq. (2) for the right reversions we get,

U3 + V3 = AR + BRX 3

u 3+ v3= a r + b rx 3

Un- 1 + K i-i-  + BRX n_l .

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1985



GYROTHEODOLITE ADJUSTMENT 33

And for the left reversions we obtain the following:

U2+V2 = AL+BLX  2 

U4+Va = Al + BlX a

U'+V„=Al + BlX„.

The matrix-form for both the right and the left reversions (using continuous indices in 
both cases) is,

Л М (Vi  \ ( \  Х Л

v 2
4

Vi
-

1 x 2

‘u j < v j \ l  x j

or

U + V = C X
(m, 1) (m, 1) (m, 2) (2, 1)

where U = vector of the observations (right or left reversion point),
V = vector of the residuals,
X = vector of the unknowns,
C = coefficient matrix of the unknowns, and 
m = number of the right or the left reversions.

In case of applying a second order curve the coefficient matrix C and the vector of the 
unknowns X will be as follows:

c  =

Л
1

X,  
X 2

X i )  
XI

, X = 1(«)(m, 3)
\ \ X m X V

(3, 1) i c i

and for a third order curve, C and X are,

Xi X\ X V
( A \

c  =
(m. 4)

1 X 2 X\ XI
, X =

(4. 1)
в
c

1̂ X n X i x i V
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If the order of the curve is denoted by K, then the general dimensions of U, V, C, and X 
are

U + V = C • X . (3)
(m, 1) (m, 1) (m, K + l )  ( K + 1 , 1 )

2.2 Solution for the unknowns and the residuals

The adjustment was solved according to the basic idea of the method of least 
squares, i.e., the sum of the calculated corrections for the observations must be a 
minimum i.e. VrPV = min, where P is the weight matrix of the observations. For the 
system of Eq. (3), the normal matrix N (Detrekői 1977) is,

N = CrP C .

The adjustment was made on the assumption that the observations are independent 
and of equal precision, then N is

N = CT • C . (4)
(w, m) ( £ + l , m )  ( m , K + l )

The solution for the vector of unknowns is:

X = - (C T C)~1 (Cr -U) (5)
( K + 1 , 1 )  ( K + l , K + l )  ( K + 1 , 1 )

and for the vector of the residuals:

V = C X + U . (6)
(m, 1) (m, K + l )  ( K + 1 , 1 )  (m, 1)

The adjusted values of the reversion points are

Yi=Ui+Vi. (7)

2.3 Check of the calculations

The calculations were checked by computing the value [VV] by two methods; 
the first using the calculated vector of the residuals, and the second using the calculated 
vector of the unknowns, being in a matrix form as follows:

(W ]= V rV, and [FF] = U rCX + UrU.

The value of [FK] with the two methods agreed with high accuracy. The mean square 
error of the unit weight for the adjusted reversions is calculated as follows:
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w> =
[W ]

m -(K  + 1)' (8)

The covariance matrix of the unknowns Q(x) is calculated as the inverse of the 
normal matrix N,

Q<x, = N _1
i.e. (9)

Q<*,=crc 1.

The mean square error matrix M of the unknowns is calculated as follows:

M = /j02Q(J[). ( 10)

3. Calculations of the main elements of the observations

The main elements of each set of reversion points are the mean position of the 
swings (the rest position) aN, the amplitude of the swings <x0, and the damping 
coefficient f.

Starting with the formula of slowly damped monofrequential periodic swingings 
(the case of gyroscopic swingings in the plane), (Halmos 1977),

У1; =  aN + a0 sin Ц; t , 2 '") + K (11)

where y, = the momentaneous position of the gyroscope axis in the time tt, 
aN = the mean position of the swings (the rest position), 
a0 = the initial amplitude of the swings,
/= th e  damping coefficient,

К = a constant deviation from the gyro-north (due to the band torsion),
T= the time of a complete swing.

The constant К will be taken into consideration when calculating the gyro- 
azimuths.

For the first and second reversions, i.e. the first right and first left reversions 
T  3 T

(yRi> yti). the times i, are — and — , Fig. 2, and Eq. (11) will be:

y„ = aA, + a0s in -e t s T>,

v  . Зл (~1LT)
Yl = «n + ao sin —  e' 8 T>
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Using the first three terms of the expansion of the exponential function we get:

Referring to Eq. (1), its generalized form is:

Yf = A + BXt + CXf + DXf .

Applying Eq. (13) for the right and left reversions we get the following:

Yr =  A R + BR X  + CR X 2 + Dr X 3

yl = a l + b lx  + c lx 2 + d lx 3

(13)

(14)

comparing Eqs (12) and (14) and considering that X  represents T, as mentioned before, 
we obtain,

A

В

C

D

<*n + a., Al ~  aJV — ao >

a of 
8 ’

n 3ao /
b l = g ,

a» /2 
128 ’

r  9a J  
L 128

ao /3
3072’

D l= 27a»/3  L 3072

(15)

where AR, BR, CR and DR are the elements of the vector of unknowns calculated as in 
Eq. (6) for the right hand reversions and AL, BL, CL and D, for the left hand reversions. 

From Eqs (15) we get <xN and a„ as follows:

Ar + Aiaw = (16)

aО ( 17)
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The mean square errors of a,, and a0 are,

bL = j (IЛ п + ̂ aJ
and

mI  = j (Bar +HaJ -

(18)

(19)

As the gyrotheodolite swingings are slight and linearly damped, therefore only 
the linear terms of the exponential are retained, therefore the damping coefficient / i s  
calculated from BR and BL of Eqs (15) as follows:

/  =
4(BR + BL)

(20)

and its mean square error is,

Bf = дТ ( b\ r + Ä L + B2J
BÍ + BI

olI

The numerical value of

therefore nf  will be:

ß 2  -j-
R 2 L bI„ is an insignificant value and can be neglected,

b}= ^ ( bL + bIJ - (21)

For each set of observations /  was calculated twice, once using only the linear terms 
from Eqs (15), and then using all the terms of Eqs (15). The two values agreed with a 
negligible difference; this proves that the damping is linear.

4. Reduction of ocN and a„ to the instant of release

On the assumption that the drift existing in the rest position is linear, it is possible 
to reduce <xN and a0 to the instant óf release of the spinning gyroscope when no drift was 
yet present. The reduction is made according to (Gregerson et al. 1971), as follows:

^ = 1 .7 5 ^ - 0 .7 5  73 ,22,
Al = 2.25 Y2- 1.25 У4 1 '

where У1( . . .  У4 (Fig. 3) are the adjusted reversion points. The values of aN and a0 
reduced to the instant of release can be then calculated as in Eqs (16) and (17) but using 
Ar and A'l .
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5. Computer program

The calculations were made by the help of the computer HP 2100A of the 
Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, 
Sopron. The program “GYFIT” was used in the calculations. The Schuler means of the 
reversion points before and after the adjustment were calculated using the convolution 
coefficients 1/4, 1/2, 1/4.

The program “GYFIT” included the subroutine “POLI” with which the right 
hand and the left hand reversion points were adjusted using first, second and third 
order interpolations. The list of the subroutine “POLI” is shown in Table III and the 
whole program can be found in the computer center of the institute.

Table III

SUBROUTINE “POLI”

SUBROUTINE POLI (N, К, C, SZÓRÁS, SZIGMA)
DIMENSION A(256),B(16),Q 16),MUN 1 ( 17),MUN2( 17),SZORAS( 16)
DIMENSION SUM(30)
COMMON Y(600)
XN =  N
SUM (i) = N *(N  + 1.0)/2.0
SUM(2) =  N *  (N +1.0) *  (2.0 *  N + 1 ,0)/6.0
SUM(3) = (N*(N +1.0)/2.0)* * 2
SUM(4) = N *  (N +1.0) *  (2.0 *  N + 1.0) *  (3.0 *  N *  *  2 + 3.0 *  N - 1 ,0)/30.0 
SUM(5) = X N* * 2 * (X N +  1.0)* * 2 # (2 * X N *  * 2  +  2 * X N -l)/1 2 .0  
SUM(6) = XN*(XN + 1 .0)*(2*X N  + 1.0)*(3.0*X N * * 4  + 6 .0*X N * * 3 - 3 * N  +1.)/42. 
SUM (7)=XN* * 2 * (N  + 1.)* * 2 * (3 * X N *  * 4  + 6 * X N * (3 -X N *  * 2 - 4 * X N  +  2.)/24. 
SUM(8) = X N * (X N + 1 )* (1 0 .* X N * * 7  + 35 .*X N * * 6  + (X N -l.)* (2 5 .* X N *  * 4  

1 - 1 7 .* X N * * 2  + 3.))/90.
KK = K + 1
IF(K.GT.4) GO TO 53 
A(1) =  N 
DO 54 J = 1,K
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Table III (contd)

54 A(J + 1) = SUM(J)
DO 55 1 = 1,К 
DO 55 J=1,KX 
IJ = I* K K + J
JI = I - 1 + J

55 A(IJ) = SUM(JI)
GO TO 56

53 IF(K.LE.4) GO TO 100 
IJ = 2*K  
DO 57 I = 9,IJ 
SUM(I) = 0.
DO 57 II = 1,N

57 SUM(I) = SUM(I) + FLOAT(II)**I 
DO 58 J=1,K

58 A(J+1) = SUM(J)
A(1) = N
DO 59 1 = 1,К 
DO 59 J = 1,KK 
IJ = I*K K  + J 
JI = 1 -1 + J

59 A(IJ) = SUM(JI)
56 CONTINUE

CALL MINV(A,KK,DET,MUN1,MUN2) 
IF(DET.EQ.0.0) STOP 777 
DO 62 I = 1,KK 

62 B(I) = 0.0 
DO 64 J = 1,N 
B(1) = B(1) + Y(J)
DO 64 11 = 1, К
Щ11 +1) = B(11 +1) + FLOAT(J) *  11 *  Y(J)

64 CONTINUE 
DO 66 I = 1,KK
q i)= o .o
DO 66 J=1,KK 
L L 1=(J-1)*K K  + I 
q i)= q i)+ A (L L i)*B (j)

66 CONTINUE 
SZIGMA = 0.
DO 67 J = 1,N
s=qi)
DO 65 H1 = 1,K

65 S = S + F L O A T (J )* * Il* q il + l)
S = Y(J)-S

67 SZIGMA = SZIGMA + S *  S 
SZIGM A = SZIGMA/(N -  KK)
DO 68 I = 1,KK
J = (I-1 )* K K  + I

68 SZORAS(I) = SQRT(SZIGMA*A(J)) 
SZIGMA = SQRT(SZIGMA)

100 CONTINUE 
RETURN 
END
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6. Summary of the results

The results of ixN, a0 and/ with their accuracies are tabulated in Table I, where the 
results obtained for the three sets adjusted with three adjusting models are shown. 
From the tabulated results we notice the following:

1. For sets 1 and 2, the accuracy of Yr,Y l, oln, a0 and /  obtained from applying 
adjusting models 1 and 2 closely agreed but they are not the best, while at set 3, their 
accuracies obtained from the adjusting models 2 and 3 nearly agree and are better than 
the accuracy obtained from model 1. Generally, at the three observation sets, the 
accuracy obtained from the third order adjusting models are the best, see Table I.

2. Considering the results obtained from the third order model for the three sets, 
it is clear that the damping coefficient /  of the first set is the smallest and that of the 
third set is the largest. The ration between f t : f2 :f 3 is nearly equal to 1:2:4.

3. From the results of the three sets it is clear that the accuracies obtained for the 
third set are generally the best showing that the observation technique without 
following is better than the others and has the best internal accuracy, that because 
errors due to the secondary vibrations caused by the operations on the instrument are 
avoided. This is also clear from Figs 4-9 which show the corrections for the reversions 
and of the Schuler means for the three sets; in the diagrams the numbers 1,2 and 3 have 
the following meanings:

1: diagrams concerning the Is' order adjustment model,
2: diagrams concerning the 2nd order adjustment model,
3: diagrams concerning the 3rd order adjustment model.

4. The azimuth of the direction connecting the instrument station and the 
collimator was calculated using otN obtained from the adjustment and reduced to the 
instant of release. A comparison is made between the calculated azimuths of the three 
sets. The results are shown in Table II. It is clear that the azimuths calculated using txN 
of the third order model for the three sets are the nearest to each other and have better 
accuracies than the others.

7. Conclusions

Gyrotheodolite observations of the amplitude method can be adjusted using 
several mathematical models presented by many authors considering that the 
oscillations of the spinning gyroscope has the character of a simple harmonic motion of 
the linearly damped form. The paper presented an investigation for the adjusting 
results of the gyrotheodolite observations obtained using an adjusting model utilizing 
interpolation curves of different orders and at the same time based on the formula of the 
simple harmonic motion (gyrotheodolite swinging).
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Fig. 4. Errors in the observations of (set 1)

The results of the investigation showed the following:
1. For gyrotheodolite observations of the amplitude method observed with the 

previously mentioned three observation techniques, a third order interpolation suits 
the adjustment of the observations with the minimum corrections, Figs 4-6, see Table I.

2. The Schuler means of the reversion points adjusted with a third order 
interpolation has the minimum corrections if compared with those of the other order 
interpolations, Figs 7-9.

3. The accuracy of the results of <x0 and aN obtained from the adjustment using the 
third order interpolations are generally the best, Table 1 although the accuracies 
obtained from other order interpolations agreed.

4. Considering the results of the third order interpolation, the observations of the 
third set (measuring technique of the amplitude method without following) showed 
better internal accuracy than the other measuring techniques; that for the reasons 
mentioned before, see Table I.

5. Gyro-azimuths calculated using the adjusting results of the third order 
interpolation from the three sets are the nearest to each other and have the best 
accuracy, see Table II.
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Fig. 5. Errors in the observations of (set 2)

Fig. 6. Errors in the observations oi (set 3)
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K H A
B

D
ELH

A
M

ID



Acta G
eodaetica, G

eophysica et M
ontanistica H

ung. 18. 1983

Fig. 9. Corrections for the Schuler means (set 3)
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6. Gyrotheodolite observations of the amplitude method measured without 
following (set 3) are damped more than the observations with following, and the 
observations with automatic and manual following (set 1) are of the smallest damping 
coefficient, the ratio / , :/2:f 3 is nearly equal to 1:2:4.
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EVALUATION OF THE DRIFT IN THE 
GYROTHEODOLITE OBSERVATIONS AND ITS 

INFLUENCE ON GYRO-AZIMUTHS OF THE 
AMPLITUDE METHOD
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In this paper the drift in the gyrotheodolite observations is evaluated. The gyrotheodolite used in 
the investigation is an old one of the type MOM Gi-B2. The amplitude method with its three 
measuring techniques was applied. The investigation was made for the data obtained from the 
adjustment of three observation sets, each consisting of 56 reversion points. For each set, the rest 
position of the oscillations was calculated and reduced to the instant of release where no drift is yet 
active, and again calculated as the Schuler mean of the last three adjusted reversion points where the 
cumulative drift in the observations is greatest. The two values of the rest position where then 
compared to calculate the drift in the rest position of the swings. The gyro-azimuths were calculated 
using the two values of the rest position to evaluate the influence of the drift on the azimuths. The 
results are tabulated and illustrated №ith diagrams.

Keywords: amplitude method; azimuth determination; drift of gyrotheodolites; geodetic 
instrument; gyrotheodolites; MOM Gi-B2

1. Introduction

In gyrotheodolite observations with the amplitude method (reversion points) 
there exists a drift phenomenon. The paper deals with the evaluation of this drift in 
order to determine its influence on the gyro-azimuths calculated from the observations.

The instrument used in the investigation was of the type MOM Gi-B2, it is the 
same instrument used in the investigation presented by Abdelhamid (1982b) for which 
the study of the systematic errors due to drift resulted in a value of about 2" per each 
value for the drift rate in the calculated independent azimuths. In this paper the drift 
effect on gyro-azimuths calculated from long independent measurements is studied. 
Three sets (each of 56 reversion poihts) were investigated; the first set was observed with 
both automatic and manual follow-ups for the swinging spinning gyroscope, the 
second set with automatic following only, while the third one was observed without 
following. The observations of the three sets were adjusted according to Abdelhamid 
(1982a), the obtained adjustment results were used in the calculation of the rest position

1 Permanent address: Banha University, Faculty of Engineering, Cairo, Egypt.
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of the oscillations after the reduction to the instant of release when no drift-effect is yet 
active. The rest position was calculated again using the adjusted values of the last three 
reversion points. Both values of the rest position were then corrected for the torsion of 
the suspension band to get the gyro-norths. These gyro-norths were compared with 
each to find to what extent the second value deviates from the first one. Using the 
observation data of each set (calibration data and the geodetic sights) and both values 
of the gyro-north, the gyro-azimuths were calculated and were also compared with 
each other. Finally a comparison was made between azimuth results of the three sets to 
calculate a drift ratio for the three sets. The final results are shown in Table IV.

2. The gyrotheodolite measurements

The gyrotheodolite observations were made in the geodetic laboratory of the 
Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, 
Sopron. The Instrument was mounted on a heavy steel mount placed on a concrete 
pillar established especially for precise measurements. The gyrotheodolite was centered 
above the point of intersection of a cross etched on a brass plate fixed rigidly on the 
concrete pillar. A stabilized D.C. supply unit was used for feeding the generator of the 
gyrotheodolite, this unit comprises regulator circuits for keeping the required voltage 
constant. This precaution was taken to avoid disturbances due to changes in the 
voltage when using a 12 V accumulator. A collimator was placed in a fixed position on 
another concrete pillar near the gyrotheodolite pillar, Fig. 1, for making a geodetic 
sight. The use of the collimator increases the reliability of the geodetic sights because 
the cross hairs of the collimator where sharply viewed and are considered as if being far 
at infinity from an optical point of view. For measuring the swing time T a stop watch

with two pointers was used to make it possible to measure the times of 1, 1 n

swings separately, and at the same time to measure the time of the whole swings.
Before starting the observations, the gyroscope was let to swing without spinning 

for about one hour to eliminate smaller band torsions and deformation, also the 
gyroscope was let to spin before the measurements for about one hour to reach a heat 
equilibrium to avoid shifts in the equilibrium position. The zero point position of the 
band was regulated to be as small as possible (it was lass than + 1 scale division) to 
make the disturbing effects and torsions symmetrical to the zero position (the rest 
position) along the whole swinging part (Halmos 1968, 1977).

Three sets of gyrotheodolite observations were measured with the prementioned 
techniques, each set included the following:

a) pointing to the reference object (the collimator) and reading of the horizontal 
circle I(b) with the two faces,
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Fig. 1.

b) determination of the torsion free-position of the band (the zero point) u0(b) 
from 4 reversion points read in the autocollimator with nonspinning, free swinging 
gyroscope, at the same time, the time of the free swing t was measured and recorded,

c) at each set, 56 reversion points were observed with spinning gyroscope, the 
transit times of the reversion points as well as the time elapsed with 56 reversion points 
(T„) were measured and recorded as mentioned before,

d) the torsion-free position of the band u0(a) was determined again after the 
measurements with the spinning gyroscope,

e) the reference object was sighted again and the horizontal circle reading 
was recorded too.

The observation data of the three sets are shown in Table I.
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Table I. Summary of the observation data

Observation data SET 1 SET 2 SET 3

Date May 8, 1980 May 13, 1980 May 20, 1980
Time 12.30h —17.00h 11.15h — 15.45h 8.30h — 12.40h
Temp. 22° C 22° C 22° C

h 50° 23' 31.50" 170° 23' 02.50" 290° 12' 46.20"
U0(b) -1 .0 0  s.d. +  0.19 s.d. + 0.65 s.d.

t Г  14.9 s Г  14.9 s l m 14.9 s
No. of Rev. 56 56 56

— 332° 38' 56" 92° 28' 50"
T 9m 33. 70 9m 33s 30 8m 44s 71
Tn 262*T/) 57.20 262*r,) 45.20 240*T~') 29.70

“o,„, — 1.85 s.d. +  1.44 s.d. -0 .22  s.d.
M«) 50° 23' 34.00" 170° 23' 04.50" 290° 12' 47.70"

3. The applied methods for calculating the azimuths

Using the gyrotheodolites of type MOM Gi-B2, the gyro-azimuth can be 
calculated from the observations by two main methods; the amplitude method (or 
reversion points method) and the transit time method. In this research the amplitude 
method with its three measuring techniques mentioned in 2.C was used. According to 
the size of the amplitude of the swings these techniques can be classified into large 
amplitude and small amplitude ones, the first belongs to the large amplitude ones, 
where the reversions of the gyroscopic swings are read on the horizontal circle of the 
theodolite in degrees units, while the second and the third use small amplitudes and the 
reversions are read in the autocollimator in units of scale divisions (amplitude of the 
swings is less than 40'). For more details about applying these measuring techniques 
and about the advantages and disadvantages of each, we refer to Halmos (1977). In this 
paper only the used calculating formulae are mentioned.

The general formula for the calculation of the gyro-azimuth (Halmos 1977) is

A = l - N o + A ,  (1)

where A = the azimuth to be determined,
I = the horizontal circle reading when sighting the reference object,

No = the horizontal circle reading of the torsion-free rest position, and 
d = the instrument constant determined in the calibration.

The gyro-North (No) is obtained after applying the torsion correction as follows:

No = No' + ANo', (2)

where No' = the torsioned rest position of the axis of the spinning gyroscope,
dAo' = the torsion correction in seconds of arc.
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The torsion correction is calculated in same manner for the three methods as follows:

ANo' = Cu0 (3)

where the factor C is calculated as follows:

C = K I —  1 ) = constant
i ‘ wf

(4)

where u„ = the torsion-free position of the suspension band (the zero point)
К = the value of one scale division of the autocollimator in arc seconds, 

Tf , Twf = the swing times of followed and unfollowed oscillations respectively.

u0 is calculated according to Schuler (1932) from the reversion points (u,) of the 
nonspinning, free swinging gyroscope read in the autocollimator.

The determination of N o ' differs with the different techniques, in the first 
measuring technique, No' is calculated directly according to Schuler (1932) from the 
reversion points of the spinning gyroscope, followed automatically and read on the 
horizontal circle of the theodolite (with manual following).

In the second technique, N o' is calculated as follows:

No'=«„ + Kri0, (5)

where aM = the horizontal circle reading of the preliminary orientation of the 
instrument and

n'„ = the rest position of the oscillations.

The value n'„ is calculated according to Schuler (1932) from the reversion points n, of the 
spinning gyroscope, followed automatically only, and read in the autocollimator.

In the third technique, as no following is made during the swinging motion, the 
torsion effect is taken in the value n'„ twice therefore N o ' is calculated as follows:

N o ' = <xM + Kn'0 — Cn'0 (6)

where aM, K, n'0 have the same meaning as in Eq. (5), the only difference is that the 
motion of the spinning axis of the gyroscope is observed without following. For more 
details about the observation methods we refer to Halmos (1977).

4. Summary of the calculations and results

Table II shows the calculations for the three sets. The calculations were repeated 
twice for each set in columns 1 and 2. Columns 1 show the calculations using / (Ь) and 
u0(b) with the rest position ixN reduced to the instant of release as described by 
Abdelhamid (1982b) where no drift is present yet, while in columns 2, the calculations

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983



A
cta G

eodaetica, G
eophysica et M

ontanistica H
ung. 18, 1983

Table II. The calculations of the gyro-azimuths (A = I — N0  + A)

SET 1 SET 2 SET 3

No = N o '+  cu0 N o = aM + kn'0+cu0 N o= aM +  kri0 -  cn'0 + cuo

1 2 1 2 1 2

No' 212° 40' 04.71" 212° 39' 39.42" 332° 38' 56.00" 332° 38' 56.00" 92°28' 50.00" 92° 28'50.00"
— _  — — kn'o + 47.78" + 35.41" kn'o + 33.60" + 05.88"
— —  — — — — — cn'o + 06.53" +  01.15"

cu0 + 05.83" +10.84" cu0 -01.11" -08.44" cu0 -03.79" + 01.29"

No 212° 40' 10.54" 212° 39' 50.26" No 332° 39' 42.67 332° 39' 22.97" No 92° 29' 26.34" 92° 28' 58.32"
I 50° 23' 31.50" 50° 23' 34.50" / 170° 23' 02.50" 170° 23' 04.50" I 290° 12' 46.20" 290° 12' 47.70"

- N o 212° 40' 10.54" 212° 39' 50.26" -N o 332° 39' 42.67" 332° 39' 22.97" -N o 92° 29' 26.34" 92° 28' 58.32"
A 90° 11' 51.80" 90° 11' 51.80" A 90° 11' 51.80" 90° 11' 51.80" A 90° 11' 51.80" 90° 11' 51.80"
A 287° 55' 12.76" 287° 55' 35.54" A 287° 55' 11.63" 287° 55' 33.33" A 287° 55' 11.66" 287° 55' 41.18"
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were made using / (0), u0(a) and the rest position obtained from the last three reversion 
points (after the adjustment from the observation errors) where the whole drift in the set 
occurs. The instrument constant used in the calculations (d = 90° 1Г 51.80") was 
determined from the calibration data of the instrument made at the Bánfalva 
observatory in Sopron, Table III shows a summary of the calibration results. The 
values of the constant shown in the table are corrected for the drift as described by 
Abdelhamid (1981). The C-factor used in the calculations is C = — 5.86"/one scale 
division, it was calculated according to Eq. (4) using the mean values of Tf  and Twf 
shown in Table I.

Table III. Summary of the calibration results 

Date indep. measts. A V

May 12, 1980 mean of 7 determs. 90° 11' 52.36" 0.56"
June 18, 1980 mean of 7 determs. 90° 11' 52.10" 0.30"
June 19, 1980 mean of 7 determs. 90° 11 ' 53.23" 1.43"
June 23, 1980 mean of 6 determs. 90° 11' 51.76" -0.04"
June 25, 1980 mean of 7 determs. 90° 11' 53.84" 2.04"
June 26, 1980 mean of 8 determs. 90° 11' 49.30" -2.50"
June 27, 1980 mean of 7 determs. 90° 11' 52.21" 0.41
June 30, 1980 mean of 8 determs. 90° 11' 50.34" -1.46"
July 1, 1980 mean of 8 determs. 90° 11' 51.06" -0.74"

Mean value of 9 days measurements 90° 11' 51.80" 0.00

ft of the instrument constant: ±0.47"

ТаЫе IV: Results of the drift in "the rest positions, the gyro-norths and the 
gyro-azimuths

Sets SET 1 SET 2 SET 3

1 212° 40' 04.71" 47.78" 33.60"
“* 2 212° 39' 39.42" 35.41" 05.88"

da* -25.29" -12.37" -27.72"
da*/6 rev. -  2.7” -  1.3" -  3.0"

No
2

212° 40' 10.54" 332° 39' 42.67" 92° 29' 26.34"
212° 39' 50.26" 332° 39' 22.97" 92° 28' 58.32"

dNo -20.28" -19.70" -28.02"
dNo/6 rev. -  2.2" -  2.1" -  3.0"

1 287° 55' 12.76" 287° 55' 11.63" 287° 55' 11.66"
A 2 287° 55' 35.54" 287° 55' 33.33" 287° 55' 41.18"

dA +  22.78" +  21.70" + 29.52"
dA/6 rev. +  2.5" +  2.4" +  3.2"
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In Table IV a comparison is made between the two values of each of the rest 
positions aN, the gyro-norths No and the gyro-azimuths A of the three sets, rows 1 show 
the values free from the drift while rows 2  show the values loaded with the whole drift 
present in the set. The differences between the two rows (dotN, dNo, dA) indicate drifts in 
ал, No and A. The drift per 6  reversion points was also calculated and tabulated. 
Figures 2-4 show the Schuler mean diagrams for the observed and the adjusted 
reversion points of the three sets. The drift in the rest positions doĉ  is clear; it is the 
difference between the first and last values of the Schuler mean.

As shown in Table IV the drift in the rest position of the reversion points of set 3 is 
the largest and that of set 2 is the smallest. These drifts cannot be taken as a base for any 
comparison, because the torsion corrections are not yet applied. After applying the 
torsion corrections and other reductions (Table II), the gyro-norths were obtained, 
their values can then be taken as a base for the comparison. The drifts in No of sets 1 
and 2 closely agree after applying the torsion corrections. In set 3 the drift is nearly the 
same after applying the torsion correction.

Comparing the gyro-azimuths A of the three sets (Table IV), the values in rows 1 
agree with high accuracy, these azimuths were calculated using the rest positions 
reduced to the instant of release, u0(b) and I(b) i.e. azimuths free from the drift. This shows 
that the three techniques of observations have nearly the same accuracy after the 
adjustment and applying the reductions. When comparing the azimuths in rows 1 and 
2  we get the effect of the drift in the gyro-norths on the gyro-azimuths (the drift in the 
gyro-azimuth dA). Comparing d A of the three sets, we find that dA at sets 1 and 2 agree 
and have smaller values than dA at set 3. This means that the gyrotheodolite reversion 
points observed with following have a smaller drift amount than those observed 
without following, the drift ratio obtained was nearly 2:3. The drift per 6  reversions in 
set 1 has nearly the same value as that evaluated by Abdelhamid (1982b) for the same 
instrument used for repeated azimuth determinations with independent starts.

5. Conclusions

In gyrotheodolite observations of the used instrument, there is a clear drift; a 
tendency for the rest position of the oscillations to decrease. This phenomenon affects 
the calculated gyro-azimuths. The results of the paper showed that the three measuring 
techniques of the amplitude method have nearly the same accuracy for the gyro- 
azimuths calculated after the adjustment and the reduction to the instant of start (drift- 
free values). The evaluated drift in the three sets showed that the reversion points of the 
spinning gyroscope observed with following have smaller drifts than those observed 
without following and the obtained drift ratios are nearly 2:3.
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Fig. 2. Schuler mean diagrams for observations with both the automatic and manual following (set 1)
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Fig. 3. Schuler mean diagrams for observations with the automatic following only (set 2)
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Fig. 4. Schuler mean diagrams for observations without following (set 3)
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The paper presents a simple computation method for the determination of the convergence of 
the meridian for the area of Egypt, i.e. for the territory enclosed between the geographical latitudes of 
22°-32° north of the equator. The method is valid for the Hayford 1909 ellipsoid, and the equations 
are suitable to be used for the Universal Transversal Mercator (UTM) projection system. A 
numerical example is given to illustrate the practical use of the attached table. The presented formula 
gives the convergence of meridian with an accuracy of 0.1 second of arc which is suitable for geodetic 
computation tasks. The table of coefficients facilitates the execution of practical computations. With 
these, the computation work is considerably shortened and made suitable for rapid use to complete 
the up-to-date gyrotheodolite measurement for the orientation purposes.

Keywords: convergence of meridian; coordinate system; Egypt; Gauss-Krüger coordinates; 
Hayford ellipsoid; North Africa; meridian arc distance; Universal Transversal Mercator (UTM)

The results of azimuths measurements with gyrotheodolites show that the gyro- 
azimuth is the same as the astronomical azimuth but it can be used in the orientation of 
higher order geodetic networks only after applying a correction due to the convergence 
of the meridian and other reductions. Therefore it is necessary to know the convergence 
of the meridian in orde. to enable its being taken into account when computing the 
final values of the azimuths measured astronomically or with the gyrotheodolite.

In the present paper a simple method is given for the determination of the 
convergence of the meridian for the Universal Transversal Mercator projection sys
tem (UTM) in the area of Egypt (tp = 22N to 32N).

The calculations are based on the Hayford 1909 ellipsoid. A table containing the 
coefficients for the computations is given. This table can be used easily in any 
measuring stations if the UTM x and y coordinates are known to the nearest 5 meters; 
this gives an accuracy of 0.1 second of arc for the convergence of the meridian. Besides, 
the computational relations are uniform and valid for bandwidths up to 6 ° UTM, only 
they require the knowledge of a few coefficients. Therefore the computations can be
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Table I

*0 C0, c „ mоо

c 2, Cia

3550 km +  2024.52 + 70.72 -0 .230 +  0.689 -0.013
3500 1989.33 70.04 0.224 0.671 0.012
3450 1954.48 69.38 0.218 0.653 0.012
3400 1919.95 68.73 0.212 0.635 0.012
3350 1885.74 68.11 0.206 0.618 0.011
3300 km + 1851.84 + 67.50 -0.200 +  0.601 -0.011
3250 1818.24 66.90 0.195 0.585 0.011
3200 1784.93 66.33 0.190 0.569 0.010
3150 1751.90 65.77 0.185 0.554 0.010
3100 1719.16 65.22 0.180 0.539 0.010
3050 1686.68 64.69 0.175 0.525 0.010
3000 km + 1654.47 + 64.17 -0 .170 +  0.510 -0.009
2950 1622.51 63.66 0.165 0.496 0.009
2900 1590.80 63.18 0.161 0.483 0.009
2850 1559.33 62.70 0.156 0.470 0.009
2800 1528.10 62.24 0.152 9.457 0.008
2750 1497.09 61.79 0.148 0.444 0.008
2700km + 1466.31 + 61.35 -0.144 +  0.432 -0.008
2650 1435.74 60.92 0.140 0.420 0.008
2600 1405.38 60.51 0.136 0.408 0.008
2550 1375.23 60.11 0.132 0.397 0.008
2500 1345.27 59.71 0.128 0.386 0.008
2450 1315.51 59.33 0.125 0.375 0.008
2400km +  1285.94 + 58.97 -0.121 +  0.364 -0.007

easily carried out in the measuring station to give a complete evaluation for the 
measured azimuth, and also they can be easily programmed for computers.

The general formula for the computation of the convergence of the meridians (/r) 
in the UTM system (Tárczy-Hornoch-Hristov 1968, p. 52) can be simplified as follows:

H = C0iAy + Ct lAxAy + C2lAx2Ay + C03Ay3 + Cl3AxAy3 (1)

where Ax= 10 5(x —x0) (2 )

dy= 1 0 “5y . (3)

In the equation, x and y are the UTM coordinates (in meters) of the measuring station 
whose [i value is required, and x„ is the x coordinate of a reference point of a latitude <p. 
The numerical values of the coefficients are in Table I.
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In Eq. (1) the coefficients are:

„  io5p
C o i~ ~ N 7 to (4)

1 0 10n
Cn  = - ^ / ( 1+ io + ̂ o) (5)

” 0

1 0 isn
C2 i=  ríj I0 ( l + íq —iJo~2 i/o) (6 )

" 0

С°з = - Щ -  t o ( - l - t 2o + r,2o + 2nt) =  -  3  C2, (7)

1 0 20«
C1 3  = - j f i T  ( - l - 4 t 20- 3 t t -  ItWo + 4  -  lOtlri) (8 )

where 4o = e'2 cos2 <Po
C

N0 = ..- ■■ - = (the curvature in the prime vertical)
чЛ-Но

t0  = tan cp0 (<p0 = the latitude of the point x„) 
p = 206264.806

e' 2 = 0.006 768 170 (the 2nd numerical excentricity of the Hayford 1909 
ellipsoid)

a2
C =— = 6  399936.608 m (for the Hayford 1909 ellipsoid), 

b

The x0 interval used in the calculation of the coefficients is 50 km for practical 
purposes. According to the UTM projection system, the territory of Egypt extends 
between xo = 2400 km and xo = 3550 km, therefore the calculations are made for 24 
reference points.

For the determination of the coefficients we have at first to compute the 
corresponding geographical latitude (cp0) from the UTM coordinate (x„) (the points 
with the coordinate x0 are on the central meridian of each UTM coordinate system). 
This task can be solved with several methods, in the following a method proposed in 
this paper is used. Starting with the data of another ellipsoid (Krassowski 1940), the <p0 

value corresponding to the UTM x0 values can be found partly at Tárczy-Hornoch and 
Hristov (1968, p. 346), partly they were computed to complete the Krassowski 
ellipsoid tables. The difference between the meridian arc distances (AB) for the two 
ellipsoids (Krassowski minus Hayford) was calculated using the following formula:
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AB = —1.675 5770(0! +141.7031 sin <0 , cos <px —

—1.194 74 sin <0 , cos3 <0 ! + 0.009 41 sin <0 , cos5 <pj (9)

where AB = the difference between the meridian arc distance of the points with the 
same x„ value on the two ellipsoids.

(0 ! = the latitude (<p0) corresponding to the x0 value referring to the 
Krassowski ellipsoid.

It was found from the calculations that at xo = 3550km AB= +9.635 m, while 
for xo = 2400km AB= + 11.969 m, and the greatest value of AB is + 12.076 m for 
x„ = 2600 km.

Having computed A B, this value of (p0 is calculated according to Szádeczky- 
Kardoss (1963) as follows:

2 5 *  2 7 *  2 9 *  З Г  3 3 *  3 5 *

2 5 5 0

2 5 0 0

2 4 5 0

2 4 0 0
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Fig. 1. UTM Projection with 2° band width
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Г AB C 2 /d ß V ]
фо = ф1 + 3600^—  l/ Д и J  J (10)

C, = l l l  136.54-563.429(2cos2 <p,-l) +

+ 2.383 cos2 <p,(4 cos2 <p, -  3) (H)

U2 = 19.667 sin <p, cos<p,. (12)

Control calculation was made and it showed that the maximum difference 
between the given x0 coordinate and the x„ value obtained from the computed <p0 is
smaller than 0.003 m.

The coefficients C0i . . .  C, 3 are then calculated according to Eqs 4-8 using the
last (p0 values. The results are tabulated in Table I.

In the UTM projection there exist coordinate systems with bandwidths of 2°, 3° 
and 6° (у-intervals at the equator). For the case of Egypt we show the three systems with 
their reference points in Figs 1-3. Control calculations were made for the coefficients

5

Fig. 2. UTM Projection with 3° band width
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2 7 °  3 3 *

2 5 5 0

2 5 0 0

2 4 5 0

2 4 0 0

for different bandwidths and they were found to be acceptable even for 6 ° system with 
an accuracy better than 0 .1 ".

The following numerical example illustrates the use of the table. The point 
chosen for the calculation of the convergence of the meridian is Gabal Yaalak in the 
Sinai peninsula whose UTM coordinates in the 2° system are:

x = +3368 163.64 m

y= + 25 725.63 m .

The central meridian of the UTM projection system is 33° E. The used reference 
point is xo = 3350 km. According to Eqs 2 and 3,

d x = +0.181 636

Ay= +0.257 256.
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For the chosen reference point, the values of the coefficients are:

C01 = + 1885.74 , C ,, = +68.11 , CO3=-0.206

C21 = + 0.618, C13= — 0.011.

Substituting in Eq. (1) for Ax, Ay and the above coefficients, we get ц as follows: 

H= + 485.13 + 3.18- 0.003 + 0.005 = 488.318" = + 8 ' 08.3''
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The paper deals with problems of the development of data collection systems for geodetic 
field measurements. The advantages of the semi-automatic and automatic data collection 
equipments are described in details together with the most important demands against such systems. 
At last the construction of a new intelligent data collection system is described which eliminates the 
disadvantages of earlier data collection systems.

Keywords: field data collection; digital instrument; surveying instruments; geodetic 
instrument

The automatization of geodetic field measurements is an old problem. The idea 
that after the pointing to the station all further processes should be carried out 
automatically by the instrument, has already emerged at the beginning of the sixties. 
The development of the microcomputers and of the electronics made this more and 
more practicable. Nevertheless at present the majority of the geodetic instruments have 
either traditional, non-digital output, or digital output without complete automa
tization. The results of the field measurements are then processed at all geodetic firms 
on up-to-date computers. A close connection between the central computer and the 
traditional field instruments can only be realized by field data collection systems which 
enable an immediate input of the field data into the computer.

The application of field data collectors seems at present due to rather high prices 
more expensive than to keep the minutes as traditionally. If one takes into account, 
however, the advantages of the automatic or semi-automatic data collecting then it is 
evident that the higher price will be quickly amortized in use. The most important 
advantages of the field data collection systems are:

1. The shortening of the time of the data management which appears in two 
factory:

— quick data input and storage,
— collected data can be transmitted to the computer for processing without 

keyboard-work.

1 H-9401 Sopron, Pf. 5, Hungary
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2. Reduction of the possible error sources due to less manual transcription of 
data. Errors are naturally at the first input both in on-line and off-line operations 
possible, but the subsequent processes of the data transfer and manipulation have 
strongly decreased error possibilities in the former case.

3. Data are available immediately in computer-readable form. In order to use all 
these advantages during the field-work, the field data collection system has to meet the 
following demands:

— The work of the surveyor working in the field should be simplified. This 
condition is automatically fulfilled if the data collector is connected to the 
digital output of the instrument. In such a case the surveyor has only to 
introduce additional informations through the keyboard to the buffer. If the 
data collector is used in off-line operation, i.e. if it is connected with an 
instrument without digital output, then the input of these data through the 
keyboard do not mean always a simplification for the surveyor, even it can 
mean a surplus work. This surplus work will, however, be paid back later 
when the data input into the computer is less extensive and the error sources 
are reduced.

— Keeping the minutes should be simplified. This demand can be fulfilled both 
in on-line and off-line operations if the data collector needs the data in form 
which corresponds to the character of the surveying work (leveling, 
distance measurement, etc.). In such a case the errors of the minute taking 
are also reduced.

— The data collector could be connected to a computer. This is necessary in 
order to simplify data transmission and to reduce error sources there.

— The data carrier of the data collector should be exchangeable. In case of field 
works far from the site of the processing, in long campaigns this is an 
inevitable demand.

— The data collector should be universal, i.e. the same type of the data collector 
could be used for surveying works of different kinds. As it has already been 
mentioned the errors of the data input decrease if the data collector needs the 
data in a format corresponding to the actual surveying field work, therefore 
the format of the data collector must be programable for the task prescribed 
by the producer or by the user.

— The data collector should be “intelligent”, thus it should be capable to re
arrange and to correct data, to retrieve them according to a prescribed 
format, etc.

Present surveying data collection systems fulfil most of the demands listed above. 
Such are e.g. the data collector of the electronic theodolite Kern ET2 (Aeschliman 
1979), the data collector Geomemo produced by Geotechnica (1978) and AGA Geodät
(1979).
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A common feature of all these data collection systems is that data are stored in a 
semi-conductive type memory which can store them for a certain time after the switch- 
out of the instrument depending on the type of the instrument. The semi-conductor 
memory cannot be, however, exchanged in case of any of these data collectors, 
therefore if the memory is full (after the measurement at 200^500 points) data must be 
transferred immediately to a computer or to an intermediate data base (e.g. magnetic 
cassette). That means that in case of a several days long campaign far from the site of the 
processing the surveyor has to carry with him a cassette recorder data collection 
system, too. All the types have the common disadvantage that they are made for one or 
a few special tasks, therefore the format with which the data collector is manufactured 
is not an optimum one in case of other tasks. This could be avoided if the format of the 
data collector could be programmed by the user itself (including number of characters, 
character of the functions, length of a data block and their content, etc.) according to 
the actual problem.

The scheme of a data collector which fulfils all the demands listed earlier can be 
seen in Fig. 1. The system has a microprocessor construction enabling a versatile use of 
the apparatus.

Data input is possible either manually through the keyboard, or completely 
automatically through the serial input interface (interfaced to a given instrument). In 
addition, a semi-automatic operation is also possible. In such a case the measurement 
results are transferred immediately from the measuring instrument, while additional 
informations (e.g. serial number of the measurement, etc.) are transmitted by the 
keyboard. For data control, correction, etc. the 16 character alphanumeric display 
displays the values together with their identifying code.

D is p la y  I

IN °— 
D a ta  fro m  
In s tru m e n t '

S e r ia l  In p u t M ic r o p r o c e s s o r

P

R E PR O M

RAM

1 D a t a  M e m o ry

K e y b o a r d R S 2 3 2 C  I n t e r f a c e  -«O U T
---------------------------- D a ta  to

C o m p u te r

Fig. I
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The microprocessor needs and handles data and data blocks in a format stored in 
the REPROM-memory. This REPROM-memory can be taken out from the data 
collection system and according to the demands of the user, it can be reprogrammed on 
an other apparatus by the user itself.

Data are collected in a 4 Kbyte semi-conductor memory which can store all the 
data after switching out of the power for unlimited time. The data storage unit is a 
separate one with a capacity of 4 Kbyte. According to experiences this is sufficient for 
the storage of the results of measurements of one day. This memory is, however, 
exchangeable, therefore data should not be stored in an intermediate data carrier even 
in case of several days long campaigns. The content of these exchangeable storage units 
can be transmitted to the computer through the RS 232C type interface of the data 
collecting system.

As it can be seen from all this, it is advantageous to increase the intelligence and 
the versatility of the field data collection systems for sake of economy of the application 
of these systems. For such a development the technical conditions are already given.
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QUICK ZONE-TO-ZONE TRANSFORMATION 
IN THE GAUSS-KRÜGER PROJECTION
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The Gauss-Krüger projection is used in many countries and there are several methods for 
zone-to-zone transformations for its adjacent zones. These methods are generally rather tedious. The 
author found lately an immediate connection which radically simplifies the problem. Neither arc-to- 
chord reductions, nor scale factors are necessary as the difference between the data of the two zones 
can be easily determined. The connection is based on the double value of the y coordinates at the 
border meridian.

The method can also be used for the connecting systems of any oblique Mercator (cylindrical) 
projection of the sphere, and the method is in this case even simpler due to the less complicated 
curvature of the sphere; here the connection refers to the distance of the two y axes.

Keywords: arc-to-chord reduction; conform transversal cylinder; ellipsoidic computations; 
Gauss-Krüger coordinates; projections; scale factor; Universal Transversal Mercator coordinates
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I

The conform transversal cylinder projection of the ellipsoid — which generally 
called Gauss—Krüger projection in Central Europe — is used in many countries both 
for small and large scale representations. The zone-to-zone transformation of points is 
often necessary, and for this purpose several different methods are available. The 
author himself has constructed several such methods. A part of them is used in practice, 
an other part remained a theoretical possibility. In recent investigations, I found an 
immediate connection which radically reduces the problem and yields a result with an 
error of 2 — 3 mm. A pre-condition of its use is that points should be available with a 
density of 50 —60 km having known coordinates in both systems. The connection is 
based on the double value of the y coordinates of the border meridian: ri = 2y0. With 
simple functions of this quantity both the grid bearing and the distance can be 
immediately transformed. The method can also be used for any oblique conform 
cylinder projection of the sphere and in this case it is even simpler due to the simpler 
curvature of the sphere.

The steps of the transformation are presented at first for the simpler case, i.e. for 
the sphere. Here the connection is based instead of rj on the distance £ of the images of 
the two tangential circles, i.e. of the x-axes.

1 H- l l l l  Budapest, Műegyetem rkp. 3, Hungary
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According to the known formula for cylinder projection of the arc-to-chord 
reduction (subscript m refers to the midpoint of the connecting line, Ay and Ax are the 
differences of the corresponding coordinates):

Л  = + axmlAyl - b ( A x 1 -AyJ

A2=+ axm2Ay2-b ( A x 2- Ay2).

With the required computational accuracy Ay2 can be substituted by Ayx in the first 
term, therefore one gets:

Ax- A 2= ~a{xm2- x ml)Ayi - b ( - A x l ■ Ayx +Ax2 ■ Ay2) .

The second term can be neglected (in the following example its value is some 
10“ 4  seconds of arc). The values of the line midpoint xm differ in their sign, thus their 
difference £ is well approximated by the distance of the two y-axes.

Thus one has:
A x — A2 — +a£ ■ Ayx = y ■ Ayx.

Especially for the computation of the scale factor it should be taken into account that 
the image of the у-axis of system 2 is in system 1 a curved line (Fig. 1).

In Hungary the projectional distance of the у-axes along the x-axes is in the 
northern and central system £0= 1.74 494 (in units of 100 km). The shortening due to 
the curvature (e) is if y is also expressed in units of 1 0 0  km:

y 1 2 3(100 km)
£ 21 85 193 (m)

If Ç is computed from Ç0 according to this, then at first the factor

У =  а £ ,
«

is to be determined, where a is the value corresponding to the Gaussian sphere with a 
radius of К = 6  378 512.966 m valid for Hungary:

a= =25.3487. 
2 R2

The difference of the arc-to-chord reductions in the two projection systems for a line 
section connecting two points (with subscripts referring to the projection) is obtained 
as a product:

Ax- A 2 = y  Ayx

where Ayt is the projection of the distance in the direction у in system 1 (in units of
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Northern system

Fig. I.

100 km). In Hungary the value of y between the two systems changes from 44.18 to 
44.23. In most cases the arithmetic mean can be used, but in more accurate 
computations one has to use:

7  = 44.232 -  0.0054 y2ml

where the sign of 7  is identical with the sign of the coordinates x in system 1 directed 
towards system 2 .

According to the formula of the scale factor:

m, = 1 +exii + f  • Ax\ + gx*{ 

m2 = 1 + ex2 2 + f - A x l  + gx*m2
where

e= —7-5- = 122 894 • 10 ~9; / = = 10241 • 10“9 .
2 R2 24R2

The difference of the last terms can be omitted due to the small value of the factor 
g = 25 • 10“ 10, and as the value/is also small, the approximation Ax2 = Ax2 can also 
be accepted.

m2- m  ,= e(x i2- x i l)

= (É -  1 )2 = £2 -  2£xm ! +  *£,

m2- m 1= e ^ 2- 2 ^ x ml) = cc-ßxmi ■

a is always positive, and the sign law of ß is identical with that of 7 .
Taking into account the change of t, with yml, and using the well approximating 

functions for Hungary one gets:
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a = 0.000 373 825+(4 —j£,)92- 10~ 9 

ß =0.000 428 676 + (4 -^ ,)5 3 -  10 9 .

The first terms refer to the place y = 2.00000 and correspond rather well to the mean 
values.

Table I

Projection 1 Projection 2 2 -1

У а - 7 4  251.204 -  74 261.392
xA +  55 238.915 -1 1 9  229.557
У в - 8 8  639.519 -  88 643.740
xB +  76 128.193 -  98 333.325

ÔâB 325° 26' 28.811" 325° 27' 40.853" + Г 12.042"
A -2.269" +  4.093" + 6.362"

V a +  0° 45' 3.226" +  0° 43' 57.547" - 1 '  5.679"
t 25 365.046 m 25 367.389 m + 2.343 m

Ay -0 .1 4  388 -0 .1 4  382
Ax +  0.20 889 +  0.20 896
Уш -0 .81 446 -0 .81 453
xm +  0.65 684 -1 .0 8  782

Let us see an example. There are two points with known coordinates in both 
systems. All data and the projectional values are summarized in Table I, thus they can 
be compared with the results of the new method. The notations are the generally 
accepted ones: b is the grid bearing, A the arc-to-chord reduction, p the convergence of 
the map meridian, t the distance of the two points in the projection, Ау = ув—ул, and 
xm and ym the coordinates of the midpoint of the line. The last three have been expressed 
as generally usual in projection transformations, in units of 1 0 0  km.

Let us suppose at first that the coordinates are known in both systems. In that 
case z = p l —p2 can be easily determined in both end points (The subscripts 1 and 2 
refer, as everywhere in the following, to systems 1 and 2). E.g. in point A one has:

A, -  A 2 = у  Ay, = + (44.228) ( -  0.14388) = -  6.363"

(y has been interpolated!).
According to a known formula:

z=b2 — bl + d j — A2.

Thus in our case:

b2- b l = +0° 1' 12.042"
AI — A2= -  6.363"

zA= + Г 5.679"
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If point В is taken as origin, then Ay changes its sign,therefore its orientation constant 
will be:

ô2- ô l = +0° 1' 12.042"
Ai — A2= + 6.363"

zB = + Г 18.405".

If in system 2 only the data of point A are known, and В is to be computed, then 
according to the formula

one gets:
ô2 — ôi+(A2 — Ai) + zA

<5,= 325° 26'28.811"
- ( d , - d 2) = + 6.363"

z A — + Г 5.679"
ô2 = 325° 27' 40.853".

In many cases z is already known, but if not, it can be easily determined from the line 
leading from A to a point C, known in both projections by means of the previously 
described method. It is to be known that the value of z is theoretically constant in any 
point, but the accuracy of the computed values depends naturally on the level of 
correspondence of the points known in both systems.

Let us continue now with the transformation of the distance:

m2 — m1 = a — ßxml .

In the present example:

and being:

a=  0.000 374 132
ß=  0.000428 853

xml = +0.65 684

a =  374 132 10“ 9

ßxmi= 281 6 8 8  1 0 ~ 9

m2- m l = + 92 444-10' 9

dl = t2 — t, = (т 2 - т , ) ( |  = —2.345 m .

Now being both 62 and t2 known, the coordinates of the point В can be determined by 
polar point positioning from the coordinates of point A in system 2. The example shows 
that the differences from the correct values are only some 1 0 ' 3 seconds of arc, and 
millimeters, respectively.
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The example shows further that for the transformation neither arc-to-chord 
reductions, nor scale factors are necessary, and only one grid bearing and one distance 
is to be computed, if z is know. If z must also be determined, than two additional grid 
bearings are to be computed (without distances). The transformation itself consists 
only of a few multiplications and additions.

II

The transformation between two neighborous zones of the conform transversal 
cylinder projection of the ellipsoid is theoretically identical with the previous case. As the 
image of the tangential meridian is here the x axis, and the distance of the original 
meridian of the two systems has the direction y, for the computation of the 
transformation factors the distance r] = 2y0 is to be used instead of the previous distance 
£, where y0  is the coordinate y at the place x of the border meridian.

With respect to the more complicated curvature of the ellipsoid the interpolation 
of the coefficients a and ß — if more accurate results are necessary — can be carried out 
by using linear and quadratic differences, and even y is to be interpolated (linearly) in 
every case. Its sign follows the sign of the у-values. Considering that the difference 
between Ax, and Ax2 cannot be neglected due to the stronger rotation, the y values are 
to be interpolated to the average of the values xml and xm2, and their multiplicator will 
be the weighted mean of Ax, and Ax2(Ax). These values are, however, not known for 
the zone 2, therefore a well fitting value for them is to be determined. If the convergence 
of the map meridian in the connecting point is approximately g0, then

2 = Ay, tan p0

by denoting approximative values by parantheses:

(* J  = xmi + 2  (x2) = dxj + 2k.

The weights of the values Ax, and (Ax2) are obtained according to the values of 
the ym. The weight of Ax, is ym, : r\. The remaining part of the unit represents then the 
weight of {A x 2) (see the example, too). Then the difference of the two arc-to-chord 
reductions will be:

A=y(Ax).

The numerical values are given here for the Krassowski-ellipsoid. The value of tan p0 in 
the 3°-zone system for the area of Hungary can be determined from the following 
formula:

tan/io = 0.01913 —29(52 —x0) • Ю“ 5

where x0  is the coordinate of the connecting point in units of 100 km. The other factors
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can be determined from the following well fitting functions for the area of Hungary, 
taking into account that the factors a and e also depend on the coordinate x:

If Ax = 52.00000—xm and Axx =52.00 000—xml,
then

t] = 2.28 + 0.04 Äx 

y = 57.90 + 0.98 Äx

a = 0.000 641 383 +-(21 603 + 30~Ax\) ■ 10“ 9

ß = 0.000 561 402+(9518dx7 —60dxf)- 10“9 .

The neglection of Äx* means only an error of some mm.
The signs of the different factors can be found in Table II depending on whether 

the transformation is made from the eastern half-zone into the western one or vice 
versa, from the western half-zone into the eastern one. The sign of Я can also be 
obtained from the rule that the line section from the connecting point is rotating in 
positive sense, if transforming from the eastern half-zone to the western one, and in the 
negative sense, if the transformation is made from the western half-zone into the eastern 
one. This rule must be especially cared for very strongly if the endpoint of the line 
section in the zone 1 lies outside of the border meridian. In such cases the sign rule can 
be sometimes opposite to the generally valid one.

The computations are presented again by an example in which in addition to the 
connecting point A, the other endpoint of the line section is known in both systems.

Transformations are generally necessary only in a zone of a width of 40 — 50 km 
from the border meridian. Therefore, it is advantageous to use a connecting point on 
the border meridian (which has known coordinates in both systems). Hazay and 
Tárczy-Hornoch (1951) published the coordinates of the points of the border meridian 
in the area of Hungary for each 5' for <p=45° 30' to 48° 40' (here (p denotes geographic

ТаЫе II

Factors From Western half-zone 
to Eastern half-zone

From Eastern half-zone 
to Western half-zone

Vi _ +
A for the

computation of z - —

A fpr the
computation of ô2 + +

Я - +
a + +
ß - +
Z — +
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latitude). For the points of the border meridian one has X i=x2;.yi =  — y2 and the 
orientation constant z is 2ц x, as ц 1 = — ц2 (in the table, the sine and cosine of this value 
is given, thus one has not to compute the value of zf).

Tárczy-Hornoch and Hristov (1959 and 1966) published the data of the 
connecting points on the border meridian for each 30' for <p = 25° to 55°.

In order to illustrate the general method of the transformation the connecting 
point in the example does not lie on the border meridian, but inside of zone 1. The data 
are contained in Table III.

Table III

Zone 1 Zone 2 2 - 1

Ул + 92 607.699 -1 3 7  646.164
ХЛ 5 153 416.682 5154 272.296
Ув + 60 000.000 -1 6 8  904.753
*в 5 188 400.000 5 190479.880

0лв 317° O' 46.600" 319° 11' 43.549" + 2° 10' 56.949"
Л -7 .247" + 13.586" + 20.833"
»л -0 °  52' 31.501" + 1° 18' 4.611" +  2° 10' 36.112"
t 47 823.578 m 47 833.967 m +10.389 ш

Ay +  0.326 08 -0.312 59
Ах +  0.349 83 + 0.362 08
Ут +  0.763 04 -1 .532 75

51.709 08 51.723 76

tan /io = 0.01 913 + 29(0.32 608)1(T5 = 0.01 904 

/1 = 0.01 904/^=0.00 621 

(xm) =  +51.70 908 + 0.00 621 = 51.71 529 

(dx2) = +0.34 983+0.01 242= +0.36 225 

Æx = 52 — (xm) = + 0.28 471 

Axt =52 —xml = +0.29 092 

dx f = 0.08 463

y = 57.90 + 0.98dx = 58.179 

>7 = 2.29 yml: >7=0.333

dx = 0.333dx1+0.667(dx2) = +0.35 811 

A2 — d j = = y d x =  +20.834
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-<5,= + 2° 10'56.949" 
- d =  -20.834" Il 

II 
II 317° 0' 46.600" 

+ 20.834" 
+ 2° 10' 36.115"

Zy4= +2° 10' 36.115" 02 = 319° 1Г 43.549"

: 0.000 641383 
6  285 

2

ß = 0.000 561 402 
+ 2 769 

5
0.000 647 670 0.000 564 166

a=  647 670 - IO- 9  

ßymi = 430481 • IO" 9 ( - )
m2 — mt = 217 189- 10 9

dt = t l(m2 — ml)= + 10.387 m .

Let us now transform bach the distance (now one has

dx, = +0.27 624; J x j  = 0.07 631 and yml = -1.53 275)

<x= 0.000 641 383 
5 968 

2
0.000 647 353

ß= 0.000 561402 
+ 2 629 

5
0.000 564 026

a = 647 353-lO’ 9

ßyml = 864 51110 9 ( -  )
m2- m ,=  -217 158- 10" 9

df = i2 (m2 — m,)= — 10.387 m .

The transformation factors between the 2° wide zones for Hungary are the 
following:

tan /z0  = 0.01 275 — 19(52 —xo)10- 5  

tj= 1.52 + 0.03dx 

y = 38.60 + 0.65dx

a = 0.000 285 007 + (9603dx, + 11 ~Ax f) 1 0 9 

ß = 0.000 374 235 + (6346dx, -45dxf)10 " 9

6 Acta Geodaetica, Geophysica el Montanistica Hung. 18, 1983



80 1 HAZAY

In the present case again Ax = 52.00000 — xm; Axt = 52.00000 — xml and x 0 is the 
coordinate of the connecting point.

The transformation factors for 6 ° wide zones are for the area of Hungary 

tan fi0 = 0.03 826 -  19(52 -  x0) 10 “ 5 

rç = 4.57 + 0.08dx 

y = l 15.85+1.97JÍ

a = 0.002 568 248 + ( 8 6  490d i, + 12ЪАх\) КГ 9 

0 = 0.001 123 404 + (19 038Zxj — 130dxJ)10-9

As it can be seen from the example, the transformation between the zones of the 
ellipsoidic cylinder projection needs somewhat more computations than the 
transformation between spheric systems. The method is, however, significantly simpler 
than the method described by Hazay and Tárczy-Hornoch (1951) or any other 
proposed method.

In Hungary the longest meridian zone has a length of about 3°, i.e. it is short. This 
enabled to find for all transformation factors a well approximating function. For longer 
meridian arcs this is not more true, therefore in areas having greater lengths in x- 
direction the meridian arc must be split into sections, and the approximating functions 
are to be determined separately for these sections.

The factors to be determined are:

y = ar] a = et]2 0  = 2 er\.

Ill

The coordinates of the point on the projection 2 can be determined not only by 
polar positioning, but also by intersection. If the bearings in system 2 are computed in 
both systems from several known points, one has all data necessary for the intersection. 
It is also possible that the bearings computed in system 1 will be reduced with the 
difference of the arc-to-chord reduction A2 — A,, and the same will be done for one or 
several orientation directions from the control points; thus “measurement series” will 
be produced which can be oriented in system 2. (Naturally if the intersection is chosen 
the transformation of the distances is not necessary. The computation of the differences 
of the arc-to-chord reductions means then not more than a single product.)
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SOURCE PARAMETERS OF SEVERAL 
EARTHQUAKES RECORDED AT THE SEISMIC 

STATION KASPERSKÉ HORY

D P r o c h á z k o v á

Geophysical Institute, Czechosl. Acad. Sei., Prague 

[Manuscript received June 23, 1981]

The paper discusses some methodical questions of the source parameters determination and 
presents numerical values of the source parameters for several earthquakes.

Keywords: coda waves; earthquake sources; P waves; seismic source parameters; seismic 
station Kasperské Ногу; S waves

Introduction

There are many dependences describing the seismic regime, however, for the 
prediction of earthquakes they are not yet sufficient. To obtain further information we 
must find other parameters describing the source properties of individual shocks, in 
addition to geographical coordinates, depth, time of origin and magnitude. 
Earthquake source parameters could serve as an important data base for the 
generalization and synthesis in seismology. Routine determination and reports of 
source properties enable a new level of understanding in many seismological studies. 
This is made possible now by digitally recorded seismic data and computer programs.

The dislocation theory, provided that the mechanism of the earthquakes can be 
characterized by a double couple, offers the following parameters:

1 . the seismic moment, determining the strength of a source and representing the 
mechanical moment of one couple from the double couple;

2 . the source dimension, representing the radius of an equivalent circular source
area;

3. the stress drop, expressing the difference of the shear stresses on the fault 
surface before and after the shock;

4. the average of the relative displacement at both sides of a fault;
5. the energy emitted from the focus in form of seismic waves; etc.
The importance of source parameters in many seismological studies necessitates 

to analyse and to compare the different methods used and their reliability.
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Methodical questions of source parameters determination

Theoretical researches of the earthquake source made it possible to use the 
amplitude spectra of the P and S waves for the determination of the source parameters, 
Table I. M 0 denotes here the seismic moment, r the source dimension, A a the stress 
drop, и the average displacement across the fault, £ the energy emitted from the focus in 
the form of seismic waves, p the density of the medium, v the propagation velocity of the 
corresponding phase, R the hypocentral distance, Я9Ф the radiation pattern for a wave 
type, £20 the long-period spectral amplitude, f 0 the corner frequency and p the shear 
modulus in the source region.

Table I

Brune (1968, 1970) 
Hanks, Wyss (1972)

Sharpe [Fucik, 
Rudajev, 1979]

M 0= Anpv3RQ0/R iv %n2pvPRQ0

r= vP/{n f0)23vs/(2nf0) VpKjlnfo)

Ao=  7 M 0/(16 r3) M 0/{nr3)
u= МоЦАпрг2)
E= A a M Jd p ) пт3Да11(2р)

Fig. 1. Average of the amplitude spectra; relative positions of the long-period levels and of the corner
frequencies for P, S and surface waves are shown

In the case of stronger especially shallow earthquakes, the record of the group of 
surface waves, among them mainly of the Rayleigh waves, is evident and clear; similarly 
the amplitude spectra are clear, too. On the basis of the amplitude spectra of the P, S 
and surface waves of about 30, mostly European earthquakes recorded by the broad
band seismograph FBV at the seismic station Kasperské Ногу in the period 1974-1979 
a comparison of the investigated waves was made. Figure 1 shows the average form of
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Table II

dt — sampling period, SL — sample length, Dc — epicentral distance, 
L — surface waves, * — incomplete data

1. Japan 30.7° N, 138.4° E, H =  22h05ra23.5’ GMT, November 29, 1974, m =  6.1, Dc = 86.3° (ISC); 
df = 1.28 s
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M0 = 7.99■ IO17 N m , r = l  1.39 km, Aa = 0.238 MPa, u = 0.163 m, E =  3.18-1012 J, M w = 5.9, v  
A Í(A Í0) = 5.7, M(E) = 5.1

2. Iran 33.39° N, 57.43° E, H =  15h 35™ 56.6* GMT, September 16, 1978, h = N, M = 7.4, m = 6.5,
Dt = 37° (NEIS); dt = 0.2954 s for body waves, df = 0.8185 s for surface waves

3. Romania 45.83° N, 26.72° E, Я  = 19h 2 Г  54.1 ’ G MT, March 4, 1977, ft = 86 km, m = 6.1, 
Dc =  9.49° (ISC), N = 1.2 (NEIS); dr = 0.3002 s



4. Greece 40.76° N, 23.27° E, H = 23h 34m 11.4* GMT, May 23, 1978, h = 10 km, m = 5.7, M  =  5.6, 
D ,=  10.8° (NEIS); dt =  0.151 s for body waves, di = 0.303 s for surface waves
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Table II (contd)

5. Greece 40.74° N, 23.23° E, H = 20h 03m 21.0* GMT, June 20, 1978, й = 3 km, m = 6.1,
M =6.4 (NEIS), Dc = 11°; d(=0.14745 s for body waves, dr =  0.34188 s for surface waves

P : NS - / „  =  0 .1 7 7  H z SL = 0.44 m
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6. Yugoslavia 41.96° N, 19.02° E, H = 02" КГ 20.3’ GMT, April 9, 1979, h= 10 km, m = 5.3, 
M = 4.9 (NEIS), Dc = 8.4°; dt = 0.1434 s
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Table II (contd)

Acta Geodaetica, Geophysica el Montanistica Hung. 18, 1983

8. Yugoslavia 42.32° N, 18.68° E, Я  =  14h 43” 06.0s GMT, April 15, 1979, ft=10km, m = 5.7, 
M  =  5.6 (NEIS), Dc = 7.9°; di =  0.1464 s,

7. Yugoslavia 42.10° N, 19.21° E, H  = 06h 19m 44.1” GMT, April 15, 1979, *=10 km, m =  6.2, 
M  = 6.9 (NEIS), Dc =  8.2°; di =  0.1456 s
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Table II (contd)

P s L mean value unit

M 0 4 .84-10'5 4.06 1015 
r 2.79 2.82 
Ao 0.0981 0.0797 
и 0.016 0.014 
E 7.93 109 5.40-109

1.62 - 1016 
5.82 
0.0362 
0.013 

9.79 • 109

8.37 • 101S 
3.81 
0.0713 
0.014 

7.71 ■ 109

N m
km
MPa
m
J

M w = 4.6, M(M„) = 4.3, M(£) = 3.4

9. Yugoslavia 42.33° N, 18.76° E, H = 03h 30" 34.8' 
M =  4.9 (NEIS), Dt = 7.9°; dt = 0.1464 s

GMT, May 12, 1979, h =  10 km, m = 4.8,

P : NS — ß„ =  0.000 14 mm s 
EW -  ß„ = 0.00004 mm s 
Z — ß () = 0.00005 mm s

/о = 0.636 Hz 
/о =  0.794 Hz 
/о = 0.891 Hz

SL =  0.69 m 
SL = 0.54 m 
SL = 0.58 m

ß„ = 0.000 15 mm s /о = 0.774 Hz

S : NS — ß 0 = 0.000 36 mm s 
EW -  ß 0 = 0.000 41 mm s 
Z — ß o =  0.00009 mm s

/„  = 0.447 Hz 
/„ = 0.794 Hz 
/о = 0.906 Hz

SL = 0.57 m 
SL =  0.57 m 
SL =  0.51 m

ß 0 = 0.000 55 mm s /о =0.716 Hz

L: NS — ß o = 0.003 29 mm s 
EW -  fl„ =  0.004 15 mm s 
Z — ß o = 0.0O481 mm s

/„ = 0.158 Hz 
/„=0.163 Hz 
/„ = 0.200 Hz

SL = 5.17 m 
SL =  3.63 m 
SL = 5.75 m

ß o = 0.007 15 mm s /„ =  0.174 Hz

P S L 1 mean value unit

M 0 2.42 - 1015 1.76 10IS 1.44 1015 1.87 • 1015 N m
r 2.47 1.82 4.71 3.00 km
Ao 0.0707 0.1285 0.0061 0.068 MPa
и 0.011 0.014 0.002 0.009 m
E 2.86 • 109 3.78 • 109 1.47 • 108 2.70 • 109 j

Mw = 4.2, Ai(M„) = 3.8, M(£) = 3.1

the amplitude spectra, the general relation of the long-period levels and of the corner 
frequencies of the P, S and surface waves. The slope of the spectrum beyond the corner 
frequency is approximately the same for all types of waves, it is equal to 2  or is 
sometimes a little more.

If the seismic moment is computed on the basis of surface waves with the same 
formula as for body waves and using the phase velocity of the surface waves numerical 
results summarized in Table II are obtained. In average M0 (surface waves): M0 (body 
waves) = 1 0  for shallow and M0 (surface waves) = M0 (body waves) for intermediate 
earthquakes. Using these relations the numerical results obtained on the basis of the 
surface waves can be compared directly with those obtained on the basis of body waves.
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The relationship for the computation of the source dimension by means of the 
amplitude spectra of the surface waves was statistically derived on the basis of data in 
Table II. In agreement with Brune’s relationships for the P and S waves, the 
relationship was supposed to have the form r — c v j f 0 (r is the source dimension, vL the

Fig. 2. Amplitude spectra of the coda waves of the earthquake in the Vrancea region of March 1, 1977

phase velocity, / 0  the corner frequency and c a constant). By introducing into this 
general relationship the average value of the phase velocity vL = 3 km/s, the corner 
frequency /„  obtained from the amplitude spectra of the surface waves and the source 
dimension r as the average value of the source dimension from P and S waves, the 
numerical value of the constant c is obtained. On the basis of the numerical values in 
Table II one has in average c = 0.273 ( + 0.047).

Figure 2 shows amplitude spectra of the coda waves. It is interesting to note that 
the long-period spectrum level is clear. Rautian and Khalturin (1978), Aki and Patton 
(1978) and others supposed the coda waves as transverse waves. For individual focal 
regions they compiled connections with body waves and used the coda waves for the 
source parameters determination. It is necessary in near future to derive such a relation 
for Europe.

It should be reminded that numerical values of the source parameters depend on 
the computational formula. The factors in relation to the values determined by the
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Sharpe model are given in Table III. The discrepancies between individual formulas 
can be comprehensibly seen in the concrete computations.

In the computation of the source parameters one has to take into account the 
following:

Table III

Г Ao Mo

Brune 1.74 1.37 4.9
Kasahara 0.60
Hanks, Wyss 2.04
Sharpe 1.00 1.00 1.00

a) For the computation of the amplitude spectra several numerical methods can 
be used; it is generally known that the resulting spectra can differ not only in the 
numerical values but also in the form (Gutowski et al. 1978). For computation of the 
source parameters, the FFT and Fillon methods are practicable in most cases, whereas 
methods using narrow windows are not practicable because they give accurate 
spectrum values only in a narrow frequency interval near the centre of the time window 
[Bâth 1974].

b) Seismic waves and their spectra depend on the azimuth between the seismic 
station and the fault, on the geological structure in the region of the source and under 
the seismic station, on the properties of the medium in which the waves propagate and 
on the recording instrument. The instrumental response can be corrected by the 
relation: QE(f)  = iic(f)/H(f),  where ß c(/)is the computed amplitude spectrum, H(f)  
is the amplitude-frequency response of the instrument and ß £(/) is the corrected 
spectrum. Realistic spectrum records can be obtained only using broad-band 
instruments.

Figure 3 shows the influence of the inelastic attenuation of seismic waves on the 
amplitude spectrum according to the formula QF/(f)  = QD(f)e\p(DnF/Qv), where 
ß f ( /)  is the spectrum radiated from the focus, ß D( /)  the spectrum at a hypocentral 
distance D, v the wave velocity and Q the attenuation coefficient. The Figure shows 
schematically, that numerical values in the amplitude spectra do not change practically 
up to 0.1 Hz i.e. numerical values of the long-period levels are nearly constant. 
However, the numerical value of the corner frequency may change; its shift to higher 
values causes an apparent decrease of the source dimension; the magnitude of the shift 
of the corner frequency depends on the hypocentral distance, on the wave velocity and 
on the attenuation coefficient.

Theoretical calculations show that the orientation of the fault with respect of the 
direction source — seismic station practically does not influence the long-period 
spectral values, but there is an influence on the corner frequency. The lowest corner 
frequency is observed in the direction in which the fracture is spreading i.e. in principle
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Fig. 3. Schematic picture of the influence of the inelastic attenuation on the amplitude spectra

the azimuthal variation of the amplitude spectra should provide information on how a 
fault propagetes. According to the results of Lander (1979) and others it seems that in 
epicentral distances greater than 2 0 ° the amplitude spectra become smoother and do 
not show any azimuthal variations.

c) The sampling period must be sufficiently small in order to conserve the 
highest frequencies in a given signal. It must be at least ten points for the shortest 
period. The influence of the change of the sampling period was tested only for one 
shock. Maximum differences of 15% in the corner frequency and of 30% in the long- 
period amplitude level were obtained in cases in which the sample lengths were nearly 
the same (Table IV).

d) The sample length influences the numerical values of both the corner 
frequency and the long-period spectral amplitude (Table V). The percentual changes of 
the sample length, the long-period spectral amplitude and the corner frequency are 
related there to the numerical values of the shortest sample. With increasing sample 
length the long-period spectral amplitude increases and the corner frequency 
decreases. Most substantial changes occurr in cases when the longer sample contains a 
next wave group. If short and long samples contain only one wave group, the changes 
of the long-period spectral amplitudes and the corner frequency were negligible. The 
longer the sample length, the smaller is the influence of its changes on the investigated 
values. Table VI shows the influence of the change of the sample length on the 
numerical values of the source parameters by the obtained maximum changes of the 
long-period spectral amplitudes and of the corner frequency.

e) For the computation of the amplitude spectra we use the components EW, 
NS and Z. The long-period spectral values and the corner frequencies are not the same, 
as original records differ. A detailed statistical analysis of the numerical results in Table 
II shows that the ratio of long-period spectral amplitudes is the same in the 
components EW, NS and Z for the P, S and surface waves and an inverse relationship is 
valid for the corner frequencies. The ratio in the components EW, NS and Z probably 
depends on the orientation of the fault with respect to the direction of the seismic
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Table IV
Greece May 23,1978;d tl =0.151 s,df2 = 0.148 37 s for body waves,dtl =0.303 s,dt2 =  0.343 33 sfor surface 
waves [Í20] =  mm s, [ / 0] =  Hz, SL =  sample length in minutes, dt — sampling period, L— surface waves

Oo(l) Ûo(2) /р( 1) /о(2) SL(1) S U 2)

P : NS 0.0023 0.0030 0.165 0.141 0.63 0.63
EW 0.0027 0.0030 0.144 0.158 0.53 0.59
Z 0.0030 0.0030 0.161 0.158 0.73 0.71

S : NS 0.008 0.004 0.065 0.089 0.77 0.64
EW 0.011 0.016 0.084 0.089 0.53 0.60
Z 0.004 0.003 0.110 0.106 0.58 0.47

L : NS 0.672 0.697 0.093 0.100 8.20 15.7
EW 0.578 0.612 0.108 0.106 7.41 7.88
Z 0.675 0.523 0.106 0.089 7.56 7.62

Table V
L— surface waves, SL — sample length

P: JSL  = 0-180% maximum AO0 = 100% maximum A f 0 = 50%
S: dSL=0-68% maximum AQ0 = 70% maximum A f0 = 50%
L : A SL=0-320% maximum d ß 0 =  38% maximum A f 0 = 26%

Table VI

Dispersion of source parameters 
M 0,r, Ao,u, E — correspond to P 0 and /„
Aí0, r \  A a \u', E' — correspond to Q0 + AQ0 and /„— A f 0 
maximum A(i0= 100%, maximum A / 0 = 50%
M'0 = 2M0, r ' = 2r, A a '= 0.25Ao, u' = 0.5u, E' = 0.5E

Relations among the source parameters determined on the basis o f the P, S and the surface (Ц waves 
P0(P) < a 0(S) < a 0(Q, f 0(P) > fo(S)>fo(I)
M0(/,)g M 0(S)<M 0(i) — maximum difference 1-1.5 order 
r — irregular rate, maximum difference rmtx= 2rml„
Aa(I)>Air(P)^Act(S)—  maximum difference 2 orders 
u(£)>u(P)gu(S)— maximum difference 2 orders 
£(£)>E(P)g£(S)— maximum difference 2 orders

Comparison of seismic energy 
log£,= 4 .8+1 .5M , Е2 = АоМ 0 \(2р), [E] = J 
usually: £ ^ £ 2, maximum difference E t :E2 = 100

Comparison of magnitudes
M w = 2 (log M 0): 3-6.03, M(M0) =  (log M0—9.95) : 1.4
M(£) =  (log£2 — 4.8): 1.5, M  — surface wave magnitude determined in the Seismological Centres; 
[Af0] =  N tn , [£] =  J 
М 2 М » г  Щ М 0) g  M(£)
M w = М(М0) considering the error in the magnitude determination equals to ±0.3 magnitude unit
M L = (log M0(surface wave) — 9.95) : 1.4
M „ g M LgM (M 0)
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station. From a physical point of view it is necessary to consider the whole vector and 
not the individual components when calculating the source parameters. From a 
practical point of view the most important question is how to obtain the spectrum of 
the whole displacement vector from the spectra of the individual components. It 
follows from the theoretical considerations:

flo = V(ß oW)2+ ( W + ( ^ ) 2, /о  = ( / Г  + /2 8 + Л ):3 . О)

Source parameters of selected earthquakes

The numerical results in Table II were obtained on the basis of records of the 3- 
component broad-band FBV system recording at the seismic station Kasperské Ногу; 
the magnification curve of this seismograph is shown in Fig. 4. The digital input data 
were obtained from an analog magnetic tape. The sampling period was chosen 
sufficiently small, at least ten points for the shortest period. The sample length was

Fig. 4. Amplitude response of the seismograph FBV recording at the seismic station Kasperské Ногу: winter:
Nov. 01-March 31. summer: April Ol-October 31

chosen so that it contained the whole wave groups and allowed the determination of 
the long-period spectral values. For the calculation of the amplitude spectra, the so- 
called FCOOLR version of the FFT (Cerveny 1976) was used. The long-period 
spectral values and the corner frequencies of the whole displacement vector were 
computed from Eq. (1). Before the calculation of the spectrum, input data were corrected 
to a zero level by substracting the mean amplitude value in order to obtain a stationary 
series with zero mean value and in order to avoid a distortion of the spectrum and the 
occurrence of very high spectral values (Andël 1976).
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The source parameters were determined assuming the values p = 2.7 g/cm3, 
t;,, = 6  km/s, tts = 3.5 km/s, t>L = 3 km/s,/r = 3 • 10lo Nm - 2  and RSi> = 0.4. Table VI 
shows a comparison of the source parameters determined on the basis of the P, S and 
surface waves. A comparison of the seismic energies determined on the basis of the 
seismic moment and the stress drop and on the basis of the relationship between the 
seismic energy and the magnitude (log E=4.8 + 1.5 M , [£] = J) proves that the seismic 
energy calculated using the surface wave magnitude is usually greater; the maximum 
difference amounts to about two orders. The table also compares the magnitude 
defined by Kanamori (Aiw = 2 log M J 3 — 6.03, [M0] = Nm), which is determined from 
the mean values of the seismic moment and of the seismic energy of the P, S and surface 
waves as well as the magnitude determined by seismological centres.

Figure 5 shows the empiric relationship between the seismic moment M0 and the 
surface wave magnitude M. The least squares method yields log M0 = 9.95 + 1.4 M; 
[M0] = Nm. This formula, especially the coefficient of M is close to that of other 
investigators. The numerical values of the seismic moment obtained by North (1977) 
for 72 events in the Mediterranean and Middle East areas during 1963-70 from the 
Rayleigh wave amplitude agree well with this relationship.

Further empirical relationships between surface wave amplitudes, stress drop, 
source dimension and average displacement across the fault were found (Procházková 
1980). Having a greater number of data on the numerical values of the source 
parameters, the relationships can change a little.

4 ' è èM

Fig. 5. Seismic moment M 0 vs surface magnitude M. [M 0] = Nm
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Conclusions

A study of the methodical questions of the source parameters determination 
showed that:

a) for the computation of the source parameters it is possible to use in addition 
to P and S waves also surface and coda waves. It is necessary to find a relation between 
the long-period spectral amplitudes of the coda waves and the long-period spectral 
amplitudes of the S waves for the area of Europe;

b) it is necessary to take care of the choice of the input data, of the computing 
method and of the formulas. Particularly in cases of short epicentral distances, results 
not only from one seismic station, but from several ones distributed around the fault 
should be used;

c) for the computation of the source parameters it is necessary to take into 
account all components, not only one or two.

Numerical values of the source parameters of several earthquakes are given in 
Chapter 3. and Table II. The main task is now to calculate source parameters and to 
collect them in order to apply them in the seismological practice and for discovering 
further regularities of the seismic regime and to improve earthquake prediction.
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ON THE HYDROMAGNETIC RADIAL 
OSCILLATIONS IN THE EARTH’S LIQUID 

.CORE AND THE GEOMAGNETIC SECULAR 
SHORT-PERIOD VARIATIONS

L e M in h  T r ie t 1

Geodetic and Geophysical Research Institute of the 
Hungarian Academy of Sciences, Sopron

[Manuscript received December 5, 1981]

By comparing the theoretic spectrum of hydromagnetic radial oscillations in the Earth’s 
liquid core with the periods of short-period geomagnetic secular variations it can be shown that the 
latter occur in consequence of hydromagnetic radial oscillations in the Earth’s liquid core. Due to the 
action of Earth’s rotation and the presence of a torodial magnetic field in the core-mantle boundary 
layer, the periods of the geomagnetic secular variation presumably depend on the latitude. Further, it 
may be shown that the secular change in the daylength is closely connected with the propagation of 
hydromagnetic waves in the boundary layer between the Earth’s core and mantle.

Keywords: earthquake frequency; Earth’s core; geomagnatic secular variation; hydromagne
tic oscillation; length of the day

Introduction

It is well known that the geomagnetic field measured at the surface of the Earth 
undergoes complicated changes with time. Systematic studies on the properties of the 
geomagnetic field enabled to separate this field into two parts: the main field of internal 
origin and a small remaining part of external origin. The main field experiences slow, 
gradual changes, the so-called geomagnetic secular variation. On the basis of results 
obtained from the analyses of experimental (observatory, archaeomagnetic and 
palaeomagnetic) data the following periods of the geomagnetic secular variation may 
be revealed; 22-25, 50-70, 100-120, 180, 300-400, 500-600, 1000-1200, 1500 
—1800 and 7000 — 8000 years (Janovsky 1978, Pushkov et al. 1977). According to the 
classification by Braginsky (1970a) the geomagnetic secular variations with the above 
discrete periods may be divided into three classes: variations with periods of about 
7.5 • 103 years, variations with periods of the order of 103 years, and the short-period 
variations which have periods less than 1 0 0  years.

In spite of advances in the theory of the short-period geomagnetic secular 
variation, up to now the most characteristic property, the period-spectrum of this 
variation is still far from being completely explained. Nagata and Rikitake (1963)

' Permanent address: Centre of Scientific Researches, 1 Mac Dinh Chi, Ho Chi Minh City, Vietnam
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pointed out that the northward shifting of the dipole field is manifested in the 
geomagnetic secular variation and period of the S° quadrupole field can be determined 
by

where R is the radius of the Earth’s core, p the mass density, S! a steady poloidal 
magnetic field in the core. Taking p= 10gem-3, R = 3.5 • 108 cm and St = 1.8 Gauss, 
the period of a simple harmonic oscillation of the Sf field is of about 80 years. In this 
theoretical model the role of the liquid core is omitted. According to Braginsky (1970b) 
the period of 60 years in the geomagnetic secular variation and in the secular change of 
the daylength can be understood as the period of Alfvén type torsional oscillations in 
the Earth’s liquid core,

Taking the radial component of the magnetic field in the Earth’s core Bsx  3 Gauss, L 
~ 10 8 cm, and p = 10gcm~3, we obtain T x  60 years. According to the “free 
hydromagnetic oscillation theory” proposed by Hide (1965), if the intensity of the 
magnetic torodial field is 100 Gauss, the periods of the free hydromagnetic oscillations 
of a rotating spherical shell are fairly well corresponding to the periods of the short- 
period geomagnetic secular variation. However, in the above mentioned theories the 
periodicity of the short-period geomagnetic secular variation is incidentally concerned.

In the present paper the spectrum of the short-period geomagnetic secular 
variation will be investigated on the basis of a new assumption namely that the 
hydromagnetic radical oscillation in the Earth’s liquid core may be responsible for it.

it is generally accepted that the Earth’s liquid core may be considered as a 
medium satisfying the hydromagnetic conditions. Therefore, it is possible to assume 
that the velocity v of small disturbances in the Earth’s liquid core are equal to the Alfvén 
velocity. It should be further assumed that in the liquid core the main magnetic field is 
predominantly of radial direction, namely Hr$>He , Hv. Besides, we can suppose that 
the Earth’s liquid core satisfies the condition of the thermal equilibrium and 
consequently there is no global thermal convection there. The time-scale characteristic 
for changes in the hydromagnetic processes in the Earth’s liquid core is indeed long 
enough to suppose the material of the Earth’s liquid core incompressible.

( 1 )

Hydromagnetic radial oscillations in the Earth’s 
liquid core
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Fig. 1.

With these conditions we shall examine small amplitude oscillations in a 
spherical shell between the inner core and outer core filled with a conducting fluid
(Fig. 1).

In the case of radial oscillations the velocity potential A depends only on r and t 
time. Consequently, the velocity potential A satisfies the following wave equation

d2A , / d2A 2 cL4\
~dF ~ v ( i r 5* + 7 H r) ' (3)

In solving Eq. (3) we use the boundary conditions

ÔA 
dr

The solution of Eq. (3) can be expressed by

A = T(t)U(r).

By substituting this expression into Eq. (3) we obtain

ÔA
Tv = 0 . (4)

no ^(r)+> >
v2T(t) ”  U(r) ~ ( )

where — A2 denotes the common value of the two sides of Eq. (5). Thus we obtain the 
following two equations

T"(t) + k2v2 T(t) = 0 , (6 )

U"(r)+ — U'(r) + 22U(r)=0. (7)
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The general solution of Eq. (7) is

. , ,  , „  sin hr „  cos hr
U(r) = Cl ------ +C2-------- , (8 )

where C, and C2 are arbitrary constants which can be determined by the boundary 
conditions.

By virtue of the spherical symmetry of the problem we can set C2 = 0 and assume 
Cj = 1 in examining the frequencies of the radial oscillations. Thus, the solution of Eq. 
(7) becomes

U(r) = sin kr 
r (9)

Substituting this solution into the boundary conditions (4) we obtain

'™мк- г)=ШПГг (l0)

To find the real roots к we construct the curves of two functions in the right and left 
sides of Eq. (10), and the abscissae of the intersection of two curves give the roots (Le 
Minh Triet 1973a).

In order to give a semiquantitative estimation for the periods of the 
hydromagnetic radial oscillations in the Earth’s liquid core we can consider the 
approximate value

к к к - п ,  (1 1 )

where к is a positive integer.
Then the general solution of Eq. (6 ) can be written as

_  vknt , vknt ....
Tk =  akcos — -  + b ksm — - ,  (12)

where ak and bk are constants satisfying the initial conditions. From Eq. (12) the periods 
of the harmonics of the hydrogmagnetic radial oscillation in the Earth’s liquid core 
may be determined by the following simple formula

Tk= —  = ^ ( R - r ) ,  (13)a> kv

with k=  1 , 2 ,3, . . .  n.
At present, it is generally supposed that the magnetic field in the Earth’s core is 

essentially radial, and its radial component is of about 3 Gauss. Then, the propagation
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velocity of hydromagnetic disturbances takes the value v = H/yJbnp »  0.25 cm sec- ', if 
p = 10gcm 3. Therefore, the period-spectrum of hydromagnetic radial oscillation in 
the Earth’s liquid core may be given by

_  2 (3.5 ■ 108 — 1.4 • 108) cm 
* к 0.25 cm sec- 1

50
— years. к (14)

The spectrum of the short-period geomagnetic 
secular variations

Now, we can state the relationship between the short-period geomagnetic 
secular variations and the hydromagnetic radial oscillation of the Earth’s liquid core 
by comparing the periods of two processes.

With )c = 1, the fundamental period of the hydromagnetic radial oscillation is in 
agreement with the period of about 50 years unambiguously determined in many 
investigations during the three last decades (Barta 1963, Pushkov et al. 1977). 
Analogously, the period of about 25 years in secular variation corresponds to the 
second harmonics of the hydromagnetic radial oscillation. Further, the period of about 
11 years is presumably connected with the fifth harmonics. The coincidence of the 
periods of the secular variation with those of the hydromagnetic radial oscillation of 
the Earth’s liquid core, supposing a magnetic radial component of about 3 Gauss, leads 
to the conclusion that the hydromagnetic radial oscillations are responsible for the 
short-period geomagnetic secular variation. In other words, the short-period 
geomagnetic secular variation at the Earth’s surface is an observable manifestation of 
hydromagnetic radial oscillations in the Earth’s liquid core.

All the harmonics of the hydromagnetic radial oscillation are present in the 
liquid core, their periods can be determined by Eq. (14). However, according to 
investigations by McDonald (1957) and Currie (1967) the amplitudes of magnetic 
disturbances with periods < 4  years are strongly attenuated by the electromagnetic 
screening of the Earth’s surface, only the harmonic components with periods longer 
than 4 years remain. Thus, the complete spectrum of the short-period geomagnetic 
secular variations can be determined by Eq. (14) if к varies from 1 to 13.

In connection with the period of about 11 years it should be noted that the period 
of 11 years is usually attributed to the cycle of the solar activity. On the basis of the 
above explanation the geomagnetic variation with a period of about 11 years can be 
divided into internal and external parts. The internal part is obviously connected with 
the hydromagnetic radial oscillation in the liquid core, the external part can be 
attributed to the 11 years cycle of solar activity.

It is necessary to remark here that the magnetic observations made in the past are 
generally inaccurate, so it is difficult to determine exactly the periods possibly
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corresponding to different harmonics of the hydromagnetic radial oscillation in the 
Earth’ liquid core. Besides, a discrepancy between the theoretically determined periods 
and those from observations is perhaps related to the different penetration of the 
various harmonic components of the hydromagnetic radial oscillation from the core 
into the mantle of the Earth. In spite of these uncertainties the predominant period of 
about 50 years in the short-period variation can be found in almost all magnetic 
observatories. However, for a more complete explanation of the spectrum the role of 
the mantle and crust should be investigated in details in the penetration of magnetic 
signals originating in the Earth’s liquid core.

In this analysis the role of the core-mantle boundary layer and of the toroidal 
magnetic field are not taken into account, as the toroidal field is mainly concentrated in 
a thin boundary layer and it does not significantly influence the hydromagnetic 
radial oscillations. The core-mantle boundary layer is considerably thinner than 
the dimension of the Earth’s liquid core, therefore, the existence of the boundary 
layer cannot cause a perceptible change in the periods of the hydromagnetic 
radial oscillations which depend mainly on the hydromagnetic conditions and the 
dimensions of the Earth’s liquid core. However, in connection with the spectrum of the 
secular variation at the Earth’s surface, we have to consider the role of the magnetic 
toroidal field and the boundary layer between the core and mantle of the Earth.

Propagation of the hydromagnetic waves in the core-mantle 
boundary layer and its influence on the short-period 

geomagnetic secular variation

On the basis of the correlation between the hydromagnetic radial oscillation in 
the Earth’s liquid core and the short-period geomagnetic secular variation we can state 
that this variation observed at the Eath’s surface is closely associated with the 
propagation of hydromagnetic waves in the Earth’s liquid core, especially, in the core
mantle boundary layer where a high intensity magnetic toroidal field is concentrated. 
The propagation of hydromagnetic waves in the Earth’s liquid core is influenced by the 
Earth’s rotation. Under its action the hydromagnetic waves propagating in the liquid 
core become dispersive, and two kinds of hydromagnetic waves can propagate with 
different phase velocities (Le Minh Triet 1972). These two kinds of waves can be 
identified in the spectrum of short-period geomagnetic secular variation. The phase 
velocity of the hydromagnetic waves propagating in the Earth’s liquid core can be 
determined from the following dispersion relation

ш2 — k2Hi cos2 q>/4np±2(oQcoscc = 0, (15)

where w is the frequency of the hydromagnetic waves, Q the angular velocity of the 
Earth’s rotation and к the wave number (Fig. 2).
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7

From Eq. (15) it follows

со = ± ß  cos a { 1 ± x/f+ 4R ^}

where Rm denotes the Rossby magnetic number defined by

kH0 cos cpl\m — ------------ ----- .
2Q cos tx^/Anp

In the Earth’s liquid core the Rossby magnetic number Rm<^l (Hide 1965), 
consequently, the phase velocity of the hydromagnetic waves propagating in the liquid 
core can be approximated by (Le Minh Triet 1972)

co H0 cos cp
(16)

The toroidal magnetic field concentrated in the core-mantle boundary layer is 
estimated as (Le Minh Triet 1973):

Hl/) = Cr sin a , . (17)

where C is a constant to be determined from the boundary conditions.
Substituting this value into Eq. (16) we obtain

Cr sin a cos cp

s / î s f h î p
(18)

Taking cp = 0, i.e., when the hydromagnetic waves are propagating along the toroidal 
magnetic field in the core-mantle boundary layer, their phase velocity depends on the 
latitude. Consequently, the spectrum of the short-period geomagnetic secular variation 
depends also on the latitude.
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It is necessary to mention that at the equator the effect of Earth’s rotation is not 
present, therefore, with a = n/2 the phase velocity of the hydromagnetic waves 
propagating in the equatorial zone is equal to the ordinary Alfvén velocity, namely

Vl = (19)

In latitudes of about 40° (where the centre of the non-dipole field corresponding 
to the geomagnetic secular variation lies) the phase velocity of hydromagnetic waves 
has the value

Cr sin 50°
J l J ' b n p

(20)

In comparing Eq. (19) with Eq. (20) it is evident that in the equatorial zone the phase 
velocity, and consequently, the frequency of the hydromagnetic waves reaching the 
core-mantle boundary is about twice as at the middle latitudes. This is really observed 
in the spectrum of short-period geomagnetic secular variation at the Earth’s surface. 
Thus the predominant period of about 25 years at low latitudes and in the zones near 
the equator originates not only from the second harmonics of the hydromagnetic radial 
oscillation, but also from the fundamental harmonics with a period of 50 years. This 
conclusion is quite opposite to the explanation proposed by certain authors who 
suppose that the occurrence of a period of about 22-25 years would be connected to the 
Abbot cycle, to the circulation of the general magnetic field in the Sun.

As the phase velocity of hydromagnetic waves propagating in the core-mantle 
boundary layer changes under the action of Earth’s rotation, the periods of the short- 
period geomagnetic secular variation vary as a function of latitude. However, in 
practice, it is difficult to determine exactly this change from a series of observational 
data obtained at various magnetic observatories, as the accuracy of the magnetic 
measurements made in the past is not high enough to deduce a precise value of the 
periods appearing in the geomagnetic secular variation. In addition, inhomogeneities 
in the electrical conductivity of the mantle and crust also cause difficulties in the 
determination of the periods and amplitudes of various components of the 
geomagnetic secular variation.
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Correlation between short-period geomagnetic secular variation, 
geomagnetic westward drift and secular change 

in the rate of the Earth’s rotation

The possibility of a correlation between geomagnetic secular variation, 
westward drift of the geomagnetic field and secular change in the rate of Earth’s 
rotation or in the daylength has long been studied. However, the physical nature of this 
empirical correlation is still a problem to be investigated in details. On the basis of the 
hydromagnetic radial oscillation and the propagation of hydromagnetic waves in the 
Earth’s liquid core we try to explain the physical nature of this correlation.

In the conditions of the Earth’s liquid core hydromagnetic radial oscillations and 
propagation of hydromagnetic waves are obviously connected with mass displace
ments, especially with the coupling between the core and mantle of the Earth. 
Therefore, the periods observed in the secular variation appear also in the geomagnetic 
westward drift and in the secular change of the Earth’s rotation. We can suppose that 
under the action of hydromagnetic oscillations taking place in the liquid core of the 
Earth, the magnetic toroidal field in the core-mantle boundary layer varies with the 
periods of the hydromagnetic waves reaching the core-mantle interface. Consequent
ly, the electromagnetic core-mantle coupling also varies with the periods of the 
hydromagnetic oscillations. Thus, the periodicity of the secular change in the rate of 
Earth’s rotation and in the geomagnetic westward drift can be considered as 
consequences of hydromagnetic radial oscillations occurring in the Earth liquid core. 
We illustrate this conclusion by the curves of the short-period geomagnetic secular 
variation, the velocity of the geomagnetic westward drift and the secular change in the 
daylength (Fig. 3) (Vestine and Kahle 1968, Le Minh Triet 1974).

A : westward drift velocity 
В ; change in the daylength 
C ; geomagnetic secular variation

Fit/. 3.
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From Fig. 3 follows that the period of the secular change in the daylength is 
similar to that of the geomagnetic secular variation and of the secular variation in the 
velocity of the geomagnetic westward drift. Consequently, it can be assumed that the 
geomagnetic secular variation, the geomagnetic westward drift and the secular change 
in the rate of Earth’s rotation have the same origin, namely, hydromagnetic radial 
oscillations in the Earth’s liquid core. However, we found a phase lag of about 6-7 years 
between the secular change in the daylength and the short-period geomagnetic secular 
variation, or the secular change in the velocity of the geomagnetic westward drift. 
According to Kahle et al. (1967) this phase lag can be attributed to the time needed for 
the magnetic signal to diffuse through the mantle. However, on the basis of the 
propagation of hydromagnetic waves through the core-mantle boundary layer we can 
assume that the phase lag of about 6-7 years between the geomagnetic westward drift 
and the secular change in the daylength can be associated with the dispersion of 
hydromagnetic waves propagating in the core boundary rotating with the Earth. The 
dispersion time of the dispersive hydromagnetic waves appears as a phase lag between 
the secular variation of the geomagnetic westward drift and the secular change in the 
daylength (Le Minh Triet 1974).

The dispersion time of these waves can be estimated by a well-known formula

T = In
k(vg- v f ) ’ ( 21)

where k, vg and vf  are the wave number, group and phase velocities respectively.
In the case of slow hydromagnetic waves with periods comparable with the time 

scale of the short-period geomagnetic secular variations, the Rossby magnetic number 
Rm< 1. Therefore, we have

!ч /1+ 4к 1±  11 /2R .«

* -£ -2 * ..* /i  + 4 R b f

and consequently, the dispersion time of hydromagnetic waves propagating in the 
Earth’s liquid core is estimated by

T = 4 nQ
k V A

( 22)

where vA is the Alfvén velocity.
In the boundary layer between the core and mantle of the Earth the toroidal field 

HT is supposed to be 50 Gauss (according to the Bullard’s model), the thickness d of the
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core-mantle boundary layer is 160 km. Then

H 2nvA = —t== =0.05 m sec“ \  k=  — =3.9 • 10“ 5m 1, 
v/4np à

Q = 1 ■ 10 “5 sec 1 .

Therefore, the dispersion time of the hydromagnetic waves responsible for the short- 
period geomagnetic secular variation is about 6 years (1.8 • 10s sec). This value 
coincides with the phase lag between the secular variation, the geomagnetic westward 
drift and the secular change in the rate of Earth’s rotation. Consequently, it can be 
assumed that the secular change in the rate of Earth’s rotation and the geomagnetic 
westward drift occur in consequence of a core-mantle periodic coupling governed by 
the hydromagnetic radial oscillations in the Earth’s liquid core.
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The turbulence in the lower thermosphere during geomagnetic storms has been investigated 
by means of ionospheric sporadic E parameters. Computing the vertical shear of the horizontal wind 
on the basis of the wind shear theory of mid-latitude sporadic E for day-time hours first the gradient 
Richardson number has been determined. Then, using the relation between the gradient Richardson 
number and the vertical turbulent wind the turbulent intensity and the vertical turbulent diffusivity 
have been computed.

It has been found that the vertical turbulent diffusivity above 1101cm decreases during 
geomagnetic storms. This would mean that the height of the turbopause increases. Thus, the results 
seem to support those studies, which explain the composition changes of the upper atmosphere 
during geomagnetic storms by the increase of the height of the turbopause.

Keywords: horizontal shear; ionospheric wind; lower thermosphere; geomagnetic storm; 
sporadic £-layer; turbulence

Introduction

Studies of turbulence in gases have shown that a laminar flow becomes turbulent, 
if the stabilizing influence of the vertical temperature gradient is smaller than the 
destabilizing effect due to the vertical shear of the horizontal wind component. The 
state of motion can most suitably be characterized.by the ratio of the Vaisala-Brunt 
frequency and the vertical wind shear squared. This ratio is called the gradient 
Richardson number. Thus, turbulence develops, if the gradient Richardson number is 
less than one. Investigations carried out in the free atmosphere have indicated that 
turbulence sets in, if this number is <0.25 [1]. In earlier papers [2, 3] it has been 
emphasized that from the quantities, which can be deduced from the vertical sounding 
of the ionosphere, the sporadic E parameters may directly be connected with the 
dynamical conditions of the upper atmosphere. On the basis of the wind-shear theory 
of mid-latitude sporadic E the vertical shear of the horizontal wind component [4] and 
thus, one of the quantities determining turbulence can be computed. This is a

1 H-9401 Sopron, P.O. Box 5, Hungary
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possibility, of which we should make use realizing that the state of flow is more sensitive 
to the change of wind shear than to that of the vertical temperature gradient (we should 
remember that in the formula of the gradient Richardson number the square of wind 
shear, but only the first power of the vertical potential temperature gradient, 
determining the Vaisala Brunt frequency appears). Thus, reasonable values of the 
gradient Richardson number may be obtained by calculating the vertical potential 
temperature gradient from models of the upper atmosphere (e.g. CIRA 1972 [5]) and 
computing the vertical wind shear on the basis of measured ionospheric sporadic E 
parameters. Then, following Zimmermann and Murphy [6], the turbulent intensity and 
vertical diffusivity can be determined.

As it has been explained above, such formulas are needed for the determination 
of turbulent parameters from ionospheric data, which relate the former quantities to 
the wind shear. Such an expression is that of the gradient Richardson number R,

where g(ms-2) is the gravitational acceleration, в  (К) and d&/dz(Km-1) are the 
potential temperature, respectively its vertical gradient and ôu/ dz ( s l) is the vertical 
shear of the horizontal wind component. The vertical shear of the horizontal wind 
component was computed from the parameters of ionospheric sporadic E assuming the 
validity of mid-latitude wind shear theory [4]. For the determination of the neutral 
wind shear first the calculation of the ion-convergence is necessary. Assuming that the 
effective recombination coefficient inside of the layer is equal to that outside of it, the 
ion-convergence has been computed by means of the equation

where viz is the vertical component of the ion drift velocity in m s '1, a' is the effective 
recombination coefficient in m3s_ \  Nm and N 0 are the maximum electron density of 
the sporadic E layer, respectively the background electron density in m “3. The 
maximum electron density of the Es layer was calculated from the measured blanketing 
frequency of the layer, fbEs.  In order to determine the background electron density as 
accurately as possible, model ionospheres [7] were used for its computation taking the

Calculation of turbulent parameters

Ö0

9 Sz
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measured critical frequency of the E layer, / oE and the virtual height of the Es layer, 
h'Es. It has been supposed that the actual height of the Es layer does not differ 
significantly from that given by h'Es, if h type Es layers are excluded from the 
investigation. Thus, neglecting the contribution of the N — S wind component, an 
effective wind shear could be calculated on the basis of the relation

Here «(ms *) is the horizontal component of the neutral wind, vin (s “ ') and w, (s ') are 
the ion-neutral collision frequency, respectively the ion gyrofrequency, / being the 
magnetic dip angle.

The potential temperature was calculated according to the equation

where Tis absolute temperature in K, p is pressure in Nm ~ 2. Tand p were determined 
on the basis of formulas used for the deduction of atmospheric models taking into 
account the level of solar activity by the solar radio flux F 10 7 and the geomagnetic 
activity with the three hourly planetary geomagnetic index Kp [5]. The potential 
temperature was computed for heights corresponding to h'Es, as well as greater, 
respectively less by 1 km than h'Es. The difference between the potential temperature 
corresponding to àn altitude greater by 1 km than h'Es and that obtained for h'Es, as 
well as the difference between the latter value and the potential temperature 
corresponding to an altitude less by 1 km, than h'Es were calculated. The average of the 
differences has been adopted as the vertical gradient of the potential temperature.

The gravitational acceleration was computed for the height z given by h'Es by 
means of the formula

where g0 = 9.80665 m s '2, RE = 6.356766 • 106 m.
On the basis of the above calculations the gradient Richardson number can be 

determined. Then, the relation

based on the studies of Deacon [8], Lumley and Panofsky [9] has been used for the 
computation of the amplitude of the vertical turbulent wind w(ms"‘) [6]. For the

w = ( — 0.1 + 0.08) и
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determination of the horizontal wind, which has been supposed to be equal to the W 
— E component, the thermal wind equation

u = gz dT
j T ^ y

was applied, where /  = 2Q sin <p (s_ is the Coriolis parameter, (2 being the angular 
velocity of the Earth’s rotation and <p the geographical latitude. Namely, we think that 
calculating the horizontal wind by means of the thermal wind equation more reliable 
data can be deduced than those, which were measured at a different time and far from

ÔT
the geographical location in question. The meridional gradient of the temperature —

was determined on the basis of atmospheric models [5] by calculating the temperature 
for the point of observation and for places located 1 km to the north, as well as 1 km to 
the south of the point of observation. Taking the difference between the temperature 
corresponding to the point located 1 km to the north of the station and that obtained 
for the station, as well as the difference between the latter value and the temperature 
corresponding to the point located 1 km to the south of the station, the average of these 
differences was considered as the meridional gradient of the temperature.

Thus, the amplitude of the vertical turbulent wind and the turbulent intensity 
<w2> could be calculated. Following [6] it has been assummed that the vertical 
turbulent spectrum is inertial and limited to a transition wavenumber towards the 
buoyant subrange. Thus, the vertical turbulent diffusivity К can be determined by 
means of the equation

K =
<w2> 0 1/2

д в у 2
9 dz

Data and analysis

For the investigation of the turbulence in the lower thermosphere during 
geomagnetic storms the events reviewed by Prölss [10] on the basis of satellite 
measurements were selected. Thus, the results could be controlled by comparing the 
conclusions, which have been drawn from the results, with the indications of the 
satellite measurements.

The turbulent diffusivity was computed using the above method for the period of 
twelve geomagnetic disturbances of the year 1973. The computations were performed 
with the data of the ionospheric stations Békéscsaba, Hungary (46°40'N, 21°10'E) and 
Juliusruh, GDR (54°38'N, 13°23'E) [11,12]. We determined the vertical turbulent
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diffusivity for the day-time hours from 08 to 15 hours LT and the average of these day
time values has been calculated for intervals lasting from three days before to ten days 
after the start of the geomagnetic storm. The number of diffusivity values, on the basis 
of which the daily means were calculated, varied between one and eight depending on 
the availability of ionospheric sporadic E observations. The scattering of the values 
amounts to the absolute value of the corresponding mean. From the twelve events four 
cases representing the different seasons are selected and presented here.

In Fig. 1 the variations of the average vertical turbulent diffusivity are shown 
from three days before to ten days after the geomagnetic disturbance of 20.01. 1973 
determined for Békéscsaba and Juliusruh. The diffusivity shows a sharp decrease at 
both places after the onset of the geomagnetic disturbance, which lasts in Juliusruh 
more or less continuously till the + 9th day. In Békéscsaba the decrease at the 
beginning of the geomagnetic disturbance is followed by an increase about day + 4 and 
after that a depression appears again. The rise of the diffusivity around day +4 is also 
indicated by the data of Juliusruh. Thus, it can be pointed out that diffusivity shows at 
the two places concurrent variations, which consist of a double depression. In the 
upper part of the figure averages of the three hourly planetary geomagnetic index K p 
are also plotted. These were calculated from the three Kp values, referring to the period 
beginning 6, 7 hours before the interval, for which the turbulent diffusivity has been 
determined, that is daily from 0 to 9 hours. Thus, the time lag of the atmospheric effect 
behind the geomagnetic disturbance is also taken into consideration. It might be 
assumed that the lasting depression of the diffusivity is due also to the increasing level 
of geomagnetic activity after the geomagnetic disturbance.

Fig. 1. Variation of the average vertical turbulent diffusivity deduced from ionospheric sporadic E 
parameters of the stations Békéscsaba (dash- and dot line) and Juliusruh (full line) during the geomagnetic 
disturbance of January 20, 1973 (below), as well as variation of the three hourly planetary geomagnetic 
indices averaged daily for the interval 8-15 hours LT (above). Numbers in brackets indicate the number of 

data used for the calculation of the averages

8* Acta Geodaetica, Geophysica et Montanistica Hung. /8, 1983



114 P BENCZE

Fig. 2. Variation of the average vertical turbulent diffusivity deduced from ionospheric sporadic E 
parameters of the stations Békéscsaba (dash- and dot line) and Juliusruh (full line) during the geomagnetic 
disturbance of May 21, 1973 (below), as well as variation of the three hourly planetary geomagnetic indices 
averaged daily for the interval 8-15 hours LT (above). Numbers in brackets indicate the number of data used

for the calculation of the averages

Fig. 3. Variation of the average vertical turbulent diffusivity deduced from ionospheric sporadic E 
parameters of the stations Békéscsaba (dash- and dot line) and Juliusruh (full line) during the geomagnetic 
disturbance of June 24, 1973 (below), as well as variation of the three hourly planetary geomagnetic indices 
averaged daily for the interval 8-15 hours LT (above). N umbers in brackets indicate the number of data used

for the calculation of the averages
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In Fig. 2 the variations of the average vertical turbulent diffusivity determined for 
Békéscsaba and Juliusruh from three days before to ten days after the geomagnetic 
disturbance of 21.05.1973 are shown. The variation in Juliusruh is rather a single 
minimum. In Békéscsaba the decrease of the diffusivity at the onset of the geomagnetic 
disturbance is followed by a second fall about day + 7, though the lack of data of this 
day prevents the judgement of the situation. Thus, the variations at the two places are 
fairly different. In the upper part of the figure averages of the three hourly planetary 
geomagnetic index Kp, calculated as described above, are plotted. It can be seen that in 
this case the geomagnetic disturbance is of fairly small amplitude, which is followed by 
a second smaller increase on day + 5 and appears in a period of steadily declining 
geomagnetic activity.

The variations of the average vertical turbulent diffusivity after the geomagnetic 
disturbance of 24. 06. 1973 can be regarded again as a double depression, the first 
following immediately the onset of the geomagnetic disturbance and the second 
centered in Békéscsaba on day +6 (Fig. 3). The comparison of the data obtained for 
Békéscsaba and Juliusruh is hampered by the lack of data in Juliusruh for day +4. 
Nevertheless, it can be stated that the variation of diffusivity at the two places is similar, 
even if not as much as in other cases. In the upper part of Fig. 3 the daily averages of the 
three hourly planetary geomagnetic indices are plotted, which were determined in the 
same manner as described in connection with Fig. 1. In this case the second minimum 
of the diffusivity may also be related to the increase of geomagnetic activity on the days 
+ 4 and + 5.

In Fig. 4 the variations of the average vertical turbulent diffusivity are shown 
from three days before to ten days after the geomagnetic disturbance of 28. 10. 1973 
determined for Békéscsaba and Juliusruh. The shape of the temporal change can hardly 
be established at both stations due to lack of data. Nevertheless the variation of the 
diffusivity in Juliusruh suggests a double depression, the first occurring during the 
increase of geomagnetic activity and the second in the post storm period. The data of 
Békéscsaba do not contribute to the clearing of the situation because of the fluctuating 
character of the variation. In the upper part of Fig. 4 the daily averages of the three 
hourly planetary geomagnetic indices are given. In this case the geomagnetic activity 
displays a single increase, which lasts four days. After the decline of the event the 
geomagnetic activity reaches a nèarly constant level.

Discussion

The four events, presented in this paper, show in individual cases that in 
agreement with former investigations [13] the vertical turbulent diffusivity decreases 
after geomagnetic disturbances. The decrease is larger in winter (20.01. 1973) than in 
the other seasons. The variation of the vertical turbulent diffusivity after geomagnetic
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Fig. 4. Variation of the average vertical turbulent diffusivity deduced from ionospheric sporadic E 
parameters of the stations Békéscsaba (dash- and dot line) and Juliusruh (full line) during the geomagnetic 
disturbance of October 28, 1973 (below), as well as variation of the three hourly planetary geomagnetic 
indices averaged daily for the interval 8-15 hours LT (above). Numbers in brackets indicate the number of 

data used for the calculation of the averages

disturbances consists of a double depression, the first of which starts after the beginning 
of the geomagnetic disturbance, while the second occurs after the decline of the 
geomagnetic activity during the period of the after effect (20. 01. 1973, 28. 10. 1973). In 
two cases this cannot be proved, since the double shape of the variation may be 
attributed to the subsequent increase of the geomagnetic activity (21.05.1973, 
24. 06. 1973).

It is known that the turbopause is defined as the height, where molecular 
diffusivity increasing with altitude becomes equal to turbulent diffusivity. Since 
molecular diffusivity shows only slight changes, the variation of the turbopause is 
mainly determined by the changes of turbulent diffusivity. It should be noted that the 
mean values of the vertical turbulent diffusivity are related here generally to heights 
higher than about 110 km, as the number of data referring to altitudes less than 110 km 
is less, than that of the data computed for greater heights. This is in agreement with the 
result of model calculations [14], according to which during geomagnetic storms the 
turbulent diffusivity decreases above about 110 km and increases below that height.

This would mean that on the basis of the investigation of individual cases after 
geomagnetic disturbances an increase of the height of the turbopause may be expected. 
However, rising of the turbopause results in the increase of concentration of the 
molecular gases, which agrees with the results of satellite measurements. Thus, the 
method used here enables by the use of ionospheric sporadic E parameters the 
determination of change of the turbopause height in accordance with the indications of 
satellite measurements.
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The seismic activity of the territory east of the river Tisza is presented in the paper. An attempt 
was made to compare the earthquake data with faults traced by seismic surveys and geodetical and 
gravitational observations.
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Introduction

In Hungary, 320 earthquakes have occurred since 1860 not counting fore- and 
aftershocks.

The focal depths based on macroseismic observations are determined for 100 
events, mainly by Csömör and Kiss (1962). The depths vary between 1 and 21 km and 
their distribution with depth shows a maximum (40 per cent of the total number of the 
shocks) between 4 and 7 km (Fig. 1).

Therefore, it seems to be interesting to compare the data of earthquakes to the 
map of faults exhibited by seismic surveys. By the help of the reflection seismic method, 
the faults — surpassing some minimum vertical offset — can be traced. The map of 
these faults may help to construct a new seismic hazard map of Hungary. For this aim 
we collected the data of faults in the territory east of the river Tisza, where the seismic 
oil and gas exploration has been going on for more than 20 years. About 70 per cent of 
this territory has been investigated by seismic surveys in detail.

Faults

The Pre-Austrian basin floor shows big variety in depth in the territory 
investigated. (From about 1 km to more than 6  km.) On the territory east of the river 
Tisza, there are Miocene-Quarternary sediments above the Pre-Austrian basin floor. 
The thickness of these sediments accumulated during the past 20 million years is more

1 Seismological Observatory of GGRI of Hungarian Academy of Sciences. H-1112 Budapest, 
Meredek u. 18.
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Fig. 1. Distribution of focal depths in Hungary

than 7 km at several places. This is a very short time span in geology so the tectonic 
evolution of the territory was characterized by very fast subsidences. (Mainly 
depressions were formed.) (Pogácsás 1980). Figure 2 shows the faults revealed by 
seismic surveys. The total length of the known faults is nearly 600 km. The large part of 
them (about 90 per cent of the total length) belongs to the crystalline basement which 
consists of Paleozoic or older rocks. The younger (Mezozoic or Cenozoic) rocks are 
influenced only by 10 per cent of the faults (Fig. 2). The youngest fault is determined 
near Derecske. It spreads from the crystalline basin at about 5 km depth into the upper 
Pannonian sediments at a depth of about 1.5 km.

In several cases the vertical extent of the faults is very small, only about 50-100 m 
which can hardly be determined at depths of 4 or 5 km. However, in a few cases the 
vertical size surpasses 0.5 km or even 1 km (Fig. 2). Allowing for denudation and 
compaction, the actual values must have been even larger.

Earthquakes

In seismological respect the territory east of the river Tisza shows the smallest 
seismicity in comparison with the other geographical parts of Hungary (Fig. 3). 
Between 1860 and 1981 only 28 earthquakes occurred in this territory compared to 320 
events in the whole country. If we count every earthquake known in time, the total
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Fig. 3. Isoseismals of maximum intensities observed in Hungary 1763-1978. Compiled by Bisztricsány,
Csömör, Kiss

Ada Geodaetica, Geophysica el Montanistica Hung. 18. 1983

Fig. 2. Epicentres and faults



122 T ZSÍROS

Table I

Date Location (Epicenter) Io "(km)

1. 1444 Szeged ?
2. March 1631 Debrecen 5° 3.7 +
3. Sep. 8 1746 Szentes ?
4. Feb. 20 1763 Szentes ?
5. Aug. 21 1772 Szentes ?
6. 1789 Füzesgyarmat ?
7. June 8 1794 Szentes ?
8. Sep. 6 1794 Szentes ?
9. March 3 1795 Debrecen ?

10. 1819 Füzesgyarmat ?
11. June 11 1823 Füzesgyarmat 5° 3.7 +
12. Feb. 15 1852 Békéscsaba 5° 3.7 +
13. March 16 1866 Békéscsaba ?
14. March 28 1869 Kétegyháza 5° 3.7 +
15. Feb. 2 1870 Zsadány ?
16. Dec. 1 1871 Hódmezővásárhely 3° 2.5 +
17. March 3 1878 Makó 4° 3.1+
18. Aug. 31 1879 Szentivánsziget 5° 3 4
19. Oct. 28 1881 Szarvas 4° 3.1+
20. Oct. 28 1881 Szentes 4° 3.1+
21. July 7 1891 Elek 4.5° 3.7 13
22. May 7 1899 Szentes 4° 2.9 7
23. Oct. 26 1903 Vésztő 3° 2.5
24. Feb. 8 1905 Elek 4° 3.1+
25. Sep. 4 1905 Szentes 4° 3.1+
26. Jan. 28 1917 Gyula 4.5° 3.4
27. May 10 1927 Békéscsaba 3° 2.5 +
28. Jan. 28 1929 Szarvas 2° 1.9+
29. Oct. 31 1931 Szarvas 3° 2.5 +
30. June 26 1933 Kétegyháza 4° 2.9 7
31. Aug. 6 1935 Békés 4° 3.1 9.5
32 March 23 1939 Álmosd 5.5° 4.7 21.5
33. Nov. 1 1939 Elek 4° 3.1+
34. Feb. 5 1940 Álmosd 4° 2.6 5
35. Dec. 8 1940 Újléta-Vértesléta 5° 3.4 6
36. May 16 1941 Hajdúnánás 3° 2.5 +
37. March 27 1957 Újléta-Vértesléta 3.5° 2.8 +
38. June 22 1978 Békés 6.5° 4.5+ + 20
39. Oct. 30 1979 Békés 4.5° 3.0+ + 5
40. March 15 1980 Békés 4° 2.5+ + 7

+ Calculated with the average focal depth (H =  9 km) using M  = 0.6 / 0 +1.8 log h — 1.0 (Gutenberg- 
Richter 1942)

+ + Determined by instrumental data.
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number of shocks is 40 in this part of Hungary. Figure 2 shows their areal distributions. 
In detail, the following events are known (Table I). It can be seen that not only the 
frequency of the events is small but the magnitudes of the shocks as well. T wo shocks, / 0  

= 6°-7° at Békés and / 0  = 5°-6° at Álmosd, are relatively important. The annual 
frequency of occurrence vs. epicentral intensity determined by the help of the least 
squares method for the whole territory of Hungary is:

log Л! = 1.43-0.37/„ (S(IOgJV)=0.6)

it means log N = 3.17 — 0.75 M

using M =0.49 /0+ 1.74 (Bisztricsány 1974)

where N—  number of earthquakes per year 
/ 0— epicentral intensity 
M— magnitude 
S— standard deviation.

This relationship is based on events of epicentral intensities equal or larger than 
4° occurred since 1860. It includes 186 shocks altogether.

For the territory east of the river Tisza a similar relationship is of no use because 
of the very small number of events (16 shocks altogether).

The seismic activity is often characterized by a strain release curve. It is 
calculated for this territory using 5-year intervals. The result is shown in Fig. 4 and is 
characterized by relative gaps in the seismic activity between 1910-1930 and 1954— 
1975.
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Conclusions

The distributions of the epicenters and the faults can be seen in Fig. 2. There are 
no earthquakes at many faults, but most of the epicenters are at faults. The connections 
could be clearer if the focal depths were exactly known. However, only 11 focal depths 
could have been estimated by the help of isoseismal maps. Figure 5 shows some really 
shallow focal depths such as 4.5 and 6 km but there are deeper ones, too. The 20 km 
focal depth at Békés and at Ájmosd belongs to the deepest ones in Hungary.

In connection with the faults and the earthquakes we examined the geodetical 
observations and the isostatic anomalies in this territory (Joó 1980, Renner 1959).

215
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Fig. 6. Distribution of the faults and the isostatic -  anomalies. The isostatic -  anomalies are compiled by J.
Renner (1959)

The map of the faults and the isostatic anomalies do not show any peculiar 
conformity (Fig. 6 ).

There is not any correlation between the geodetical map and the fault map 
(Fig. 7).

Cbmparing the map of the isostatic anomalies with the distribution of epicenters, 
it seems that the epicenters have a better fit with isostatic anomalies than the faults, 
especially in the southern part of the territory (Fig. 8 ). It is noticeable that this relatively 
subsiding territory is surrounded by epicenters of several earthquakes (Makó, 
Hódmezővásárhely, Szentes, Szarvas, Békés, Békéscsaba, Gyula, Kétegyháza, Elek) 
(Fig. 9).
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Fig. 7. Faults and the vertical crustal movements
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Fig. 8. Distribution of the epicentres and the isostatic -  anomalies
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Fig. 9. Distribution of epicentres and the recent vertical crustal movements (mm/year)
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Macroseismic observations of the Érmellék earthquake of October 15, 1834 are discussed in
the paper. The epicenter intensity of this earthquake reached 9“ on MSK scale and it was even felt in
Krakow and Lvov.
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It is known that Hungary does not belong to countries of high seismicity since 
both the recurrence of the earthquakes and the energy released by them are small e.g. 
compared to Balkan countries in the neighbourhood. However, we know that some 
large earthquakes occurred in Hungary during the past centuries which certainly have 
considerable importance concerning the seismicity map of Europe.

One of them is the so-called Érmellék earthquake. It occurred about 40 km east 
of Debrecen (this territory now belongs to Rumania) between 7h and 8 h a.m. local time 
on October 15, 1834.

The maximum intensities were felt at Piskolt (48.6 N, 22.2 E), Dengeleg (47.5 N, 
22.4 E), Érendréd (47.5 N,22.4 E), and Gálospetri (47.5 N,22.2 E). (Geographic names 
are given according to the situation at the time of the earthquake; present names be 
found in Appendix A).

Some descriptions of this earthquake were published by Réthly “The 
Earthquakes of the Carpathian Basins (455-1918)”. In order to classify the intensities 
induced by this shock at different places we thoroughly studied these descriptions. The 
epicentral intensity of Érmellék earthquake can be estimated to 9° on the MSK scale.

The territories of the various intensities have the following average radii: 
R (1 — 9°) 7 km; R(/ = 8 °) 20 km;R(/ = 7°)78 km; R (1 = 6°) 125 km. The felt area of the 
event was about 250000 km2. From these figures, using Kövesligethy’s( 1907) formula,

1 .....................Rl+i+h2
7 (/‘ Л  + 1)= log- Ri + h2

where lk— intensity к
Rk— radius of intensity к (in km) 
h— depth of the earthquake (in km)

1 Seismological Observatory of GGRI of Hungarian Academy of Sciences. H-1112 Budapest, 
Meredek u. 18.
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a focal depth of 30-35 km can be derived. The magnitude of the earthquake can be 
estimated to 7.0-7.1 using

M = 0 . 6  70+ 1 .8  log h —1 .0

relationship of Gutenberg and Richter (1942),

where M magnitude of the earthquake 
I0 epicentral intensity 
h depth of the earthquake (in km).

The main shock was followed by many aftershocks which lasted for over 3 years.
Considering the recent seismic activity of the Carpathian Basin the results 

(I0 =  9°,h = 30-35 km) may seem to be overestimated but they are based on the original 
descriptions. We must note that the buildings, in the last century, were certainly less 
earthquake-resistant than they are today and this factor isn’t taken into account in this 
paper.

Appendix A contains the locations where the earthquake of October 15, 1834 
was felt, with the observations and the intensities estimated on the MSK scale.

Appendices В and C are the intensity maps of the main shock.

References

G utenberg B, Richter C F 1942: Earthquake magnitude, intensity, energy and acceleration. Bull. Seism. Soc. 
Am., 32.

Kövesligethy R 1907: Seismischer Stärkegrad und Intensität der Beben. Gerlands Beitr. Z. Geophysik, 13. 
Réthly A 1952: The Earthquakes of the Carpathian Basins (455-1918). Budapest (in Hungarian)

Appendix A

1. Alsó-Szopor (Supurul de los) (47.5N; 22.8 E) 7°
Several chimneys fell down and most of the houses cracked

2. Arad (Oradea) (46.2 N; 21.3 E) 5°
Pictures knocked against the wall. Floors and walls cracked. Hanging objects swang considerably.

3. Asszonyvásár (Asonvasar) (47.4 N; 22.2 E) 7°-8°
The earthquake was not as severe as at Gálospetri (26), Piskolt (64), Érendréd (18), Dengeleg (14), Iriny 
(34), Érkörtvélyes (20), Mezőpetri (48), and Szaniszló (72).

4. Bártfa (Bardejov) (49.3 N; 21.3 E) 4°
The earthquake was felt by a few people.

5. Békéscsaba (46.7 N; 21.1 E) 7°
Large and deep cracks in the walls of a new church.

6. Beregszász (Beregovo) (48.2 N; 22.6 E) 6°
Some chimneys fell down. A small steeple bell rang.

7. Berkesz (48.1 N; 21.9 E) 6°
The earthquake caused a lot of damage.
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8. Bihardiószeg (Diosag) (48.3 N; 22.0 E) 7°-8°
See Asszonyvásár (3)

9. Budapest (47.5 N; 19.1 E) 4°
It was felt.

10. Bustyaháza (Bustino) (48.1 N; 23.4 E) 6°
Several chimneys fell down and most of the houses cracked.

11. Csanálos (Urziceni) (47.3 N; 22.1 E) 7°-8°
Water levels changed in wells.

12. Csokoly (Ciocaia) (47.3 N; 22.0 E) 7°-8°
See Asszonyvásár (3)

13. Debrecen (47.5 N; 21.6 E) 7°-8°
Many chimneys fell down. Walls cracked at many houses, including the church.

14. Dengeleg (Dindeleag) (47.5 N; 22.4 E) 9°
None of the houses remained intact. The shocks caused gaps in the walls of the churches and the houses. 
Most of the houses collapsed. Cracks and fissures occurred in the ground and the flat land was overflown 
of water. One of the fissures in the ground spread over 17 km with a vertical movement. (It is not clear 
whether the vertical movement happened during the shock or after it. The spread of the vertical 
displacement is not mentioned.)

15. Déva (Déva) (45.9 N; 22.9 E) 5°-6°
Hanging pictures and other objects knocked against the wall. The small steele bell rang.

16. Éradony (Adoni) (47.4 N; 22.2 E) 7°-8°
See Asszonyvásár (3)

17. Eger (47.9 N; 20.4 E) 6°
It was felt by most of the people. Church was damaged by the shake.

18. Érendréd (Andrid) (47.5 N; 22.4 E) 9°
Only the wooden houses remain intact. Stone walls collapsed. Cracks occurred in the ground. It was 
impossible for people to remain standing. Water from fissures welled up to 7-8 meter high and 
overflowed the land. However the water disappeared in two hours. Sand and mud remained on the 
ground. The church and most of the houses collapsed.

19. Érkeserü (Chesereu) (47.4 N; 22.1 E) 7°-8°
See Asszonyvásár (3)

20. Érkörtvélyes (Curtiuseni) (47.6 N; 22.2 E) 8°
The new and big church collapsed.

21. Eperjes (Presov) (49.0 N; 21.3 E) 4°-5°
The earthquake was felt by many people.

22. Értarcsa (Tarcea) (47.3 N; 22.2 E) 8°
Chimneys fell down. Parts of buildings lost their cohesion. Unloaded carts (wagons) were running in the 
yards.

23. Érvasad (Vasad) (47.5 N; 22.3 E) 8”
The new church collapsed.

24. Ferenczvölgye (48.0 N; 23.5 E) 6°
Several houses considerably demaged.

25. Füzesgyarmat (47.1 N; 21.2 E) 6°-7°
Bells rang.

26. Gálospetri (Galospetreu) (47.5 N; 22.2 E) 9°
Dry wells refilled. The church partly collapsed. A deep fissure and a lot of cracks occurred in the ground. 
The land was owerflown by water within a quarter of an hour. After an hour the water disappeared and 
mud or sand remained on many spots.

27. Gálszécs (Secovce) (48.7 N; 21.7 E) 6°-7°
The shocks caused large cracks in the walls of churches and towers.

28. Gebe (47.9 N; 22.2 E) 6°
Plaster fell down. Walls cracked at many places.

29. Gibárt (48.3 N; 21.2 E) 5°
It was felt by many people.
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30. Gyula (46.6 N; 21.3 E) 6°
The earthquake caused cracks in some buildings. The shock was strong.

31. Homonna (Humenne) (48.9 N; 21.9 E) 4°
The earthquake was felt.

32. Huszt (Khust) (48.2 N; 23.3 E) 6°
Bells rang. The tower of the church cracked. Several chimneys fell down.

33. Igló (Spisska Nova Ves) (48.9 N; 20.6 E) 5°-6°
The cross of the church fell down. The small steeple bell rang.

34. Iriny (Irina) (47.6 N; 22.4 E) 8°-9°
Nearly every steeples fell down. The churches partly collapsed. Many houses became uninhabitable. 
Cracks occurred in the ground. The flat land was overflown of water.

35. Kabolapolyána (Kobilecka Poljana) (48.1 N; 24.1 E) 4°
It was felt.

36. Kaplony (Capleni) (47.7 N; 22.5 E) 7°
The church and the cloister became uninhabitable.

37. Karcag (47.3 N; 20.9 E) 5°-6°
The shock was strong.

38. Kassa (Kosice) (48.7 N; 21.3 E) 7°
Church walls got gaps. Nearly every house in the town cracked. Many people found it difficult to stand. 
Several chimneys fell down. The bells rang.

39. Kerlés (Chirales) (47.1 N; 24.3 E) 5°
Sleeping people were raised by the shake. Roofs of buildings cracked. Many people lost their balances.

40. Királymező (Corna) (48.3 N; 23.9 E) 3°-4°
The shock was slightly felt.

41. Kiskereki (Cherechiul mic) (47.4 N; 22.1 E) 7°-8°
See Asszonyvásár (3)

42. Kolozsvár (Cluj) (46.8 N; 23.6 E) 6°
Every furniture began to move in rooms. Plaster fell down. Several chimneys and arches collapsed. Some 
houses cracked.

43. Kőrösmező (Jasina) (48.3 N; 24.4 E) 4°
The earthquake was felt.

44. Krakow (50.0 N; 19.9 E) 3°
It was slightly felt.

45. Lvov (49.9 N; 24.Q E) 3°-4°
It was felt.

46. Máramarossziget (Sighet) (47.9 N; 23.9 E) 4°
It was felt.

47. Meczenzéf (Medzev) (48.7 N; 20.9 E) 4°
It was felt by a few people.

48. Mezőpetri (Petresti) (47.6 N; 22.4 E) 8°-9°
Nearly every house became uninhabitable. Only the wooden houses remained intact. The steeple of the 
church fell down. Stone walls were destroyed. Many cracks and fissures occurred in the ground. The land 
was overflown by water. It was impossible for people to remain standing.

49. Miskolc (48.1 N; 20.8 E) 7°
Most people were frightened. Separate parts of the buildings lost their cohesion.

50. Munkács (Mukachevo) (48.5 N; 22.7 E) 6°
Waves were formed on the Latorca River by the shake

51. Nagybánya (Baia Mare) (47.7 N; 23.6 E) 6°
The walls of several houses were cracked.

52. Nagykágya (Cadea) (47.3 N; 22.1 E) 7°
The earthquake was felt by everybody. It caused considerable damage.

53. Nagykálló (47.9 N; 21.8 E) 7°
The shocks caused considerable cracks in walls and arches. The steeple bell rang. Several chimneys were 
damaged or totally destroyed.
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54. Nagykároly (Carei) (47.7 N; 22.5 E) 7°-8°
Only a few chimneys remained intact in the town. (Altogether 234 chimneys fell down.) Many houses 
became uninhabitable. People were frightened and ran outdoors. Most of them spent the following nights 
in tents. The bigger buildings were greatly damaged.

55. Nagykáta (47.4 N; 19.7 E) 5°
The earthquake was felt by everybody.

56. Nagyrév (47.0 N; 20.2 E) 4°
It was felt.

57. Nagyszeben (Sibiu) (45.8 N; 24.2 E) 4°-5°
It was felt by many people.

58. Nagyvárad (Oradea) (47.1 N; 21.9 E) 6°-7°
The walls of the military barrack cracked considerably. Pictures on the wall began to move. Buildings 
trembled throughout. Many houses cracked. Coffee split from the cup. Parts of chimneys fell down.

59. Napkor (48.0 N; 21.9 E) 6°
Many chimneys fell down.

60. Nyírbéltek (47.7 N; 22.1 E) 7°-8°
The ground was cracked at more than 20 places.

61. Nyíregyháza (48.0 N; 21.7 E) 7°
Buildings trembled throughout. Most chimneys fell down. The strong arch of the Evangelical church and 
the walls of the Reformed church cracked.

62. Ottomány (Otoman) (47.4 N; 22.2 E) 7°-8°
See Asszonyvásár (3)

63. Palócz (Palovce) (48.6 N; 22.1 E) 5°
Windows cracked. Plaster fell to the ground. The small bell rang.

64. Piskolt (Piskolt) (48.6 N; 22.3 E) 9°
Cats ran to and fro in confusion and cried. People were in great panic. They spent the following nights in 
tents. All chimneys fell down. Most of the houses including the church collapsed. One part of a sank hill 
sank into a deeper position. Cracks and fissures occurred in the ground. The land was overflown by water 
and occasionally by mud.

65. Portelek (Portitu) (47.6 N; 22.4 E) 8°-9°
The damage was nearly the same as at Dengeleg (14)

66. Reszege (Resighea) (48.6 N; 22.3 E) 8°
Steeples fell down. The churches collapsed nearly completely. Many houses became uninhabitable. 
Cracks occurred in the ground. The land was overflown by water.

67. Rimaszombat (Sobota) (48.4 N; 20.0 E) 4°
The earthquake was felt.

68. Rónaszék (Costinui) (47.9 N; 24.0 E) 5°-6°
The church was damaged by the shake.

69. Sárospatak (48.3 N; 21.6 E) 7°
Several chimneys fell down. Standing objects on the table fell to the ground. Stone walls cracked or 
collapsed. Many buildings cracked.

70. Sátoraljaújhely (48.4 N; 21.7 E) 7°
A steeple bell rang. Stone walls cracked. Chimneys fell down. Many people found it difficult to stand. 
People were frightened and ran into the streets.

71. Sugatag (Оспа Sugatag) (48.8 N; 23.9 E) 4°
It was felt.

72. Szaniszló (Sanislau) (47.6 N; 22.3 E) 8°
The Catholic and the Orthodox churches collapsed. Many houses became uninhabitable. Cracks 
occurred in the ground. The land was overflown by water.

73. Szásznádas (Nadásul-Sasesc) (46.3 N; 24.8 E) 4°
It was felt by a few people.

74. Szatmárnémeti (Satu Mare) (47.8 N; 22.9 E) 6°-7°
The city hall and many private houses cracked.

A d a  Geodaelica, Geophysica el Monlanislica Hung. 18. 1983



134 T ZSÍROS

75. Szeged (46.3 N; 20.2 E) 5°
Objects (in the room) rattled or were shifted.

76. Székelyhíd (Sacuieni) (47.4 N; 22.1 E) 7°-8°
See Asszonyvásár (3)

77. Szentes (46.7 N; 20.3 E) 4°
It was felt.

78. Szlatina (Solotvina) (48.0 N; 23.9 E)
It was felt in the mines, too.

79. Tállya (48.2 N; 21.2 E) 6°
Many chimneys cracked or fell down.

80. Tiszaujlak (Vilok) (48.1 N; 22.9 E) 3°-4°
The earthquake was slightly felt.

81. Torda (Turda) (46.6 N; 23.8 E) 4°
It was felt.

82. Ungvár (Uzhgorod) (48.6 N; 22.3 E) 6“
Buildings were cracked. The cross of the church fell down. Latorca River was turbid by the shake.

83. Visé (Visanl) (47.7 N; 24.4 E) 3°-4"
It was slightly felt.

84. Wieliczka (50.0 N; 20.0 E) 3°
It was slightly felt.

Appendix В
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The most frequent value introduced by Steiner (1973) has for samples from symmetrical 
distributions with large number of elements, JV, a Gaussian distribution whose scatter is the value 
c/sJ^N ' n(e) to be determined from the density function. Here c. denotes a scale factor, the so-called 
“reciprocal cohesion” or “dihesion” which is obtained simultaneously with the most frequent value, 
and n(c) is the number of data effectively taken into account, in relation to the total number of data. 
The estimation with the most frequent value can be used generally, without any premisses, as the ratio
e./^n(c) has for all probability distributions a finite value.

Keywords: cohesion; most frequent value; probability theory; symmetrical distribution

For sake of simplicity (without limiting the generality of the subsequent 
discussions) let us suppose that the symmetry point of the distribution characterized by 
its density function /(x) is in the origin. For any positive ë we define the following 
quantity:

J  (|)
— 00

Let £ be the greatest of the maxima of the function

n\e)
£

F ( £ )

(see also Steiner 1973). At least one such a maximum does exist as shown by Csernyák 
(1983). The quantity £ is the reciprocal of another quantity к which characterizes the 
cohesion of the majority of the data, therefore it can be called reciprocal cohesion or

1 H-1149 Budapest, Buzogány u. 10-12. 
1 H-3515 Miskolc-Egyetemváros
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dihesion; this quantity plays a similar role as the scatter, yielding a scale factor (the 
scatter, however, does not exist for a number of distributions).

A possible estimation of the symmetry point is if one determines t h e  m o s t  f r e q u e n t  

v a l u e  of the sample (its definition both for discrete and continuous distributions is given 
by Steiner (1973)). An upper limit for the error of this estimation is also given by Steiner
(1980) in 1.5 e/^/N ■ n(e), where n(e) is the value of function (1) at the place e; n(e) can be 
else considered as the ratio of the data number playing a role in the determination of the 
most frequent value to the total number of data. For the reality of this estimation 
Steiner (1980) published results of simple investigations using the Monte-Carlo 
method.

Monte-Carlo investigations are quite expensive in case of high N values, 
therefore only rather limited accuracies can be reached by this way. As it has been 
shown by Landy et al. (1982), however, in case of an {/-distribution exact results can be 
obtained. The distribution of the occurrence frequencies of the most frequent values 
was shown there for the {/-distribution to approximate a Gaussian distribution with a 
width exactly twice as wide as the distribution of the averages. The scatter for this 
distribution is exactly 1, that of е/ ^ / п(ê) is exactly 2. Thus the idea emerged that the 
most frequent values from samples with N elements from symmetrical distributions 
have a distribution with a scatter of e/^ /N  ■ n(e) . It is to be added that it has already 
been shown by Csernyák, Hajagos and Steiner (1981) that for increasing N-s the 
frequency curves approximate a Gaussian distribution.

In a next step, e, n(e)  and е/ ^ / п(е) have been determined for distributions of very 
different types (see Table I). Distributions 1-8 are from Csernyák and Steiner (1982), 9- 
12 from Csernyák, Hajagos and Steiner (1981), 13-16 are often cited in the probability 
theory (Gaussian, uniform, Laplace- and {/-distributions). The last two are special 
distributions: 17, where K 0 is a modified Bessel-function, has in the origin an infinite 
value of the probability, and distribution 18 has an infinite number of maximum places. 
All these distributions are given in its most simple form. A /с-times stretching can be 
obtained by substituting x through x/k, and dividing the new /(x) by k. By the 
stretching, e  gets also к-times greater, п(е) remains, however, unchanged:

00 00

— 00

Therefore a /с-times stretching increases е/ ^ /п(е) also k-times.
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1.

2.

3.

4.

5.

6.

7.

8. 

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Table I

/  M
1

6.2691 •(4/ 7 r+T)‘ 4 

1

4.5545 •(v/x 2+ l ) '  6 

1

3.6791 • ( v V  + l)1 8 

1

я(х2 + 1)

1

2.5056 (У х 2-El)2 4 

1

2.1348 ■ (y /x2 + l)2 8 

1

1.8873 • (n/ x 2 +  l)3 2 

2
я(х2+ l)2

з-Уз 1

4 n |x |3+ l

з - У з __ 1_
8 л |x |3/2+ l  

1

2(|x|-+-1)2

if W ál

J ,  if l ^ l â l  

0, if |xI >  1

. 0.5 0.5

- 1  0 +-1 
2 КЦх)

c n(e) е/ч/п(е)

1.500 0.356 2.513

1.272 0.426 1.949

1.112 0.469 1.623

1.000 0.500 1.414

0.840 0.537 1.146

0.735 0.558 0.984

0.662 0.573 0.875

0.562 0.590 0.732

0.832 0.596 1.078

1.299 0.373 2.128

0.683 0.419 1.055

1.240 0.561 1.655

0.925 0.631 1.165

0.719 0.681 0.871

0.807 0.562 1.076

1.732 0.750 2.000

0.0447 0.364 0.0741

1.075 0.589 1.401
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The Monte-Carlo investigations with other goals confirmed our supposition for 
all distributions in the Table: the semi-interquartile ranges were within the accuracy of 
our computations, i.e. within 10% identical with the 0.6745-times of e/^/nie) (as it is 
known, if Ф is the distribution function of a Gaussian distribution, then Ф(0.6745) 
= 0.75)).

Our idea can be proven exactly using the influence curve (1C) of the theory of 
robust estimations, or by the known connection of this function with the asymptotic 
scatters (see e.g. Andrews et al. 1972).

' 3x2f(x) 
(x2 + e2)2 dx

E2

* / ( * )  
( x 2 +  e 2) 2

dx

(3e)

— 00

(Csernyák 1983, Hajagos 1980), after some rearrangement one gets

OO

Í
x 2 /(x) dx 1 2
(x2 + e 2 ) 2 3

00

Í /(*) dx
(X 2 +  £ 2 ) 2

(3)

As it is known, the equation of the influence curve (F is the distribution function 
belonging to / )  is:

/C(x; F ; M) = — ------------------ (4)

Í E2 —  y 2
,2  I , ,2 \2  f W y

E2 + X 2

( е 2 +  у 2) 2
)

thus M  is the square of the asymptotic scatter of the most frequent value:

A2( F )= J [/C(x; F ; M)]2J[x)dx =
— 00

1

(e2 + y 2 ) 2
/ Ш У

00

Í (e2 + y 2 ) 2
f W y

oo

Í (e2 + x2)' /(x)dx. (5a)
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Using Eq. (3) several times one gets:

A2(F)  = 1

[ Í p í w ^ - t Í í̂ ^ H 1
00

*T  J ( ? i ? F /Wdv-
-  00

00

1 (e +y )‘ f W y

(5)

The practical use of this now established statement is promoted by the Table 
where the values of e/^/n(e) are given numerically for many cases.

It is known that the scatter asymptotically characterizing the accuracy of the 
averages (i.e. for great N values) is infinite for many different type of distributions. The 
problem is if there are distributions for which £/^/п(е) is infinite, too?

In case of a finite e, e / ^ /n f e )  cannot be infinite, as in such a case n(e) would be zero 
what is impossible, as e is the greatest maximum place of function (2). On the other 
hand, f. cannot be infinite according to Csernyák’s (1982) investigations.

A density function f ( x ) can be artificially produced, e.g. as limiting value, for 
which 6=0. In such cases, however, the function F in Eq. (2) is a monotonously 
decreasing one (else there would be a maximum, and e would be finite). The reciprocal 
value of F multiplied by e5, is a monotonously increasing function starting in the origin, 
thus its fourth root, б/ч/й(ё) is also a monotonously increasing function. If e converges 
to zero, the value of e/x/n(5) converges to zero, too. This “absolute accuracy” however, 
cannot be realized in the practice, at best a very high accuracy can be reached, but even 
that only in case of very high N-s.
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The results of the present paper are further proofs of the statements by Csernyák 
et al. (1981) and Csernyák and Steiner (1982) i.e. that the law of the large numbers is 
valid for the most frequent value, without any limitation of the form of the distribution 
function, and the rate of increase in the accuracy of the law of large numbers is always 
1 t y /N .

A last comment in connection with the introductory remark: if one uses the 
multiplicator 1.5, as proposed by Steiner (1980), a value will be obtained which is in 
87% of the cases greater than the actual error (Ф( 1.5) = 0.9332).
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The evaluation of estimates is from the point of view of engineers unambiguous: the estimate 
of the location for a given type of distribution is the better the less data are necessary to reach a given 
accuracy (e.g. in case of geophysical problems: less field measurements are necessary to obtain the 
same geological information). According to the present results, if the flanks of the distribution have 
ordinary widths, the use of the most frequent value is more advantageous, but if the distributions are 
nearer to the sterile Gaussian distribution, then the use of the averages is more advantageous (i.e. 
using the least squares principle). If a marginal case is to be evaluated — when the distribution can be 
approximated by some mixture of two different Gaussian distributions — the authors propose to use 
a system of isolines N[:/N u (here the ratio N J  N u  is the ratio of the data needed for a similarly 
accurate estimate using the averages and the most frequent values, respectively); the estimate by the 
most frequent value uses at worst by 36% more data for an estimate of the same accuracy (in case of 
the sterile Gaussian distribution), while the averages (the principle of the least squares) yield ratios 
N J N M without any upper limit (thus the surplus expenses have no upper limit, either). For the 
symmetrical distributions with finite scatter, which are not treated in this paper, the value N J N M can 
be obtained from Eq. (5).

Keywords: arithmetic mean; estimation of location; Gaussian distribution; most frequent
value

One has to strive at economy in geophysics, too: the geophysicist has to produce 
the necessary geological information with the possible lowest expenses. This 
requirement includes the necessity to apply the most powerful methods of estimation, 
as the quantity of data to be collected for an information on the layer depth with an 
accuracy of 2-3% can reach values of 104 -105 and very expensive instruments are used 
for obtaining them (Landy 1982).

The choice of the best estimate is easy if the distribution of the data is known. Let 
us suppose that the data have uniform distribution. If the symmetry point is estimated 
by the arithmetic mean of the highest and lowest value in the sample, the scatter of the

1 H-1149 Budapest, Buzogány u. 10-12.
2 H-3515 Miskolc-Egyetemváros
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estimate is (see e.g. Prékopa 1962):

yJ{N+i)(N + 2)

that means that the accuracy of the estimate increases for N not with ^/~N (as usual for 
the average in case of finite scatters), but much quicker, with N, i.e. the accuracy 
increases in proportion with the number of the data used. Thus this estimate is very 
advantageous for the estimation of the symmetry point if the data have uniform 
distribution. But the uniform distribution is too much sterile in our opinion and such 
distributions do not occur even exceptionally in actual data systems.

The uniform distribution is really an extremely sterile one and nobody would 
really consider its use in the data evaluation neither in geophysical, nor in the general 
measurement praxis. An other sterile distribution, the Gaussian one, is, however, very 
often considered as a common one in the measurement praxis. Authors, however, who 
treated in fact great amounts of data very carefully, have a very different opinion. Some 
citations should illustrate this from Tukey’s book: “ .. . the Gaussian is a reference 
standard, not an example of what in fact is . . .  ” (p. 645); “When the underlying 
distribution, as always, is non Gaussian . . . ” (p. 661); “ .. .we have introduced the 
Gaussian distribution, and we have been careful to avoid thinking of real data as in any 
sense ‘exactly Gaussian1.” (p. 644).

Practical engineers were well aware of these facts for a rather long time. 
Morsteller and Tukey (1977) write citing Student’s (W S Gosset) paper from 1927 (p. 
7): “Student himself always remembered that observations and measurements were 
never distributed in magic bell-shaped curves, even when they were chemical 
determinations of commercial importance made under his own supervision.” “The 
history of statistics and data analysis is a messy mixture of healthy skepticism and naive 
optimism about the exact shapes of the distributions of observations. Such optimism 
has often been inflated by the wonderful properties of a single family of distributions, 
the ‘normal’ distributions . . . ” “Some misinterpret the word ‘normal’ to mean ‘the 
ordinarily occurring’— but, so far as we know, distributions that exactly fit this formula 
never occur in practice . . . ”

Kerékfy (1978) cites Hampel’s statement that long geodetic and astronomical 
measurements have distributions with more stretched flanks than those following from 
a Gaussian type distribution.* The Gaussian distribution is exactly from this point of 
view a sterile distribution.

* Compare also Romanowski M, Green E 1965: Practical applications of the modified normal 
distribution, Bull. Géodésique, 76, 1-20 and Bessel F W 1818: Fundamenta Astronomiae, Königsberg: 
Nicolovius
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In a maximum likelihood-sense the best estimate belonging to a Gaussian 
distribution is the average. It is, however, useful to express the connection between the 
Gaussian distribution and the estimate from the sample average more exactly

N
following Rényi (1954): “the function /(x ,— x) has then and only then a maximum

1 A  ......... 1for all values of the variables x , , • - , x„ at the place ~  f ]  x(, if /(x) = ---- ' - =  e I7.
N * = l a • J 2 n

That means that for Gaussian distributions the symmetry point can be estimated most 
advantageously with the average; if the estimation would be carried out e.g. using 
medians, then the data quantity necessary to reach the same accuracy would be я/ 2  

times higher (see e.g. Claerbout and Muir 1973). At the same time there is no other type 
of distribution then the Gaussian one for which the averaging would be the most 
powerful estimation.

Let us cite only one example from the literature how small deviations of /(x) 
from the Gaussian distribution result already in the fact that estimates differing from 
the average yield better results. Let us define the following family of distributions for
oc> 1 :

/(Pi oc! x) = ( 1 -  p) /с( 1 ; x) + p ■ f G(ac\ x), (1 )
where

1 _/ с(<т;х) = ----- 7==e ^  (la)
a ■ ч/ 2 я

is the density function of the Gaussian distribution. Kerékfy (1978) cites Tukey who 
found for ac = 3 that already for p = 0.0018 the method using the minimum of the 
averages (instead of the least squares principle i.e. averaging) yields better results, in 
spite of the fact that in case of small p’s, /(p;<xc;x) hardly differs from the Gaussian 
distribution, as shown by Eq. (1).

Distributions defined by Eq. (1) can also be considered as standard Gaussian 
distributions contaminated in the ratio p with Gaussian distributions having a scatter 
ac. The rate of the contamination, or even its presence cannot be surely determined by 
the usual method of quick information got from the illustration of the distribution in a 
Gaussian grid-system. (If the number of data is increased infinitely, then the 
contamination can be naturally exactly determined, but actually one has always a 
given number of data). In case of ac = 10 and increasing p by more than a full magnitude 
to 0.02 (2%), the theoretical values of the cumulative frequencies can be seen in Fig. 1 
denoted by small circles (if the distribution function of Eq. ( 1 a) is denoted by Ф, then the 
figure shows some values of the distribution function [1 — 0.02]Ф(х) + 0.02Ф[х/10]). 
Supposing N = 100, the scatter in the central point, in the median can be given 
( = 0.125), the error of other points is greater. Thus the fact that all represented points lie 
within the range of twice the scatter of the median shows, that the contaminated 
character of the distribution could remain undetected.
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Fig. I. A standard Gaussian distribution is contaminated in a ratio of 2% by a Gaussian distribution with a 
ten times greater scatter. The cumulative frequencies are represented in a Gaussian grid. In case of N = 100 

the presence of contamination cannot be determined

In geophysics, however, it is hardly possible to analyze distributions when 
carrying out routine work, and even less possible to increase the data quantity of the 
measurements for increasing the accuracy of the analyses. Moreover, even if the 
distribution of the data were known from every measurement series, it would be 
impossible to use for each case a different type of interpretation program package. T wo, 
casually three variations can be yet dealt with, more never, therefore some generally 
applicable system should be striven at.

The mathematical statistical principle behind the present interpretation 
programs is the least squares principle. The cause for this is surely not that practical 
engineers are convinced about the Gaussian distribution of their data but the relative
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(and hardly increaseable) simplicity of these computations which is the most important 
factor not only in geophysics, but also in other branches of sçience. At present, however, 
when the computational costs for one operation are rather low and they will further 
decrease, the methodological question must be raised whether the least squares method 
should remain the basis for future interpretation methods as the most economical one 
(in respect of the costs of field measurements and computer times together).

As the costs of computer time are continually decreasing and the quantity of 
computations means therefore a decreasing factor, the disadvantageous characteristics 
of the averaging should be clearly evaluated and then a choice should be taken from 
among methods without these disadvantageous properties. There are a number of 
disadvantageous properties of the averaging, as it has already been stated by Andrews 
et al. (1972) based on 6 8  different types of estimates for 14 types of distributions (p. 240) 
that “The arithmetic mean, in its strict mathematical sense, is ‘out’.”

Let us consider distributions of the type Eq. (1). Their scatter is evidently

ff = V ( l -p )  + p-<*?- (2 )

The occurrence of very crude errors called “blunders” in earlier papers means very high 
values of ac\ in the manual evaluation, such far-off values have been simply omitted, 
now, in the time of the automatized evaluation, they can occur unobservedly. In case of 
acP 1 , (7 = crcv/p, that means that the curious case occurs when the contamination — 
being very small, possibly of some permille part of the sample, but with a very high 
scatter — determines the inaccuracy of the average of samples with a very high number 
of elements. The density function of the averages of samples with N elements is in this 
case

Ш  = Nl f (Nx)Y*  (3)

and it is connected only by the very thin channel of the scatter with the original density 
function / (x) (the exponent means the /V-times convolution of / (x) with itself, the result 
is reduced AMimes by writing in the argument Nx). For other, in the engineering 
practice sometimes more important quantities, as.e.g. the semi-interquartile range 
there is no general connection between the values characterizing /(x) and f N(x), and no 
conclusion can be drawn on the basis of one of them about the other (it can happen that 
even the orders of magnitude cannot be estimated).

Equation 3 is valid independently of the type of the distribution for the 
distribution of the averages from samples with N elements and it expresses that the long 
flanks of the density function /(x) play an amplified role in the determination of the 
averages. It is known that in case of an /(x) with finite scatter a, the scatter оД/ÏV has 
for high values of N a. Gaussian distribution, but it can be significantly, even several 
times wider than that without contamination (estimates with averages can be then less 
accurate by one or two orders of magnitude). But according to Hampel, a 
contamination of 5-10% is more the law, then the exception.
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To trace the actual situation (using the form exp [ — 0.5(cri)2] for the 
characteristic function of the Gaussian distribution), the density function f N(p\ <xc; x) of 
the averages from samples with N elements from distributions having the form of Eq. 
(1 ) can be expressed explicitly:

f N(p, ac\ x) = 0 -p )N~K ■ pK ■ f a(y / (N-K)+ K-a^ ,x )  (4)

(for the definition of f G see Eq. la).
The value of p can be chosen up to p — 0.4, as according to Landy et al. ( 1982) the 

most frequent value as an estimate of location (see Steiner 1973) yields even in case of 
such high contamination values practically depending only on the parameters of the 
basic distribution. Let us choice at first p = 0.08 and ac= 10.

Using Eq. (4) for the numerical determination of the quartiles, the semi- 
interquartile range can be studied for different values of N (similarly to Eq. 4), in 
function of 1/^/iV. In case of a sterile Gaussian distribution, the QN semi-interquartile 
range of the averages from samples with N elements divided by the semi-interquartile 
range Qi of the original sample correspond to points along a straight line with a 
direction angle of 45°, if the abscissae represent 1 /^/ÎV and the other axis has the same 
scale. The values of Qn/Qi from uniform and (7-type distributions which cut off the 
flanks even more sterilely than the Gaussian distribution, woujd tend asymptotically to 
straight lines having direction angles smaller than this value (for high values of N, QN 
tends to 0.6745(j/v/ÎV). For the distribution of the type Eq. (1) and for the values of the 
parameters given above the curve represented in Fig. 2 by small circles is obtained. For 
the tangent of the direction angle 2.74 was obtained as product of a = 2.987 (from Eq. 2) 
by 0.6745 and divided by Qx =0.735. — For small values of N the semi-interquartile 
range does not decrease even approximately in accordance with 1/V/N  : the value of Ql 
corresponding to N = 1, and the values of QN belonging to small values of N  (where the 
effect of the flanks is not strongly amplified according to Eq. 3) promises more 
advantageous errors (as compared to l/y^V) than what is asymptotically realized.

The disadvantageous effects of the flanks are even more clear, if p = 0.25, ac = 150. 
The results for this pair of parameters can be represented only if the ordinates are 
contracted 1:10 (see Fig. 3). The curve starts in direction of the previously described 
straight line (but in this system of coordinates with a different direction angle) 
corresponding to the sterile Gaussian distribution, but for increasing N -s one gets at 
first increasing QN-s (till N = 6 ) (the maximum value of QN/Qt is nearly 17), but then the 
curve continues along a straight line with a tangent 52.7, crossing the origin (as 
according to Eq. (2), o- = 75.005 and Q, =0.96). Figure 3 represents a very significant 
example for the surprises of the estimation of locations by averages: if the error is 
measured by the interquartile range, one single measured value can be by an order of
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V ° ,

Fig. 2. The decrease of the interquartile ranges of samples with N elements corresponding to the density 
function of Eq. (1) is for small values of N slower than for sterile distributions

magnitude more accurate than the average of 25 data (in spite that the basic 
distribution is nothing particular, but only the sum of two Gaussian distributions 
according to Eq. (1)).

In the present paper the authors compare the simple averaging (the least squares 
principle) with the estimation of location by the most frequent value after Steiner 
( 1973). This has been made possible as they and their co-workers carried out numerous 
computations with these methods which automatically excludes the effect of blunders. 
These studies involved theoretical, practical and Monte-Carlo methods. Some 
unexpected results of these studies were: 1 . from the point of view of the information 
theory, the computational algorithm of the most frequent value can be deduced 
analogously to the averaging (Hajagos 1982); 2. the law of large numbers is always 
fulfilled for any distribution, if the most frequent values are computed from samples
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Fig. 3. For a certain pair of the parameters (p, a j, the increase of N  causes a transitional increase of the 
interquartile ranges instead of the expected decrease

with N elements (Csernyák et al. 1981); 3. the interquartile range of the most frequent 
values decreases as 1ДJ~N — this has been shown in a good approximation with 
Monte-Carlo methods (Csernyák and Steiner 1982); 4. according to recent results, the 
scatter of the most frequent values from samples with N elements approximates 
asymptotically ; here е/у/п(е) is always a finite value (Csernyák and Steiner
1983). (The limit distribution is always a normal distribution, as it has been already 
shown by Csernyák et al. (1981).)

Csernyák and Steiner (1983) published the data еД/п(£) characterizing the 
asymptotic property; by these values a possibility is given to compare the averaging 
with the estimation by the most frequent values. In case of a high number of elements, 
the accuracy of the average is equal with the accuracy of the most frequent value for
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symmetrical distributions with finite scatter, if the number of elements N E in the 
averaging and the number of elements N M in the computation of the most frequent 
value are in the following relation:

y/Nl '

The ratio of the two extents of the necessary samples for the averaging and for the most 
frequent value (being the ratio of the necessary field works) is evidently computable as

Ne/ N m
a2 ■ n(e)

(5)

In case of finite scatters Eq. (5) enables some orientation: if NE/NM> 1, the most 
frequent value can be used more economically as an estimate of location. If the scatter is 
infinite then the economy of the averages cannot be discussed, even in cases when the 
law of large numbers is fulfilled for the actual distribution.

The infinite scatter can be accompanied not only with the invalidity of the law of 
large numbers, but even its reverse can be true: the error increases monotonously with 
the number of elements, N, in the sample (not only for a limited interval, as in case of 
Fig. 3). Therefore it is advantageous to separate in the Table of this paper the 
distributions, for which the value of N E/ N M is asymptotically infinite, into groups for 
which the law of large numbers is fulfilled or for which it is not fulfilled.

Table I

№
e

О
Is the law of great 
numbers fulfilled 

for averages?

Asymptotic 
value of
n e/n m

1
l

6.2691 ( , / x 2 +  l)“
2.513 00

no
its reverse is true

00

2

1

3

1

4.5545 •(v/x 2+ l ) 1'6
1.949 00

no
its reverse is true

00

1

3.6791 (v/ x 2+ l ) 1 8
1.623 00

no
its reverse is true

00

4 3 ^ / 3  1
8л |x |3/2+ l

2.128 00
no

its reverse is true
00
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Table I. (cont.)

5 ——=------ 1.414 oo no oo
л(х2 +  1)

6 1.055 oo no oo
2(1*1 + 1)2

j ,  if I*IS1
7 1.655 oo no oo

i x 2’ if Iх ! > 1

8 1.401 OO no 00

9 1
1.146 OO yes 00

2.5056 • ( V ^ + T ) 2'4

3 10
1

0.984 00 yes 00
2.1348 •(v /x T+T)2-8

11
3 У з  1

1.078 00 yes 00
4я |x |3 +  l

12
1

0.875 2.236 yes 6.530
1.8873 (ч/ х 2 + 1)3-2

13
1

~ 7 = e 2 •J2n
1.165 1.000 yes 0.737

14 j ,  if |x |S 1 0 , if 1X1 >  1 0.871 0.577 yes 0.439

15
k w

1.076 1.414 yes 1.726

16
2 ■ X 2(x)

Л2
0.0741 0.35 yes 22

4

17
„ 0.5 , + 0.5

2.000 1.000 yes 0.250П 1
- 1  0 +1

18
2

0.732 1.000 yes 1.866
ti(x2+ 1 )2

19
+
'h 'h p =  0.08; <rc=  10 1.21 2.987 yes 6.1

20
Ш

p =  0.25; cr,= 150 1.342 75.005 yes 3 124

21
1 Ci. 

~  + . p =  0.001; ffc=  10000 1.165 316.229 yes 73 680
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The distributions 1, 2, 3, 5, 9, 10, 12 and 18 are members of a family of 
distributions which has been defined by Csernyák and Steiner (1982) as

/„(*) =
1

ф )  • (y/x2 + \)a
(6)

(a> 1 ; the norming factor which depends on a is to be computed from

Ф ) = (6 a)

The distributions of this type have evidently a finite scatter only if a > 3, and then

If 2<a<3,  then the law of large numbers is fulfilled, but for these distributions a 
computation of the errors of the averages similarly to Figs 2 and 3 would yield curves 
with infinite dérivâtes in the origin, therefore in such cases one has already 
asymptotically NE/NM = oo . If a =  2, the Cauchy-distribution is obtained for which the 
law of large numbers is no more fulfilled, but the error of the averages does not increase 
with the increase of N; the latter which can be called the reverse law of large number, is 
valid in the domain 1 < a < 2 (see also Csernyák and Steiner 1982). As it follows from the 
general laws, independently from the different dependences of the averages, the 
accuracy of the most frequent values (which is always increasing with v/ n  ) is always 
finite, as the value e/N/n(e) determining its scatter is similarly finite (see Table I).

In group 4 of the distributions in the Table I i.e. among the distributions with 
finite scatter, there are three distributions for which N E/ NM is less than 1 : they are the 
Gaussian, the uniform and the (/^distributions. From the point of view of the flanks, all 
the three distributions can be specified as sterile ones; in the practice they will be never 
met with.

As on one hand even in case of the sterile Gaussian distribution only by 36% 
more data are necessary for the estimation using the most frequent values in 
comparison to the estimation by averaging, — on the other the averaging leads often to 
infinite N e/ N m values, the “robustness of efficiency” discussed by Mosteller and Tukey 
(1977) speaks unambiguously in favour of the most frequent value (p. 206, “We want to 
have high efficiency in a variety of situations, rather than in any one situation.”).
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We do not exclude, however, the possibility that for certain measurement series 
the contamination of the distributions of the type (1) is so slight that for them N E/NM 
<1. For a quick orientation in such cases, in the interval p 0.02-0.33 (i.e. for 2-33%) 
further in the interval 1 < cc < 1 5 the values of a, e, n(e) and еД/п(ё) have been 
determined (see Figs 4-7) as well as from them the values of NE/NM according to Eq. (5) 
(see Fig. 8 ). In Fig. 8 , the area to the left from the thick isoline NE/NM = 1 has values 
(p, <rc) for which the averaging is the more advantageous estimate of location, while for 
the area to the right of this line it becames ever more economical to use the estimation 
with the most frequent values. (Figures 4-7 representing the data for the calculation of 
the isoline system NE/ NM are in themselves interesting: Fig. 5 shows e.g. that for an 
identical modification of e, the smallest p is necessary around ctc = 3).

For great values of <rc, the value e can be left nearly unchanged, and in the 
computation of п ( е ) the following approximation is allowed:

n(£) = f f / M  d x ~ 0 - 6 3 1  ( l_p)  + p- f G(ac;0)- f 2 E 2 dx = 
J E  + X  J E  + X

— CO -  00

= 0.631 •(\ - p )  + p - — ■ P- = 1.159 —+0.631 -(1 -p)
oc V 2  ac

Ш

6c

Fig. 4. The scatter of the distributions of Eq. (1) in function of p and <rc
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Ш

6c
Fig. 5. The values of e for the distributions of the type Eq. (1) in function of p and a.

I o(S) I

Fig. 6. The values of n(e) for the distributions of the type Eq. (1) in function of p and ac
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Fig. 7. The values of c/v/n(c) for the distributions of the type Eq. (1) in function of p and <xc

n e / n m

Fig. 8. The values of N E/N M for the distributions of the type Eq. (1) in function ofp and ac. The ratio Nt/N M 
indicates the ratio of the number of data necessary for estimations of location of the same accuracy given by 

averages and by most frequent values, respectively
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(0.631 is the value of n(e) belonging to a sterile Gaussian distribution). If the 
symmetrical distribution with finite scatter of a data set does not correspond to any 
f (p,ac\x ) and no distribution appearing in the Table would be a reasonable 
approximation of the actual distribution, the efficiency of the two kinds of estimations 
can be evaluated with a calculation according to Eq. (5).

At last a statement of theoretical importance should be made which has general 
validity: NE/ NM has no upper limit, and its lower limit is 1/4. For its proof let us 
suppose without loss of generality that the symmetry point is in the origin, and using 
the following equations to be found at Hajagos (1982):

( 8)

and
00

( 8)

— 00

00 00

— 00 — 00

00

x2f(x)dx ■ J ( x 2 + ey  f (x)dx =
—  00 — 00

(9)
00 oo

x2f(x)dx ■ (x24 *£2 )2  f W x  ̂
— 0000 — 00

00

- 00

(in the last step the Schwarz-inequality is used). As it is evidently

00
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it follows from Eqs (8 ) and (9) that

Ne/Nm^  1/4.

The lower limit is exact, see distribution 17 in Table I.
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GEOMAGNETIC AFTER-EFFECT 
IN ATMOSPHERIC RADIO NOISE AND ITS 

RELATION TO PC 1-TYPE PULSATIONS
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Connections have been studied between atmospheric radio noises (ARN) measured at two 
middle latitude stations (Panská Ves, Czechoslovakia and Kühlungsborn, GDR) and the occurrence 
of Pc 1-type pulsations (in Irkutsk) following selected geomagnetic disturbances of the interval 1969- 
1975. An increase in the ARN-level lasting about a fortnight was found at both stations after 
disturbances associated with a clear after-effect in Pc 1-type pulsations. Whistler activity indices of 
the interval 1969 1970 were also taken into account. On this basis a possible relationship between 
whistler activity and the ARN after-effect is discussed, too.

Keywords: atmospheric radio noise; geomagnetic after-effect; Pci-type pulsations; whistlers

1. Introduction

An enhancement of the absorption of radio waves reflected from the lower 
ionosphere can be observed at middle latitudes after certain geomagnetic disturbances. 
The causes of the phenomenon have thoroughly been studied in last years [1, 2, 3, 4]. 
Investigations have also shown that geomagnetic activity may influence the level of 
atmospheric radio noise (ARN), too [5, 6 ]. In addition, other results hinted at a 
relationship between the ARN-level and Forbush-decreases occurring in galactic 
cosmic rays [7].

The absorption enhancement is principally attributed to an increased ionization 
in the lower ionosphere due to electrons (with energies > 40 keV) precipitating from the 
radiation belts of the magnetosphere. The precipitation originates from an interaction 
between ELF-waves and trapped electrons [4]. Increased geomagnetic activity can 
also be followed by an increased activity of Pc 1-type pulsations. Both Pc 1 pulsations 
recorded at ground-based stations and ELF-waves observed in space hint at some kind 
of plasma turbulence generated near the plasmapause, or within the plasmasphere. 
There are few observations of ELF-waves in space, Pc 1-type pulsations are, however, 
continuously recorded at several stations. As a nearly simultaneous occurrence of the

1 H-9401 Sopron, P.O. Box 5, Hungary
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two phenomena can be assumed, the appearence of plasmaspheric ELF-waves might 
be inferred from the enhanced Pc 1 activity observed at the Earth’s surface. 
Consequently, Pc 1-type pulsations could also give some information about the after
effect in ionospheric absorption.

Previous investigations revealed on this basis a close association of the after
effect in ionospheric absorption with Pc 1-type pulsations [8 , 9]. The increase of 
ionospheric absorption was generally well pronounced if the enhanced geomagnetic 
activity was followed by a clear after-effect in Pc 1-type pulsations. On the contrary, the 
after-effect in absorption was lacking or weaker when a distinct Pc 1 after-effect was 
missing.

2. Investigations and results

These considerations were valid in case of the after-effect occurring in absorption 
of MF- and LF-waves. The results [8 , 9] were deduced from a number of data and for 
different frequencies ( 1178,272,245 and 127 kHz). The present study tries to answer the 
question whether a similar relation may be found between the after-effect in the ARN 
(VLF-waves) and the occurrence of Pc 1-type pulsations.

The ARN-levels measured at two middle latitude stations (Panská Ves: <pgeogr. 
=  50°32' N and Kühlungsborn: <pgeogr = 54°07' N) have been analysed after selected 
geomagnetic disturbances of the period 1969-1975, together with the occurrence of Pc 
1-type pulsations (in Irkutsk: <pgeogr = 52°16'N). The selection of disturbances was 
carried out on the basis of the daily sum of Kp-indices (£KP). Days with Z K P ̂  30 were 
chosen as key days for superposed epoch analyses, with an additional criterion. 
Namely it was required that on two days out of three preceding the key day the daily 
sum of K p should not surpass the mean value of ZKp determined for the corresponding 
year. In this way a rather quiet period was assured before the individual disturbances.

For the Panská Ves station [10] Fig. 1 shows the mean departures of the ARN- 
level (determined for the interval between 16 00 and 20 00 UT) from a reference value 
on and after the selected key days. The ARN-data measured on three days preceding 
the key day (i.e. in a calm period) were averaged and applied as reference value. In Fig. 
1, top, the changes of ARN-departures given in percentages are quite small. Here the 
total number of disturbances (n), selected according to the mentioned criteria, was 94 in 
the interval between 1969 and 1975. In Fig. 1, bottom, two independent superposed 
epoch analyses are presented according to the presence, or lack of a clear after-effect in 
Pc 1-type pulsations.

Similarly to [8 ], the Pc 1 after-effect was accepted as a clear one when an 
appropriate ratio surpassed the value of 1. (The ratio of Pc 1 duration averages between 
days + 2 and + 7 to the Pc 1 duration averages of days — 3, — 2, + 8 , + 9 and + 10 was 
calculated for each selected geomagnetic disturbance). There were 55 disturbances with 
a real Pc 1 after-effect and 39 without it. (Fig. 1, bottom). In case of the former the ARN-
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P a n s k á  V é s , 2 7  k H z  

1 9 6 9 -1 9 7 5  1 6 0 0 - 2 0 0 0  Ü T

n = 5 5

I
0  + 2  + 4  -»6 + 8  + 10  +12 + 14  d a y s

Fig. I. Top: ARN-departures from a reference value at Panská Ves following geomagnetic disturbances 
(1969-1975). Bottom: ARN-departures in dependence of an after-effect in Pc 1-type pulsations, (full line: clear 

Pc 1 after-effect, dotted line: no Pc 1 after-effect)

departures (full line) beginning from day + 3 are positive for a rather long time, ceasing 
only after about a fortnight. The opposite is true in case of the remaining part of the 
selected disturbances. The ARN-departures (dotted line) remain below the reference 
level, when the disturbances are not followed by an after-effect in Pc 1-type pulsations.

For comparison, ARN-data determined during the period 1969-1975 at the 
Kühlungsborn station [11] were analysed in the same way as in case of Panská Ves. 
Samples were taken from the interval between 16 00 and 20 00LT. (LT at 
Kühlungsborn = UT -I-1 hour). The presentation of results corresponds to that applied 
in Fig. 1. The ARN-departures are again clearly positive following the disturbances 
associated with a real after-effect in pearl-type pulsations (indicated by full line in Fig. 2, 
bottom). The enhancement in the ARN-level lasts for about a fortnight like in case of 
Panská Ves. When the after-effect in Pc 1-type pulsations is missing no durable increase 
appears in the ARN-level (dotted line in Fig. 2, bottom).

Figure 3 shows the changes of the summarized duration of Pc 1-type pulsations 
observed in Irkutsk [12, 13, 14] in the interval from 1969 to 1975 around geomagnetic 
disturbances associated with a clear after-effect. The total duration of pearl-type 
pulsations (Pc 1) expressed in hours is presented for each day. The horizontal line 
indicates a normal level of Pc 1 occurrences. (It is the averaged duration for the days
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Fig. 2. The same as in Fig. 1, but for the Kühlungsborn station

h o u r s

I— I— I- 1— I— I— I— i— I— I— I— I— I— 1— 1
-2 0 *2 *4 »6 *8 »Ю days

Fig. 3. Changes in Pc 1 durations at Irkutsk around geomagnetic disturbances (1969-1975) associated with a 
clear after-effect (horizontal line: normal level of Pc 1 occurrences)
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— 3, — 2, + 8 , +9 and + 10). In addition to a clear after-effect, rather low Pc 1 -activity 
can be seen on the day of disturbance (0 ) and on the two days ( — 1 and + 1 ) surrounding 
it. These results are in accordance with earlier ones obtained from a shorter interval [8 , 
9].

3. Discussion

The presented results show the after-effect in ARN related to the occurrence of 
Pc 1-type pulsations. Following geomagnetic disturbances associated with a clear 
after-effect in pearl-type pulsations, not only the ionospheric absorption of MF- and 
LF-radio waves is influenced effectively [8 , 9], but a distinct enhancement is develop
ing in the ARN-level measured at two stations. Consequently, there are certain 
connections between the after-effect in ARN and in Pc 1-type pulsations at middle 
latitudes.

It is known that the source of atmospheric radio noise is lightning discharges 
which radiate electromagnetic waves in the VLF-range propagating in the earth- 
ionosphere wave guide. If the upper wall of this wave guide (i.e. the ionosphere) is 
affected by the particle precipitation following certain geomagnetic disturbances, then 
the propagation conditions for VLF-waves change as a consequence of the ionospheric 
effect. Actually, the results presented in the previous section have shown this change by 
an increase of the ARN-level.

A further VLF radio noise phenomenon the whistlers also have their source in 
the electromagnetic energy radiated by lightning discharges in the atmosphere. 
Whistlers, however, propagate along geomagnetic field lines through the mag
netosphere and their energy can be reflected back and forth between hemispheres. 
Along this path the whistlers may interact with trapped electrons. Thus together with 
plasmaspheric ELF-waves, whistlers can also alter the pitch-angle distribution of a 
population of trapped particles, some of which move into the loss cone and precipitate 
into the lower ionosphere.

In the foregoing the occurrence of plasmaspheric ELF-waves was inferred from 
the appearance of Pc 1-type pulsations. Like these pulsations, whistlers can be 
observed at ground-based stations. At Neustrelitz (<pgeogr =53°17'N) the number of 
whistlers was counted within 2 minutes between the 50th and 52th minute of each hour 
(UT) of the day. Based on this sampling a mean daily whistler activity index (W) was 
published [11] using a scale between 0 and 9. These indices were available for the years 
1969 and 1970, i.e. in years when the occurrence of pearl-type pulsations was also 
known at Irkutsk. The number of selected geomagnetic disturbances was 17 during 
1969 and 1970. In 8  cases there was a real after-effect in Pc 1-type pulsations, in the 
remaining 9 cases no effect could be observed.

In Fig. 4, top, the full line shows the varying duration sums of Pc 1 pulsations 
around geomagnetic disturbances followed by a clear after-effect. Pearl-type pulsations
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Fig. 4. Top: Changes in Pc 1 durations at Irkutsk around selected geomagnetic disturbances (1969-1970) (full 
line: disturbances with an after-effect, dotted line: disturbances without an after-effect). Bottom: Departures 
of whistler activity indices (W) from a reference value at Neustrelitz, in dependence of an after-effect in Pc 1- 

type pulsations, (full line: clear Pc 1 after-effect, dotted line: no Pc 1 after-effect)

were rather rare around the remaining disturbances, thus an after-effect did not appear 
(dotted line). Figure 4, bottom, presents the whistler activity in cases of both kinds of 
disturbances. Mean departures of activity indices (W) from the appropriate monthly 
average value are shown. Notwithstanding the fluctuations in the departures, the 
whistler activity was for a longer time above the average level when an after-effect could 
be observed in Pc 1 pulsations (full line) and mostly below the normal, when Pc 1 
activity was missing (dotted line).

The sources of Pc 1 pulsations and plasmaspheric ELF-waves are quite different 
from that of whistlers. However, during the simultaneous occurrence of these 
phenomena after certain geomagnetic disturbances the increase in the ARN-level is 
well pronounced. This can be seen in Fig. 5, which shows the mean departures of the 
ARN-level measured at Kühlungsborn (between 16 00 and 20 00 LT) from a reference 
value determined in the same way as in the previous section. When the geomagnet
ic disturbances are associated with a clear after-effect in Pci pulsations and
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% Kühlungsborn, 27 kHz
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0 +2 +4 +6 +8 +10 +12 +14 days

Fig. 5. ARN-departures from a reference value at Kühlungsborn following selected geomagnetic 
disturbances (1969-1970) (full line: clear Pc 1 after-effect and increased whistler activity, dotted line: no Pc 1 

after-effect and decreased whistler activity)

simultaneously the whistler activity is also increased, then a rather distinct and long- 
lasting enhancement appears in the ARN-level (full line in Fig. 5). No positive effect can 
be seen in case of disturbances without the associated phenomena (dotted line).

In Fig. 5 the maximum increase of the ARN-level is about three times higher than 
that shown in the appropiate part of Fig. 2 for the same station, but for a longer period. 
Unfortunately the whistler indices were not available for the interval between 1971 and 
1975. In addition the number of events is smaller in Fig. 5, therefore a detailed 
comparison of the results is restricted.

In both cases, i.e. for the shorter (1969-70) and the longer (1969-75) period it was 
known that Pc 1 activity was enhanced following a group of geomagnetic disturbances. 
In such cases the enhancement of plasmaspheric ELF-waves as well as an effective 
particle precipitation can also be supposed. Thus first of all, an increased ionization in 
the lower ionosphere could be responsible for the enhanced ARN-level. Either this 
common cause was more effective in the years 1969 and 1970 than in the whole period 
1969-1975, or another cause had also contributed to the stronger enhancement of the 
ARN-level. The increased whistler activity should hint at more lightning sources, due 
to which a natural enhancement of the atmospheric radio noise may also be expected, 
because ARN similarly originates from lightning discharges. In any case, the real 
chances may fall short of these expectations due to the following facts.

Firstly, whistlers are generated not only by lightnings occurring at the same 
hemisphere where the observation site is situated. They are also radiated from remote 
sources at the opposite hemisphere and will travel from there along geomagnetic field 
lines in dependence of the actual propagation conditions. If these conditions are
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advantageous, the counting rates of whistlers will increase within an appropriate area 
around the observation site. Further, the influence of distant sources on the ARN-level 
is rather different, it depends on time and season. Consequently, an increase of the 
whistler activity can really be associated with a certain enhancement in the ARN-level, 
however, the degree of correlation may be variable for the mentioned causes.

References

1. Lauter E A, Knuth R: Precipitation of high energy particles into the upper atmosphere at medium 
latitudes after magnetic storms. J. Aim. Terr. Phys., 29 (1967), 411-417.

2. MärczF: Ionospheric absorption and geomagnetic activity. Acta Geod. Geoph. Mont. Hung., 6(1971), 83- 
93.

3. Märcz F: Further studies on ionospheric absorption and geomagnetic activity. Acta Geod. Geoph. Mont. 
Hung., 8 (1973), 297-311.

4. Spjeldvik W N, Thorne R M: The cause of storm after effect in the middle latitude D-region. J. Atm. Terr. 
Phys., 37 (1975), 777-795.

5. Lauter E A, Shäning B: Ergebnisse und Aspekte von Messungen des atmosphärischen Funkstörpegels im 
Längstwellenbereich in verschiedenen Breiten. NKGG DAW Veröff. Nr. II/3. (1966), 95-130. Berlin.

6. Bencze P, Szemerédy P: Variation of the level of atmospheric radio noise after geomagnetic disturbances 
I. Acta Geod. Geoph. Mont. Hung., 8 (1973), 251-257.

7. Sátori G: Recent results concerning the investigation of the relation between the level of atmospheric 
radio noise and Forbush-decrease. Acta Geod. Geoph. Mont. Hung., 16 (1981), 91-96.

8. Märcz F, Verő J: Ionospheric absorption and Pel-type micropulsations following enhanced 
geomagnetic activity. J. Atm. Terr. Phys., 39 (1977), 295-302.

9. Märcz F: Geomágneses utóhatás a rádióhullámok ionoszférikus abszorpciójában. Légköri és 
extraterresztrikus kapcsolatok. Kandidátusi értekezés, 1980 (Geomagnetic after-effect in ionospheric 
absorption of radio waves. Atmospheric and extraterrestrial relations. Cand. Dissertation, 1980. Sopron, 
1-185).

10. Ionospheric data. Observatories Pruhonice and Panská Ves. 1969-1975.
11. HHI Geophysikalische Beobachtungsergebnisse. 1969-1975.
12. Vinogradova V N: Pc 1 pulsations catalogue. Issledovanija po geomagnetismu, aeronomii i fizike solnca. 

Viipusk 24. 1972. Irkutsk, 272-295.
13. Vinogradova V N: Pc 1 pulsations catalogue. Issledovanija po geomagnetizmu, aeronomii i fizike solnca. 

Viipusk 34. 1974. Irkutsk, 110-123.
14. Vinogradova V N: Pc 1 pulsations catalogue. Issledovanija po geomagnetizmu, aeronomii i fizike solnca. 

Viipusk 39. 1976. Irkutsk, 234-254.

Acta Geodaetica, Geophysica et Montanistica Hung. 18. 1983



Acta Geodaet., Geophys. et Montanist. Hung. Volume 18 ( 1— 2), pp. 165— 171 (1983)

FORMALIZED 2D INTERPRETATION 
OF THE INDUCTION ANOMALY IN THE 

SOVIET CARPATHIANS

M S Z h d a n o v—Iv M V a r en t so v

Institute of Terrestrial Magnetism, Ionosphere and Radio Wave Propagation USSR 
Academy o f Sciences (1ZM1RAN ), Troitsk, Moscow Region, USSR

A I BlLINSKY

Institute of Applied Problems of Mechanics and Mathematics Ukrainien SSR 
Academy of Sciences, Lvov, USSR

[Manuscript received April 16, 1982]

Results of the interpretation of electromagnetic data measured synchronously along 
International DSS profile III are presented. The observed geomagnetic fields have been separated 
into normal and anomalous, surface and deep parts respectively. The deep anomaly has been 
inverted by means of the analytical continuation technique and formalized trial procedure (tighten
ing surfaces method).
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The Carpathian geomagnetic anomaly is one of the largest and most perfectly 
investigated regional anomalies. It is traced practically over the whole extension of the 
Carpathian folded system. It is studied most comprehensively in the Soviet 
Carpathians, where synchronous measurements of the electromagnetic fields have 
been made along several profiles (Bondarenko et al. 1972, Bondarenko and Bilinsky 
1976)1 and numerous MTS point observations were carried out (Rokityansky et al. 
1976, Rokityansky 1975).

The results of the interpretations made by' Bondarenko and Bilinsky (1976), 
Rokityansky et al. ( 1976), Ádám ( 1980), Berdichevsky and Zhdanov (1981) indicate the 
existence of a considerable anomaly of the electrical conductivity in the Earth’s crust in 
the sharp transition zone between the Folded Carpathians and the Transcarpathian 
trough (Carpathian basin) (Fig. 1). The depth to the upper edge of the geoelectric 
inhomogeneity formally estimated from longitudinal MTS curves obtained in the 
region of the anomaly axis is in the range from 12 to 21 km (Rokityansky et al. 1976, 
Rokityansky 1975). The inversion of the magneto variation profiling (in the class of

1 It should be noted that synchronous geomagnetic measurements have also been made in large scale 
in the northern Carpathians (Jankowski et al. 1975, Jankowski et al. 1977, Jankowski et al. 1979, Ádám et al. 
1975). The most detailed 2D geoelectric model corresponding to these data is given by Cerv and Рек (1981).
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Fig. 1. Geomagnetic observations along the International DSS profile III. 1 — tectonic boundaries, 2 — 
observation points, 3 — fault zones, I — Russian Platform, II — Forecarpathian trough, III — Folded 

Carpathians, IV — Transcarpathian trough

simple models) points to the presence of a well-conducting body with an integral 
conductivity Z; = (2 — 3) • 108 S • m 2 at a depth of 15 —30 km. Available geothermal 
data and modern petrophysical ideas enable to suppose that at a depth of 1 0  — 2 0  km 
the electrical conductivity may raise up to 1 S/m (Rokityansky et al. 1976, Ádám 1980). 
This effect is attributed to a partial melting of rocks in the presence of some water (1 
— 2%) in the amphibole facies of metamorphism. Together with deep geoelectrical 
inhomogeneities the Carpathian anomaly results from variations of the near surface 
conductivity — especially from the sharp increase of the thickness of the conductive 
sedimentary cover in the adjoining troughs. Thus the geoelectric structure in this 
region is rather complicated and quantitative results can be obtained only applying the 
modern methods of separation and interpretation of electromagnetic anomalies 
(Berdichevsky and Zhdanov 1981). These methods have been realized in the 
computerized SYSPAIN system specially intended for the analysis and interpretation 
of the magnetovariation profiling (Varentsov 1981).

MVP observations, obtained in the Beregovo-Korets interval along Inter
national DSS profile III (Fig. 1) (Bondarenko et al. 1972, Bondarenko and Bilinsky 
1976) have been used for the interpretation with the SYSPAIN system.

In the first stage of the interpretation anomaly is separated into different parts. 
Synchronous values of the three components (Hx, H2, Ey) of an E-polarized 
electromagnetic field with a period of one hour were considered in an even grid with

2 2Г; = Jj <r,dQ, where Q is the region of the inhomogeneity and a, its conductivity.
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the interval of 10 km. In the region left from the line x = 60 km (Fig. 2)— in the territory 
of Hungary, where observations have not been carried out field values have been 
extrapolated. The amplitudes Hx z of the observed magnetic field are shown in Fig. 2a. 
All amplitudes are normalized to the value of the horizontal magnetic field in Korets
(Fig- !)■

The simplest model of the normal geoelectric section — a homogeneous 
halfspace with an electrical conductivity a„ = 10“ 3 S/m—was studied as it has been 
shown (Berdichevsky and Zhdanov 1981, Ádám and Tátrallyay 1979) that the addition 
of deep well-conducting layers do not change significantly the geomagnetic anomaly 
for a one hour period. In the model mentioned the observed geomagnetic fields were 
separated into normal and anomalous parts (Berdichevsky and Zhdanov 1981). The 
normal field was found to be rather close to the plane wave model and the anomalous 
field is plotted in Fig. 2b. Next a model of a horizontally inhomogeneous subsurface 
layer with a thickness of 10 km and variable conductivity <rs(x) was considered. The 
conductivity distribution <rs(x) was determined by Bilinsky and Shilova by a complex 
analysis of available geological and geophysical data. Using the observed surface 
electric field and applying the approximate boundary conditions on the both sides of 
the layer (Berdichevsky and Zhdanov 1981), the surface geomagnetic anomalies Hsx z 
(Fig. 2c) were obtained. These fields are four times less than the total anomaly 
indicating again the deep nature of the Carpathian geomagnetic anomaly. Subtracting 
the surface anomaly Hsx z from the total anomaly Hxz  we get the deep anomaly Hx z 
(Fig. 2d) free of subsurface distortions. The shape of this anomaly is quite symmetrical 
and it is rather typical for the anomalies originated from local deep conducting objects.

In the following stage the deep anomaly was investigated by different 2D inverse 
methods. The simplest model of an infinite line current in a homogeneous space with a 
conductivity 10 3 S/m was used to detect the approximate location of the center of 
deep anomalous currents (Jankowski et al. 1977, Summers 1981). The depth to the 
effective line current was found from the Hz/Hx ratio to be about 12 km.

In a next step the analytical continuation technique was used (Berdichevsky and 
Zhdanov 1981, Varentsov 1981). Figure 2e shows a map of the analytically continued 
magnetic field Hz and Fig. 2f a map of the continuation of the flux function of the 
magnetic field (being proportional to the electric field). The well conducting 
inhomogeneity appears rather clearly on both maps. An analysis of the continued fields 
shows that the depth to the upper edge of inhomogeneity is 10—13 km, and its width 
does not exceed 1 0  — 2 0  km.

The interpretation was completed by the formalized inversion using the 
tightening surfaces method (Berdichevsky and Zhdanov 1981, Varentsov 1981, 
Zhdanov and Varentsov 1980, Zhdanov and Varentsov 1982). The model of a deep 
inhomogeneity constructed from the results of analytical continuation was check
ed with different initial approximations of the shape of the conductive body, lay
ing at a depth of 20 — 30 km, (dotted contours in Fig. 3a). In all cases the location of
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Fig. 2. Separation and analytical continuation of geomagnetic fields: a — observed fields, h — anomalous 
fields, c — surface part of the anomaly, d — deep part of the anomaly, e — analytical continuation of the H° 

field,/— analytical continuation of the magnetic field flux function

the selected models is in a good agreement with the results of the analytical 
continuation. The trial error was reduced to 20 — 30%, being in agreement with the 
errors of the initial data.

A more accurate inhomogeneity model (a circular cylinder with a diameter of 
10 km, its center at a depth of 15 km, electrical conductivity er, = 1.0 S/w — dotted 
contours, Fig. 3b) has been used as a new initial approximation for the tightening 
surfaces method. Figure 3b shows very similar trial results obtained in this case for the 
different components of the deep magnetic anomaly. A comparison between deep 
geomagnetic anomalies separated from the observed field and calculated theoretically 
for the last inversion results is given in Fig. 4. The areas of all inhomogeneity regions, 
constructed in the trial process are practically equal (about 70 km2), i.e. their integral
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Fig. 3. Inverse problem solution using the tightening surfaces method: a — localization of inhomogeneity, b 
— further determination of its shape, 1 — initial approximations of the conductive inhomogeneity, 2 — 

models selected by the II? field, 3 — model selected by II? field
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Fig. 4. Deep magnetic anomalies, calculated for the models in Fig. 3b (crosses), and separated from the
observed field (solid lines)
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conductivity Zj is approximately 0.7 • 108 S • m2. This value is very close to those by 
te rv  and Рек (1981) for the geoelectric model along International DSS profile V in 
the northern Carpathians. However, it is worth noting that the shape of the inhomogene
ity can be determined rather crudely mainly because of substantial errors in the initial 
data (especially in the phases of the electromagnetic fields).

The results of this interpretation correlate fairly well with the latest generalized 
estimations made by Ádám (1980). At the same time it should be emphasized that the 
conductive inhomogeneity, defined by the deep geomagnetic anomaly appeared to be 
closer to the Earth’s surface (at a depth of 10 —20 km), than from a simple 
interpretation of the observed anomaly (Rokityansky et al. 1976, Rokityansky 1975).

In the separation of the deep anomaly, normal and surface components with 
comparatively low spatial frequencies (Fig. 2) were subtracted from the observed field. 
Thus, the high frequency part of the resulting spatial spectrum becomes relatively more 
intensive than in the observed anomaly. This explains the decrease of the depth to the 
upper edge of inhomogeneity and of the value of the integral conductivity in the 
constructed model.
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Reduction of vertical and total magnetic anomalies to the magnetic pole as well as reduction 
of horizontal magnetic anomalies to the magnetic equator are effective tools for the interpretation of 
corresponding anomalies. The coefficients (the digital weight function) have not been derived directly 
from the theoretical system functions by their inverse Fourier transform. The inverse Fourier 
transformation can be carried out with the application of a suitable truncating function. The actual 
system function of the derived coefficients is a good approximation to the theoretical system function. 
The effectivity of the suggested method is illustrated by the reduction of synthetic anomalies.

Keywords: inverse Fourier transform; reduction to magnetic equator; reduction to magnetic 
pole; magnetic anomaly

Introduction

The positions of the maxima and minima of the magnetic anomalies are the 
functions of the magnetic declination and inclination as well. This fact makes difficult 
the interpretation of the magnetic anomalies and their comparison with other 
geological and geophysical data.

In order to get rid of this unwanted effect an appropriate transformation, i.e. the 
so-called reduction of the magnetic anomalies to the pole was suggested by several 
authors. The studies took Poisson’s relation

4npQGp ds

as starting point where W is the magnetic potential, J the magnetic polarization, p0 the 
permeability of vacuum, G the universal gravitational constant, p the density, s the 
direction of the magnetic polarization and V the gravity potential (Telford et al. 1976). 
Baranov (1957,1975), Baranov and Naudy (1969) presented a method and coefficients

1 H-1083 Budapest, Kun Béla tér 2., Hungary
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in hexagonal grid reducing the magnetic anomalies to the magnetic pole. Bhatta- 
charyya (1965), Kanasewich and Agarwal (1970) suggested an other approach carrying 
out the reduction in the frequency domain. Seiberl (1979) also offered coefficients for 
the reduction of the magnetic anomalies.

Theoretical system function

A fixed-parameter linear system may be represented in a frequency domain by its 
system function (transfer function). The theoretical system function of the reduction to 
the magnetic pole as well as to the magnetic equator can be obtained without using 
Poisson’s relation (Kis 1981). The theoretical system function of the reduction to the 
magnetic pole of the vertical magnetic anomalies is expressed as:

S Z(L> fy) (.n  +  f 2y ) ' 12
N ( f 2x + f 2y)ll2+j(Lfx + Mfy) (2)

where f x and f y are the spatial frequencies in the x and у directions, respectively. The 
directional cosines are defined by

L = cos a cos ß

M=  cos a sin/? (3)

N = sin a,

where a and ß denote the inclination and declination of the magnetic polarization. The 
theoretical system function of the reduction to the magnetic equator of the horizontal 
anomalies may be given in the form:

S „ ( f x , f y) =
f x cos D + f y sin D 

L L + M f y - j N i f l  + f 2)112 (4)

where D denotes the magnetic declination. Equation (4) differs in a negative sign from 
the form given in a previous paper of the same author (Kis 1981). The negative sign 
involves a phase-shift which equals to n, i.e. the horizontal anomaly reduced to the 
magnetic equator appears in a maximum form instead of a minimum one. The 
theoretical system function of reduction to the magnetic pole of the total magnetic 
anomalies may be obtained in the form of the following equation:

SAL, f y )  = f 2x + f y
(N(fl  + f 2)112 +j(Lfx + Mfy)) W 2X + f 2y)112 +j(lfx + mfy)) ( 5)
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where the directional cosines are

/= cos / cos D

m = cos/sinD  (6 )

n = sin /.

/ and D denote the magnetic inclination and declination, respectively.
The complex system function can be characterized by its amplitude density 

spectrum A(fx, f y) and by its phase density spectrum P(fx, f y). For them we can write:

and
A(fx, / >) = (Re2 [S(/t, f y)] + Im2 [S(/„ Щ 1'2

P ( f x , f y) = tan 1
ч ж ,  m
Re[S(/x, / y)]

(7)

( 8)

where S(fx, f y) denotes whichever of the Sz(fx, f y), SH(fx, f y) and ST(fx, f y) system 
functions. In the upper part of the Figs 1-3 the contours of the amplitude and phase 
density spectra are depicted for the parameters a = 60°, ß=0°, / = 60°, D — 0°. These 
values are approximately equal to the inclination and declination in the territory of 
Hungary. In these figures the spatial frequencies are given in dimensionless units. The 
dimensionless or relative frequencies are defined by f 'x = t f x and f'y = zfy, where т is the 
sampling unit.

It can be seen that the system functions Sz(fx, f y), SH(fx, f y) and ST(fx, f y) 
depend only on the direction of the magnetic polarization and the magnetic direction. 
They are independent of the other parameters of the magnetic source as well.

Derivation of the coefficients

A fixed-parameter linear system can be characterized in a space domain by its 
weight function (unit impulse response). The result of the reductional operation 
Gout(x, y) is given in a space domain by the

G„ul(x,y) = J j- Gin(u, v)S(x — u,y — r)dudi; (9)
- 00 - 00

convolution integral of the input anomaly Gin(x, y) and the weight function S(x, y) or its 
digitized version. In Eq. (9) Gin(x, y) denotes either the vertical magnetic anomaly 
Z(x, y) or the total magnetic anomaly T(x, y) or the horizontal magnetic anomaly 
H(x, y) which have to be reduced; S(x, y) the weight function Sz(x, y) or ST(x, y) of the 
reduction to the magnetic pole or the weight function SH(x, y) of the reduction to the
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Fig. 1. Contour diagrams of the theoretical (upper) and actual (lower) amplitude and phase density spectra 
for the reduction to the magnetic pole of the vertical component of the magnetic field
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Fig. 2. Contour diagrams of the theoretical (upper) and actual (lower) amplitude and phase density spectra 
for the reduction to the magnetic equator of the horizontal component of the magnetic field
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A m p l i t u d e  d e n s i t y  s p e c t r u m P h a s e  d e n s i t y  s p e c t r u m

Fig. 3. Contour diagrams of the theoretical (upper) and actual (lower) amplitude and phase density spectra 
for the reduction to the magnetic pole of the total magnetic field
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magnetic equator. Goul(x, y) means the reduced vertical, total or horizontal anomalies. 
The weight functions Sz(x, y), SH(x, y) and Sr (x, y) are the inverse Fourier transforms 
of the system functions Sz( fx, f y), S„(fx, f y) and ST(fx, f y) which are needed for the 
evaluation of the convolutional integrals.

Let us denote whichever of the system functions Sz(fx, f y), S„(fx, f y), Sr (fx, f y) 
by S(fx, 'and S(x, y) whereby one of the weight functions corresponds to the system 
function. The weight function is given by the inverse Fourier transform

S(x, у) = У  У  ' S(/*> f y 2'"*x+í>x)á fxd fy (10)
-  oo -  oo

if the S(fx, f y) function exists. The (2), (4), (5) system functions have a finite discontinuity
at f x = f y = 0 .

For the calculation of the inverse Fourier transform a suitable truncating 
function has been applied. The aim of the application of the truncating function is two
fold. It eliminates the discontinuity at the origin and removes the disadvantageous 
enhancement of the system functions in the higher frequency domain. The maintenance 
of the phaseshift properties of the system functions is also required. Thus, the 
application of a truncating function should be the band-pass filter proposed by Meskó 
(1969), which meets the demands mentioned above. The system function of the 
suggested band-pass filter is

36 H f l + f D ' i 2 36 *< /i+/>>•/*
SBF(fx, f y)=C(e * T — - e -  mi ) (1 1 )

the normalization factor C equals to:

where

1

mf —e

fr,
m,m2

36

( 12)

(13)

and the m, >m2 relation is valid for the parameters of the band-pass filter.
The system function S*(fx, f y) truncated by a band-pass filter can be expressed in 

the form:

S 4 L ,  /y) = (Re[S(/„ /у)] +jlm\_S(fx, f yW BI,(fx, f y). (14)

This kind of system function has no discontinuity because the value of the band-pass 
filter at the origin is zero which fulfils the conditions mentioned above.

The coefficients, the digitized weight function S(x, y) can be obtained by the 
inverse Fourier transform of the system function truncated by a band-pass filter:
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м м
1  ̂ 2 (  T) г \  2я

s>x-y> = Ü P  I M Е/Чтп-тгК"“'*’'’
р =  г=  - т -

л/ м ( 1 5 )

where х and у are the discrete space variables

N N , N
x _  7 > - y  +

N N , N
У -  -  y ,  -  у  + 1, • • -,0, .. - ,y

(16)

(the sampling unit is regarded one unit), p and r are the discrete spatial frequency 
variables

M

T  ’
M

, - y  +  1, - . . , o , .
M

' ”T

M M

- У  +  l ’ "
- , 0 , . .

M

T ’ "У ’

In this way three sets of coefficients, i.e. the digitized weight functions Sz(x, y), SH(x, y), 
Sr (x, y) can be determined. The numerical calculations have been carried out for the 
parameters ml = 9, m2 = 3, M = 32, N=14. Tables I—III contain the coefficients for 
reducing the vertical, horizontal and total magnetic anomalies, respectively. Utilizing 
the symmetry the tables contain one half of the sets of the coefficients (the first column is 
the vertical symmetry axis).

Table I
Coefficients reducing the vertical magnetic anomalies to the magnetic pole for the parameters ß  — 0°, a = 60°

-0.0013 -0.0013 -0.0013 -0.0012 -0.0009 -0.0007 -0.0005 -0.0003
-0.0028 -0.0027 -0 .0026 -0.0023 -0.0017 -0.0012 -0.0008 -0.0005
-0 .0040 -0.0043 -0.0045 -0.0041 -0.0031 -0.0020 -0.0012 -0.0006
-0.0051 -0.0060 -0 .0072 -0.0068 -0.0051 -0.0032 -0.0018 -0.0009

0.0028 -0.0026 -0.0096 -0.0104 -0.0077 -0.0046 -0.0024 -0.0011
0.0494 0.0211 -0 .0102 -0.0147 -0.0105 -0.0060 -0.0030 -0.0014
0.2016 0.0979 -0.0064 -0.0190 -0.0129 -0.0070 -0.0032 -0.0015
0.2563 0.1188 -0.0117 -0.0219 -0.0135 -0.0070 -0.0031 -0.0015
0.0691 0.0165 -0.0263 -0.0208 -0.0118 -0.0059 -0.0026 -0.0011

-0 .0270 -0.0286 -0.0243 -0.0154 -0.0086 -0.0043 -0.0018 -0.0007
-0 .0212 -0.0192 -0.0144 -0.0093 -0.0053 -0.0026 -0.0010 -0.0003
-0 .0100 -0.0092 -0.0072 -0.0047 -0.0027 -0.0012 -0.0005 -0.0001
-0 .0046 -0.0041 -0.0031 -0.0020 -0.0011 -0.0004 -0.0001 0.0000
-0.0011 -0.0011 -0 .0010 -0.0006 -0.0003 -0.0001 0.0000 0.0001
-0.0006 -0.0004 -0.0002 0.0000 0.0000 0.0001 0.0001 0.0001
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Table II
Coefficients reducing the horizontal magnetic anomalies to the magnetic equator for the parameters ß  =  0°,

a = 60°, D = 0°

0.0004 0.0001 -0.0004 -0.0007 -0.0007 -0.0007 -0.0005 -0.0004
0.0006 0.0004 -0.0002 -0.0008 -0.0011 -0.0010 -0.0007 -0.0005
0.0049 0.0036 0.0012 -0.0006 -0.0013 -0.0013 -0.0009 -0.0006
0.0130 0.0100 0.0042 0.0000 -0.0015 -0.0015 -0.0011 -0 .0006
0.0370 0.0265 0.0098 0.0010 -0.0015 -0.0016 -0.0011 -0.0006
0.0869 0.0564 0.0158 0.0010 -0.0017 -0.0015 -0.0009 -0.0005
0.0952 0.0549 0.0088 -0.0018 -0.0019 -0.0010 -0.0005 -0.0002

-0.0687 -0.0483 -0.0190 -0.0058 -0.0015 -0.0003 0.0001 0.0002
-0.1342 -0.0862 -0.0256 -0.0049 -0.0001 0.0008 0.0007 0.0005
-0.0455 -0.0297 -0.0086 -0.0003 0.0017 0.0016 0.0011 0.0007
-0.0050 -0.0021 0.0014 0.0028 0.0027 0.0020 0.0013 0.0008

0.0047 0.0045 0.0041 0.0036 0.0027 0.0019 0.0012 0.0007
0.0039 0.0039 0.0037 0.0030 0.0022 0.0015 0.0009 0.0006
0.0035 0.0032 0.0026 0.0021 0.0015 0.0010 0.0007 0.0004
0.0016 0.0017 0.0016 0.0013 0.0009 0.0007 0.0005 0.0003

Table III
Coefficients reducing the total magnetic anomalies to the magnetic pole for the parameters ß = 0°, a = 60°,

D = 0°, /  = 60°

0.0003 -0.0001 -0.0009 -0.0014 -0.0016 -0.0014 -0.0010 -0.0007
0.0000 -0.0006 -0.0018 -0.0027 -0.0028 -0.0022 -0.0015 -0 .0010
0.0027 0.0007 -0.0029 -0.0048 -0.0047 -0.0035 -0.0022 -0.0012
0.0088 0.0041 -0.0042 -0.0081 -0.0074 -0.0050 -0.0029 -0.0015
0.0339 0.0177 -0.0052 -0.0128 -0.0109 -0.0068 -0.0036 -0.0017
0.1105 0.0559 -0.0072 -0.0195 -0.0145 -0.0082 -0.0040 -0.0017
0.2593 0.1226 -0.0132 -0.0266 -0.0168 -0.0086 -0.0038 -0.0016
0.2220 0.0866 -0.0316 -0.0296 -0.0162 -0.0076 -0.0030 -0.0013
0.0089 -0.0247 -0.0411 -0.0245 -0.0123 -0.0055 -0.0020 -0.0006

-0.0420 -0.0383 -0.0267 -0.0149 -0.0074 -0.0032 -0.0010 -0.0001
-0.0200 -0.0175 -0.0121 -0.0071 -0.0035 -0.0012 -0.0002 0.0002
-0.0064 -0.0059 -0.0043 -0.0025 -0.0010 -0.0001 0.0003 0.0004
-0.0022 -0.0017 -0.0009 -0.0003 0.0002 0.0004 0.0005 0.0004

0.0007 0.0005 0.0004 0.0005 0.0006 0.0005 0.0004 0.0003
0.0002 0.0004 0.0006 0.0006 0.0005 0.0004 0.0003 0.0003

The actual system function, i.e. the numerical Fourier transform of the derived 
coefficients were calculated. The lower part of the Figs 1-3 depict the amplitude density 
spectra and the phase density spectra of the actual system functions. The digitized 
weight function makes its spectrum periodical. This phenomenon can be seen in the 
actual spectra. The actual system functions are in good agreement with the theoretical 
ones.
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Synthetic examples

The operations in the space domain are illustrated by the reduction of the 
vertical and horizontal components of the magnetic field as well as of the total magnetic 
field due to a dipole.

The vertical component of the magnetic field due to a dipole can be seen in the left 
side of Fig. 4. The dipole is placed at the point (0,0, d) where d = 5 (in sampling units) 
and md, i.e. its magnetic moment is equal to 4л10- 4  Vms. The vertical component of 
the magnetic field due to the dipole is given by

where

Z(x, y, 0) =
md Í  3Lxd 3 Myd 3 Nd2 N

r = (x2 + y2 + d2)112.

(18)

(19)

For the directional cosines given by Eq. (3) the values a = 60°, ß — 0° have been 
substituted. The middle part of Fig. 4 shows the result when band-pass filtering was 
applied without reduction to the pole. This kind of band-pass filter causes changes only 
in the amplitude of the anomaly and cannot cause any phaseshift at all. The field 
reduced to the magnetic pole can be seen on the right side of this figure. Reduction to 
the pole was computed by the coefficients of Table 1.

The same procedures are illustrated in Fig. 5 for the horizontal component of the 
same dipole given by the formula

H(x, y, 0) = ^  cos D
2 ЪМху 

+ ----
3 Nxd

r5 +

+
md I3Lxy 
—  sin D 
4л +

ЪМу2 3Nyd M ( 20)

The original anomaly, its band-pass filtered version and the anomaly reduced to the 
magnetic equator are shown (from left to right). The reduction to the magnetic equator 
was computed by the coefficients of Table II.

Figure 6  depicts the total magnetic field of the same dipole presented by the 
formula

T(x,y,0) =
4л

3 Lx2 ЪМху 3Nxd L
+ ~ 7 ] +

md (3Lxy 3 My2 3 Nyd M
T у, ( 5 F 5 5 я"

4 л  \  г  г  г  г
(21)

тл /3 Lxd 3 Myd 3 Nd2 N
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V e r t ic a l  c o m p e n e n t  F i l t e r e d  b y  b a n d - p a s s  F ie ld  r e d u c e d  to  t h e

Fig. 4. Vertical component of the magnetic field due to a dipole (left), its band-pass filtered field (middle), its 
field reduced to the pole (right). Contours are given in nanoteslas

H o r iz o n ta l  c o m p o n e n t  F i l t e r e d  b y  b a n d  p a s s  F ie ld  r e d u c e d  to  t h e

Fig. 5. Horizontal component of the magnetic field due to a dipole (left), its band-pass filtered field (middle), 
its field reduced to magnetic equator (right). Contours are given in nanoteslas
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T o ta l  f ie ld  i n t e n s i t y  F i l t e r e d  b y  b a n d - p a s s  F ie ld  r e d u c e d  to  t h e

Fig. 6. Total magnetic field due to a dipole (left), its band-pass filtered field (middle), its field reduced to the 
magnetic pole (right). Contours are given in nanoteslas

its band-pass filtered anomaly and its field reduced to the magnetic pole. For the 
directional cosines given by Eqs (3) and (6 ) the values a = 60°, ß = 0Э, I = 60°, D = 0° have 
been substituted. The reduction to the magnetic pole was computed by the coefficients 
of Table III.

In Figs 7-9 the investigations of the effect of random noise are illustrated. The 
random noise was generated by random numbers with Gaussian distribution, their 
expected value equalled to 0, their variance was (10 nT)2. In the case of these 
investigations dipole field plus random noise was used as a synthetic magnetic 
anomaly. The magnetic moment of the dipole was 4 7t 10“ 5 Vms, its position and 
direction were the same as in the former case. It was found that the random noise did 
not disturb the effectivity of this method.
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Fig. 7. Vertical component of the magnetic field due to a dipole plus random noise (left), the field reduced to 
the magnetic pole (right). Contours are given in nanoteslas

N

t
N

t

Fig. 8. Horizontal component of the magnetic field due to a dipole plus random noise (left) the field reduced to 
the magnetic equator (right). Contours are given in nanoteslas
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Fig. 9. Total magnetic field due to a dipole plus random noise (left) the field reduced to the magnetic pole
(right). Contours are given in nanoteslas
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A set of regional Bouguer gravity maps have been derived by two-dimensional Gaussian low- 
pass filters of form exp [ — (к / , )2]. The two-dimensional smoothed power spectrum of the gravity field 
indicates that the cut-off frequency should be somewhere between 0.01/km and 0.02/km or the cut-off 
wavelength between 50 km and 100 km. Three examples from the set of the regional maps are shown. 
The filter with cut-off wavelength 4  = 20 km hardly provides for more than a smoothing, the filter 
with cut-off wavelength 4  =  45 km presents an intermediate stage and the filter with cut-off 
wavelength 4  =  60 km is considered to yield acceptable regional field.

In the Appendices it is proven that the Gaussian low-pass is the best possible filter in the sense 
that it combines direction-independent zero-phase transfer with separability and optimum 
concentration of energy both in the space and in the spatial frequency domain.

Keywords: Bouguer map, Hungary; cut-off frequency; filters in gravimetry; regional gravity

Introduction

It has long been known that the long wavelength components of the Bouguer 
gravity anomalies are in close connection with the depth of the Mohorovicic 
discontinuity. Jordan (1978) in a paper inferred from a worldwide statistical analysis of 
gravity, topography and density constrasts in the Earth that “about 97% of the energy 
in Bouguer gravity anomalies is caused by Moho relief’, which, in turn, is caused by 
isostatic compensation of terrain.

The regional Bouguer gravity fields have been computed as aids for the 
investigation of the structure of the lithosphere on the territory of Hungary. It is also 
hoped that these maps might contribute to the building of a consistent tectonic model 
and thus to a better understanding of the formation and evolution of the Pannonian 
Basin.

The present paper describes the method of the computation, which is the 
application of linear two-dimensional filters, and gives three regional Bouguer gravity 
anomaly jnaps as representative examples from the set of the computed maps. A 
statistical analysis of these maps as well as their comparison with other geological and 
geophysical data will be given in a separate paper.

1 H-1083 Budapest, Kún Béla tér 2, Hungary
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Method

The regional residual separation can not be solved by any pre-set method. Linear 
filtering, however, is a generally accepted method for providing reasonable estimates of 
the regional field. The regional component as well as the residual component possess 
spectra which may vary significantly from one area to the other. Moreover the spectra 
overlap each other. In order to obtain geologically meaningful regionals the spectral 
properties of the components should be established and the transfer properties of the 
filters should be changed accordingly. Careful analysis of input data combined with a 
priori informations (if such are available) are the preliminaries for constructing filters.

The central part of the smoothed power spectrum of the Bouguer gravity field is 
shown in Fig. 1. Data over an area of 320 x 320 km2 have been used in the computation. 
The power spectrum has been obtained as the squared magnitude of the Fourier 
spectra of the data. The latter has been determined by the FFT algorithm. A slight 
smoothing with a Gaussian window provided the results given in Fig. 1. The energy is

Fig. 1. The central part of the two-dimensional smoothed power spectrum of the Bouguer gravity field, 
computed from data including the most part of Hungary. The values of isolines are indicated
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concentrated around the origin, the spectral power beyond the radial frequency f r 
^ 0 .0 2 ( 1  /km) is down by at least two orders of magnitude.

In spite of the obvious ambiguity of the regional residual separation there are 
certain requirements what the regional filters should fulfill. By taking into 
consideration the requirements we can derive a set of low-pass filters. Filters belonging 
to the set have transfer functions of the same form. The transfer function has a free 
parameter and each filter of the set corresponds to one particular value of this 
parameter. The range of the parameter is determined by certain considerations, 
involving digital implementation and reasonable size, which are discussed in Appendix
1. The range of the parameter, however, is large enough to allow the user to seek out a 
value which is best suited for each particular task. The performance of the filters may be 
very close to that of the optimum filters.

The requirements which unambiguously determine the shape of the transfer 
function of the filters are as follows:

1. Direction independent zero-phase transfer,
2. The shortest possible weight function.
The first requirement is met when the transfer function is circularly symmetric

S(fx, f y) = S ( fr);

n  =  f l  +  f 2y ,
( 1 )

and positive for all radial frequencies

Я Ш 0 .  (2)

The second requirement is more difficult to formulate in mathematical terms. It 
is heuristically obvious that the implementation of a separable two-dimensional filter 
involves less computational efforts than the implementation of a non-separable filter. 
In the latter case two one-dimensional convolution should be computed instead of one 
two-dimensional convolution. It is not obvious that a separable filter has a short 
weight function. It turns out, however, that the separable filter necessarily has a 
Gaussian form and the Gaussian pulse attains the theoretically best concentration of 
information both in space and in spatial frequency domain.

The derivation of the transfer function of the filter from the requirements is given 
in Appendix 1. The optimum property of the Gaussian pulse concerning the pulse size 
spectral bandwidth product is shown in Appendix 2.

The low-pass filter is
S(/r) = e - < ‘ ^ > 2 (3)

with the weight function

Я ÆL\2S(r)= F<?- U ,  (4)
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fàhich can be separated as

s(r) = s(x)s(y) =

(The free parameter is k.)
The digital weight function, to be used in both one-dimensional convolution is

(/= - n ,  - n + 1 , . . . .  - 1 , 0 , 1 , .. .,n)

where d is the grid interval (in both directions), and n is the size of the filter.
The application of these filters has been first suggested by the present author 

(Meskó 1966, 1968). For the sake of completeness it may be mentioned that in the last 
15 years the filters have mainly been used for the computation of residual fields in such 
a way that the regionals have been subtracted from the original data.

The cut-off frequency of the filter can be considered

( f r ) c = \ ,  (6)

which corresponds to

S ( f r =  ( f r ) c ) = ~ -  e

The cut-off wavelength is

Ac = k. (7)

Results

The results of the applications of three filters have been chosen to illustrate the 
obtained regional Bouguer gravity maps. The central parts of the filters are shown in 
Fig. 2, together with the radial power spectrum of the gravity field. The latter is 
obtained from the two-dimensional smoothed power spectrum by averaging over 
circles, i.e. 2*

G(/,) =
J_ ' 
2  n

о
G(/r cos (p, f r sin <p) d<p . (7)

The integral has been approximated by finite sums of G(fr cos <ph f r sin <p,) values, 
obtained by interpolation.
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Fig. 2. The central part of the radial power-spectrum of the Bouguer gravity field and the transfer furetions of 
three low-pass filters with cut-off wavelengths 20 km, 45 km and 60 km, respectively. The vertica scale is

logarithmic

The cut-off wavelengths of the three filters are 20 km, 45 km and 60 km, 
respectively. It can be seen that the first filter Ac = 20 km hardly provides for more than a 
slight smoothing. Its output is shown in Fig. 4. The obtained field obviously contains 
significant contributions from local density inhomogeneities, and it is presented to 
appreciate the performance of the third filter Яс = 6 0 к т  in removing local features.

The regional fields obtained by the second and third filter l c = 45 km and i c 
= 60 km are shown in Figs 5 and 6 . Both the comparison of the transfer functions to the 
radial power spectrum as well as the gravity maps indicate that the regional obtained 
by the cut-off wavelength Af = 60 km is the less influenced by local features. The main 
characteristics of the regional Bouguer gravity anomaly field in Hungary are the long 
positive anomaly through the Transdanubian Middle Range with an approximately 
SSW-NNE strike, the positive anomaly over the Mecsek and Villány Mountains, a 
negative anomaly in the little Hungarian Plain and mainly, though not exclusively, 
small negative anomalies over the Great Hungarian Plane.

Elevated terrain, in general, corresponds to positive Bouguer anomalies, in 
contrast with expectations. The most controversial part is the Transdanubian Middle 
Range.. Moho depths of 31km —37 km have been obtained from recent seismic 
investigations (Posgay et al. 1981) while the average Moho depth is about 27 km in the 
F annonian Basin. Instead of the negative Bouguer anomaly which should correspond 
tc the Moho depression the largest positive anomaly of the whole area is found here. 
T ie explanation might be sought in the anomalous low density of the mantle material 
(Á lám 1977, Horváth et al. 1979).
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Fig. 3. Geological sketch of the Pannonian Basin. (Modified after Horváth et. al., 1979) Isolines show the 
bottom of the Pliocene sediments (in metres), hachured areas denote outcrops of pre-Pliocene rocks, cross

ruling denotes Miocene volcanites
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Fig. 4. Regional Bouguer anomaly map of Hungary obtained by the low-pass filter with cut-off frequency of
20 km. The isolines are 5 mgals apart vO
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Fig. 5. Regional Bouguer anomaly map of Hungary obtained by the low-pass filter with cut-off frequency of
45 km. The isolines are 5 mgals apart

A
 M

ESK
Ó



sOFig. 6. Regional Bouguer anomaly map of Hungary obtained by the filter with cut-off frequency of 60 km.
Isolines are 5 mgals apart

R
EG

IO
N

A
L G

R
A

V
ITY

 M
A

PS O
F H

U
N

G
A

R
Y



196 A MESKÓ

Acknowledgements

The isolines of the gravity maps are computer drawi. s corresponding program, based on bicubic
spline interpolation between grid data, has been written by Mr. J. Závoti. My sincere thanks are due to Mr. J 
Závoti for the preparation of the maps, shown in Figs 4-6 as well as to the Computing Centre of the 
Hungarian Academy of Sciences, Budapest and the Geodetic and Geophysical Research Institute of the 
Hungarian Academy of Sciences, Sopron for providing computational facilities.

Appendix 1

Circularly symmetric, separable low-pass filters

For the sake of simplicity let us consider first continuous weight functions and transfer functions. If 
the transfer function is circularly symmetric, i.e.

S ( fx, f t) = S ( fr) (A—1 )

and its inverse Fourier transform exists, the weight function is necessarily also circularly symmetric

s(x ,y)=  J J
= \QS(f,)J0( f , r ) f ,d f r=s(r). (A—2)

A two-dimensional filter is called separable when

s(x, y) =  s,(x)s2(y). (A-3)

From (A—1) follows that the functions s, and s2 have to be identical and therefore we obtain

s(r) = s l (x)s1(y). (A—4)

Introducing the polar coordinates r, <p and taking the logarithm of both sides Equation (A—4) yields

In s(r) = In s,(r cos <p) +  In s,(r sin <p).

Differentiation with respect to <p gives

n = s', (r cos a>1 SlW
■\(х) +  X

Si(F)‘

stter a rearrangement of terms we obtain

s'l (x) =  s'l (y)
ASi(x) ySiOO'

Since x and у are completely independent both sides of the equation have to be equal to a common constant

si (x) s', (>’)----- =n=-------.
xs,(x) ys,(y)
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Thus we obtain for s,(x) the differential equation

s'i(x)

S|M
= nx.

The solution is

In s , ( jc) =  — nx2 + C I ,

where C, is a constant. The solution corresponds to the (one-dimensional) weight function

»tM -C,«’“’.

In order to obtain a staole filter the constant in the exponent should be negative. Therefore we write — n = 

— m2 where m may be an arbitr~ry real number. The one-dimensional weight function becomes

which gives
s(r) =  C , <Г т!*г C, e '  ",ly‘ = Ce~ т',г (A-5)

for the separable and circularly symmetric weight function of the two-dimensional filter.
The corresponding transfer function can be obtained by taking the Hankel transform of (A-5), which

gives

S(/,) =
Cn

The transfer function shows that the filter is a low-pass. A natural requirement is

S (/, = 0 )= 1 ,

(A-6)

which gives for the constant C

n

Introducing к for n/m we obtain the weight function as well as the transfer function in the form used in the 
main text

S(f,) = e~tkfr)‘, (A-7)
and

n (n \2
s(r)= ~T~2 e » (A_8)

respectively. The weight function in separated form reads as

s(r)= 7 ^ e -(yr) (A-9)
к к

The transfer function is real and positive for all f r thus the transfer is zero-phase.
Samples taken from the continuous weight functions (A-9) yield the coefficients of the digital low- 

pass filters. When we use a regular square grid with grid interval d the coefficients become

cu =  s,(id)sl (ld). (A -10)
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Sampling and the necessary truncation of the continuous and theoretically (in both directions) 
infinite weight function may influence the circular symmetry. Transfer functions of the digital weight 
functions can be used to check the goodness of the approximations. The actual transfer function is obtained 
by

У=Г*1 (0) +  2 £  s,(i)cos 2 n ifif'x J  ' [*1 (0)-f-2 £  S| (/) cos 2я/f  
/= 1 0-

( Al l )

By comparing SdisU. ,(/(,, f 'y) to  the theoretical S (/r), given in (A-7) the significance of distortions due 
to sampling and truncation can be determined. By passing it should be mentioned that such comparison is 
meaningful only in the Nyquist interval, defined by

or
l/ilâ0 .5 , |/; |g 0 .5

1^1 - 2 d '  2d ’

where the dimensionless spatial frequencies are f x = f xd, f y = f yd. Digital weight functions have periodic 
transfer functions and therefore ‘good approximation’ is understood as proportionality to a high degree 
between S(f,d) and Sdi,jU|( / i ,  f y) in the Nyquist interval.

Computations showed that the deviation from the theoretical transfer is less than 2 percent for the 
range of the parameter 4<f g  к g  36d and filter sizes used in routine processing. The size also depends on the 
param eter and usually n = k/2d is used. When the parameter fc is small the approximation to the theoretical 
circularly symmetric transfer functions can be made very good even with relatively small sets of coefficients.

The parameter к can not be arbitrarily small or large. When к is too small S(/,) does not decrease 
rapidly and aliasing distorts the transfer function of the digital weight function. When к is too large, on the 
other hand, though S (/,) decreases rapidly and aliasing becomes negligible, the weight function becomes too 
large to be practical.

Let us estimate, at last, what is gained by the application of separable filters. Each output value is 
obtained by 2(2n+1) multiplications and additions, instead of (2n+  l)2 multiplications and additions what 
the application ol non-separable two-dimensional filter with the same size would require. The saving is (2n 
+  l)/2 xsn i.e. about one order of magnitude for filters of practical interest.

Appendix 2

The lower limit of the signal duration spectral bandwidth product 
(uncertainty relation)

It has long been known that the signal duration spectral bandwidth product can not be arbitrarily 
small. The product for the Gaussian pulse is equal to the theoretically possible lower limit (see e.g. Bracewell 
1965, Robinson 1967 etc.). Therefore Gaussian transfer functions possess the shortest weight functions for 
any given bandwidth. For the sake of completeness this remarkable property is shown in this Appendix.

In the case of spatial filtering the space variable x substitutes time and frequency is understood as the 
spatial frequency f x. The physical meaning of the variables has no bearing on the fact that a transfer function 
of Gaussian shape gives the best concentration around the origin both in space as well as in the spatial 
frequency domain.

Let us confine the discussion to real, even pulses.
The energy of a pulse g(x) is defined by

£ =  Î  g2(x) dx . (A—12)
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The same energy is contained in the spectrum of the pulse, i.e.

E =  J G2( f , ) d f x= J i/2(x) d x .
-  00 -  ao

(A—13) is a special case of the Bessel’s equality for real, even pulses.
The pulse size is defined by the normalized second moment as follows

( d .x ) 2 = ^  J  X 2 fff2(x) d x ,

and the spectral bandwidth by

( d / „ ) 2 = i  J  / i G 2( / , ) d/* •

Due to the derivative theorem of the Fourier transform (A -15) can be written as

00

. j" [9 ( x)]2 d.x .< ^ ,2=4Й

The signal size spectral bandwidth product then becomes

( Ax A f ,x,2 = 4ï^Ë 2 J  L ^ ( x)J2 d x J  tf/’(x)]2 d.x .

Due to Schwarz's inequality it is valid for the products of the integrals

j [.xg(.x)]2 d.x J [i/'(.x)J2 d.x ê  I Í x g ( .x ) f ) ' (x )  dx =

d

Integration by parts gives 

dÍ

= [t j w 2wdJt] •

00

- f 'X  —  g2(x)dx = [xg2{x ) ]_ * — g2[x) d.x = -  £ ,
dx 1

since g2(x) vanishes at both limits. Thus (A-18) can also be written as

00 00

j* [X0(x)]2dx J  [ff'(.x)]2d x ä  j E 2

(A-13)

(A -14)

(A -15)

(A— 16)

(A -17)

(A 18)
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and (А- l 7) simplifies to

)•
Thus we obtain for the signal size spectral bandwidth product the inequality

AxAf^ i -

Let us consider now the Gaussian transfer function 

Its spectral bandwidth according to the definitions (A 15) and (A—13) becomes

The corresponding weight function is

with size

J n  f**)1 
s(x) = ¥ — e-lk>  

к

dX=2Ï-

The signal size spectral bandwidth product for the Gaussian pulse is

к 1 1
AxAf' = TnYk = Tn

i.e. the pulse actually attains the theoretically possible lowest bound.

(A—19)

(A-20)

(A—21 ) 

(A-22)

References

Ádám О 1977: Major tectonics of the Transdanubian Central Mountains and their foreland in light of 
geophysical measurements, (in Hungarian) Magyar Állami Földtani Intézet 1977. évi jelentése, 269- 
287.

Bracewell R 1965: The Fourier Transform and its Applications. Me Graw Hill, New York 
H orváth F, Bodri L, Ottlik P 1979: Geothermics of Hungary and theTectonophysicsofthe Pannonian Basin 

“Red Spot". In: Terrestrial Heat Flow in Europe. (Edited by V. Cermák and L. Rybàch) Springer 
Verlag, Berlin-Heidelberg-New York

Jordan S К 1978: Statistical model for gravity, topography and density contrasts in the Earth. Journ. of
Geophys. Res., 83, 1816-1824.

Meskó A 1966: Linear transformations of gravity fields as linear two-dimensional filters. C. Sc. Thesis, in 
Hungarian.

Meskó A. 1968: Koeffizientenreihen zur linearen Transformation von Schwerekarten. Geophysik (Berlin), 13,
57-60.

Posgay K, Albu I, Bodoky T, Kaszás M, Kovács В, RánerG 1981: Seismic methodological and instrumental 
research. Magyar Állami Eötvös Loránd Geofizikai Intézet 1980. évi jelentése: 61-72 (in Hungarian 
with Figures) and 151-156 (in English)

Robinson E 1967: Statistical Communication and Detection. Griffin, London

Acla Geodaetica, Geophysica el Montanistica Hung. 18, 1983



Acta Geodaet., Geophys. et Montanist. Hung. Volume 18 ( 1— 2), pp. 201— 208 ( 1983)

EQUATORIAL ELECTRIC FIELDS 
GENERATED BY THE QUIET-DAY DYNAMO 

AND BY SOLAR DISTURBANCES

A K A g a r w a l 1, R G R a s t o g i1, B P S in g h 1
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The latitudinal profile of equatorial electric fields associated with the ionospheric dynamo 
and with the geomagnetic disturbances of solar origin has been investigated by means of the changes 
in the horizontal component (Я) of the geomagnetic field. Data were taken from a close chain of 
magnetic observatories lying within ±  5° of the dip-equator in the Ethiopian region. It is noticed that 
the maxima in H during storm-time variations lie very close to the dip-equator whereas for both Sq 
and solar flares, there appears a shift of about 1° south of the dip-equator. The results suggest that the 
structure of the equatorial electric field associated with storm-time disturbances differ from that of Sq 
and solar flares. The coincidence of maximum enhancement for solar flares with electrojet ranges 
indicates that there are no major changes in the distribution of dynamo generated Sq electric field for 
the flares considered here.

Keywords: equatorial electric fields; geomagnetic activity; equatorial enhancement; solar flare 
effect; Sq; quiet-day geomagnetic variation

Introduction

The two main sources of electric field in the ionosphere are: the motion of neutral 
atmosphere across the Earth’s magnetic dipole field lines and the interaction of solar 
wind with the Earth’s magnetic field. The former is known as the dynamo generated 
electric field which is found to be responsible for the behaviour of the solar quiet-day 
(Sq) variations of magnetic field components. The changes in the latter type of electric 
field also affect the nature of the geomagnetic variations observed at all latitudes. 
Possible correlations between geomagnetic variations observed at high-latitudes and 
low-latitudes were studied by various authors (Akasofu and Chapman 1963, 
Onwumechilli et al. 1973 and others) and it was noticed that mostly the variations of 
different latitudes are closely correlated in time. For determining the behaviour of 
geomagnetic variations, Alfven (1976) stressed the importance of thinking in terms of 
currents driven by the interplanetary electric field (Ë = — V x B). This electric field is 
considered to be mapped onto the high-latitude ionosphere (Mozer et al. 1974). Further 
Kikuchi et al (1978) suggest that the electric field can propagate instantaneously from

1 Colaba, Bombay 400005, India
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pole to equator. Some recent studies indicate the presence of these electric fields in the 
low-latitude ionosphere, too (Rastogi and Patel 1975, Patel 1978, Fejer et al. 1979).

It is important to note that the low-latitude region, in particular the equatorial 
region, is more convenient to study the effect of such an electric field than the high- 
latitude region because it is free from particle precipitation. Another important 
advantage is the very little if any movement of the equatorial electrojet with the 
changes in the magnetic activity compared with the movements of the auroral 
electrojet (Akasofu 1977). The region close to the dip-equator is also very sensitive to 
the changes in the electric field because of the high electric conductivity of the medium 
as a result of the special configuration of the magnetic and electric fields above the 
equator. Thus, one would expect that the equatorial electrojet will show the effect of the 
electric field mapping in a more pronounced way.

Many of the earlier studies (Kane 1978, Rastogi 1963, Rastogi et al. 1964, Mason 
1963, Raja Rao and Rao 1963, Sugiura 1953, Forbush and Vestine 1955, Matsushita 
1960 and others) reported an equatorial enhancement of the geomagnetic variations 
during day-time by studying the horizontal component (H) during short-period 
fluctuations, such as storm sudden commencements (SSCs), sudden impulses (Sis), 
solar flares, etc. Some of them also investigated the nature of electric fields associated 
with these variations. The enhancement of long period variations, such as quiet-day 
variations (Sq) and storm time variations (Dst), were studied by Rastogi (1962), Mason 
(1963), Sastri and Jayakar (1970), Ogbuehi and Onwumechilli (1964) and others. Their 
results, however, are of limited value since the spacing of the stations was too large to 
identify the detailed features of the equatorial enhancement. Porath et al. (1973) and 
Kane and Rastogi (1977) used the data from the close network in the Ethiopian region 
to study the equatorial enhancement for Sq-daily variations and storm-time variations. 
It would be of interest to compare the enhancement of short-period variations 
observed during the period of magnetic storms with electrojet ranges and solar flares in 
order to distinguish the nature of the equatorial electric fields associated with them. 
Recently, we also examined the equatorial enhancement of the short-period variations 
and its dependence on the north-south (Bz) component of the IMF by using the above 
close chain of magnetic stations (Agarwal et al. 1979). The geographic and dip-latitudes 
of the observatories used for the present analysis are listed in Table I.

Data analysis

The data of the magnetic array in the Ethiopian region has been used here. This 
array study was carried out in Eastern Ethiopia by the late Porath during the period 
from November 1970 to May 1971. The stations were mainly situated along the 
western edge of the Afar depression and the main Ethiopian rift with a further line 
of stations across the centre of the Afar depression. A part of the array data con-
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Table I
The geographic coordinates and dip-latitudes of the observatories used in the present study

S. No. Station
Name

Geographic coordinates 
Lat. Long lat.

Station used for

lat. Sq Solar
flare Storm

1. 6 ADI 14.27 39.47 4.87 N Y N
2. 1 MAK 13.50 39.48 4.10 Y N Y
3. 19 ASS 12.97 42.70 3.57 N Y N
4. 20 BUR 12.62 42.28 3.22 Y Y N
5. 3 ALA 12.40 39.55 3.00 Y Y Y
6. 9 ELI 12.23 42.08 2.83 Y Y N
7. 21 WOL 11.82 39.58 2.42 Y Y N
8. 22 DUB 11.73 41.03 2.33 Y Y N
9. 16 A1S 11.55 41.45 2.50 N Y N

10. 15 ELO 11.27 40.33 1.87 Y Y N
11. 8 BOM 11.22 39.63 1.82 Y Y N
12. 18 BAT 11.20 40.02 1.80 Y Y N
13. 17 DEG 11.12 39.88 1.72 Y Y N
14. 14 MAJ 10.55 39.83 1.15 Y Y Y
15. 22 HAR 9.93 41.98 0.53 N ■N Y
16. 24 DBH 9.67 39.50 0.27 N Y Y
17. 16 DIR 9.60 41.87 0.20 N N Y
18. 18 ALE 9.38 42.02 -0 .02 N N Y
19. 26 MUF 9.33 38.17 -0 .07 Y Y N
20. 15 BIS 9.17 43.55 -0 .23 N N Y
21. 27 DBZ 8.75 38.92 -0 .65 Y N Y
22. 25 WON 8.47 39.22 -0 .93 N Y N
23. 29 ASE 7.97 39.12 1.43 Y N N
24. 28 LAN 7.63 38.70 -1 .77 Y Y N
25. 4 KOL 7.33 38.03 -2 .07 Y N N
26. 30 DOU 7.17 37.77 -2 .23 N Y N
27. 11 GUR 7.12 39.80 -2 .28 Y Y N
28. 2 COF 7.08 38.77 -2 .3 2 N Y N
29. 23 AWA 7.05 38.47 -2 .35 Y N Y
30. 13 DOD 6.95 39.17 -2 .45 N Y N
31. 12 LAP 6.57 37.87 -2 .83 Y Y Y
32. 20 ABM 6.08 37.65 -3 .32 N Y N
33. 5 YAV 4.90 38.12 -4 .5 0 Y N Y

Y = YES 
N = NO

taining various geomagnetic events was available in digitised form on magnetic tape 
at Dallas and has been acquired by Rastogi. Using these values on tape, at first we 
analysed the storm-time variations of 9th April 1971. The analysis is very much similar 
to that one adopted in our earlier papers (Agarwal et al. 1979, 1978). Amplitude 
variations corresponding to peaks at 70 min and 21 min are isolated for all the 
Ethiopian stations by using a filter of a weight function with 141 points designed after 
the procedure of Behannon and Ness (1966). For studying the latitudinal depen-
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dence of enhancement, peak to peak amplitudes are measured at all stations arount 
0900 UT and 0950 UT. Figure 1 shows the latitudinal dependence of the enhance
ment for the two selected periods. The values are normalized to the amplitude at 
5 YAV (dip-lat. ~4.50) which is fairly outside the equatorial electrojet. The smooth 
curve is obtained by the best-visual fit.

For the enhancement in electrojet ranges, we have chosen two ordinary days, the 
1st and 2nd March, 1971. The ranges for both days and for all stations were calculated 
by taking the difference between the maximum hourly mean Я-value and the local mid
night value. In Fig. 1 the variation of the enhancement of the Sq range with the dip
latitude is also shown. The enhancements are again normalized to 5 YAV and the 
smooth curve is obtained by the best-visual fit.

The latitudinal dependence of solar flare enhancement was studied by analysing 
the two solar flares occurred on the 11th and 12th December, 1970 at 1027 UT and 
0903 UT, respectively. For both flares, the maximum change in amplitude of H was 
measured at all the stations of the Ethiopian array. The values so obtained were 
normalized to the corresponding change at 6  ADI (dip-lat. ~ 4.87). Unfortunately, the 
corresponding data for the solar flares at 5 YAV were missing and this forced us to 
normalize with respect to 6  ADI. However, 6  ADI is also fairly outside of the 
equatorial electrojet. Figure 2 shows the latitudinal dependence of the enhancement for 
the two solar flares and both curves were again obtained by best-visual fit. For the sake 
of comparison the variation of the enhancement for the Sq range is also included in 
Fig. 2.

Results and discussion

It is clearly seen from Fig. 1 that shorter periods are more enhanced than longer 
ones. A similar result was already reported by Mason (1963). Sometimes the large 
scatter in the data points has been attributed to perturbations in the flow of internal 
currents near these stations, which arise due to the anomalies in the electrical 
conductivity distribution beneath the Afar depression (a tectonically active zone). It is 
also noticed that the peak in the enhancement of short-time disturbances does not 
coincide with the peak position of the electrojet ranges or solar flares (Figs 1, 2). For 
storm-time disturbances it is very close to the dip-equator whereas for both the 
electrojet and the solar flares this shows a shift of about 1 ° towards south of the dip- 
equator (i.e. between the geographic and the dip-equator). This characteristic difference 
can be explained if we assume that the changes in the horizontal component (AH) at the 
ground stations are proportional to changes in currents in the E-region of the 
ionosphere. The changes in currents depend on the conductivity of the ionosphere (a) 
and on the electric field variations associated with geomagnetic disturbances. 
Remembering that the conductivity (<x) is a function of the electron number density 
(Ne), we can write:
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Dip la t i tu d e  Dip la t i tu d e

Fig. 1. The variation of the enhancement of horizontal component with dip-latitudes for the periods of 70 min 
and 21 min at two different times 0950 UT and 0900 UT and for the average Sq-ranges of March 1 and 2, 
1971 in the Ethiopian region. The enhancement values are obtained by normalising to the corresponding

variations at 5 YAV

- 5  - A  - 3  - 2  -1  0  1 2 3 4  5
Dip l a t i t u d e

Fig. 2. The variation of the enhancement of horizontal component with dip-latitudes for two solar flares 
recorded on the 11th and 12th December, 1970. The enhancement values are obtained by normalising to 
corresponding variations at 6 ADI. In this figure, the variation of the enhancement for Sq-ranges is also

included
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AHcuAi at ionosphere (£-region) 

a A(oE)

a A [ Ne{Esq ±  £sw)]

where Esq — Electric field due to dynamo action,
Esw — Electric field due to solar wind

During storm-time disturbances, the currents are affected by changes in the convective 
electric field (AEy= — Vx ABz), and since the conductivity is maximum near the dip- 
equator, the enhancement of variations is expected to be maximum there. On the other 
hand, the position of maximum enhancement for electrojet ranges can be explained 
from the currents produced by the dynamo generated Sq-electric field. These currents 
will critically depend on (i) the ionospheric conductivity which is controlled by the dip 
equator and (ii) on the atmospheric tides, which are controlled by the geographic 
equator. Thus, the position of the maximum enhancement in this case will be a resultant 
effect of the two equators as emphasized by Onwumechilli (1967). Since the positions of 
maximum enhancement do not coincide for the Sq variations and the sub-storm events, 
and the latitudinal profile of the conductivity variation is likely to be the same for both, 
it is suggested that the structure of the electric fields in the equatorial ionosphere 
produced by the dynamo and by storm-time disturbances differ from each other.

Another interesting result noticed is that the centres of electrojets for both the 
electrojet ranges and the solar flares almost coincide with each other (Fig. 2). This is 
true for both events of solar flares. Though solar flare is a short-period phenomenon, 
the coincidence of its latitude of maximum enhancement with that of the electrojet 
ranges suggests that the solar flare current system is an augmentation of the electrojet 
current system. This augmentation is the consequence of the fact that ultraviolet 
radiations emitted during solar flares immediately produce the increase of the 
conductivity of the ionosphere (a) through an enhanced electron number density (Ne) in 
the dynamo region. Since the electrojet is a part of the normal Sq current system, it is 
suggested that the solar flare current system is nothing else than an augmentation of the 
normal Sq-current system as observed by Raja Rao and Rao (1963). It is also concluded 
that there are no major changes in the equatorial electric field distribution during both 
types of disturbances, otherwise the current system would not have been the same as 
observed from the peak of the maximum enhancement.
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Conclusions

(i) As the centre of the maximum enhancement for storm-time variations does 
not coincide with that of solar flares and electrojet ranges, it is suggested that the 
structures of the equatorial electric field associated with them differ from each other.

(ii) Data from a close chain of records indicate that there are no major changes in 
the distribution of the Sq-electric field and the solar flares considered here.
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C C T scherning  ed: Proceedings of the International 
Symposium Management of Geodetic Data. Koben- 
havn 24-26. August 1981 Geodaetisk Institut, 
Meddelelse No 55

The report no. 55 of the Danish Geodetic 
Institute contains the lectures presented at the 
International Symposium “Management of Geodetic 
Data” which took place in Copenhagen 1981.

The topics of the meeting were as follows: 
Session 1: Geodetic Data Bases 
Session 2: Entry and Validation of Geodetic Data 
Session 3: Data Handling in Support of Geodetic 

Operations or Major Computational 
Processes

Session 4: Data Availability 
Session 5: Meeting of SSG 4.66

The management of data is a very important task 
also in geodesy. The lectures held on this field have 
given a good overwiev about the problems and 
solutions. The book printed in offset consisting of 448 
pages is nice to look at. It has a considerable desert: 
the short time of printing. So a half year after the 
symposium it was already issued.

J Somogyi

J Y C h en: Geodetic Datum and Doppler Positioning. 
Dissertation. Mitteilungen der Geodätischen In
stitute der Technischen Universität Graz. Folge 39,
Graz, 1982. p. 255.

The modern development in science and tech
nology makes possible the updating and improve
ment of existing geodetic networks all the over the 
world.

Chen’s dissertation investigates the updating 
techniques which are adequate to the needs of the 
geodetic network established twenty years ago in 
China.

Chapter One gives the theoretical bases of 
relationships between different coordinate systems 
related to geodetic datum and investigates the choice

of ellipsoidal parameters and coordinate systems. 
Computational formulae are derived for the changes 
of different geodetic elements caused by the rede
finition of the geodetic datum. Some possible schemes 
for the redefinition in China are investigates and 
evaluated.

In Chapter Two the accuracy of Doppler posit
ioning and especially of the translocation technique is 
carefully studied. The author recommends some 
ways to reduce the systematic and random errors in 
Doppler point positioning when the broadcast 
ephemerides (BE) are used.

The Simplified Short Arc Method (SSAM) is 
proposed for China where a large scale geodetic 
network exists and only BE are available.

The four orbital corrections: the semi-major axis, 
the inclination, the longitude of the ascending node 
and the eccentric anomaly, introduced in SSAM are 
particularly significant in regions distant from 
OPNET. The adjustment of a large scale Doppler 
network is divided into two steps.

In the first step phased adjustment is used in the 
groups considered as blocks of the network.

In the second step the blocks are adjusted where 
the overlapping stations between groups are used as 
the joint parameters between the blocks.

The combination of a terrestrial network with the 
Doppler one resulting from SSAM is suggested in the 
Chapter Three both for a three-dimensional and a 
two-dimensional adjustment. The author demon
strates that the separation of Doppler stations — the 
shortest and the most effective distance wich can 
improve the terrestrial network — is different in case 
of different networks and equals the distance whose 
accuracy is equal both in the Doppler network and in 
the terrestrial one.

In Chapter Four a method using gravimetric 
height anomalies and deflections of the vertical for an 
independent test of the accuracy of Doppler position
ing is discussed in details.

In conclusion this book is very useful not only for 
the necessary and urgent updating and improvement
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of the geodetic network in China, but for all those 
who deal with similar problems or are interested in 
Doppler geodesy.

L Bányai

G B u n t e b a r t h : Geothermie. Eine Einführung in 
die allgemeine und angewandte Wärmelehre des 
Erdkörpers. Hochschultext. Springer Verlag, Berlin- 
Heidelberg-New York, 1980. 64 Abb., 11 Tab. IX, 
156 Seiten Dm 24.-, US $ 14.20

Das Buch enthält eine überaus gründliche Bes
prechung der unmittelbar mit der Geothermie 
zusammenhängenden Fragen. Die theoretischen 
Erörterungen sind reichlich mit praktischen Bei
spielen illustriert, so daß auch jene, die nur oberfläch
liche Kenntnisse über dieses Sachgebiet besitzen, sich 
leicht orientieren können. Es ist besonders her
vorzuheben, daß der Verfasser viele Randgebiete mit 
einbezogen hat, wodurch an zahlreiche Zu
sammenhänge hingewiesen werden konnte.

Die sechs Kapitel des Buches erörtern zuerst kurz 
die physikalischen Grundlagen zur Wärmeleitung, 
dann die thermischen Eigenschaften von Gesteinen 
(Wärmeleitfähigkeit, spezifische Wärme, radiogene 
Wärmeproduktion). Die mathematische Besch
reibung von konduktiven Temperaturausgleichs
vorgängen ist mit besonders vielen, die Verhältnisse 
gut illustrierenden Beispielen begleitet.

Kapitel 4 enthält zuerst Angaben über thermische 
Vorgänge in der oberflächennahen Erdkruste mit der 
Erörterung der Störeffekte (meteorologische Tem
peraturschwankungen, Topographie, Wasserbewe
gung, geologische Strukturen); dann folgt eine Zusam
menfassung unserer Kenntnisse über den thermi
schen Zustand im tieferen Erdinneren. Kapitel 5 ist 
den geophysikalischen Methoden der Temperatur
erfassung gewidmet, wobei den Geothermometern 
und den direkten und indirekten Temperaturmessun
gen (gravimetrische, geoelektrische, seismische 
Methoden) etwa gleicher Raum gewidmet wurde.

Kapitel 6 befaßt sich mit der Nutzung der 
geothermischen Energie an Hand mehrerer Beispiele 
aus verschiedenen Ländern (z.B. Japan, Ungarn, 
Italien usw.). Ein reichhaltiges Literaturverzeichnis 
hilft jenen, die sich eingehender mit den einzelnen 
Problemen beschäftigen wollen.

Das rasche Erscheinen ermöglichte dem Verfas
ser, daß auch ganz neue Ergebnisse einbezogen 
werden konnten. Dementsprechend ist das Buch 
sämtlichen Studenten der Geothermie und der 
Geophysik im allgemeinen ein sehr guter Wegweiser 
zu weiteren Studien.

J Verő

S К S axena  ed. in chief: Thermodynamics o f Minerals 
and Melts. Advances in Physical Geochemistry. 
Editors: R C Newton— A Navrotsky— В J Wood. 
Volume 1. Springer-Verlag, Berlin-Heidelberg-New 
York, 1981, 304 pages, 66 figs, Cloth DM 78,- 
approx. US $ 35.50

This book is the first volume of a new series which 
deals with the elucidation of physicochemical prin
ciples and their application in geosciences.

The volume gives a cross-section of the current 
activity in several areas of thermodynamical geo
chemistry on the basis of a lecture series on thermo
dynamics of mineral systems held in the Department 
of the Geophysical Sciences at the University of 
Chicago in 1979.

The first paper is a commentary by George Tunell 
on the basic equation of chemical equilibrium by J 
Willard Gibbs, which underlies all of chemical 
thermodynamics. The other papers are grouped into 
“minerals” or “melts” and, within each group, they 
generally proceed from the general problem through 
special ones to the application (according to the 
Preface).

The most interesting topics are: recent work on 
energy properties of melts, volatile interactions in 
magmas, modeling of melt-mineral systems, mineral 
system thermodynamics, and geothermometry- 
geobarometry.

Since many different symbols have been used in 
the papers, a table of notation is given.

This overview will be very useful to research 
scientists, advanced students of mineralogy, pe
trology, geochemistry and thermodynamics. Some 
parts of the book are also recommended to the 
attention of geophysicists dealing with the in
vestigation of the earth’s physical parameters under 
high pressure and temperature and the structure of 
the Earth’s interior.

A Adóm

J В G ill: Orogenic Andesites and Plate Tectonics. 
Minerals and Rocks 16. Editor in Chief: P J Wyllie. 
Editors: A El Goresy, W von Engelhardt, T  Hahn. 
Springer-Verlag, Berlin-Heidelberg-New York, 1981, 
390 pages, 97 figs.

The book summarizes the entire field of andesite 
genesis. More emphasis is given to relevant data than 
to hypothetic models. The author annotates the over 
1100 references cited.

The book is written for graduate students and 
professional earth scientists.
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The subject of this book is called by the author 
“orogenic andesite” which forms a subset of 
hypersthene-normative volcanic rocks with 53% to 
63% S i0 2. This can be distinguished chemically from 
other subsets by assuming that members of it have 
K2O<(0.145XSiOj —5.135) and ТЮ2<1.75%.

Andesites are associated mainly with convergent 
plate boundary. Their bulk compositions are similar 
to estimates of the composition of terrestrial crust. 
Andesitic volcanism is studied because eruption 
prediction has great social importance as well as it 
seems to be related to the formation of many ore 
deposits.

The author summarizes selected geologic, phys
ical, chemical and minéralogie characteristics of 
orogenic andesites in Chapters 2 to 6, and discusses 
the spatial and temporal variations of these charac
teristics in Chapter 7. Evaluations of genetic hypo
theses are included into Chapters 8 to 11 where the 
characteristics are organized pro and contra and 
tested against several hypotheses. Chapter 12 pre
sents a synthesis, and proposals for future researches 
(Citation from the Overview 1.4). The author’s 
conclusion is that the differentiation of basalt by 
crystal fractionation of anhydrous minerals at low 
pressure is the most frequent and most fundamental 
process of orogenic andesite genesis, supplemented to 
an unknown extent by crystal fractionation of 
hornblende, selective crustal interaction, magma 
mixing, and vapor fractionation.

The book is very clearly written, its system 
analysis is outstanding and its argumentation is very 
convincing, therefore it is warmly recommended to 
the attention of earth scientists.

A Adóm

C M onty  ea.: Phanerozoic Stromatolites. Case 
Histories Springer-Verlag, Berlin. 1981, pp. I-X, 1- 
249; 121 figs, 10 pis.

Stromatolites are calcareous, dolomitic, or sili
ceous biosedimentary structures resulting from the 
life processes and rock-building activity of primitive 
algal (Cyanophyta) communities.

Blue-green algae, being most ancient and resist
ant forms of the organic world, played very impor
tant role as stromatolitic reef-builders through 
several milliard years in the Precambrian. Within the 
Phanerozoic, i.e. in the last 570 million years, their 
importance somewhat diminished, however, as it is 
proved by this book, their geologic significance 
remained essential.

This book contains the majority of the papers 
presented on the 2nd International Symposium on 
Fossil Algae in Paris, 1979. The 17 papers give a 
comprehensive approach to the morphology and the 
circumstances of formation of stromatolites. 6 papers 
describe Paleozoic, 4 Mesozoic and 5 Cenozoic 
material, respectively. The introductory paper of the 
Editor deals with the generally interesting problems 
of the classification of blue-green algal structures. J 
Kazmierczak suggests a cyanophytic origin for the 
extinct stromatoporoids — this paper will un
doubtedly arise wide controversy.

The book is valuable primarily for researchers 
interested in the ecology, environment or complex 
lithification history of stromatolites. Especially inter
esting are the results of studies on stromatolites and 
cryptalgal laminites associated with Messinian 
gypsum of Cyprus and on sub-Recent manganese
bearing stromatolites along shorelines of the Dead- 
Sea.

The presentation of this book so important for 
sedimentologists is high-standard, and its content 
would be stimulating for similar studies in Hungary.

B Géczy

Erosion and Sediment Transport Measurement. 
Proceedings of the Florence Symposium, 22-26 June, 
1981. Published by the International Association of 
Hydrological Sciences as IAHS Publication No. 1113 
in June 1981, pp. X II+  527, 54 US $

There is an increasing need for detailed and 
reliable data on erosion and sediment transport in 
order to evaluate problems such as soil loss, land 
degradation, reservoir sedimentation, debris trans
port and deposition; to permit the design of effective 
hydraulic structures and channel management 
strategies; and to provide information on the transfer 
of material from the land surface to the oceans. The 
aim of the symposium was to provide a forum for the 
review of recent developments in the measurement of 
erosion and sediment transport, for the exchange of 
ideas and experiences, and for the definition of 
outstanding problems and research needs.

The 55 papers report developments and ex
periences from 19 countries with a wide spectrum 
of measuring techniques in a great variety of 
environments ranging from tropical Nigeria to the 
Negev Desert in Israel and the Yellow River region of 
China; the papers were grouped under the following 
topics:
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1. Measurement of sediment transport (36 papers)
1.1 Measurement of bed load transport (6 papers)
1.2 Techniques for continuous monitoring of sus

pended sediment concentrations (5 papers)
1.3 Suspended sediment sampling apparatus (4 

papers)
1.4 Suspended sediment sampling (4 papers)
1.5 The reliability of sediment load data (5 papers)
1.6 Laboratory experimentation and the measure

ment of debris flows and mass movement (6 
papers)

1.7 Design of data collection programmes (6 papers)
2. Measurement of erosion (19 papers)
2.1 Measurement of rainfall erosivity and splash 

erosion (5 papers)
2.2 Rainfall simulators and laboratory experiments 

(4 papers)
2.3 Erosion plot studies (5 papers)
2.4 Field measurement of erosion (5 papers)

As a general conclusion it may be summarized 
that it is very little understood so far about the 
transport of solid material by water. To extend 
knowledge and information both laboratory and 
field measurements are essential. This volume in
forms both about the recent results of development 
achieved concerning measuring techniques and ap
paratus of sediment transported and about measure
ment of characteristics of erosion processes. So this 
volume can serve as a “state-of-art” report, too.

The book is available from either the Office of the 
Treasurer, IAHS (2000 Florida Avenue NW, Was
hington, DC 20009, USA), or the IUGG Publicat
ions Office (39 ter Rue Gay Lussac, 757005 Paris, 
France).

К Stelczer

I M V arentsov and G y G rasselly eds: Geology 
and Geochemistry of Manganese. Publication of the 2. 
International Conference on Geology and Geo
chemistry of Manganese (Sydney, August 17-24, 
1976). Vol. I—III, Akadémiai Kiadó, Budapest, 1980. 
463, 513, 357 pages.

The three-volume publication contains the 
complete material of the Second International 
Symposium on Manganese (all papers in full length), 
and it covers nearly all fields of the element 
manganese and its natural compounds (mineralogy, 
petrology, geology, material investigation, geo
chemistry, economic geology) with special attention 
to genetic problems. It is characterized by both 
advantages and disadvantages of multi-author works 
coordinated only by the common object of in

vestigations: in the different special fields the leading 
experts discuss their ideas, thus the reader gets up-to- 
date treatments of the problems from the “first hand”, 
without any misinterpretation; but at the same time 
an uneven level of the papers is nearly inavoidable, 
and certain areas are discussed twice or even more 
times (being not always a disadvantage), while others 
are not included at all.

The natural compounds of manganese (mainly 
oxides and hydroxides) have in recent times an 
increasing use, and together with other raw materials, 
this resulted in increasing efforts for the discovery of 
their deposits, for a survey of their characteristics and 
application. Therefore a general summarization of 
the results from time to time has great importance. In 
case of manganese, the first great world-wide con
ference was held 1956 in Mexico City, this was 
followed by a second in 1976 in Sydney. A com
parison of the material of the two conferences reflects 
clearly the immense development in these 20 years 
both in ideas and results.

The Hungarian publishers are to be praised that 
they overtook the responsibility for the publication of 
the symposium material, and by this they made not 
only a service to the scientific community, but at the 
same time they draw the attention of the scientific 
world to the internationally highly ranking efficiency 
of our publications. And though the outer ap
pearance of the three volumes is worthy of the inner 
content, it is regrettable that the changing paper 
quality deteriorates this qualification.

The first volume includes papers on mineralogy, 
geochemistry and investigation methods. The group
ing into narrower disciplines, however, does not 
always cover the content of the different papers. This 
somewhat artificial distribution re-appears again and 
again in the grouping of the subjects in the volumes, 
very likely to be traced back to a subsequent 
grouping of certain papers. Namely the greatest part 
of the papers covers wider fields, and it would be most 
adequately to describe them as belonging to 
economic geology.

Only one of the 7 papers under the heading 
Mineralogy deals really with mineralogy, all others 
belong only partly here. This one (written by G 
Frenzel) lists the most important parameters and 
data of the 30 manganese minerals occurring most 
frequently in the nature (mostly oxides and hydrox
ides, no carbonates are included), and therefore it is 
an indispensable data bank for anybody dealing with 
manganese exploration. From among the other 
papers, two deal with manganese nodules from the 
deep sea (this topic is dealt with in more details in 
Volume 3), one describes sedimentary iron oxide-
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minerals, one the manganese oxides in soils, one is 
concerned with the progressive metamorphism of 
manganese carbonates and cherts, and the last one is 
devoted to manganese minerals in gold-silver 
deposits.

The 5 papers unddr the heading Geochemistry 
correspond much better to the point of view of the 
grouping. Two of them discuss the general geochem
ical character of manganese, one deals with the 
geochemistry and generation of the manganese 
dioxide. The last two are also quite concrete papers 
on the geochemical description of the manganese and 
some other metals appearing often in its deposits in 
marine environment.

“Methods” are represented by two papers. The 
first one deals with the statistical treatment of a 
many-variable system on the example of the evaluat
ion of ocean-bottom manganese nodules, the other 
presents a combined analysis with X-ray fluorescence 
and emission spectrography for manganese ores and 
products, giving the computation method for about 
50 elements in wide concentration limits.

The second volume has the subtitle: continental 
manganese deposits. This topic covers the traditional 
economic geology with the deficiencies in complete
ness, as already mentioned. It includes a general 
(genetic) part and a systematic (regional) part. The 
latter is the less complete one, the description of 
several important deposits cannot be found here, and 
this lack cannot be substituted by an enumeration in 
the introduction of the volume. On the other hand, 
the description of other deposits is detailed, in some 
cases even too many details are given. All these are 
the natural consequences of the scope of siptilar 
works.

The general (genetic) part includes 5 papers, from 
which the most detailed one is the second, written by 
H Borchert, who summarizes the genetic types of 
manganese deposits. These are the following:

I. Enrichments of manganese ores of gondites in 
connection with lateritic weathering;

II. Deposits developed in connection with the 
reducing facies of the carbon dioxide zone in marine 
and limited basin environments (Nikopol-Chiatura 
type);

III. Manganese nodules on deep sea bottom;
IV. Manganese ore deposits in shale-chert — 

spilite formation;
V. Deposits in probable connection with initial 

basaltic volcanism;
VI. Manganese enrichments as lateritic weather

ing products of ultrabasic rocks;
VII. Manganese enrichments in connection with 

sialic-palingenic magmatism;

VIII. Deposits due to very specific interaction 
processes between two ground-water masses with 
oxidizing and reducing character (Lindener Mark- 
type);

IX. Deposits of similar origin with additional 
epimetamorphic effects (Postmasburg-type);

X. Lake and bog ores of the terrestrial tundra
facies.

From the other two genetic papers the first deals 
with the sedimentary manganese formations, and it 
tries to find a connection between products and 
processes in recent and ancient manganese deposits. 
The other discusses the origins of Precambrian 
biogenic-sedimentary manganese deposits.

The systematic (regional) geology of manganese is 
further subdivided according to continents and 
countries. Africa is represented by a single paper 
(Gabon), South-America also by one (Brasil), 
Australia by two, New Zealand by one, Europe by 
two (Hungary), Asia by four (including three on India 
and one on South Korea), and the Soviet Union, 
representing a special part of Eurasia, by nine papers. 
This can be easily explained by the overwhelming 
role of the Soviet Union in the manganese production 
of the Earth.

Hungary is not very important from the point of 
view of the world production, but its manganese 
deposits (Úrkút and Eplény) are exploited and 
represented in this book by two papers. The first gives 
a geologic-stratigraphic description of the deposits, 
the other deals in more details with the origin of the 
oxidic manganese ores of the Úrkút Basin. The main 
point of the theory is that they were originally 
sedimentary manganese carbonates, and later certain 
parts of the deposit became oxidized due to the 
sulphuric acid from the pyrite weathering, at the end 
they were partly eroded and newly deposited.

The third volume deals with the manganese 
nodules of some Recent basins, where the develop
ment of manganese deposits is recently active. Their 
importance is partly due to the fact that the genesis of 
these manganese deposits can be immediately ob
served, on the other hand these deposits on the 
bottom of some oceanic basins represent a high 
potential value. In the description of them a general 
(genetic) and a systematic (regional) part can be 
separated.

The genetic part includes four papers. The first 
two discuss the genetics of the manganese ac
cumulated in ocean bottom nodules, favouring a 
terrestrial origin in one, and a cosmic (meteoric) 
origin in the other paper. The other two describe in 
more details the processes of the development of these 
deposits: the first is based on the investigation of
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natural materials, while the second uses artificial 
experimental material and processes for the simula
tion of the natural ones.

In the regional part, basins are separated accord
ing to  their geographic situations. Two papers 
present nodular manganese deposits on the Pacific 
ocean floor, as explored by expeditions, similar 
deposits in the Atlantic and Indian Oceans are 
represented by one paper each. Three following 
papers deal with manganese deposits in shallow 
water basins: the first discusses generally the genesis 
of ferromanganese concretions in Recent basins, the 
second gives a more concrete example for this from 
the Baltic Sea. The third paper deals with the 
freshwater ferromanganese-deposits in North 
America.

The volume is concluded by three papers on 
general (genetic) problems which concern microbi
ological aspects. It is not clear why these papers 
appear at this place, as they were more logical at the 
beginning of this volume, or in one of the earlier 
volumes.

The last paper gives a survey on the problems of 
the mining of polymetallic manganese nodules from 
the ocean floor. The final conclusion is that in spite of 
all difficulties the problems of their mining will be 
solved in a short time, as the technical problems of the 
oil production from the sea bottom were solved in a 
relatively short space of time.

P Kisházi

V G o n s e r  ed.: Topics in Current Physics — 
Mössbauer Spectroscopy II. The Exotic Side of the 
M ethod Founded by H К V Lotsch, Vol. 25 
Springer-Verlag, Berlin-Heidelberg-New York, 
1981, 196 pp. 67 figs DM 62, US $ 28.20

Since its discovery in 1957, Mössbauer effect has 
run an exceptional course. It is used as one of the 
standard spectroscopies in many fields of solid state 
physics, chemistry, mineralogy and biology as 
described in the first volume of the present work 
(M össbauer Spectroscopy, Topics in Applied 
Physics, Vol. 5). On the other hand, these in
vestigations have not exhausted the field, novel 
possibilities are discovered even after a rather long 
period of time. Some of these more sophisticated 
and exotic applications of the effect are reviewed in 
the present volume including the phase problem in 
the structure determination of biological molecules, 
resonance y-ray polarimetry and ion implantation 
studied by conversion-electron Mössbauer spec
troscopy. It is suggested that further unexpected 
applications will be found in physics as well as in 
interdisciplinary research areas. ^  Takács

D J So u t h w o o d  ed.: ULF Pulsations in the Magnet
osphere. Advances in earth and planetary sciences, 
11 Center for Academic Publications. Tokyo and D. 
Reidel, Dortrecht-Boston-London

The volume contains the review papers presen
ted at the IAGA Symposium on pulsations held 
during the 17th General Assemply of UGG1 in 
Canberra, December 1979. The 9 papers cover 
practically all the fields of recent pulsations re
search. A special advantage is that as several authors 
discuss related topics, a more complete picture can 
be obtained by comparing the different views on the 
same phenomenon.

The reviews were written at a moment, when the 
discussions on the origin of the ULF pulsations (this 
name is proposed in the book instead of geomag
netic pulsations, as it seems to the authors that 
geomagnetic is a too narrow adjective for the 
phenomenon) resulted in a consensus that pulsa
tions are either excited in, or are strongly influenced 
by the extramagnetospheric space. The solar wind, 
the direction and magnitude of the interplanetary 
magnetic field all influence certain parameters of the 
pulsations, and as soon as some secondary in
fluences can be expressed numerically, pulsations 
may be used as an efficient tool for the deter
mination of certain interplanetary parameters. The 
papers discuss both the excitation and the modifi
cation of the hydromagnetic waves responsible for 
the pulsations. Most papers are accompanied by a 
short account on the history of the topic. It is really 
admirable how many impetus in this field is due to 
Dungey’s ideas: nearly all papers begin with his 
name.

Rostoker, Samson and Olson discuss longi
tudinal and latitudinal variations of Pc 4, 5 pulsa
tions with the result that a great part of the 
characteristics are consistent with a Kelvin- 
Helmholtz source, but for certain events an inner 
magnetospheric source cannot be excluded.

Kokubun reports on satellite-ground corre
lation of Pc pulsations. He summarizes the types 
which occur in space and lists also the ground 
occurrences. He summarizes the causes for the 
differences. Most of his paper is also concentrated 
on Pc 4, 5.

Hughes gives an account on multi-satellite 
observations of pulsations. This new possibility is 
very effective in pulsations research. Among others, 
the idea of shell resonances has been confirmed by it, 
and the width of the resonant shells could also be 
determined to be less than 1 R E. There is a great 
difference between morning and afternoon Pc 4 
waves which hint at different physical origins.
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A possible mechanism responsible for the after
noon Pc 4 activity has been elucidated by South- 
wood in a following paper. The excitation would be 
due to energetic particles. He compares theoretical 
results with observations and finds an acceptable 
agreement, including the lack of this type of activity 
at ground.

McPherron describes substorm-associated pul
sations at synchronous orbits. He can distinguish a 
number of different types of activity, for which he 
enumerates the main characteristics and possible 
excitation mechanisms.

Greenstadt, McPherron and Takahashi describe 
the solar wind control of daytime pulsations. They 
give a review of previous results, select sure results 
and propose a model which can explain most of the 
observed characteristics. In this model, a part of the 
waves are generated in the quasi-parallel bow shock 
in the forenoon sector by local cyclotron instability, 
while at the flanks of the magnetosphere the Kelvin- 
Helmholtz instability is active.

Walker and Greenwald describe the auroral 
radar pulsations which add an important aspect to 
other existing methods. In the Pc 5 range, the results 
confirm several results obtained by conventional 
methods, e.g. the rotation of the magnetic field in the 
ionosphere, and can already be used for the 
determination of the equatorial plasma density and 
height integrated ionospheric conductivity.

Knox and Allen, as well as Andrews, Lanzerotti 
and Maclennan deal with the ionospheric modifica
tion of pulsation waves. The first paper discusses 
damping and coupling of the waves in the iono
sphere, and their consequences, the second one 
describes a new method, the Doppler shift on 
whistler mode signals from VLF transmitters which 
could be used for the verification of the rotation of 
the magnetic field in the ionosphere.

Most papers summarize some future tasks which 
the authors consider to be necessary to solve in the 
next years. Thus the book can be qualified as state of 
art on the pulsations research, as well as an agenda 
on experimental and theoretical fields. In any way, 
this is a very important and also interesting work for 
all pulsation people and even for those who are 
interested in related topics.

J Verő

H Swinney and J P Gollub eds: Hydrodynamic 
Instabilities and the Transition to Thrbulence. Haver- 
ford, PA, USA Springer-Verlag, Berlin-Heidelberg- 
-New York 1981. 81 figures, 8 tables, 292 pages

In the classical physics there are most unsolved 
problems in hydrodynamics, within it chiefly in the 
subject of instabilities and turbulence, therefore it 
has been very timely to publish this book.

After an introduction the book consists of eight 
papers, seperated, nevertheless connected with each 
other, creating an organic unity. The first three 
papers are of theoretical character, describing the 
processes of the hydrodynamic stability, the transi
tion to turbulence, the bifurcation and the chaotic 
behavior of the fluids in several kinds of flow. The 
following three chapters deal with some special 
cases (the transition to turbulence in Rayleigh- 
Bénard convection, the instabilities in flow between 
concentric rotating cylinders, the shear flow insta
bilities and vortexes etc.). It is a recommendable 
model in these papers that following the deduction 
of the basic equations the authors lead the readers 
beginning from the discussion of the linear and 
nonlinear theories, with presentation of results 
obtained by numerical and analitical approxi
mation methods and where it is possible, with the 
comparison of results with the experimental ob
servation through all the steps of the given problem.

For geoscientists the eighth chapter is of much 
more interest, where practical questions as the 
instabilités in a stratified fluid, the shear processes, 
the baroclinie instability, the multidiffusive in
stabilités etc. are discussed. Though because of the 
wide range of the discussed problems and the 
concise treatment some parts are more difficult to 
understand (this refers to some parts of the theoret
ical papers, too) the abundant references help 
readers in full understanding. The ninth chapter 
deals with the instabilities and chaos in nonhydro- 
dynamical systems studying such examples (the 
Rikitake dynamo model for the Earth’s magnetic 
field, the Belousov-Zhabotinskii chemical reaction, 
population dynamics, the van der Pol equation 
applicable in a lot of fields of physics etc.). That 
interests a wide range of readers from geophysicists 
through engineers till economists, alike.
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This book is filling a gap in every respect, and 
gives useful knowledge both to inexperienced and 
well versed readers in some problem.

M Varga

G  K ovács: Seepage Hydraulics. Jointly published by 
Akadémiai Kiadó, Budapest and Elsevier Scientific 
Publishing Company, Amsterdam, 1981, 730 pages, 
480 Ft

The 730 page book has been written in five parts 
and is containing altogether nineteen chapters; it is a 
revised and up-dated version of Author’s book with 
a similar title published in Hungarian in 1972. In 
Part 1 a review is given of the fundamentals of the 
investigation of seepage (general characteristics, 
physical and mineralogical parameters influencing 
permeability, dynamics of soil moisture, balance of 
the ground-water space). Part 2 deals with the 
dynamic interpretation and determination of hy
draulic conductivity in homogeneous loose clastic 
sediments (dynamic analysis of seepage, hydraulic 
conductivity of saturated layers, seepage through 
unsaturated layers). Part 3 discusses the permea
bility of natural layers and processes influencing its 
change in time (hydraulic conductivity of loose 
clastic sediments, motion of grains in cohesionless 
loose clastic sediments, investigation of clogging, 
hydraulic conductivity and intrinsic permeability of 
fissured and fractured rocks). Part 4 gives a kinema
tic characterization of seepage (kinematic relation
ships for laminar seepage, boundary and initial 
conditions of potential flow through porous media, 
kinematic characterization of non-laminar seepage). 
Finally, Part 5 presents the solution of movement 
equations describing seepage (characterization of 
two-dimensional potential seepage, combined 
application of various mapping functions, Jtoriz- 
ontal unconfined steady seepage, investigation of 
horizontal unsteady seepage, model laws for sand 
box models).

The Author’s intention was to give in this book a 
summary of the results attained recently in seepage 
hydraulics covering the bordering fields of earth 
sciences, technical sciences and physics. A better 
understanding of the processes which govern the 
movement of water through porous media has 
resulted in recent years from improved experimental 
methods and from the availability of computers in 
carrying out intricate investigations. His aim was to 
establish an integrated system that comprises all 
fields of seepage hydraulics, by starting with the 
dynamic analysis of the process, then determining

both theoretically and in practical ways the param
eters characterizing water movement and storage in 
porous media, and to give kinematic descriptions of 
the phenomena. Theoretical and practical, physical 
and mathematical approaches were considered 
together with scientific aspects of hydraulics, hy
drology, geology and soil science.

A remarkable new feature of the book is to 
characterize porous media on the basis of a cont
inuum approach where the random change of the 
internal structure is considered by the application of 
statistical models both for granular and for frac
tured media. Dynamic principles are used to deter
mine the capacities of transport and of storage of 
water of loose clastic sediments and of fractured 
rocks, resulting in the introduction of simple 
relationships for characterizing both saturated and 
unsaturated conditions.

From a practical engineering aspect it should be 
appreciated that Author has compared through 
numerous examples the soulution of kinematic 
equations with precise theoretical methods and with 
simplified approximations used in practice, and has 
proved the applicability of the latter.

The book should primarily be considered as a 
manual which helps in solving practical problems 
concerning water movement in porous media and 
will thus be useful for those working in mining, civil 
engineering and agricultural engineering. Further, 
as it contains an extensive amount of field- as well as 
experimental data, it can also serve as a basis for 
researches interested in the same fields.

P Major

T R iki take  ed.: Current Research in Earthquake 
Prediction 1. (Developments in Earth and Planetary 
Sciences 02) Center for Academic Publications 
Japan, Reidel, Dordrecht, 1981, 383 pi.

The increasing interest in and success of earth
quake prediction is reflected by the increasing 
number of books published on this topic. Quite 
recently another publication dealt with the general 
trends of earthquake occurrence, e.g. with seismic 
gaps; now this one summarizes more the immediate 
precursors, as height changes, precursory seismo- 
logical events, anomalous behaviour of animals, 
magnetic and electric phenomena. Most data of this 
book are from Japan, but appropriate attention is 
paid to results achieved in the United States, Soviet 
Union and China, too. A common feature of the 
discussion of the precursors is that a clear selection 
of precursors and the determination of the precursor
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— seismic event time difference is always striven at. 
This helps the readers to differentiate between vague 
and too early, may be often dubious precursors, and 
such ones which precede shortly the main shock and 
can be immediately identified as precursory events. 
This is already clear in Professor Rikitake’s intro
ductory review, where two different kinds of precur
sors are separated. The first one has a precursor time 
depending on the magnitude of the quake, reaching 
a value of several years for a really great shock 
(magnitude of about 8.0). The second kind has a 
precursor time of some hours, independently of the 
magnitude. There is perhaps a third type with a 
delay of several days.

Rikitake follows with a detailed survey of the 
precursors of the Izu-Oshima earthquake (1978, 
magnitude 7.0), when a successful prediction has 
been issued two hours before the main shock. It was 
based on a sudden decrease of the earthquake 
activity. In addition to this, there were many other 
observations including vertical movements, radon 
content, magnetic and electric variations, etc. The 
anomalous animal behaviour for this shock is 
described in a separate paper, including nearly as 
many observations as were previously known for all 
other events.

M Wyss deals with earthquake prediction in the 
US: The methods include there measurements of 
seismic velocity, seismicity, crustal deformations 
(including the most famous one, the Palmsdale 
Bulge), stress measurements, magnetic field data and 
a number of other possibilities. The gradation of 
predictions leads over already to the next paper, on 
the public reaction on earthquake prediction (J R 
Hutton, J H Sorensen, D S Mileti). The real danger 
of false prediction could be seen just a few years ago 
in Hungary, in a country with not too many 
dangerous earthquakes, when uncontrollable 
sources predicted a strong earthquake just in the 
capital, in Budapest and there was general alarm, 
nearly panic in spite of denials from all official 
seismological sources. It is clear that damages due to 
earthquakes must be compared with expenses due to 
false alarms.

In the second part of the book, surveys of the 
most promising methods are given, mainly based on 
Japanese data, but reporting also successful Chinese 
and Soviet pridictions. T Dambara reviews geodetic 
methods, level changes, prediction of the rupture 
zones, occurrence times, tidal observations, horiz
ontal movements. This is the most comprehensive 
paper of the book, and its data are very useful for the 
planning of geodetic surveys for prediction pur
poses. К Hamada summarizes prediction-oriented

seismology, where different aspects of this possi
bility are presented with great care to avoid 
uncontrollable statements. Y Honkura reviews two 
of the most promising methods, those of magnetic 
and electric variations. It seems that in spite of 
accuracy problems, electric field and resistivity 
changes will prove as one of the most powerful tools 
to predict earthquakes.

In the last years, the first successful predictions 
of earthquakes were issued. Greatest interest was 
arosen by the prediction of some Chinese quakes. It 
seems that a warning is possible in the near future, in 
spite of many setbacks and human problems which 
are sure to happen.

J  Verő

A Ben - M ena he m  and S J S in gh : Seismic Waves and 
Sources. Springer Verlag, Berlin-Heidelberg-New 
York, 1981, XXI+ 1108 pages, with 307 Figs

The authors’ aim has been to give a compre
hensive account on the generation of elastic waves 
by realistic earthquake sources and their propa
gation through realistic earth. They also claim to fill 
a wide gap between the level of existing textbooks on 
seismology and the level of advanced papers appear
ing in research journals.

The field to be covered is vast and the authors 
should necessarily be selective. As they state in the 
preface they had been forced to concentrate on the 
topics that belong to the mainstream of contempor
ary seismology, and exclude e.g. the discussion of 
scattering and diffraction of seismic waves or the 
theory of leaking modes.

Chapter 1 gives a brief summary of classical 
continuum dynamics. Besides the fundamental 
concepts of stress, strain, deformations and the 
derivation of field equations it includes the Lagran- 
gian formulation which is then used in Chapters 5 
and 10.

Chapter 2 deals with the solution of the wave 
equation for infinite space. The plane wave solution 
in Cartesian, circular cylinder and spherical coor
dinates are given and their interrelation is pointed 
out.

Chapter 3 is devoted to the interaction of plane 
waves with planar discontinuities, including re
flection and refraction at a single interface, reflection 
at a free surface, surface waves, spectral response of a 
multilayered crust as derived with the aid of the 
matrix propagator algorithm. The utilization of 
dispersion curves of seismic surface waves in 
estimation of crustal and upper mantle structure is 
briefly discussed here.
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Chapter 4 deals with seismic sources and the 
application of elasticity theory of dislocations. The 
fundamental Stokes-Love solution of the inhomoge
neous Navier equation is the starting point and from 
it the theory of dipolar point sources is developed 
and used for describing displacement dislocations. 
The theory of earthquake sources, fault-plane 
geometry, theoretical seismograms in an infinite 
medium, displacements in the near and for fields, 
radiations from spherical cavities, finite moving 
sources are discussed in detail.

Chapter 5 is devoted to the surface-wave 
amplitude theory. The amplitudes of surface waves 
are related to the kinematic parameters (fault length 
and rupture velocity) of the sources. Several 
examples illustrate the application of this new field 
of seismology, justly called “terrestrial interfero
metry”.

Chapter 6 deals with the free oscillations of the 
Earth, including basic theory of free oscillations, 
numerical methods for the calculation of the 
eigenfrequencies and spectral amplitudes for real
istic models. The splitting effects due to the rotation 
of the earth and the effects of source finiteness and 
motion are also discussed.

Chapter 7 concerns geometric elastodynamics, 
rays and generalized rays. It starts from the equation 
of motion and after the asymptotic body wave

theory it develops the amplitude theory of body 
waves in a radially inhomogeneous earth. The 
concept of a generalized ray is introduced here and 
ground motion is determined by the generalized ray 
method.

The connection of normal modes and rays 
is explained in Chapter 8, which discusses the 
asymptotic theory of earth’s normal-mode situat
ions in great detail.

Chapter 9 is devoted to atmospheric and water 
waves excited by earthquakes or nuclear explosions, 
such as tsunamis, seiches, air waves, pressure- 
induced surface waves, coupled air-sea waves as well 
as Rayleigh waves and acoustic-gravity waves.

Chapter 10 deals with the propagation of waves 
in viscoelastic solids. The attenuation of body waves 
and dispersion of attenuated surface waves are 
discussed.

The book is well illustrated with numerous 
figures, tables and solved examples. The material is 
indexed and a list of references is given at the end of 
each chapter. An addition several appendices de
scribe the mathematical tools employed in the book.

Functional both as a textbook and a handbook 
this work may be useful to university students and 
research workers alike and it is a welcome addition 
to the literature.

A Meskó
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PROZESS-ANALYSE EINES FLOTATIONSWERKES 
MIT HILFE EINES COMPUTER-PROGRAMMES

Sz Pe th ö 1

[Eingegangen am 6. Januar 1981]

Der Trennungsprozeß in Flotationswerken und die dafür geltenden Beziehungen und 
Funktionen werden in allen Einzelheiten einer Analyse unterzogen. Für ein Flotationswerk zur 
Anreicherung von Chalkopyrit wird ein Computer-Programm aufgeschrieben, mit dessen Hilfe alle 
jene Änderungen erfaßt und verfolgt werden können, die sich aus der systematischen Veränderung 
der Kopplung der Flotationszellen für die Hauptparameter, wie: Massenausbringen, Mineralgehalt, 
Mineralausbringen und Trennwirkungsgrad ergeben. Auf Grund der erzielten Ergebnisse werden 
bezüglich des Flotationsbetriebes auf Chalkopyrit wichtige Gesetzmäßigkeiten erkannt und 
festgestellt. Die wichtigsten von diesen können verallgemeinert werden.

Keywords: chalkopyrite; computer programs; effectivity of flotation; flotation plant; process- 
analysis

Die Trennungs-Funktionen des Flotationswerkes im Falle 
einer Zurückfiihrung des Zwischenproduktes

Wie bekannt, ergibt sich bei einem Zellenkopplungssystem nach Abb. 1 das 
Massenausbringen an Schaum mh und an abgehendem Bergematerial mm (Pethö 1977a, 
Pethö 1978) aus den Beziehungen

und

n  r

**= I  z
i =  1 j -  1

N 1 + N 2  N  N

1 П  Qijv~^~ P I  Яij \  P I  Qijv
\  =  N i + l  V = N 1 + 1 v = l

N 1 + N 2 N

1 П  Qijv~^~ П  Qijv
v  = N i +  l v  =  N i + l

n г П  Чф
m <” =  Z  Z  m a  N 1 + N 2 N

! -  П  Чф+ fl Чф

( i )

(2)
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Ï  5  m,: * 1  Ni + N2 ♦ N3 = N = Л8
i = 1 j=1 *

Abb. 1. Schema der Zellenkopplung in einem Flotationswerk 

Der Massenanteil des zurückgeführten Zwischenproduktes mk aber ist:

N , + N  2 f  N

П  Яф ( 1 — П  Яф
V — 1 \  v =  N  i +  N 2 +  1

n  r

= Z Z m U --------- ÏÜ ÏÏT 2

! -  П  Я ф +  П  Я ф
v = Ni + 1

N

ПV - Nt + 1

(3)

Nach Abb. 1 ist die Gesamtanzahl der Zellen N (48). Der Schaum der ersten Zelle 
Ni + N 2 ( 4  + 2 1  = 25) ist das Konzentrat, während von den letzten Zellen N 3 (23) das 
Zwischenprodukt auf die Zelle (N +1) rezirkuliert. Zwischen den Zeilenzahlen besteht 
folgende Beziehung:

N = N l + N 2 + N 3. (4)

Das Aufgabegut von Masseneinheit besteht aus n Mineralien. Das Mineral i von 
Massenquote m, kann je nach seiner Flotierbarkeit in r Teile geschieden werden (Petho 
1977a, Petho 1977b, Petho 1978). Für das Ausbringen /с0 jedes dieser Massenanteile mu 
als Funktion der Zeit t  gilt die Gleichung

k , j = l - exp(-Ayt); i = 1,2, . . . , n  und 7 = 1,2, . . . , r .  (5)

In dieser Gleichung bedeutet Яу die Neigung zum Flotiertwerden. Die Kennzeichnung 
des der Zellenreihe aufgegebenen Materials lautet demnach:

Z  Z  m‘J= Z « ! - 1-
i = l  j = 1 Ï = 1

qiJy ist in dem aus der Zelle v(v = 1,2 . . . ,  N) abfließenden Produkt das Ausbringen j  an 
Mineral i, dessen Abhängigkeit von der Neigung zum Flotiertwerden Ay und der 
Aufenthaltszeit Tv aus folgender Beziehung hervorgeht:

Яф = exp( — AyTv). (7)
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Der Mineralgehalt b, und ct des Schaumes und des abfließenden Produktes beträgt

N i  +  N i  N  N

I r П  Яф + П  Яф~ П  Яф
I 1 V  ^  V = JVi + 1 v = Ni + l V- 1Oj— 2  ̂ mij~ mh j=i n , + n 2

1 П  4ijv~̂  П  4ij*
V

ПV = Ni + l

( 8)

N

j г Г К .
Ci = X m 4  N, +N2i=

1 -  П  <?uv+ П  %
N

П
v =  JV i + l

(9)

Die Mineralausbringen kf und /С, betragen in den beiden Trennprodukten:

und

N i  +  N 2  N  N

, , 1 — П  4ijv+ П  Ч ф -  П  яф
I  _  V  m  V  — N I +  1 v - N i + 1 ________ V=1
K ‘ m  L  N , + N 2 N

1 -  П  ««.+ п  Яф
v  =  N  1 + 1 v  =  N i + l

j г П  Яф

^ i  =  Z 7  X  m i j  N , + N ilvl П  1 f  1У 2 Pl

" = 1  i -  П  Яф+ П
v  =  N  i + l v  =  N i  +  \

Qijv

( 10)

( 1 1 )

Die Summe von kj und K, ist = 1.

Analyse der Trennungsfunktionen

Oft kommt es vor, daß das Mittelprodukt auf die erste Zelle rezirkuliert wird. In 
diesem Falle ist N ,= 0  und N 2 + N 3 = N. Dementsprechend ist laut (1) das 
Massenausbringen an Konzentrat

„ , i -  fl Яф
m h =  X X " u --------- ЛГ2 N -------- • ( 1 2 )

1= 1 J=l i -  П<?у,+ П яф
» = 1  V = 1

Das Massenausbringen des abfließenden Produktes, der Mineralgehalt und die 
Mineralausbringen der Produkte können entsprechend dem bisherigen, in diesem 
Spezialfall gleichfalls berechnet werden.
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Das Massenausbringen des Schaumproduktes nach (1) kann auch in folgender 
Form aufgeschrieben werden

П  Qir

w * = 1 ~  t  Í  m4---------------IÜTnT
1 1 1 1 ~  П  Qijv +  П  Яф

N

ПV - Ni + 1

(13)

Das Massenausbringen hat ein Maximum, wenn der Nenner den Maximalwert 1 
annimmt:

( N , + N 2  N

i — П яф + П
v = ÍVt + l  v = N i +  1

Die Gleichheit wird nur in den Fällen N 2 = /V3 = 0, und N t = N erfüllt. Deswegen ist 
das Massenausbringen im Falle des Inreiheschaltens einer Anzahl N an Zellen 
maximal, d. h.:

max = 1 -  £  £  ти П  Яи» bei v= 1. (14)
Í  =  1  j  =  1  V =  1

In diesem Falle ist das Massenausbringen des abfließenden Bergeproduktes minimal.
Wenn der Nenner (13) minimal ist, dann hat auch das Massenausbringen ein 

Minimum. Dies aber erfolgt nur dann, wenn das 2. Glied mit negativem Vorzeichen 
den möglichst größten, das 3. Glied mit positivem Vorzeichen aber den möglichst 
kleinsten Wert annimmt. Die beiden Bedingungen werden in den Fällen N 2 = 0 und 
N 2 = 0  erfüllt. Hierbei erfolgt die Ableitung des Schaumes nur von der ersten Zelle, 
während der Schaum der übrigen N+ \ Zellen auf die Zelle 1 rezirkuliert wird.

Das Schaumprodukt von minimalen Massenausbringen beträgt dann:

N

n г П  Я ф

^ mi„ = i -  X  t  mij— v ■1 -  N— • 0 5)
l j  1 i — 4iji  +  П я фV — 1

Das in (3) angegebene rückgeführte Produkt hat in diesem Falle ein Maximum

„ r «yii1-  П9у»)
w*max= £  £ т13----------- ^4----- • (16)

1 1 1 1 — Я ц 1  +  П я ф
v= 1

Somit beträgt die Gesamtaufgabe der Zelle 1: 1 + mk mai. Dabei hat auch das 
abfließende Bergeprodukt ein Maximum.
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Praktische Anwendung und Computer-Programm

In Tabelle I sind die Ergebnisse der mit einem chalkopyritisch-pyritischen Erz 
durchgeführten Flotationsversuche angegeben. Die Produkte wurden auf Cu und Fe 
analysiert (Spalte 4 und 5); aus diesen wurden die Gehalte an Chalkopyrit, Pyrit und 
Bergen bestimmt. Mit den Mineralgehalten (Spalte 6 , 7, 8 ) können die Ausbringen 
(Spalte 9, 10, 11) errechnet werden. In Abb. 2 wurde die Ausbringungsfunktion des 
Chalkopyrit dargestellt. Mit dem in der Abbildung dargestellten Entwurf (Pethö 
1977a, Pethö 1978) kann nach Flotierbarkeit der Chalkopyrit in drei Fraktionen 
getrennt werden (0,5819 • 0,0166 = 0,009 6 6  .. .). Die sich daraus ergebenden Massen
quotienten (ffljy), und ihre Flotationsneigung (Ay) können aus Tabelle II entnommen 
werden.

Der Zellenrauminhalt v beträgt 16 m3, das aufgegebene Arbeitstrübevolumen 
5 , ,

V= — 10 m3/h; Tj = 1,152 min. Mit den Kennwerten für Flotationsneigung Xtj und

der Flotationszeit Tx können dann die Zellenausbringen qiJX direkt berechnet werden 
(Tabelle II).

In den Tabellen III und IV sind die Trennungsergebnisse (Massenausbringen, 
Mineralgehalte, Mineralausbringen und Flotationszeit) bei der Kopplung von zwei 
Zellenreihen zu finden. Die Gesamtzahl der Zellen (N) beträgt in beiden Fällen 48. In 
Tabelle III sind die Trennergebnisse der Reihenschaltung zu sehen. Bei der Kopplung 
nach Tabelle IV wird der Schaum der letzten 16 Zellen auf die 17. Zelle zurückgeleitet; 
somit ist N , = JV2 = N 3 = 16. Die Trennergebnisse der beiden Kopplungsarten weichen 
von einander ab. Bei der Rezirkulation des Schaumes ist das Massenausbringen an 
Schaumprodukt kleiner, doch bessert sich die Qualität der Produkte. Das Ausbringen 
an Chalkopyrit verschlechtert sich etwas, zugleich aber bessert sich das Bergeausbrin
gen.

Tabelle I. Auswertung der Ergebnisse der Flotationsversuche

Produkt
Massen
ausbrin

gen

Flo-
tier-
zeit

Metallgehalt Mineralgehalt Mineralausbringen

Cu Fe Chal
kopyrit Pyrit Berge Chalko

pyrit Pyrit Berge

1 2 3 4 5 6 7 8 9 10 11

K , + K 2 0,1038 10 0,0420 0,1212 0,1212 0,1810 0,6978 0,758 0,210 0,081
К 3 + К> 0,1518 20 0,0130 0,1846 0,0376 0,3714 0,5910 0,867 0,408 0,113
К 5 +  К б 0,1870 20 0,0058 0,1029 0,0167 0,2096 0,7737 0,902 0,491 0,143
м 1,0000 - 0,00070 0,0268 0,00202 0,0562 0,9418 1,000 1,000 1,000

Insgesamt,
Mittelwert 50 0,00574 0,0468 0,0166 0.0897 0,8937
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mi, =0.5819 
m'i2 = 0.2319 
m*,-,= 0.1861 

0.9999

Abb. 2. Ausbringungs-Funktionen für ein chalkopyritisches Erz, das aus Anteilen von verschiedener
Flotationsneigung besteht

Mit Anwendung der bisherigen Daten haben wir für den Fall der Zellenanzahl 
N = 48 und jede mögliche Kopplung die Trennergebnisse mit dem Computer (ODRA) 
berechnet. Mit Berücksichtigung von Abb. 1 beträgt die Anzahl sämtlicher möglicher 
Kopplungen:

jv-t
I  (A —v )+ l.

V = 1

Mit dem Computer ließen wir das Massenausbringen des Schaumproduktes, ferner 
den Chalkopyrit-, Pyrit- und Bergegehalt aller beider Produkte, wie auch die auf beide 
Produkte der gleichen Mineralien bezüglichen Ausbringen ausschreiben. Von diesen 
Ergebnissen ist — mit Ausnahme der auf Pyrit bezüglichen Trennergebnisse — ein Teil 
(N i=  9, N2 = l, 2 . . . ,  38; А, = 10, N2 = l, 2, . . . ,  37) in Tabelle V enthalten. Diese 
Tabelle enthält außerdem noch die Differenzen zwischen der mit t/, bezeichneten 
Differenz ki —mh (Differenz des Chalkopyrit-Ausbringens und des Massenausbringens 
an abfließendem Produkt) und der Größe H3, wobei H3- K 3 — mm ist. Diese sind 
proportional mit den entsprechenden Wirkungsgraden.
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Tabelle II. Durch Versuche ermittelte Parameter: Massenanteile m,j, 
Flotationsneigung Xtj und Zellenausbringen qu,

Chalkopyrit
Massenanteil Flotationsneigung Zellenausbringen

1 2 3

m,, =0,00966 Д ,,=  0,5640 <?,,,= 0,5222
m12 =0,003 85 2 , 2  = 0,1077 <?i 2i =0,8833
m, з = 0,003 09 Au  = 0,0128 </, 3, =0,9854

m, =0,01660

Pyrit
Massenanteil Flotationsneigung Zellenausbringen

4 5 6

m2l =0,0296 Д2, =0,081 40 92n  =0,9105
m22 = 0,0601 X22 = 0,005 85 922i =0,9933

m2 =0,0897

Berge
Massenanteil Flotationsneigung Zellenausbringen

7 8 9

m3, =0,0554 ДЭ1 =0,30400 9з, ,=0.7045
т 32 = 0,8383 Д32 = 0,001 88 «321 =0,9978

m, =0,8937

Tabelle III. Trennparameter des Flotierwerkes für Chalkopyrit (N = 48, 
T= 64,846 min)

Trennparameter Aufgabe Konzentrat Berge

1 2 3 4

Massenausbringen 1 ,- 0,2153 0,7847

Chalkopyrit 0,0166 0,0708 0,0017
Mineralogische Pyrit 0,0897 0,2249 0,0526
Zusammensetzung Berge 0,8937 0,7043 0,9457

Zusammen 1,0000 1,0000 1,0000

Chalkopyrit 1 ,- 0,9186 0,0814
Mineralausbringen Pyrit 1 ,- 0,5398 0,4602

Berge 1 ,- 0,1696 0,8304
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Tabelle IV. Trennergebnisse des Flotierwerkes für Chaikopyrit, wenn 
Wi =  Af2 = JV3 =  16, N  aber =  48 ist

Trennparameter Aufgabe Konzentrat Berge

1 2 3 4

Massenausbringen 1 ,- 0,1542 0,8458

Chaikopyrit 0,0166 0,0967 0,0020
Mineralogische Pyrit 0,0897 0,2795 0,0551
Zusammensetzung Berge 0,8937 0,6238 0,9429

Zusammen 1 ,- 1,0000 1,0000

Chaikopyrit 1 ,- 0,9092 0,0908
Mineralausbringen Pyrit 1 ,- 0,5104 0,4896

Berge 1 ,- 0,1190 0,8810

Detaillierte Prozeßanalyse der Chalkopyrit-Flotation

Um ihre Gesetzmäßigkeiten klarer erkennen zu können, haben wir die 
Änderungen der Trennergebnisse auch in Diagrammen dargestellt. In Abb. 3 sind — 
für den Fall, daß IV, konstant (IV, = 23) ist — in Abhängigkeit von N 2(N2 = 1, 2, .. 
24; N 3 = 25 — N 2) — die Änderungen des Massenausbringens mh, des Chalkopyrit- 
Gehaltes bx, des Chalkopyrit-Ausbringens K, und der Differenzen rj = k1—mh zu 
sehen. In Abb. 4 aber sind — wie vorher— in Abhängigkeit von N 2 die Änderungen des 
Massenausbringens an Bergen mm, des Ausbringens K 3 und der Differenz H3 = K 3 
— mm dargestellt. In den nächsten zwei Abbildungen ist N 2 konstant (N2 = 22) und TV, 
ist die unabhängig variable Größe (Nx = 1,2, .. .,25, N 3 = 26 — IV,). Dementsprechend 
kann man in Abb. 5 die Veränderungen der Größen mh, bl , k l und r\, in Abb. 6  aber die 
der Größen mm, К 3 und H3 verfolgen.

Auf Grund der Werte in Tabelle V, bzw. der Funktionen der vorherigen vier 
Abbildungen können bezüglich der Änderungen der Trennparameter gewisse 
Gesetzmäßigkeiten festgestellt werden. Jene Zahlenwerte, welche diese Gesetzmäßig
keiten ausdrücken, sind in den Tabellen VI und VII zusammengefaßt.

Die Gestaltung der Trennergebnisse, wenn iV, konstant ist

Ist Ni konstant, dann wächst mh mit steigendem N 2(N2 — 1, 2, . . . ,  N — ÍV, — 1), 
bzw. mit sinkendem N 3. Diese Zunahme aber verläuft nicht gleichmäßig: Wenn z. B. 
bei N j =23 (Abb. 3) N 2 von 1 auf 2 zunimmt, dann wird das Massenausbringen um 
0,00222 größer. Wenn sich aber N2 von 23 auf 24 ändert, dann ändert sich mh um den 
Betrag 0,00156. — Es ist sehr wichtig hervorzuheben, daß unabhängig von dem Wert 
Ni die durchschnittliche Zunahme des Massenausbringens Amh (Tabelle VI) prak-
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T a b e l l e  V. Detail aus dem Computer-Program

N , N ,=  9, N 3 = 39-TV2 TV, = 10, N , = 38-TV2

b. k i Пх К з H , b. k i n i K , Из

1 0,11406 0,12247 0,841 48 0,72742 0,92429 0,038 35 0,115 80 0,12099 0,84398 0,728 18 0,92289 0,03869
2 0,11670 0,12048 0,84697 0,73027 0,92280 0,039 50 0,11841 0,11907 0,84933 0,73092 0,921 39 0,03980
3 0,11888 0,11891 0,851 56 0,73268 0,92131 0,040 19 0,12058 0,117 54 0,85381 0,73323 0,91990 0,04048
4 0,12093 0,11747 0,85572 0,73479 0,91982 0,04075 0,12262 0,11614 0,85786 0,73524 0,91841 0,04103
5 0,12291 0,11609 0,859 56 0,73665 0,91834 0,041 25 0,124 59 0,11480 0,861 60 0,73701 0,91693 0,041 52
6 0,124 84 0,11477 0,86313 0,738 29 0.91685 0,04169 0,126 52 0,11350 0,86508 0,738 56 0,91545 0,04197
7 0,126 75 0,11348 0,86647 0,73972 0,91537 0,04212 0,12841 0,112 25 0,868 33 0,73992 0,91397 0,042 34
8 0,128 62 0,11223 0,86960 0,74098 0,91390 0,04252 0,13028 0,111 03 0,871 38 0,741 10 0,91249 0,04277
9 0,13048 0,111 01 0,872 54 0,74206 0,91242 0,04290 0,13213 0,10983 0,87425 0,74212 0,91102 0,043 15

10 0,13231 0,10982 0,875 31 0,74300 0,91095 0,04326 0,13396 0,10867 0,87695 0,74299 0,90955 0,043 51
11 0,13413 0,10865 0,87792 0,74379 0,90948 0,04361 0,13577 0,107 54 0,879 50 0,74373 0,90808 0,043 85
12 0,13593 0,107 52 0,88039 0,74446 0,90802 0,04395 0,137 56 0,10643 0,88191 0,744 35 0,90662 0,04418
13 0,13771 0,10641 0,88273 0,74502 0,906 56 0,044 27 0,13933 0,105 34 0,884 19 0,74486 0,905 16 0,04449
14 0,13947 0,105 33 0,88494 0,74547 0,90510 0,04457 0,141 09 0,104 29 0,88635 0,74526 0,903 70 0,044 79
15 0,14122 0,104 27 0,88704 0,74582 0,903 65 0,044 87 0,142 83 0,10325 0,88841 0,745 58 0,902 25 0,04508
16 0,14296 0,10323 0,88904 0,74608 0,90219 0,04515 0,144 56 0,10224 0,89036 0,745 80 0,90080 0,04536
17 0,144 68 0,10222 0,89093 0,74625 0,90075 0,04543 0,14627 0,101 25 0,892 21 0,74594 0,899 35 0,045 62
18 0,146 38 0,101 24 0,89274 0,74636 0,89930 0,04568 0,14797 0,10029 0,893 98 0 , 7 4 6 0 1 0,89791 0,04588
19 0,14808 0,10027 0,89446 0 , 7 4 6 3 8 0,89786 0,04594 0,14966 0,099 34 0,895 66 0,746 00 0,89647 0,04613
20 0,14976 0,09933 0,896 10 0,74634 0,89643 0,046 19 0,15134 0,09842 0,89727 0,74593 0,89504 0,04638
21 0,15143 0,09841 0,897 67 0,74624 0,89500 0,94643 0,15300 0,09752 0,89881 0,74581 0,89361 0,04661
22 0,15308 0,097 51 0,899 17 0,74609 0,89357 0,04665 0,15465 0,096 64 0,90028 0,74563 0,89218 0,04683
23 0,15472 0,09662 0,90061 0,74589 0,892 14 0,04686 0,15629 0,09577 0,901 68 0,74539 0,890 76 0,047,05
24 0,15636 0,09576 0,90198 0,74562 0,89072 0,04708 0,15791 0,09493 0,90303 0,74512 0,88934 0,04725
25 0,15798 0,094 92 0,90329 0,745 31 0,889 31 0,04729 0,15953 0,094 10 0,90431 0,744 78 0,88792 0,04745
26 0,159 59 0,094 09 0,904 55 0,74496 0,88789 0,04748 0,161 13 0,093 29 0,905 55 0,74442 0,886 51 0,04764
27 0,161 19 0,09328 0,905 76 0,744 57 0,88648 0,04767 0,16272 0,092 50 0,90674 0,74402 0,885 10 0,047 82
28 0,16277 0,09249 0,90893 0,74416 0,88508 0,04785 0,16431 0,091 72 0,907 87 0,743 56 0,883 70 0,04801
29 0,164 35 0,091 71 0,90804 0,74369 0,883 68 0,04803 0,165 88 0,09096 0,90897 0,74309 0,882 30 0,048 18
30 0,16592 0,09096 0,90912 0,743 20 0,882 28 0,048 20 0,16744 0,09022 0,91002 0,742 58 0,88090 0,048 34
31 0,16748 0,09021 0.91015 0,74267 0,88088 0,048 36 0,16899 0,08949 0,91103 0,74204 0,879 51 0,048 50
32 0,16902 0,08948 0,911 14 0,74212 0,87949 0,048 51 0,170 54 0,088 77 0,91201 0,74147 0,87812 0,04866
33 0,17056 0,088 77 0,91210 0,741 54 0,878 11 0,048 67 0,17207 0,08807 0,91295 0,74088 0,87673 0.04880
34 0,17209 0,08807 0,91302 0,74093 0,876 72 0,048 81 0,17360 0,087 39 0,91385 0,74025 0,875 35 0,048 95
35 0,17361 0,087 38 0,91391 0,74030 0,87534 0,04895 0,17511 0,08671 0,91472 0,73961 0,87398 0,049 09
36 0,17512 0,086 71 0,91476 0,73964 0,87397 0,04909 0,17662 0,08605 0,91556 0,73894 0,87260 0,049 22
37 0,17662 0,08605 0,91559 0,73897 0,87260 0,04922 0,17811 0,08541 0,91638 0,73827 0,871 23 0,04934
38 0,17812 0,08540 0.91639 0,73827 0,87123 0,049 35
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Abb. 3. Die Änderungen der Größen mh, b , , k i und t]x als Funktionen von N 2

Abb. 4. Die Änderungen der Größen m„, K , und H 3 als Funktionen von N 2
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Abb. 5. Die Änderungen der Größen mh, blt k l und rj{ als Funktionen von /V,

Acta Gcodaetica, Geophysica et Montanistica Huny. Ifi, I9fi3

Abb. 6. Die Änderungen der Größen mm, K 3 und H 3 als Funktionen von Af,
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Tabelle VI. Die Änderung der Mittelwerte der Trennparameter, wenn JV, und N2 konstant sind

Zellenkopplung m*™.« dm* blm„ ^ 1  m in di>i L
л  1 m a * *lni„ Aki ^3 m a* K 3min A K 3

N, = 9 , N 3  =  3 9 - N 2 0 , 1 7 8  1 2 0 , 1 1 4 0 6 0 , 0 0 1  7 3 0 , 1 2 2 4 7 0 , 0 8 5 4 0 0 , 0 0 1 0 0 0 , 9 1 6  3 9 0 , 8 4 1  4 8 0,00202 0 , 9 2 4  2 9 0 , 8 7 1 2 3 0 , 0 0 1  4 3

•V, =  1 0 , N 3  =  3 8 - N 2 0 , 1 7 8  1 1 0 , 1 1 5 8 0 0 , 0 0 1  7 3 0 , 1 2 0 9 9 0 , 0 8 5 4 1 0 , 0 0 0 9 9 0 , 9 1 6 3 8 0 , 8 4 3 9 8 0,00201 0 , 9 2 2 8 9 0 , 8 7 1 2 3 0 , 0 0 1 4 4

N, =  2 3 , N 3  =  2 5  —N 2 0 , 1 7 8 0 6 0 , 1 3 8 4 5 0 , 0 0 1 7 2 0 , 1 0 4 7 7 0 , 0 8 5 4 1 0 , 0 0 0 8 4 0 , 9 1 6 1 8 0 , 8 7 3  7 9 0 , 0 0 1  8 4 0 , 9 0 4 4 2 0 , 8 7 1  2 6 0 , 0 0 1 4 4

n 2 =  9 , N  3 =  3 9  — N  t 0 , 1 7 7 9 8 0 , 1 1 7  2 2 0 , 0 0 1  6 4 0 , 1 2 1 5 2 0 , 0 8 5 4 2 0 , 0 0 0 9 8 0 , 9 1 5  8 8 0 , 8 5 8  1 0 0 , 0 0 1  5 6 0 , 9 2 3 6 2 0 , 8 7 1 2 9 0 , 0 0 1 4 1

n 2=  1 0 , N 3  =  3 8  —N [ 0 , 1 7 7 9 9 0 , 1 1 9 1 1 0 , 0 0 1  6 4 0 , 1 2 0 0 6 0 , 0 8 5 4 2 0 , 0 0 0 9 6 0 , 9 1 5 9 0 0 , 8 6 1 4 7 0 , 0 0 1 5 1 0 , 9 2 2  1 4 0 , 8 7 1  2 9 0 , 0 0 1 4 1

n 2=  2 3 , N 3 = 2 S - N 3 0 , 1 7 8 0 5 0 , 1 4 2 1 9 0 , 0 0 1  5 6 0 , 1 0 4 1 0 0 , 0 8 5 4 1 0 , 0 0 0 8 1 0 , 9 1 6 1 7 0 , 8 9 1  7 4 0 , 0 0 1 0 6 0 , 9 0 3 2 4 0 , 8 7 1 2 6 0 , 0 0 1  3 9

Tabelle VII. Änderung der Trennergebnisse, wenn N 3  konstant ist

Zellenkopplung bi & 1 mm Cl *3 H 3

N , = 2 3 ,  N 2 =  4 0 , 1 4 4  5 6 0 , 1 0 1 4 5 0 , 8 8 3 4 4 0 , 7 3 8  8 8 0 , 8 5 5 4 4 0 , 0 0 2 2 6 0 , 8 9 9 9 7 0 , 0 4 4  5 3

N ,  =  1 8 ,  N 2 =  9 0 , 1 4 5 3 2 0 , 1 0 1  3 6 0 , 8 8 7 3 3 0 , 7 4 2 0 1 0 , 8 5 4  6 8 0 , 0 0 2 1 9 0 , 8 9 9 7 3 0 , 0 4 5 0 5

N , =  9 ,  N 2  =  1 8 0 , 1 4 6  3 8 0 , 1 0 1 2 4 0 , 8 9 2 7 4 0 , 7 4 6 3 6 0 , 8 5 3 6 2 0 , 0 0 2 0 9 0 , 8 9 9 3 0 0 , 0 4 5 6 8

N ,  =  4 ,  N 2  =  2 3 0 , 1 4 6 9 1 0 , 1 0 1  1 5 0 , 8 9 5  1 4 0 , 7 4 8  2 3 0 , 8 5 3 0 9 0 , 0 0 2 0 4 0 , 8 9 9 0 8 0 , 0 4 5 9 9
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tisch identisch ist. So ist z. B. bei dem vorherigen N, zwischen N 2 = 1 und N2 = 24 
dieser mittlere Zuwachs 0,00173 und der gleiche Wert ergibt sich auch bei N, =9 und 
N, = 10, wenn N 2 von 1 auf 38 bzw. von N2 = 1 auf 37 zunimmt. (Bei N ,=44 
ist der durchschnittliche Zuwachs des Massenausbringens „nur“ 0,001 69, doch bei 
N, = 1 ebenfalls 0,00 F73.)

Wenn N, konstant bleibt und N 2 sich ändert (N2  = 1, 2, . . . ,  N —N, — 1), dann 
sinkt der Chalkopyritgehalt des Konzentrates zunächst in stärkerem, später dann in 
geringerem Maße (Abb. 3). Bei N, = 23 beträgt diese Verminderung zwischen N2 = 1 
und N2 = 2 0,001 22, zwischen N2 = 23 und N2 = 24 aber 0,000 6 6 . Die durchschnitt
liche Verminderung des Chalkopyritgehaltes nimmt mit ansteigendem N, ab: Bei 
N ,= 9 , N, = 10, bzw. N ,=23 wird mit dem Verändern der Zellenanzahl von N2 

die durchschnittliche Verminderung 0,001 00, bzw. 0,000 99, bzw. 0,000 84 betragen 
(Tabelle VI).

Da der absolute Wert der Veränderung von mh größer als der von fe, ist, wird bei 
einer Veränderung von N 2 die Veränderung des Chalkopyritausbringens im 
Schaumprodukt sich ähnlich dem Massenausbringen gestalten. Ebenso wird, wenn bei 
N, =23 die Größe N 2 von 1 auf 2 zunimmt, к , um 0,003 72, wenn sie aber von 23 auf 24 
zunimmt nur um 0,001 01 wachsen (Abb. 3). Die durchschnittliche Änderung des 
Ausbringens (die Größe N 2 steigt von 1 auf 24) beträgt 0,001 84. Bei einem höher 
festgelegten N, nimmt diese durchschnittliche Änderung (dfc,) ab; bei N, = 9 bzw. 10 
beträgt sie 0,002 02 bzw. 0,002 01; (Tabelle VI); im Falle N, = 23 aber ist dfc, =0,001 84.

Mit der Änderung von N2 hat der Ausdruck th=mh — k l ein Maximum (Abb. 3). 
Nach der detaillierten Analyse der Ergebnisse des Computer-Programmes wird — bei 
unpaarig festgelegtem N, — der Trennungswirkungsgrad von Chalkopyrit bei 
N2 = N 3 —1; wenn N, aber als paarige Zahl festgelegt wurde, wird er bei N2 = N 3 

ein Maximum haben. Ändert sich N ,, dann ändert sich auch der Maximalwert von »/,. 
So ist z. B. bei N, = 1 (N2 = 23, N 3 = 24) r?, =0,749 55. Im Falle N ,= 9  (N2 = 19, 
N3 = 20) erhält man 0,746 38 und bei N, =23 (N2 = 12, N 3 = 13) erhält man 0,741 8 6 . 
Auch aus diesen Werten folgt, daß mit steigendem N j das relative Maximum des 
Wirkungsgrades sinkt. Nach den Ergebnissen des Programmes tritt der Höchstwert 
bei N j=0, N2 = 24 und N 3 = 24 auf.

Nach Abb. 4 nimmt das Bergeausbringen K 3 als Funktion der Zellenanzahl N2 

fast gleichmäßig ab. Bei N 3 = 23 beträgt nach Tabelle VI der Mittelwert AK dieser 
Verminderung 0,001 44 (ihr Höchstwert ist 0,001 49, der Mindestwert 0,001 40). 
Beachtenswert ist ferner, daß der Mittelwert der Verminderung praktisch unabhängig 
vom Wert Nj ist. Er beträgt bei Nj =9 0,001 43; im Falle N 2 = 10 aber 0,001 44 (nach 
Tabelle VI).

Die dem Wirkungsgrad proportionale Differenz H3 = K 3 — (1— mh) hat in 
Abhängigkeit von N2 eine monoton steigende Tendenz (Abb. 4). Da das Ausbringen 
K 3 nahezu linear abnimmt, stimmt die Änderung von H3 praktisch mit dem 
Massenausbringen überein. Die durchschnittliche Änderungen von K 3 und mh sind
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nach dem Vorhergesagten unabhängig von /V,. Deswegen bezieht sich dasselbe auch 
auf die durchschnittliche Änderung von H3. Die Größe der durchschnittlichen 
Zunahme von AH3 beträgt (0,001 73 — 0,001 44=) 0,000 29.

Die Gestaltung der Thennergebnisse bei konstantem N 2

Auf Grund von Abb. 5 und 6 , sowie Tabelle VI kann man — wenn die Anzahl der 
Zellen N 2 konstant ist (IV, =  1, 2, . . . ,  N - N 2-  1) — über die Änderungen in 
Abhängigkeit von den bisher untersuchten Parametern TV, (bzw. N 3) folgendes 
feststellen.

Das Massenausbringen mh nimmt mit Erhöhung der Zellenanzahl IV, fast linear 
zu (Abb. 5). Bei N2 = 23 beträgt der mittlere Zuwachs (Tabelle VI) 0,001 56 (Zwischen 
IV ,=  1 und N 2 = 2 0,001 58; mit Änderung von IV , = 24 auf IV, =25 beträgt der 
Zuwachs 0,001 55). Bei einer kleineren Zellenanzahl N 2 ist der Zuwachs des mittleren 
Massenausbringens etwas größer: beträgt bei N 2 = 9 und N 2 = 10 gleichermaßen 
0,001 64 (Tabelle VI).

Ändert sich die Zellenanzahl IV,, so sinkt der Chalkopyritgehalt des Konzentra
tes. Bei N 2 = 23 sinkt 6 , um 0,001 00 bzw. 0,000 6 8 ; wenn sich aber IV, = 1 in IV, =2, 
bzw. IV, =23 in IV, = 24 verändert, dann beträgt die durchschnittliche Verminderung 
im letzten Fall nach Tabelle VI 0,00081. Im Falle von IV2 = 9 und IV2 = 10 sind sie 
aber 0,000 98 bzw. 0,000 96; nimmt also mit dem Wachsen der als konstant 
betrachteten Zellenanzahl N 2 etwas ab (Tabelle VI).

Während der fast linearen Veränderung von mh und der von Linearität etwas 
abweichenden Veränderung der Größe 6 ,, weicht in geringem Maße auch die Zu
nahme des Ausbringens к, von der linearen Tendenz ab. Zwischen IV, = 1 und IV, =2 
ändert sich dieser Zuwachs um 0,001 15, bei einer Änderung der Größe IV, = 23 auf 
IV, =24 aber ändert sich das Ausbringen um 0,001 00. Wenn N 2 abnimmt, wird die 
Veränderung des durchschnittlichen Chalkopyrit-Ausbringens größer. Bei IV2 = 9 
beträgt sie 0,001 56; bei IV2 = 10 aber 0,001 51 (Tabelle VI).

Die dem Wirkungsgrad proportionale Größe rç, nimmt im Sinne von Abb. 5 als 
Funktion von IV, fast linear ab. Betreffs der sich bei verschiedenen Zeilenzahlen 
meldenden mittleren Veränderungen können auf Grund des Durchschnittwertes der 
Änderungen von fc, und mh Schlußfolgerungen gezogen werden.

Die Änderung von K 3 als Funktion der Zellenanzahl IV, ist laut Abb. 6  linear, 
und der Mittelwert der Änderungen AK3 ist im Sinne von Tabelle VI praktisch 
unabhängig von N2. Im Falle N 2 = 9 bzw. = 10 und = 23 beträgt das durchschnittliche 
Sinken von K 3 :0,001 41, 0,001 41 und 0,001 39 (Tabelle VI).

Bezüglich der Veränderungsmittelwerte können auf Grund der Ergebnisse in 
Tabelle VI bzw. der bisherigen Ergebnisse noch die folgenden wichtigen Feststellungen 
gemacht werden: Der mittlere Zuwachs Amh des Massenausbringens ist als Funktion 
von IV2 größer als bei einer von IV, abhängigen Änderung. Die durchschnittliche
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Verminderung des Chalkopyritgehaltes db, ist in Abhängigkeit sowohl von V, wie 
auch von N2 die gleiche. Deswegen ist die durchschnittliche Zunahme des 
Chalkopyrit-Ausbringens d/c, bei Erhöhung der Zellenanzahl N2 größer. Die 
Verminderung des Bergeausbringens AK3 ist immer die gleiche, unabhängig von der 
als konstant betrachteten Anzahl der Zellen V, und N 2. Bei den untersuchten 
Zellenkopplungen schwanken die Werte für AK3 zwischen 0,001 39 und 0,001 44.

Gestaltung der Trennergebnisse bei konstantem N3

Für den Fall, daß N 3 konstant ist, wird jene Wirkung, welche durch die 
Änderungen der Größen N 2 bzw. V, (N2 = 1,2, . . . ,  N — N 3 — 1) auf das Trennergebnis 
ausgeübt wird, in Tabelle VII zusammengefaßt. In dieser können für die Kopp
lungsschemen V, = 23, N 2 = 4; AI, = 18, N2 = 9; N ,= 9 , N2 = 18; N ,= 4 , N2 = 23; 
(wobei N 3 in allen Fällen N 3 = 21 ist) die Werte für mh, bx, k t , mm, c,, K 3 und H3 
gefunden werden. Mit Erhöhung der Zellenanzahl N 2 nimmt das Massenausbringen 
an Schaumprodukt zu; der Chalkopyritgehalt sinkt nur in ganz geringem Maße; 
deswegen ist die Besserung des Chalkopyritausbringens bedeutender. Ist N, = 23, 
N2 = 4, dann ist mh — 0,144 56, fc, =0,883 34 und K3 = 0,899 97. Bei den anderen drei 
Kopplungsschemen nimmt das Massenausbringen um 0,000 76, 0,001 82 und 
0,002 35, das Chalkopyritausbringen aber um 0,003 89, 0,009 30 und 0,011 70 zu, 
während das Bergeausbringen um 0,000 24, 0,000 67 und 0,000 89 abnimmt. Das 
Zuwachsverhältnis des Ausbringens an Chalkopyrit zum Massenausbringen beträgt 
(z. B. 0,001 170/0,002 35 = )5. Hingegen ist das Zuwachsverhältnis des Berge-Ausbrin- 
gens zu dem Berge-Massenausbringen nur (z. B. 0,000 89/0,002 35 = )0,4.

Einige Ergebnisse, die verallgemeinert werden können

Im Sinne der bisherigen Ergebnisse kann bei der Kopplung von Flotationszellen 
nach Abb. 1 die verhältnismäßig gute Qualität der Produkte und ein entsprechendes 
Konzentrat bzw. Bergeausbringen gesichert werden, wenn

— N, eine möglichst kleine Zellenanzahl besagt
— N 2 zu Lasten der Zellenanzahl N, groß ist
— die Zellenanzahlen N 2 und N 3 etwa miteinander übereinstimmen.
Eine andere Wahl der Zellenkopplung — z. B. nach wirtschaftlichen Gesichts

punkten — ist auf Grund der Ergebnisse des Computer-Programmes eindeutig 
möglich.
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CALCULATING THE TERMINAL SETTLING 
VELOCITY IN THE TRANSITION ZONE

Sz Phthő1
[Manuscript received February 18, 1981]

There are various graphical methods available for calculating the terminal settling velocity of 
solid particles at Reynolds numbers 0.6 to 1600.

The paper presents a new computational method, suitable for programming.

Keywords: computer programs; motion of solid particles; settling velocity; terminal settling
velocity

Symbols

A =  Archimedes constant; Ar =  Archimedes number; c = drag coefficient; д =  gravita
tional acceleration; Lj = Lyashchenko number; Re = Reynolds number; v0 = terminal settling 
velocity; x = particle size or diameter; у =  density of the medium; 6 = density of the solid; 
r\ =  viscosity of the medium

Summary of the state of the art

There are numerous methods available for calculating the terminal settling 
velocity of particles settling in stationary media at Reynolds numbers 0.6 to 1000. Some 
of the best known procedures can be summed up as follows.

a ) The Archimedes number Aris first calculated from the data of the particle and 
the medium (Schubert 1975):

x 3q „
c=  —f(ö-y)ry ( 1 )

In this relationship Re denotes the Reynolds number, c the drag coefficient, x  the 
particle size, д the gravitational acceleration, Ô and у are densities of the particle and the 
medium, respectively, and tj is the viscosity of the medium. The Lyashchenko number Lj is 
plotted as a function of Ar and can be read from the diagram. The Lyashchenko number

v1 j L
99 S - y

(2)

1 Technical University for Heavy Industry, Chair for Ore Processing, H-3515 Miskolc, Hungary
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also depends on the terminal settling velocity v0, that is v0 can be calculated if Lj is 
known.

b) In an other graphical method (Tarján 1954) we draw a straight line of slope 
— 2 to the function lgc plotted against the logarithm of the Reynolds number. The 
coordinates of the point of intersection are lgc and lgRe, from there we can calculate the 
terminal settling velocity either by the relationship

c) In case of the iterational method (Tarján 1954) we calculate first the terminal 
settling velocity by means of the Newton—Rittinger or the Stokes formula. Next, the 
Reynolds number is calculated from the i>0. If the value of the Reynolds number is 
incorrect, this shows that not the proper formula had been used for the terminal settling 
velocity. Using this Reynolds number the terminal settling velocity is recalculated 
using the c value obtained from function lgc — lg Re or by the suitable formula, or if 
required by the general relationship (3). The calculation has to be repeated until c and 
Re correspond to each other. To find the correct value of c the use of diagrams cannot 
be omitted in this method either.

In the numerical method no diagram has to be constructed or evaluated. The 
terminal settling velocity can be numerically determined with algebraic or transcen
dental functions.

In the transition zone, for Reynolds numbers 0.6 to 1000, numerous functions 
have been proposed for the drag coefficient (Schubert 1975, Tarján 1954, Kürten et al. 
1966). The best known and most accurate ones will be briefly analyzed. In the Allen 
zone, i.e. for Reynolds numbers 30 to 300 the function

is valid. — For Reynolds numbers 0.1 to 1000 we have (Kürten et al. 1966):

(3)

or by

(4)

Numerical method

C Re + Re113
24 4
-----h ——; (6)
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while between 0.1 to 4000 the expression

21 6 
Re + Re112

+ 0.28 (7)

is used. The maximum relative error of function (6 ) is +7 and —10% while that of 
function (7) is ± 4%. The function

24
c —— (l+0.15Re0 687)

Re

is also regarded as exact (Schubert 1975).
Let us now express v0 from Eq. (4) of the Reynolds number

(8)

v0 = Re
xy (9)

then substitute it into Eq. (3). Taking the square of both sides and after some 
rearranging we obtain

cRe2 = y  g
4 x 3 (<5-y)y

= + . ( 10)

Expression cRe2 is directly proportional to the Archimedes number, it is constant for a 
given particle and medium, therefore it will be denoted by A.

The functional forms (5), (6 ), (7) and (8 ) for the drag coefficient contain two 
unknown quantities, viz. c and Re. The same unknowns figure in the expression (10) of 
the Archimedes number. These quantities can be expressed from the respective 
equations and the terminal settling velocity can be calculated by either Eq. (3) or Eq. (9),

Equation (5) for the Allen zone and Eq. (10) of the Archimedes number enable us 
to give a closed solution. Substituting the drag coefficient c from Eq. (10) into (5) we 
have

Re - o r
and

c =
1 0 + 3

A1'3"'

The terminal settling velocity can be calculated from (9) and (3) as

_ / Л \ 2 /3  r,
V° l lO / xy

or

v0 =
4A 1/3g [x{ó y) 
3 Ю4 /3

( И )

( 12)

(13)

(14)
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On re-substituting A into these equations, we obtain Allen’s formula of the terminal 
settling velocity:

( 2 \ 2>3 [0 (0 - y ) ] 2 ' 3

UJ x (y0 ) 1 ' 3
(15)

The substitution of c into Eqs (6 ), (7) or (8 ) leads to a set of transcendental equations, 
these, however, can be solved by appropriate calculation techniques, without any 
diagrams. Computer programs can also be written to solve the problem.

From Eqs (6 ) and (10) we have

Re —

1

Re213+ 6
(16)

Equation (16) leads to the algorithm

Ke„+i = Re2l3 + 6 ’
n = 1,2, 3, . . . (17)

define a convergent iteration. To solve Eq. (17) we have to have a first guess of the value 
of Re1. Substituting Rex into the denominator, Re2 is calculated; then Re2 is 
substituted and Re3 is obtained, etc. Using this procedure a sequence of approximate 
values are obtained that gradually approach from above and from below the root of 
Eq. (17). Given the Reynolds number, c can be calculated from Eq. (6 ).

On the other hand, from Eqs (7) and (10) we have

R e= ----------- 1—= -----  (18)
0.28Яе + бУЯе+21

and

Ren+1 = ------------A ----- ------; n= l,2 ,3 , . . .  (19)
0.28Ле„ + бУКев +  21

From Eq. (17) the Reynolds number can be calculated same way as from Eq. (17). 
Finally, from Eqs (8 ) and (10), the Reynolds number is calculated as

+ 1  —
24

1+0.15 exp (0.687 In Re„) n = 1 , 2 ,3, (20)

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983



TERMINAL SETTLING VELOCITY 2 3 9

A practical example*

Let the diameter of the particle be x = 0.1 cm, its density <5 = 2.65 g/cm3; the 
medium is water of 20 °C, i.e. y = 0.998 g/cm3 and 7  = 1.000 62- 10- 2 g/cms. Using 
these data we obtain 21555.26 for the Archimedes constant A according to Eq. (10). It is 
suitable to use in the first step the formulae giving exact solutions: from Eqs (11) and
(12) we have Re = 166.87 and c = 0.7741. This value of Re will be used as an 
approximation in the transcendental equations. The calculation procedure is illustrated 
for the case of Eq. (19) (very likely the most accurate from among the equations), see 
Table I. The Table shows that with a SR-51A calculator using 10 valuable digits the 
accuracy cannot be increased anymore after 38 steps (n = 38). Generally, 6 — 8  steps 
provide sufficiently accurate results.

Table II contains the values of Re, c and v0 calculated from the different 
equations. The terminal settling velocity was calculated from Eqs (3) and (9). Using Eqs 
(19) and (20) the same results are obtained while those calculated from Eq. (18) only 
slightly differ.

Table I. Iterative calculation using Eq. (19)

n Re

1 167
2 148.353 03
3 158.939 843 8

37 154.976 603 7
38 154.976 603 8

Table H. Re, c and v0 calculated from the different equations

Number of 
equation Re c »0

cm/s

11 166.87 0.774 13 16.72
18 154.75 0.90014 15.52
19 154.977 0.897 47 15.54
20 154.979 0.897 45 15.54

* The computations were carried out by Assistant Professor Raisz
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LAWS OF MOTION OF SOLID PARTICLES 
IN STATIONARY MEDIA 

FOR ALLEN’S DRAG FORMULA
Sz Pethő1

[Manuscript received February 18, 1981]

The study analyses the displacement-time, velocity-time and acceleration-time functions for 
solid spheres settling in stationary media for 30 g  Re g  300. The use of these functions are illustrated 
by a numerical example.

Keywords: acceleration; Allen’s drag formula; motion of solid particle; settling displacement; 
settling in stationary media; velocity

Symbols

a = acceleration; В = constant in Eq. (8); c =  drag coefficient; F = force; д = accelera
tion due to gravity; g0 =  Finkey’s constant: initial acceleration of the particle in the medium; 
J =  constant in Eq. (7); j  =  quotient of the mass moving with the particle and the volume of 
the particle; Re = Reynolds number; t = time; v0 = terminal settling velocity; x = diameter of the 
solid sphere; z = variable, defined in Eq. (9); ó = density of the solid; у = density of the medium; 
t\ =  viscosity of the medium

Subscripts

A buoyancy; F = due to gravity; i — transport force of the medium; T  = transport force 
of the solid particle

As well-known, the drag coefficient c of a solid sphere moving in a stationary 
fluid or gaseous media can be expressed, according to Allen, for Reynolds numbers 
from 30 to 300 as

10

j R e '
( 1 )

Since the terminal settling velocity v0 of a solid sphere of density Ó and diameter x in a 
medium of density y is given by

Ix(S-y)
(2)

1 Technical University for Heavy Industry, Chair for Ore Processing H-3515 Miskolc, Hungary
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in the Allen zone this expression becomes (Tarján 1954, Schubert 1975)

v0 =
2 Y '3 i g ( ô - y ) V 13
is )  x (^ ) ,/3

( 3)

In these equations g is the acceleration due to gravity, g is the viscosity of the medium in 
g/cm s.

A solid particle starting its motion at the time-instant f = 0 with velocity r=0, 
accelerates until it reaches the terminal velocity. The forces acting on the particle 
satisfy:

Ff + Fa + Ft +F í = 0 (4)

where Ff is the force due to gravity, FA the bouyancy, FT is the transport force of the 
solid particle and F, that of the medium moving together with the solid particle. The 
forces acting on the particle are parallel, their directions are different and their sum 
gives zero (Schubert 1975).

The differential equation of motion for the solid particle can be expressed from 
Eq. (4) in scalar form as

di;
dr (5)

where g0 is Finkey’s constant (Finkey 1924), giving the initial acceleration of the solid 
particle in a medium

à - y
g o = g - r - (6)

is a further constant, defined as (Schubert 1975):

У

J - ' * l (V

where j  denotes the quotient of the volumes of the mass moving with the particle and 
the volume of the particle. It will be convenient to combine the two constants as

QaB= y .  (8 )

Tо solve the differential equation (5) in a closed form we introduce a new variable

v = v0z2; z = z(r) and O ^ z ^ l. (9)
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After a few rearrangements we have
t  = t

В Í Z
( 10)

which is a differential equation that can be directly solved as

( П )

a = B ( l - z 3). ( 12)

According to this equation the initial acceleration (at t = 0) is a = B, or in the case J «  1 it 
is a = g0; while for z = 1 we have a = 0 .

Finally, the displacement s can be written as

The displacement-time, velocity-time and acceleration-time functions can be 
used as follows. We choose distinct values continuously increasing from 0 to 1 for the 
parameter z. From Eq. (11) the time i, from Eq. (9) the instantaneous velocity v, from 
Eq. (12) the acceleration a and, finally, from Eq. (13) the displacement s are calculated.

Table I displays the values of the displacement-time, velocity-time and 
acceleration-time functions for identical particle sizes, terminal settling velocities and 
densities. The particle sizes and densities are as follows: x=0.1cm, (5 = 7.5 g/cm3; 
x=0.1 cm, (5 = 2.65 g/cm3; x=0.04009 cm, 0 = 1.5 g/cm3 (the terminal settling veloc
ities are equal for the two latter particles) and x = 0.040 09 cm, (5 = 2.65 g/cm3. The 
medium is water of 10 °C temperature, therefore у = 1 g/cm3 and r/ = 0.013 g/cm s. The 
value of J has been chosen for 1 . Figure 1 illustrates the displacement-time, velocity
time and acceleration-time curves of a particle of diameter x = 0 .1  cm and density 
0 = 2.65 g/cm3.

The first column of the Table contains the values of parameter z2 = v/v0, but 
various time values t correspond to them for the various particles. The time required to 
reach 99% of the terminal settling velocity for the four particles is 0.148; 0.083; 0.059 and
0.033 s, and the displacements are 4.30; 0.96; 0.69 and 0.15 cm Thus, these values

(13)
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Table I. Displacement-time, velocity-time and acceleration-time functions for particles of equal size, density
and terminal settling velocity

72 л = 0.1 cm, ó = 1.5 g/cm3 x =  0.1 cm, <5 = 2.65 g/cm3

t V a s t V a s

0 0 0 go =  8 50 .2 0 0 0 g0 = 610.81 0
0.1 0 .0 0 4  58 3.8168 823.31 0.008 73 0.002 54 1.5302 591.50 0.001 95
0.2 0.009 32 7.6336 774.16 0.036 1 0.005 20 3.0604 556.18 0.008 09
0.4 0.020 1 15.267 635.11 0.161 3 0.0112 6.1208 456.29 0.036 1
0.6 0.034 2 22.901 455.06 0.432 5 0.019 1 9.1812 326.93 0.096 8
0.8 0.056 6 30.534 241.85 1.042 0.031 6 12.242 173.75 0.233 0
0.9 0.078 2 34.351 124.29 1.745 0.043 6 13.772 89.29 0.390 4
0.99 0.147 8 37.786 12.72 4.297 0.082 5 15.149 9.139 0.961 4
0.999 0.216 8 38.130 1.275 6.92 0.1210 15.287 0.9160 1.548
0.9999 0.285 7 38.164 0.127 5 9.55 0.1594 152.300 0.0916 2.136
1 ,- r0= 38.168 0 v0= 15.302 0

, 2
X = 0.040 09 cm, ô = 1.5 g/cm 3 X = 0.040 09 cm, <5 = 2.65 g/cm 3

t V a s t V a s

0 0 0 go =  8 50 .2 0 0 0 go =  610.81 0
0.1 0.001 82 1.530 2 823.31 0.00140 0.001 02 0.613 5 591.50 0.000 31
0.2 0.003 74 3.0604 774.16 0.005 81 0.002 08 1.226 9 556.18 0.001 30
0.4 0.008 07 6.120 8 635.11 0.025 9 0.004 50 2.453 9 456.29 0.005 80
0.6 0.013 7 9.1812 455.06 0.069 5 0.007 65 3.680 8 326.93 0.015 6
0.8 0.022 7 12.242 241.85 0.1674 0.012 7 4.907 8 173.75 0.037 5
0.9 0.031 3 13.772 124.29 0.280 5 0.017 5 5.521 2 89.29 0.062 8
0.99 0.059 3 15.149 12.72 0.690 7 0.033 1 6.073 4 9.139 0.154 5
0.999 0.086 9 15.287 1.275 1.112 0.048 5 6.128 6 0.9160 0.248 8
0.9999 0.114 5 15.300 0.127 6 1.535 0.063 9 62.1341 0.091 6 0.343 4
1.— r 0 = 15.302 0 « 0 = 6.1341 0

cannot be neglected in case of particles of greater diameter and density. From among 
particles of equal terminal settling velocities those of greater density run ahead because 
of the greater initial acceleration g0(or B). The greater particle makes 0.96 cm 
displacement in 0.083 s, while the particle of greater density makes a 0.69 + (0.083 
— 0.059) • 15.302= 1.06 cm path during the same time. The difference is 1 mm which is 
maintained during the further motion because of the equal terminal settling velocities 
of the particles.
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Fig. 1. Displacement-time, velocity-time and acceleration-time curves for Allen’s drag formula
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PHYSICAL REASONS FOR THE SIZE-EFFECT 
IN ROCK-MECHANICAL 

LABORATORY ANALYSES
Zs So m o s v á r i1 

[Manuscript received June 22, 1981]

Mechanical properties of rocks are mostly investigated in laboratories using uniaxial and 
triaxial compression tests. Both uniaxial and triaxial compression tests show an observable influence 
on the measured values of the uniaxial or triaxial strength of the rock caused by the size of the test 
piece. This phenomenon is called size-effect in the respective literature. In the following we shall 
discuss the size-effect in a more wide sense, we are also pointing out its influence on the determination 
of Poisson’s ratio and on the modulus of elasticity. After having analysed the reasons of the 
phenomenon we are giving a measuring method for the determination of the rock-parameters.

Keywords: modulus of elasticity; Poisson’s ratio; rock mechanics; size-effect; triaxial 
compression; uniaxial compression

Symbols

a'D = measured uniaxial compression strength; oD = uniaxial compression strength as rock- 
parameter (CSRP); Ф = angle of the internal friction of the rock; o'o, = measured triaxial compression 
strength; (ги  = triaxial compr. strength as rock-parameter; <?„ од D-  asymptotes of the measured 
compression strengths; ax = axial stress; <r, = the largest principal stress; <r3 = the smallest principal 
stress; o, - the mantle pressure, radial stress; o', -  mantle pressure substituting the friction of the end 
plates; ov = hoop stress; t  =  shear stress; Er =  radial strain; ev =  tangential strain; =  axial strain; 
i =  the length of the test piece; D = the diameter of the test piece; <f=the width of the test piece; 
m =  Poisson’s ratio; m' = measured Poisson’s ratio; E = Young’s modulus; £ ' =  measured 
Young’s modulus; a, b, f  k, n, q, В = constants; p = friction’s coefficient

In the respective literature (Bieniewski 1968, Denkhaus and Bieniewski 1970, 
Dreyer and Borchert 1962a, 1962b, Dreyer 1967, 1974, Mikeska et al. 1970, 
Protodjakonov and Kojfman 1964, Salustowicz 1965, Voropinov and Kittrich 1966, 
Vutukuri et al. 1974) authors content themselves with analysing the contribution of the 
size-effect to the compression strength only giving the experienced functions of the 
variables without investigating the real sense and the deep reasons of the phenomenon. 
A great part of the articles takes the size-effect for being one of the rock properties, an 
idea that can not be accepted. Should the size-effect be one of the rock properties, one 
could not speak about compression strength and other rock properties characterizing 
the rock materials, one could not speak about mechanical-material properties of rocks.

1 University for Heavy Industry, Faculty for Mining, H-3515 Miskolc, Hungary
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Size-effect in the determination of the uniaxial compression strength

It is well known that the breakdown (damaging) load depends on the diameter 
(D) and length (0 and also on the ratio of l/D (slenderness) of the cylinder shape 
specimen if uniaxial compression tests of the same rock material are carried out. The 
best way to show the phenomenon is to present a set of measurement results. Table I 
shows laboratory compression test results of the failure stress (<r'B) investigating the 
same quality rock-salt, prismatic (length: /, width: d) test pieces at quasi-static loading

Table I

1 [cm]
d[cm ]

5 10 15 20
ai, [M Pa]

5 26.6 44.3 60.3 66.0
10 16.3 29.8 48.0 50.9
15 15.9 26.5 37.4 41.5
20 15.3 22.8 23.7 39.6

D = 5.0cm (marble)

D=5.0cm (anhydrite)

D= 9.20cm (coloured 
sandstone )

D =11.2 cm (rock salt ) 
d =10.0 cm ( rock salt )

Fig. 1. The measured compression strength against slenderness of the test piece
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(Salustowicz 1965). Any of the data in the table represents an average of at least three 
measurings.

Overlooking the table the practical question arises: which one of the results 
varying from 15.3 M Pa to 6 6  M Pa should be taken for the compression strength of the 
investigated rock body. Our study aims at answering this question.

The measured compression strength is

o'o = f(UD),
or rather

<t'd = /(/,//D), or cj'd = f(DJ/D).

Figures 1-4 show the shapes of the above functions. In the case of Fig. 1, the width of 
the specimen is constant and the compression strength is shown as a function of the 
slenderness at marble, anhydrite, rock salt, coloured sandstone (Dreyer and Borchert 
1962a). The same test results are presented on Fig. 2 as a function of the reciprocal value 
of the slenderness. Figure 3 gives the changing of the measured compression strengths 
at different rock types with the same slenderness but changing values of the diameter 
(Protodjakonov and Kojfmann 1964). Figure 4 gives own measurement (Somosvári 
1980a) results for clay slate, anhydrite, gypsum, serpentine at constant slenderness.

Fig. 2. The measured compression strength against inverse slenderness of the test piece
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D t c m ]

Q)

Fig. 3. The measured compression against diameter of the test piece

0 2 4 6 8 10 12 14
d [ cm ]

Fig. 4. The measured compression strength against diameter of the test piece

As slenderness grows (at constant diameter) the measured compression strength 
will definitely drop following a hyperbolic function. With the growth of the inverse 
slenderness compression strength increases almost linearly. At constant slenderness 
and changing diameter the behaviour of the compression strength is ambiguous, that is, 
there are groups of rocks, where it grows, decreases or remains almost constant as the 
diameter increases.

There are several empirical functions describing the measurement results from 
which the most generally known is the Dreyer-Borchert function:

D = const.
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where a, b, k, are rock parameters. Considering l/D = const. Protodjakonov has given 
the following empirical functions for describing the phenomenon:

for the first group of rocks

<T„ = (JD1
D + nxbx 
D + bx ’

n 1 < 1

if 0  = 0 , a'D = nlâ D, 

if D — cc, a'Dl= âDt;

for the second group of rocks

aDi — 0 d2
D + n2b2 

D + b2 ’
n2> 1

if 0  = 0 , a'Dl = n2ő D2, 

if 0 = oo, <T'D2 = <jDj;

for the third group of rocks

° d 3 — &  D ,

D + nl bl 
D + bx

D + n2b2 
D + b2 ;

nt < l ,  n2> l

if 0  = 0 , o'Di = nin26 Di,

if 0 = oo, <y'Di = â D}.

In the above functions d D represents the value of the asymptote, n and b are constants.
In the following we make an attempt to explain the essence of the observed 

phenomenon.

The role of the slenderness in measuring the compression strength

It is known from experience that under uniaxial compression loading the 
cylinder shape stubby specimen deform into a stave shape. This shows that on the end 
plates of the specimen the friction is large enough to prohibit the movement into side- 
directions. Besides normal stresses, shear stresses also appear on the end plates, thus, 
the uniform distribution of normal stresses will be distorted (see Fig. 5). We have to 
realize that there is no constant and uniaxial stress distribution inside the specimen 
during the measurements as one would imagine it.

The complex state of stresses inside compressed specimen of rocks has been 
studied by several authors (Mikeska et al. 1970, Balia 1953). The stresses were 
investigated by both photoelastic and theoretical methods. These studies analyse the 
stresses on the elastic strain field, thus, one could not use them when investigating the
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Fig. 5. Distribution of stresses on the end plates of the test piece

I

fracture field, as the elastic state is followed by a plastic state before reaching the 
breakdown (fracture) phase. To avoid this problem we shall construct models which 
reflect the important elements of the phenomenon.

Let us see first the failure stress as a function of l/D if D = const. Normal stresses 
on the end plate will be substituted by a, — const, stress, whilst shear stresses will be 
represented by стг = const, stress acting on the mantle of the cylinder (Fig. 6). At the

Acta Geodaelica, Geophysica et Montanistica Hung. 18, 1983
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breakdown phase (Somosvári 1975, Somosvári 1980a):

a z =  a'D

m — 1 1  b l
— + -  -
/  ß D

where:
ц: friction-coefficient on the end plates 
m: Poisson’s ratio of the rock 

/, b: constants.
Accepting Mohr’s hypothesis on failure and a linear envelope curve, the 

condition of the failure is

where:
óD: real compression strength 
Ф: angle of the internal friction of the rock.

It is to be remarked that the linear failure curve is not valid in the pulled region 
and also in the compressed region it has only a limited validity. In qualitative 
investigations, however, as in the present case, one can still use it. By the substitution 
<7 j —a'D, = <r' the measured compression strength is

that is, we have formulated a linear function between measured compression and 
inverse slenderness determined earlier by the measuring tests. The larger the friction 
coefficient, the higher is the size-effect; the larger is Poisson’s ratio (i.e. the less is side- 
strain of the test piece), the smaller the size-effect; and finally the steeper the failure 
envelope curve of the rock, the larger the internal friction angle is, the higher size-effect 
will occur as it is seen from the above function.

The cause for the size-effect on the measured compression strength is that the 
side deviation is prohibited because of the end plate friction inducing an effect similar to 
triaxial conditions (Somosvári 1980a, Somosvári 1975, Martos 1961, Somosvári

1 D b
— — + -
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1980b). The more stubby the test piece is (the less is the value of l/D), effect will be more 
triaxial-like, and the larger compression strength will be measured. Figure 7 gives an 
opportunity to follow this mechanism.

If one accepts a linear failure envelope curve, the measured compression strength 
will be a'D instead of öD, because tr '# 0 .

Experiments prove that by reducing p, that is, if the end plates are smoother, the 
measured compression strength will be smaller. The measured value of ц varies 
generally between 0.2 and 0.3 (Martos 1961).

In the following we shall analyse the influence of the test piece’s diameter, 
considering l/D = const.

The influence of the diameter on the measured compression strength

The friction on the end plates distorts the uniform distribution of the normal 
compression stresses (see Fig. 5), the normal stress will be much higher in the centreline 
of the cylinder-shaped test piece than on the periphery. Inside the specimen there are 
not only axial, but also radial (or) and hoop (<rv) stresses acting.

Because of the symmetrity, тг„  = r = 0 and on the mantle (r= R ) of the 
specimen (free surface) xz>r = Tr z = 0 , <rr= 0 .

Considering the concentration of the axial normal stresses the cylinder-shaped 
specimen can theoretically be divided into two parts (see Fig. 8 ), that is, into an inside 
cylinder and an outside ring. When compression in an axial direction the inside 
cylinder stretches the outside ring, thus, stresses will occur in the ring that are similar to 
the thick-wall tube loadings whereas the worst load will appear on the outside mantle 
of the ring (r = R).

At failure the axial stress on the mantle (r = R) will be

az = qa'D\ O ^ q ^ l;  m).

if g —0, then q= 1 and oz = o'D\

if m =  g o , then q= 1 and <rz = öD.

Temporarily supposing an elastic state until the failure phase, the tangential 
stress on the mantle will be (Somosvári 1980b):

a*=Ee* + ~ >
where

E: modulus of elasticity, 
e,,: tangential strain.

For ev = tT (symmetricity) and m— —ejer, E = o'D/e,z, the tangential stress is

a'n
--------- (1 -9).m
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Fig. 7. The measured compression strength on Mohr’s plain

Fig. 8. Loading model of the cylinder-shape test piece

Taking into account the plastic state before the failure phase the following 
function can be used:

( l - i ) / i ,m
where f x— const.

The stress distribution on the mantle at the failure phase is characterized by 

<t( =  а г  —  q a D 

аг — <тг = 0

a'D
о  a =  a „  =  —  ( 1 -  q ) f t (pulling stress).
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On the other hand, the tangential stress on the mantle as a stress of the thick-wall 
will follow the function below (Ponomarjov 1963):

/ 1UD J 1
ач> ~  IT r n 2

Thus,

and

1 - q  =

m f 2D2+ 1 

1

<? =

f 2D2+ 1

/ 2 Р 2-  1

/ 2 D2+ r

For q(n,m), f 2 has to be f 2(ß, m) and if /2 = 0 or m= 0 0 , f 2 = 0 0  in both cases. 
Thus, the formula of f 2 is

„ m
/ 2  = / 3 — •

И

The largest and smallest principal stresses are

/ 2 Р 2-  1 

ffl <7 D/ 2 Ö2 + 1 ’

/l<r,=
m / 2 D2 + 1 ' 

Substituting into the breakdown condition

^ ö D+Ba3,

the measured compression strength is:

m  ,
f 3~ D 2+ l  

s В° D ~ °  D m , В
f 3- D 2 + / i -

В m

if D = oo, then <Tp = (X ß

if D —  0, then tolifeIIto 1

В
f i - -  1 m

Furthermore:

a;
В

if f i ~ > 2 , then o'D< o D 
m
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b) if
B

f i  —< 2 , then o'D> ő D

c) if

m

f i -  = 2 , m
then o'D = ff

The above function describes the tendencies of the characteristic differences of 
the compression strengths as a function of the diameter, if l/D = const. The measured 
compression strength increases in case a, decreases in case b, and there is no change in 
case c. As it was seen above the character of the change will be essentially determined by 
Poisson’s ratio and by the angle of the inside friction of the rock.

Reflecting the experience the above function gives larger size-effect if the inside 
friction factor grows and less size-effect if Poisson’s ratio increases.

The reason why the measured compression strength changes if the specimen’s 
diameter also changes is that the friction on the end plates of the test piece distorts the 
distribution of the normal stresses. The value of the normal stresses will be higher in the 
centreline of the piece as in the mantle region.

The test piece can be divided into a central, cylinder-shaped core and an outside 
thick-wall ring. If compressed, the inside core will stretch the outside ring in radial 
direction, so the mantle has tangential pulling stresses depending on Poisson’s ratio of 
the core and also on the diameter of the test piece.

The failure depends on the angle of inside friction, thus, the character of the size- 
effect is determined by Poisson’s ratio and the angle of inside friction, whilst the volume 
of the size-effect is determined by Poisson’s ratio and the friction-coefficient.

Determination of the compression strength as a rock-parameter (CSRP)

As slenderness and diameter work together and at the same time, öD and â D 
could not give real material properties (parameters) of the rock unless one of them does 
not induce any effect. Considering both of the influences the measured compression 
strength will be:

m

=  1 +  y  y

/ з - +  1

m В
/ 3 - / 1 - - 1  H m

<r0f(D, l/D),

where
oD: compression strength as rock-parameter (CSRP) 

If D/1-*0 and D-*00, then a'D = aD.

Furthermore

On — On

m ,
/ з - 0 2 + 1 

И
m , В

fs ~ D 2 + f - -  
/1 m
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and
(,D \

n ~°‘ { l ~ T l ) -
If ц = 0, then a D = aD, &D = aD.

There are two possible ways to determine CSRP (aD). One of these is to use specimens 
of a slenderness and a diameter the measured value of which is practically equivalent to 
CSRP.

As test results have shown, test pieces of l/D = 2.5 — 4, and D= 100— 150 mm 
would meet this condition. The International Bureau of Rock Mechanics (IBRM) 
recommends to use test pieces of D = 42 mm, and l/D = 1 [18]. To meet the above 
condition one should use pieces of 2000-10000 cm3 volume instead of the 58 cm3 

pieces recommended by the IBRM. That is, 30-170 times more rock-material would be 
required for the preparation of the specimens. The requested size and volume will 
hardly be producible from the drilled cores or slot-samples, CSRP will rarely be 
determined by using the required large-size test pieces.

Another way to solve the problem would be to use normal size test pieces in the 
compression tests. Two series of trials will be sufficient to determine CSRP. The 
purpose of the first series is to determine the function

a'D = f(l/D), if D = D0 = const.,

the second one serves the elaboration of

<r'o = f ( D\  l/D = (l/D)„ = const.

After having the results of the series, CSRP will be calculated by

G n <7 г)

О  о  =  - V  <S e e  F 'g - 9 )
°D

Returning to the rock-salt’s compression strength tabulated in Table I, the real 
compression strength is

<td = 27 MPa,

the measured strength is

d2 + 2 0 f d \
^ = 27^  1 + 0 -5 7 >  MPa dCcm]’

If determining CSRP one has to use sufficiently large pieces and make measurements 
for — at least — three values of D and l/D to provide a good surface for the function:

^в =  (То / ( Д  4d \
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Fig. 9. Determination of CSRP

The size-effect in triaxial compression tests

As a consequence of the above statements, the size-effect also appears in the 
triaxial tests. Figure 10 shows triaxial compression test-results at different slender
nesses, using test pieces of D = 3.0 cm. The mantle pressure (<x3) was 3 MPa (Кунтыш 
1973). The characteristics of the deviations are very similar to the results drawn from 
the uniaxial tests. Comparing the also available results of the uniaxial compression 
tests for limestone, it can be seen that the uniaxial compression strength at l/D =0.4 is 
equal to the triaxial compression strength at l/D = 4, if <x3 = 3 M Pa. If the test is uniaxial 
and the slenderness l/D=0.4, the effect of the end plate friction prohibiting the side- 
deformation corresponds to a mantle-pressure of aT= 3 MPa.

The triaxial CSRP will be

ffoi — +

if one accepts a linear failure curve and uses quasistatic loading.
The measured triaxial compression strength:

o 'd ,  = aD,f(l/D, D) = aBf(l/D, D) +  Ba3 = a'D +  Ba3.

The result differs from the uniaxial strength function only by a constant (0<r3). Figure 
1 0  shows this in case of limestone.

The determination of the triaxial CSRP at a given mantle pressure could be 
carried out in a way similar to the test series as it was arranged in the uniaxial case. 
However, a triaxial test of a piece takes definitely more time as the time required for the 
uniaxial test. So, in triaxial tests, there is no real possibility to use the same method as in 
the uniaxial tests. In case of larger diameters the lack of the capacity of the

Acta Geodaetica, Geophysica et Montanistiea Hung. 18, 1983



2 6 0 ZS SOMOSVÁRI

compression-testing machine would also prohibit the determination of the triaxial 
compression strengths. The only way to solve the problem is to make uniaxial test- 
series for the determination of the size-effect, thus, converting the results obtained from 
the triaxial tests and determining the triaxial CSRP. The conversion is shown in the 
following example.

Let us take specimens of D = 3 cm, l/D = 1, where the measured compression 
strengths were as follows:

at o3 = 0 MPa, O p, — 40 МРа =  <Тд

at cr3 =  2 MPa, öp, = 60 MPa,

at o 3 =  6  MPa, O p , =  100 MPa.

Let the uniaxial CSRP be oD = 20 MPa, the triaxial CSRP will be calculated by the
following function:

Thus,
O p, — O'p +  O’p , — O'p.

at o3 = 0 MPa, O p, = 20 MPa = O p ~  2 .

at o3 = 2 MPa, O p, = 40 MPa, (JDl/<JD t ~  1-5

at o3 = 6  MPa, O p, = 80 MPa, f fDt/a Dl ~  1-25.

As it is to be seen, if confining pressure increases, the ratio of the measured triaxial 
strength and the triaxial CSRP decreases, as the role of the friction is smaller and 
smaller as confining pressure grows.

As explained above the uniaxial compression test cannot be avoided, the results 
of the triaxial measurements will be of value if the size-effect is also determined by 
uniaxial tests carried out parallelly.

The size-effect in determining Poisson’s ratio

Derived from Hooke’s law, Poisson’s ratio will be determined from the 
corresponding values of et , er, elastic strains:

£im = ----- , £j > 0 , £r< 0 ;
£r

where
£t is the axial strain,
£r is the radial strain.

Because of the end-plate frictions the load is not uniaxial, side-deviation is 
prohibited, the measured Poisson’s ratio (m') will be larger than the real value of it if the
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piece is stubble. Using Hooke’s law and the equation <r' = <t'v:

me J — 2 <r'
m =

a 1 — <Tr(m — 1)

If the stress is unidirectional, that is, <t' = <t̂  = 0, then m' — m.
The friction’s effect prohibiting the side-deviation has been taken into account by 

the following:

m— 1 b l
~ 7 ~  + » d

m - l  b' l
Thus,

m - 2
m =

if / ' = 1 , then

m' = m + — [m(m— 1 )—2 ] — = 
ft /

m—l b' l
-------- 1- -------- (m— 1)

/ '  /i o

I и
m — I----[m(m— 1) — 2 ]

D D b '
l
D

There are no available results in the technical literature for the function m'(l/D), 
thus, we have to rely on our own measurements. We prepared specimens of the same 
quality and D = 4 cm from cement, for a large number of tests. First we investigated the 
compression strength at the slendernesses of //£>=0.5; 0.66; 1.0; 1.5; 2.0; 3.0; 6.0 four 
times at the same slenderness, that is, all together in 28 tests.

Figures 11 and 12 show the correlation between the compression strength and 
the slenderness and inverse slenderness, respectively. By the help of regression analysis:

a'D= 20.5 ^1+0.52 j j  MPa,

where the correlation index (r) is equal to 0.945. Specimens of cement show tendencies 
of compression strength similar to those of rocks, thus, they have to show similar 
changes as far as Poisson’s ration is concerned.

Measurements have been carried out for the determination of the Poisson’s ratio 
at constant slenderness equal to those used for the determination of the compression 
strength. Figures 13 and 14 show the measured Poisson’s ratios against slenderness and 
inverse slenderness, respectively. It can be seen thát stubby specimens give large 
Poisson’s ratios.

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983



2 6 2 ZS SOMOSVÁRI

-L í
d I

Fig. 10. The measured triaxial compression strength against slenderness and inverse slenderness of the test
piece
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Fig. II. Measured compression strengths against slenderness of the test piece

where the correlation index is 0.99. Poisson’s ratio as a rock-parameter: m = 2.1.
The measured Poisson’s ratio is more sensitive to slenderness than compression 

strength is. This is rather natural for the friction’s effect prohibiting the side deviation
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Fig. 12. Measured compression strengths against inverse slenderness of the test piece

Fig. 13. Measured Poisson’s ratios against slenderness of the test piece

works directly when determining Poisson’s ratios, whilst it works indirectly when 
examining compression strength.

From the above statements follows that when determining Poisson’s ratio as a 
rock-parameter one has to do the same as when analysing CSRP. What differs is that 
one does not have to deal with the changes in diameter if slenderness is constant. It also 
follows that publish Poisson’s ratios determined by using normal (//£) = 1—2) test 
specimens are larger than their real value. Publications give even m = 15 — 25 values for
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Fig. 14. Measured Poisson’s ratios against inverse slenderness of the test piece

that ratio which has to be considered as a consequence of the size-effect. Poisson’s 
ratios of rocks vary between 2  and 6 .

Poisson’s ratio can also be determined by triaxial tests. Deriving from Hooke’s 
law (Somosvári 1976):

a. (  £,
—  2 -  —  

ffj V er
m = -------------

j  _  fi ffr
£r (T !

where
is the axial stress, 

ar is the mantle pressure.
In case of stubby specimens we reckon with less ar and measure less £r than the 

real value of them because of the friction on the end plates. Thus, the determined 
Poisson’s ratio (m') will be larger than the real one.

Figure 15 shows both the uniaxial and triaxial compression test-results of the 
same rock. It can be seen that the confining pressure has been kept constant at 
<7 3 =  3 MPa.

Poisson’s ratio calculated on the base of the uniaxial test will be

m = 5.2,

when the values taken into account are:

и, =75 MPa, £j = 2.1%o, £r= —0.4%o.
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Fig. 15. Charts of the triaxial compression tests

On the base of the triaxial test the Poisson’s ratio is

mi = 3.7,
whilst

<т, = 150МРа, e,=3.5%o, er= —0.5%o.

Poisson’s ratio obtained from the triaxial test is less than that obtained from the 
uniaxial test because the effect of the friction prohibiting the side-deviation is less if 
ar > 0. When using l/D = 2 specimens in the triaxial tests one can reach a close-to-real 
value of Poisson’s ratio as a rock-parameter.

Size-effect in determining Young’s modulus

As it is well known, following Hooke’s law, Young’s modulus will be calculated 
from the coherent values of al and в! obtained from the compression tests:

E =

Since the load is not uniaxial because of the friction on the end-plate, the measured 
Young’s modulus will be:

E' = - ( c T , - — ) ;  < >  o.
£i \  ™ /
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Young’s modulus as rock-parameter appears when a'r=a'q> = 0, thus,

V m o j

that is, Young’s modulus determined by stubby test pieces will be smaller than Young’s 
modulus as a real rock-parameter. Considering a'r which corresponds to the friction’s 
effect:

2  1

or

m — 1
If - j z -  = 0, then

£ ' = £ 1 -
mm  — 1 b" l

1 ~  +

D

4 m m - l  D b " \
f "  I /i

2 Ц D l
£' = £ 1 -----— -  .

mb" J
There are no published results concerning the function E'(l/D), thus, we have to rely on 
our measurements. Using the cement test pieces mentioned before, we measured 
Young’s modulus with four pieces at each slenderness. Figures 16 and 17 show the 
measured Young’s modulus against slenderness and inverse slenderness, respectively. 
Using regression analysis, we get:

£ ' = 7386 i l  —0.40 у  J ; MPa,

whereby the correlation index is equal to — 0.95. Young’s modulus as rock-parameter
is:

£ = 7386 MPa.

The measured Young’s modulus is less sensitive to the slenderness than the 
compression strength.

When determining Young’s modulus as a rock-parameter we have to work in a 
way similar to what we have done at Poisson’s ratio.

Young’s modulus can also be determined by the help of triaxial tests. Referring 
Hooke’s law (Somosvári 1976):

a. 2  cr
£ = - -  — . 

m ex
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0 1.5 3.0 4.5 6.0

Fig. 16. Measured Young’s modulus against slenderness of the test piece

Fig. 17. Measured Young’s modulus against inverse slenderness of the test piece

Because of the friction on the end plates the effect prohibiting side-deviation is larger 
than ar, the determined Young’s modulus is smaller than the real value of it.

As it can be seen in Fig. 15, according to the uniaxial test, Young’s modulus is: 
£ = 38000 MPa. Parallelly, taking the following data from the triaxial test:

<Tt = 200 MPa

= 46 %o,

<rr = 30 MPa

m = 3.5 (estimated)

Young’s modulus will be:

£ ' = 39,750 MPa.

The triaxial Young’s modulus is larger because the friction’s effect is smaller, if ar>0.
Good results are obtained for Young’s modulus as a rock parameter if using 

l/D = 2 slenderness in triaxial testing.
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We have to remark that in the uniaxial compression tests the first part of the a —e 
function will not be completely linear, thus, the determination of Young’s modulus is 
still problematic and requires a special settling.

Test results presented in this study are related to a few kinds of rocks. The listed 
references contain results that are similar to the tendencies analysed by us and are 
based on such a wide range of rocks as from the magmatic to the metamorphic deposits. 
Therefore, the validity of our statements is not restricted to certain groups of rocks, the 
more so, since they are based on theoretical analysis.

Summary

The size-effect observed in compression tests was analysed in a wide sense and 
demonstrated in the determination of Poisson’s ratio and Young’s modulus. The 
reasons of the size-effect were also analysed and a proof was given for the size-effect not 
being a material property but rather an effect caused by the friction on the end plates of 
the test pieces. It was also shown that size-effect appears in triaxial tests as well, thus, 
triaxial test can be valuable if they are combined with uniaxial test series enabling the 
determination of the compression strength as a real rock-parameter. The study has 
given a method for eliminating the size-effect in the determination of rock-parameters 
(uniaxial and triaxial compression strengths, Poisson’s ratio, Young’s modulus).
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CAPACITY OF COAL-BASED ENERGY 
GENERATING COMPLEXES

F  K o v á c s1

[Manuscript received October 9, 1981]

A method is presented to calculate the optimum capacity and life of mine-power station 
complexes. The specific cost of electric energy is determined by taking account the dependence of the 
fuel costs on the parameters of the mine. According to the method the optimum parameters can be 
calculated without iterations.

The optimum parameters (capacity, life, specific costs) are analysed as functions of the 
quantity and heat value of the mineral resources. The effects of specific heat consumption and 
capacity utilization are also determined.

It is shown that the parameters W0 and c of the mineral resources and the operational 
parameters c0 and t0 of the power station have a much stronger effect on the specific cost of electric 
energy than the capacity of the power station.

Keywords: capacity of mines; coal-based energy; life of mines; optimum capacity; specific cost 
of energy

Symbols*

a = coefficient (constant) of the investment cost function of mining, Ft á ri“", b =  coefficient 
(constant) of the operational cost function of mining, Ft a ”“ 1 t \  c = heat value of mineable coal, 
kJ/kg, c0 =  amount of heat required to generate a unit electric energy in the power station, kJ/kWh, 
d  = coefficient (constant) of the investment cost function of the power station, Ft M W ' k J  “ “kg", 
e = coefficient (constant) of the operational cost function of the power station, Ft a -1 M W “ ',  
fc„ =  specific cost of electric energy using simple amortization, kar = specific cost of electric energy using 
interest-based amortization, Ft/kWh, kAp = specific investment cost of power station construction, 
Ft/к Wh, k Bp -  specific operational cost of the power station, Ft/kWh, kc — specific cost of coal mining 
without capitalization, Ft/t, K Ap = investment cost of the power station, 106 Ft, AB(1 = annual 
operational cost of the power station, 106 Ft/а, It, = specific investment cost, k 0 = specific operational 
cost, m = intercalar time, year, n = life of the mine-power station complex, year, p = interest factor, 
q = production capacity (annual output) of the mine, 106 t/a, q0 = optimum mine capacity, 106 t/a, 
Q = mineable amount of coal in the mine, 106 t, r0 = average annual time of operation of the power 
station at nominal capacity, h/а, T= nominal power output of the power station, M W, T0 =  optimum 
power station capacity, MW, W0 = energy content of mineable coal reserves of the mine, 106 kWh, 
W0, = amount of electric energy generated during unit time, MWh/а, a =  exponent of the capacity 
term in the investment cost function of the power station, ß =  exponent of the operational cost 
function of the power station, p = exponent of the investment cost function of the mine, v  =  exponent 
of the operational cost function of the mine, a>=exponent of the heat value term in the investment 
cost function of the power station.

1 Department of Mining Engineering of the Technical University for Heavy Industry, H-3515 
Miskolc-Egyetemváros, Hungary

* Ft denotes the Hungarian currency, Forint.
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The sharp rise in oil prices has made it dear that the electric energy generation 
cannot be further increased by constructing new hydrocarbon burning power stations. 
Studies analyzing the long-term problems of energy generation claim to find the 
solution in coal and nuclear energy. The raw material requirements of coal-based 
energy generation can be largely met by open-pit lignite mines. Therefore, it is 
reasonable that the economic problems of establishing mine-power station complexes 
should be analyzed and their optimum parameters determined.

The problem had been earlier investigated by academician Zambó (1974) in great 
detail. The investment cost function of power stations had been determined as a 
function of capacity and coal quality, and the investment costs were compared with 
those of hydrocarbon burning and nuclear power stations. Attention has been drawn 
to the distorting effect of the interest rate in the determination of the optimum capacity 
and in problems connected with interest. It was also suggested that in the analysis of 
specific problems the specific fuel cost should be determined as a function of the 
parameters of the mine.

Earlier analyses provided different results for the optimum parameters (capacity, 
life) of the open-pit mine and of the power station, respectively, if they were determined 
separately. The problem that usually occurred was that the calculations concerning the 
power station had furnished rather high optimum or economical capacities. Although, 
technically the corresponding mine capacity can be established, the total investment 
costs of mine construction, however, can only be met in exceptional cases. To obtain 
more realistic results one must determine the optimum capacity and life for the whole 
complex as an undivided entity instead of calculating the optimum parameters of the 
mine and of the power station separately (Németh 1979).

One of the possible solutions to jointly determine the optimum parameters of the 
mine-power station complex is to treat the specific coal cost as a capacity-depending 
parameter in determining the fuel costs of the power station with the help of cost 
functions. The problem will be investigated in what follows using this method.

The specific cost of coal mining can be written in the general form

К = ^ + Н ' - \ т  (1)

if no capitalization is applied. In Eq. (1):
Q mineable coal reserves of the mine, 106  t 
q annual output of the (open-pit) mine, 1 0 6 t/a 
a constant of the investment cost function of mining, Ft a" t "  
b constant of the operational cost function of mining, Ft av _ 1  tv 

H ,  V exponents of the cost functions of the mine to be determined by regression 
analysis.

If the specific cost of the electric energy referred to the final product is used in the 
investigation, the total energy content W0 [106  kWh] of the lignite reserves seems more
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convenient than Q. The relationship between Q and W0 can be written as

c W c
Wo = 103Q - ,  106kWh e =  —J  —, 106 1 (2)

Cq 1U c

with c heat value of the mineable Coal, kJ/kg
c0  amount of heat required to generate a unit electric energy in the power 

station, kJAWh.

If fuel is supplied to the power station by a single mine, the relationship between the 
capacities of the open-pit mine and the power station can be determined as:

q=10~6 T t0  — , 106 t a 1
c

T=l06q — , MW (3)
to co

with T  nominal power output of the power station, MW
t0 average annual time of operation of the power station at nominal capacity, 

h/a.

By dividing the Ft/t coal mining costs by 103 c/co one arrives at Ft/kWh specific 
values representing specific fuel costs within the total costs of electric energy 
generation:

(10-6 t0 7 ) '- , > FtAWh. (4)

Equations 1 to 4 do not express the interrelationships between the parameters c, 
c0  and q, and the specific cost kc in multi-seam coal fields exploited by selective mining 
techniques. If selectivity increases, i.e. a purer product is obtained, certain positive 
effects improving economy can be found in the increase of c and a simultaneous 
decrease of c0  with a resulting increase in the total amount of heat W0. Economic 
efficiency is, however, decreased at the same time due to the lower productivity of the 
machinery which results in higher specific fuel costs in the power station. This latter 
effect may cause a change in the coefficient b.

A change of c, on the other hand, can modify the specific investment costs given 
by Eq. (5) and—through relationship c0  =/(c) — the parameters characterizing the 
operation of the power station (e.g. i0) and costs (e.g. the constant e) as well.

The investment cost of the power station can be written, using the cost function 
introduced by Zambó (1974) as

KAp=dTxca 106  Ft

where d is a constant to be determined by regression analysis, Ft, M W 1 kJ “ kg'", 
a and a) are exponents to be determined by regression analysis.
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If the lifes of the power station and the open-pit mine are equal and coinciding, 
and we assure that the total energy content W0 of the coal reserves is utilized, the specific 
investment cost of power station construction can be expressed as

d 7* c“
Ft/kWh- (5)

" 0

The operational cost for unit time without fuel costs becomes

KBp = e T ß 106  Ft/a.

The electric energy generated during unit time (year) is

W0u = t0 7  MWh/a

while the specific operational cost can be given by

4 =“  = ю3- ^ ,  Ft/kwh (6)
L q  I  I q  I

where e is a constant to be determined by regression analysis, Ft a - 1  MW ' 11 

ß an exponent to be determined by regression analysis.

Applying simple amortization, the total cost of electric energy generation can be 
written on the basis of Eqs (4), (5) and (6 ) as

k. =
d 7 V ° a , c0  I

+ —  1 0  6 t0— 7  + 1 0 3 .
Wn Wn V c J t0 T

+

+ 1 H
1 0 3 \ c ) (10"6 io 7)V- 1 (7)

When analysing the economics of investment or comparing the efficiency of 
various projects one also has to consider the time factor of the expenditure, i.e. the 
capitalized investment costs should be taken into account. For the mine-power station 
complex an equal life is assumed:

, W0n = 1 0 3 ----- , year.
t0 7

The effect of the time factor is expressed by the factor /  (Zambó 1974):

f= p r n { p - l ) - f—  (8 )
P - 1

where p is the interest factor,
m the intercalar time, i.e. the time span between the main point of the investment 

period and the starting year of production (clearing investment credits) 
n the number of years of production or the time of writing off fixed assets 

(clearing credits).
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Using interest-based amortization for the investment costs, the specific cost of the 
generated electric energy becomes

k = \03pm(p— 1) p
[ r fc - r—  + a( l O - « . . ^ V - 1] +

p  to T — 1

~ ( —)  (1 0 _6 to ) v _ 1  Tv~1. 
t0  1 0  \  c / (9)

The total specific cost, as usual, can be divided into an investment cost fe, and an 
operational cost k0. In case of capitalization, fc, will be replaced by kir. The sum of the 
capitalized specific investment costs of the power station and of the open-pit mine is 
given by the first term of Eq. (9) while the operational costs appear as the sum of the 
second and third terms.

The parameters of the cost functions have been determined on the basis of 
Zambó’s (1974) and Nemeth’s ( 1979) results as well as from the data of the Thorez open- 
pit mine and the Gagarin power station for the years 1980 and 1981 (Research Report, 
1981a). The following parameters were used in the calculations:

p = 0J5 a = 3700 v = 0.70 b = 325

a = 0.84 co= —0.14 d = 400 /1 = 0.90 e=  1.90

W0 = 250 000 c = 6255 c0 = 12 510 io = 5200.

The optimum capacity was determined by the principle of minimum cost, using a 
numerical method on a desk top calculator. Interest rates used in the investigation were 
0  to 1 2  percent.

The specific costs obtained without capitalization (i.e. p= 1.00) are illustrated in 
Fig. 1. The optimum power station capacity is 610 MW and the specific cost becomes
0.74 Ft/kWh.

Figure 2 shows the specific costs as a function of the capacity for 10 percent 
interest rate i.e. p = 1.10. The optimum capacity becomes

T0 = 2010 MW (for p = 1.05 we have To=1230MW).

The mine capacity corresponding to T0  can be calculated as

<7o=10-6 V o^ = 1 0 - 6
c

2010-5200-
12510
6255

= 20.9 - 106 t/a.

The life of the mine-power station complex will be

”o= 1 0 3
to To

= 1 0 3
250000

5200-2010
= 23.9 «  24 years.
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Fig. I. Specific costs as functions of capacity (p = 1.00)

0 500 1000 1500 2000 2500 3000 3500
Power station capacity  T, MW

Fig. 2. Specific costs as functions of capacity (p= 1.10)

The basic parameters of the mine-power station complex (capacity, life and 
specific cost of current) are determined using the natural properties of the deposit and 
the main technological characteristics of the mine and of the power station. The 
capacity of the power station is primarily determined by the total amount of mineable 
energy W0, being composed of the amount Q of the minerals and the heat value c. The
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specific cost could be considerably modified by the properties of the mine and of the 
power station. A detailed analysis of the effect of the main parameters was reported in 
the Research Report (1981b).

The increase of the total mineable amount of heat W0 brings about a 
proportional increase in optimum capacity with a decreasing tendency of the specific 
cost. The life is not significantly modified by the value of W0, the optimum operating 
time of the complex mainly depends on the interest rate. Using simple amortization, the 
life becomes roughly 80 years, for 1.05 40 years, and for p = 1.10 24 years. The 
mineable area of the mine and the mineable amount of heat can considerably change 
the specific costs. The exploitability of twice as large an amount from a deposit results 
in a 13—15 percent saving in the specific cost if other parameters are kept at optimum.

Analyzing the optimum capacity of the power station one finds that it is not 
significantly affected by the heat value of the coal, it rather depends on the interest 
factor. The optimum capacity of the open-pit mine, however, considerably decreases 
with the increase of the heat value of the coal because smaller amounts of better quality 
coal can ensure the heat requirement of the power station. As a result of a reduction in 
the amount of mined coal and because of the use of better quality coal, the specific cost 
of electric energy decreases.

The results obtained by analyzing the effect of parameters W0 and c indicate the 
importance of a thorough investigation of the economics of selective production. An 
increase of selectivity increases the mineable amount of heat, thus improving quality. 
At the same time, however, the reduction of the exploitation of capacity increases the 
cost of mining i.e. that of fuel. Widening the scope of the analysis and taking into 
account the counteracting effects, one can decide whether the reduction of energy costs 
would compensate for the cost of equipment and labour intended to improve quality.

The effects of the parameters c0  and t0  characterizing the electric energy 
generation have also been investigated. The optimum power station capacity T0 is 
practically independent of c0  while the capacity of the open-pit q0 significantly 
increases. An unchanged power station capacity at a higher specific heat consumption 
but steady heat value of fuel requires that the mine production should be increased. 
The specific cost of electric energy increases as a function of c0.

The upper limit of the capacity exploitation of the power station is more or less 
determined by its character, technology and technical standards. Within these frames 
there is a rather great freedom to decide about the exploitation of capacity on the 
grounds of load and economics. As in other branches of industry, a higher exploitation 
of capacity provides, as a rule, better economic results. According to the results of the 
investigations, the increase of t0 significantly reduces the optimum (built-in) capacity of 
the power station. Increasing the capacity exploitation by 25 percent (e.g. from 
4000 h/а to 5000 h/a), 16—18 percent savings can be achieved in power station 
construction. A 50 percent increase of t0 yields about 30 percent saving in power 
station investment. An increase of the exploitation of capacity requires a smaller
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increase in the mine capacity. Increasing the capacity exploitation, the cost of electric 
energy generation is considerably reduced, due partly to savings in investment, partly 
to the reduction of specific operating costs. According to the calculations a one percent 
increase in the exploitation of capacity reduces the specific costs by 0.3—0.5 percent.

The analysis of the effect of t0 has also been extended to the case when T0 does not 
change with the increase of t0 that is to the analysis of the utilization of an established 
(constructed) capacity. The result was practically the same as in the previous case.

It has also been shown that the capitalized investment cost has a minimum at 
capacity T0i. This investment “optimum” also determines somewhat smaller optimum 
capacities than those corresponding to the place of minimum of the total specific costs. 
Figure 4 shows parameter values determined by the minima kir min and kar min as 
functions of the interest factor. Though there is a considerable difference between 
capacity values T0, and T0(at p=  1.05 we have TOi = 870 MW and T0= 1230 MW and at 
p = 1.10 T0i= 1670 MW and To = 2010 MW), the total specific costs kar at T0iand T0do 
not differ significantly. In the example illustrated by Fig. 3 (p = 1.10) the minimum total 
cost at T0 equals 1.9385 Ft/kWh while that at T0i= 1670 MW gives 1.9467 Ft/kWh, a 
mere 0.4 percent increase.

The optimum capacity and life values can be found within the interest factor 
limits ofp= 1.06—1.10. In the case illustrated in Fig. 4 the capacity of the power station 
lies between 1400 and 2000 MW, the annual output of the open-pit mine can be 14— 
21 Mt/a and its life 25—35 years. At a higher interest rate (10 percent) the capacity lies 
on the upper limit, the life on the lower one. With lower interest rate ( 6  percent) the 
situation is the opposite.

The effect of the chosen power station capacity on the specific costs of electric 
energy has already been analyzed by Zambó (1974) in great detail for a given seam and 
for seams of various extension. It has been found by the author that the capacity may be 
varied in a wide range in the vicinity of the optimum capacity without considerably 
increasing the specific costs. Figure 3 of the present study shows practically the same 
results. In case of a capacity 50 percent lower than the optimal T0 = 2000 MW (i.e. in 
case of T— 1000 MW) the specific cost increases by 6 . 6  percent only. To one percent 
capacity reduction (which does not mean any reduction in exploiting the already 
established capacity) there belongs a 0.13 percent cost increase in this case. At 
capacities greater than the optimum, say, by 50 percent (i.e. at T— 3000 MW), the 
increase is only 2.99 percent which means that a one percent change of the capacity 
brings about 0.06 percent rise in costs.

Because of the parabolic character of the cost function the cost-increasing effect 
of any change in the capacity is, of course, much more moderate if the capacity is not 
too far from the optimum. With the parameters of Fig. 3 a 10 percent reduction of the 
established capacity (1800 MW instead of 2000 MW) results in a 0.14 percent cost for 
each percent of capacity reduction. A 20 percent reduction (T= 1600 MW) brings 
about 0.72 percent increase in the specific cost resulting in a 0.036 percent cost increase
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0 500 1000 1500 T0 =2010 2500 3000 3500
T, MW

Fig. 3. Specific cost as a function of capacity (p= 1.10)

Fig. 4. The optimum capacity, life and specific cost as functions of the interest factor
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for each percent of capacity reduction. In the range of capacities beyond 2000 MW the 
cost increase is almost negligible.

As for the effect of the other parameters, it can be shown that a 1 percent change 
of the natural parameters W0,c  and of the technical parameters c0, t0 may cause a 0 .2 —
0.5 percent specific cost reduction. The positive influence of a joint effect of the 
investigated parameters — taking into account their connections and the cost of their 
change — is certainly greater than the result of the capacity change. Under favourable 
conditions the cost-decreasing effect of improving the investigated parameters by 1 per
cent may exceed the effect of the capacity selection by even one order of magnitude. A 
more precise comparison can be carried out by analyzing the joint effect of W0, c, c0 and 
fo-

The results of the present analysis show that the power station capacity of a 
mine-power station complex can be selected within rather wide limits in the planning 
stage without considerably impairing the economical parameters. On the other hand, 
the importance of technology selection in the planning stage and the quality of work 
during operation should be strongly emphasized. The engineering work can 
significantly contribute to the increase of W0 and c, and to the improvement of c0, while 
the parameter t0 is influenced by external effects as well.
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ON A GENERALIZED POYNTING—THOMSON
MODEL

M D o b r ó k a 1
[Manuscript received January 3, 1982]

A possible modification of the equation governing to the spherical stress- and strain tensors 
of the Poynting—Thomson model is proposed. The generalized state equations are solved in the case 
of uniaxial tension.

Keywords: Poynting—Thomson model; state equations; strain tensor; stress tensor; uniaxial
tension.

As it is well known, a large number of laboratory and in-situ measurements show 
that rheological properties of rock continua can be treated with sufficient accuracy by 
the Poynting—Thomson model. In its framework the relationship between the stress- 
and deformation deviators T  and E is given as a differential equation in the form:

T = 2G E + 2t]Ê -ït (1)

where G is the shear modulus, t; is the coefficient of viscosity, т is the relaxation time and 
the dot denotes differentiation with respect to time. On the other hand the isotropic 
parts of the stress- and strain tensors ( T0, E0) satisfy a linear equation

T0 = 3KE0, (2)

where К is the modulus of compression being independent of the stress, strain, rate of 
stress and rate of strain.

From a practical point of view Eqs (1) and (2) give a good approximation to 
describe the majority of rock mechanical motions. At the same time it is clear that Eq. 
(2) cannot be an exact equation. In the present form it means that due to a lack of É0 
and (or) T0 energy dissipation cannot be realized in pure volume changes regardless of 
their velocity (or frequency). In slowly varying processes this can be a good 
approximation, but in more rapid rock motions (explosions, seismic waves) this 
assumption is incorrect.

There is an analogous problem in the case of viscous fluids. The isotropic part of 
the stress tensor can be written as

T0 = 3KE0 + 3(yÈ0,

1 Technical University for Heavy Industry, Department of Geophysics, H-3515 Miskolc, Hungary
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Су being the volume viscosity. The study of the absorption of ultrasonic waves shows 
that £K> 0 . On the other hand in certain flow problems it can be assumed in a good 
approximation that Çy = 0 (Navier—Stokes fluid).

Rock mechanical measurements show that the coefficient of viscosity (rj) of rocks 
can be extremely large (Asszonyi and Kapolyi 1972) in comparison with fluids so we 
can expect that the volume viscosity Cv of rocks can also be large, enough to play a 
significant role in real rock motions.

In the following we propose a modification of Eq. (2) making it suitable to 
describe (relaxational-retardational) dissipative processes, too.

A possible way of the generalization is shown by the original Poynting— 
Thomson model itself. As it is well known this model contains one Hookean and one 
Maxwellian body, in parallel coupling (Fig. 1).

The stress tensor of the Hookean body can be written as

where DH is the deformation tensor of the Hookean body, &H its trace and /is  a unit 
tensor.

The Maxwellian body consists of a Hookean body and a Newtonian liquid 
coupled in series. The stress tensors of the Hookean and the Newtonian bodies are

/>i and D 2 are the deformation tensors in the constituent bodies, 0 t and 0 2 are their 
traces, G' and K' are the shear- and compression moduli of the Hookean body, r\ and 
C'y are the coefficients of viscosity and the volume viscosity of the Newtonian liquid. In 
present we assume £'K# 0 .

Because of the series coupling one has to require for all components

where Fm and DM are the stress- and deformation tensors of the Maxwellian body.

The generalized state equations

(3)

Fh =Fn = F„ 

DM=Dt +D 2,
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Fig. 1. Model for Poynting—Thomson body

Similarly in the parallel coupling of the Hookean and Maxwellian bodies one 
requires

Dh = DM = D  

F=F„ + FM

where F  and D  are the stress- and deformation tensors of the complex body.
Taking the above requirements into account one has for the Maxwellian body

F„ =  b ( 0 + ( c 'y  -  2-  rA & I  ~  ^  К  +

(4)

where 5M —Trace FM = Spur К
Adding Eqs (3) and (4), the rheological equation of the generalized Poynting- 

Thomson body is obtained:

F=2GD+

П'

(H°)ei+2T,'Ó  + U'v - - r , ' \ Ö I - - L . i fr+

^ [ 2  g û  + ( k - ^  Ö /J +

(S-3K Ö )/, (5)

where S = Trace F.
This equation can be split into two parts. The deviatoric equation

T = 2 G E F 2 n ' ( \ + ^ \ Ê - ^ t (6)
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can be written completely in the form of Eq. (1) with the substitution

11 =

The equation of the spherical tensors T0 and E0 by means of Eq. (5) gives the form

T0 = 3KE0 + X £o (7)

which can be considered as a generalization of Eq. (2). In (in time) slowly varying rock 
mechanical motions the second and third terms on the right hand side of Eq. (7) can be 
neglected in comparison with the first one. In these cases Eq. (7) yields Eq. (2). It is to be 
noted that the result is similar if the volume viscosity equals zero, or in other words in 
the model we use a Navier—Stokes fluid instead of the Newtonian body.

Introducing the notations

T =
r\_ 
G' ’

To

Eqs (6 ) and (7) take the form

f d '1 f 31
l 1 + , ä H1+S*}2C£' (8)

{l+,4 }П -  •[1+ 3 „ | |3 K £ „ . (9)

The quantities т and 9 are the deviatoric relaxation time and the deviatoric retardation 
time, while r0  and 90 are the volume relaxation and volume retardation time. It can be 
seen that in the model the relations

are fulfilled.
9 ^ z , 90^ r 0

Approximate forms of the state equations

In special cases Eqs (8 ) and (9) can be substituted by simpler (approximate) 
equations. Let T denote the time interval characteristic of the rock motion.

If all the field quantities vary slowly in time so that

9<T, 90<ZT
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Equations (8 ) and (9) can be written as

T=2GE T0 = 3KE0

resulting in a Hookean body with the elastic parameters G and K.
In a case when

90<T, 9 » T

Eqs (8 ) and (9) give the equations

{i+4 Hl+4 H
T0 = 3KE0

applied to the description of relatively slow rock motion in practice (Asszonyi 1972). 
In the approximation when

90<T<x

one has an approximate Hookean body

9
T = 2 -G E , T0 = 3KE0

T

9
with the elastic parameters — G = G + G' and K.

T
With decreasing characteristic time (more rapid rock motions) the relations

T x9 0<x,

are valid, when Eqs (8 ) and (9) can be approximated with the equations

T=2{G + G')E

{i+'4 }4 i+s4 H-
For rapid rock motions, when

T490<$ t

we find an approximate Hookean body

T= 2{G + G')E 

90
T0 = 3 - K E 0

with the elastic parameters 0

S0G + G', — K = K + K'.
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Uniaxial tension

In order to show the model properties under uniaxial tension' Eqs (8 ) and (9) are 
to be solved for deformations. Equation (8 ) can be written as an inhomogeneous linear 
differential equation

H ' - i
t - 2 G É  + ^ [ t -2G E  

solvable with the method varying the constant. Looking for a solution in the form

T —2GE—C{t)e~^
we find

C(t) = H ) J te»dt' + A,

where the quantities A are constant, and so 

T -2 G E = e-* < A  + ( 1

The solution of Eq. (8 ) can be written in the form

е-2Яг-̂ [4 +Ы)РН} ( 10)

and similarly

E° ~ 3 K * ‘T° - e
B +  \ 1 с8« Tr,dt' ( П )

where the quantities В are constants determined by the initial conditions. By means of 
Eqs (10) and (11) the deformation tensor can be written as

1 1 1
----T0 ------ e
Ж  0 2 G

■{ß + 1( l - £
\  К

(12)
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In the case of uniaxial tension, the stress- and deformation tensors, the stress- and strain 
deviator- and spherical tensors take the form

a  0  0 E 0  0

F —

ооо

D= О О

0  0  0 О О

Г=

2
3 C

0

0

2
3 (е - е ' ) 0 0

0 - у ( е - е ' ) 0

0 0
1

-  -т-( £ - £ ' )

1
— a 0  0
3

y (e  + 2 e') 0  0

T0 =
0  3 y  (£ + 2 e')

0 0 0  — (e + 2  e')
3

where a is the only existing stress, e and t! are the relative changes of length along with 
and perpendicular to the axis of the tension. In the following solutions of Eqs (10) and 
(1 2 ) in two special cases are given when the rate of change of the stress is constant and 
when the stress is constant.

In the first case à = àa =constant. The solutions of the Eqs (10) and, (11) are

е - ё  =  ^ ^ o - e  » ^ A + ( 9 - T ) à a( e » - l )  j ,

; +  2 e ' =  ^ r | < r - e  Ä i j ^ ß  +  ( S 0 - T 0)d 0( e ^ - 1 )  j .

(13)

(14)

Let us assume that at the beginning of the tension the stress and all the deformations in 
the specimen are zero, so the constant in Eqs (13) and (14) must be A - 0  and B = 0. 
Taking this into account one has

e — e' (15)
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е + 2 е '= —  {ff—<Te(90  —т0 ) ( 1 - е  55)} (16)

and by means of Eq. (12) we can write

3 K + G 1 _» 1 »
e =  ___  ff -  —  (9-T)ff„(l-e 5) -  —  (So-T oJff^l-e *°) (17)

e =

9 KG

3K — 2G 
18 KG

3 G 9 К

1 _« 1 _»
(̂  + — (9-т)0а(1~е * ) ,-  —  (S0 -To)ffa(l- f f  •»). (18)9K

In other special case, when in a given moment of time, t = t, the stress is fixed at a 
value ff = ffi, then by means of Eqs (10) and (11) we can write

1 » 
e — e' = — (ff, — Ae 5 )

2Gv 1 ;

1 _ «
e + 2e' = —  ( < 7 i - B e  Щ .

Supposing the deformations at i = f, to be £ = £,, е' =  £, the constants are

A = ff, — 2G(e, —в',)

B = ff,-3K(e1 + 2e'1)

and the solution of Eqs (10) and (11) can be written as

e - e ' =  2 ^ { f f i - [ f f , - 2 ^ ! -£ 'i)> - “ }, (19)

£ + 2e' =  -Î— {ff ! — [ff, — 3#C(fit +2e\)']e~,~^}. (20)
3 K.

Similarly, by means of Eq. (12) we find

3 K + G 1 _izlL
£ =  ____ g , —— [ff,—2G(e, —£',)]£ » —

9 KG 3 G

-  +  s » ,

3K -2G  1 _Lzii
e' =  ____  ff, — —— [ff, — 3K(e1 +2£,)]g »о +

18KG 9K

+ 7 7 ; [ffi-2G (£,-£',)]£ s . 
Ö G

(21)

(22)
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On the base of Eqs (15)—(22) the elastic parameters G, К and the rheological time 
parameters 9, т, 90, t0  can be determined.

It is well known that because of the friction between the specimen and the plates 
in a real measurement the stress state will not be uniaxial. The result of the friction 
appears mainly in a decrease of e'. From this point of view the most useful formula is Eq. 
(17), because it contains only et, measured at different times t,. All the other equations 
(at least at t = ti) contain ej, too.

D
The effect of the friction is highly dependent upon the — (diameter to length) ratio

D
of the specimen and can be negligible at small —. On the other hand in uniaxial

D
compression measurements — = 1, . . .  0.5, and so the measured е\ deformations must

be corrected.
This correction in the framework of the linearly elastic model has been obtained 

in (Somosvári 1983). By means of theoretical investigations and laboratory 
experiments the Poisson number must be corrected as

^ m e a s u re d

where the constant c is dependent upon the coefficient of friction ц between the 
specimen and the plate. So the correction of deformation takes the form

^real ^measured

In a Poynting—Thomson body the parameter c besides the coefficient of fric
tion, depends on the time and the circumstances of measurements: c = c(/i, àa, t) or 
c=c(ß,al ,t). The calculation of these factors should be made in future investigations.

The proposed generalization of the Poynting—Thomson model results in the 
fact that the equation determining the time development of the spherical tensors is 
similar to that of the deviators. The new rheological time parameters — the volume 
relaxation and retardation times — are probably much smaller than the deviatoric 
ones. So significant corrections can be expected in rapid rock motions, in transient and 
wave features of the rock continua. In a following work we derive the equation of 
motion and dispersion relations for a generalized Poynting—Thomson continuum.
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RAISING OF SOLID MINERALS 
TO THE SURFACE THROUGH VERTICAL PIPES 
IN HYDRAULIC MINERALS MINING SYSTEMS

L Ba l l a 1

[Manuscript received January 5, 1982]

One of the most important subsystems in a hydraulic minerals mining system is the raising of 
solid-lluid mixtures through pipes. The transport subsystem can be designed and optimized on the 
basis of the pressure loss in the pipe.

Two transport systems, viz. those with jet pump and air lift, are spreading in practice. 
Transport calculations applied so far are critically analysed with the help of a unified view in the 
paper.

Keywords: air lift; hydraulic mining; jet pump; raising of minerals; solid-lluid mixtures; 
transport by pipes

Symbols

Л = pipe cross-section, C = drag coefficient, d =  grain size, D = pipe diam eter,/=function, 
F =  drag surface, д =  acceleration due to gravity, G = gravity force, К  =  constant, l= distance along 
the pipe, L= length, m = mass, n = constant, p = pressure, Q =  flow rate, r = radial distance, S =  fric
tional force, e =  velocity, drag force, a = coefficient, £ =  in situ volumetric ratio, p = density, 
r  =  shear stress, Я =  friction factor, r\ = efficiency

Subscripts

a =  feeding, /  =  fluid, q = air, m = mixture, о =  normal state, R = pipe wall, T= transport, 
s =  solid

One of the mining systems with the highest perspective in future is the borehole 
hydraulic minerals mining system, illustrated in Fig. 1. The vertical pipe transport 
system in the borehole separated from the whole mining system is investigated in the 
paper. This separation is justifiable since the costs of the system depend to a great 
extent on pipe diameter and borehole diameter (latter parameter being in close 
connection with pipe diameter). The separation is further justified by the fact that the 
subsystems are in interaction at the connection points thus the actions can be regarded 
as boundary conditions in the model of the subsystem. In the analysis of the whole 
system it has to be taken into consideration, of course, that the boundary conditions 
which have to agree in each connection point for all subsystems, can be determined 
from the operation of the subsystems and the connection graphs of the subsystems.

1 Chemical Research Laboratory for Mining of the Hungarian Academy of Sciences Miskolc
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c l e a r e d  c a r r i e d  m e d iu m

Because of the characteristics of the borehole mining system (comparatively 
small borehole diameter, bottom pressure around hydrostatic, depths considerably 
exceeding 10 m and solids density greater than that of the transport medium (Fly 
1970)), two forms of the vertical transport system are spreading in practice (Arens 1975, 
Pols 1980): those with jet pump and air lift.

In the systems applying jet pump, high-pressure water is pumped from the 
surface through a jet pump into the pipe transporting the solid material. In the jet pump

Acta Geodaetica, Geophysica et Montanist ica Hung. 18, 1983
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Fig. 2. Pipeline transport subsystem in borehole

kinetic energy is converted into pressure energy and, combined with hydrostatic 
pressure, it lifts the solid-liquid mixture to the surface.

In systems with air lift, air is compressed from the surface through an air feeder 
into the pipe transporting the solid material where the air, due to its density smaller 
than that of the transporting fluid, decreases bottom pressure resulting from the weight 
of the flowing fluid in the pipe. Thus hydrostatic pressure is sufficient to raising the 
solid-fluid-air mixture to the surface.

The structures of the two systems are similar; they differ, however, from the fluid 
flow point of view, because the state of the fluid injected to the pipe is different. The 
main characteristics of the two systems can be seen in Fig. 2.

From the flow regime point of view, taking the number of the flowing phases into 
account, the system applying jet pump is a two-phase system while that with air lift is a 
three-phase one. Four steady flow regimes (Weber 1974) can be distinguished for both 
systems (Fig. 3) taking into account the concentration of the solid, the distribution of 
the solid, the settling velocity of the particles in flowing and stationary media and the
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Fig. 3. Solid-fluid flew regimes

velocity of the transport fluid. A general definition to distinguish the regimes does not 
exist.

The hydraulic solid minerals mining system being one of the most general mining 
systems (Patvaros 1979) uses water as a basic transport medium ensuring the 
combination of winning, haulage and processing into a unified chain even taking the 
aspects of environment protection into account. The Newtonian character of the water 
can be, however, changed by the fine particles of the solid or additives (e.g. polymers) 
mixed to the water thus producing a non-Newtonian transport medium.
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Within both systems, taking into account fluid velocity, size and shape 
distribution and concentration of the solid, the following four groups can be 
distinguished:

— homogeneous, Newtonian flow: only non-settling solid particles are present in 
the fluid but only to that extent that the fluid does not change its Newtonian 
character;

— homogeneous, non-Newtonian flow: only non-settling particles can be found 
in the fluid but to an extent that they give a non-Newtonian character to it;

— heterogeneous, Newtonian flow: the fluid contains practically settling (coarse) 
solid particles only that do not change the Newtonian character of the fluid;

— heterogeneous, non-Newtonian flow: the fluid contains besides a great 
quantity of settling (coarse) solid particles also non-settling (fine) splid 
particles to that extent that they give a non-Newtonian character to the fluid.

The effect of the additives can be interpreted in a similar way.

General vertical flow equations

Practical experience and the lack of boundaries of general validity among 
various flow regimes suggest to assume for the analysis of the flow in the pipe that the 
solids distribution is homogeneous in the fluid, and the flow is one-dimensional, steady 
and isothermal. Any deviation from this model is taken into account by various slip, 
form and friction parameters. The forces acting on the element of volume are shown in 
Fig. 4 (Weber 1974).

The equations are according to Weber (1974) and Palarski (1981) as follows. 
Momentum equations:

d(m,i>,) 
v’ di =

v' ~ - G t - e t A d p - S Re + W t [ v , - VJ  

V f - “ j 7 ^ =  - G f - e , A d p - S R f - W , - W e .

Continuity equation:

Packing density:

div p,£jV, = 0  

div P,e, v , = 0

div PfEf \ f =0. 

e,  +  eg + e f =  1

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983



2 9 6 L BÁLLÁ

— fluid 
•  solid 
o air

Fig. 4. Force components on a volume element

with
mf= pfe,/l ál

i = s ,g , f

and the equations of state for densities p, are known.
The number of the equations characterizing the system is seven while there are 

twelve unknowns, viz. es, eg,ef , v„ vg, vf , p, SRs, SRg, SRf, Щ and Wg. In order to provide 
the sufficient number of equations for determining all unknowns, 5 more independent 
equations are needed in case of three phases and 3 additional equations for two-phase 
flow. There is no settled opinion as to which equations should be used for this purpose. 
Most equations are based on statistical analysis of measurement data therefore 
calculated results are reliable in the investigated regions only.

In designing hydraulic transport systems, the knowledge of the pressure gradient 
in the pipe is of principal importance. For two- and three-phase flows it has to be 
calculated in different ways.
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Two-phase flow

Homogeneous, Newtonian flow

This case may be considered as the one-phase flow of the carrier medium with 
modified density and velocity. The velocities of the solid and the carrier medium are the 
same, i.e. vf =vs from which IFs=0 follows. The value of SRf + SR, is known with a 
comparatively high accuracy (Govier and Aziz 1972). Thus, as the 3 additional 
equations are known, the pressure gradient can be determined.

This kind of flow regime is rather rare in practice. Critical point is the 
determination of the diameter of the particles that just do not settle in the fluid. This 
diameter depends also on the fluid velocity and usually lies below 1 mm.

The flow can be regarded as a one-phase flow of the carrier medium with 
modified density, velocity and rheological properties. For this, case vf  = v, and W^=0 
also hold. For the equation of SRf + SRs Hanks’ (1978) theory is most generally 
accepted because of its validity for both laminar and turbulent flow of fluids with 
rheological equation:

This flow regime is also rather rare in practice but its role in the heterogeneous 
flow is important. It is also a critical point in the analysis of this type of flow the 
determination of the diameter of the just-non-settling particles.

This flow regime is the two-phase flow of the carrier medium and settling 
particles, thus vf  #  vs. Two theories are known to calculate the pressure gradient but no 
comparison is available between them. The additional equations according to Newitt 
et al. (Clauss 1970) are as follows:

where Xf  can be determined from the Colebrook formula (Govier and Aziz 1972) and f,  
and /„ are obtained from measurements.

Homogeneous, non-Newtonian flow

Heterogeneous, Newtonian flow

Sri — fs(a^Rf) 

V /-v , = f v(£s, WJ
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The additional equations are according to Weber (1974)

SRf = k f ^ —̂ Ef A dl 
f  f  2D f

p . v ?

SRs = ks^ e , A d l  

W, = C ^ ( v f -v ,) \v f - v 3\F,

where kf  is determined from the Colebrook formula, As and Cs from measurements.
This is the most common flow regime in practice. Critical point is the 

determination of slip velocities, the additional friction force due to the solid and the 
degradation of certain solids (e.g. coal) in some kinds of flow regimes. The problem has 
been so far investigated for horizontal pipes since it is assumed to be more important 
there (Shook et al. 1979).

Heterogeneous, non-Newtonian flow

This flow regime can be characterized by the two-phase flow of the carrier 
medium with modified density, velocity and rheological properties and of settling 
particles.

Little attention has been paid to it so far because of its complicated character. 
Prettin and Gaessler (1976) established their theory from which the additional 
equations required to calculate the pressure gradient, are

SRf = k*Pf ~  t*A dl

Sr, = K p3^ e*A dl

г> . - / « ,  ИЭ

whereas A* is determined from the Colebrook formula as a function of Reynolds 
number with the modified viscosity while A, and /  from measurements. The sign * 
indicates modified parameters.

This flow regime is also common in practice but, as shown, the determination of 
the pressure gradient is rather empirical and the non-Newtonian character of the fluid 
is not clearly reflected.

Critical is the prediction of the solids amount that modifies the carrier medium 
and that of the modified viscosity. Shook et al’s (1979) capillary viscosimeter in vertical
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position seems to be acceptable over a wide range. Viscosimeters applying coaxial 
cylinders can only be used in certain flow regimes because of the sedimentation. In 
further investigations of the flow regime, the latest results of Masuyama et al. (1978) and 
Sakamoto et al. (1978) about horizontal flow should be taken into account.

Three-phase flow

Homogeneous, Newtonian flow

This is the two-phase flow of the carrier medium with modified density and 
velocity and of air. The additional 5 equations are

v , = V / , W , = 0 and those for SRf + SR„ S Rg and vf - v g.

Equations of sufficient accuracy are known for the latter three (Weber 1974, Szilas 
1975, Govier and Aziz 1972).

This flow regime is very rare in practice. Critical is the determination of the 
diameter of the just-non-settling particle and the slip of air.

Homogeneous, non-Newtonian flow

This case can be considered as the two-phase flow of the carrier medium with 
modified density, velocity and rheological properties and of air.
The additional 5 equations are

vs = vf , 1VS = 0 and those for SR/ + SRs, SRg and vf —vg.

As regards the latter three, only the theoretical analysis of Hey wood and Charles (1978) 
is known which is valid for pseudoplastic, laminar, plug-like flow.

This type of flow is also rare in practice.
The determination of the diameter of the just-non-settling particle and of the slip 

of air is also critical.

Heterogeneous, Newtonian flow

The carrier medium, the settling particles and the air are lifted in a three-phase
flow.

One of the first analyses in this field was that of Lévárdi (1969) who regarded the 
solid and liquid phases as those with modified properties. He neglected the slip velocity 
in the determination of the pressure gradient. His theoretical results can only be used in 
the general sense for orientation but it is suitable for designing gravel transport.
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The energy approach of Husain (1975) is new but it is not suitable for the 
calculation of the pressure gradient. The equation of Kato et al. (1975) ensures the 
calculation of the pressure gradient for the transport of manganese nodules of certain 
size only since his constants are determined for a given case. The method largely relies 
on empirical equations, its application for a general case is rather difficult to imagine.

One of the most applicable theories is that of Weber (1976) with the following 5 
additional equations:

’Re'

’ R f

e,A  dl
2D

eaA dl
2D

M Ef A dl
ID

[4 dg Р . - Р /
L3C, Pf

11/2

vg- v f  = f(Qg).

Friction factor A is determined from the Colebrook formula, C, and /  from 
measurements. Critical is the determination of function /  which depends on depth or 
pressure (Weber et al. 1978).

The theory of Palarski (1981) also seems acceptable with the following 5 
additional equations:

PiVf
= A dl i = s ,g , fк, • 2D ' é

Wt = Ce^ ( v , - v e)\vf - v e\Fe

W, = Csr-±{vf - v a)\vf -v ,\F ,

whereas A,, Cg and Cs are determined from measurements. No comparison is known 
concerning the two methods.

This kind of flow is one of the most frequent in practice if air lift is applied. Slip 
phenomena due to the various densities of the three phases and the excess friction 
forces are critical to determine.
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Heterogeneous, non-Newtonian flow

This flow regime contains the three-phase flow of the carrier liquid with modified 
density, velocity and rheological properties due to the non-settling particles, of settling 
particles and air.

There is no study concerning this flow regime available so far. This may also be a 
common type of flow if air lift system is applied.

Slip phenomena due to the various densities of the three phases, excess friction 
forces and the modified rheological properties are critical points in the analysis of this 
type of flow.

Designing vertical transport systems

In knowledge of the pressure gradient the vertical transport system can be 
designed and optimized.

The condition of operation of the transport system can be expressed as

1
Po + Ap03 + Apa + Ap34^ p f gL24 _

Pressure difference Ap03 can be determined from the equations discussed at the two- 
and three-phase flows. For two-phase flow mf =mT + rha holds while for three-phase 
flow rhf = mT and mg = tha.

Change of pressure Apa is negative if jet-pump feeding equipment is applied 
while it is positive for air-lift feeding equipment. The calculation of pressure difference 
Apa depends on the construction of the equipment. Ap34 can be determined from the

equation discussed at two-phase flow, mf = mT. Kinetic energy — pmvl, of the entering

solid-fluid mixture can be calculated from the densities, mass flow rates and pipe 
diameter.

The efficiency of the transport system calculated for the solid is

whereas

&g[(P,~P/)^24 + P,^02] 
f(Qa,Pa)

№ .,P a )
QaoPo In — for air-lift system 

I  Po

1  QaPa for jet-pump system.

The overall efficiency of the transport system can be obtained by multiplying

6* Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983
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compressor efficiency or pump efficiency with :

П = Г ) , * 1 т -

The choice between the two systems can be made with the aid of rç->max whereas the 
operational condition forms the sub-condition. Weber et al. (1978) compares the two 
transport systems on a theoretical basis. It can be stated that the maximum efficiency is 
around or below 40 percent. The optimum of the two transport systems can be selected 
for a general case only by carrying out the necessary calculations.

The optimization ensures the optimum efficiency of the transport system only, it 
does not necessarily mean the optimum of the overall costs. As regards the particle size 
distribution, finer particles are benefitial from the transport point of view while they are 
disadvantageous concerning winning and mineral dressing. These equations have 
already been analyzed for horizontal flow (Asszonyi et al. 1970, Asszonyi et al. 1972, 
Wiedenroth and Kischner 1972). Similar equations should be established also for 
vertical flow.

Summing up, it can be stated that the transport of solid in vertical pipe is 
practically feasible but the economical transport is not ensured in every case because 
the flow regimes are not distinguished clearly from each other. The effect of the size and 
shape distribution of the solid is generally not known, the majority of the calculations is 
therefore empirical, thus ensuring satisfactory accuracy in the investigated region only.

Theoretical research has to be enwidened, the results should be checked by 
reliable experiments. More general equations have to be established and the optimum 
conditions more accurately determined.
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CHARACTERISTICS OF GAS RELEASE 
IN LONGWALL WORKINGS OF MINES 

WITH HIGH GAS OUTPUT

F  K o v á c s1
[Manuscript received August 11, 1982]

By means of gas concentration values measured in 21 longwall workings of Mecsek 
coalmines the characteristics of gas release are investigated.

Analysing gas release as a function of time it has been found that the gas output is hardly 
affected by the daily and weekly rhythm of the working production. It is due to the high ratio of 
secondary gas output deriving from the seams. The thorough investigation into the whole life of 
workings has given a relationship concerning working speed, periodical roof failure and extremely 
high gas output values.

The effect of geological characteristics of the deposit and that of the technical parameters of 
workings the changeability factor i is examined. General statements are deduced, comparisons are 
made with the data in the literature.

Analysing the relationship between the seam thickness and the specific gas release a 
correlation between the two parameters is pointed out. On the basis of analysing statistical data it is 
stated that the specific gas output in the workings of the first slice of thick seams is 2 to 5 times as high 
as in workings of the further slices.

Mathematical statistical examinations resulted in the following conclusion: the mean and 
maximum methane concentration values of the working return air current and the changeability 
factor's values of the gas release can be characterized by lognormal distribution.

Keywords: gas output of mines; gas release; longwall workings; Mecsek Coalmines; methane 
concentration; specific gas release

Symbols

M = seam thickness (m), mf  = face height (m), a = seam dipping (degree), L= length of working face 
(m), u = rate of advance (m/d), Q = return air current in the working (m3/min), c„ =  methane 
concentration of the return air current (percent), c, =  specific gas release in the working (m3/t), 
i = changeability factor of gas release, =  daily changeability factor of gas release, iw = weekly 
changeability factor of gas release, i, = changeability factor for the total life of working, if = ratio of 
productive time at the workings (quotient of workdays and calendar days), v0 = average rate of 
advance on calendar interval (m/d), /0 =  distance between the gas output maxima (roof failures) (m), 
N = number of measurement data, /• „(x) = empirical distribution function, F{x) = theoretical distri
bution function, 5 = standard deviation of the theoretical distribution function, m =  expected value 
of the theoretical distribution function

1 Department of Mining Engineering of the Technical University for Heavy Industry, H-3515 
Miskolc, Hungary
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Firedamp is one of the most considerable dangers among the forces jeopardizing 
directly mine activities. Firedamp explosions commonly cause mass accidents. In the 
Ruhr region, for example, firedamp explosions in 1940—50s demanded 15 tolls on an 
average.

Statistics of the last 100 years about firedamp explosions in Hungary show that 
there were 29 firedamp explosions demanding deaths; altogether 340 people died with 
12 deaths at an explosion on the average. In the decade between 1969 and 1978 among 
the 10 mass accidents there occurred also 2 firedamp explosions with 29 people falling 
victim to the accidents, i.e. 41 percent of the aggregate deaths.

Gas danger arises, first of all, on the spot of working. Because of the large open 
surface, the free coal face and the presence of the cut coal a great quantity of gas is 
released, the intensity of the thorough ventilation cannot be freely increased, fire causes 
with high temperature appear relatively often, accidental firedamp explosions 
jeopardize more people. As a consequence it is of paramount importance to analyse the 
regularity of gas release at the workings.

When the ventilation is planned it is essential to know also gas release as a 
function of time in addition to the expected values of the mean gas output. The gas 
release also depends on the natural characteristics of the worked deposit and the 
technical parameters of the mining. Thus it is indispensable that besides data already 
published in course of analysing the gas release as a function of time we should also take 
into consideration the results of the measurements carried out in mines of the region in 
question.

The issues of gas release in workings are investigated on the basis of French, 
German and Soviet data (Otto 1962, Osipoff 1964, Schmidt-Kreh! 1967, Bruyet 1970, 
Kaffanke 1980). The authors define the specific gas output values, investigate the 
rhythm of methane release in detail, the changeability in the gas release, the 
distribution of the irregularity factor. These are the questions dealt with in this paper 
on the basis of the data gained at the longwall workings in the Mecsek Coalmines.

During the investigation the data of gas concentration measured in altogether 21 
longwall workings have been analysed. The measurements were carried out in the 
period between October 1978 and Februar 1980. The denomination data, the natural 
and technical characteristics of the workings are shown in Tables I and II. The gas 
release as a function of time, the irregularity of methane concentration in the return air 
current in the workings, the relationship between the gas output and seam thickness, 
the efficiency of gas drainage, the relationship of the irregularity factor and of gas 
concentration distribution have been investigated.
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Table I. Identifying of the workings investigated

№
Denomi
nation

number

Mine, level, crosscut field, direction of advance, 
method of mining and support, number of seam

1. Pb 1 Pécsbánya mine level V. Westward of the western crosscut 3, retreating, hand winning, 
timber support, working in seam 3

2. Pb 2 Pécsbánya mine level V. Westward of the western crosscut 3, advancing, hand winning, 
timber support, working in seam 6/11.

3. РЬЗ Pécsbánya mine level V. Eastward of the western crosscut 4 (Eastward from the chute 
westward of the 3rd western crosscut), retreating, hand winning, timber support, working 
in seam 6/1.

4. Pb 4 Pécsbánya mine level V. Eastward of the western crosscut 3, retreating, hand winning, 
timber support, working in seam 6/III.

5. Pb 5 Pécsbánya mine level V. Westward of the western crosscut 3, advancing, hand Winning, 
timber support, working in seam 7

6. Pb6 Pécsbánya mine level V. Westward of the western crosscut 3, advancing, hand winning, 
timber support, working in seam 7

7. Pb 7 Pécsbánya mine level V. Eastward of the western crosscut 3, retreating, hand winning, 
timber support, working in seam 7 (western face)

8. Pb 8 Pécsbánya mine level V. Eastward of the western crosscut 3, retreating, hand winning, 
timber support, working in seam 7 (eastern face)

9. Pb 9 Pécsbánya mine level V. Eastward of the eastern crosscut 2, advancing, hand winning, 
SOW support, working in seam 11/1.

10. Pb 10 Pécsbánya mine level IV. Westward of the western crosscut 1, advancing, hand winning, 
timber support, working in seam 23

11. К 1 Kossuth mine level VIII—IX. field “B” concentration 3/10, retreating, hand winning, 
SOW-40 support, working in seam 8

12. К 2 Kossuth mine level VI -V III. field “B” western concentration 3/9, retreating, hand 
winning, SOW-50 support, working in seam 10/1

13. К З Kossuth mine level VIII—X. field “A” S pillar, retreating, hand winning, individual 
hydraulic prop, working in seam 14/2

14. К 4 Kossuth mine level VIII—X. field “A” fault concentration E/6, retreating, hand winning, 
individual hydraulic prop, working in seam 16/1

15. К 5 Kossuth mine level IX—X. field “A” southern concentration E/6, retreating, mechanical 
winning (2 K-52), SOW-50 support, working in seam 16/1

16. К 6/1 Kossuth mine level IX—X. field “A” fault concentration E/6, retreating, hand winning, 
individual hydraulic prop, single unit working 16/2

17. К 6/2 Kossuth mine level IX—X. field “A" fault concentration E/6, retreating, hand winning, 
individual hydraulic prop, double unit working 16/2

18. Z 1 Zobák mine level II. Southern crosscut 4, retreating, hand winning, timber support, 
working 601 in the third slice, seam 10

19. Z2 Zobák mine level II. Southern crosscut 2, retreating, hand winning, SOW support, 
working 604 in the first slice, seam 10

20. Z3 Zobák mine level II. Southern crosscut 2, advancing, hand winning, individual hydraulic 
prop, working 603 in the first slice, seam 12

21. Z4 Zobák mine level II. Southern crosscut 4, advancing, hand winning, timber support, 
working 602 in the first slice, seam 16
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Table II. Natural and technical characteristics of workings, values of gas output

№
Denomi

nation
number

0 Whole seam Seam . . ., thickness number , . r ,M [m]

Slice
number

Height Seam 
of working dipping 

mí  [m] a [°]

Length 
of face 
L [m ]

1. Pb 1 3 2.00 1 2.06 48 70
2. Pb 2 6 2.15 1 2.15 45 74
3. Pb 3 6 2.31 1 2.31 45 80
4. Pb 4 6 2.23 1 2.23 45 74
5. Pb 5 7 2.31 1 2.31 45 61
6. P b6 7 3.08 1 3.08 42 80
7. Pb 7 7 2.92 1 2.92 48 58
8. Pb 8 7 3.16 1 3.16 48 60
9. Pb 9 11 9.00 1 3.30 39 80

10. Pb 10 23 2.00 1 2.41 40 84
11. К 1 8 2.70 1 2.67 30 125
12. К 2 10 3.00 1 2.16 45 113
13. К 3 14 5.33 2 2.40 10 122
14. К 4 16 7.00 1 2.43 20 157
15. К 5 16 6.00 1 2.40 10 71
16. К 6/1 16 6.30 2 2.40 15 132
17. К 6/2 16 6.30 2 2.40 16 65
18. Z 1 10 6.80 3 2.50 46 66
19. z 2 10 6.00 1 2.85 7 127
20. Z 3 12 9.00 1 3.38 9 82
21. Z 4 16 5.50 1 2.50 52 63

Rate Working Gas Specific Time
of advance air current concentration gas release

t)[m] Q [m 3/min] percent c/[m 3/t] (day)

1.28 562 0.34 7.75 213
1.33 499 0.71 13.32 122
1.13 394 0.33 4.86 61
1.39 458 0.61 9.51 110
1.43 311 0.36 4.22 84
1.05 397 0.29 3.56 67
1.00 261 0.23 2.57 67
0.92 320 0.45 5.99 38
1.01 890 0.91 18.24 172
0.72 391 0.57 9.11 110
0.96 582 0.50 12.01 119
0.50 704 0.36 17.86 138
1.00 496 0.13 1.19 94
1.46 796 0.38 13.41 179
2.00 761 0.21 4.39 168
0.92 730 0.35 3.05 106
0.92 1107 0.21 2.73 253
1.30 420 0.40 7.14 29
1.70 1010 0.64 10.38 58
0.90 510 0.89 14.13 84
1.27 520 0.90 14./2 99
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Gas release as a function of time

The rhythm of gas release was previously examined by Otto and Kaffanke (Otto 
1962, Kaffanke 1980). In their diagrams the effect of the production activities in the 
workings definitely appears. In the productive shifts the gas release and the methane 
concentration of the return air current in the workings firmly increase, the cyclic 
character in production and winning results a regular daily rhythm in the gas release. At 
the workings investigated the primary gas output amounted to 50—55 percent, the 
secondary gas output deriving from the adjacent deposits and partition rocks to 45— 
50 percent of the total gas release.

Analysing in detail the data of 21 workings investigated in the Mecsek region it 
has been found that the change of the maximum methane concentration measured in 
the return air current in the workings does not show a regular period, the change in the 
gas output is not connected with the daily cycle of the production. There is no 
considerable difference between the gas outputs on workdays and those of standstill 
periods. This refers to the fact that only a minor part of the total gas output gets 
released from the worked deposit during the winning, the major part of the methane 
gets into the return air current from the coal seam sequence. The daily change of the gas 
release cannot be characterized by the parameters of the working cycle.

The data of the investigated 21 workings show fundamentally identical trends, so 
only some characteristic examples are illustrated in the diagrams.

Figure 1 shows the maximum methane concentration in the return air current of 
working Pb 1 based on hourly data. In the periods of non-workdays dotted lines mark 
the change in the methane concentration. The diagram shows the change in the surface 
air pressure as well. Figure 2 shows the data of working Z 1.

A characteristic diagram is published by Kaffanke (1980) on the basis of the 
weekly rhythm of the gas release. In diagram 1 of the paper of Kaffanke a considerable 
difference can be observed among the days of the week on the basis of the values of the 
working return methane content. From Monday on the gas output increases, by 
Thursday—Friday a “saturation” level sets in, and finally on Saturday—Sunday, i.e. 
on standstill days, there is a sudden decrease.

Relying on the data of the mines referring to the days of the week the daily mean 
and maximum concentrations cmai, cmean were examined. Within the weekly cycle the 
quotient of the weekly absolute maximum and the weekly average of the maximum 
values and the quotient of the highest mean concentration and the weekly average of 
the mean concentration were calculated as parameters characterizing the irregularity 
of gas release. These parameters were compared with values iw (Kovács 1981). The 
comparison answered the question whether the changeability in the working gas 
release is affected rather by the weekly rhythm of the mining activity or by other outside 
factors.
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Fig. 1. Hourly data of methane concentration values of the return air current in working Pb 1. Change of air
pressure

Of the data of Pécsbánya mine the diagram of working Pb 1 is presented in Fig. 3 
and the summarized (mean) data of the 10 workings are also shown in Fig. 4. The ratio 
of the maxima and means within the weekly cycle is 1.05 and 1.04. The average of values 
iw determined for the same 10 workings is 1.68. This means that the weekly rhythm of 
the production results in 13 to 17 times less difference between the daily maximum and 
the weekly average than that caused by other effects between the weekly mean and 
weekly maximum gas concentration.

Gas concentration values measured on the days of the week can also be 
characterized as numbers of order. Based on data of the workings the days of the week 
were classified according to the mean and maximum concentration values. The 
smallest number of order, i.e. 1 was assigned to the day with the highest concentration. 
Summing the numbers of order of each working we obtain data that show on which day 
of the week it is more common (more probable) that the highest concentration occurs. 
The smaller the sum of the numbers of order, the more common the highest gas release.
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Fig. 3. Mean and maximum methane concentration data of the working return air current for the days of the
week (Pb 1)
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Fig. 4. Mean and maximum methane concentration data of the working return air current for the days of the
week (Pécsbánya summarized data)
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Fig. 5. Numbers of order according to gas concentration based on data in Pécsbánya workings

Characteristics determined on the basis of data in Pécsbánya workings are shown in 
Fig. 5.

Data of workings in Kossuth and Zobák mines gave similar results. The 
diagrams plotted on the basis of the aggregate data of 21 workings in the 3 mines are 
shown in Figs 6—9. The averages of the maximum and mean concentrations in the 
return air current show maxima on Fridays alike. On the basis of the numbers of order 
it is on Friday when the maximum concentration occurs most frequently. Based on the 
aggregate numbers of order the danger on Fridays is the greatest, then come Thursday, 
Saturday, Wednesday with nearly the same degree of danger. The danger is 
considerably less on Tuesday succeeded by Monday and finally Sunday.

To judge the determined order of danger realistically it is also necessary to note 
that the maximum and mean concentration values of the days of the week do not differ 
considerably. The greatest difference between the maximum concentration values 
(Sunday and Friday) is 0.55—0.64, i.e. 0.09 percent CH4 concentration, the difference 
between the mean values (Monday and Friday) is 0.45—0.49, i.e. 0.04 percent methane
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Fig. 6. Mean and maximum methane concentration data of the working return air current for the days of the
week (Summarized data of three mines)

Fig. 7. Numbers ot order according to gas concentration based on summarized data of 21 workings
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Fig. 8. Numbers of order according to gas concentration based on summarized data of 21 workings

Fig. 9. Numbers of order according to gas concentration based on summarized data of 21 workings

concentration. This difference, concerning the actual degree of danger, is not 
considerable; consequently, the potential degree of firedamp danger on each day of the 
week is practically the same. Thus the weekly change of the production cycle does not 
considerably affect the degree of potential gas danger. The actual degree of danger, 
naturally, depends also on the fact that on workdays the high-temperature spots are 
obviously more common to appear.
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The fact that the methane concentration in the working return air current 
depends only to a small extent on the weekly cycle of the production primarily results 
from the following: the majority of methane in the working return air current is of 
secondary nature at the workings investigated, it is not released from the cut coal.

The change in gas release has also been investigated through analysing the total 
life of the workings (measurements).

On the basis of Figs 9 and 10 by Otto ( 1962) and Fig. 5 by Kaffanke ( 1980) it can 
be stated that the methane concentration of the return air current (its time data freed 
from the daily and weekly rhythm) shows a sudden rise returning periodically. The 
maximum and mean concentration values of the return air current in 21 Mecsek 
workings have been analysed as functions of face advance. Based on the analysis it has 
been found that the maximum and mean methane concentrations as functions of time 
follow each other, the gas output of the working shows a periodical sudden rise at the 
same time. The interval between the occurrence of the maximum values is different at 
each working, they may appear every 3 to 8 weeks.

Of the data investigated the diagrams of workings Pb 1, Pb 9, К 2 and К 5 are 
shown in Figs 10—13. In the figures the change of the outer air pressure is also 
illustrated; the beginning of the sudden concentration rise is marked by an arrow. The 
extraordinary cause had an effect of long duration (7—14 days) on the rise of the gas 
output.

Taking into account the mechanism of gas release, the general laws and 
experience concerning gas release in the workings, it can be assumed that the 
phenomenon which returns periodically, lasts for a long time and results in a 
considerable rise in the gas output, is in causative connection with the failure of the roof 
sequence and with the loosening of the underlying layers. Based on the diagrams and 
other data of the workings (rate of advance) the intervals between the gas output 
maxima have been determined also for calendar- and workdays; on the basis of these 
two data the ratio rj of productive time has been calculated. By means of the rate of 
advance the mean rate of advance v0 has been determined on calendar intervals.

Figures 14 and 15 illustrate the data of workings Pb 1 and Pb 9, Figs 16 and 17 
those of К 2, К 4 and К 5. Figure 18 shows the data of Pécsbánya and Kossuth mines 
together. It can be ascertained that the interval l0 between roof failures (gas output 
maxima) increases with increasing ratio of productive time and average rate of 
advance. In Fig. 17 the data of working К 6 worked in the second slice are also 
illustrated. On the basis of Figs 14—18 it can be stated that parallelly with the increase 
of r) and t?0 the time interval between gas output maxima gradually increases, the roof 
failures become “less frequent”. At the workings in the second slice the interval of roof 
failures is twice of that in the first slice (with identical v0). Regression function in Figs 17 
and 18 shows that value l0 with an advance below vo = 0.2 m/d decreases to zero 
indicating that workings with such a low rate of advance cannot be sustained any more 
or only at the expense of great difficulties.
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Fig. 10. Maximum methane concentration of the working return air current and the exterior air pressure
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Fig. 11. Maximum methane concentration of the working return air current and the surface air pressure
(Pb9)

Fig. 12. Mean methane concentration of the working return air current and the surface air pressure (K 2)
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Fig. 13. Mean methane concentration of the working return air current and the surface air pressure (K 5)

The spasmodic gas output rises last 5 to 15 days, the intensity of gas inflow comes 
to 50—300 percent of the mean values of the previous interval. The period of 5— 15 
days is 15—25 percent of the complete 20—100-day-cycle, which means that the 
decrease in the intervals of roof failures, resulting from a slowdown in the rate of 
advance, increases considerably the gas burden summed on the total life in the return 
air current of the workings. The slowdown of the mean rate of advance v0 increases,
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Fig. 18. Relationship between the interval of gas output maxima and the rate of advance (Pb, K)

according to the /0 = f ( v0) relationship, the frequency of roof failures and that of 
spasmodic gas inflows due to failures, the gas burden in the working return air current 
deriving from the very high ratio of the secondary gas output and the mean specific gas 
output to a considerable extent. The sudden (unexpected) rise of the methane 
concentration increases the degree of firedamp danger and presents a potential source 
of danger.

By analysing the relationship between the air pressure change and the gas 
concentration at the workings in Kossuth mine it has been obtained that an 1 Hgmm 
air pressure change resulted in a repeatedly recurrent round 0.01 percent of methane

Ada Geodaetica, Geophysica et Montanistica Hung. 18. 1983



3 2 0 F KOVÁCS

concentration fluctuation. In course of further investigations the gas output increasing 
effect of the air pressure should be determined at different gas release values based on 
planned observations and data collections controlled in accordance with the aim to 
enhance the reliability of the ventilation. Namely, during the actual operation one 
should also learn the quantitative relationship in addition to the tendency of the air 
pressure—gas release connection.

The present investigations have pointed out that under Mecsek conditions, as a 
consequence of the great thickness of the coal seam sequence storing gas, the ratio of 
the secondary gas output is very high, the gas inflow due to roof failures from the 
adjacent rocks is very intensive. Thereforfe from the viewpoint of ventilation as well it is 
of high priority to analyse the issues of periodical roof movements in detail. Besides 
examining the mechanics of this question the operation observations also gain an 
important role. While the workings advance, the time and place of movements also 
affecting the higher roof can be registered with geophysical, working and drift 
convergence measurements. The gas concentration in the return air current of the 
workings must be observed parallelly with these measurements. Comparing the change 
in the roof movement as a function of time and space to that of gas release the 
relationship between the parameters of roof failures and the gas output can be 
determined. With this knowledge, on one hand, the number of objective data 
concerning the planning of ventilation is increased and, on the other, a more precise 
knowledge about the roof movement is instrumental in improving roof control.

Changeability of methane release as a function 
of natural and technical parameters

Experience discloses that in workings gas release considerably changes in time. 
The maximum and minimum values can notably differ from the mean gas output 
values. In the workings the irregularity of gas release is of varying degree depending on 
geological and mining conditions, on the character and timing of work processes, but it 
is an almost always occurring factor. Even if the extraordinary effects are not counted 
in, the maximum gas output repeatedly reaches 1.5—2.0 times that of the mean value at 
workings of normal operation. Having extraordinary values (gas release of 3 to 5 times) 
we are bound to cut production from time to time to maintain security.

Real values describing the irregularity of methane outflow refer to longwall 
workings almost without exception. The irregularity parameter i of gas release 
concerning one given place of working is the ratio of the maximum and mean methane 
content (percent) in the mine air. To determine value i the weekly mean and maximum 
gas content values of the same period are considered as a rule. It infers from the 
definition of the irregularity parameter of gas release that 1. The more regular the
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methane release and the change in the methane content in the air of the working, the 
smaller the value i.

Conclusions that can be drawn on the basis of examining the data by Otto ( 1962), 
Osipov (1964), Bruyet (1970), Tarasov and Kolmakov (1978) concerning irregularity 
parameters are as follows:

The effect of seam thickness can be regarded as a factor which increases 
unambiguously and positively the irregularity of gas release. The increase of seam 
thickness is undoubtedly unfavourable in this respect.

The effect of seam dipping is analysed by Tarasov and Kolmakov (1978) only; 
relying on the basic data the irregularity factor increases in case of steep seams.

The effect of the length of face based on French data can be characterized as 
follows: the longer the face is — particularly in the Nord-Pas-de-Calais basin with 
varying seam conditions — the higher the value of the irregularity factor becomes. On 
the other hand Osipov (1964) (though based on data of two workings only) ascribes a 
favourable effect to a longer face in this respect.

It can be considered as a general experience that, with identical technology, an 
increase in the advance of the working face considerably decreases the irregularity of 
gas release. In the Ruhr region experience displays that ploughing increased value i to
1.5—2.0 whereas working by hand had a value i of 1.0—1.5. Osipov (1964) also 
discloses that although ploughing increases irregularity in gas release the degree of the 
increase, however, is considerably smaller than the increase in the output resulting 
from the ploughing introduced.

French experience points to the fact that intensifying the working air current 
increases ventilation stability and decreases the irregularity factor.

On the basis of Tarasov and Kolmakov’s (1978) paper value i tends to be smaller 
in the case of higher gas output. This is in contradiction to the following French 
conclusion: when applying preventive gas drainage the irregularity factor becomes 
smaller since in this case the methane deriving from the worked seam has a smaller 
proportion in the ventilation where the methane content tends to be a function of the 
indispensable discontinuity of the working.

It has also been found that the more time observing the irregularity of gas release 
takes, the higher the irregularity factor will be.

The quantity and irregularity of gas release can be determined precisely only on 
the basis of actual data. By means of the data of a great number of measurements it can 
also be detected how natural and mining parameters affect the irregularity of gas 
release. The characteristics of gas release have been determined by means of data 
measured by AMT instruments recording methane content. Of the basic data referring 
to the 21 workings the changeability parameters of working Z 1 denoted by 18 are less 
reliable because of the short observation time.

The changeability parameters of gas release have been determined on days and 
weeks and also on the total life of the workings. The natural and technical
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Table III. Changeability data of gas release parameters of 21 longwatt workings in the Mecsek Coal Mines

№ Denomination
number

Average of 
daily values 

îi

Average of 
weekly values

L

Values for the whole 
observation period

i|

1. Pb 1 1.26 1.63 3.21
2. Pb 2 1.25 1.63 2.18
3. Pb 3 1.17 1.28 2.88
4. Pb 4 1.56 2.09 3.93
5. Pb 5 1.26 1.65 2.92
6. Pb6 1.20 1.53 2.52
7. Pb 7 1.49 2.05 5.21
8. Pb 8 1.41 1.76 2.44
9. Pb 9 1.30 1.67 2.75

10. Pb 10 1.16 1.46 2.32
11. К 1 1.12 1.37 2.00
12. К 2 1.12 1.36 2.56
13. К 3 1.28 2.12 4.23
14. К 4 1.22 1.60 4.34
15. К 5 1.26 1.66 3.57
16. К 6/1 1.10 1.24 1.49
17. К 6/2 1.14 1.36 4.28
18. Z 1 1.85 3.53 4.47
19. Z 2 1.28 1.44 2.03
20. Z 3 1.24 1.29 2.81
21. Z 4 1.34 1.90 2.47

characteristics of the workings are given in Table II, the irregularity (changeability) 
factors id, iw, i,, in Table III. The relationship between the changeability of gas release 
and the natural and technical parameters of the workings have been analysed with 
methods of mathematical statistics. It has also been investigated whether the 
changeability (methane concentration) of gas release on workdays differ from that in 
the intervals of standstill. The effect of the advance course of the workings has also been 
examined.

Comparing changeability factors for days id, weeks iw and for the total life of 
workings i, the conclusion can be drawn that the longer the observation (evaluation) 
time is the higher the changeability factor becomes. In the workings of the Mecsek region 
the interval of the changeability factor of gas release is 1.10—1.56 (1.85) based on daily 
data, 1.24—2.12(3.53) based on weekly data and 1.49—5.21 based on data for the total 
life of workings. Using weekly data iw the general conclusion can be drawn that the 
methane concentration value in the working return air current is repeatedly 1.5 to 2.0 
times as high as the mean value. Values i = 1.49—5.21 relating to the total life of 
workings indicate with great probability to what extent the periodical roof failures in 
the progress of workings increase the gas inflow compared to the mean gas output.
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It was also possible to compare values id and iw of the workdays and those of the 
days in standstill. Based on data of 10 workings in Pécsbánya (Table III serial number 
1—10) the mean changeability factor of workdays is idwo = 1.38, the same on days in 
standstill is ids= 1.22. The average of values i for the whole life is /,*,„ = 2.88 in case of 
workdays and i,s = 2.78 for days in standstill. According to the relating data of 7 
workings (11—17) in Kossuth mine iiwo = 1.19, ids = 1.14. The average of values/for the 
total life are ilwo = 2.95 and /,„ = 3.28. Based on data of 3 workings in Zobák mine ( 19— 
21) the same values are

'т<1ич, = М7, rdi= 1.31, riwo = 2.83, Fls = 2.47.

Comparing the data it can be stated that the changeability factor is higher on workdays 
than on days in standstill. The difference, however, is not considerable.

The effect of the advance course of the working has also been investigated. In 
Pécsbánya five workings were retreating and five advancing. Lifting out the weekly 
values of the changeability factor the mean value of iw is 1.76 for retreating workings 
and 1.59 for the advancing ones. In Kossuth mine each working was advancing, the 
average of iw is 1.53. In Zobák mine for the advancing workings iw = 1.44, the average of 
iw in the two advancing workings is 1.59.

The average of values iw in the 13 retreating workings is 1.60, the same mean 
value for the 7 advancing workings is 1.59. The changeability parameter of the 
retreating and advancing workings do not differ considerably.

The relationship between the natural and technical parameters and that of the 
changeability factor of gas release has been examined by determining one- or more- 
variable regression functions, too (Department of the Technical University of Heavy 
Industry 1981). Of the natural parameters seam thickness M [m] and seam dipping a0, 
of the technical parameters of the workings the length of the face H [m], the daily mean 
advance v [m/d], the quantity of air flowing through the working face Q [m3/min] and 
the specific gas output of the working air current q [m3/t] were included. The 
significant results of the analysis are as follows:

The thicker the seam, the higher the changeability factor of gas release. This 
statement concurs with the experience in other countries On the basis of the examined 
data it is also to be established, however, that value i does not rise considerably as a 
function of M, mean values / for thin and thick seams do not differ considerably.

An ascent in the dipping of the seam increases the irregularity factor of gas release. 
This justifies the Soviet results published.

Our examinations prove that the longer the working face is, the smaller the 
changeability factor becomes. The one-variable linear functions show a definitely 
decreasing tendency in each case, the exponent of L in the more-variable functions was 
only in one case a positive value around zero. This result concurs with that of (Osipov 
1964) but contradicts experiences gained in the Nord-Pas-de-Calais basin.
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Enhancing the rate of advance increases the irregularity of gas release following a 
definite tendency. Of the investigated 21 workings, winning was carried out by hand in 
20 cases. This result contradicts data published so far. Research workers in other 
countries state, scil., that enhancing the rate of advance incurs the reduction of 
changeability factor.

The increase of air current flowing through the working face decreases the 
irregularity of gas release. This concurs with French experiences. A greater air quantity 
makes the ventilation more stable, assures a greater safeguard against firedamp.

With an increase in the specific gas output of the working air current the value of 
the changeability factor decreases in a majority of regression functions. This coincides 
with the data obtained in the Kuznetsk basin.

A special emphasis has been put on analysing the relationship between the 
specific gas output and the changeability factor. This issue is of extraordinary 
importance as the specific gas output and the gas concentration of the working air 
current and its change have a primary role in evolving firedamp danger. It has been 
investigated in what direction the changeability of gas release changes with an increase 
in the gas output. The gas output change has been characterized by the average 
methane concentration ca (percent) of the working return air current.

Based on the results of the regression analysis it can be ascertained that the daily 
values of the changeability factor id are practically independent of values ca, factor id 
does not change as a function of methane concentration. There was no definite 
tendency as to the change of the weekly values of the changeability factor either. Value 
iw seems to be also independent of the gas content in the return air current. Data of 
statistic examinations show that the average of values id is between 1.2 and 1.3 
independently of the values ca; the average of values iw is round 1.6.

Figure 19 illustrates values i, relating to the total life of workings. With an 
increase in the methane content of the return air current the changeability factor 
presents a definitely decreasing tendency. At smaller concentration values (0.2—0.3 
percent of CH4) the irregularity of gas release is considerably bigger (i, = 3 — 5); in case 
of a higher gas release (ca = 0.6 — 1.0 percent) the irregularity factor does not change 
significantly, it is 2—3 as a rule.

Calculating ventilation it is advisable to take into consideration parameters 
characterizing the changeability of gas release. Besides the mean absolute value of the 
gas output released on the working face the degree of firedamp danger is also influenced 
to a great extent by the gas release as a function of time. In developing planning and 
control methods of ventilation it is expedient to examine, with security and economic 
aspects also taken into account, which of the parameters id, iw and i, has to be 
considered as primary for the determination of the air current of workings.
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Fig. 19. Mean methane concentration of the return air current changeability factor of gas release

Gas release and seam thickness

Using data of the workings in three Mecsek mines (Fig. 2) the mean methane 
concentration ca (percent CH4) of the return air current, the specific gas output [m3/t] 
in the light of air quantity Q [m3/min] and the production t/d and the specific gas 
release in the working c, [m3/t] with the help of the gas content of the working intake 
air current, have been determined. In our statistic investigations the characteristics of 
gas release have been determined for workdays and intervals of standstill. Analysing 
data of the gas release the effect of the preventive gas drainage has been examined, a 
particular attention has been paid to the role of seam thickness.

Data of the workings in Pécsbánya showed a 0.44 percent methane concen
tration on an average for workdays, 0.41 percent for days of standstill. The specific 
methane content of the return air current is 7.29 m3/t for workdays and 6.70 m3/t for 
days of standstill. In short the gas concentration of the return air current, the gas output 
on days Of standstill are hardly lower than those on workdays. The gas output on 
workdays is only by 8—9 percent higher.

In the seven workings of Kossuth mine the mean methane concentration of the 
return air current is 0.32 percent on workdays, 0.27 percent on days of standstill. The 
mean specific methane content of the return air current is 9.18 m3/t and 8.07 m3/t. 
Production on the face increased the gas concentration of the return air current by 18 
percent on an average and the specific gas content by 14 percent.
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According to data from Zobák mine the mean methane concentration of the 
return air current is 0.69 percent on workdays and 0.72 percent on days of standstill. 
The specific gas content of the return air current is 13.98 m3/t and 14.92 m3/t. These 
mean values were gained in the following way: in two workings the gas release was, 
according to expectations higher on workdays, in two other workings, however, the gas 
content of the return air current was greater on days of standstill. On days of standstill a 
greater gas content might be caused by caving activity or by a less intensive ventilation.

Data of the three mines give information about primary and secondary gas 
release and the ratio of these two factors. The data seem to indicate that the majority of 
the released gas output is secondary, coal production does not considerably increase 
gas release. The gas content of the return air current is practically independent of the 
work carried out on the working face. Detailed data of the workings give practically the 
same picture.

It has been analysed in detail what relationship exists between the specific gas 
output and the seam thickness.

Nine of the workings in Pécsbánya mine worked thin seams (3,6,7 and 23), one of 
them worked in the first slice of thick seam 11. Workings in thin seams that can be 
mined in one slice, produced an average specific gas release of 6.76 m3/t, in the first slice 
of thick seam 11 the gas output amounted to 18.24 m3/t at the same time. Experiences 
in Pécsbánya mine have also shown an increased gas release in the first slice of thick 
seams. In 1200 m3/min return air current the methane concentration was namely 1.0 to
1.2 percent which means 12—14 m3/min CH4 gas output. In the workings of the 
second and third slices, with the same coal output, in 600 m3/min return air current the 
gas content was 0.5— 1.0 percent which yielded a 3—6 m3/min CH4 gas output. 
Consequently, gas release in the first slice was 2—5 times higher than that in the further 
slices.

In Kossuth mine the methane output was 9.80 m3/t in the first slice workings of 
the thick seams 14 and 16 and 2.32 m3/t in workings of the second slices at the same 
time. In Zobák mine the specific gas output was 13.07 m3/t in the first slice workings of 
thick seams 10, 12 and 16, in a working of the third slice it was, however, 7.14 m3/t. 
Data obtained in Kossuth and Zobák mines prove a round 2—4 times higher specific 
gas output in the first slice than in workings of the further slices.

Calculating the average of all three mines the mean specific gas release is 
9.77 m3/t for first slice workings whereas it is 3.53 m3/t in workings of the second and 
third slices. In first slice workings (including workings of seams that can be worked in 
one slice) the specific gas output is 2.76 times higher than that in workings of the second 
and third slices.

A detailed statistical analysis of the set of data showed that with an increase in 
seam thickness the specific gas output is intensified nearly twice as sharply in the first 
slice workings as the average gas release (concerning the whole production).

Acta Geodaetica, Geophysica et Montanistica Hung. 18. 1983



GAS RELEASE 3 2 7

Based on the data the relationship between specific gas release and seam 
thickness can be characterized by the regression function

c, = 5.64 • M° 39 [m3/t].

Exponent 0.39 indicates that the specific gas output depends on the increase of seam 
thickness according to a nearly square-root character. This tendency apparently bears 
a relation to the fact that with an increase in seam thickness the height of roof failure 
and the secondary gas output due to that, also are on the increase.

It has also been investigated whether the changeability factor of gas release is 
different in workings of thin and thick seams, hi 11 workings of thin seams the average 
ofiwis 1.62 and 1.78 in 10 workings of thick seams. Neglecting data of short life working 
Z 1 in Zobák mine the average iw of thick seam workings is 1.59. Thus the result 
coincides with the conclusion drawn already before, viz. the changeability factor of the 
gas release does not considerably change with the increase of seam thickness.

Comparing data of workings in the first slice and those of the second and third 
slices of thick seams the following results were obtained: the average iw is 1.59 in the first 
slice workings whereas it is 2.06 in workings of the second and third slices. The reason 
for this finding can be as follows: in workings of the second and third slices the specific 
gas output is 2—6 times less than that in first slice workings and the changeability 
factor is reciprocally proportional to the specific gas output (Fig. 19). And in workings 
of the second and third slices a more intensive gas inflow may occur from the debris of 
the first slice in the course of caving.

The relationship between seam thickness and specific gas output, the ratio of the 
gas output in the workings of the first slice and that in the workings of the further slices, 
the characteristics of the gas release changeability can be utilized when the ventilation 
of longwall workings is planned and when the parameters of the working 
concentration is determined.

Probability parameters of the return air current concentration 
and the changeability factor of gas release

Authors investigating also gas release as a function of time establish the 
frequency function of gas concentration and that of the gas output per unit of time 
based on measurements in mines. Otto gives the relative frequency of concentration 
relying on data obtained in the return air current of a Ruhr region, no data are given, 
however, about the character of distribution (Otto 1962). Osipov (1964) publishes the 
frequency function of the return air current concentration in the above mentioned 
working of the Ruhr region and that of the Don basin. The character of distribution is 
regarded as normal, no reference is made, however, to adjustment investigation. Bruyet 
(1970) also deals with the distribution of the maximum gas concentration in the return
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air current. In the diagram illustrating the definition of the changeability factor the 
distribution of the gas concentration is characterized by a frequency function of normal 
distribution.

The question has been examined on the basis of gas concentration data gained in 
21 longwall workings of the Mecsek Coal Mines by ranging the maximum and mean 
gas concentration values of the return air current and the changeability factor values 
calculated as their quotient. From this analysis the conclusion has been drawn that the 
minimum values have little frequency; then the frequency of higher values suddenly 
increases and later it gradually decreases. This result gave reason for examining the 
hypothesis of a lognormal distribution.

The relevance of our hypothesis concerning a lognormal distribution of data 
(concentration, changeability factor) has been checked by Kolmogorov’s theory (Rényi 
1954). On sets of data of each working the empirical distribution function F„(x) and the 
parameters a and m of the theoretical distribution function F(x) have been determined.

At the selected 99 percent probability level the hypothesis can be considered 
acceptable if inequality

1.63

7 *
> AFmax sup [F„(x)-F(x)]

-  00 <  X  <  00

holds, where N is the number of data (measured values).
The investigation has been carried out on 126 sets of data altogether based on 21 

workings. Adjustment investigations have been made separately on daily and weekly 
data. Doing so the distribution of the maximum and mean gas concentrations and the 
values of changeability factor i interpreted as their quotient have been analysed. Out of 
126 cases the condition was not met in 4 cases, i.e. in 3.1 percent of all cases the value of 
A F max exceeded that of 1.63/4/ÎV. The four extreme cases: maximum and mean values 
of daily methane concentration in working Pb 1 and the daily maximum methane 
concentration values of Pb 9 and К 6/2. For the changeability factor the hypothesis of 
lognormal distribution has been justified in each case.

The detailed data of the calculations and the determined distribution frequency 
functions are contained in a research report (Department of Mining of the Technical 
University of Heavy Industry 1982b). Of the determined functions only the diagram of 
working К 2 is now published. Figure 20 illustrates the empirical function F„(x) and 
theoretical frequency function F(x) of the daily mean values and Fig. 21 that of the 
maximum methane concentration values. Figure 22 shows the empirical and 
theoretical frequency function of the daily changeability factor id, Fig. 23 displays the 
empirical and theoretical frequency function of the daily mean values and Fig. 24 that 
of the maximum gas concentration values. Figure 25 shows the frequency function of 
the changeability factor of gas release iw.

The diagrams clearly display our finding proved also by the result of the 
adjustment investigation, viz. dFmai<? 1.63/^/iV : the distribution of the maximum and

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983



GAS RELEASE 3 2 9

Fig. 20. Empirical and theoretical frequency function of the daily mean concentration values of return air
current in working К 2

Maximum methane concentration (percent)

Fig. 21. Empirical and theoretical frequency function of the daily maximum concentration values of return
air current in working К 2
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Fig. 22. Empirical and theoretical frequency function of daily values id of the changeability factor using data
of working К 2

Fig. 23. Empirical and theoretical frequency function of the weekly mean concentration values of return ail
current in working К 2
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The daily changeability factor ij
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Maximum methane concentration ( percent )

Fig. 24. Empirical and theoretical frequency function of the weekly maximum concentration values of return
air current in working К 2

Fig. 25. Empirical and theoretical frequency function of weekly values i„ of the changeability factor using
data of working К 2
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mean methane concentration in the return air current obeys a lognormal distribution. 
On the basis of data of the investigation it can also be definitely claimed that the 
distribution of the daily and weekly values of the changeability factor of gas release is 
lognormal as well. From the data of ventilation measurements the probability 
parameters, the expected value m and its standard deviation a of the methane 
concentration values in the return air current and those of the changeability factor of 
gas release can be determined. These parameters can be used for determining the 
characteristics of gas release and for calculating the parameters of the ventilation.
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BOOK REVIEWS

E C D ahlberg: Applied Hydrodynamics in Petro
leum Exploration. Springer-Verlag, New York—Hei
delberg—Berlin, 1982. 161 p. 48 DM

In the preface the author clearly declares that his 
intention is to fulfil a real need having existed since 
long for a concise handbook on practical hydro
dynamics for representatives of both geologists and 
petroleum engineers active in hydrocarbon explo
ration. Really, this goal can be verified by the fact 
that while some fields of theoretical and practical 
hydrodynamics have been well developed and 
summarized (e.g. hydrocarbon traps and reservoirs), 
a detailed analysis of the source and the fluid system, 
even more a book treating the system as an integral 
whole lacked until now. The book consists of eight 
chapters which comprehend all aspects of applied 
hydrodynamics in petroleum exploration.

Chapter 1 “Fluids in the Subsurface Environ
ments” (15 pages, 8 figures) gives a general charac
terization on the nature of fluids and fluid environ
ments, the concept of potential energy in subsurface 
system and terminology of force fields, flow lines, 
gradients, formation of traps and source of forma
tion pressure data.

Chapter 2 “Hydrogeological conditions” (18 
pages, 12 figures) deals with the hydrostatic and 
hydrodynamic environments and the role of hydro
carbon-water interfaces in forming a reservoir is 
discussed.

In Chapter 3 “Hydrodynamics Exploration 
Analysis” (3 pages, 1 figure) the different evaluation 
procedures are shortly listed.

Chapter 4 “The potentiometric surface” (12 
pages, 12 figures) is devoted to the analysis of 
potentiometric surfaces and to the inferences drawn 
from subsurface flow patterns.

Chapter 5 “Pressure-Depth Gradients” (22 
pages, 20 figures) is focussed on the geological 
interpretation of pressure-depth gradient diagrams, 
and on its subsurface hydrological correlations with 
the aim to estimate water/oil contact and hydrocar
bon pay thickness.

Chapter 6 “Hydrocarbon Entrapment Potential 
Constructions” (8 pages, 6 figures) summarizes the 
relationships between oil and water potentiometric 
surfaces, the mapping principles of relative fluid 
potential energy levels and finally the predicting 
methods of hydrocarbon migration and accumula
tion by U, V and Z  mapping.

Chapter 7 “Entrapment Potential Cross- 
Section” (30 pages, 31 figures) illustrates different 
structural traps and their models in detail and some 
documented cases are shown for tilted oil and gas 
pools.

Chapter 8 “Hydrodynamic Mapping” (20 pages, 
15 figures); data and methods are demonstrated here 
for mapping structural and non-structural hydro- 
dynamic traps by using natural formations.

The chapters are completed with two appendices 
comprising the symbols and abbreviations appear
ing in the text and in Hubbert’s Proof and Exercise 
Answers, respectively. Fundamental works are 
included into the references and some suggested 
readings are also listed. Unfortunately the index is 
limited.

The author succeeded in his intention rather to 
tell than to write the story of hydrodynamics in 
petroleum exploration in the book; it can be 
recommended to everyone from graduate students 
to scientists.

I Lakatos

G J Borradaile, M B Bayly, C A Mc Powell eds: 
Atlas o f Deformational and Metamorphic Rock 
Fabrics. Springer Verlag, Berlin—Heidelberg— 
New York 1982, 649 figures, X III+  551 pages

I studied with great interest this book on 
Deformational and Metamorphic Rock Fabrics. 
Scientists deal in recent years more and more with 
rock fabrics and many useful results of these studies 
are reflected in this book, too. The difficulties in a 
new field of science start with nomenclature even if
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the authors speak the same language. Problems of 
the nomenclature get even more difficult if authors 
use different languages or if authors speaking 
different languages write in the same language. The 
edition of the book was motivated by the necessity 
of a common nomenclature, and the present book 
aims to reach this goal in English.

The book gives a summary on rocks, as on 
anisotropic and heterogeneous materials, and pro
cesses of cleavage and cracking in them. (The 
nomenclature should be worked out in Hungarian 
and supposedly also in other languages, too, as e.g. 
the term cleavage generally used in this book refers 
in Hungarian only to minerals).

The book summarizes in three chapters theoret
ical and observational principles being unavoidable 
for an understanding of the followings.

C hapter I gives a definition of cleavage and 
several expressions connected with it, and these 
expressions are used thereafter uniformly and 
homogeneously in the book.

C hapter II reviews processes leading to cleavage 
and gives a survey on its differently developed forms 
and on the process of cleavage itself.

C hapter III presents connections between ob
servational facts and past or present processes. 
Appendix I belonging to this Chapter contains the 
gist of the book: it lists the possibilities for conclu
sions from observational facts to processes in the 
rocks.

C hapter IV presents plates illustrating unam
biguously the processes described in the previous 
Chapters. As the uniformization of the nomen
clature is based on the uniform observation of the 
facts, the publishers tried to use all possibilities of 
modern technics to illustrate rock fabrics, thus in 
addition to normal photos optical micrographs and 
scanning electronmicrographs also presented. The 
production of the photographs is excellent, all 
details can be seen in spite of the black-and-white 
technics and thus they can be well interpreted. An 
understanding of the plates is promoted by the 
scales on them and by the corresponding petrolog
ical explanation.

M ore than 600 plates enable to cover all 
processes involved in this group of rocks. The first 
main group summarizes continuous cleavage, dis
cussing in sub-sections processes due to stretched 
mineral particles, cleavages in rocks composed by 
phyllosilicates or other minerals.

The second main group reviews phenomena 
connected with spaced cleavage presenting pictures 
in 11 sub-sections. They include cracking, splitting 
phenomena at the boundary of mineral granules,

“flame-like” smelting phenomena of schists and 
phenomena due only to granular differentiation, to 
list only the most important items.

In the framework of the system, but indepen
dently of it some more photos are presented on 
topics like non-planar differentiation and blastesis 
deformation and schistosy etc.

The book is useful both for the classification and 
presentation of processes and for the development of 
a uniform nomenclature. The concise text is accom
panied by excellent figures emphasizing the essence 
and enabling a quick survey. The book can be 
recommended to all dealing with rock fabrics.

P Kertész

К О T hielheim  ed.: Primary Energy — Present 
Status and Future Perspectives. Springer Verlag, 
Berlin—Heidelberg—New York 19S2, 224 figs, 371 
pages, DM 71

From Lancret’s gay swing to the complicated 
economic and population problems in the Third 
World to be expected in the near future, a wide range 
of topics are connected with Primary Energy. 
Increasing energy production necessitates more raw 
materials or other sources of energy, it means 
increasing pollution of the atmosphere and surface, 
increasing hazards for nuclear disasters, or even 
noise problems, as in case of the exploitation of the 
wind energy or the destruction of estuaries by tidal 
power plants. Earth sciences play an important role 
in the discovery of the possible energy sources, e.g. as 
exploration methods for raw materials, as data 
bases, e.g. for solar or wind plants, or even in the 
determination of certain risk factors, e.g. by earth
quakes for nuclear plants or waste deposits. Thus 
the present book is a most interesting lecture both 
from a technical and a personal point of view, 
offering a wide vista on problems and possibilities in 
energy supply from primary sources.

An introductory chapter of the physical concept 
of energy by the editor is followed by reviews on 
resources of fossil and nuclear fuels, on synthetic 
fuels and on the carbon dioxide problem. Then 
about 40% of the book deals with different kinds of 
nuclear energy production, with the perspectives 
and risks of the present and future methods, 
including deposition of radioactive waste. The next 
part of the book deals with other primary energy 
sources, hydroelectricity, solar energy, wind and 
tidal plants and geothermal energy. In the last
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chapters, the expected future energy demands and 
their resources, as well as the energy strategies are 
evaluated.

The picture resulting from the book is neither 
very optimistic, nor too pessimistic. It seems that 
without nuclear energy, energy demands cannot be 
met, other sources can cover only fractions of the 
demand, and even the biggest efforts cannot reduce 
the energy demand of the next 50 years below a level 
which could be covered by fossil fuel and other 
sources of energy.

Most chapters are written by German special
ists, a few by leading experts from other countries 
(France, Switzerland, Austria), and the examples are 
also mostly taken from the corresponding countries, 
what does not mean that developments in other 
countries are neglected. A- possibly world-wide 
picture is striven at.

The high level of the book is somewhat disturbed 
in certain places (e.g. p. 320) by low-quality, hardly 
legible figures. The book can be recommended to all 
earth scientists interested in the future of world 
economy and energy supply.

J Verő
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A da G coliad., Geophys. d  Montanist. Huny. Volume 18 (4), pp. 337— 347 (1983)

ADJUSTMENT OF LONG EXTENDED TRAVERSE 
NETS COMBINED WITH ORIENTATION 

MEASUREMENTS BY GYROTHEODOLITES
H A b d e l h a m i d  K a m a l 1

[Manuscript received September 20, 1981]

The paper presents a compact solution of a network of traverses combined with the 
calibration of, and azimuth measurements by a gyrotheodolite used for the orientation purposes. The 
proposed adjustment model is rigorous, based on the least squares principle incorporating the 
measurements and the instrument constant of the gyrotheodolite as well as the available control 
points in the surveyed area.

The described method provides a simple solution for the problem of horizontal control 
densification by using rapid orientation by gyrotheodolites and combining its measurements with 
the traverse network in one adjustment model. The technique of the method requires to establish a 
system of elementary traverse chains, linked to each other by junction points (nodal points), and at 
the same time, the elementary traverses are also joined to the existing control points (fixed 
coordinates).

The coordinates of the nodal points of the elementary traverses are calculated in advance 
from the measurements as approximate coordinates, their variations as well as the corrections for the 
measurements are then calculated using the adjustment model, thus new control points (the nodal 
points) are obtained. In this method the volume of adjusting calculations is reduced in a great extent, 
because the coordinates of the intermediate points of the elementary traverses are not included in the 
adjustment model. Finally, the coordinates of these intermediate points are to be calculated from the 
adjusted measurements using the obtained new control points and the original ones.

Keywords: adjustment of traverse nets; gyrotheodolite orientation; long traverse nets; nodal
points

Introduction

The paper presents a least squares adjustment for traverse networks combined 
with gyrotheodolite calibration and azimuth measurement. The gyrotheodolite is used 
here to provide azimuths for the intermediate orientation of some of the traverse sides. 
The calibration results obtained from the control stations (the instrument constant) are 
included in the model. The gyro-azimuth data of the oriented lines are also included in 
the adjustment model: namely the gyro-north values N and the geodetic sighting to the 
oriented line / (read on the horizontal circle limb of the theodolite).

The proposed adjustment is applicable when surveying long extended areas as 
e.g. the area along the Nile valley in Egypt. The solution of the adjustment yields 
coordinates for new points (nodal points of the net) which can later be used as a basic

1 Banha University, Faculty of Engineering, Shobra, Shobra Street, 108, Cairo, Egypt
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338 H ABDELHAMID KAMAL

points to establish the main skeleton of lower order traverses for cadastral or 
agricultural mapping. The specifications to be followed in such traverse nets are given 
by Mueller and Ramsayer (1979).

In the adjustment, the traverse network is regarded as a system of elementary 
traverses which are linked together with common points (nodal points), the elementary 
traverses are also connected to the control points present in the surveyed area. The 
adjustment and solution of the network are carried out in two main steps, the first is 
calculating approximate values for the coordinates of the nodal points, then their 
variations as well as corrections for the traverse and orientation measurements (lengths 
of the traverse sides, subtended angles, gyro-orientation measurements and the 
instrument constant) are calculated after solving the proposed adjustment model, thus 
we obtain the adjusted observations and the coordinates of the nodal points with their 
covariances. The second step is to use the results of the first step and the coordinates of 
the original controls to calculate the coordinates of the intermediate points of the 
elementary traverses.

The proposed solution is rigorous in the treatment of the traverse measurements, 
the gyro-orientation observations as well as the coordinates of the fixed higher order 
control points, at the same time, it is a flexible mathematical model; it can easily 
accommodate triangulation and trilatération observation nets which form in most 
cases an organic part of the network.

The proposed method reduces the volume of the preliminary manual 
calculations as well as the adjusting calculations themselves because the coordinates of 
the intermediate points of the elementary traverses are not included in the model.

In the adjustment model, there are three condition equations for each elementary 
traverse, one angle condition and two coordinate conditions. The start and the end 
points of the whole traverse network are preferably fixed points (controls). In such a 
case when composing the coordinate conditions for the chain in which they occur, the 
corresponding variations will be zero and a variation will be taken into account only 
for the nodal point.

The computational procedures can be programmed easily. The program section 
which calculates the preliminary values of the coordinates of the nodal points can also 
be used (after the adjustment) in the calculation of the adjusted coordinates of the 
intermediate points of the elementary traverses.

Observations and measurements

Figure 1 shows an elementary traverse of a traverse network. It consists of n 
points, the first, point 1 is fixed (control point) having the coordinates (X  t , Yj) while the 
last one, point n is a nodal point by which the first traverse chain is jointed to the other 
chains. Point n may also be a control point as the first point; in the proposed adjusting

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983



LONG TRAVERSE NETS 339

model it is not necessary for each elementary traverse to begin and to end with control 
points, but the first and end points of the whole network are preferably control points.

Each elementary traverse consists of n — 1 measured distances, n — 1 measured 
interior angles, and n — 2 intermediate points whose coordinates are required. At both

North North

°  Intermediert Points

Fig. 1

nodal points, gyrotheodolite observations are made for the determination of the 
azimuth of the first leg of each elementary traverse, the angles at the nodal points 
(connecting the elementary traverses) are also measured. In this case each elementary 
traverse is considered to be oriented at both ends. The gyrotheodolite orientations 
made at the nodal points and the control points include the determination of the gyro- 
north N and the geodetic sights I. As shown in Fig. 1, during the gyro-measurements at 
point 1 and other nodal and control points, the direction of the autocollimator axis is 
denoted by Cl, i.e., to the north as it is customary in gyrotheodolite observations, while 
the direction of the line of sight is SI. In this position the gyro-north N 1 is determined 
after applying the torsion corrections, then the telescope is turned towards point 2 , the 
new direction of the sight line will be S2 and that of the autocollimator axis will be C2 
preserving the angle (the instrument constant) between them. The horizontal circle 
reading /, is then-recorded. The instrument constant can be obtained from the 
calibration measurements made using more calibration (control) directions which are 
present in the surveyed area (lines joining the control points). The azimuths of these 
directions are calculated from the fixed coordinates of the control points after 
correcting them for the meridian convergence. For the determination of the meridian 
convergence at any measuring station in Egypt, a simple method is described by 
Abdelhamid and Szádeczky (1982) being suitable for the rapid determination of the 
meridian convergence exact to the nearest 0 .1 ” in field in a few minutes using small a 
pocket calculator.

Acta Geodaetica, Geophysica et Monianistica Hung. 18, 1983



340 H ABDELHAMID KAMAL

The mathematical model of the elementary traverse

The model of the elementary traverse involving all the measured quantities is 
expressed by two coordinate and one angle condition equations as follows:

n — 1

Л, + £  ß, — (и — 2)n — A
i  — 1

n — 1

Xj  +  Y, D i C O s A i - X ^ O
i — 1

n — 1

У, + X Of sin /1, — Уи = 0

К(2 тг) = 0 ( 1 )

( 2)

(3)
where

Xy, У, = coordinates of the first (control) point,
X„, Yn = coordinates of the last (nodal) point,
Dy, D2, . .. = measured lengths of the traverse legs,
By,B2, ■ ■ • B„_ ! =observed interior angles,
At = calculated azimuths of the intermediate traverse legs,
A j, An = gyro-azimuths observed at the terminal stations,
К = 1, if the term in brackets (Eq. 3) is more than 2n, and 
К = 0  if it is less than 2 л.

The gyro-azimuths used in Eq. (1) and azimuths of the intermediate lines are 
calculated as follows:

Ay=I y— Ny + A (gyro-azimuth) (4)

A = I 2 — N 2 + A (gyro-azimuth)

A — I y - Ny +A + X B j - ( i - l)7t

(5)

( 6)

where i= ( 2 , 3, . . .  n — 1 ).
The coordinates to the intermediate points (2 to и—1) are not included in the 
mathematical model, what in turn reduces the size of the matrices involved in the 
adjustment and the volume of computations.

In order to proceed with linearization of the model we divide the involved 
quantities in Eqs (1-3) into measured and unknown quantities as follows:

(L)T = (NyIyByB2 .. . Bn_yDyD2 . . . Dn.yN2l 2),
(measurements), and

(Х0)Т = (Х1 У1ХЛУЛ) (unknowns).

The three scalar equations (1-3) of the model can be written in a matrix form as 
follows:

F(U, X) = 0 . (7)
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The two sets are related through the respective corrections as follows:

U = L + V, (8 )
X = X0  + x (9)

where U and X represent the adjusted values of the observations and the unknowns 
respectively, V = the vector of the residuals or corrections and x = the vector of the 
variations of the unknowns, xT = (x1y1x„yn).

Linearization of the mathematical model

The linearization of the model was carried out with the assumption that vectors 
of the residuals and of the variations (V and x) are composed of small quantities, 
therefore the linearized form of the mathematical model is as follows:

y , - v Ni- v l2 + vN2+ vBi + vB!. . .  + fe„ _, + w != 0

cos A, KDi +cos A2VDl+ . . .  +cos /!„_, VDn_, —
1 n- 1

---- Y Dj sin А/ VA - -  X D, sin AiVHxP i=ip

1 1 1 1
-  -  X D. sin Ai Vh -  -  X 0. sin Aj VBlp , i P i = 2

- -  X Dj sin AjVBl
1

. . . -  -D „ , sin A„
P i = 3 P

-.x„ + w2 = 0 .

sin A , VDl + sin A2Vd, + . . .  T  sin An^iVDn_t

1 " 1 1 V 1H—  X D, cos Aj VA - -  X ° . cos AiKp ,•= 1 p ,=1

1 <-i 1 " 1
+ -  X  Dj COS AjVB P i = 2+ -  X Dj cos Aj V,'p i = 1

1 1 1
+ -  X D. cos A/Vg, . . . + -  D„ , cos A„ , VBn 2 -  

p  i  =  .3 P

->'n + vv3=0

where the misclosures w,, w2, w3 are:

wl = I l - N i - I 2 + N 2 + "X \ )n — K(2n),
i= 1

( 10)

(ID

( 12 )

(13)
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n - 1

w2 = Z  Di cos A( + X  {—X„
i= 1

n ~  1

W 3 =  I  Di sin At + У ,  — Y„.
i= 1

(14)

(15)

From Eqs (10-12) the matrix form of the linearized model is

where
BT V + C T X + W =0

( r . m ) (m.  1 )  ( r ,  g) (g ,  1 )  ( r ,  1 )

CT = coefficient matrix of the variations,
BT = coefficient matrix of the residuals,
W = vector of misclosures (absolute terms), 

r = number of the conditions, 
m = number of the observations, and 
g = number of the unknowns.

(16)

Matrices C and В can be written in the following schemes from Eqs (10-12):

yn

í  °
0 \

с т= -1 0

1 0 -1 )

(17)

In this case no corrections are applied to Z 1? У, as they are fixed, but if both the 
terminal points of the elementary traverse are nodal points (and not controls), then 
their approximate coordinates will have variations (xj, yq) and (x„, y„) therefore matrix 
C will be:

* 1 У 1 X „ Уп

f 0 0 0 0  '

CT = 1 0 - 1 0

k, 0 1 0 - 1  /

At the last chain of the elementary traverses, if the first terminal point is a nodal 
point and the last one is a control point, then matrix C will be:

Xi У1

(  0 0
CT = 1 0

l  0 1
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And matrix В is in Eq. (20):

N 1 /. ß, B2 . . . Bn-2 B . - l  »1 0 2 . . . O .- i n 2 II

(  ~ l
1 1 1 1 1 0 0 0 1 -1

IIQQ 1 *-■
-  -  X Di sinp i- i

1 «-■
-----X 0. sinP i= 1

1
---- X D, sin /4,

P 1 = 2
1

-----I  A  sin -4;
P 1 = 3

1
---- Da_, sin 4 „ . ,  0 cos/l,

P
cos /42 cos 4 , . , 0 0

1 ■-»
-  X 0,- cos /4 ,- 

\  P i=i

1 ■-*
-  X co s  -4 , 
P  i= i

1
-  X cos
P 1=2

1 " " 1
-  X D, co s  A,
P 1 = 3

1
- D a-,c o s /t„ _ , 0 sin 4 , 
P

sin /12 sin A , . , 0 0

The elements of the vector of the misclosures are found in Eqs (13-15).

л

0  >

1 ■-*
-------X  Oi s i n  A t

P i=i

1
-  X  c o s  A i
p i = I /

( 20)

-u

LO
N

G
 TR

A
V

ER
SE N

ETS



3 44 H ABDELHAMID KAMAL

The matrices C, B and the vector W are to be formed for each elementary traverse 
of the entire network including the observations and the approximate values of the 
unknowns in the same manner as described before. The connection of the linearized 
models of the elementary traverses, composing the entire network, is achieved through 
the common unknowns. It should be noted that the higher order control points existing 
in the network are treated as fixed points what provides constraints in the 
mathematical model. Finally the complete set of the linearized mathematical models is 
organized as a superposition, taking care to place the terms of the matrices C into the 
appropriate columns to get an overlap due to the common unknowns.

The above mentioned connection is also achieved through the gyrotheodolite 
constant which appears as a common value in all gyro-azimuths of the whole network, 
and increases the accuracy of azimuth results, where the instrument can be calibrated 
several times alternatively with azimuth measurements making use of azimuths of the 
control directions present in the surveyed area.

Solution of the traverse network system

Having integrated the linearized mathematical models of the elementary 
traverses of the entire network, a complete set of the linearized models is obtained. For 
simplicity, the same notations as described in Eq. (16) will be used for the integrated 
mathematical model. According to the least squares principles, this is solved 
considering it as a combination of two simple types of adjustment; an adjustment of 
indirect measurements with independent unknowns, and an adjustment of direct 
measurements with conditions. Therefore the method of the Lagrange multiplicator is 
used as follows:

VTPV — 2KT(BTV + CTx + W) = min (21)
where

KT is the vector of unknown correlates and 
P is the weight matrix of the observations.

The solution of Eq. (21) (Detrekői 1977) yields the vector of residuals V and a system of 
normal equations as follows:

V = P *BK (22)
and

(BTP !B) CT
(r.r) (r.9)

c 0
(g.r)

■ к '
(r. 1)

+
w

( r . l )

X 0
.<*.!> . .

(23)

Solving this system of normal equations we get the vectors of the correlates and the 
variations, К and x. Then substituting for К in Eq. (22), we obtain the vector of the
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residuals (corrections for the observed quantities). Thus the adjusted values of the 
measurements and the unknowns are calculated according to Eqs (8-9).

The calculations are then checked, first, by substituting the obtained results of U 
and X in the original conditions which must to be fulfilled, secondly, by calculating 
V’PV and KTW which must fulfil the following

VTP V = -K TW. (24)

The mean square error of the unit weight of the adjusted unknowns is calculated as 
follows:

/*o =
VrPV
~ T ~

(25)

where/  = r — g = number of the redundant observations. To calculate the mean square 
error for the adjusted values of the unknowns, first we calculate the weight coefficient 
matrix of the adjusted unknowns, Qu),

Q(„  = (CN ‘С1 ) ' 1 (26)
where

N “ 1 =(BTP 1B) ‘.

Finally, the mean square errors matrix M of the unknowns is as follows:

M = MoQ(X)- (27)

Solution of the individual elementary traverses

The coordinates of the intermediate points of elementary traverses are then 
calculated from the coordinates of the nodal points (which are held fixed after the first 
adjustment) using the adjusted distances, angles, and gyro-azimuths as follows:

i. Azimuths calculations
a) The adjusted gyro-azimuths at the nodal points are calculated according to 

Eqs (4-5) using the adjusted values of /, N and A. As /, N and A are independent 
quantities, therefore the mean square error of the gyro-azimuth is:

ßA, = ß l  + lif,, + fi2A, i= l ,n  (28)

b) Azimuths of the intermediate lines:
These azimuths are calculated as in Eq. (6 ) using the adjusted gyro-azimuths and 

angles, and their mean square error is,

=  (29)
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ii. The coordinates of the intermediate points: using the adjusted azimuths and 
distances, the coordinates of the intermediate points are,

X i , Y1 = coordinates of the start point (nodal or control).

The mean square errors of the calculated coordinates are as follows:

where
Dj = adjusted lengths of the traverse sides, 
miscalculated azimuths using the adjusted angles, 

/ = (2, 3, . . .  n— 1), and
n = number of points of the elementary traverse.

The development of high accuracy gyrotheodolites and of electro-optical 
distance measuring instruments and the availability of digital computers made it 
possible to use traverses in the establishment of geodetic control of various degrees of 
accuracy especially for narrow, extended areas, as the Nile valley in Egypt. The paper 
presents a method for the adjustment of such traverse networks oriented with the 
help of gyrotheodolites. The combination of the gyrotheodolite observations and 
calibration data in one adjusting model, as described in the paper, enables to survey 
large areas in shorter time where the orientation of the network can be achieved quickly 
with high accuracy at all the nodal points of the elementary traverses constituting the 
whole network, independently from the weather conditions. Furthermore, as only the 
coordinates of the nodal points are present in the model and the coordinates of all other

i- 1
*,■ = *1 + z  AXji = 1 (30)

+ X A Yj
;= 1

(31)

where
AXj, AYj = X  and У components of the traverse legs calculated as follows:

ЛХ j = Dj cos Aj 

A Yj = Dj sin Aj

/4, = /4 , + (32)

(33)

Conclusion
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points of the net are absent more control points are enabled whose coordinates can be 
used later in the calculation of the coordinates of intermediate points in the network. 
This is useful for providing a solution for the densification problem of horizontal 
controls and for the establishment of the main skeletons for extended traverses used for 
the cadastral or agricultural mapping purposes. In the proposed solution, the 
calibration of the instrument can be repeated several times making use. of the original 
control directions present in the surveyed area (lines joining the original fixed control 
points) what enables a periodical control for the gyrotheodolite and provides a reliable 
value for the instrument constant which in turn affects greatly the results of the gyro- 
azimuths.
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ADJUSTMENT OF THE CALIBRATION 
MEASUREMENTS OF GYROTHEODOLITES

H A b d e l h a m id  K a m a l 1

[Manuscript received January 5, 1982]

The paper presents a simple formula for calculating the gyrotheodolite constant from the 
calibration measurements made in control stations. The formula is derived by applying the principles 
of least squares adjustment. The mathematical model used in the adjustment consists of two simple 
adjustment types, which contain measured and unknown quantities. The proposed formula is valid 
for an arbitrary number of independent calibration measurements by gyrotheodolites or by gyro- 
attachements.

Keywords: adjustment of calibration; adjustment of gyrotheodolite, calibration of gyro
theodolites; gyrotheodolites

Introduction

In the calibration of gyrotheodolites or gyroattachements, the basic parameter 
to be determined is the instrument constant, being considered as a main term in the 
basic formula when calculating gyro-azimuths determined with gyrotheodolites or 
gyroattachements, therefore a reliable value for the instrument constant is required in 
order to obtain reliable gyro-azimuths. At calibration stations it is costumary to run 
more measurements with independent starts, the lowest allowable number of these 
measurements being 2. For higher order geodetic works, more calibration measure
ments are needed to get a value for the instrument constant accurate enough for these 
works; the number of the independent measurements in these cases may reach 6  or 8 .

Similarly in case of newly manufactured instruments, several calibration 
measuring sets are made. The sets may also be repeated several days in order to 
determine the value of the instrument constant to be included into the description of 
the new instrument.

In the present paper a simple formula is derived for calculating an adjusted value 
for the instrument constant from the calibration measurements. The formula is valid 
for any number of independent measurements, and for any category of gyro- 
orientation instruments (gyrotheodolites or gyroattachements). The mathematical 
model used in the adjustment is rigorous, based on the principle of least squares in 
treating both the measurements and the unknown quantities; it is a combination of two 
simple adjustment types (adjustment of indirect measurements with independent

1 Banha University, Faculty of Engineering, Shobra, Shobra Street, 108, Cairo, Egypt
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unknowns, and adjustment of direct measurements with conditions), where the model 
contains measurements and unknowns. The limb reading of the horizontal circle of the 
theodolite when sighting the control direction and the torsion-free gyro-north are the 
measured quantities in the model, while the instrument constant is the unknown 
quantity. An approximate value for this unknown was used in the model, this value is 
90° or 00° depending on the type of the instrument to be calibrated, e.g. for 
gyrotheodolites of the types MOM Gi-Bl or Gi-B2, the approximate value for the 
constant is 90°, while for gyroattachements type WILD, ARK1 and GAK1 or type 
MOM Gi-C and Gi-D, the value used is 00°.

The calculated variation for the approximate value of the constant obtained 
from the adjustment is independent from the weights of the measurements. The 
corrections for the measurements are also calculated in the same model with simple 
formulae.

The mathematical model used in the adjustment

The general formula of calculating the gyro-azimuth (Halmos 1977) is

where
A = I - N  + A ( 1 )

A = the required azimuth of the sighted reference object,
I = the horizontal circle reading corresponding to the geodetic sighting to the 

reference object,
N  = the torsion-free gyro-north, and 
A =the instrument constant.

From Eq. (1) the instrument constant A can be calculated as follows:

A = A - I  + N. (2)

A is in Eq. (2) the astronomical azimuth of the control direction sighted from the 
calibration station, being considered as a fixed value in the adjustment.

In the calibration /  and N  are the measured quantities; several values are 
obtained both for I and N  depending on the number of independent measurements 
made at the calibration station.

For the instrument constant, an approximate value A' is used (A' can be 90° or 
00°, as mentioned, depending on the type of the gyrotheodolite). In the adjustment, a 
correction (d) for this approximate value (its variation) is calculated.
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According to the number of the calibration measurements, a set of observation 
equations can be written according to Eq. (2) as follows:

—N ,+ d  — /1 = 0

i 2- n 2 + a - a = 0

.....................................  (3)

IH- N m + A - A  = 0

where n is the number of the independent calibration measurements.
The quantities involved in the model (3) are subdivided into measurements and 

unknowns as follows:

(L)T= (I \N \r 2N'2 . . .  I'nN '„) (measurements), and 

(X 0) — (A') (unknowns).

The above scalar equations (3) of the model can be written in the following form:

F ( U ,  X) = 0. (4)

The two sets U and X are related through the respective corrections as follows:

U = L + V (5)

X = X0 + x (6 )

where U and X represent the vectors of the adjusted values of the measurements and the 
unknowns respectively, while V and x represent the vectors of the residuals and 
variations, respectively, thus,

UT= (/1Af1/ 2 Af2 . . . / n/V„),

X=(A)

VT = (E,1 K(Vl̂ K W2. . .  VlnVNn), and 

\=(d).

An approximation of the model is possible with the assumption that the vectors 
of the residuals and the variations (У and x) are composed of small quantities, thus, the 
form of the mathematical model will be,

2 Acta Geodae'ica, Geophysica et Montanistica Hung. 18, 1983
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K , — Kv, + d + w{ — 0  

V,2 — VN2 + d + w2 = 0
...................................  (7)

Vln- V Nn + d + Wn = 0

where w,, w2 . . .  w„ are the misclosures. Their values are calculated depending upon 
the type of the gyrotheodolite as follows:

w.=/;.n ;. + 90°-/1 or (8)

ii T T (9)

Equation (8 ) is used when the instrument to be calibrated is a gyrotheodolite, while Eq. 
(9 ) is used in the case of a gyroattachement.

Equation (7) can be written in the following matrix form

1 - 1 0  0 0 0 0 0 0 0

0 0 1 - 1 0 0 0 0 0 0

0  0 0 0 0 0 0 1 - 1 /

or

V,n
VNn

BT ■ V + CT • X + W =  0 (10)
(n,m) (m, 1) (n,9) (9 .1 )  (л. 1)

where
CT = coefficient vector of the variation, 
BT = coefficient matrix of the residuals,
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W = vector of the misclosures,
n = number of observation equations (number of the independent calibration 

measurements),
m = number of the calibration observations, and 
g = number of the unknowns (in this case g= 1 ).

According to the least squares principles, the above mathematical model (10) can 
be solved by considering it as a combination of two simple adjustment types; of an 
adjustment of indirect measurements with independent unknowns, and an adjustment 
of direct measurements with conditions. The method of the Lagrange multipliers is 
applied (Detrekői 1977), and the solution is

and
V = P 'BK

(BTp - 'B ) П 4 ■ К  ' W(П.П) (л.Я) (и, 1) (л. 1)

c 0 X

+ 0

(8.n> J 9 .  D _ _

( 11 )

( 12)

the diagonal elements of the weight matrix P are as follows:

Ph PNlPt2PNl . . .  PlnPNn. (13)

With the assumption that all geodetic sights, Is are observed with the same accuracy 
(the same theodolite), and all gyro-north values Ns are also observed with the same 
accuracy (the same gyrotheodolite), therefore,

Pl , = Pl2 = ■ ■ ■ =  Pln~ Pl' ar,d 

PNl = PN2=. . . =Ps „ = PN.

Solving the system of normal equations (12) we get the vectors К and x

1 1 "X = -(Wj +w2 + w3+ . . .  w„) or d = -  X wf. (14)
n  П  i = 1

It should be noted that (14) gives the value of d independently from the weights of the 
measurements (P, and PN\  i.e. they do not affect the calculation of the instrument 
constant.

The adjusted value of the instrument constant is then calculated according to 
Eq. (6 ) as follows:

A = A ' + - £ w t (15)
n  i =  1
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the correlate vector obtained from the solution is:

\

(16)

According to Eq. (11), the vector of residuals V can be obtained using the correlate 
vector (16). The general formulae for the calculation of the residuals are

From Eqs ( 17),(18) it is clear that the difference (w0 — w,) is distributed among V,. 
and VNi according to the ratio PN/P,, or

This means that depending the weights given to / and N, the correction will be 
distributed in the same ratio between V,. and VNl.

The adjusted values of / and N are then calculated according to Eq. (5).
To calculate the mean square error of the adjusted value of A, the value of [FF] is 

calculated fust from Eqs (17) and (18), the mean square error of the unit weight is then 
as follows:

(17)

(18)

where

w0 = -  X w;-n i = 1

VTPV

/
(20)
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where /  = n — g (number of the redundant observations). The weight coefficient matrix 
of the adjusted unknown is calculated as follows:

Q(J)=(CN ‘C V  (21)
where N = BTP ” *B.

Q(x) in this problem is a single value which is as follows:

Qix)

Finally gA is calculated as follows:

\ (Р1+ Р Л
Л  Р,Р» У

tâ = Po' боо or

( 22)

Ил= ±bo Pi + Pn 
n(P,PN)

(23)

Numerical example

The following example is the calibration results of a MOM Gi-B2 gyro- 
theodolite. The calibration station is the Bánfalva observatory in Sopron, latitude, 
<p = 47°40' 55.56"; the calibration of the instrument lasted three days. This example 
shows the calculations of one day calibration measurements.

The calibration data

Astronomical azimuth of the control direction,

4 = 116° 34' 31.00".
Number of independent measurements, n = 6 .

Measurements when sighting the calibration direction, Is,

/', = 182° 19' 16.16", I'2= 182° 19' 16.88",
/ ' 3 = 182° 19' 15.99", / 4 = 182° 19' 16.79",
/ ' 5 = 182° 19' 18.30", / ;  = 182° 19' 17.26".

The accuracy of geodetic sight g ,— + 1".
Gyro-north observations, Ns,

N', = 154° 33' 48.83", 

N 3=154° 33'49.82", 

ЛГ5 = 154° 33' 56.73",

/V 2 = 154° 33' 52.12", 

N \  = 154° 33' 52.97", 

ЛГ6= 154° 33' 53.46".

The accuracy of observing N is gN = ± 3".
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For this type of gyrotheodolite, an approximate value for the constant is A' — 90°. 
Applying Eq. (8 ) using the measurements Is' and N  s' and the approximate value 

of the constant, the misclosures were calculated and found to be:

wj =  -  1° 10' 56.33", w2 = -  Г  10' 56.33",

w3 = — 1° 10'55.17", w4= — 1° 10'52.82",

w5 = - l °  10' 50.57", w6= — 1° 10'52.80".

According to Eq. (14), the variation d is calculated as follows:

d = -  Y w,= - Г  1 0 '53.575".
П i ^ i

The adjusted value of the instrument constant will be:

A = A' + d = 90° — 1° 10' 53.575" = 8 8 ° 49'06.425".

The corrections for the measurements were calculated applying Eqs ( 17) and ( 18) 
and found to be:

and

Vu = 0.2755", KÍ2 = 0.0185", = 0.1595",

Vl4= -  0.0755, V,5 = -  0.3005, VIb = -  0.0755,

KWl = 2.4795", К„ 2 = 0.1665", K„ 3 = 1.4355",

VNt = -  0.6795, VNb = -  2.7045, VNb = -  0.6975.

The mean square error of the unit weight for the adjusted value of A (Eq. 20) is:

Mo= ±
[PFF]

7 +1.91",

and for A, the mean square error (23) is:

о
'P, + PN 
n(P,PN)

±0.82".

Having calculated the adjusted values of the measurements, they were used with 
the adjusted value of the constant in a backward calculation for the azimuth (A) of the 
control direction, the mean of the obtained 6  values was found to be 116° 34' 31.00", i.e. 
the same as the value used before, which is the azimuth of the control direction.

Acta Geodaetica, Geophysica et Montanistica Hung. 18, 1983



GYROTHEODOLITE CALIBRATION 357

Conclusion

In the presented paper an adjusted value is calculated for the gyrotheodolite 
constant using a simple formula. This formula contains the correction to be applied to 
the approximate value of the instrument constant (90° or 0° depending on the category 
of the instrument) independently from the weights of the measurements.

The formula is valid for both gyrotheodolites and gyroattachements; it is also 
simple and applicable in the field where it requires short calculating time and can be 
used with repeated calibration measurements depending on the extension of the 
surveyed area and to the availability of the control directions. It is also useful for 
factory calibrations where many calibration measuring sets are made. In the given 
numerical example, the obtained accuracy for the adjusted value of the instrument 
constant is less than 1 ".
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CAPACITIVE TRANSDUCERS FOR HORIZONTAL 
PENDULUMS AND GRAVIMETERS

G y M f n t e s 1
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The paper deals with the construction principles of capacitive transducers which are 
applicable for horizontal pendulums and gravimeters. It describes advantages and disadvantages of 
various kinds of transducers and transducer circuits.

Keywords: capacitive transducer; gravimeter; horizontal pendulum

Introduction

The general progress of measuring technics necessitates an updating of old 
gravimeters and horizontal pendulums, too. For this purpose capacitive transducers 
are most suitable. The construction and working principle of capacitive transducers 
used in practice are very diversified. Various kinds of capacitive transducers can be 
used for horizontal pendulums and gravimeters depending on the construction of the 
instrument and the method of the recording (analog, digital, or both simultaneously). 
In this paper these transducers are discussed and measuring methods on the basis of 
own experiences presented.

Principle of the capacitive transducers

To understand the working principle of a capacitive transducer, let us see the 
single plate-condenser (Fig. 1) whose capacity is:

C = E0 Er ~  (1 )

where
C = the capacity of the condenser

£ 0 = the dielectric constant of the vacuum
er = the relative dielectric constant of the dielectric between the plates 
zl = the surface of the opposite-standing plates 
d = the distance between the plates.

1 Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, H-940! 
Sopron, P.O.B. 5, Hungary
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From Eq. (1) it can be seen that there are three ways to build a capacitive 
transducer, i.e. to get a change of capacity from a mechanical displacement.

a) The mechanical displacement causes a change in the position of the dielectric 
(Fig. 2 ).

In this case the capacity is in function of the displacement:

where

C(x ) = e0
b a
d 2

(er+ 1 ) + х(ег-  1 ) (2)

a, b, d the mechanical sizes of the transducer 
x = the displacement of the dielectric.
b) The mechanical displacement causes a change of the surface of the opposite

standing plates (Fig. 3).
The capacity is in this case:

C(x) = e0 ( 3 )
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c) The mechanical displacement changes the distance of the condenser plates 
(Fig. 4):

C(x) = £0 TT~- (4)d + x

To use this single condenser as transducer is not the most suitable solution, 
because its output signal is not zero without any displacement and Eq. (4) is non-linear. 
For this reason in the measuring technics differential condensers and different 
compensation methods are used which have linear characteristics and do not give any 
output signal without a mechanical displacement.

Figure 5 shows most of the usual differential condensers based on the change of 
the surface of opposite-standing plates or on the change of the distance between plates. 
In the practical realization it is very important to let the moving plate work in a 
homogeneous electric field. For this purposes the size of the moving plate must be 
smaller than those of the outside plates, and the fixed plates must be as near to the 
moving plate as only possible.
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On Fig. 5a there are fixed plates on both sides of the moving plate which are 
metallically jointed together, so the capacitances of the opposite sides of the moving 
plate are in parallel connection. Both solutions in Fig. 5 ensure that the moving plate 
moves in a homogeneous electrostatic field. For example on Fig. 6  a schematic sketch 
and dimensions in mm of a differential condenser are shown designed to a horizontal 
pendulum. The transducer is made of incorrodible steel. On Fig. 7 a differential

Balance
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shielding и
шывИ

fixed p la te s—= 4,

moving plate
shielding

condenser to a GS-11 gravimeter is presented. As material of the transducer a printed- 
circuit plate is used with a double-sided gilded copper layer. This material has high 
mechanical strength. Insulation and shielding problems can be solved so easily and 
hereby the dimensions of the transducer can be hold sufficiently small.

Electric measuring methods

Differential condensers are used in most cases in unbalanced bridge-circuits as 
shown in Fig. 8 . The output voltage of the bridge-circuits is:

Uо
u  C2- C 1 
2 C2 + Ci

where U is the supply voltage of the bridge.

“1

Fig. 8

(5)

Substituting the values of C2 and C, on the basis of Fig. 5 into Eq. (5) we get the 
output voltage of the bridge U0 as the function of the displacement x.
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For the differential condenser in Fig. 5a we get:

and (6 )

for the differential condenser in Fig. 5b:

and (7)

From Eqs (6 ) and (7) it can be seen that the characteristics of the differential 
condenser is linear and the output voltage of the bridge is zero when the displacement 
of the moving plate of the transducer from the midpoint is zero (x = 0). The bridge must 
be supplied with a voltage of high stability, because the output voltage of the bridge is 
according to Eqs (6 ) and (7) directly proportional to the supply voltage and therefore 
the fluctuations of the supply voltage would cause errors in the measurements. The 
supply voltage can be both DC and AC, but the application of the latter is more 
advantageous, as the amplification of low DC voltages is problematic because of the 
drift of DC amplifiers. It is evident that the sensitivity of the bridge can be increased by 
the increase of the supply voltage and by the decrease of the parameters a or d. Of 
course, the sensitivity cannot be increased beyond all bounds since a very high voltage 
causes a relatively great reactive force to the arm of the pendulum or to that of the 
gravimeter. In addition a high voltage can cause damages in other parts of the 
electronics, e.g. in the preamplifier.

The values of a and d cannot be made as small as we should like to do as the 
capacitance of rest (x = 0) must be at least 1-10 pF.

For the planning of the preamplifier it is very important to know the output 
impedance of the bridge-circuit, which is according to Fig. 8 :

со = the angular frequency of the supply voltage of the bridge.

As it can be seen from Eq. (8 ), the output impedance is decreasing with increasing 
frequency of the supply voltage. This is another reason for applying an AC voltage as 
supply voltage of the bridge.

со C1 + C2 + 2C ( 8)

where
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According to the above mentioned considerations, the usual value of the supply 
voltage of the bridge is about 20 V and its frequency is about 10-15 kHz. In this case 
the output impedance of the bridge is a few kí2 (Mentes 1979, 1981).

Because of spurious capacitances it is important which point of the bridge circuit 
should be connected to the ground. The two possible versions can be seen in Figs 9a 
and 9b. In the first case (Fig. 9a) the point В is connected to the ground, hereby the

a ) b)

Fig. 9

spurious capacitances Csl and Cs2 which have values of some pF-s are connected 
parallel to the fixed capacitances C. The value of the capacitance of C is between 
100 pF and 1 nF. For this reason any changes in the capacities Csl and Cs2 cannot 
cause as great unbalances of the bridge as in the second case (Fig. 9b). In this case the 
values of Csl, Cs2 and C ,, C2 are in the same order of magnitude, therefore changes of 
Csl and Cs 2 result in great unbalances of the bridge. The practical balancing of the 
bridge is a very hard task to solve and in most cases no solution is possible. This is why 
the transducer point A of the bridge cannot be connected to the ground. This practical 
view-point is the cause of most problems in reconstruction of old pendulums and 
gravimeters. In both cases Cs3 loads the generator supplying the bridge. Cs4 is the 
capacity of the shielded wire connected to the output of the bridge and it loads the 
output signal of the bridge. Its value must be low.

In the practice the moving plate of the differential condenser is fixed to the 
pendulum arm or to the arm of the gravimeter. In quartz pendulums the moving plate 
cannot be connected directly to the preamplifier input because the suspension wires are 
made of quartz and this material is non-conductive. Therefore they cannot be used as 
leading-out wires of the bridge. At gravimeters the situation is just the opposite, the 
moving plate of the differential condenser must be insulated from the pendulum arm 
because this cannot be separated from the gravimeter body which is used as electric 
ground. For this reason an extra leading-out wire must be added which has then a 
reactive torque to the gravimeter arm, and causes errors in the measurement.

This problem can be eliminated with a special differential condenser (Ruymbeke 
1975) its schematic construction and substitution scheme can be seen in Fig. 10. In 
principle it is a duplicated differential condenser, but on one side both standing plates 
are connected electrically. So this side forms a coupling condenser whose capacity does
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not depend on the displacement of the moving plate. It has the advantage that no 
leading-out wire is needed to the moving plate of the differential condenser. Its 
disadvantage is that the coupling condenser is connected serially to the output 
capacitance of the bridge so the resulting output impedance will be greater. Therefore 
the preamplifier must have a high input resistance and a very low input capacitance. An

operational amplifier with JFET input complies with this requirements, but the stray 
capacitances of the preamplifier built with such a high performance operational 
amplifier can be in the same order as the capacity of the coupling condenser. In this case 
the output signal of the bridge will be attenuated according to the ratio of the coupling 
and loading capacitances. The other disadvantage is that the preamplifier will pick up 
more disturbances because of the great impedances and therefore the signal-to-noise 
ratio will be worse. For this reason the differential condenser and the preamplifier must 
be mounted very carefully.

If the moving plate cannot be insulated from the gravimeter or pendulum arm 
and hereby from the instrument ground without an extra leading-out wire then a 
measuring method must be applied where the moving plate is connected to the ground. 
Such methods can be seen in Figs 11 and 13. In the first case the frequencies of the two 
oscillators change oppositely because of the movement of the moving plate is 
connected to the ground. The differential frequency produced by mixing the signals of 
the two oscillators is proportional to the displacement of the moving plate. The usual 
oscillator circuit is shown in Fig. 11. It is the most stable type of LC oscillators, its 
frequency stability can reach a value of 10”4 -10“5. The oscillators can be mounted 
directly on the fixed plates of the differential condenser. The usual frequency of the 
oscillators is about 1 MHz.

We have made such a transducer for a GS-11 gravimeter. The condenser plates 
were made of a PC-plate and the two oscillators were built up on the external sides of 
the plates, with internal copper layers as fixed plates of the differential condenser. The 
moving plate was made of brass and it was connected directly to the gravimeter arm. 
For the transducer, only very limited space was available in the gravimeter. For this 
reason we have built the oscillators from chip-transistors, chip-capacitors and chip- 
resistors. The construction of the transducer together with the oscillators can be seen in 
Fig. 12.

Fig. 10
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Fig. 12

The frequency stability problems can be eliminated with an another method, 
which can be seen on Fig. 13. In this case a comparator circuit makes a comparison 
between the measuring and the reference condensers. The reference condenser can be a 
constant capacitance or one side of a differential condenser. In both cases the 
measuring characteristics are linear.
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C  ref R2

Conclusion

In addition to the above mentioned methods there are many other methods, too, 
which are known in the measuring technics and which perhaps can be used to 
pendulums and gravimeters. The mechanical construction of different capacitive 
transducers is depending on the range of the quantity to be measured, the place of 
building-in, etc. E.g. capacitive transducers are to be shielded very carefully because 
this type of transducers is very sensitive to stray-fields. Besides the change of the 
humidity of the air can cause great disturbances in the work of the transducer. All these 
points of view determine the construction of a capacitive transducer. This our aim was 
only to give a general summary about capacitive transducers and possibilities of their 
applications in horizontal pendulums and gravimeters.
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RELATIVE MOTION OF A FREE MASS-POINT 
IN A SPACECRAFT REVOLVING AROUND 

THE EARTH

L F ia l o v s z k y 1

[Manuscript received October 24, 1982]

The relative motion of a free mass-point in a spacecraft in relation to the centre of the 
spacecraft is investigated, whereby the spacecraft revolves stabilized around the Earth. It will be 
shown that in a plane with a slight pitch to the plane of revolution the free mass-point will in general 
hover slowly away from the mass-centre on a spiral path around the mass-centre and the path will be 
the steeper, the greater is the initial distance of the free mass-point from the mass-centre.

The relative position of the hovering free mass-point can be determined by the formulas 
deduced for any moment or for any revolution angle. This relative motion is important if an 
experiment should be planned or made, where the data of the experimental object are to be 
determined from the observed motion elements of a free mass-point (small body) put in or outside of 
the spacecraft, or if the free mass-point or mass-points affect the process of the phenomenon 
investigated.

Keywords: free motion; inertial motion; motion in a spacecraft; spacecraft

Several technical and biological experiments were made in spacecrafts during the 
last decade; one of their aims was to observe the process of the phenomena investigated 
under the condition of weightlessness. In connection with these experiments the 
problem has arisen whether the body (mass-point) in the spacecraft remains quiet with 
respect to the spacecraft, or will occur a relative motion and of what kind it will be. The 
answer to this question has a special importance in the planning of experiments to be 
done in a spacecraft whereby an exact measurement of the motions of one ore more 
small bodies put into the spacecraft due to the action of the power being the object of 
the experiment is necessary. Such a case is the Barta and Hajósy’s proposal (1980) 
about a more exact determination of the universal gravity constant.

Two cases will be discussed: in the first the spacecraft is stabilized in a way that its 
direction in the world-space remains unchanged; in the second it is stabilized in a way 
that one of its axes (or one of its straights) always shows toward the Earth’s centre and 
the spacecraft does not revolve around this straight line.

1 H-1118 Budapest, Villányi út 103, Hungary
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The spacecraft is stabilized with respect to a constant space direction

Let us suppose that the fastening of the mass-point A will be ceased in its A0 
positions at the initial moment t0 when the mass-centre C of the spacecraft will reach 
the lowest point C0 of its revolution path (Fig. 1). Let be this smallest distance of the 
point C from the Earth’s centre O, OC0 = r{ and let us denote the greatest distance by 
r2, further the difference of the initial position A0 of the mass-point A in an arbitrary 
direction from the initial position C0 of the mass-centre C by 00. Let us denote the 
radial component of latter in the direction OC0 = rl by <50r, the tangential component in 
the plane of revolution and perpendicular to <50r by <50s and the component 
perpendicular to the revolution plane by 00q. The inertial motion of the mass-point A 
(released at the moment t0) with respect to the reference point C will be separately 
investigated as consequence of the three initial difference-components.

The effect of the radial difference component

Let us determine at first the polar distance rc from the Earth’s centre at which the 
position Q  of the mass-centre C will be at a later moment t, when the mass-centre made 
a revolution of the angle a with respect to its initial position. It can be written on the 
basis of Kepler’s second law:

vcrc cos <pc = v0r{ (1)

where v0 is the tangential velocity (in direction perpendicular to OC0) of the mass- 
centre C at the point C0, vc the velocity of the mass-centre in point C3 and cpc the angle 
between the velocity direction and the direction perpendicular to OCx. By substituting

cos <pc
rc da
dsc

j dstand vc =  —  di

one gets from Eq. (1):
r?doc

dt r0 r,. ( 2)

The gravitational acceleration in the point C, will be:

R2
9* = 9~Trc

(3)

where g is the gravitational acceleration at the surface of the Earth with radius R, the 
Earth considered as a sphere and as having a concentric density distribution. The 
acceleration of point C in the point Ca will be by taking Eq. (3) into account:

duc R2 drc
—  = - 0 a S.n ъ — д - г . - . (4 )
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from here:

Further:

and with integration:

ds,
dt = vc= - g

R2̂ dr,
rf dvc'

vcdvc= - g R 2drc

, , 2gR2 2gR2v2 = v20 ~ ^ —  + -^—  
rl rc

On the basis of Fig. 1 it can be written:

From Eq. (2)
da r, 
dt = V°rJ

substituting this into Eq. (7) we get:
'd r ,v  r\vl r\v2

4  ' 2r r'  r  '  r

From Eqs (6 ) and (8 ) follows:

v l-2 g R 2

and from here:

(5)

(6)

(7)

( 8)

da = r, v0drc

”o -
2 gR: r2 + 2gR2r ,- r \v 20

and by integration:

a - arc cos

r^o
rc

Vo -

gR2
Г i Vq

gR2
ri vo

-  arc cos r jv o -rcgR2 
r 1 VqK, rcgR2
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Fig. I. The effect Of the initial radial deviation component S0r = C0A 0 of the free mass-point A being in a 
spacecraft revolving on an elliptical orbit and stabilized to a space direction. The Earth’s centre О is also the 
focus F , of the elliptical orbit, while the other focus F 2 is much more nearer to F , , than shown in the figure

From here:
2 , ,2П  V,r, = gR2 + (r J Pq — gR2) cos a (9)

Let us express the initial velocity v0 with the distance r, between the lowest point 
of the orbit of the spacecraft and the Earth’s centre and with the distance r2 between the 
highest point of the orbit and the Earth’s centre. For this we use Eq. (9) with the 
substitutions: а = л and rc = r2:

rWo

from where:
2gR2- r l vl ’

2 gR2r2 
rAr i+ ri)

(10)
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Substituting Eq. (10) into Eq. (9), we get after some rearrangement:

_  2 r ,r 2

c r ,+ r 2 +(r2 —r,)cos a '

Equation (11) is substantially the same as the polar equation of the ellipse:

2  r , r 2 

ri + r2
, r2 ГI
1 + ------ - cos a

ri+ r2

Let us determine now at which distance гл = ОАх will be the mass-point A from 
the Earth’s centre 0  after revolving by an angle a. Since mass-point A was fixed to the 
spacecraft till the initial moment f0, the released mass-point A will start with the same 
tangential velocity v0, as the mass-centre C. Hence, using Kepler’s second law for the 
motion of the point A in the point Aa it can be written on the analogy of Eq. (1):

^ r i4cos<p/t = i;o(r1+áor). (12)

where vA is the velocity of the free mass-point A in the point Aa and (pA the angle 
between the velocity direction and the direction perpendicular to OA„. For the polar 
distance rA of the point A„ we get from Eq. ( 12) — by means of the deduction used at the 
determination of distance rc — the expression:

. = P 
c 1 + e cos a

____________ (Г 1 + < 5 o r)2 l; 0____________

gR2 + [(r, + 0 0 r)v% -  </K2] cos a (13)

which is analogous to Eq. (9). Substituting Eq. (10) into Eq. (13) and neglecting the 
higher powers of <50 r and after some rearrangements we get:

2 r 1 r 2______ + / ________ ^ 2 _______
ri + r 2 +(r2 —r,)cos a \r ,  + r 2 -|-(r2 - r 1)cos a

4r2 cos a \
0 , + r 2 +(r2 - r i)c o s a ]2/  0r'

(14)

The radial distance of the point Aa from the mass-centre Ca is the difference between Eq.
(14) and Eq. (11):

А г= гл- г г = 4 r,
r ,+ r 2 + (r2 — r,)cosa

1 - r2 cos a
r i +r2+{r2 — r,)c°s a (15)
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Equation (15) can be suitably expressed by the quotient p = rl/r2 as parameter:

Ar,
1 + p + (l — p) cos a

cos a
1 + p + ( 1 — p) cos a -'Or- (16)

From Eq. (16) it can be seen that the inertial moving after a revolution of the free mass- 
point A with a given initial deviation will only depend on parameter p and will be 
independent of the orbital height of the spacecraft.

If the orbit is a circle than from Eq. (15) by substituting rl =r2, or from Eq. (16) 
by substituting p — 1 :

Arr = (2 — cosa)<S0r. (17)

Now let us calculate the tangential motion ASr of the mass-point A with 
initial deviation ô0r at the moment tc, when the mass-centre C made a revolution of the 
angle a and reached the point Cx. For this purpose we have to determine the moment tc 
as well as the moment tA, when A comes into the position Ax. From Eq. (2) we get:

r2
dt = —— da (18)

v0r 1

or by the substitution of Eq. (11):

dt _________4rtij_________
[ rx-t-r2 + (r2 -ri)co s  oc]2v0 da.

From here after integration:

r2(r2- r 1) sin a 
ri+ r2+(r2 — r x)cosa +

+ (r i+ r2 arc tan
/r, a

tan -  
r2 2

(19)

For determining the moment tA we can write on the basis of Eq. (12) the 
expression analogous to Eq. (18):

df ■ da,
vo(r 1 + <50 r)

where now Eq. (14) must be substituted for rA:

ri+AÔ0rdt = ____________________
v0( f i + ô Or) U ^ + r j j + í r j - r J c o s a] 2

4r2 cos a
[ r i+ r 2 + (r 2 -ri)co s  a] 3 Or da.

( 2 0 )
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The small second order terms in Eq. (20) were neglected. Integrating Eq. (20), after 
some transformation and by using the temporary notations

a = rl +r2 

b = r2 — r 1

c = r, +r2+(r2 — r,)cosa

d = (r,+ r2) — arctan) — tan^
V ' i \y J r2 2

we get the following equation:

Vo
1 f r2b sin a , Г 4r2bsina 4 .

{ -  —------- + d + ----------------+ — d -
I c L ric ri

2 r\a sin a r2(a2 + 2b2) sin a
r , c 2 r\c

3bd r2b sin a d
+ TT  ̂+

2  ri r.c

( 21)

( 22)

Therefore, the free mass-point A reaches the revolution angle a by the time

At = tA- t c (23)

later than the mass-centre C, and consequently the deviation (delay) of the free mass- 
point in tangential direction will be

ASr = Atvc (24)

where t>c is the velocity of the mass-centre in the point C„, i.e. on the basis of Eq. (1) it is:

vnr
Vr = o' I

rc cos (fic (25)

but because the quotient —---- - is small it is easy to prove that cos <pc= 1 , and therefore:
r  1 + Г 2

vnrvr ~ o' 1 (26)

For the expressed form of Eq. (24) we get by using Eqs(21), (22), (23), (19) and (26), after 
some transformation, and by the introduction of the rate of heights p = rx/r2 as 
parameter:

3(p3 + 3 p2 + 3p + 1) — 3(p3 -I- p 2 — p — 1) cos
4 p2

1^ arc tan [  J~p tan - P +  1p + 3—------ 1----------------------------
4p3 p2 + p + (p—p2)cosa

sin a > <5,'O r (27)
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or, if 0.99 < p < 1.01, than

ASr =
9p — 3 — 3(p — 1) cos ot 

2p — l
3 — p
——— arc tan

p + 3
1 2 p — 8

+ P+1
3p — 1 +(1 — p) cos

sin a > ô,-'Or-

(2 8 )

It can be seen from Eqs (27) and (28) that the tangential motion ASr of the free mass- 
point with unit radial initial deviation — which motion arose after the spacecraft’s 
revolving by an angle a — also depends on the parameter p and is independent of the 
actual revolution height.

In case of a spherical orbit p = 1 can be used and one gets from Eq. (27) or Eq. (28):

dSr = (3a — 2 sin a)<50r. (29)

On the basis of Eqs (15) and (16), respectively, further on the basis of Eqs (27), (28) 
and (29), respectively the radial motion Arr and the tangential motion dSr of the free 
mass-point A, occurring due to the effect of the initial radial deviation component S0r 
are given in Table I for elliptical (p = 0.990 and 0.995) and spherical (p= 1.000) orbits. 
The resultant of the Arr radial and ASr tangential motions as function of a. are 
illustrated in Fig. 2.

The free mass-point will not move in transversal direction due to the effect of the 
initial deviation component <50r:

Aqr = 0 . (30)

Table I. The Arr radial and AS, tangential motion in 60r units, caused by the initial radial deviation 
component ô0r of the free mass-point in a spacecraft stabilized to a space direction (the motion measured 
from the mass-centre) at the moment reaching the revolving angle a in the case of elliptical orbit (p =  0.990,

0.995) and circular orbit (p =  1.000)

*r. AS,
QL in case of in case of

p = 0.990 = 0.995 = 1.000 p = 0.990 = 0.995 = 1.000

0 1.000 1.000 1.000 0 0 0
n/2 2.010 2.005 2.000 2.706 2.710 2.712
n 3.040 3.020 3.000 9.472 9.448 9.425

Зя/2 2.010 2.005 2.000 16.334 16.235 16.137
2 n 1.000 1.000 1.000 19.137 18.992 18.850

5n/2 2.010 2.005 2.000 21.747 21.654 21.562
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Fig. 2. The path of the free mass-point A referred to the mass-centre C with ó0r initial radial deviation as 
resultant of the Ar, radial and AS, tangential motion

The inertial effect of the initial tangential deviation component

The free mass-point A will move after its release on the orbit of the mass-centre C 
of the spacecraft due to the effect of its initial tangential deviation <50s, but it will precede 
the point C everywhere by the distance <50s. Thus, the free mass-point A will come in the 
position Ax after a revolution of the mass-centre C by the angle a (Fig. 3). The 
projection of the motion C„Aa = ô0s in the direction OC0 will be:

^rs = S0s cos (90° — a + <pc) (31)

where cpc is the angle between the e — e tangent belonging to the point Cx of the elliptical 
orbit and the i — i direction, which is perpendicular to the direction OCx = rc. This will 
be according to Fig. 3:

<Pc
e
2

1
— arc cos 2

rc+(rl +r2- r c)2- ( r 2- r l): 
2  rc(rt +r2- r c) (32)

where Eq. (11) must be substituted for rc. The tangential projection of the motion CXAX
is:

dSs = <5Ossin(90°-a + <pc). (33)

In case of a spherical orbit r2= rl =rc; <pc = 0 and so one gets from Eq. (31) and (33), 
respectively:

drs = <50s sin ot (34)

dSs = <50scosa (35)

i.e. the free mass-point revolves in the orbital plane of the mass-centre C around the 
point C on a circle with radius <50s (it makes a circle during a total revolution).
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Fig. 3. The effect of the initial tangential deviation component á0s = C0/l0 of the free mass-point A

Effect of the initial deviation component perpendicular to the orbital plane

Due to the effect of the initial deviation component 60q perpendicular to the 
orbital plane, the free mass-point A will revolve after its release on an orbit which has 
the same form as that of the mass-centre C, but it will not revolve in the orbital plane of 
the point C, but in a plane determined by the straight line going through the point A0 
with initial deviation 00q and being parallel to the direction of the initial velocity v0 and 
the О centre of the Earth. Hence, the free mass-point A will not move in radial and 
tangential direction during its revolution due to the effect of 60q:

Arq = 0; AS' = 0. (36)

The transversal motion will be

rc cos a
' i

(37)

where Eq. (11) must be substituted for rc. During a total revolution the motion Aqq will 
move from + 30q through the О deviation till — 30qr2/rl , and back through О deviation 
till +<50i.

In case of circular orbit (rc = rl):

Aqq = ó0q cos oc. (38)

The ö0r radial, <50s tangential and ô0q transversal deviation components affect 
separately the mass-point A having a <50 initial deviation in arbitrary direction and due 
to the joint effect of them, the free mass-point will slowly hover on a spiral path in a 
plane oblique to the revolving plane around the mass-centre C.
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The spacecraft is stabilized toward the centre of the Earth

This investigation is restricted to the case when the spacecraft revolves on a 
circular orbit. Here again the á0r radial, ő0s tangential and <50<; transversal components 
of the initial deviation <50 of the mass-point A released in the spacecraft must be 
separately investigated.

Effect of the radial deviation component

The mass-point A having a <50l. radial initial deviation in the moment t0, when the 
mass-point is released from its fixing to the spacecraft, will not revolve with the 
revolving speed of the mass-centre C:

(39)

(in Eq. (39) r0 means the constant distance of the point C from the Earth’s centre), but 
with the initial velocity:

V AO
r0 + <50r

r0
v0 (40)

(Fig. 4). Applying Kepler's second law to the position A„ of the point A after revolving 
by the angle a, it can be written on the analogy of Eq. (2):

r2
A

da
d7 V A o ( r  0 +  ^Or)- (41)

Fig. 4. The effect of the initial radial deviation ô0r =  C0 A0 of the free mass-point A in a spacecraft revolving on 
a circular orbit and stabilized toward the Earth’s centre
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Further, it holds on the analogy of Eq. (5):

, d r,vAdvA = - g R 2 - j i
~A

from where we get by integration:

2 2 2gR2 R2
vA = vAo , + 2g

r0 + <5o

On the analogy of Eq. (7) it can also be written:

dr^V ( daV  2 ( d a \
A - \  —  l 1^7) + M Üdi J \d t  J

from where by the substitution from Eq. (41):

da vA0(r0 + do r)
dr л

we get
2 fd rA\ 2 v2A0(r0 + ö0r)2 v2A0(r0 + ô0r)2

+ —

From Eqs (43) and (44) one can write:

2gR2 _ 2gR2 (drA\ 2 (r0  + <50 r ) 2 2 , (r0  + ̂
V A 0 r0 + S0

+ da Vag + Or/ 2VA 0

from where:

da =
(r0 + ô0r)vA0drA

V A 0
2 gR2 r2A + 2gR2rA- ( r 0 + ő0r)2v2A0

and then:

a = arc cos

rO + àor.

(r0 + ô0r)2v2A0- r AgR2
rA(ro + ô0r)vAO- g R 2rA

from where we get by taking Eqs (40) and (39) into account:

(ro + ̂ or) 4Гл =
'•oil +

Г0  + <5оЛ 3
1 cos a

( 4 2 )

(43)

(44)

After reduction and neglecting the small terms of second and third order it will be:

= ro + (4 —3 cos a)d0r. (45)
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The radial distance of the point A from the mass-centre C of the spacecraft will be:

drr = r/4 - r 0 = (4-3cosa)<50r. (46)

For determining the tangential motion ASr of point A, let us express the differential 
time dr from Eq. (41):

dr =
tW^O + ̂ Or)

da

or, by substituting Eq. (45):

dr = {ro + (4 - 3cos а^оЛ2 da .̂
v Ao(ro +  S 0r) 

ro + 8 rо<50г — 6r0ó0r cos a 
^о(го + «5ог)

da.

From here we get by integration and substitution of Eq. (40):

tл - 1о = — O o  « + 6<50r(a -  sin a)].
Vo

The mass-centre C comes into the position a during the time:

r - rtc to -
v0

thus, the revolving time-surplus of the free mass-point A will be until it reaches the 
revolving angle a:

6<50r(a — sin a)
A t - t . - t r = -----------------

and the tangential moving (delay) wilf be

ASr — Atv0 = 6(a — sin a)(50r. (47)

Due to the radial initial deviation component ő0r, there will be no motion of the 
free mass-point in a direction perpendicular to the plane of orbit,

Aqr = 0. (48)

Effect of the tangential initial deviation component

The free-mass-point with S 0s initial tangential deviation will move during the 
revolution on the circular orbit of the mass-centre C, but preceding the point C by the 
distance 00s, thus the three deviation components will be:

Ars = 0, dSs = <50s, Aqs = 0. (49)
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Effect of the initial deviation component perpendicular to the orbital plane

As consequence of the initial deviation 00q perpendicular to the revolution plane, 
the free mass-point will move in the direction of the initial deviation component 
identically to the case discussed in 1.3, thus the formulas (36) and (38) are still valid.

The free mass-point with initial deviation <50  in arbitrary direction will again 
move on a spiral path being in a plane oblique to the orbital plane of the mass-centre 
with the angle 00q/r0 around the point, but somewhat steeper.

Additional remarks

I. The inertial motion of the free mass-point in the spacecraft referred to the 
mass-centre of the spacecraft can be affected in a small degree by a) the gravitational 
effect of the body of spacecraft to the free mass-point, if the mass-distribution of the 
spacecraft body is not concentric, b) by the pressure of the solar wind on the spacecraft 
and c) by the resistance of the cosmic medium against the rotation of the spacecraft.

II. The formulas deduced for the inertial motion of the free mass-point valid for 
the free mass-points outside of the spacecraft, too.

III. On the basis of the statement in II. the formulas deduced for the motion of the 
free mass-point can be applied in the planning of experiments, in course of which the 
data being the object of the experiment, must be determined from the deviations of free 
masses placed outside of and near to the spacecraft (space station) being by several 
orders of magnitude less than the mass of the spacecraft, from the calculated orbit of the 
inertial motion. Such an experiment can be the actual determination of the solar wind 
pressure and the resistance coefficient of the cosmic medium. A free body of very small 
mass placed outside of a spacecraft will be affected by the following five forces: 1 . the 
effect of inertia discussed here, 2 . the unavoidable initial relative velocity of the small 
body that occurs at its release, 3. the gravitational force of the spacecraft body affecting 
the small free body, 4. the effect of solar wind on the free small body and 5. the resistance 
of the cosmic medium on the free small body. Factors 4 and 5 have namely a slackening 
effect on the very small free bodies with small specific cross-cut load, which is by orders 
of magnitude more than the effect on the spacecraft body with a great specific cross-cut 
load. Effects 3, 4 and 5 must be determined from the continuously measured motion 
elements of the very small free mass placed outside of the spacecraft, but near to it — 
after correcting with the inertial motion calculated with the method discussed and with 
the gravitational effect of the spacecraft that can be calculated, too. The solution of this 
problem needs, however, further intensive and detailed research activity.
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FUNDAMENTAL EQUATIONS WITH GENERAL 
VALIDITY OF REAL PROJECTIONS

V  VlNCZE1

[Manuscript received February 1, 1983]

The paper presents the generally valid equations of real, i.e. by realistic projection 
produceable projections on the basis of the idea that all real projections can be thought as made in 
two phases. In the first phase the base surface — either a rotational ellipsoid or a sphere — are 
evolved slip-free around the rotation axis on the picture plane, then in the second phase all points of 
the tangent meridian are projected from a projection centre in the meridian plane to the picture plane 
(Fig. 1).

Equation 11 is the generally valid basic equation — with corresponding substitutions — of all 
real projections (perspective, stereographic, orthographic, equal angle or area conic, cylindric, or 
plane projections) be the base surface a rotational ellipsoid or a sphere.

Keywords: geographic projections; projections of the ellipsoid; projections of the sphere; real 
projections; systematization of projections

All real projections of the sphere created by effective projecting were presented 
by Vincze (1968). The method of deduction described there enabled a uniform 
treatment of real projections integrated into one system and the introduction of 
fundamental base surface.

By the development of this method of deduction it was possible to extend it to the 
case of rotation-ellipsoidal base surfaces and that meant the additional advantage that 
all real projections could be integrated now into one system irrespective whether the 
base surface spherical or ellipsoidical.

The main point of this method of deduction is that the creation of real 
projections — i.e. projections created by effective projecting — can always be divided 
into two well separable phases. One phase is the proper projecting, the other the slip- 
free rolling of the base surface on the plane of projection.

It is a fundamental case, when the sphere — and here the chosen ellipsoid, 
respectively — representing the Earth is placed so on the plane of projection that the 
straight connecting the poles, i.e. the rotation axis meets the plane of projection in the 
finite and this intersection remains fixed during the slip-free rolling of the base surface. 
The projecting is always done in the meridional plane which is just tangential to the 
plane fitting to the meridional plane from a projecting centre having theoretically an 
arbitrary position.

1 Budapest, II. Mártírok útja 56, H -1027
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The intersection of the rotation axis can, however, be in the infinite and then the 
rotation axis remains during the rolling in all position parallel to itself. Another 
extreme position is, when the intersection is identical — on the pole — with the 
tangential point and all its meridional points will be separately projected from the 
projecting centre also being in its plane.

Naturally, the character of projecting also depends in this case on the position of 
the rotation axis, i.e. if conical, cylindrical or azimuthal plane projection of normal 
position is in question.

The distortion characteristics of the projection depend on the position of the 
projecting centre. This point can lie in the finite or in the infinite, it can be fixed or 
varying in dependence on the geographical latitude. By prescribing suitably the 
position of the projecting centre, equal-angle, equal-area projections or those of other 
characteristics can be created.

Considering that the Earth ellipsoid — as a rotation ellipsoid — can be regarded 
as the general case of the sphere, it is possible to extend the deduction to the Earth 
ellipsoid thus extending the unity of the projections to all the real projections.

Before discussing the problem let us sum up the notations used here in general on 
the basis of Hazay’s publications (1954, 1964), further some new notations and 
concepts for sake of a more simple treatment (Fig. 1):

0 _

c

Fig. 1
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Ellipsoidal half major axis: a 
Ellipsoidal half minor axis: b 
Ellipsoidal geographical latitude: Ф 
Ellipsoidal geographical longitude: /1 
Reduced geographical latitude: ф 
Geocentral geographical latitude: ф' 
Spherical geographical latitude: <p 
Spherical geographical longitude: /  
Radius of the Earth’s sphere: R 
Oblateness factors

Coordinates of the meridional points

Linear modules along the meridian or along a parallel circle:

Arc elements of the meridian:

a
and -  = к', resp. a ( 1 )

1 p = b sin фр

<Üp = a cos фр.
( 2)

lm and lp, respectively.

dm = ̂ /d^2 +drj2
where

dÇ = —asmфdф and dr| = bcosфdф
i.e.

(3)

in other form

(4)

or

= а^/^т^гф + кГ2̂ 052ф =aE'w

finally
tan Ф = к tan ф = к2 tan ф'. (5)
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The fundamental equation of each real projection

It is well known that a conical projection will be created when the angle Ф0 

between the rotation axis connecting the poles and the fundamental plane is greater 
than 0°, but less than 90°. In the co-ordinate system as noted in Fig. 1 the co-ordinates 
of the tangential points are:

Ç0 = a cos î o and 4 0 = b sirup0. (6 )

In order to establish the projection equation let us introduce the co-ordinate 
system rj' one axis of which is the tangent in the Figure and the other the normal at the 
tangential point. The co-ordinates of the centre О of the ellipsoid in this system will be:

C  = £o sin Фо — Чо cos Ф0 (7)

4o = í о cos Фо + Чо sin Ф0

while the co-ordinates of a point of the meridian will be:

£1»=£0 ~  £p sin Ф0 + Ч р  cos Ф0 

Ч’р = Чо- ^ р cos Ф0  -  Чр sin Ф0

and after substituting the corresponding co-ordinates:

Ç'p = a(cos ф0 sin Ф0 — cos фР sin Ф0) +

-I- h(sin ipp cos Ф0 — sin ф0 cos Ф0)
(9)

ч'р = ű(COS Фо COS Ф0 — COS фр cos Ф0) +

+ b(sin ф0 sin Ф0 — sin фр sin Ф0).

Let us suppose that the projecting centre Q lies on the normal through the 
tangential point in a distance of

d =  c ^ -  =  cF F 0 =  c /  (10)
sin Ф0

from it, where the variable depending on the geographical latitude or the arbitrary 
constant independent from this — latter denoted by к — is a real number.

On the basis of that explained above, the projecting radius-equation of point P 
belonging to the latitude ФР and the reduced latitude фР, respectively, can be written as 
follows (Fig. 1):

— n £o „
Pp Po 4 p s jn фо % т Ф 0 c f  — ч'р ( H )
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This is the equation of all the real conical projections of the ellipsoid, but in the 
meantime also the equation of all the real projections, because it is valid for all real 
cylindrical and azimuthal plane projections due to the introduction of the proper 
parameters characteristical to the projection in question — naturally in case of a 
normal position.

This equation is, however, valid for all real spherical projections, too, because in 
this case

a = b = R

and Фо — Фо — Фо
<p = ip = q) (1 2 )

further jc = 1 .
Substituting these values into Eq. (9) we receive that:

and
= — R(cos cpP sin cp0 — sin <pP cos <p0) = — R sin (cpP — cp0) 

t]'P = R — R cos (<pP — <p0).

Thus the projecting radius-equation (Eq. 11) will take in case of a spherical base surface 
the following form:

pP = R cot <p0 — Rc
R sin ((pP-<p0)

Rc— R + R cos (q>P — <p0)

pP = R cot cp0 — cR
sin {(pP-(p 0)

C -  1 + C O S  { ( p p  —  ( p 0 )

This projecting radius-equation can be regarded as the special case of radius-equation 
(1 1 ) referring to the ellipsoid and is by normal position valid for each real spherical 
projection.

In the followings some projections belonging to the mentioned group of 
projections will be discussed.

Conical projections

Gnomonic conical projection

The projecting centre is the centre of the base surface (Fig. 2), i.e. the projecting 
centre does not lie in this case on the normal to the tangential point. On the basis of the 
figure it can be written:

CT=b cos Ф0 
sin i/t0 and OT=b

sin Ф0 
sin tp0
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further
Pp = CT— 0 T tan (il/'P — Ф0)

pF = b
cos <P0 
sin ф0

sin <P0 
sin ф0 tan(il/'p-Фо) ■

According to Eq. (5): 

and, since

and

tan фР = к tan Ij/'p 

lim tan ф = Аф
\p~* А\ф

it follows that 

or

lim к tan Iу  = кАф'

Аф = кАф'

Аф = кАф'.
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When taking Eq. (4) into consideration, it will be:

Since

dm d M

dp dp ^sin<P0 1
á>J/' dij/ sin ф0 cos2 (фр — ф0)

and that along the parallel circle:

l _ dp _  ______ sin Ф0_______
m dm Ev sin ф0 cos2 {фР — Ф0)

sin Ф0
—  Р р  =a cos фР

l = sin Ф0 
р к cos фр

cos Ф0 sin Ф0 . . . .
——г 5 --- :— tan (i/íp -  ФSin ф0 Sin 'Po

Finally, since 

and

further

N0 cos Ф0 = а cos ф0 = £ 0

cos ф0
-----"T̂ COt Ф
tüo у/ I

РоУо = У о  ^  0 cot Ф 0  = у а  ——  
COS Ф 0

УоРо = £оЛ = Ласо&ф0/ и Г и 4U' '  ---

the inclination of the projecting radius will be:

у — Л sin Ф0

and the co-ordinates of the projection:

and
Xp = Po~Pp cosy

Ур =  Р р s in  y.

In case of a sphere:
a = b = R

к= 1 further £v= 1 

Фр = Ф'р = Фр 

Фо = <Ро

(14)

(15)

(16)

(17)

(18)
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therefore Eqs (13), (15) and (16) will be transformed into the known form:

and

P p  = R cot (p0- R  cot (cpP -  <p0)

cos2((pP-(p 0) 

sin (p0
l = --------[cot <pо -  tan (cpP -  (j(»o)]cos (pp ( 1 9 )

which was published by Vincze in 1968.

Orthographic conical projection

For this projection the imaginary projecting centre lies in the infinite, in other 
words the projecting radii are parallel and perpendicular to the projection plane. Here, 
however, this case will not be discussed, but for sake of simplicity that one will be taken 
into this group, where the projecting radii are not only parallel to each other, but to the 
rotation axis, too. This is an equal-length projection with parallel circles and is 
unknown so far in the literature.

On the basis of Fig. 3 it can be written:

Further

and from Eq. (4):

therefore

and

cos IlippP = £,,sin Ф0 = a - ------
sin (pо

, COS Ipp
кЬ ——— . sin Ф0

dp sin ipp
dip sin ФР

sin \pP 
Ew sin Ф0

I p  —
sin Ф0 

a cos IpPP p =  1-

( 20)

( 21)

(22)

The projection co-ordinates are identical with those in Eq. (18) and the co
ordinates given in Eqs (20), (21) and (22) will be transformed by means of the 
substitutions already applied into the following forms valid for the sphere:

cos (pP 
P p  =  R  .sin cpо

, sin ( P p  ,
t m — • i p  — 1.Sin (pо
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Cylindrical projections

In case of ellipsoidal cylindrical projection:

Фо = Ф o = 0°
and

sin <f>0  =  sin фо = 0, 

cos Ф0  — cos ф0— 1

since from Eq. (11) we get:

P о So
0 0 .sin Ф0

From Fig. 1 it follows that, if q>0 approaches O, one has

Поlime— J 
sin Ф0

c ■ a

further from Eq. (9) one gets:

£ 'f b sin фР
ac — ri'p a ( c — 1 +cos ф Р)
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Hence, the generalized equation of cylindrical projections will be:

b sin Ipp sin Ipp
pP = ac —---- --------- —  = cb---- --------- — .a(c — l + cos фp) c — 1 + cos ф p

( 2 3 )

Perspective cylindrical projections 

Equation (23) is valid for this case after the substitution

c = k,

where к is a constant with positive sign:

sin Ijjp
pP = kb k —l +cos Ij/p

further
dp ^l+cosi/zp — cosj/p 
0ф (k — 1 4 - cos фp)2

and by taking Eq. (4) into account:

L  = k
1 +k cos i/ip —cos фР 
Ev(k~ 1+cos фР)2

while the other linear modulus will be:

а/ 1 a
 ̂n V* A

1

<̂Л a cos фР cos фР

The projection co-ordinates are:

x P = kb
sin фу

and
к — 1 +cos фР 

уР = аЛр.

In case of a spherical base surface the co-ordinates will be:

, s‘n Vp
X p  = k R - -------- ------- and у=КАР.

k  — 1 +cos <pp

(24)

(25)

(26)

(27)
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Gnomonic cylindrical projections

In case of an ellipsoidal base surface the projecting centre is the centre of the base 
surface, but one could include here also the projection, where the projecting radius is 
identical with the normal to the point, since its spherical correspondence is also the 
gnomonic spherical projection. Here, however, only the first case is dealt with.

Q

Fig. 4

The projecting centre is, consequently, the centre of the ellipsoid (Fig. 4), and 
therefore it is a perspective projection where к = 1. Having made this substitution into 
Eqs (25), (26) and (27) one gets the connections valid for this case:

(28)

(29)

L  =
1

Ev cos2 ipP and L  =
COS Ip P

further:
sin ip

x„ = b ---- 7~ — b tan фР and yB = aAP.
cos ip P
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Stereographic cylindrical projection 

This is again a perspective projection, where

к = 2.

After the substitution the equations of the ellipsoidal stereographic cylindrical 
projection are:

further

L  = Ew{ 1 +cosipP) 

sin Il/P
X  =2b— ------ —

1 + C O S I jjp

and

and

cos фР 

ур = аЛР.

(30)

(31)

In case of a spherical base surface one gets after substitutions according to Eq. 
(1 2 ) the equations of the stereographic cylindrical projections.

Orthographic cylindrical projection

The projecting centre lies in the infinite and the projecting radii are 
perpendicular to the projection plane, i.e.:

d =  oo and 9 = 0 °.

Corresponding to this it is now (Fig. 4):

Pp = rjp = X  = b sin фР (32)

and the linear moduli will be:

L  =
cos фр and lP = ----- r

COS фр
(33)

In case of a spherical base surface this is the Lambertian equal-area cylindrical 
projection. Since Ev is also nearly equal with the unit — at least over a considerable 
area — this projection can be regarded at least as nearly an equal-area one even in the 
case of an ellipsoidal base surface.

Conformal cylindrical projection 

The generalized equation (23) of the cylindrical projection was:

pP = cb
sin фр

с— 1 Tcos фР
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further

and after using Eq. (4):

dp ^(c— 1 +cos i/^cos ipp + sin2 фР 
difr (c— 1 +cos фР)2

. 1 + (c — l)cos фР
=  CD --------------------------------

( c — 1 +  COS Il /p )2

and

In case

I dp 1 +(c— l)cos фР 
dm Ev(c— 1 +cos фР)2dm

I аЛЛ a I
P N cos ФрЛЛ асоьфр cos фР

of an equal-angle projection:

lm = lP,

(34)

(35)

consequently the equation:

(c— 1 ) cos фР+ 1

C  Г  ! . .  1 I __________ /. \2 cos фрC ----- ----------------------------- :
£„>(c’— 1 +cos фрУ

must hold.
Having carried out the operations and the necessary reductions we get the 

following equation:
Ac2 + Bc + C = 0

where

2 фр- 2Еч, cos фр + 2Еч

A =cos2 фр — Еу 

B = cos фр — cos2 фр
and

C = 2E4, cos фР — Еч, cos2 ф — E, 

It follows from that said above:

- B ± j B r -AAC
c = -------- —, -----------

2 A

and the projection equations are:

(36)

sin фр
xr = cb---- Ti------ rc — 1 + C O S  фр y, , = аЛ. (37)

These equations are of course valid in case of a spherical base surface after the following 
substitutions:

E = l, and Ф = <р, respectively.
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The coefficients in Eq. (36) have the form:

and

A =cos2 <pP — 1 

B = 2 —cos2 (pp — cos (pP

C = 2 cos (pP—cos2 (^p— 1.

This is the Mercator conformal cylindrical projection in both variants.

Equal-area cylindrical projection 

A projection is an equal-area one if:

U „ = 1 ,
i.e. — with respect to Eqs (34) and (35) — the following equation holds:

E J c - I I t u o  i p  ^

Having made the operations and reduced the equation to c, we get the following 
equation of second order:

where

and

Ac2 + Be + C = 0 

A={\ — EJ  cos i/ip

B= 1 —cos Î p + 2Ev cos \jjp-2Ey cosj/P 

C = Ev(2cos2 ij/p—cos j/p—cos3 \pP)

(38)

and the solution is

c =
- B ± j B 2- 4 A C

~2A

In case of sphere 

since
Ew= 1 and A=  0

C =  0 0

which characterizes the Lambertian orthographic equal-area cylindrical projection of 
spherical base surface.

Concerning the projection equations the connections of (37) are here valid, too, 
after substituting the corresponding c values.
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Azimuthal plane projections

An ellipsoidal plane projection is created, if the following substitutions 
characteristic for the plane projection are made in the basic equation (1 1 ):

since

and

Фо = Ф o = 0 °  

sin <i0 = sin ф0 = 1

cos d>0 = cos фо = 0.

Thus, one has: 

and

„ io a cost/ / 0
P o --------:— "Г-  =  — :— ——sin Ф0 sin Ф0

I/o b sin ф0
C Л. ~  C ' ■ =  cb -sin Ф0 sin Ф0

Further, on the basis of Eq. (9) it can be written:

_  a cosi/ip _  acosi/ip 
cb — r\'P cb — b + b sin фР b(c — 1 + sin фР)

Hence, the generalized equation of the ellipsoidal plane projections is (Fig. 5):

cos фР
Pp~ac----г— -— i— •c— 1 +sin фР (39)

Q
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Perspective plane projections

The factor c in Eq. (39) is in this case constant and is denoted by k. Hence:

cos фр

further:

and since:

one gets:

Pp l + s i n t / f p

dp , (к— 1 ) sin фР+ 1
—  —  Ic q -------------------------------------------
diI/ (к — 1 -I- sin фр)2

dm

L=k
(к— 1) sin фР + 1 

E'Jk- 1 -l-sin фр)2

and the other linear modulus can be written as:

, k

-p. sin Лр.

(40)

(41)

(42)

(43)

p k — \ + sin фР

The projection co-ordinates are:

Xp — Pp cos Лр and yp

Several spherical geographical perspective plane projections are mentioned in 
the literature (e.g. Hazay 1954, 1964), hereby the factor к varies in our equations from 
2.367 to 3.41.

Considering that these numerical values are mostly given with an accuracy of 
only 2-3 decimals, we suppose that the characteristics of these geographical projections 
do not change too much, if the same constants are used in case of an ellipsoidal base 
surface.

Gnomonic plane projection

Similarly to that mentioned for the cylindrical projections, two variants are 
possible here, too, but we only deal with the case when the projecting centre is identical 
with the centre of the ellipsoid.

This projection is the variant of perspective projections, where

k= 1 ,

and substituting this value into Eq. (40), we get:

cos фр
P p  = a - —— = acoti//P (44)

sin фР
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and according to Eqs (41) and (42) the linear moduli are:

/ = ____!____
E'v sin2 \pP p sin Ipp (45)

Stereographic plane projection

This is again a perspective projection, where the constant factor

к = 2,

and consequently Eq. (40) has the form:

Pp = 2u
COS Ij / p

' p = ̂ uTT~-— i~1 + s i n i f/p

or using the complement angle: 

it is

- 2 a tan (45° - t )

ß' = 90° — фр 

о , ßrp = 2a tan—-

(46)

and for the linear moduli one gets:

1 T sin IpP
L  = E ;(l+ sin i / / P ) 2 2 ^'

COS —

and
/ = ____ ?____
p (1 +sini/ip) 2 2 ß'cos —

(47)

In case of a spherical base surface this is the known conformal projection, 
because here

1 .

Conformal plane projection

According to the generalized equation for plane projections (Eq. (39)):

cos Ipp
pP = ca

further
dP .

- ö i  = c b K

с — 1 +sin ipp 

(c— 1) sin Ipp+ 1

(48)

(с -  1 +sin Ipp)2
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and according to Eq. (4):

v>

hence
, dp (c— 1 ) sin \pP+ 1/ =  __  = pi/----------------------
m dm £v(c — 1 + sin фр)2

and

1, Pp c
c — 1 4- sin ij/p

The projection is conformal, if:
L = lP

i.e., if:
(c— 1 ) sin \j/p+ 1 c

C K ------------------------------------  =  --------------------------
£ v(c — 1 +sin \l/p)2 c —l+sinipp

Having done the operations noted:

( k  +  E )(sinil/p-l)
C  =  ----------- г ------------------------.к sin фр — Еу

If the base surface is a sphere:

consequently
к — 1 and Ev -  1

c = 2,

(4 9 )

(50)

being the criterion — as known — of the stereographic spherical equal-angle plane 
projection on the area, naturally, where the ellipsoid is properly substituted by the 
sphere.

Orthographic plane projection

The projecting centre is in the infinite and the projecting radius perpendicular to 
the projection plane (Fig. 5). Thus:

Pp = ̂ p = u cos \pp (51)

and its linear moduli:

L  =
sin Ij/f

and (52)

It can be seen that the discussed deduction method of the real projections has the 
advantage that a fundamental equation (1 1 ) of general validity can be introduced, 
which holds good for all real ellipsoidal projections of normal position, but at the same 
time the equation (1 2 ) valid for all real spherical projections can be deduced from it,
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too. In this deduction the circumstance can be well used that the sphere is a special 
variant of the rotation ellipsoid, it was therefore possible to introduce equations of 
general validity which hold for all real projections irrespective, whether the base surface 
is an ellipsoid or a sphere.

From this recognition follows the further advantage that it is possible to 
integrate the whole of the projective geometry, as a discipline, into a well arranged and 
logical system.
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A COMPARISON OF PC MAGNETIC PULSATIONS 
ON THE GROUND AND AT SYNCHRONOUS ORBIT

J V e r ő 1— L H o l l ó 1

[Manuscript received June 5, 1982]

The paper presents a summary of results on the comparison of pulsations data from the 
satellite ATS 6 (Takahashi et al. 1981) and the surface station Nagycenk for a year in 1973-74. In 
spite of the difference in position and L-value, strong similarities were observed, and even a part of the 
existing differences could be explained in terms of the afternoon-activity unobservable on ground.

Keywords: ATS 6: correlation of pulsations; geomagnetic pulsations; interplanetary magnetic 
field; magnetospheric-surface connection; Pc 3; solar wind

Introduction

The first comprehensive statistical study of Pc 3 pulsations at a synchronous 
orbit was carried out by Takahashi et al. (1981) using data of the UCLA fluxgate 
magnetometer on ATS 6 . They could show that a number of pulsation characteristics, 
determined on the basis of ground observations, can also be found in satellite data. The 
effect of the solar wind velocity, Ksw, and that of direction of the interplanetary 
magnetic field, 0 XB, were found as the main controlling factors of the pulsation activity, 
complicated by the local time dependence of the occurrence and amplitude of the 
pulsation activity. They refer to an agreement of their data with ground-based 
observations, but for many results of their investigations, no comparable ground-based 
data are available, or at least they are not from the same time interval. The continuous 
pulsation recording of the Nagycenk observatory (cp — 47° 38', 2= 16° 43', Ф = 47.2°) 
offer an opportunity to compare nearly all results by Takahashi et al. with similar 
ground-based data. Such a comparison is presented in this paper.

The differences between the two sets of data lie in the geomagnetic position (L 
values 4.4 and 1.9) of the observing sites and in the selection of the data. Instead of the 
binary occurrence index used for the ATS satellite data, in Nagycenk two kinds of 
values were used: a similar binary index, indicating regular waveform of the existing 
Pc 3^4 pulsations, and the average hourly amplitudes of all pulsations with periods 
shorter than 2 min. A comparison of the two Nagycenk data sets enables to clarify 
certain points. It should be also remarked that regular pulsations have mostly greater 
than average amplitudes-, but maximum amplitudes are found for irregular pulsations. 
The differences due to the different data bases should be kept in mind when comparing 
results.

1 Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, H-9401 
Sopron, Pf. 5
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Pulsation data of the Nagycenk observatory

The Nagycenk observatory has been existing since the International Geophys
ical Y ear, IG Y, 25 years ago. Earth currents recording has been nearly continuous since 
the very beginning, moreover the amplitudes of the pulsations in the earth current field 
have been determined during this time always by the same person. This continuity 
ensured a stability unusual for subjective indices for these pulsations amplitudes. Thus 
e.g. the coefficients of the regression equation between solar wind velocity and 
pulsations amplitudes changed less than 1 0 % during the interval of in situ solar wind 
measurements. Therefore the hourly pulsation amplitudes of the more disturbed 
component, telluric Ey (E—W), corresponding nearly to geomagnetic H, are used 
throughout this comparison. In case of any exceptions, these are especially mentioned. 
The amplitudes are determined in units of 0.18 mV/km, and in these units the daytime 
maximum of the amplitudes corresponds to about 2 units. Unit 1 indicates a rather low 
pulsation activity.

The determination of the pulsation amplitudes is made from records with a chart 
spead of 25 mm/hour, therefore no distinction can be made from these records between 
Pc 3 or Pc 4 pulsations, Pc 1 and 2 have very low amplitudes. It is, however, clear that 
the majority of Pc 3 events surpasses in amplitude Pc 4 events, at least at our latitudes, 
and the Pc 4 activity has more or less a noise-character. Thus the inclusion of Pc 4 
pulsations does not exclude a comparison of the two data sets.

Occurrence frequencies and amplitudes were compared several times in dif
ferent kinds of records of the Nagycenk observatory, with the result that the main 
factor governing the amplitude level in case of a given occurrence frequency is 
geomagnetic activity. That means that for a certain level of occurrence (e.g. for a 
certain daily occurrence frequency index) the amplitude index is the higher, the greater 
the geomagnetic activity is. Thus for comparisons not including the geomagnetic 
activity as a variable, occurrence frequencies and amplitudes can be substituted by each 
other.

A better comparison can be made with a binary occurrence index indicating the 
presence of regular Pc 3-4 type variations. It is determined from the pulsation 
catalogue of the observatory, based on the quick-run earth-current records 
( 6  mm/min) with a similar scale value (0.15 mV/km). The regularity is a subjective 
term; in a “regular” pulsation event, however, the maximum and minimum apparent 
periods must not differ by more than 50%. The criterion used in selection of these 
“regular” events is a more rigorous one than used by Takahashi et al., as around local 
noon their average occurrence probability is 40-50%, while in case of the Nagycenk 
data it is around 20%. Thus the two values used in this paper “flank” Takahashi et al.’s 
index, thus the reliability of a comparison and generally of the data can also be 
estimated.
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Differences in the response of Pc 3 and Pc 4 pulsations 
to interplanetary changes

The connection between interplanetary field parameters and activities of the 
pulsations in a number of frequency bands has been already discussed in earlier papers 
(Verő and Holló 1978, Verő 1980) based on the material of the Nagycenk observatory. 
Here only some effects should be mentioned which are of importance for the 
connections studied in this paper.

1. Connection with Fŝ ,: the formula is for all period bands A = c • Ffw, the 
exponent x being a function of the period. It is around 2 or somewhat more for 
pulsations with periods less than 30 s, for pulsations with longer periods it is less than 2 
or even around 0 (at 90 s).

2. The maximum activity is found for the short period range if <9XB is around 30°, 
for longer periods (longer than 30 s) the maximum is at 0°.

3. The diurnal variation of the average amplitudes or occurrence frequencies has 
a single peak somewhat before noon for the short period range, and a double peak, with 
higher morning activities for the longer period range.

4. The wave-form in the shorter period range is quite often regular, that in the 
longer period range is never as regular as that in the shorter period range.

It follows from these that a boundary of different type pulsations, identifiable 
with the Pc 3 and Pc 4 types is at our latitude near to 30 s, but this period changes 
quickly with the latitude, and in the subauroral latitudes it lies near to the generally 
accepted 45 s.

Diurnal variation of the activity

The diurnal variation of the pulsation activity changes rather significantly 
during different seasons. During maxima of the solar activity, if the sunspot relative 
number, R is more than about 100, the activity of the pulsations is severely damped in 
local winter or in December (Verő 1981). The years 1974—75 were years with low solar 
activity, therefore such an anomalous change did not appear. Nevertheless there are 
changes in the diurnal distribution of the pulsations which are evident in all years and 
which are not connected with the seasonal change of the solar height (e.g. sunrise or 
sunset). Figure 1 shows the daily distribution of the pulsation activity in Nagycenk, for 
the Northern summer and winter months of the year 1974, and for June and December 
in average of the years 1957-1980. The long time average shows that in summer 
the activity begins and dies out earlier than in winter, and therefore the pulsation 
activity before noon is in summer greater than in winter, while afternoon the winter 
activity is higher. In a particular year, the situation can be slightly different. This is 
just opposite to the ATS 6 -results, but neither of them corresponds to the change of 
the solar height.
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Fig. I. Diurnal variation of the amplitude of short period pulsations in different seasons in 1974 and in 
average of the years 1957-1980. Amplitude values in all figures are in units of 0.18 mV/km, and the 

represented component is Ey (similar to geomagnetic Я), if not otherwise stated

In accordance with the different shape of the diurnal variations, the change of the 
amplitudes with season at two fixed local times are also different. The changes in 
Nagycenk are by far less important than in the magnetosphere. Here the inclusion of 
the less regular events may play a certain role, the fractional distribution of the regular 
events, however, does not change as much as to explain this difference (see e.g. Fig. 3b-
d). For comparison, Fig. 2 shows also the long-time average of the seasonal change of 
the predawn and mid-afternoon activities, separately for the E—W (Я) and N—S (D) 
components. It is clear that the character of this seasonal change is similar in both 
cases, only its amplitude is greater in the D-component.

As no similar data are known from the Southern hemisphere, it is not clear if this 
effect is local or global. ATS 6  data show an opposite tendency, therefore only a 
mechanism could explain the observed facts which acts inversely in winter and in 
summer, morning and afternoon, and its effect is reversed even at different latitudes (or 
below and above the ionosphere). In all cited cases the common element is the pre-noon 
peak and a double maximum, with changing intensities. The morning activities are 
greater even in Takahashi et al.’s summer and in our winter season when the differences 
between morning and afternoon are the smallest.

According to Parker’s spiral, this pre-noon peak of the pulsation activity could 
be explained, if in case of abnormal IMF directions (0-90°, 180-270°) the maximum 
would be shifted towards later times. This shift was not present (or only its slight trace 
could be found) in ATS-data, similarly in our data (Fig. 3a) the maximum is somewhat 
shifted in case of abnormal IMF directions towards later local times.
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Summer Winter Summer
solstice solstice solstice

Fig. 2. Seasonal changes in predawn and midafternoon amplitude of short period pulsations in 
1974-1975 and in average of the years 1957-1980, separately for the components Ey(E—W) and Ex

(N—S, geomagnetic D)

Jan. -  Jun. 197£ 
-Л

local time

Fig. 3a. Occurrence probability of short period pulsations with greater than average amplitudes, a) for 
normal, b) for abnormal interplanetary magnetic field directions

Similar data on the regular variations can be seen in Figs 3b-d. Figure 3b shows 
the seasonal distribution of regular events for the years 1974-75. The lower activity in 
1975 is at least partly due to subjective causes and possibly also to artificial noises, 
which reduced the number of the selected regular cases. There is no recurrent seasonal
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Fig. 3b. Seasonal distribution of regular pulsations in (different months of the year) 1974-1975 (occurrence
percents)

Fig. 3c. Average diurnal change of regular pulsations in 1974
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Fig. 3d. Monthly average occurrences of regular pulsations
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change, at least the earlier occurrence of these events in summer can be significant. The 
average daily distribution (Fig. 3c) shows a somewhat different diurnal change of the 
regular cases, with relatively stable occurrence frequencies between 06 and 16 h LT, but 
the maximum is shifted towards afternoon hours. This can be of a purely random 
origin, nevertheless it deserves further attention. The shift towards the afternoon hours 
is most pronounced in winter months (Fig. 3d) in accordance with the distribution of 
pulsation amplitudes (Fig. 1). On the basis of the satellite and ground data, the most 
reliable conclusion is that the maximum of the pulsation activity appears in case of 
abnormal IMF directions somewhat later than in case of normal IMF directions, but 
the maximum does not occur during afternoon, it is at most around local noon.

We remind here to the fact that according to Verő (1980) the Pc 3 activity has a 
single peak not very far from local noon, and the Pc 4 activity has two peaks early in the 
morning and later in afternoon, with the first one being the main maximum. Thus it is 
clear that the exclusion of the (less regular) Pc 4 events shifts the maximum somewhat 
nearer to local noon, and this is really what we find comparing Figs 1 and 3. The 
existence of a difference between the diurnal variation of the Pc-activity at different 
IMF-directions was confirmed among others by Potapov (1974) and Verő (1980), too.

Effect of ŜM and <9XB on pulsation amplitudes

Figure 4 shows a comparison of the correlation coefficients between some 
interplanetary parameters and pulsation activities on ATS 6  and in Nagycenk. First of 
all, there is a rather good coincidence in case of the average correlations between the 
pulsation activity and ksw and <9XB. In case of B, the majority of the Nagycenk data 
have reversed sign in comparison to the ATS 6  data. The morning correlations are 
generally somewhat higher for Ksw and <9XB for the ATS 6  data, while in the afternoon, 
there is a significant drop in the ATS-correlations which is absent from the Nagycenk 
data. Here the appearance of the afternoon activity in the magnetosphere which cannot 
be observed on the ground, plays very likely the most important role. These pulsations 
in the Pc 4 range were discussed by Hughes et al. (1978). He supposed them to be due to 
bounce resonance of waves with hot protons. If the spectrum of these waves has a short- 
period (high frequency) tail, and they do not appear on the surface records, then the 
difference in the correlation coefficients can be explained. An alternative explanation 
would be, at least partly, that offered by Takahashi et al. (1981) who supposed that the 
non-linear connection between solar wind velocity and pulsation activity may play a 
role here. In our opinion, however, this decrease of the occurrence probability of Pc 3 
pulsations can be an artificial one due to the selection criterion. The “noise” (i.e. 
variations with white spectrum in a rather broad band) increase in intensity very 
quickly at high geomagnetic activities, roughly from a value of Kp about 6 . In such
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cases the solar wind velocity is most likely also high, and regular pulsations which 
appear nearly with the same frequency might be veiled by the high noise level.

Just this strong noise in case of high geomagnetic activity makes it rather difficult 
to use the same selection criteria for regular pulsations in quiet and disturbed times, 
and this was one of the causes why we compared both overall average pulsation

for all 
intervals

for all 
intervals

for all 
intervals

A

В

U ~\ I----1--1--- 1--1-- 1—
6 8 10 12 M 16 18 hour

local time

CM CO CD CM CM CO CO
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Ю  Lf) LO Lf> Lf) Lf) Ш num ber of ca ses

Fig. 4. Correlation coefficients between pulsations measured by ATS (broken line, A) and in Nagycenk 
(continuous line, В) and some interplanetary parameters at different local times

amplitudes and occurrences of regular pulsations. It should be added that short period 
variations have in the earth current field generally greater amplitudes, therefore the 
problem of the natural “noises” is here even more difficult than in geomagnetic records.

This conclusion is supported by Fig. 5, where the occurrence frequencies of 
regular pulsations are shown in function of the solar wind velocity. There is a rapid 
increase till velocities of 600 km/s, then the frequency drops (from 20 to 13%). The fact 
that the drop of the occurrence frequency begins here already at a lower velocity value 
than in case of the magnetic satellite data, can be a consequence of the mentioned 
higher sensibility of the electric field for short period noises. A similar effect might
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appear in Fig. 5, where the occurrence frequencies of regular pulsations are expressed 
also in function of the interplanetary magnetic field. Here again at high scalar 
magnitudes, the occurrence frequency is much lower than at medium values of the IMF 
(this is statistically significant even if the number of cases with high IMF is less than that 
of values around 5-10 nT).

•/.

0  vsw в

Fig. 5. Occurrence probability of short period regular pulsations (oscillations) in function of 0 , ksw and B,
04-06 h LT in the year 1974

Figure 6  in this paper corresponds to Takahashi et al.’s Fig. 6 , with the differences 
already mentioned. It is evident that the shift of the activity toward earlier hours in case 
of higher solar wind velocities cannot be observed here. The maximum is in all cases 
somewhat before local noon; in case of the highest solar wind velocities, Ksw >  
> 700 km/s, a secondary maximum appears at 06-09 h LT, which corresponds 
roughly to the maximum in the same case in Takahashi et al.’s material. Figure 7 shows 
that the dependence of the pulsation amplitudes has no specific difference between 
morning and afternoon hours; there are slight changes, but generally the increase with 
increasing solar wind velocity is continuous (the possible exception is 9-12 h LT, but 
these are morning hours, while Takahashi et al. found the decrease in afternoon hours).

Figure 8  summarizes the effect of Fsw and LT, similarly to Fig. 8  in the cited 
paper. The general trends are rather similar, but the mentioned differences are 
naturally reflected here again.

As a summary of these figures, we think that there is a real difference in the 
afternoon pulsation activity on satellites and at the surface. In addition to this
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N= number of ca se s

Fig. 6. Solar wind velocity dependence of the diurnal variation of short-period pulsation amplitudes
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Fig. 7. Dependence of pulsation amplitudes on solar wind velocity at fixed times (in LT)

difference, the pulsation activity is continuously increasing with increasing solar wind 
velocity. The irregular noise is, however, very strongly dependent on geomagnetic 
activity, and through it, on solar wind velocity. At Kp values over 6 , this noise can 
suppress any regular pulsations, that is why the number of regular pulsations is 
(apparently) decreasing in case of high geomagnetic activity (high solar wind velocity).

Figure 9 does not exactly cover the content of Takahashi et al.’s Figs 9 and 10, it 
is somewhere between the both figures. It expresses the daily pulsation index (based on
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V,w

Fig. 8. Summary of the dependence of the Pc 3-4 amplitudes on LT and solar wind velocity
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Fig. 9. Dependence of median amplitude of short period pulsations on solar wind velocity. Numbers on the
vertical axis denote daily activity indices

the daily average amplitudes of Pc 3-4 pulsations) in function of the daily average solar 
wind velocity. The vertical axis represents amplitudes, i.e. instead of log power we have 
power here. A difference from Takahashi et al.’s Fig. 10 is again the use of amplitudes 
instead of occurrence frequencies. The linear connection between P and l^w is due to 
the inclusion of Pc 4, which can have rather important amplitudes at low solar wind 
velocities. The main point is here, however, that no decline can be observed at high I'sw 
values, even if the quite unstable median at the end is omitted. For a more realistic form 
of the connection between pulsation amplitudes and solar wind velocities, we refer to
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Fig. 10. Dependence of the Pc 3-4 amplitudes (sums of all period ranges) on the solar wind velocity

Fig. 11. Summary of the dependence of the Pc 3-4 amplitudes on LT and cone angle, 0 XB

Fig. 11 in Verő (1980) where the functional form of these connections is also given in 
different period ranges. Similar connections were found later from the material of the 
year 1973, with some minor modifications. In Figure 10 we give the sum of all period 
ranges from this study, which gives a result not very far from the present one.

The simultaneous effect of the daily variation and of the cone angle effect is 
presented in Fig. 11. It should be mentioned that from the material of earlier years 
(1972-74) we found a constant peak of the pulsation activity around 0 XB around 30°. 
This maximum can be seen in this figure in form of a bulge of the 1.25 and 1.5 isolines 
between 20-40°. From 40° on, there is a rather steep decrease in the amplitudes.

0h 3 h 6 h 9h 12h 15h 18h 21h 0 h LT

Connection of the pulsation amplitudes with 0 XB
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The 30° maximum can be found also in Fig. 6b, where the occurrence frequency 
of pulsations is shown in function of the cone angle (0 XB). Here this maximum is the 
most significant among all results, the occurrence frequency is for 0 XB between 20-40° 
at 2 2 %, for the previous and subsequent direction groups at 17%.

Figure 12 shows the joint amplitude dependence of pulsation amplitudes as a 
contour plot in the 0 XB — fsw -plane (as Takahashi et al.’s Fig. 12). In this case the

Vsw

Fig. 12. Solar wind velocity and IMF angle dependence of Pc 3-4 amplitudes

general decrease of the amplitudes with decreasing solar wind velocity is superimposed 
on a rather complex 0 XB-dependence. The 30° maximum can be seen at very high solar 
wind velocities and in the 500 km/s range; in Takahashi et al.’s figure, there is only a 
slight indication for the 30° maximum at the lowest solar wind velocities, below 
400 km/s.

This 30° maximum appeared in our data now in the material of three 
independent, even not consecutive years. It should be added that according to detailed 
investigations, it is really characteristic only for Pc 3-type pulsations, in the Pc 4-range 
the maximum is at 0°. This earlier result is proved again by the present results, where 
the maximum appears very clearly in the regular oscillations which have mostly shorter 
periods, while they are much less significant in the whole pulsation activity.

It would be too speculative to reflect on the cause of this difference between the 
Nagycenk and the ATS data. Most of the authors dealing with this question found the 
maximum at 0°, but in most cases Pc 3 and 4 were not separated. In Takahashi et al.’s 
data this is not the case; we can only state that we cannot see any artificial source for our 
30° maximum which returned now in three different years.
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Solar wind stream structure and Pc occurrence

The correspondence between the stream structure of the solar wind and the 
pulsation activity was also present in our surface data. Figure 13 is a modified 
representation of Takahashi et al.’s Fig. 13. The variations of the pulsation activity are 
quite similar in space and on the surface, both are well correlated with the changes of 
the interplanetary medium, first of all, of the solar wind velocity.

A few numerical data in Takahashi et al.’s figure enabled a comparison of their 
occurrence index with the Nagycenk amplitude index. The result of this comparison is 
shown in Fig. 14. It seems that in case of any space pulsation index (Psp) there is a lowest
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Fig. 13. Takahashi et al.'s data supplemented by the Nagycenk (surface) pulsation indices (bottom) of the 
interval June—July, 1974. From top to bottom: BxSE, 0 XB, solar wind velocity and daily pulsation indices

ATS and Nagycenk
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possible surface pulsation activity (PNc) which can be expressed by the following 
formula:

PNc.min^O-75 Psp + 2.

Any value of PNc above this lower limit is possible for a given Psp. If this connection 
could be verified on a greater amount of data, it would be an additional proof of the 
effectivity of the field line resonance mechanism, even this effectivity could be followed 
on the basis of the ratio of the actual and minimum possible pulsation activities.

Fig. 14. Connection between the daily pulsation indices by Takahashi et al. and in Nagycenk

Fig. 15. Average recurrence pattern of the pulsation activity

Figures 15 and 16 are generally consistent with the spacecraft data. In 
connection with the sector boundaries it should be reminded to the fact that there is no 
extra sector boundary effect in the pulsations, at least not in the Nagycenk data. If one 
corrects the actual values of the pulsation activity for the momentaneous values of the 
interplanetary medium, first of all for the minimum solar wind velocity appearing 
simultaneously with the sector boundary, the effect disappears, or it least it is no more 
significant. So no additional source of pulsations must be supposed to be active at 
sector boundaries.

Summarizing the results of the comparison of the ATS 6  and the Nagycenk 
surface data, there is a general correspondence between the two data sets. The main
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Time from sector boundary { day )

Fig. 16. Superposed epoch analysis of short period pulsation occurrence (same cases, as in Fig. 14 by
Takahashi et al. (1981))

effects of the interplanetary medium on the pulsations are similar in both cases in spite 
of very different data bases and different selection criteria. The effect of the solar wind 
velocity is the most important one, increasing solar wind velocity means increasing 
pulsation activity. The interplanetary magnetic field has also a significant effect on the 
pulsation activity, small cone angles (<9XB) are favourable for the excitation of the 
pulsations. The IMF scalar magnitude influences more the period of the pulsations, its 
effect on the pulsation activity is not unambiguous.

In spite of this general similarity there is a number of points in which ATS and 
Nagycenk data yielded different results. These differences may be partly due to physical 
differences between pulsations in space and on the surface, and at different L-values. 
A part may be due to the different data bases and processing methods. A third 
part remains unexplained at present and needs further verification.

These differences between the Nagycenk and the ATS data are the following:
The seasonal change of the Pc 3 activity has an earlier peak in (Northern) winter 

than in sommer in the ATS data, while in Nagycenk the situation is either opposite, or 
at least this variation cannot be found. As the change includes not only the afternoon, 
but also the predawn hours, the cause cannot lie in the afternoon activity which can be 
observed in the magnetosphere, and is absent on the surface. The surface trend is rather 
uniform in all years, therefore an explanation should have a quite continuous character 
in time. At present such an explanation is not known.

The shift of the pulsation activity toward afternoon hours in case of abnormal 
IMF directions is more evident in the Nagycenk data, but even there it is not a 
completely symmetrical change of the daily variation in comparison to “normal” 
directions observable. A slight shift is vice versa present in the ATS data, too. This is 
therefore no contradiction, it could be stated that there is some difference between the 
two cases but it is not very important.

The decrease of the occurrence frequencies of pulsations in case of very high solar 
wind velocities is in all probability due to a rapidly increasing noise level. This is shown
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by a comparison of the Nagycenk pulsation amplitudes, ATS occurrence frequencies 
and Nagycenk occurrence of regular pulsations, where the sequence indicates both the 
increasing sensibility for noises and the appearance of the activity increase at high 
velocities.

The maximum occurrence of pulsations is according to ATS data at cone angles 
between 0-30°, while in case of the Nagycenk data there is a clear maximum at 30°. In 
this case the difference can be due to the magnetospheric afternoon activity, which is 
unobservable at the surface, or due to the processing and display method, as our Fig. 11 
is rather similar to Takahashi et al.’s Fig. 12, and shows only traces of this maximum, 
while Fig. 6 a indicates very clearly the 30° maximum. It should be noted that we found 
this maximum in both longitudinal and latitudinal directions independently from each 
other, too.

At last it seems that a certain magnetospheric pulsation activity level determines 
only the minimum possible level of the pulsation activity at the surface. The actual 
surface activity is very likely to be strongly influenced by the efficiency of the field line 
resonance mechanism.

In conclusion in case of the short-term variations of the pulsation activity we do 
not see any difference of importance between surface and magnetospheric data, save 
the afternoon activity in magnetosphere which is due to the bounce-resonance 
mechanism. In long-term (seasonal, annual etc.) variations there are greater differences, 
and there are much less data which would confirm and disprove the differences found in 
this case. Verő (1981) has shown that in solar maximum years there is a damping of 
pulsations either in December or in (local) winter season. This damping is at least partly 
due to an ionospheric damping. As 1974-75 were no years with very high solar activity 
and magnetospheric-ionospheric particle concentrations, this effect was likely absent, 
and it cannot be traced in surface data at this time.
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RELATIONSHIP BETWEEN THE AMPLITUDE 
OF GEOMAGNETIC Pc 3 PULSATIONS 

AND PARAMETERS OF THE INTERPLANETARY MEDIUM

G V K u k l in 1, V A P a r k h o m o v 1, P  A V in o g r a d o v 1

[Manuscript received September 20, 1982]

The dependence of Pc 3 amplitudes (T = 10-45 s) on solar wind velocity ( V), particle density 
(N), components of the interplanetary magnetic field (1МГ)(Вда, В,. Вт, Вг) and on the Mach-Alfven 
number (M л) are discussed.

By means of a statistical multivariate analysis of experimental data it has been shown that the 
pulsation amplitude is most closely connected with the solar wind velocity. A significant but less close 
correlation was found between Pc 3 amplitudes and the components of the interplanetary magnetic 
field vector in the ecliptic plane(B, and BT). The nature of the relationship of Pc 3 with solar wind and 
IMF parameters are discussed.

Keywords: geomagnetic pulsations; interplanetary magnetic field; Pc 3; principal compo
nents analysis; solar wind

1. Introduction

The study of the influence of the interplanetary medium on continuous 
geomagnetic pulsations (Pc 2-4) led to the discovery of a number of significant 
connections. Correlations of the pulsation amplitude (mostly of Pc 3) were found with 
solar wind velocity (Saito 1964, Vinogradov and Parkhomov 1971, Frey et al. 1971), 
solar wind flux (Gringauz et al., 1971), absolute value (Frey et al., 1971, Vinogradov and 
Parkhomov, 1972b) and orientation in the ecliptic plane of the interplanetary magnetic 
field (IMF) (Bolshakova and Troitskaya 1968, Vinogradov and Parkhomov, 1972a). 
The difficulty of the interpretation is that the interplanetary parameters are 
intercorrelated (Kovalevsky 1971) and it is not easy to find which of the interplanetary 
parameters plays a determining role in the excitation mechanism of the pulsations if we 
use only correlations for pairs. At the same time it is quite possible that amplitude 
variations are caused by some more general properties of the interplanetary medium 
which cannot be considered directly. Therefore in order to study the relationship 
between the pulsations and interplanetary parameters it is obvious to use the statistical 
multivariate analysis.

In this paper one method of the statistical multivariate analysis is used, namely, 
the principal component method (expansion in series by natural orthogonal functions)

1 Siberian Institute of Terrestrial Magnetism, Ionosphere and Radio Wave Propagation Irkutsk,
USSR
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(Vertlieb et al. 1971, Nalimov 1971). This method permits to reveal (in the frame of a 
linear model) the most general properties of the considered phenomenon, i.e. to obtain 
all parameters which cause maximum changes of the pulsation amplitudes and to 
construct regressions for some more general combinations of the considered 
parameters.

2. Data and their analysis

In order to study the connection of Pc 3 amplitudes with parameters of the solar 
wind and of the interplanetary magnetic field, time series of eight parameters were 
transformed into series of principal components. As initial data we used normalized 
hourly values of Pc 3 amplitudes, A as observed in Irkutsk, of the solar wind velocity V 
and density N, of IMF components in the solar ecliptic coordinate system Вv 
(horizontal), Br (radial), BT (azimuthal), Bz (vertical) and of the computed Mach-Alfven 

4  nNV2
number M A = ß = ----- —̂ for the period from 23. 12. 67 till 07. 05. 6 8  (interplanetary

D
data from Explorer 33 and 35 measurements; Obayashi 1970). For every day the 
parameters were determined and compared in the time interval 08-18 h LT. 
Altogether 588 hourly sets of the 8  parameters were used. In a first step the source array 
was divided into four subarrays of 147 sets each, and later the connections were 
computed for six high-speed and two low-speed streams separately. All parameters 
were used in a standardized form i.e. they were expressed as differences from the 
averages in units of RMS deviations.

3. Results and Computations

The computations yielded matrices of the correlation coefficients between pairs 
of the parameters, coordinated and conjugated time functions, which describe the 
typical series of the parameters within the considered time interval. In our case, 
“coordinate” means the serial number of the parameter and the number of functions is 
equal to the dimension of the set, i.e. eight. The significance of the correlation 
coefficients and of separate values of the functions was estimated using Fisher’s 
criterion taking as the degrees of freedom v = n — 2. Results of the computations are 
presented in Tables I, II and Fig. 1.

In Tables I and II, the values of the correlation coefficients r„ beween the hourly 
values of Pc 3 amplitudes and corresponding values of the parameters V, /V, В(f>, BT, Bz, 
MA and the confidence limits pn for the correlation coefficients at a level of significance 
0.95 are given (if the correlation coefficients do not differ significantly from zero, no 
value is given for pn). The size of the sample (or the number of sets) n, the degrees of 
freedom v, the relative contributions of the two first coordinate functions of the
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Table I

V N К B r В , Bz М л п V Д , /Д 2 ° a I ° v

'1 0.49 -0.007 -0.11 0.09 -0 .39 0.13 -0.08 147 145 29% 0.52
P i 0.30-0.65 - - - 0.25-0.55 - - 22% 72

' 2 0.57 -0 .20 0.02 0.19 -0.16 0.19 -0.11 147 145 29% 0.71
P2 0.45-0.72 0.05-0.38 - 0.025-0.35 - 0.025-0.35 - 24% 105

Г3 0.60 -0 .20 -0.005 -0 .14 -0 .14 0.32 -0 .7 147 145 36% 0.84
Р э 0.48-0.73 0.03-0.40 - - - 0.13-0.45 - 23% 78

U 0.37 -0 .16 0.29 0.26 0.17 -0.03 0.23 147 145 29% 0.79
P 4 0.23-0.52 - 0.17-0.43 0.10-0.47 - - 0.05-0.37 24% 100

Table 31

N o V N Bv B, BT Sx Мл n V Л ,/Д 2 ° a/ ° v

I ' l +  0 .3 2 - 0 . 0 6 - 0 . 4 0 0 .63 - 0 . 6 8 - 0 . 5 3 0 .1 2
35 33

4 2 % 0.51

P i 0 .0 5  н -0 .5 5 - - 0 . 7 5 - 0 . 0 5 0 . 4 3 - 0 .8 0 - 0 . 4 5 - 0 . 7 8 - 0 . 2 4 - 0 . 7 3 - 2 0 % 16

II Г2 +  0 .44 - 0 . 0 2 0 .2 9 0 .4 9 0 .2 6 0 .03 - 0 . 2 9
38 36

3 7 % 0 .47

Pi 0 . 1 5 - 0 .7 2 - - 0 . 2 2 - 0 .7 2 - - - 23% 65

II I Г} 0 .3 9 - 0 . 2 6 0 .02 0.21 - 0 . 3 4 - 0 . 2 4 - 0 . 2 8
27 25

37% 1.06

Pi 0 . 0 5 - 0 .6 5 - - - - 0 . 0 5 - 0 . 6 3 - - 73

IV Га 0 .6 0 - 0 . 5 2 - 0 . 0 6 0.41 0 .1 9 0 .3 5 0 .08
22 2 0

3 3 % 0.31
Pa 0 . 1 8 - 0 .8 0 - 0 . 1  - 0 . 8 - - - - - 3 7 % 50

rS 0 .7 7 - 0 . 2 5 0.01 0 .6 6 - 0 . 7 5 0.01 0 .2 3
27 25 4 1 % 1.04

Pi 0 . 5 8 - 0 .8 8 - - 0 . 3 6 - 0 .8 3 - 0 . 9 3 - 0 . 5 2 - - 76

V I
0.61 - 0 . 2 0 0 .1 6 - 0 . 1 0 - 0 . 2 4 - 0 . 3 1 0.11

22 2 0
4 8 % 0 .63

Рб 0 . 2 2 - 0 . 8 0 - - - - - - 2 3 % 4 6

V II ri 0 .0 6 - 0 . 3 5 0 .22 0 .0 9 - 0 . 2 8 0 .0 7 - 0 . 1 0
22 2 0

4 4 % 0 .2 3

Pi — — — — — — 2 2 % 39

V I I I Г» 0 .1 4 0 .18 0 .28 0 .0 4 0 .1 0 0 .3 0 0 .2 7
27 25

4 6 % 1.00
P8 - 76
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expansion and À2 and RMS deviations of Pc 3 amplitudes and of the solar wind 
velocity a jo y  are also presented here.

In each of the 4 sets (designated by indices 1, 2, 3, 4) of Table I the results of 
computations are presented for subarrays of the data (147 points each) into which the 
initial 588 values were divided.

Fig. la. First and second time functions of the expansion

In Table II the coefficients of correlation between the same parameters as in 
Table I are represented for 6 high-speed streams (I-VI in Figs 1 a-d) and for 2 low-speed 
streams (VII—VIII in Figs 1 a-d).

Considering Tables I and II, one can conclude that quite close correlations exist 
between A and V, Br, ВT; the most stable and significant correlation coefficient is found 
for the pair Pc 3 amplitudes and solar wind velocity. Typically the correlation 
coefficient has positive sign for Pc 3 amplitudes on the one hand and the solar wind 
velocity or the radial component of the interplanetary magnetic field on the other and it 
has negative sign for Pc 3 amplitudes and the tangential component of the
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interplanetary magnetic field. In some time intervals, there are significant correlations 
with other parameters (Bv, Bz, N, MA) but these correlations are unstable both in value 
and in sign.

Let us analyse the coordinate and conjugate time functions. We limit ourselves to 
the first two functions because of their maximum contributions in the expansion. The 
coordinated functions contain the information about the influence of each parameter 
on Pc 3 amplitudes. This contribution is determined by the coefficient of any

Fig. Ih—c. First and second time functions of the expansion

normalized parameter in the expression of the coordinated function. In a general case 
the coordinated function expresses the regression equation which has as variable those 
parameters whose contribution is significant.

In order to obtain quantitative estimates time intervals are chosen during which 
the corresponding time function has no large and sharp changes and may be taken as 
constant in a rough approximation. So by solving a linear equation the expression is 
got which connects Pc 3 amplitudes and all other parameters of the interplanetary 
medium. This linear relationship is valid only for the selected time interval.

The equations for each subarray are the following:

A d a  Geodaetica, Geophvsica el Monumistica Hung. Ifi. 1983
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Fig. ld. First and second time functions of the expansion

The 1st coordinated functions

A\ = 0 .99 -1 .12V+1.23BT

A\ = 5.85 -  1.35 V+ 1.07 N  + 1.05ßr

/4з = 7.82— 1.36F+0.84/V + 1.27В,- 1.48ВГ

= 4.49-0.84 K+ 1.08N + 0.98ВГ — 0.89ВТ—1.48МЛ

The 2nd coordinated functions

-  0.82 = 0.52N + 0.55 ßr -  0Л9Мл

— 1.06 = 0.54£?r—0.58МЛ

0.12 = 0.37 V— 0.42N + 0.40ßr -  0.65 Ai л 

-1.45 = 0.5 К - 0.49ВТ + 0.51 Bz.
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Let us consider these results. The general property of the first coordinated 
functions for all subarrays is that the regression equation contains the solar wind 
velocity V and the interplanetary magnetic field components Br and BT as the most 
significant parameters.

The second coordinated functions practically describe some relationship 
between parameters of the interplanetary medium as the contribution of the Pc 3 
amplitudes is less than the critical value of the significance limit.

4. Discussion

Our results show that the Pc 3 amplitudes are connected most closely with the 
solar wind velocity V and with the components Br and BT of the interplanetary 
magnetic field. The relationship of A with Br and BT is a qualitatively new information.

it should be noted that the dependence of Pc 3 amplitudes on the orientation of 
the interplanetary magnetic field in the ecliptic plane was observed first by Bolshakova 
and Troitskaya (1968).

The time function conjugated with the first coordinated function (Fig. 1) changes 
significantly within the considered time intervals. The first time function T ln changes 
rather regularly after sharp breaks, some kind of stabilization takes place and in a first 
approximation the function T * may be considered as constant one in these intervals. 
Such changes correspond to sharp increases of the solar wind velocity. It is very typical 
that at the same time regular continuous pulsations Pc 3R are recorded (Vinogradov 
1964) (black boxes in Fig. 1). Computations made for such time intervals of strong T ‘ 
changes detect increased correlation coefficients for the three parameters V, Br, BT. 
This fact can be seen from Table II and Fig. 2. In this figure the dependence of the

|r|

Fig. 2. The dependence of the absolute value of some coefficients on the solar wind velocity: between Pc 3 
amplitudes and solar wind velocity, resp. the radial and tangential components of the interplanetary

magnetic field

Acta Geodaeticu. Geophysica et Montanisticu Hung. 18. IV83
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absolute values of the correlation coefficients for the pairs A — V, A — Br, A — BT on V 
are presented. This result shows the significant role of the high-speed streams in the 
Pc 3 excitation mechanism on the one hand, and is an evidence of a stronger functional 
relation between the considered parameters in high-speed streams on the other. The 
changes (instability) of the time function during time intervals without high-speed 
streams may be interpreted as a weakening of the connection and a change of the type 
of the function.

An other interesting information is contained in the sign of the correlation for A 
and Br — Bj. If one takes into account that in the positive sector of the interplanetary 
magnetic field Br<0, BT >0  and in the negative one the signs are opposite, then the 
positive correlation between A and Br and the negative one between A and BT shows 
dominating activity in the negative sector of the interplanetary magnetic field at least 
for the considered time interval.

Up to now there is no unambiguous physical interpretation of the dependence of 
the Pc 3 amplitudes on the parameters of the interplanetary medium. There is a 
number of viewpoints about the Pc 3 excitation mechanism. According to Dungey’s 
hypothesis ( 1964), pulsations are generated as resonant oscillations by the flow of solar 
wind at the magnetospheric flanks. Gul’elmi and Troitskaya (1973) suppose that the 
source of Pc 3 is upstream waves generated by the protons reflected before the shock- 
wave front. Vinogradov and Parkhomov (1975) identify the source of Pc 3 with Alfven 
waves observed on the background of high-speed streams. Results above (Sections 2,3) 
seem to confirm this supposition. The probability to observe such waves in the 
interplanetary medium depends on the solar wind velocity: the waves are observed at 
the leading edges of high-speed streams (Burlaga 1972).

5. Conclusions

1. The application of the principal component method enabled to determine the 
dependence of Pc 3 amplitudes on the parameters of the interplanetary medium and 
led to a confirmation of a primary role of solar wind velocity Kand the components Br 
and Br of the interplanetary magnetic field.

2. The type and strength of the relationship change in dependence on the solar 
wind velocity and are most sharply expressed for the high-speed streams.
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ENGINEERING HYDROGEOLOGY 
AND AQUIFER PROTECTION

C N G aragunis1 and P S Kollias2
[Manuscript received January 2, 1983]

Groundwater becomes more and more an important water source for drinking and irrigation 
purposes. The factors polluting the waterbearing horizons (sewage, agricultural wastes, livestock 
wastes, percolation of fertilizers, etc.) also increase nowadays. Thus the importance of the protection 
of subsurface waters against pollution increases, too.

Based on subsurface hydraulics, formulas are given for the calculation of the protection 
necessary around a borehole.

The Larissa plain in Greece was selected as a test area for water protection studies.

Keywords: aquifer protection; engineering hydrogeology; Larissa plain water protection; 
subsurface water; water pollution

The amount of the actual daily water consumption pro person is the following:

in highly urbanized areas: up to 1500 1/person (e.g. New York).

The need for water supply in both rural and urban areas increases constantly. 
The consumption in the big cities of Greece also increases rapidly.

The groundwater having been estimated as 6.3% of our planet’s total fresh water 
reserve is considered sufficient to cover a greater part of the increased water demand, by 
a multifarious utilization. Groundwater of highest quality must be used as drinking 
water, while that of minor quality can be used for irrigation and industrial purposes.

To demonstrate the application of subsurface water protection principles, the 
Larissa plain in Greece was selected as example (Fig. 1), because the authors were 
engaged with hydrogeological problems in this area during three years.

1 National Technical University of Athens 42, 28th October Str., Athens, Greece
2 21, Naxou Str., Athens, Greece

Introduction

in rural settlements: 150 1/person (without the consumption of cattles of 50 
1/cattle)
200-250 1/person 
300-400 1/person

in provincial towns: 
in industrial towns:
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Fig. J. Location map of Larissa area (Greece)
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Water quality

Drinking water

In order to be potable the water must meet certain chemical and microbiological 
standards. Some standards of the chemical composition of potable water in Greece are 
listed in Table I. Most of the countries have their own State Health Act, and WHO, also 
worked out norms. If e.g. the metals are found in higher concentrations than listed in 
Table I the water has either to be treated in order to meet the standards or to be 
rejected, if the costs of treatment are high, and less polluted water occurs in the vicinity.

Among the physical characteristics turbidity should not exceed 10 p.p.m. while 
colour, in the Cobalt Range, should not exceed 20 p.p.m. Finally, the water should not 
taste and smell.

Table I. Quality standards of drinking 
water (Greece)

Component p. p. m. ( =  mg/l)

As 0.05
Se 0.05
Pb 0.1
F 1.5
Cr 0.05
Zn 15.0
Cu 3
Fe and Mn 0.3
Mg 12.5
Cl 2.5
SOj 2.5

Irrigation water

Water suitable for irrigation purposes should meet a definite quality, e.g. a high 
concentration of dissolved salts is an adverse factor to the growth of plants since it 
increases the osmotic pressure. Metals transported by irrigation-water modify the soil 
properties either favourably (soil neutralization, C aC 03-sedimentation) or unfavour
ably (soil alkalinization).

Considering that such an impact is of additive nature, special attention should be 
paid to the quality of the irrigation-water which must meet the standards given in 
Tables II, III and IV. Table III takes into consideration the so-called sodium 
absorption ratio

, N a*
/Ca+ + -t- Mg+ +

where Na, Mg and Ca are expressed in ME/1.
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Table II. Quality standards of irrigation water

Water quality Conductivity at 
25 °C (mho/cm)

Dissolved salts 
(mg/1)

Good <0.25 <160
With slight salt content 0.25-0.75 160 -  500
With medium salt content 0.75-2.25 500-1500
With high salt content >2.25 >1500

Table III. Alkalinization hazard of irrigation waters

Alkalinization
hazard SAR indicative values

Slight <2.2 <6.1 <4.0
Medium 2.2-15.4 6.1-12.2 4 .0 - 9.0
High 15.4-22.6 12.2-18.3 9.0-14.0
Very high >22.6 >18.3 >14.0

Table IV. Chemical standards for irrigation waters

Water used continuously Water used in fine- 
in all kinds of soil grained soils, pH 6 — 8.5 

mg/1 mg/1

AI 5 20
As 0.10 2
Be 0.10 0.5
В 0.75 2
Cd 0.01 0.05
Cr 0.10 1
Со 0.05 5
Cu 0.2 5
F 1 15
Fe 5 20
Pb 5 10
Li 2.5 2.5
Mn 0.2 10
Mo 0.01 0.05
Ni 0.2 2
Se 0.02 0.02
V 0.1 1
Zn 2 10
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Groundwater pollution sources

Shallow groundwater tables are open to several pollution factors. As primary 
factor the individual household sewage disposal systems (cesspools) can be considered 
which affect the groundwater directly by uncontrolled chemical and microbiological 
contamination. In many cases — generally common in rural areas — there is a 
fluctuation in the contamination loading of groundwater, reaching its maximum during 
the summer period. Such a phenomenon has also been observed in touristic areas 
where the population highly increases in the summer. In coastal areas, where every 
little village has been transformed to a tourist resort this problem has became 
extremely acute. Another major contaminating factor has arisen in Greece by the 
extensive use of agricultural fertilizers. Table V shows some parameters for the water 
supply in the rural areas of Greece. An expressed increase of nitrates has been observed 
in regions of intensive agricultural exploitation.

As a first step in the protection of tne groundwater of a certain area, the pollution 
sources, as remnants of vegetation and of nitrate fertilizers, cesspools, small cattle 
breeding units (pig farms, stalling), agricultural industry (cheese dairies, tanneries), etc., 
should be summed up.

1 w ater production

A° ° B

►water migration

Fig. 2. Water produced by a well is more endangered by source A than by source fl, because of the horizontal
water flow

Groundwaters often move horizontally, due to a hydraulic gradient. This 
subsurface migration, controlled mostly by topographic differences, is of fundamental 
importance for the spreading of pollution. For example, in Fig. 2, the well is more 
endangered by the pollution source A than by source B, although the latter is nearer to 
the well. For that reason the topographic map of the area should play an important role 
in the judgement of the pollution sources. They can be divided into two categories: a) 
direct pollution sources, located opposite to the direction of water flow, in a short 
distance from the well; and b) indirect pollution sources, where a long time is necessary 
for the contamination to reach the well.
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Table V. Water quality parameter values in the investigated rural area in Larissa (Greece)

a/a Community Turbidity
Hard
ness

Conduc
tivity

micromhos
pH

Dry
solids
mg/l

Ignitions
residue

mg/1

Amonium 
salts 

as NH4 
mg/1

Nitrite 
as N 0 2 

mg/1

Nitrate
NOj
mg/1

Chloride
mg/1

Organic
matter
mg/1

Conditions 
of water intake

1 Kipselohori none 15.7 592 7.1 384 338 0 0 11.2 13 3.16 Ground water supply from 
well in agricultural area

2 Omorfohori none 8.5 567 7.5 458 402 0 0 8.2 8.2 0.2 Ground water supply from 
well in agricultural area

3 Nikea none 14.1 608 7.4 408 206 0 0.001 32.5 38 9.6 Ground water supply from 
well in intensively cultivated 
agricultural area

4 N. karies none 16.5 360 7.8 — — 0 0 0 98 — Water supply from surface 
spring

5 Zapio none 18 568 7.6 384 180 0 0.1 14 24 3.6 Ground water supply from 
well in intensively cultivated 
agricultural area

6 Kiparisos none 12.1 289 7.0 190 32 0 0.001 7.8 8 8.6 Ground water supply from 
well near agricultural area

7 Kipseli none 14 506 8.0 340 187 0 0 0.2 164 1.6 Ground water supply from 
well in protected area

8 Tempi none 11.2 460 7.7 301 152 0 0 0.2 13 0.8 Ground water supply from 
well in protected area

9 Ktia none 15.2 306 7.2 207 235 0.1 0 1.2 12 1.4 Water supply from surface 
spring

10 Tirnavos none 12.9 365 7.3 255 223 0 0 — 11.3 2.4 Water supply from surface 
spring

II Gianouli none 6.7 328 7.2 288 170 0 0 7.5 10.8 — Ground water supply in agri
cultural area

12 Standards < 10 mg/1 <18 7.0 <500 <0.2 <0.001 <10 <250 <200
8.5

Greek Standards
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Determination of the protection perimeter

As long as the water table is undisturbed from pumping the flow lines follow 
more or less permanent directions (Fig. 3, left side). During continuous pumping, 
however, the flow lines partly converge toward the well, and the more distant ones are 
diverted (Fig. 3 right side).

Fig. 3. Flow lines in groundwater without (left) and during pumping (right)

Two areas of water flow can be distinguished around a well: the first provides the 
yield of the well while in the second the water passes by. Those two areas are separated 
by a boundary line (dashed line in Fig. 3), which must be determined in order to define 
the necessary protective area.

Downstream limit of the boundary line

The maximum distance of the depression (the downstream limit) is given by the a 
distance of the vertex point of the boundary line. If H is the width of the flow, q0 the 
yield of the undisturbed aquifer and Q0 the yield drawn up by pumping, if it is taken 
into account that a motionless point in the groundwater flow is possible only at a zero 
gradient, we find (Fig. 4) that the hydraulic slope of the initial flow is:

—  = F = Í L  
dx Ç kH ’

the hydraulic slope due to pumping is:

dh = Q 
dr 2rnkH

At the vertex point

and

vq = vQ, but
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overview

section

Fig. 4. Determination of downstream limit о of the perimetric line

Then
dh _dh  _  „
d.x dr ’

If this point has a distance r — a from the well, we take Q = Q0 and

t  = 2 ^ k H  and Qo = 2ankHç

or substituting kHÇ = q0
Q0 = 2anq0.

Substituting Q0 = Eq0 we get finally 2anq0 = Eq0 and

E

Upstream limit of the boundary line

The distance r from the well, where the contribution to the yield Q0 of the well is 
negligible (the upstream limit) can be considered as the border of the area to be 
protected against surface pollution. A protective zone can be created by spreading out 
a sand layer on the perimetric area. In this case the upstream limit depends on the 
created protective layer.

We try to explain this as follows:
Let us take a semifinite aquifer (Fig. 5) penetrated by a well. Let us take the 

notations = the piezometric height in the protective layer, ip = the piezometric
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height into the well. Q0 = the yield of the well and qr = the yield at the distance r. From 
Darcy’s law:

q = -2 n rk H ^  
dr

(/i = the thickness of the layer; k = water permeability) and from the continuity law:

d>  1 dq> (px-(p  _  0
dr2 r dr A2

JfJf
where the leakage factor X = JkH C  with C = — (quantities with ' refer to the 
protecting layer).

1 оО
У У У /У 'У У * } / /У У , protective layer

i

ji

к , H ф
aquifer

-  - 3 t -

\-----r
Fiy. 5. To calculation of the upstream limit of the perimetric line

This is a modified Bessel equation of zero order. For the boundary conditions

r = r <p — (p

r = oo <p = <p'

the solution gives

d <p

dr A
К о

where Kj and are functions taken from the Bessel function tables. By

introducing this to Darcy’s equation, we have at a distance r:

(p ~<P =
2лкН~ К У  

л V /

( 1 )
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For the boundary conditions

r = R <p — <p

r=  00 <p = (p'
it will be:

о *
Q0=-2nkH(<p'-(p)— -  

Á /

For small values of
R 1
— = X it will be: К Ax) = —
Я  X

for x<0.02 within an error of < l%o.
Using this substitution we get

К 1
Я

R

(2 )

and

< P ' - < P  =
Qo

2nkH K 0 (3)

Combining the formulas (1) and (3) we get:

As an example, let us suppose that the surroundings of a water well are continuously 
protected by a protective layer consisting of fine sand with a permeability coefficient of 
k' = 10 - 1 m/day and having a width of H' = 0.20 m, then the following calculation can 
be made:

0.20 m 
10 1 m/day

= 2 days.

Supposing that the well is H = 20 m deep and the aquifer is consisted of fine 
gravels (k = 10 m/day), we obtain:

k = J k - H C  = y iO -20-2  =20 m.
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According to Table VI the flow reaching the well over a distance of r = 4Я, is of 
minimum value if Á is not too small. If no fractures or canals will be developed in the 
ground which would increase the flow velocity, there would be no significant 
contamination over this distance.

Table VI. Contribution (qr) to the water supply Q0 of a well, at 
the distance r. 2 = leakage factor =  20 m

r = 0.12 = 2 m Qr—  = 0.985
Qo

r = 0.52= 10 m =  0.830
r=  1 /  = 20 m =  0.600
r=  1.52 = 30 m =  0.400
r =  2.4/ = 48 ш =  0.200
r =  4 2 = 80 ш =  0.050

Protection range

The boundary line separating the groundwater areas can be used as the limit of 
protection. As far as the upstream limit is concerned, the distance needed for the 
protection against microbiological contamination is shorter than the one needed for 
the protection against chemical contamination. As there is no possibility to supervise 
the area across its total length, we should define a distance up to which monitoring is 
requested. The area within this distance around the water well will be called the 
“protection range”.

Partial protection range
An optimum solution would be the protection against all contaminations within 

the defined area around the water well. This is, however, not possible in each case. 
Restrictions and compromises must be adopted on the considerations that bacteria are 
mostly destroyed over a filtration path of approximately one hundred meters, while 
chemical contaminations can easily be transported over many kilometers. Thus, 
precautions can primarily be taken to prevent bacteriological contaminations what 
can be achieved by a protective zone of 100-300 m around the water well.

Full protection range
Some chemical contaminations are not neutralized within the short distances as 

mentioned above. Measurements which do not require the determination of an 
extended protection area must be considered in this case. The installation of 
observation holes (Fig. 6) in a suitable distance from the water well can safeguard the 
indication of a contamination, giving sufficient time for protective means to be taken 
for its neutralization.
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boundary line

Fig. 6. Position of observation holes, within the partial protection area

Conclusions

The determination of the border of protective areas around water wells is 
important. The downstream limit of its boundary is defined by the vertex point of the 
flow lines. The upstream limit allows two alternatives. The first one protects the area 
against local contaminations and the influence of bacteria, the second takes any 
contamination due to dissolved substances in the water into consideration. The first 
protection area can be determined by a 100-300 m circle around the water well.

In order to determine the full protection area, a monitoring zone with 
observation holes in suitable positions is recommended. The area between the partial 
protection zone and the monitoring zone should be under intensive control in order to 
prevent ground water contaminations from any possible pollution.

For the above mentioned reasons, all activities within this area should be 
supervised and all dangerous permanent contamination sources should be eliminated. 
In addition, special attention should be paid to casual pollution sources. Last but not 
least, the control of industrial waste deposits is of great importance in the vicinity of 
water wells.
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MTS IN CENTRAL KARELIA
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[Manuscript received March 22, 1983]

Results of magnetotelluric soundings (MTS) in 21 sites in Central Karelia are presented. The 
characteristic feature of these results is the high scatter. The MTS have an initial descending branch. 
The average MTS curve for the North-South polarization and the corresponding phase curve 
confirm the existence of the asthenosphere in a depth of about 50-170 km. The possibility of 
distortion in the area studied is discussed.

Keywords: asthenosphere; Baltic shield; Central Karelia; distortion of MTS-curves; global 
MTS-eurve; magnetotellurics

Field observations with digital instruments (DES) have been completed by the 
Institute of Geology, Karelian Branch of the Academy of Sciences, USSR, at more than 
20 sites in Central Karelia (Fig. 1) to cover the area between Geotraverses I and II. 
Magnetotelluric records were processed by using the programs worked out by 
Tomchakov at the Geophysical Expedition in Dnepropetrovsk. The consistence of 
the results provided by the programme in the conditions of the high-resistivity Baltic 
Shield at a geomagnetic latitude of about 60° has not been examined. The main errors 
in the impedance tensor determinations are due to industrial noise and to the varying 
structure of the source of electromagnetic variations, i.e. deviation of the real source 
structure from the model of a vertically incident plane wave. The effect of the latter is 
most appreciable in high-resistivity structures, of which the Baltic Shield is the case, 
and at high latitudes where the source is of the greatest inhomogeneity. The variations 
of the source structure are illustrated in Fig. 2 where spectra of four eight-hour records 
of the magnetotelluric field are shown. The magnetic component amplitudes rapidly 
grow with period, while those of electric components increase slowly, this general 
tendency holding for all the records. However, local extrema are different for different 
records which is indicative of considerable variability of the source parameters even 
when comparing the data obtained in eight hour intervals. Figure 3 shows 
magnetotelluric parameters, apparent resistivity and impedance phase for the same 
four records. Although data points show a significant scatter, the following conclusions 
can be derived: the pX),-curve (x being directed to the east, y — to the north) is 
characterized by a gently sloping descending branch; the pyx-curxe has a relatively 
steep descending branch from 25 to 400 s which, at periods more than 600 s, turns into

1 Institute of Geophysics, Academy of Sciences, UkSSR, Kiev
2 Institute of Geology, Academy of Sciences, USSR, Karelian Branch, Petrozavodsk
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Fig. 1. Electric conductivity scheme for basement rocks in Central Karelia and MTS sites. 1-5 — rocks of 
specific resistivity to 1000 Ohm • m (1), from 1000 to 3000 (2), from 3000 to 7000 (3), from 7000 to 10000 (4), 
over 10000 (5); 6  — MTS sites: 1 — Aiguba, 2 — Rivayarvi, 3  — Kalevala, 4 — Kivilampi, 5 — Luusalmi, 
6 — Lihanan, 7 — Dlinnoye, 8 — Melgozero, 9 — Ken to, 10— Boknavolok, 11— Chelmozero, 12 — 
Tikshozero, 13 — Koroppi, 14 — Chelki, 15 — Konetsostrov, 16 — Chelgozero, 17 — Tiksha, 18 — 

Puglozero, 19 — Rugozero, 20 — Ondozero, 21 — Khighyarvi

an ascending branch. The data on phases agree with those on amplitudes, hence, 
confirm them.

The scatter of data points and the discrepancy between the data from different 
records shown in Fig. 3 are characteristic of the better portion of the processed 
material. The rest of the data have still greater scatter of the points that sometimes the 
curves cannot be plotted. Figure 4 shows the MTS amplitude curves that we have 
managed to obtain by the processing. No error bars are indicated in Fig. 4; their 
estimation is difficult, too. The curves were deduced by formal averaging the data from 
different records (over 2 to 5 records at a site) and by subsequent data smoothing. The 
reliability of any curve in Fig. 4 is not high; therefore, for further interpretation we 
chose only MTS curves typical for a group of stations.

An analysis of the whole set of amplitude and phase data enables to derive the 
following conclusions about the MTS curves in the area studied:
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Tikshozero

Fig. 2. Amplitude spectra for five components of the magnetotelluric field on eight-hour records obtained at
Tikshozero station

1. pxy-curves are characterized by a gently descending branch with a slope of 10 
to 30°, the phases of the impedances are in average 60-70° and change little with period.

2. pyx-curves (with y directed northward) in the range of 40 to 400 s have a 
descending branch sloping at about 50 to 60°. At periods of more than 400 s, the curves 
flatten out turning into an ascending branch at some sites. The phase of the impedance 
cpyx looks like that in Fig. 3 in most points, i.e. it increases from 60° to 80° in the range of 
15 to 100 s, then decreases from 80° to 60° in the range of 100 to 700 s, with a hint at a
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new increase at even longer periods. The phase data confirm the amplitude curves, 
particularly, the presence of an ascending part at 500 to 2000 s.

3. The levels of the amplitude curves change within two orders of magnitude. By 
grouping the curves we can see that, in the western section of the area studied, the 
amplitude level averages to a half an order of the magnitude observed in the eastern 
part of the area for both of the components. This is seen from pyx in Fig. 5.

Let us consider the geoelectrical conditions in Central Karelia. Here, the 
sediments have an integral longitudinal conductivity of about 0.01 to 0.02 Q~l . Such a 
conductivity does not affect the normal MTS curve in the range of the periods studied 
(T> 10 s), but inhomogeneities in the S-distribution can influence the level of the MTS 
curves. If S is small like here, the magnetotelluric field essentially depends on the 
electric conductivity of basement rocks. Taking these into account, a schematic map of 
the electric conductivity was compiled at the Institute of Geology, Karelian Branch of 
Academy of Sciences, USSR, shown in Fig. 1. It is based on VES data and data of 
electric profiling with large AB spacing. The highest resistivity is characteristic for 
granite widely distributed in the region — more than 104 O h m m  (near to 
2 104 Ohmm).  Biotite gneisses and amphibole-biotite gneisses have also high 
resistivities (p = 8000 Ohm • m), as well as gabbro diabases and metaporphyrites 
(p = 6000 Ohm • m). Much more conductive are metamorphic sediments, such as 
sandstones, conglomerates, mica quartz schists (p = 2000 Ohm • m). Iron ores in the 
Kostomuksha region are good conductors (p = 300 Ohm • m). Electron-conducting 
formations have an insignificant contribution. Horizons of relatively well conducting 
rocks, as well as geological units in the region, strike mainly northwestward, in the 
southern part northward.

Let us consider how the MTS curves correlate with the geoelectrical data 
available. In the western zone, conductivity is the lowest, as the specific resistivity of 
rocks in the upper part of the basement is the highest there (Fig. 1). This should lead to a 
higher level of MTS curves compared to that in the eastern zone where subsurface 
horizons are more conductive. Actually, we have quite the opposite case which suggests 
the existence of a conducting layer with parameters different in west and east. Two 
versions of the formal interpretation are possible:

1. The descending branches of p^-curves “mark” the asthenospheric conducting 
layer (Fig. 5) which is 130 to 170 km deep in the eastern part of the area and 50 to 80 km 
in the western part. However, considering that the width of the transition zone is only 
20-40 km, this version, according to the present physical notions and the data of 
mathematical modeling, does not seem to be satisfactory.

2. The crust contains a conductor whose integral conductivity does not exceed 
the values derived from the asymptotes plotted through the left ends of MTS curves. 
For the eastern zone, the integral conductivity determined from the average curve is 
20 П l, while this value for the western zone (Fig. 5) is about 40 Q '. The values 
obtained are about two orders more than the values derived for sediments. If the
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integral conductivity of 40 (2 1 were distributed within the whole 40 km thick layer, 
the average specific conductivity would be 103 Ohm m for the western block and 
2 • 103 Ohm • m for the eastern one, i.e. the relation between the values is just opposite 
to that derived from subsurface VES data (Fig. 1). Another version of interpretation is 
the suggested existence of a thinner conductor in the crust; such a layer can naturally be 
assumed below the western block, while below the eastern block the required 20 Q~1

Fig. 5. Average MTS curves pyx and ipyx: western zone (1) — sites 1, 10, 13, 14; eastern (major) zone (2) — the 
rest of the sites; (3) average result for both zones. Thin solid lines show theoretical MTS curves selected for 
interpretation. Thick solid lines are normal curves: N, is plotted on the basis of the descending part of the 
average curve in Central Karelia in the period range of 40 to 400 s and global data, N 2 is taken from

Krasnobayeva et al. (1981)
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can be provided by rocks of specific resistivities of about 2- 103 Ohm • m within a 
40 km thick layer. The presence of a local conducting layer below the western block 
should lead to a lower level of the MTS curves, the drop being the same all over the 
long-period range. This is indicated by the parallel run of the curves and by the 
coincidence of the phases. Better motivated speculations about the existence, 
localization and parameters of the conducting layer would be possible from 
observations at shorter periods ensured, e.g. by the digital station DES-2.

The deviation of the pxy and p^-curves can be qualitatively explained by regional 
surface conditions, such as the flow of telluric currents from the White Sea into the Gulf 
of Bothnia (Fig. 1). The distance between these well conducting bodies is 400 km. The 
three-dimensional effect of the flow which leads to a concentration of the E—W 
directed telluric currents and an overestimation of pxy values appears significantly only 
at long periods when the wavelength exceeds the above distance (400 km). Assuming 
p = 1 0 3 Ohm • m we see that for variations with periods T= 102s, the wavelength 
X — 1 Op Tis longer than 400 km by almost a half order of magnitude; hence, at periods
more than 102 s, the flow effect can be strong. The “leading” (“concentrating”) 
conductors — the White Sea and the Gulf of Bothnia — are rather extended 
projections of larger sea basins, which should provide an increase of the concentration 
of telluric currents as period grows further. This explains qualitatively the milder slope 
of the pX),-curve compared to that of the pyx-curve.

Let us assume that the curves pyx and cpyx are least distorted by lateral 
inhomogeneities and, hence, bear information about the vertical distribution of the 
electric conductivity. Indeed, the S-effect inherent in transverse polarization should 
occur in the high-resistivity Baltic Shield, but, since the subsurface conducting bodies 
are many hundreds of kilometers away, the effect can be pronounced only at longer 
periods. This results in a higher position of the part of the curve containing information 
about the conducting base of the Earth’s mantle; the depths down to the asthenosphere 
can be assumed to be hardly distorted. Another distortion can be produced by the side 
induction effect of the conducting waters of the White Sea and, to a lesser extent, of the 
Gulf of Bothnia (this effect is characteristic for longitudinal polarization). However, the 
extension of the White Sea from south to north is not great, whereas the sea itself is 
quite far away. If the influence of the White Sea were strong it could produce the effect 
of a false conducting layer, then, the “depth” to such a layer would be approximately 
equal to the distance between the observation point and the coast. However, no 
dependence of the position of the descending branch of the MTS curve on the distance 
to the coast is observed; the relation is rather inverse — in the western region the 
derived depth of the layer is smaller than in the eastern region.

Thus, we have certain reasons for a one-dimensional interpretation of the curves 
pyx, (pyx shown in Fig. 5. The similarity of the average amplitude curves and the 
coincidence of the phase curves for the two areas (Fig. 5) show that the amplitude 
curves are displaced parallel to each other by a certain distortion. As first
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approximation, let us assume the true parameters of the asthenosphere to be 
unchanged all over the area under study and try to interprète the average curve 
(designated by crosses in Fig. 5). The fitting to the averaged MTS data presented in Fig. 
5 and global sounding data was made at the Institute of Geophysics, Academy of 
Sciences, UkSSR. The depth of the conducting layer (the asthenosphere) is about 
100 km, the integral longitudinal conductivity of the layer is about 300 ß 1. 
Informations about specific resistivity of rocks below the asthenosphere are contained 
only in phase data. As modelling shows, the resistivity of the rocks below the 
asthenosphere should be not less than 500 Ohm • m to provide a good fit for the phase 
curve. The error limit of this result is certainly large. It can be estimated firstly by a 
thorough analysis of the error of the experimental phase curves at long periods and 
secondly by a conscientious examination of many possible versions of one-dimensional 
interpretation, thirdly by a comprehensive analysis of distortions through both 
additional field observations and physical modelling of appropriate two- and three- 
dimensional problems. All these are for future investigations. Here, we shall present 
some speculations about the ways of their execution.

1. Figure 3 shows the results of the processing of 4 records. The scatter of the 
points is sometimes so big that the plotting of the resulting curve becomes problematic,
e.g. for pyx at short periods and for all parameters at the longest periods. The 
uncertainty in plotting MTS curves from the results of the processing is a general 
problem which is especially difficult when sounding is made on shields. The present 
publication rules for MTS materials require to press the information into a small 
number of drawings derived from quite a few observation points. This situation is 
responsible for the fact that resulting curves are generally published without evaluating 
the confidence limits. Therefore, the results may seem more reliable than they really are 
and the models derived from the interpretation may be far from the actual geoelectrical 
structure, or the models close to the real structure may contradict the experimental 
data. Consequently, experimental data should be always presented with the 
corresponding confidence limits.

2. When the descending branch of the average pyx-curve for Central Karelia is 
extended by a line to the right until it coincides with the global sounding curve one can 
obtain a normal curve. In this manner, but from a smaller amount of data, the normal 
curve was obtained in the work of Vladimirov and Dmitriev (1972) and, later, by 
Vanyan et al. (1980).

The normal curve is meant to be a high-resistivity envelope of all possible 
experimental curves after the local distortions of their level have been removed. The 
normal curve of the region corresponds to the highest-resistivity, with depth 
monotonously growing electric conductivity compared to which all the other (lower 
resistivity) distributions in the region may be considered to contain an anomaly. The 
plotting of the normal MTS curve through experimental points as a line is, actually, 
identical with denying the asthenosphere, i.e. the low resistivity layer, because the
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straight line pa suggests that the specific resistivity decreases monotonously with depth. 
In Central Karelia, the average amplitude curve pyx at periods longer than 600 s and 
the phase curve at periods longer than 200 s lie above the normal curve N x in Fig. 5. 
This behavior refutes the line N ! as a normal curve and indicates the existence of the 
low resistivity layer — the asthenosphere. Hence, the normal curve should run higher 
than IV,. Another version of a normal curve (N2) is presented by Krasnobaeva et al.
(1981). Its slope is —61° in the period range 200 to 104 s and is —55-57° at periods 
longer than a day, as derived from the global sounding data.

The slope of 61° may be too steep, it suggests too high resistivity (in the notion of 
many scientists) in the rocks below the asthenosphere. However, a slope of the normal 
curve close to -60° is in good agreement with our data from Central Karelia, from the 
Kola Peninsula (Krasnobaeva et al. 1981), which, probably, suggests a reappraisal of 
the notion about a relatively low resistivity below the asthenosphere.

3. The S-effect causing a vertical displacement of the MTS curves is revealed 
almost everywhere. While in Central Karelia, this effect is weak (though, probably, it is 
the reason for the different levels of p^-curves in the western and eastern part of the 
area) at periods shorter than several hundred seconds due to the relative regional 
homogeneity of the electric properties of the Baltic Shield, at longer periods we are 
right to expect that the influence of the seas and sedimentary basins surrounding the 
Baltic Shield will cause, through the S-effect, an upward bias of MTS curves in the 
central parts of the shield. Therefore, the long-period branch of the MTS curve may be 
badly distorted by the regional S-effect (the rest of the curve at short and medium 
periods may remain undistorted by this effect) and cannot be used for tying-in with the 
normal curve. Therefore, other methods and criteria of tying-in the sounding curves 
should be used, primarily, those based on grouping.
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The gravity ot magnetic field of a body can be expressed as a convolution of a Green's 
function with the density distribution or with the magnetization distribution within the body. The 
convolution can be evaluated rapidly by the fast Fourier transform (FFT) algorithm. These two, well 
known, features are fully utilized when the body is substituted by a sufficiently large number of mass 
points or dipoles and the contributions due to these building elements are summed.

The purpose of the paper is to describe the algorithm for effecting such a subdivision and 
summarize the relevant formulas of the convolutional approach.

In addition to the obvious applications in the solution of the direct and inverse problems the 
algorithm may be useful in the computation of terrain corrections, isostatic corrections, in the 
removal of the gravity field of sedimentary basins as well as in the model investigation of various 
procedures, used in parameter estimation (e.g. depth estimation from spectra).

Keywords: computation of the gravity field; computation of the magnetic field; field of 
anomalous bodies; gravimetric models

Introduction

Since the introduction of the gravity and magnetic prospection methods 
considerable efforts have been made to derive methods for the geological interpretation 
of the anomalies. A direct approach necessarily involves the computation of gravity 
and magnetic fields. Various algorithms were proposed for the computation of gravity 
and magnetic effects due to arbitrarily shaped bodies sometimes allowing for varying 
density or magnetization (Talwani and Ewing 1960, Talwani and Heirztler 1962, Nagy 
1966, Botezatu et al. 1971, Mufti 1975, Bhattacharyya and Navolio 1975 etc.).

The mathematical complexity of the formulas, describing gravity and magnetic 
fields of even simple bodies makes these computations difficult and time consuming. An 
alternate way of determination is offered by the utilization of the Fourier transform.

A general method has been worked out by the present author (Meskó 1973,1977) 
for the computation of gravity fields of arbitrary three-dimensional bodies. 
Corresponding spectra are also obtained as by-products. Continuations either upward

1 Geophysics Dept, of Eötvös Loránd University 1083 Budapest, Kun Béla tér 2.
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or downward as well as various derivatives of the field can easily be computed. The 
density distribution or magnetization variations within the body can also be taken into 
account. The method is useful in modeling or in the iterative solution of inverse 
problems as well as in the investigation of Fourier spectra.

The main idea is to substitute the body by a sufficiently large number of mass 
points or dipoles and utilize the simple structure of the Fourier transform of the gravity 
field due to a point source or that of the magnetic potential of a dipole. The Fourier 
transforms of the corresponding fields due to a set of mass points or that of the 
potentials of dipoles at a given depth can easily be computed by two-dimensional Fast 
Fourier Transform. The contributions from all depth levels are summed up to obtain 
the integrated effect in the frequency domain. The inverse Fourier transform, computed 
again by the FFT, gives the gravity field or after some manipulations any components 
of (or the total field strength of) the magnetic field.

Let us assume that the surface of the irregularly shaped three-dimensional body 
is described by two sets of digital data hl(i, к) and h2(i, k), where h1 denotes the depth of 
the upper surface (top) at the (i, k)th point and h2 denotes the depth of the lower surface 
(bottom) at the (i, k)th point. We assume that the body is continuous between h { and h2, 
i.e. there are no holes in it (Fig. 1 ). Standard interpolation methods could be used to give 
hl and h2 data at arguments in an arbitrarily dense square grid. Therefore we shall 
assume that i and к are integers and x = id, y = kd, where d is the grid spacing.

s u r f a c e

Fig. 1. N o t a t i o n s  u sed  in  t h e  d e s c r i p t i o n  o f  th e  u p p e r  a n d  lo w e r  b o u n d a r i e s  o f  th e  t h r e e - d im e n s io n a l  b o d y

Let us assume that the density distribution is given by either a three-dimensional 
analytical expression a(x, y, z) or a three-dimensional set of discrete data and it can be 
evaluated for any points within the body. In most practical applications a0 is a constant 
density contrast between the body and its surroundings a(x, y, z) = a0. For modeling 
purposes, however, the inclusion of varying density may be useful and, as we shall 
realize it later, it does not appreciably increase computer time.

For simple geometrical bodies such as spheres, prisms, cylinders, cones, etc. the 
h1(i, к) and /i2(i, k) can be computed from simple analytical expressions. Most authors 
(M ufti 1975, Bhattacharyya and Navolio 1975) divide the body into rectangular prisms 
or cubes and compute first the gravity fields of the prisms. Assuming that the prisms are
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small compared to the dimensions of the body the sum of their individual gravity fields 
gives a good approximation to the gravity field of the whole body.

The gravity field due to a rectangular prism can be given analytically. Various 
formulas have been derived (Nagy 1966, Goodacre 1973, etc.) but none of them is easy 
to handle. The repeated evaluation of one of these formulas involve time-consuming 
computations which practically prohibits the use of the exact formulas when the 
number of prisms are large and the gravity field or magnetic field is to be computed at 
many points.

The application of the Fourier spectrum of the rectangular prisms (Bhatta- 
charyya and Navolio 1976) looks at first more promising but experiences have shown 
that it remains still rather tedious mainly because digital handling of continuous 
spectra.

The gravity field due to a cube, however, can be approximated by the gravity field 
due to a sphere or a mass point in its center assuming that certain requirements are 
satisfied (Mufti 1973, 1975, Mufti and Wang 1975). The requirements can always be 
met by choosing sufficiently small cubes. Without reproducing here the investigations 
of the cited papers, we merely say that any volume element can be replaced by a point if 
we are far enough, which is heuristically obvious. The algorithm, on the other hand, can 
easily take care of the goodness of this approximation.

The two-dimensional Fourier transform of the vertical components of the 
gravitational attraction due to a point source is known analytically. Consider now all 
those points which are at the same depth. The total effect of these points is described by 
convolution. The convolution can be computed very rapidly by two-dimensional FFT.

Let us start at the deepest point of the lower boundary H2 = max h2(i, k). The 
deepest horizontal slice lies between H 2 — d and H2. The “empty” volume elements in 
this slice can easily be determined because then for all lower corners

where V(i, k, 1) denotes the volume, filled with material (see in Fig. 2). K(i, k, 1) can be 
approximated by

h2(i, k) ü H 2-d ,

h2(i+ 1, k) g-H2-d ,

h2( i , k+ 1) û H 2~d,

h2( i+ \ , k + \ )  -âH2-d .

When the volume element is not empty its mass is obtained as

+ U(i+\,k , \ )  + U(i+\,k+\, \)] .
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Fig. 2. One of the volume elements K(i, к, /), obtained by the subdivision of the body and the mass point тш.
substituting it

The side lengths = 1, 2, 3,4) depend on the relation of H2 — d and H2 to the depths 
of the upper and lower boundaries of the body in the corresponding grid points, as 
follows

U(i,k, 1 ) = 0

= h2(i, k ) - H 2+d

= H2 — hl(i, k)

— h2(i, k) /t ,(t, k)

= d

when h2(i, k ) ^ H 2-d ,

when h2(i, k)>H2 — d,

and hx(i, k)<H2—d,

when h2(i, k) = H2,

and hy(i, k ) ^ H 2-d ,

when h2(i, k ) ^ H 2,

and h t d . k ^ H . - d ,

when h2(i,k) = H2,

and hj(i, k ) ^ H 2 — d,
see Fig. 3.

The depth of the mass center of the (t, k, l)th volume element is approximated by

1
4 [W(i,k, \ )+W(i+l,k,  1)+ W(i,k+ 1,1) + W(i + 1, /с + 1, 1 )] = H(i, к, 1),

where VF values depend again on the relation of H2 — d and H2 to the depths of the 
boundaries.

W(i,k,\) = hl(i, k, l)  + ~U(i ,k , \ ) for hl ^.H2 — d,

= H 2 — d + y  U(i, к, 1) for hl <H 2 — d.

When U(i,k, 1) is equal to zero the mass center of the corresponding volume element is 
not computed. The depths of mass centers are merely used to approximate the depth of 
the mass center of the whole slice.
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H 2 - l d

H 2 - ( M ) d

Fig. 3. The possible relations of the boundaries of the body (h, and h2) to the boundaries of the first (bottom)
horizontal slice

It is obtained as
X Е т(‘>k, !)#(', к, 1)

H(l) = — --------------------- ,
1)

where both sums contain all the volume elements of the slice.
The contribution of the deepest slice to the gravitational attraction of the whole 

body is then approximated by the gravitational attraction due to mass points in a 
regular square grid at the depth level H( 1). The coordinates of the (i, k, l)th point with

mass m(i, к ,  1) are i + у , к  +  у , Я(1).

Let us consider now the /th intermediate slice / = 2 , 3 . . . .  The (i,k,l)th 
volume element is empty when all the inequalities

h2(i, k) ü H 2-ld,

h2( i ,k+1) ÜH2-Id,

h2(i+\,k) ÚH2-Id,

h2( i + \ , k + \ ) ^ H 2~ld,
or all the inequalities

M i, k) Z H 2- ( l - l ) d ,

ht(i+l,k) ^ H 2- { l - \ ) d , 

hi(i,k+\)  ^ H2- ( l - \ ) d ,

hl( i+ \ , k + l ) Z H 2- ( l - l ) d ,

are satisfied. We check again the relation of Mi, k) and h2(i, k) to the upper and lower 
surfaces of the slice and determine the masses of the volume elements. For the (i, k, Oth
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volume element one can write again

m{i,k, 0 = cr( i +  y  ,k + y  ,H 2- ( l d  -  y d  ) )V{i,k,l),

where

V(i, k,l) = — [ U(i, k,I)+ U(i + 1, k, [) + U(i,k + l,l) + U(i+ 1, k + 1, /)],

and
U(i,k,t) = 0,

U(i, /c,0 = H2- ( / - l ) d - / j 1(i, /с), 

— h2(i, k) — (H2 — Id), 

=h2(i, /с)

= d,

when /i2(i, k ) ^ H 2 — Id 

or hi(i, k ) ^ H 2—(l—\)d 

when H 2 — l d ^ h l( i ,k)^H2 — (l—\)d 

and H2 — (l—\)d^h2(i,k)

when hi(i,k)^H — Id

and H2- l d ü h 2(i ,k)èH2- ( l - \ ) d  

when H2 — l d ^ h 2(i ,k)^H2 — (l—\)d 

and H2 — l d ^ h l( i ,k)^H2 — (l—\)d

when H2—(l—l)d^h2(i,k) 

and H — ld^hy{i,kc).

The possible cases are depicted in Fig. 4.
No approximation is involved when hl( i , k )^H 2 — ld and at the same time 

h2(i, k)}îH2 — ld. For large bodies most volume elements are either “empty” or “full”, 
therefore the whole approximation is usually very good.

n2

VV

nA/

h2 hi □
-------- — ------н2

h2 = H2 h2 =H2

Fig. 4. The possible relations of the boundaries of the body (h t and h2) to the boundaries of an intermediate
horizontal slice
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The individual mass centers of the volume elements and the mass center of the 
whole slice is determined as for the first slice and volume elements are substituted again 
by mass points the depth level H(l) in a regular grid.

H2 -nd

H2-(n -l)d

Fig. 5. The possible relations of the boundaries of the body h, and h2 to the boundaries of the uppermost
horizontal slice

The uppermost slice is arrived at when

H2 — (n — l)d^ min (h{(i, k)) = H, ^  H2 — nd.

The nth slice is processed similarly. The equations determining the value of 
U(i, k, n) become

U(i,k, n) = 0, when hl(i,k)^.H2—(n—\)d

= H2- ( n - \ ) d - h l(i, к), when h,(i, k)^H 2—(n— \)d

and h2(i, k ) ^ H 2- ( n - \ ) d

h2(i,k)-hi(i, k). when k)<H2- ( n - l ) d

and h2(i ,k)^H2- (n - l )d .

The mass center of the slice is denoted by H(n).
In practical applications the number of points in a slice is more than the number 

of slices by one or two orders of magnitude. Therefore gravity effects of subsets of points 
belonging to a given slice are computed separately.

The z component of the gravity field in a point P(u, v) on the surface due to the 
mass mikl is equal to

GmiklH(l)
e n - U u - x f  + i v - y J  + H W 2 ’

where x, = id, yk = kd.
The contribution of all mass points in the /th slice is obtained by

. > v  v  GmiklH(l)
g,[U' V) -  L t r U u - x f  + i v - y ^  + H W *  ■
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The equation may also be written as a convolution

, 4 _ GH(l)
g,(u,v) mikl *  i x 2 + y 2 + H 2{[)y / 2 -

The first term mikl contains the shape of, as well the density distribution within the body 
while the second term is independent of these quantities.

The z component of the gravitational attraction due to the whole body is 
obtained by summing the contributions of all slices, i.e.

r) = X (тш) *l
GH( D

[xi + yi + H W 2 '

The DFT of this equation gives

DFT{<?/(u, V ) }  = X  DFT DFT 
/

GH(D
Ixj  + yl + H W 2

and the gravity field due the /th slice can be obtained by

g,(u, v)= DFT X DFT {mikl} DFT GH(l)
1х?+у2к+ Н 2(П

When convolution is computed with the aid of the DFT both two-dimensional 
sequences of samples are treated as being periodic. In order to obtain the non-cychc 
convolution the arrays, including mass data mikl (/=1,2, . . .  ri) have to be augmented 
by zeros. In most cases, however, the original arrays already contain many zeros. When 
non-zero data fill less than one quarter of the whole array, augmenting by zeros is not 
required.

Finer subdivisions with d = d/2 or d = d/4 can be used to investigate the accuracy 
of the substitution of volume elements by points.

It is obvious, that the computer time is about the same if the density varies or if it 
is constant.

We can also include easily the computation of arbitrary linear transforms of the 
gravity field e.g. horizontal or vertical gradients. Then the discrete transfer function of 
the corresponding linear operation has to be applied before taking the inverse Fourier 
transform of the computed spectrum.

Computation of magnetic field vector components

The algorithm based on the utilization of the FFT for the rapid computation of 
convolution can be used in the determination of magnetic anomalies due to irregularly 
shaped bodies as well. In the case of gravity anomalies the external gravitational field 
was considered as the sum of the effects of mass points constituting the body. Similarly,
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in the computation of magnetic anomalies we may consider the external magnetic field 
due to the body as the sum of the effects of dipoles that give the body its magnetization. 
Dipoles, however, may be oriented in any direction. Therefore description of the 
magnetization of a body requires giving both the magnitudes and directions of the 
magnetization of the volume elements rather than giving a single magnitude (mass) as 
in the case of the computation of the gravity field.

Permeable rocks placed in the earth’s magnetic field acquire induced 
magnetization whose strength is determined by the magnetic susceptibility. Other 
rocks possess a permanent magnetization unrelated to the external field. In either case, 
however, we may describe the magnetic state of the body by M(x, y, z), i.e. by the 
distribution of the magnetic dipole moment per unit volume within the body.

The magnetic scalar potential at point (x0,y0,z0) outside the body is

V(x0,y 0, z0)= dt>

where Kis the volume, filled by the magnetized material and

I r  ■- f 0 1 = [ ( X  -  x0)2 + {y-  y0)2 + ( z -  z 0 )2] 1/2.

The scalar potential can be written as the sum of three components

u i = Ш  Mx(x, y, z)

u2 = Ш  My(x, y, z)

x - x r
((x -x 0)2 + (y -y 0)2 + (z -z 0)2)3/2

___________У-Уо__________
((x -x 0)2+ (y -y 0)2+ (z -z 0)2)3/2

z —z,

dxdydz,

dxdydz,

11 1 MAX-* V - , „ P + ( , - , „ ) ° + (z -z

and U = Ut +U2 + U3.
Let us determine now the potential at the surface, where zo = 0, and consider a 

thin horizontal slice of the body. The contribution of the kth slice at the depth z = zk 
becomes

Щх,у, 0) =

f Г Mx(x, y, zk) (x -  x0) + My(x, y, zk) (y -  уo) + Mz(x, у, zk) (z -  z0)
JJ ((■x —-̂o)2 + (У~To)2 + zt)3/2 X  У '

The expression obviously is the sum of three convolutions and each of them can be 
evaluated by the algorithm utilizing the FFT. The equation may be interpreted as the
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application of three two-dimensional filters with weight functions Mx, My and M. to 
the two-dimensional input functions

________ x - x 0_________
( (x -x 0)2+ ( y - y 0)2 + z*)3/2 ’

__________У-Уо_________
m2 ((x-X 0)2 + (>-->lo)2+2*2)3/2’

Щ ((х-Хо)2+(у-Уо)2+ ^ 2)3/2’

respectively.
The potential is obtained as the sum of the contributions of all horizontal slices. 

The horizontal and vertical components A", Y and Z of the magnetic field can be 
obtained by taking the corresponding derivatives of the scalar potential. E.g. the 
vertical component becomes

Z =
cU _d_
ÔZ ÔZ M ,grad

The derivative with respect to the coordinate z can be evaluated numerically. In the 
point (jco,yo,z0 = 0) the vertical component becomes

„  U(xo,yo,h ) -U (xo, y o,0)Z  = lim-------------- -----------------
h I 0  h

The horizontal component can be determined in a similar way. The total field 
can then be computed from Z and H.

The derivatives can also be computed by utilizing the transfer functions 
corresponding to the computation of the derivatives. The transfer functions of the first 
vertical derivatives are as follows

S±(fxJ y)=j2nfx,dx
S H f x,fy)=j2nfy,dy

S f ( / , , / y) = 2*(/2 + / 2)1/2.oz
In realistic models the direction of magnetization M is constant. If we allow for a 

variation in magnitude but assume that the direction (denoted by к) is constant the 
potential can be written as

Ô 1
U(xo,y o, zo = 0)= -  — —  du

V  U K  \ r  r o l
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where M is a scalar function of the x, y, z coordinates while

where

d ô d d 
d ^ - A d^ + B d~y + C d~z’

A =cos T sin rj,

B =  COS T COS Г],

C — sin r],

and t denotes the dip of the magnetization measured clockwise from the horizontal, q is 
the angle measured counterclockwise from the у axis to the projection of M on the 
horizontal plane Fig. 6.

Fig. 6. The definition of the angles g and t, describing the direction of magnetization

In this case one convolution is required for each horizontal slice because then

where
Uk = A z J j M(x, y, zk)m(x -  x0, y -  y0, zk)dxdy,

m ( x - x 0, y - y 0,zk) A(x — x0) + B(y — y0) + Czk 
((х-Хо^ + Су-ТоУЧг*2)3'2 '

If the magnetization M is due to the earth’s magnetic field, i.e. the body is 
inductively magnetized and has a negligible permanent magnetic moment, x becomes 
equal to the magnetic inclination /, and rj becomes equal to the magnetic declination D 
while M = kT0 where к is the magnetic susceptibility and T0 is the total field intensity of
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the earth’s magnetic field. In this case further simplifications follows from the fact that 
M lies everywhere in the direction of the main magnetic field.

The total field anomaly due to the body is obtained from the scalar potential as
0

T(xo,y o,0)= -  — U(xo,y o,zo = 0),

where a denotes the direction of T0. The directional derivative, which lies in the 
direction of T0 (and M), becomes

8_
dói

d d „  e
A° d ï + B° dy  + C°T z '

where
A0 = cos I sin D, 

B0 = cos I cos D,

C0 = sin /.

The expression for the scalar potential becomes

where
Vк = AzT0 Jj k(x, y, zk)m(x — x 0, y —y0, zk)dxdy

m (x -x 0, y - y 0,zk) M x - x 0)+B0( y - y 0) + C0zk 
( (x -x 0)2+ (y -y 0)2 + 2 ,2)3/2 ‘

The contribution of the kth horizontal slice to the total field anomaly is

T k ~ { A o ê + B o J ï  +  C o ê ) Uk

and can be computed by adding the results of three derivatives.
Further simplification follows when constant magnetization is assumed. For a 

body with constant permanent magnetization M(x, y, z) = M0 and for an inductively 
magnetized body with constant magnetic susceptibility k(x,y,z) = k0 the total field 
anomaly can be expressed by

and

T(xo, y o,0)= - M 0 d_
dâ

Ô_
д к

T(x0, у0, 0) = ~ к 0 Т0
д а 2

respectively. Then the contribution from each horizontal slice of the body can be 
expressed by one two-dimensional convolution and the total field anomaly is obtained 
as the sum of these contributions.
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The vertical field anomalies can be obtained in a similar way for a body with 
permanent moment M0

In both cases the contribution of each horizontal slice can be obtained by one 
convolution.
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PHYSICAL AND MATHEMATICAL MODELING 
OF CRUSTAL CONDUCTIVITY 

ANOMALIES IN THE PANNONIAN BASIN

A Á d á m 1, L S z a r k a 1, M V a r g a 1 
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A new physical modeling technics using a dipole source of 0.1-3 MHz was introduced in the 
Geodetic and Geophysical Research Institute (GGRI) to help the interpretation of the crustal 
conductivity anomalies as the sounding curves of dipole and plane wave sources well approximate 
each other in the wave zone.

For the normalization of measured electromagnetic fields of the dipole source above 2-D 
conductive structures, a numerical method has been applied using linear filter technics for the basic 
1-D layer sequence.

After a short description of the induction problems in the Pannonian Basin to be solved in 
connection with fracture tectonics, the results of physical modeling are compared with that of 
numerical calculations using the finite difference method.

Keywords: controlled source magnetotellurics; crustal conducting formation; magnetotel- 
lurics; numerical modeling; physical modeling; sounding curves of electric dipole source

Introduction

In the western part of Hungary (Transdanubia) the well conducting crustal 
formations are mainly connected with linear fracture tectonics, so they are two- 
dimensional (2-D) structures in a good approximation.

In the interpretation of these formations physical (analogue) and mathematical 
(numerical) modelings were used. As mathematical modeling the finite difference 
method (FDM) was applied. In case of the physical modeling, the electromagnetic field 
generated by an electric dipole was studied over conducting graphite dykes as the 
frequency sounding curves of electric dipole and plane wave sources well approximate 
each other if the r/Iq value is high enough (where r = transmitter-receiver distance, 
/i! = depth of the conducting basement) (Goldstein and Strangway 1975). In a one
dimensional (1-D) layered half space this coincidence was numerically studied as a 
function of the r/h{ ratio.

After the description of the physical modeling technics and the numerical 
method used for calculation of the frequency sounding curves of the electric dipole

1 Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, H-9401 
Sopron, РОВ 5, Hungary
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source, the results of physical modeling and that calculated by FDM for two 
characteristic 2-D conducting structures of the Transdanubian anomaly are compared.

An answer was looked for to the practical question: to what extent can be the 
magnetotelluric sounding curves approximated by controlled source (A)MT technics 
above conducting formations.

Physical modeling device

The Electromagnetic Modeling Laboratory of the GGRI was built up in Sopron 
in co-operation with several Hungarian institutions in 1978. Besides the investigation 
of high conductivity crustal structures it has been used to solve interpretation problems 
in bauxite and oil explorations of other Hungarian geophysical companies, too.

In this paper only a short description of the laboratory is given. More details can 
be read in Ádám et al. (1981).

Model experiments are carried out in a NaCl-solution of suitable specific 
resistivity. The electrolyte is contained ina4x3x0.5 m polyester tank. High resistivity 
structures of the basement are represented by high resistivity model bodies. Conductive 
embeddings are produced from isotrope graphite bricks. For the conductive 
measurements a selective measuring system has been developed mainly for dipole- 
dipole electromagnetic frequency soundings (Fig. 1).

Fiy. I. Simplified block diagram of the measuring device 
1: Receiver dipoles and preamplifier 
2: Current generator and the transmitting electric dipole

The source of the measuring signal is a sine-generator which gives signals of any 
frequency between 100 kHz and 10 MHz in 1 kHz steps with a relative accuracy of 
10 6. This measuring signal has an amplitude of about 20 mV and is transmitted by 
cable to a current generator which supplies current of 100 mA intensity (as a peak 
value) to the salt water (electrolyte) through a dipole.
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At the receiver side a low noise amplifier (U ̂  300 nV P.-P.) senses and amplifies 
the signal appearing at the receiver electrodes (at the same frequency as it was 
transmitted to the electrolyte). After a 40 dB gain the signal is transmitted through a 
wide band transformer (for galvanic separation) to the input of a selective /rV-meter 
which should be always tuned to the frequency of the sine-generator. The measured 
value can be read on the ц \  meter but at the same time a DC signal proportional to the 
potential difference on the receiver electrodes will be produced. After an A/D 
conversion it is punched to tape in BCD code.

The sampling (A/D conversion and tape punch) is controlled by a phototrans
ducer which moves together with the receiver electrodes.

The transmitter and measuring unit can be moved with suitable accuracy along 
the tank by rolling bridge structures on which carriages can move crosswise. The 
electrode holding rods are fixed on these carriages.

Most of the mechanical parts of the modeling apparatus are made of different 
plastic materials.

The determination of the location and resetting to a given point is done by the 
measuring tapes along the two coordinates with an accuracy of +1 mm.

Calculation of theoretical frequency sounding curves in 1-D case

The electromagnetic field of an infinitesimal horizontal current dipole, oriented 
along the x-axis at the surface of an isotropic, horizontally stratified halfspace can be 
derived from the solution of Maxwell’s equations taking into account the boundary 
conditions at the interfaces. We summarize only the final result of this solution, because 
on the one hand the calculation is very lengthy, on the other these formulae (though in 
a slightly modified form) have been presented by e.q. Keller (1968) and Scriba (1974).

The resulting field component expressions are given in Appendix A.
Because of the complicated structure of the kernel functions for the layered 

medium, the integrals have to be evaluated numerically, but these kernels are very 
slowly convergent. The rate of the convergence can be improved by substracting from 
the integrand a term, representing the homogeneous halfspace and then adding the 
analytic expression of the integral of this term to the numerically computed value of the 
modified integral. In this manner we get expressions presented in Appendix B.

Evaluation of the integrals used in these formulae were carried out by use of the 
digital linear filtering method ( Koefoed et al. 1972, Anderson 1979). The essence of this 
method is that the integrals are transformed into a convolution type integral, and the 
latter, using suitable filter coefficients, can be replaced with a sum containing only a 
finite number of terms, and so one can get the value of the integrals in a relatively easy 
and quick way.
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We compute the apparent resistivity curves from the components of the 
electromagnetic field in the usual manner (Appendix C) and then these curves were 
compared with the computed magnetotelluric curves and with the results of the 
analogue modeling.

The MT curves were computed for 1-D structures in the traditional manner.

Comparison of FRS and MT sounding curves above homogeneous 
and two-layered half spaces

To decide whether the MTS measurements can be substituted by FRS 
measurements the master curves of Goldstein and Strangway (1975) were studied. They 
examined the behaviour of the apparent resistivity curves pFRS derived from 
components Ex and Hy for two layered models in case of large values of the parameter 
r/hi in dipole equatorial position and compared them to the pMT curves, (“r” is the 
distance between the transmitter and the receiver, “h ” is the thickness of the top layer.) 
On base of Fig. 2 which shows the corresponding pFRS and pMT curves further 
conclusions can be made.

Fig. 2. Apparent resistivity profiles calculated for the case of a layer over a half-space. The top layer is 250 m 
thick and has a resistivity of 100 Ohm • m. The dashed lines give the results for magnetotellurics. The solid 
lines are the sounding curves derived using the EJH y ratio for an electric dipole source at a distance of 

2000 m along the у-axis (after Goldstein and Strangway 1975)
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The homogeneous half space and the two limiting cases of two layered half 
spaces, p2>Pi and p2<Pi, were examined and the P frs/ P m t  ratios were calculated in 
the wave zone |Acjr| 1, in the intermediate zone and in the quasi-static zone |kjr|  1. 
These ratios are shown in Fig. 3.
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Fig. 3. P frs/ P mt ratios at large r/h, in dipole equatorial position as a function of \kt r\

* It is well known that in the wave zone the ratio P frs/ P m t equals to ! and it does 
not depend on p 2 .

Above a homogeneous half space, P frs/ P m t tends to the infinity with decreasing 
|/c,r| value.

In case of a highly resistive basement in the quasi-static range, Pfrs/Pmt = 4 as it 
has been shown by Szarka (1983). In the intermediate zone a difficult transition 
function exists.

The conducting basement p2^ p i  represents a very special case: the ratio 
P fr s/ P mt = 1 in the whole range of |/c, r\. It means that the apparent resistivity curves 
are the same in magnetotellurics and in artificial frequency sounding if r//i,>  1.
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Relations between FRS and MT sounding curves in function of r/h,

If r/h, is high enough, the corresponding dipole equatorial FRS and MT sound
ing curves agree for the same layer over a highly conductive half-space.

To study this agreement in function of r/h, and to determine a satisfactory r/h, 
for model measurements mathematical calculations were made using linear filter 
technics developed by Koefoed et al. (1972).

graphite

1 2
r = 0.70m: ДЕ= 8“/o Д̂ >= 4' 
r=0.40m; Д£=357. Д^=Л2‘

Fii/. 4. Comparison of FRS and MT in three layered case, when p , > p 2 and p 3> p, in function of r/h,
a) pEx, pHl and pHy curves at r/h, =2.86
b) pEx, pHz and pHy curves at r/h, =4
c) pEx, pHx and pHy curves at r/h, =7
d) comparison of pMT sounding curves and рЕхщх FRS sounding curves

Results obtained by the computer program of Varga (1981) are shown in Fig. 4. 
Figures 4a, b, c show pa curves obtained from the Ex, H. and Hy components for 
r/h1= 2.86, 4 and 7. The three curves approach each other with increasing r/h, 
and approximate the theoretical agreement of the curves. Deviations in amplitude (de) 
and in phase (Aq>) are also disappearing, when r/h, increases. According to our con
ception this agreement exists not only in the wave zone concerning to the first layer, 
but in the whole range of\k,r\. (E.g. in case of the lowest frequency\k,r\was 2.21 which 
represents the intermediate zone.) Figure 4d shows the pMT curve together with dipole- 
equatorial pFRS curves calculated from Ex and Hy for r/h{ =4 and 7. It can be seen that 
pFRS at r/hl =7 approximates the pMT curve with d e  = 8 %  and A(p = 4°.

A smaller r/ht (r/h, =2.86 — 4), however, gives only qualitative approximation 
for the pMT curves.
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Our model tank has a high resistivity bottom made of plastic, so the p l > p2 < p3 
three layered case also had to be studied to decide whether the above mentioned 
agreement of FRS and MT sounding curves exists or not. The numerical calculations 
show that in our model frequency range a graphitic layer of several mm thickness 
assures this favourable agreement, and all results are the same as in Fig. 4.

Interpretation models of the crustal conductivity anomalies 
in the Pannonian Basin

As it has been proved by statistical investigations of the distortion of the MT 
sounding curves measured in the Pannonian Basin, the crustal conductivity anomalies 
are there in connection with the linear fracture tectonics (Ádám 1981). This relation can 
be seen on the isoresistivity profile measured above exactly located seismoactive 
transversal fractures in a shallow basin of the southwestern part of the Bakony Mts. 
The lowest p-values have been got above narrow fracture zones (Fig. 5) and the Z xymax 
impedance directions are perpendicular to the fracture strike (Fig. 6).

-  +

Fig. 5. Isoresistivity profile along a profile between the villages Ukk and Ötvös (W-Hungary)

The 2-D numerical model of a fracture containing a conductive body was 
calculated by Tátrallyay (1977) using the finite difference method (Fig. 7).

The main characteristics of this model are as follows:
1. The pmin curve in the epicentre of the anomaly approximates the parameters of 

the anomalously conductive body.
2. Above the edges of the body, the MTS curves show an apparent increase of the 

depth to the top of the body and an apparent decrease of its horizontal (longitudinal)

conductivity S = — ).
V P
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Southwestern part of the Transdanubian Middle Mountains 

Depth of the formation below Senonian
/after J .H aas /

Fig. 6. Z xy maj impedance directions at the same area as in Fig. 5

Fig. 7. MT sounding curves of a structure shown on the right upper edge calculated by finite difference
method (FDM) (Tátrallyay 1977)
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Fiy. 8. Anomaly strips of the Wiese arrow map on the area of the Transdanubian crustal conductivity
anomaly (Wallner 1977)

Fiy. 9. Crustal conductivity anomaly zones north and south of the Lake Balaton

A da Geodaetica. Geophysica el Monlanislica Huny IS. 1983
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Hz /H
У

-80 -40  0 40 80 km

C,
Fig. /0. 2-D model curves of two conductive bodies calculated by FDM (Ádám 1980)

a) MT curves
b) geomagnetic sounding curves
c) HJH, profiles

There is another characteristic feature of the crustal conductivity anomaly zone 
in the Pannonian Basin: They form quasi-parallel stripes as it can be seen on the Wiese- 
-arrow map of the Transdanubian anomaly (Fig. 8) or on the map of the conductive 
zones north and south of Lake Balaton bordered by first order longitudinal tectonic 
lines (Fig. 9).

It is an interesting question how these anomaly stripes modulate each other’s 
induction anomaly.

The 2-D numerical model which approximates these anomaly stripes was also 
calculated and its results can be seen in Fig. 10.

Analogue models of well conducting crustal anomalies

Two very simple 2-D models of the Transdanubian conductivity anomaly were 
built in the modeling tank using isotrope graphite bricks. The profiles of these 2-D 
structures are shown in Fig. 11 both in field and in model dimensions.

On base of the electromagnetic modeling laws the relations between the field 
periods and the model frequencies are as follows:
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- Ц к т  ; 2 km 
10 km

70 km 500П т

MODEL 1
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I 4cm

Fig. 11. Well conducting crustal anomalies in Hungary and their analogue models
a) Model 1
b) Model 2

а д  = .  r u u  ~i f° r model 1 andL i  MHz]

T/M  = r * *  1 for modeI 1L i  MHz]

The actual model frequencies and field periods for models 1 and 2 are shown in 
Table I.

The model of the asthenosphere was built of graphite slabs on the bottom of the 
tank. (As it was mentioned earlier, calculations have shown that in the modeling 
frequency band a graphite layer of 0.04 m thickness can substitue a thick graphite 
basement.) The well conducting crustal structures were held in an elevated position by 
means of a construction toy.

Figure 12 shows the four transmitter-receiver arrangements used. Two of them 
are “£-polarization like” models and the other two represent the “//-polarization like” 
models.
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Fig. 12. Transmitter-receiver positions at analogue modeling of well conducting crustal anomalies

Table I. The actual model frequencies f m and field periods 7} for models 1 and 2

/„
[MHz]

Model 1 Model 2

Tf
[sec] &

T,
[sec] &

1 3.00 1.60 1.26 11.52 3.39
2 2.40 2.00 1.41 14.40 3.79
3 2.00 2.40 1.55 17.28 4.16
4 1.60 3.00 1.73 21.60 4.65
5 1.40 3.43 1.85 24.69 4.97
6 1.20 4.00 2.00 28.80 5.37
7 1.10 4.36 2.09 31.42 5.61
8 1.00 4.8 2.19 34.56 5.88
9 0.90 5.33 2.31 38.40 6.20

10 0.80 6.00 2.45 43.20 6.57
11 0.70 6.86 2.62 49.37 7.03
12 0.60 8.00 2.83 57.60 7.59
13 0.50 9.60 3.10 69.12 8.31
14 0.40 12.00 3.46 86.40 9.30
15 0.30 16.00 4.00 115.20 10.73
16 0.24 20.00 4.47 144.00 12.00
17 0.20 24.00 4.90 172.80 13.15
18 0.16 30.00 5.48 216.00 14.70
19 0.13 36.92 6.08 265.85 16.30
20 0.10 48.00 6.93 345.60 18.59
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Because of the given output power of the current generator, the ratio r//i, was 
only 2.86. In case of r/h{ =2.86 the pMT and pPRS sounding curves at dipole equatorial 
position differ from each other at least by 20%, so the phenomena were studied really 
qualitatively.

The model measurements were made along a profile which was perpendicular to 
the strike of the crustal structures using all of the four transmitter-receiver positions 
shown on Fig. 12.

The distances between measuring points were 2.0 cm (that means 4 km for 
model 1 and 4.8 km for model 2).

1-D comparison of MT curves and FRS measurements

Figure 13 shows MT and FRS sounding curves for 1-D approximations of 
Model 1. AX  means an axial pattern, EQ means a dipole equatorial orientation.

Sounding curves above the infinitely extended crustal anomaly ( 1B) are the same 
when using the MT method or optional FRS orientations.

The structure without the embedded well conducting layer in the crust produces 
differing sounding curves as r/hl (r/hi =2.86) is relatively small.

The measured sounding curves were normalized to theoretical ones.

Fii). 13. FRS sounding curves using axial and equatorial orientations and the MT sounding curve above
corresponding 1-D structures

a) f t y / l )  curves for models 1A and IB
b) p (v  7) curves for models 2A and 2B
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Results of analogue model measurements

Figures 14 and 15 represent рц and pL FRS sounding curves obtained by 
analogue model experiments over Model 1. Numbers mean distances in kilometres 
from the epicentre of the conductive embedding.

Figure 7 shows the MT curves over the same structure obtained by Tátrallyay 
(1977) using the finite difference method.

A comparison of the calculated MT curves with the measured FRS ones 
indicates a qualitative similarity. Dipole equatorial curves generally have larger 
apparent resistivity values as the MT sounding curves, as the r//i, ratio is relatively 
small. They could better approximate the MT curves when r/h{ increases.

In £-polarization the length of the transmitting dipole (Aß = 0.08 m) itself 
caused a strong distortion of the electromagnetic field as it reaches earlier the 
conducting structure than the receiver dipole.

MODEL 1 Q r  FRS model curves3 E x / H y

Polarization E

b, c.

Fig. 14. FRS sounding curves of £-polarization obtained by analogue modeling for Model 1 (in field
dimensions):

a) dipole-equatorial orientation, transmitter and receivers are on the same side of the embedding
b) dipole-equatorial orientation, transmitter and receivers are on opposite sides of the embedding
c) axial orientation

10* Ada Geodaètica. Geophysica el Montani.sticu Hunf(. 18. 1988
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M OD EL 1 9 ех/НУ FRS 

P o l a r i z a t i o n

m o d e l  c u r v e s  

H

Fig. 15. FRS sounding curves of Я -polarization obtained by analogue modeling for Model 1 (in field
dimensions):

a) dipole-equatorial orientation
b) axial orientation, transmitter and receivers are on opposite sides of the embedding
c) axial orientation, transmitter and receiver are on the same side of the embedding

As for axial orientations the layered normal curves significantly differ from the 
dipole equatorial and MT ones, the series “HA + ” and “HA—” have also unexpected 
distortions on the basis of MT interpretation.

Figure 16 represents FRS sounding curves in £-polarization over Model 2. Only 
the dipole equatorial orientation gave results somewhat similar to the MT sounding 
curves.

As it can be seen from this figure, on the basis of 1-D interpretation the region of 
these dykes would be interpreted as a conducting basement in different depths. This is a 
general conclusion as it was already drawn from the numerical models.

Figure 17 shows HJHy profiles in £-polarization using both dipole equatorial 
and axial arrangements.
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M O D E L 2  g E x /H y  F R S  s o u n d i n g  c u r v e s

P o l a r i z a t i o n  E

"  E Q  " E Q  +'*

Fig. 16. FRS sounding curves of £-polarization obtained by analogue modeling for Model 2 (in field
dimensions):

a) dipole-equatorial orientation, embedding is between the moving transmitter and the receivers
b) dipole-equatorial orientation, receivers are between the embedding and the transmitter

It is natural that over a horizontally layered half space in magnetotellurics there 
is no vertical magnetic component Hz. Using electric dipole sources, in dipole 
equatorial orientation (Fig. 17a) the component Hz does exist. That is the reason why 
the asymptotes of these profiles do not approximate zero.

Only the right side of Fig. 17a is similar to the MT profiles. With other words 
inhomogeneities between the receiver and the transmitter have a very strong effect on 
the measured Hz/Hy values.

In £-po!arization using an axial arrangement there is no asymmetry and far off 
the inhomogeneities the ratios HJHy disappear as in magnetotellurics. Both ends of the 
profiles run similarly to the MT ones: they have maxima at some ±  30 km and at 
greater distance they immerse into the noise level.

Measured values between the dykes differ strongly from the magnetotelluric 
ones and also have a strong period dependence resulting the highest maxima at 346 s.
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M ODEL 2 

P o la r i z a t io n  E

Fig. 17. H,/Hy profiles of £-polarization obtained by analogue modeling for Model 2
a) dipole-equatorial orientation
b) axial orientation

Conclusions

As it is well known, a dipole-generated and a plane wave electromagnetic field 
over homogeneous half space agree only in the wave zone. This condition requires an 
infinite transmitter-receiver distance at low frequencies. It has been shown, in Fig. 3 in 
case of a well conducting basement that electric dipole-generated and plane-wave fields 
can also agree using finite transmitter-receiver distances (r) even at low frequencies. 
This principle can be applied in the physical modeling, too. r/h{ value larger than 6 or 
7 seems to be satisfactory to fulfil the above conditions. The realization of such a 
modeling meets only technical difficulties.

In case of a smaller value of r/ht a good qualitative similarity can be obtained 
especially in E-polarization and using the dipole equatorial orientation as it has been
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shown at the Transdanubian models. The characteristics of both E and H polarizations 
can be produced using different transmitter-receiver orientations.

After increasing the output power of the current generator for larger r/hx, even 
closer agreements may be expected between FRS model measurements and MT 
numerical calculations, i.e. between results obtained by controlled source MT and MT 
méthodes.
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Appendix A

Field components at the surface of a stratified halfspace (Fig. 18):

Fig. 18. Coordinate system and the layered structure for the computation of field components

00 00 00

ГГ r 2 — 2.x2 X 2 *

.3ClIIК F ,y 0(mr)mdm + ---- 5— { F 2- F l ) J t ( m r ) d m +  - j (F2- £ ,U 0(mr)dm
0 0 0

£ Г M£„ = c • 1ш I p -  I (£2 -  Ft)J |(mr)dm +
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00
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-y  dm + F3J0(mr)mnxá m + ----- г—
r J

F, J l (mr)mdm

0  0  0

сю

Вг = с -  J* FíJ í (mr)m2dm

, IodlFwhere с = -------2 n
k2 = ia>ii<71

"l=sAÍ+
Г.

F ,=

F,= -

mr, +n,

k2i4,

mr. + n ,

rl = rl(ai,d i,œ)

and
q]= q t(ahdi,u>)

/c =  is the magnetic permeability 
eu =  angular frequency
г =  distance between the transmitter and the receiver 

tp = angle between the axis x and the transmitter-receiver line
X = r ■ cos <p 
у = r ■ sin ip

I0 = amplitude of the current in the dipole 
d/ =  length of the dipole
m =  integration parameter (separation constant)
<t, and dj are the conductivity and the thickness of the layer i 
J 0 and J , are Bessel functions of orders zero and one 
F ,,  F 2 , Fз are kernels of the integrals
r, and qi take into account the layered structure and can be calculated recursively.

Appendix В

Field components with modified kernels:

E. = c ■ i<u (Ft — F°)J0(mr)dm + -  —

' (F2 — F° — F, + F°)J l(mr)dm + {F 2 — F 2 — F 1 + F°)J0(mr)mdm +

~ ( 2 r 2- 3 x 2)(/, K'0 + /0K,) -  —̂3— (1 + A,r)
2 rA
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00
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+ k?r!

m + n,

and /,, К, are modified Bessel functions of the first and second kind and of the order / with the complex 
, k ' rargument — .

Appendix C

Apparent resistivities computed from the field components

P.(FS) =
2n r5

Fd7 3x2 — 2r2 E*

P„(£y) = 2n r5
---------f v/•d  3xy y
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PÁHJ=iti0\ T ^ i Í y H‘

р а( Н у) =  щ ы
2 n

I  d l  3x 2 - r 2
г я,

2 n  г 5
Pa(H,)  =  ißü>

/ ■d/ i y

1 EP Â E J H  ) =  7 I —
1Ц0) \ H ,

p a(E y/ H x) =  —  7Гipto

P a ( H J H y) =  ip w
f i x 1 - 2  r 2 H .

V h ;

References

Ádám A 1980: The change of electrical structure between an orogenic and an ancient tectonic area 
(Carpathians and Russian Platforms). J .  G e o m a y . G e o e le c tr ., 32, 1-46.

Ádám A 1981: Statistische Zusammenhänge zwischen Elektrischer Leitfähigkeitsverteilung und Bruchtek
tonik in Transdanubien (Westungarn). A c ta  G e o d . G e o p h . M o n t .  H u n y ., 16, 97-113.

Ádám A, Pongrácz J, Szarka L, Kardeván P, Szabadváry L, Nagy Z, Zimányi I, Kormos I, Règeni P 1981: 
Analogue model for studying geoelectric methods in the Geodetic and Geophysical Research 
Institute of the Hungarian Academy of Sciences. A c t a  G e o d . G eo p h . M o n t.  H u n g .,  16, 359-380.

Anderson W L 1979: Numerical integration of related Hankel transforms of orders 0 and 1 by adaptive 
digital filtering. G e o p h y s ic s , 44, 1287-1305.

Goldstein M A, Strangway D W 1975: Audio-frequency magnetotellurics with a grounded electric dipole 
source. G eo p h ys ic s , 40, 669-683.

Keller G V 1968: Electrical Prospecting for Oil. Q u a r te r ly  o f  th e  C o lo ra d o  S c h o o l o f  M in e s ,  63, 1-261.
Koefoed O, Ghosh D P, Polman G J 1972: Computation of type curves for electromagnetic depth sounding 

with a horizontal transmitting coil by means of a digital linear filter. G e o p h y s ic a l P r o s p e c t in g ,  20, 
406-420.

Scriba H 1974: A N umerical Method to Calculate the Electromagnetic Field of a Horizontal Current Dipole. 
P a g e o p h ,  112, 801-809.

Szarka L 1983: Investigation of the. high resistivity basement using quasi-static point sources. G e o p h y s ic a l  
P r o s p e c t in g , 31, 829-839.

Tátrallyay M 1977: On the interpretation of EM sounding curves by numerical modelling using S.O.R. 
method. A c ta  G eod . G e o p h . M o n t .  H u n g ., 12, 279-285.

Varga M 1981: The calculation of the electromagnetic field about a horizontal electrical dipole for a stratified 
halfspace, (in Hungarian) Research report

Wallner Á 1977: The main features of the induction arrows on the area of the Transdanubian conductivity 
anomaly. A c ta  G eod . G e o p h . M o n t .  H u n g ., 12, 279-285.

Acta Geodaetica, Geophysica el Montanistica Hunyt. 18. 1983



Acta Geodael., Geophys. et Montanist. Hung. Volume 18 (4), pp. 489— 499 (1983)

MAGNETOTELLURIC RESULTS ALONG 
A 1200 KM LONG DEEP PROFILE WITH AN IMPORTANT 

GEOTHERMAL AREA AT ITS NORTH-WEST 
END IN THE PROVINCES OF TUCUMAN 

AND SANTIAGO DEL ESTERO IN ARGENTINA

B B a l d is 1, J D e m ic h e l i2, J F e b r e r 2, H F o u r n ie r 3,
E G a r c ia 4 *, J C G a sc o 2, M M a m a n i5, M C C o m po sie l l o 6

[Manuscript received April 6, 1983]

A 1200 km long discontinuous MT profile from Buenos Aires to San Miguel de Tucuman, 
gives a great diversity of results concerning the structure of the crust, the lithosphere and the upper 
mantle. At the north-west end of the profile appears a new geodynamic process associated with the 
Nazca subduction plate, generating an important geothermal area of about 200 km diameter.

Keywords: Argentina; geothermal field; magnetotellurics; Nazca plate; plate collision

Area 1 results

Area 1 of Fig. 1 corresponds to the two soundings made in the region of Buenos 
Aires (Gasco et al. 1982), upon a cratonic region of approximately 2 billions years 
( Linares 1979). The site of Zarate has the coordinates lat = 34“ 05' south, long = 59° 10' 
west at about 90 km W—NW from Buenos Aires. One of the telluric lines was parallel 
to the general trend of the regional tectonics (Nm 54° Wm), the other orthogonal. The 
dispersion of the values of p is very small according to the general behaviour of MT 
results. A unique trace is obtained for the two curves. Figure 2 gives this trace for which 
the interpretation is very simple: a sedimentary cover of 250 m, highly conducting, then, 
below a unique resistant layer until 400 km depth having a true resistivity of 10.000 ßm
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Angel Gallardo 470, Buenos Aires, Argentina
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preparing the Chamical MT campaign
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b .
T IE R R A  D E L  F U E G O

Fig. 1. General map of Argentina delimiting the three regions studied by the MT method in a period of six
years (1976-1981).

Area 1: cratonic region. First 400 km of the upper mantle very resistant.
Area 2: Primary and Tertiary perturbed region. Plunging of the Nazca plate below the western part of the 

continent,
Area 3: region tectonically very complex in the western part. Discovery of an important geothermal field in 

the eastern part
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C ra to n ic  a r e a  o f  B u e n o s  A ire s

Fig. 2. Preliminary remark: in Fournier (1963) we can see that the following unit is proposed:
1 mV/km

1 c a g n ia r d  = -------- ——  =  0 .001  2 5 6 6 .  . . o h m =  1 C
1 nT

1 ohm =  795.774 88 . . .  C Cagniard ( 1953)
Z: MT sounding curve for Zarate 
Ch: MT sounding curve for Chivilcoy
Cross-section given by the Zarate MT sounding interpretation:

Thickness 
0.001 km 
0.008 
0.140
0.100 

400
oo

Resistivity 
10 ohm • m

1.5
10
3.3

ê  10000 
< 9

The thickness of the sedimentary basin — 250 m — was determined by electrical Schlumberger 
soundings from which the cross section obtained was transformed in an equivalent MT cross section using 
the method proposed by Benderitter et al. (1978). We think that it is this thin but highly conducting 
horizontal sedimentary layer covering the craton that is the cause of our high quality results: one unique trace 
for the two orthogonal sounding directions, with a very small dispersion for the individual values of p. This is 
completely on the contrary to the suggestion in Fournier et al. ( 1963) to operate MT soundings on crystalline 
massifs.

The corresponding cross section for Chivilcoy is:
Thickness Resistivity

3 km 0.7 ohm • m
^400 §500

The screening effect of this sedimentary basin below Chivilcoy, highly conducting, 0.2 C, does not 
allow us to confirm that there is no intermediate conducting layer in this section of the upper mantle.

One may recall that the MT screening effect of a conducting layer was proposed at the Berkeley 
University by Fournier et al. (1963) and studied by Fournier (1968)
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or more, underlain by what we name the ultimate conducting layer — ultimate 
concerns results obtained by the MT method only (Fournier 1962). An important 
remark must be given here. If an intermediate conducting layer exists in the lower crust 
or in the beginning of the upper mantle it must be very négligeable according to the 
position of the curve on the left on the graph and the straightness of its ascending 
branch characterised by an asymptotic impedance value of E/H of 18 C (cagniards) in 
the tetralogarithmic abacus (Fournier 1963, 1965, Fournier et al. 1963). This is not in 
favour for the presence of a conducting asthenosphere, except if we accept the 
development given by Shankland and O’Connel (1979), concerning the percentage of 
melting fraction in the upper mantle. The interpretation of the MT sounding curve of 
Chivilcoy (lat = 34° 56' south, long = 60° 06' west) is not in contradiction with the depth 
of the ultimate conducting layer found below Zarate.

Area 2 results

Area 2 of Fig. 1 comprises the MT deep soundings of Pilar, Chamical and San 
Juan along the 32nd south parallel approximately. The coordinates are given in the key 
of Fig. 3 that presents the curves obtained for the telluric line parallel to the main trend 
of each local tectonics. The results of the interpretation of these three curves is shown in 
Fig. 4: top hachures indicate the intermediate conducting layers; two at Pilar and only 
one at Chamical and San Juan; bottom, the earthquake foci corresponding to the same 
section, taken from Barazangi and Isacks (1976) and the intermediate conducting 
layers (hachures) obtained by the MT soundings. We see a good agreement between the 
results given by the two independent methods, if we accept the fact that the plunging 
plate is rigid and that it is breaking when it plunges whereby the earthquakes are 
generated. We conclude that we see by the MT method the Nazca plate diving the 
depth below the western part of Argentina, above the asthenosphere at San Juan and 
Chamical and after having cut in, between two slices of it below Pilar, between 120 and 
220 km at 750 km east of the Chilean trench. Additionally we see in Fig. 3 the ultimate 
conducting layer at about 1000 km depth below Chamical and San Juan. This is not yet 
confirmed by a systematic field study. The ultimate conducting layer does not appear at 
the site Pilar because the screening effect of the second intermediate conducting layer is 
too strong near the diurnal band of periods.

Area 3 results

Febrer (1981) has given a description of the results in a preliminary report. Area 3 
of Fig. 1 shows the region where 11 deep MT soundings were made in an area of 300 km 
diameter. The interpretation of 6 of them is at our disposal. The corresponding MT 
curves to be interpreted are presented in the top of Fig. 5. The interesting fact is the
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MT Curve 
SJ =San Juan 
Ch = Chamical 
P = Pilar

Lat. south
31“ 33' 
30" 27' 
ЗГ 40 '

Cross-sections given by the three MT sounding interpretations

Long, west 
68" 34' 
66" 19'
65“ 53’

San Juan 
unpublished

Chamical
Febrer
Baldis
Fournier

(1980)

Pilar
Febrer
Demicheli
Garcia
Fournier

(1977)

Thickness Resistivity Thickness Resistivity Thickness Resistivity
0.3 km 3 ohm • m 0.625 km 3 ohm ■ m 0.75 km 10 ohm • m

170 3000 210 2000 80 3000
110 500 100 1500 30 10
960 4000 950 4000 100 4000

00 30 oo 60 00 1

For the first intermediate conducting layer we have:

/t/p =  2 2 0 o h m '1 660ohm "‘ 3000ohm-1
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Chilean trench 32nd Sth Parallel

Chilean trench 
W 200 SJ 400 Ch 600 Pi 800 km

.V« s  •** î.** * • * •km

100

200 -

300-

:Oí Asthenosphere
••• а • Nazca plate

Asthenosphere

Fig. 4. Top: cross section along the 32nd south parallel from the Chilean trench until Pilar at about 800 km in 
the centre of Argentina. This section shows the MT sounding results: below San Juan and Chamical, there is 
one intermediate conducting layer in the range of 200 km depth; below Pilar, on the contrary we see two 
layers (hachures). Bottom: same cross section with our interpretation of the precendent MT results: the 
Nazca plate is diving with a dip angle at about 30° over the asthenosphere until 300 km of the Chilean trench 
and then after having cut in that asthenosphere, gliding between two slices of it below Pilar. The 
asthenosphere is represented by hachures and the black points represent earthquake foci. The resisting layer 

containing the descending earthquake foci is interpreted as the Nazca plate

existence of one highly conducting layer situated in the upper crust making a kind of 
dome. The surface of the dome has in average a dip angle of about 8 to 10% for its 
external descending zone. The lower part of Fig. 5 represents a cross-section of this 
dome in NS direction. The map in Fig. 6 indicates the position of the soundings, the 
general trend of the isodepths of the top of this first intermediate conducting layer 
forming the dome and the position of a silent triangle — this means a triangle nearly 
without earthquakes — after Barazangi and Isacks (1976) and after Castanon (1980). 
At the east of the triangle, the focus of the earthquakes are situated in the range of 500 to 
600 km depth.

In more details we can say that below Taco Ralo, the summit of the dome, we find 
a sedimentary basin, very conducting, 3 km thick followed by a more resistant layer of 
4 km, then a highly conducting layer, down to 0.3 ohmm, between 7 and 12 km, then a 
last layer, more resistant of 8 ohmm or more. Simply, this very conducting layer
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Fig. 5. Top: 6 MT curves obtained with the use of the telluric component parallel to the local tectonic 
direction well known in geology. We have pointed out on these curves, the approximate beginning with stars 
and ending with circles, the effect of the highly conducting layer. The top of this layer is at the Taco Ralo 
station at 7 km depth, it is descending to 13 km at the Frias site. The thickness of this layer has an average of 
about 6 km. For example, we give here the complete interpretation of the Taco Ralo curve made by Teotonio 
Ferreira from the University of Para, Belém, Brasil:

Thickness Resistivity
0.3 km 15 ohm -m
0.1 0.8
1.2 ä  50
1.7 0.8
3.5 10
4.8 0.3*

00 50
* layer supposed to be partially molten basalt at a temperature of about 900 to 1000 °C.

Bottom: Cross section along the NS direction passing by Leales, Monteagudo.Taco Ralo and Frias stations. 
We see the general trend of the section of the dome delimited by the top of this very conducting layer having a 
dip angle of approximately 8 to 10%. It is impossible to give true values of the resistivity of the underlying 

layer because the strong screening effect generated by this conducting layer does not permit it
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Fiq. 6. Map of a part of NW Argentina, with a scale of 1/2.500000 on the original sheet. The true scale is 
given with a length of 200 km in the bottom of the figure. This map shows the 6 MT sounding stations: 
TR: Taco Ralo; L: Leales; B: Belen; M: Mazan; F: Frias; Mt: Monteagudo and also gives the 
position of the main regional towns: SJ: San Salvador de Jujuy; S: Salta; ST: San Miguel de Tucuman; SE: 
Santiago del Estera; C: San Teodora del Valle de Catamarca; LR: La Rioja; A: Antofagasta.

The map indicates the provisionary isodepths of the top of the very conducting layer situated in the 
upper crust and the silent triangle, after Barazangi and Isacks (1976) and Castanon (1980). We can easily see 
the importance of this newly found geothermal field and its position according to the silent triangle. It seems 
probable that the diameter of the workable surface is approximately 100 km. A similar silent triangle exists in

Peru

situated in the upper crust plunges further around Taco Ralo until a depth of about 
15 km for its top in an area of 250 km diameter. The results given by the review of Haak 
(1980) permit us to suggest that this highly conducting layer situated in the upper crust 
is composed of partially molten basalt having a temperature of about 900 to 1000 C in 
the central zone of the dome at least. Below this very conducting and supposedly very 
hot layer our actual results do not permit us to know if the other layers are also at a very 
high temperature because of the strong screaning effect of the conducting layer and the 
fact that our range of period used to do the soundings is too short at high temperatures. 
This high temperature is however possible according to the results proposed in the 
review of Haak (1980).

The value of the gradient of the temperature given by the water wells is generally 
100° per km. The deepest well is 800 m and gives artesian water at 80 °C. Many hot 
springs are known in this region and thermal stations are built in particular at the Taco 
Ralo site in which we are invited to make the sounding.
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Consequently to the facts described, i.e. the layer at 0.3 ohmm in the upper crust, 
the strong temperature gradient — three times the normal value — plus in the region of 
Belen mineral deposits corresponding to this general phenomenon — after a United 
Nations report for Argentina (1973) — we think that there is around Taco Ralo — 
200 km in diameter — a very important geothermal field. We think also that this 
geothermal field must be very workable because this region seems to be a quiet Tertiary 
continental sedimentary basin forming a plane of 100 km diameter at least.

One remark must be given here: for this region we have not yet obtained 
sufficient results concerning the existence of a second intermediate conducting layer 
situated in the asthenospheric range of depth. Only at the Frias site, at the southern 
border of the zone, outwards of the silent triangle, where the screening effect of the first 
conducting layer is not too strong because there is not a first screening effect of 
sedimentary conducting layer, we found a conducting layer beginning in the range of 
60 km.

Conclusion

We have illustrated above the existence of three kinds of very different structures 
in the upper part of the earth, below Argentina.

The region of Buenos Aires is over an upper mantle layer of 400 km thick having 
a true resistivity of 10.000 ohmm or more. We have found no previous reference for 
such a high value of true resistivity for the whole unique resistant layer of the upper 
mantle.

Along the 32nd south parallel, approximately, we have shown the Nazca plate, to 
be resistant, descending with a dip angle of about 30° from west to east over and after 
having cut in, between two slices of the conducting asthenosphere. We may think that it 
is the first time that we have a so complete identity between the results given by the 
seismology and the magnetotelluric methods in the case of a plunging oceanic plate 
below a continent.

In the province of Tucuman, in the NW of Argentina, we have briefly described 
what we shall name an apparent upwelling of the hot zone of the topmost part of the 
upper mantle, at least, it seems, for the studied stations situated over the southern part 
of the silent triangle. Possibly it is the continental prolongation of the W—E hot line (or 
zone) Eastern Islands, . . .  San Ambrosio Island near the coast of Chile, proposed by 
Bonatti et al. (1977). This continental region has been structurally studied by Baldis and 
Vaca (1979). The interesting fact in the conjunction of the descending Nazca plate and 
the trace of this hot line seems to be the regional destruction of a part of the plate 
yielding the seismological silent zone and a very high geothermic gradient in the cover, 
making this an important geothermal workable field. It resembles to what, at our 
knowledge we see for the first time, and what we may name a “continental hot spot” 
(Barszcus 1982).

и Acta Geodaetica. Geophysica et Montanistica Hung. 18. 1983



498 B BALDIS et al.

We have no idea what are the contacts or separation zones between these three 
areas with different deep structures. This will be a subject for the next MT campaigns. 
We shall try to see how it changes in the northern half of Argentina between one 
extreme structure to the other. See also Fig. 7 that groups the most representative MT 
curves of each of the three areas.

Fig. 7. Groups the most attractive MT curves of each of the three areas studied:

Area 1. Z: Zarate province of Buenos Aires
Area 2. P: Pilar province of Cordoba
Area 3. TR: Taco Ralo province of Tucuman

Using the MT imbricated tetralogarithmic abacus of Fournier (1962, 1963, 1965) we may see easily the 
surprising fact that for the period of 1000 s the MT soundings of Zarate, Pilar, Taco Ralo give respectively a 
depth of about 450,80 and 11 km. This is regular because there is 3.2 decades difference between the extreme 
values of log p, that means consequently 1.6 decade difference between the corresponding values of 
log h — x  40 approximately — according to the system of two non linear equations with four parameters of 
the theory. This is one of the interesting properties of the MT method of Louis Cagniard (1953).

All the MT soundings curve described in this note were obtained by the use of different kinds of 
magnetic variometers — mumetal core coiled barres — and a Canadian fluxgate three-components 
magnetometer. All these apparatus were described by Febrer et al. (1977), Febrer et al. (1980), and Gasco 
(1980)
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DETERMINATION OF COEFFICIENTS 
FOR THE COMPUTATION OF DERIVATIVES 

OF POTENTIAL FIELDS WITH RESPECT 
TO X ,  Y  AND Z

К Kis1
[Manuscript received April 6, 1983]

The present paper includes the derivation of several sets of coefficients which can be used in 
the approximation of the derivatives of potential fields with respect to x, у and z. The coefficients form 
two-dimensional weight functions of digital filters and they are to be convolved with the input data. 
Due to this approach the sets of coefficients can be derived from the truncated transfer functions of 
the corresponding operations. The truncation removes the undesirable high amplification of the high 
frequency components of the input. The paper gives several sets of coefficients (Tables I—III) obtained 
by truncation with a Gaussian low-pass filter. The application of the coefficients are illustrated by 
models as well as by the derivatives of measured Bouguer anomaly data.

Keywords: computation of 2-D derivatives; derivatives of potential fields; gravity field 
derivatives; two dimensional weight function

Introduction

In due course of various computations with potential fields the determination of 
derivatives with respect to the x, у or z coordinates are often required. The derivatives 
are to be computed from digital data, representing the gravity or magnetic fields at 
discrete points. E.g. the reduction to the (north) magnetic pole requires the direction of 
the magnetic polarization and it can be estimated by Poisson’s equation (Ross and 
Lavin 1966, Chandler et al. 1981). The estimation, in turn, requires the determination of 
various derivatives of the Bouguer anomaly field over the same area.

The determination of the sets of coefficients for the computation 
of various derivatives

The purpose of the derivation is the determination of two-dimensional sets of 
coefficients which, when convolved with the input data, give good approximations to 
certain derivatives of the input. In accordance with general usage in geophysics the 
coordinate axes x and y are directed towards North and East, respectively, while the z 
axis points downwards.

1 Department of Geophysics Eötvös Loránd University H-1083 Budapest, Kun Béla tér 2, Hungary
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The theoretical transfer functions have long been known (e.g. Erdélyi et al. 1954) 
and they read

Six(fx, f y)=j2nfx, (1)

Siy(fx, f y)=j2nfy, (2)

SdAL,fy) = M f 2x + f 2y)112, (3)

where f x and /  denote spatial frequencies, measured along the x and y axes, 
respectively. We may introduce dimensionless spatial frequencies by the definitions

/x  = /*t and f ' y = f y T, (4)

where т denotes the grid spacing.
The imaginary part of the transfer function (1) is shown on the left of Fig. 1. The 

imaginary part of the transfer function (2) can be seen on the upper part of Fig. 2, and 
the real part of the transfer function (3) is presented on the left of Fig. 3. All three 
theoretical transfer functions are depicted as functions of the dimensionless frequency 
variables f'x and f'r

Fiy. I. The imaginary parts of the theoretical and actual transfer functions of the computation of the 
derivatives with respect to x  (left and right). The independent variables are the dimensionless frequencies

f  'x a n d  / ;
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Fig. 2. The imaginary parts of the theoretical and actual transfer functions of the computation of the 
derivatives with respect to y (top and bottom). The independent variables are the dimensionless frequencies

f'x a n d /;

It has long been recognised that the amplification in the high frequency range is 
undesirable, since this range possesses the lowest signal-to-noise level. As a 
consequence, amplification of the high frequency components usually corresponds to 
the amplification of the high frequency noise. In order to remove this undesirable 
property the theoretical transfer function is multiplied with a two-dimensional 
window. In the present paper we use the window function

/3  6\2

SLp(fx, f y) = e - W « 2~+'l'. (5)

The windowing corresponds to low-pass filtering of the input (Meskó 1967). 
The parameter m in Eq. (5) is used to modify the cut-off frequency of the filter. If m is 
small, e.g. m = 2, the pass-band becomes narrow, while for greater m’s, m = 8o r m = 9, 
the pass-band becomes wider. The advantages and practical aspects of the application

12 Acta Geodaetica, Geophysica el Montanistica Hung. Id. 1983
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Fig. 3. The theoretical and actual transfer functions ot the computation of the derivatives with respect to z 
(left and right). The independent variables are the dimensionless frequencies f 'x and f'y

of this particular type of low-pass filter with transfer function (5) is discussed in details 
by Meskó (1983).

Let us denote any of the theoretical transfer functions (l)-(3) by S{fx, f y). Then 
the transfer function after truncation reads

S A L , f y)=S(fx, f y)SLP(fx, f y). ( 6)

In the following computation we choose m = 9 for the parameter of the low-pass 
(wide pass-band).

The digital weight function is obtained by inverse Fourier transformation as 
follows

s(x,y) =

M
2

M 2 M
2

M
2

(7)

where x and у are discrete variables

X =

y —

N
У ’
N
У’

- ! + | "
N
У +

...о,

. . , 0 ,

N
”У

N
' "У

( 8)

(the sampling distance is considered unity). Equation (7) has been evaluated with 
M =32 for the range of the variables x and у from —5 to 5.

Results are given in Tables I, II and III. Due to the symmetry properties of the 
digital weight functions one quadrant determines the whole set of coefficients. Thus 
each Table contains essentially one quadrant of the corresponding sets of coefficients.
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Table I

-0.001 229 -0.000670 -0.000102 -0.000006 0.000000 0.000000
0.001 382 0.000753 0.000115 0.000007 0.000000 0.000000

-0.004397 -0.002  394 -0.000365 -0.000022 0.000002 0.000000
-0.039418 -0.021467 -0.003 272 -0.000198 0.000014 0.000002
-0.131262 -0.071486 -0.010897 -0.000658 0.000047 0.000007

0.000000 0.000000 0.000000 0.000000 0.000000 0.000000

Table II

0.000000 0.000007 0.000002 0.000000 0.000000 0.000000
0.000000 0.000047 0.000014 0.000002 0.000000 0.000000
0.000000 -0.000658 -0.000198 -0.000022 0.000007 -0.000006
0.000000 -0.010897 -0.003 272 -0 .000  365 0.000115 -0.000 102
0.000000 -0.071486 -0.021467 -0 .002  394 0.000753 -0.000670
0.000000 -0.131262 -0.039418 -0 .004  397 0.001 382 -0.001 229

Table III

-0.002988 -0.002  852 -0.002 575 -0.002 296 -0.002059 -0.001 878
-0.005016 -0 .004  529 -0.003640 -0.002 903 -0.002 390 -0.002059
-0.011448 -0.009 837 -0.006 520 -0.004 106 -0.002903 -0.002 296
-0.022938 -0.023 120 -0.014 766 -0.006 520 -0.003 640 -0.002 575

0.097 600 0.021 882 -0.023 120 -0.009 837 -0.004 529 -0.002 852
0.266837 0.097 600 -0.022938 -0.011 448 -0.005016 -0.002988

The first columns give the coefficients along the positive x axis, the last rows give the 
coefficients along the positive y axis. The central coefficient of each set of coefficients is 
given in the first place (first column) of the last row.

The whole set of coefficients for approximate digital computation of the 
derivative with respect to x is obtained by reflecting the values in the first quadrant to 
the coordinate axes and multiplying with (—1) the values in the third and fourth 
quadrants, as shown in Fig. 4.

The whole set of coefficients for the approximate digital computation of the 
derivative with respect to y is obtained by reflecting the values in the first quadrant to 
the coordinate axes and then multiplying with ( — 1) the values in the second and third 
quadrants, as shown in Fig. 5.

The whole set of coefficients for approximate digital computation of the 
derivative with respect to z is obtained, again, by reflecting the values in the first 
quadrant to the coordinate axes. Now, however the signs do not change.

If we want to obtain the derivatives in s -2 units the results of the convolution 
with the corresponding sets of coefficients should be multiplied a constant whose

12* A da GeoJaetica, Geophysica et Montanistica Huny. IS. I9S3
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+  1

- 1 -1

Fig. 4. The multipliers to be used in the derivation of the whole set of coefficients, corresponding to the 
computation of the derivatives with respect to x  from the coefficients in the first quadrant

X

У

-1 X 1

Fig. 5. The multipliers to be used in the derivation of the whole set of coefficients, corresponding to the 
computation of the derivatives with respect to у from the coefficients in the first quadrant

numerical value depends on the sampling distance. The constants are summarised in 
Table IV.

The actual transfer functions have been determined by taking the digital Fourier 
transform of the computed sets of coefficients. These are shown in Figs 1-3 besides the 
corresponding theoretical transfer functions. The actual and theoretical transfer 
functions should be close to each other in the neighbourhood of the origin, i.e. in the 
pass-band of the low-pass filter (5). For the medium and high-frequency range the
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derivations become significant since the application of the low-pass filter introduces 
continuously increasing attenuation. The phase-characteristics of the theoretical and 
actual transfer functions are identical to each other. The actual transfer functions are 
periodic.

Table IV

Factor if

Sampling distance data are obtained data are obtained
in mgal units in /m is "  units

100 m 1 1 0 " 1 • 1 0 "
250 m 4- 1 0 " 4 1 0 "
500 m 2- 1 0 " 2- 1 0 "

1000 m 1 1 0 "- 1 • 1 0 "
2000 m 5- 10 9 5- 10-,ü
5000 m 2- 10 9 2- IO -'0

10000 m 1 • 1 0 " 1 ■10- 10

The illustration of the method by a simple model

The approximate digital determination of derivatives is illustrated by the 
computation of the derivatives of the gravity field due to a sphere. The radius, the 
specific density, depth of the center and the mass of the sphere be denoted by R, p, d, and 
m, respectively. The origin of the coordinate system (x, y) is placed above the center of 
the sphere, the z coordinate axis is directed vertically downwards and it goes through 
the center of the sphere. Then the z-component of the gravity field due to the sphere 
becomes

yz(x, y) = Gm d
(x2+y2+d2)3'2’ (9)

where G is the gravitational constant.
Due to the simplicity of the analytical expression, describing the field of the 

sphere, the derivatives with respect to x, y, and z can be easily (and analytically) 
determined. They are

and

ôx дг(х, y)= - 3  Gm

т у Лх , у)=dy
3Gm

dz У Ax, y )= -G m

xd
(x2+ y 2 + d2)5/2

yd
(x2 + y2 + d2)3'2

3d 1 N
(x2 + y2 + d2)5/2 + (x2 + y2 + d2)3'2,

( 10)

( П )

( 12)
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Fig. 6. The z-component of the gravity field due to a sphere g, and its derivatives (continues lines) compared 
to the values of derivatives obtained digitally (open circles) (p =  3 • 103 kgm 3, d = 50 m, R =0.2 d, the 

independent variables 0.1 • dx or 0.1 • dy, the units /m is-2 and 10 9s~2 respectively)
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The z component of the gravity field along the x axis is shown in Fig. 6 (top), 
together with its derivatives. The derivatives with respect to x and z are shown along 
the x axis, the derivative with respect to y is shown along the y axis. The type of the 
derivatives is indicated. Values determined by the application of the sets of coefficients 
are shown along the same axes (x, y and x, respectively). The derivatives, obtained 
digitally are depicted by circles.

Application to measured data

Figure 7 shows the Bouguer anomaly field over the Vése prospection area. The 
sampling distance is 1000 m. The x, y and z derivatives of the fields, obtained by 
convolving original data with the derived sets of coefficients, are given as Figs 8-10 
respectively.

Fig. 7. Bouguer anomaly field over the Vése prospection area. Anomalies are contured at 10 /ims 1

Acta Geodaetica, Geophysica et Montanistica Hung. 18. 1983
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5 kilometresI---------------- 1

Fig. 8. The derivatives with respect to x  of the Bouguer gravity (shown in Fig. 7), obtained by the set of 
coefficients in Table I (Isolines are 10- 9 s -2 apart)

Fig. 9. The derivatives with respect to у of the Bouguer gravity (shown in Fig. 7), obtained by the set of 
coefficents in Table II (Isolines are 1 0 '9 s -2 apart)
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N

5 kilometres
I-----------------1

Fig. 10. The derivatives with respect to z of the Bouguer gravity (shown in Fig. 7), obtained by the set of 
coefficients in Table III (lsolines are l O ^ s -2 apart)

Acknowledgements

The author would like to thank Prof. A Meskó for the discussions and Mr. F Kovács for the 
permission to use giavity data measured by the Geophysical Prospecting Company.

References

Chandler V W, Koski J S, Hinze W J, Braile L W 1981: Analysis of multisource gravity and magnetic 
anomaly data sets by moving-window application of Poisson’s theorem. Geophysics, 46, 30-39. 

Erdélyi A et al. 1954: Tables of Integral Transforms. McGraw-Hill Book Co. New York.
Kovács F 1982: Private communication.
Meskó A 1967: Gravity interpretation and information theory II. Smoothing and computation of regionals. 

Annales Univ. Sei., 10, 15-27.
Meskó A 1983: Regional Bouguer gravity maps of Hungary. Acta Geod. Geoph. Mont. Hung., 18 (in press) 
Ross H P, Lavin P M 1966: In situ determination of the remanent vector of two-dimensional tabular bodies.

Geophysics, 31, 948-962.

Acta Geodaetica, Geophyska et Montanislica Hung. IS. 1983





Acta Geodaet., Geophys. el Montanist. Hung. Volume 18 (4). pp. 513— 516 (1983)

Book reviews

E B isztricsány  and G y S zeido vitz  eds: Proceed
ings of the 17th Assembly o f the European Seismolog- 
ical Commission. Akadémiai Kiadó, Budapest, 1982 
(Joint edition with Elsevier, Amsterdam) 689 p.

This volume contains about 120 papers present
ed at the 17th Assembly of ESC in Budapest, 1980, 
being the majority of all papers presented there. The 
papers are divided into chapters covering main 
areas of seismology, giving a colourful picture of this 
field of science at a given moment. That means that 
events being recent at the time of the symposium are 
well documented in the volume.

After Professor Ritsema’s Presidential Address, 
the first part deals with the European Digital 
Seismic Network (EDS NET). Two papers discuss 
the Bulgarian part of the system, the others (4) 
different problems (processing, accuracy, instru
mentation) connected with it.

Earthquake Hazard and Prediction is represent
ed by 9 papers, including most hopeful methods of 
prediction (geoelectric Vp/Vs, geologic factors etc.) 
and give also a general survey about Europe, 
Anatolia and Czechoslovakia from this point of 
view.

Seismicity is one of the best represented sections 
(21 papers), including 5 papers on the April 15,1979 
quake in Yugoslavia and Albania. Other papers 
describe seismicity of the GDR, Mexico, Finland, 
Bulgaria, or generally Central and Eastern Europe 
(4 papers). The remaining part of the sections deal 
with problems connected with seismicity (mag
nitude and intensity determination, rock behaviour, 
analysis of historical data etc.).

Data Acquisition contains papers on the new 
Hungarian and GDR teleseismic systems, as well as 
a paper on coordinated geodetic measurements.

The section Focal Mechanism and Earthquake 
Prediction contains 6, Microseisms and Seismic 
Noise 5 papers closely related to the title.

Theory and Interpretation includes 10 papers 
e.g. on synthetic seismograms, propagation, new 
arrival-types, atmospheric pressure waves due to the 
St. Helens eruption etc.

Deep Seismic Sounding is represented by 2 
papers, Physical and Chemical Properties of the 
Mantle by 11, including topics like ferroelectricity, 
electric properties of garnets, electromagnetic 
sounding with submarine cables, phase transitions, 
core anelasticity, fragmentation of the Farallon 
plate and rheology of subducted slabs.

Recent Crustal Movements and Associated 
Seismology are described in the Fennoscandian 
uplift zone, Phlegrean fields, Rumania, Switzerland, 
Great Hungarian Plain, Rhinegraben, and 
Bohemian Massif among others, altogether 9 
papers.

Crustal structure in Europe consists of 21 
papers, 4 on the Iberian Peninsula, 3 on Fen- 
noscandia (Fennolora project), 2 each on the 
Bohemian Massif, on the Hercynian belt, on Eastern 
Europe, one each on the North Atlantic, Italy, 
Aquitany and the Tien-Shan region, the other 
papers discuss regional or general questions.

A special feature of this assembly was the 
discussion of problems of Plate Tectonics in Eastern 
Europe. 7 papers deal with the Carpathians and the 
Pannonian Basin, 6 with problems of adjacent 
regions. The volume is supplemented by 2 papers on 
other fields.

As this short summary shows, a characteristic 
feature of the assembly was a strong participation of 
seismologists from Eastern Europe, so a high 
number of papers is devoted to this part of the 
continent, representing a certain guideline in the 
wide variety of topics discussed. Welcome addition 
to the book is a copy of the first isoseismal map of 
the world, that of the Mór earthquake, January 14, 
1810, made by the Hungarian Pál Kitaibel.

J Verő
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Geodesia Universalis Festschrift Karl Rinner zum 70. 
Geburtstag. Mitteilungen der Geodätischen Insti
tute der Technischen Universität Graz, Folge 40. 
Graz, 1982 p. 382

For the 70th birthday of Prof. К Rinner the 
Technical University of Graz published this pro
ceedings in 1982. The book contains 39 articles from 
Austrian and foreign authors. They are all well 
known experts in the field of Geodesy.

About the life and scientific activity of Prof. 
Rinner we can read a review written by Prof. H 
Moritz. The articles can be divided in the following 
topics: physical geodesy, surveying, computation and 
adjustment, measurement technique, photogram- 
metry.

The proceedings printed at the Technical Uni
versity of Graz contains 382 pages with a number of 
figures and tables. The papers deal with up-to-date 
problems of geodesy and so it seems to be very useful 
for many readers.

J Somogyi

H W G e o r g ii and J P a n k r a t h : Deposition o f At
mospheric Pollutants. D. Reidel Publishing Com
pany, Dordrecht, Holland, 1982. 217 pp., 100 figs., 
Dfl 85.00/US $37.00

This book contains the papers presented at a col
loquium held at Oberursel/Taunus, West Germany, 
9-11 November 1981. The papers discuss the results 
of investigations of processes opposite to atmospher
ic pollution. The proceedings are divided on the 
basis of these processes in two groups, dry and 
wet deposition. Most of the papers deals with the 
results of research work done in West Germany, 
but scientists from Great Britain, France, the Neth
erlands and Hungary contributed also to the dis
cussion.

On the basis of the papers the main results of the 
investigations of dry deposition can be summarized 
as follows: The values of deposition velocity measur
ed in wind tunnels may be applied in field conditions 
with an uncertainty of a factor of ~ 3  (Garland). 
Both field and wind tunnel experiments show 
deviations from the deposition velocities predicted 
by the model of Sehmel and Hodgson up to one 
order of magnitude (Markgrander and Flothmann). 
Recent experimental work confirms that deposition 
velocity is dependent on atmospheric stability and 
surface conditions (Davies and Nicholson). Measur
ing the mass size distribution, the atmospheric 
residence time can be determined and substances 
classified into local, regional and long-range pol

lutants (Müller). The atmospheric ammonia level 
generally exceeds the equilibrium concentration, 
which is determined by the chemical composition of 
the soil (Horváth).

The wet deposition of atmospheric pollutants 
has been discussed by eleven papers and the main 
results are as follows: The global distribution of the 
acidity in precipitation shows a maximum in North 
Europe and a minimum in Central Asia (Georgii). 
Rain acidity is due with decreasing pH to increasing 
acid concentration and limited removal capability 
of rain causes the spread of pollutants to large areas 
(Winkler). The wet deposition pattern is mainly 
determined by the precipitation pattern (Perseke). 
Concentrations of substances show a larger varia
tion during rain from convective clouds, than in 
precipitation from stratiform clouds (Kins). Sul
phate concentrations show a variation—parallel to 
the seasonal variation of pH values with high 
concentrations in winter and lower values in 
summer (Kuttler). It has been shown that the acid in 
rain associated with maritime air masses does not 
differ much from that in rain associated with 
continental air masses due to the higher degree of 
neutralization of acid by NH3 in the latter case 
(Asman, Jonker, Slanina and Baard). The immediate 
deep freezing of rain samples assures the con
tamination free preservation resulting in a reduced 
diffusion to walls and diminished chemical, as well 
as bacteriological activity (Müller, Aheimer and 
Gravenhorst). The insoluble fractions of polycyclic 
aromatic hydrocarbons are much higher in the city 
than the soluble fractions (Schmitt). More than 90% 
of toxic metals as Pb, Cd, Cu, Zn and Se are 
dissolved in the rain, the toxic metal concentration 
being substantially higher during the initial two 
hours of rainfalls (Nürnberg, Valenta and Nguyen). 
Metals bound on submicron aerosol particles are 
removed primarily by wet deposition, while that on 
coarse particles by dry deposition (Rohbock). Many 
elements, which have greater soluble fractions, are 
associated with smaller aerosol particles (Pattenden, 
Branson and Fisher).

The aerosol concentrations, depending on the 
size and the sort of tree showed much lower values 
beneath the canopies, than above it (Gravenhorst 
and Höfken). The concentration of ions and ele
ments is much higher in the throughfall, than in the 
precipitation above the forest (Höfken and Graven
horst). Dry deposition to forests in rural areas may 
even exceed wet deposition (Mayer and Ulrich). The 
knowledge of the deposition mechanism can be used 
also to predict corrosion effects on man-made 
materials (Lanting).

P Bencze
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A N ishida  ed.: Magnetospheric Plasma Dynamics. 
Developments in earth and planetary sciences 04. 
Lectures presented at the Autumn College of 
Plasma Physics, International Center for Theoret
ical Physics, Trieste, Italy, Center for Academic 
Publications, Japan, Reidel, 1982 p. 348, US $ 49.50

The present book includes five review papers 
presented at the Autumn College of Plasma Physics, 
held at the International Center for Theoretical 
Physics in Trieste, Italy in 1979. This occasion 
offered a possibility to discuss results of mag- 
netospheric plasma physics with other branches of 
plasma physics, and accordingly, the reviews intend 
to give a possibly full picture of the phenomena to be 
explained. This character of the book makes it a 
really valuable collection of different points of view, 
which give at the end nevertheless a uniform picture. 
This is then the greatest advantage, in addition to 
being really a review, that means it indicates further 
sources of informations concerning processes and 
phenomena described shortly here.

In Chapter I, the editor, Nishida, discusses the 
origin of not only terrestrial magnetospheric plas
mas, but also that of the plasma in the mag
netosphere of other planets, with special emphasis 
on the Jovian plasma from Io. Here as in the 
following the rich and well chosen pictorial part 
strongly enhances the understanding of the text. 
Both atmospheric and extra-planetary origins of the 
plasmas are elucidated.

In Chapter 2, Haerendel and Paschman deals 
with the interaction of the solar wind with the 
dayside magnetosphere. Here beginning from the 
solar wind, and continuing by the bow shock and 
the boundary layer, the effects and processes arc 
outlined which at the end determine the state of the 
magnetosphere. Special emphasis is given to the 
long-discussed process of field line reconnection at 
the magnetopause, and the most recent results at the 
time of the presentation are also explained. In the 
last part, some microprocesses related to recon
nection are surveyed, including e.g. different wave 
phenomena.

Chapter 3 continues the discussion of the solar 
wind-magnetosphere interaction on the opposite, 
night-side of the magnetosphere. A number of 
instabilities, as the lower-hybrid-drift instability and 
the tearing instability are explained in their re
spective magnetospheric application. Galeev con
cludes the Chapter with, the description of the 
macroscopic consequences of the ion tearing mode 
instability.

Auroral physics, i.e. special situations arising in 
the polar zones, in the cusp region of the mag

netosphere are treated in Chapter 4 by Sato. The 
main sections deal with the primary energy sources 
of the auroras and substorms, with the role of double 
layers in the acceleration, including several labora
tory experiments of the author about these double 
layers. The magnetosphere-ionosphere coupling, i.e. 
the cause for the spectacular auroral arcs and the 
kilometric radiation, being an important factor in 
the energy balance of the auroras are reviewed in the 
subsequent sections.

In the last Chapter 5, Kennel and Ashour- 
Abdalla review electrostatic waves and the strong 
diffusion of magnetospheric electrons. This review 
can include only a part of the wave phenomena 
observed in the magnetosphere, however, it picks 
out the most exciting ones, such as e.g. electron 
cyclotron harmonic instabilities. It gives also a 
comprehensive section on observational facts, fol
lowed by a comparison of the most important 
theoretical points with observations.

Summarizingly, the present book is an excellent 
review of the magnetospheric plasma physics at the 
time of the end of the International Magnetospheric 
Studies.

J Verő

A E S ch eideg g er: Principles of Geodynamics. 3rd 
completely new ed. Berlin-Heidelberg-New York: 
Springer Verlag 1982, ISBN 3-540-11323-1. 126 figs 
XVII, 395 pages. Cloth DM 165.—; approx. US
$ 73.30

The main subject of GEODYNAMICS is "to 
provide the basis for understanding the origin of the 
visible surface features of the Earth”, as the author 
has written in the Preface of the present treatise on 
theoretical geology. (It should be noted that Sprin
ger Verlag published an other book by the same 
author on Theoretical Geomorphology as the 
“antagonistic pair” of this one on geodynamic 
processes.)

This is the third completely revised edition of this 
book. “Although the headings of the chapters and 
sections are much the same as in the previous 
editions, it will be found that most of the material is, 
in fact, new.” The author has explained this change 
by the entirely new philosophy of the plate tectonics 
coming into its own since the last edition of this 
book at the end of sixties. This book is first of all a 
compilation of the writer’s ideas on the subject of 
geodynamics (more than 50 of the author’s own 
scientific papiers are referred among some hundreds 
of others).
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The book consists of the following eight 
chapters:

1. Physiographic and Geological Data Regarding 
the Earth

2. Geophysical Data Regarding the Earth
3. The Mechanics of Deformation
4. Geodynamic Effects of the Rotation of the Earth
5. Planetary Problems
6. Orogenesis
7. Geotectonics
8. Theory of Some Local Features.

It is admirable how many problems of different 
and apparently independent branches of geo
sciences are condensed into this book showing their 
multilateral relations realized in the Earth. Beside 
the principles of the theory of the deformation of 
continuous material the book summarizes the 
physical facts about the Earth and gives a very 
comprehensive review on various aspect of geo

dynamics as they are covered by the titles of the 
chapters.

A special merit of the book is its concise, and at 
the same time very clear style which is needed to 
catch the essence of scientific results multiplying 
from day to day. The rapid progress in sciences can 
explain that in some special questions the author’s 
treatment is no more up-to-date. Nevertheless, it is 
an advantage that there is a lot of geodynamic 
problems on which the author can report on the 
results of his own researches and on his views.

The clear mathematical treatment of the prob
lems, the well-collected figures help the readers to 
reach a higher level in their theoretical and practical 
knowledge on geodynamics.

The book is warmly recommended not only to 
geoscientists who are interested in geodynamics but 
to those also who want to get a systematic overview 
on different branches of geosciences and their 
interconnections.

A Adam
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