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The Recent Crustal Stress Field in Central Europe' 

Trajectories and Finite Element Modeling 

G. GRONTHAL AND D. STROMEYER 

Zentralinstitut fiir Physik der Erde, Potsdam, Germany 

The recent crustal stress field of Central Europe and especially of the adjoining areas to the east is 

presented in terms of the directions of maximum horizontal stress (SHmax). The analysis is based on 
fault plane solutions, in situ stress measurements, geologic fault slip determinations, and repeated 
precise geodetic triangulations. A bending of the direction of S Hmax from the well-known NW-SE 
direction in the western part of the study area to directions of NE-SW to E-W in the eastern part is 
shown. First results on the recent crustal stress field of the study area were presented by Grfinthal and 
Stromeyer (1986), who substantiated this tendency of bending in the central and eastern parts of the 
study area by few observations only. Therefore one aim of this paper was to compile observations on 
the areas with few data points. Generally, these additional data confirm the previously established 
pattern; in some areas, especially in the Pannonian basin, the stress features became more complicated 
compared with those solely based on a few data points. The second part of the paper presents steady 
state elastic finite element model calculations to provide some possible explanations of the observed 
stress orientations as a result of plate driving forces. Simulation of the North Atlantic seafloor 
spreading and the northward directed motion of the African plate by appropriate boundary loads 
produces a pattern of SHmax directions for the western part of the Eurasian plate which is compatible 
with the broad-scale observed stress directions. Subregional anomalies such as the fanlike stress 
pattern perpendicular to the arc of the Western Alps or the radial directions around the Pannonian 
basin can be explained only when additional stress producing features are introduced overmodulating 
the regional field. Rigorous introduction of physically constrained model parameters for all these 
features was not feasible to date. Therefore the preliminary empirical model calculations presented in 
this paper are attempts to discuss which features have the most influence on the stress field. They are, 
in a regional scale, the North Atlantic seafloor spreading, the northward motion of the African and the 
Arabian plate, and obviously, subregionally, increased stiffness of the Apulian promontary as well as 
of the Bohemian massif. 

1. INTRODUCTION 

In this paper we present an update of the Griinthal and 

Stromeyer [1986] compilation of stress orientation data and 

their finite element modeling for Central Europe. The term 

Central Europe is used here in a broader sense. We have 

chosen our area of special interest that it includes the 

following remarkable tectonic features: (1) the Alpine moun- 

tain chains of the entire Alps and the entire Carpathians, (2) 

the seismically active Upper Rhine Graben and the Lower 

Rhine embayment, and (3) parts of the Variscan West 

European platform separated by the Tornquist-Teysseire 

line from the East European platform. The area, on which 

we focused our research activities, reaches from 44øN to 

54øN and from 3øE to 30øE. 

Previously, we found that the crustal stress state of 

Central Europe, in terms of its horizontal compressive 

component, generally has regional uniformity. The data 

available for the eastern half of the study area, being 

relatively scarce in this paper, show a tendency following a 

stress direction of NE-SW to east-west. This pattern differs 

considerably from the well-established NW-SE to NNW- 

SSE direction in western Central Europe, that is, especially 

the Western Alps and the Rhine area, which is based both on 

orientations of maximum horizontal stress S Hmax of in situ 

stress measurements (overcoring or hydrofrac), for example, 

after Illies et al. [1981] or Baumann and Illies [1983], and on 
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directions of P axes of earthquake fault plane solutions, for 

example, by Ahorner et al. [1983] or by Pavoni [1980a]. 

The observed broad-scale stress pattern, which is prima- 

rily tectonic in origin [Zoback et al., 1989], was found in our 

previous paper to be in agreement with rather simple numer- 

ical stress field calculations for a homogeneous elastic plate 

under boundary loads according to plate tectonic driving 

forces. The finite element procedure used here relies on an 

improved model, but regarding the complexity of the prob- 

lem to be solved, this approach constrains strongly simpli- 

fied assumptions. 

The aims of this study are (1) to complete our presently 

relatively limited knowledge on the state of stress in the 

central, eastern, and southeastern parts of the study area, 

that is, the stable and therefore aseismic or low seismicity 

parts of the Variscan European platform, parts of the East 

European platform, the Pannonian basin, and the Carpathian 

belt and (2) to provide to an explanation of the observed 

stress pattern using an elastic finite element modeling of the 

Earth's crust in the western part of the Eurasian plate 

reaching up to the plate boundaries in the North Atlantic and 

in the Mediterranean region. 

2. DATA 

Up to now the only stress parameter for the Earth's crust 

which is available with sufficient reliability and in sufficient 

quantity is the direction of principal stress. Usually, projec- 

tion on the Earth's surface is used for simplifying the 

approach. So, all our considerations are restricted to hori- 

zontal compressive and tensional stress directions assumed 

to be representative for the Earth's crust. 
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This study is generally based on published stress data 

compiled by the authors; some previously unpublished 

stress data have been added (e.g., data taken from special 

research reports or from personal communications). All data 

in this paper are quality ranked according to the World 

Stress Map project and are included in the World Stress Map 

data base available on floppy disks from the National Geo- 

physical Data Center, Boulder, Colorado (see Zoback [this 

issue] for details). Some published data which were assessed 

and turned out to be too poor were deleted from our data set. 

According to the above mentioned restriction of our contri- 

bution to the study of the directions of horizontal stresses, 

we do not consider the magnitudes of the stress components 

in the different tabulated compilations discussed below. The 

appropriate stress magnitude information is included in the 

data base of the World Stress Map. 

Most stress information results from earthquake focal 
mechanism solutions. We utilized focal mechanism data for 

single events, composite solutions, and, in a few cases, 

averages of focal mechanisms with appropriate quality rank- 

ing. Only crustal earthquakes were considered. If the same 

focal mechanism solution for an earthquake was published 

by different authors, we refer to the earliest paper. In the 

case where different solutions exist for the same earthquake 

we select the best constrained mechanism, that is, the 

solution which is based on the largest number of polarity 

readings or for which better reliability criteria can be given 

as compared with other solutions. In agreement with the 

editorial board of this issue we restrict the data presentation 

to the region east of 10øE (Table 1), the area especially 

covered by this paper as described in the introduction. The 

data for western Europe are described in detail by Milllet et 

al. [this issue]. All data are available on floppy disks as 

previously mentioned. 

Another type of data of principal stress orientations is 

derived from in situ stress measurements (hydrofrac and 

overcoring and to this group we also refer to the technique of 

analyzing drill hole elongations). Following the general pol- 

icy of this special section, previously published in situ stress 

data are not given here in tabulated form, unless those data 

are from generally inaccessible publications. Also, those in 

situ stress data which were already included in the data file 

of the World Stress Map Project and which are the focus of 

Milllet et al. [this issue] are not repeated here. Additionally, 
the restriction on data east of 10øE holds also for this data 

set. The remaining in situ stress data are compiled in Table 
2. 

Some of the tabulated in situ stress data [Gross, 1989] are 

from the North German plain, a sedimentary basin reaching 

a sediment thickness of up to 10 km. For our study we 

consider only those stress data of this region from depths 

beneath the base of the Zechstein-salthorizon (in the area 

studied by Gross [1989] in a depth range of 3100-3300 m) 

because the stress data above this horizon are mainly 

influenced by salt domes representing strong lateral inhomo- 

geneities. Simple model considerations show that salt domes 

cause extreme changes of the direction of the stress field 

near to such diapirs [Schneider, 1985]. Changes of stress 

directions with depth are known also from other sedimentary 

basins (for example, by Becker et al. [1984] for northern 

Switzerland). Generally, in this study we use the data from 

the greatest depths when data from different depths for one 

locality are available and especially when changing stress 

directions with depth are observed. 

The third and fourth types of data used in this study are 

stress directions inferred from geologic fault slip and princi- 

pal strain directions inferred from repeated geodetic triangu- 

lations (see Table 3 for data east of 10øE). These data are 

described briefly. 

Poljak [1984] measured trends of several tens of exten- 
sional and shear fractures as well as fold axes at different 

outcrops in the Mur depression (northernmost Yugoslavia, 

SW margin of the Pannonian basin) and inferred S Hmax 
orientations from trends of these different features as repre- 

sented on Schmidt diagrams. The analysis of the structural 

neotectonic (post-Pliocene) elements shows NE-SW com- 

pression (events 7 and 8 in Table 3). Other post-Oligocene 

and post-Miocene data of Poljak's paper were not used in 

our investigation which is focused, like the World Map 

Project, on youngest stress conditions. 

Kotas [1983] describes (Pleistocene-Holocene) strike-slip 

offsets on a family of faults in central and southern parts of 
Poland. These offsets occur as dextral movements on N-S 

trending faults in central Poland and as dextral movements 

on N-S faults and sinistral movements on conjugate E-W 

oriented faults in southern Poland. According to classical 

frictional faulting theory the maximum compression axis can 

be assumed at about 30 ø to the N-S faults in central Poland; 

however, the SHmax direction for the near-perpendicular 
conjugate faulting in southern Poland is taken as the bisector 

or suggesting a mean NE-SW S Hmax direction (45ø). 

Pilafski [1988] interpreted SHmax directions in eastern 
Saxony from combined analysis of satellite images and field 

observations at several sites. He found N-S directed joints in 

outcrops of glacial deposits of the Saalian ice age (0.1-0.2 

Ma). The extensional character of the N-S elements is 

evident. Some of these joints are connected with NNE 

elements, both form wedge-shaped configurations. The N-S 

elements are related to small strike-slip offsets and S Hmax 
should be N30ø-45øE. 

Geodetically derived directions 0• of maximum horizontal 
compressional strain are also tabulated in Table 3. Accord- 

ing to Thurm et al. [ 1977], 0• follows from the shear strain T, 

using 01 = 1/2 arctan [•'/(ex - ey)], where ex is the strain 
component in N-S direction and Ey is the strain component in 
E-W direction. 

Strain data were analyzed by Thurm et al. [1977] for an 

area of 12500 km 2 (Saxony) based on triangulations carried 
out in 1890 and 1960. The different strain parameters were 

computed for 880 points of this study area and depicted in 

maps. Despite some local derivations, the clear majority of 

data shows a dominating NW-SE directed compression. We 

have tabulated this mean value, recognizing that it repre- 

sents a principal strain, but principal stress, direction. Strain 

data are included here because they provide additional 

information on the deformation of the crust and, assuming an 

isotropic relationship between stress and strain, they can be 

interpreted in the context of the stress data. Similarly, this 

type of data was determined in Czechoslovakia by Vyskocil 

[1985, 1987] but with a less dense net of data points. The 

triangulation data do not have a quality assigned since the 

qualities based on the standards of the World Stress Map 

Project are not defined for these data. 

Stress patterns determined by in situ techniques usually 

show a striking correspondence with data obtained by fault 
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TABLE 1. Stress Orientation Data From Focal Mechanism Studies 

Latitude Longitude 
No. øN øE 

P Axis T Axis 

Depth, Strike, Dip, Strike, Dip, 
Date M km Q Type deg deg deg deg Reference 

1 48.55 10.2 

2 44.23 10.20 

3 44.78 10.29 

4 44.80 10.30 

5 47.16 10.75 

6 47.45 10.78 

7 44.14 10.80 

8 48.37 10.88 

9 44.07 11.64 

10 44.41 11.99 

11 44.63 12.01 

12 46.1 12.3 

13 50.25 12.45 

14 50.25 12.45 

15 50.25 12.45 

16 50.25 12.45 

17 50.24 12.45 

18 50.24 12.45 

19 50.24 12.45 

20 50.24 12.45 

21 50.24 12.45 

22 50.24 12.45 

23 50.24 12.45 

24 50.24 12.45 

25 50.24 12.45 

26 50.25 12.45 

27 50.23 12.46 

28 50.23 12.46 

29 46.0 12.5 

30 46.3 12.5 

31 50.61 12.69 

32 46.56 12.96 

33 46.4 13.0 

34 46.42 13.03 

35 47.00 14.20 

36 47.91 14.26 

37 47.60 15.80 

38 47.60 15.80 

39 47.73 15.92 

40 47.85 15.95 

41 47.73 16.02 

42 47.72 16.07 

43 51.46 16.14 

44 51.45 16.15 

45 51.46 16.15 

46 47.73 16.15 

47 48.03 16.20 

48 50.86 16.20 

49 47.80 16.25 

50 46.2 16.8 

51 44.98 17.04 

52 44.85 17.22 

53 44.88 17.23 

54 44.85 17.23 

55 44.84 17.30 

56 45.27 18.04 

57 47.06 18.1 

58 45.30 18.17 

59 48.74 19.16 

60 47.5 19.3 

61 51.25 19.40 

62 46.75 21.13 

63 46.75 21.13 

64 48.48 22.23 

65 47.68 23.22 

66 47.82 23.31 

68 45.3 25.1 

May 17, 1982 C FMS 345. 
Oct. 15, 1939 4.9 26. C FMS 118. 

July 15, 1971 4.8 7. C FMS 333. 
July 15, 1971 5.3 8. B FMS 12. 

1965 D FMA 174. 

Oct. 8, 1930 5.4 C FMS 221. 

Jan. 6, 1969 4.1 C FMS 314. 

Aug. 2, 1981 3.1 28. C FMS 353. 
Feb. 11, 1939 4.7 7. C FMS 150. 
Dec. 5, 1978 4.6 18. C FMS 317. 

Dec. 30, 1967 5.2 C FMS 49. 

Oct. 18, 1936 5.6 C FMS 162. 

Jan. 24, 1986 2.4 C FMS 137. 

Feb. 6, 1986 2.4 C FMS 130. 
Jan. 24, 1986 2.0 D FMS 132. 

Jan. 21, 1986 1.8 D FMS 109. 

Dec. 24, 1985 3.9 C FMS 117. 
Dec. 21, 1985 4.0 B FMS 119. 
Dec. 16, 1985 3.2 C FMS 127. 

Dec. 25, 1985 2.4 C FMS 147. 

Dec. 23, 1985 4.0 B FMS 328. 
Jan. 7, 1986 2.3 D FMS 148. 

Dec. 30, 1985 2.8 C FMS 143. 
Dec. 18, 1985 2.4 C FMS 166. 

Dec. 21, 1985 4.6 B FMS 127. 
Jan. 20, 1986 4.2 B FMS 146. 

Jan. 24, 1986 2.0 D FMS 111. 
Jan. 7, 1986 1.9 D FMS 119. 

Oct. 19, 1936 4.5 10. C FMS 159. 
June 8, 1934 4.5 20. C FMS 160. 

D FMC 148.8 

Nov. 5, 1956 4.8 2. C FMS 315. 
March 27, 1928 5.8 20. C FMS 351. 

March 27, 1928 5.8 20. C FMS 355. 
June 1, 1969 4.5 B FMS 143. 

Jan. 29, 1967 4.6 22. B FMS 25. 

Oct. 27, 1964 C FMS 228. 

June 30, 1964 C FMS 45. 

June 30, 1964 3. C FMS 47. 

Oct. 27, 1964 1. C FMS 196. 

April 16, 1972 19. C FMS 5. 
April 16, 1972 C FMS 352. 
June 20, 1987 2.1 0.8 D FMS 186.0 

July 11, 1987 2.1 0.8 D FMS 188.0 
June 24, 1987 1.9 0.8 D FMS 191.0 

April 16, 1972 C FMS 147. 
Dec. 2, 1963 C FMS 90. 

1979 C FMC 253. 

Jan. 5, 1972 C FMS 191. 

March 27, 1938 5.6 7. C FMS 40. 

Oct. 27, 1969 18. C FMS 15. 
Oct. 27, 1969 6.1 C FMS 196. 

Dec. 31, 1969 C FMS 28. 
Oct. 26, 1969 C FMS 190. 

Oct. 26, 1969 5.6 C FMS 194. 

April 13, 1964 6.1 5. B FMS 62. 
Aug. 15, 1985 4.7 10. C FMS 85.4 
April 13, 1964 C FMS 29. 
March 4, 1978 D FMS 68. 

Jan. 12, 1956 5.7 C FMS 143. 

Nov. 12, 1980 4.6 2. C FMS 64. 

June 22, 1978 3.9 D FMS 221.8 

June 22, 1978 4.6 8. D FMS 28.8 

July 1, 1982 4.6 3. C FMS 225.7 
March 30, 1979 4.7 C FMS 94. 

March 8, 1979 3.9 C FMS 92. 

April 18, 1969 5.2 10. B FMS 90. 

30. 

26. 

56. 

35. 

07 

60 

48 

74 

60 

11 

24 

38 

42 

47. 

42. 

52. 

42. 

5. 

11. 

3. 

36. 

27. 

43. 

32. 

0. 

48. 

42. 

00. 

0. 

25.2 

2. 

8. 

10. 

6. 

63. 

6. 

11. 

0. 

36. 

8. 

14. 

33.0 

19.0 

27.0 

40. 

25. 

66. 

0. 

35. 

5. 

10. 

50. 

13. 

23. 

9. 

21.8 

06. 

0. 

15. 

33.5 

11.7 

5.5 

26. 

248. 15. 

96. 10. 

184. 30. 

277. 10. 

316. 47. 

171. 25. 

257. 7. 

241. 1. 

214. 8. 

248. 79. 

64. 18. 

263. 38. 

257. 33. 

260. 29. 

251. 42. 

224. 12. 

20. 9. 

246. 79. 

243. 30. 

236. 36. 

44. 18. 

234. 2. 

67. 10. 

223. 9. 

56. 0. 

255. 36. 

261. 42. 

69. 00. 

70. 0. 

248.4 19.4 

45. 2. 

131. 78. 

263. 35. 

53. 25. 

190. 26. 

323. 35. 

126. 02. 

137. 0. 

301. 20. 

100. 27. 

82. 0. 

84.0 

96.0 

81.0 

224. 

270 

39 

101 

220 

195 

298 

277. 

100. 

333. 

290. 

355.1 

123. 

53. 

328. 

120.9 

130.0 

86.9 

5. 

188. 

Schmedes [1987] 

Cagnetti et al. [1976] 
Gasparini et al. [1985] 
Cagnetti et al. [1976] 
Schneider [ 1967] 

Cagnetti et al. [1976] 
Gasparini et al. [1985] 
Schmedes [1984] 

Gasparini et al. [1985] 
Gasparini et al. [1985] 
Gasparini et al. [1985] 
Ahorner et al. [1972] 

Zahradnik et al. [1988] 

Zahradnik et al. [1988] 

Zahradnik et al. [1988] 

Zahradnik et al. [1988] 

Grosset and KOhler [1988] 

Grosset and KOhler [1988] 

Grosset and KOhler [1988] 

Antonini [ 1988] 

Antonini [ 1988] 

Antonini [ 1988] 

Antonini [ 1988] 

Antonini [ 1988] 

Antonini [ 1988] 

Antonini [1988] 

Zahradnik et al. [1988] 

Zahradnik et al. [1988] 

Ritsema [ 1974] 

Ritsema [1974] 

H. Konietzky (personal 
communication, 1989) 

Cagnetti et al. [1976] 
Ritsema [ 1974] 

Cagnetti et al. [1976] 
Cagnetti et al. [1976] 
Cagnetti et al. [1976] 
Gangl [ 1975] 
Gangl [ 1975] 
Ritsema [ 1974] 

Ritsema [1974] 

Ritsema [ 1974] 

Gangl [ 1975] 
82.0 Gibowicz et al. [1989] 

89.0 Gibowicz et al. [1989] 

80.0 Gibowicz et al. [1989] 

08. Gangl [ 1975] 
65. Ritserna [1974] 

15. Gibowicz and Cichowicz [1986] 

15. Gangl [1975] 
55. Ritserna [ 1974] 

85. Ritserna [ 1974] 

51. Ritserna [1974] 

16. Ritserna [1974] 

01. Gangl [1975] 
60. Ritserna [ 1974] 

76. Cagnetti et al. [1976] 
0.6 Monus et al. [1988] 

31. Gangl [1975] 
Pospisil et al. [1985] 

66. Ritsema [ 1974] 

19. Gibowicz et al. [1982] 

16. Monus et al. [1988] 

43.1 Monus et al. [1988] 

82.7 Monus et al. [1988] 

Polonic [ 1985] 

Polonic [ 1985] 

16. Oncescu [1987] 
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TABLE 1. (continued) 

P Axis T Axis 

Latitude Longitude Depth, Strike, Dip, Strike, Dip, 
No. øN øE Date M km Q Type deg deg deg deg Reference 

70 45.1 26. Feb. 8, 1975 4.7 23. B FMS 275. 3. 7. 26. Oncescu [1987] 
71 45.9 26.6 March 7, 1975 5.1 21. B FMS 6. 16. 104. 26. Oncescu [1987] 
72 45.7 26.8 June 3, 1952 4.5 22. D FMS 116. 6. 224. 71. Ritsema [1974] 
73 45.4 26.9 Dec. 23, 1957 25. D FMS 238. 70. 112. 8. Radu [1976] 
74 47.9 26.9 July 10, 1970 C FMS 280. 16. 113. 74. Radu [1976] 
76 45.47 27.08 April 27, 1986 5.0 19.0 C FMS 128. 2. 229. 82. Oncescu and Trifu [1987] 
77 45.3 27.1 Feb. 21, 1983 4.5 19. B FMS 311. 16. 178. 67. Oncescu [1987] 
78 45.3 27.1 March 5,1977 4.3 10. B FMS 233. 22. 336. 28. Oncescu [1987] 

79 45.5 27.1 April 27, 1986 5. 26. B FMS 128. 2. 229. 82. Oncescu [1987] 
80 44.4 27.2 Dec. 8, 1980 4. 15. C FMS 96. 29. 205. 31. Oncescu [1987] 
81 45.89 27.39 May 31, 1959 5.2 C FMS 55. 45. 235. 45. Ritsema [1974] 
82 46.1 27.4 April 18, 1956 20. D FMS 265. 30. 52. 55. Radu [1976] 
83 45.4 28.2 Sept. 11, 1980 4.7 15. B FMS 237. 1. 147. 1. Oncescu [1987] 
84 45.2 29. Nov. 13, 1981 5.2 10. B FMS 60. 9. 175. 69. Oncescu [1987] 

Types of indicators' FMS, single solution; FMC, composite solution; FMA, average of focal mechanisms. Q, quality ranking (according 
to the notation of the World Stress Map Project). 

plane solutions of earthquakes. Ahorner [1985] compared 

direction diagrams of the P axis of earthquake fault plane 

solutions with S Hmax axes of in situ measurements (Figure 1) 
of western Central European data. Their congruence is 

noteworthy and encouraged us to use both data sets for this 

study without restrictions, provided they are good quality 

solutions. The identification of the P axis with the SHmax axis 

is based on the thesis that the shear angle between the slip 

and the direction of principal compressive stress is 45 ø. But 

laboratory measurements frequently show this angle to be 

closer to 30 ø which would result in a possible error of the 

data derived from fault plane solutions of about 15 ø . In fact, 

comparison between the two different data sets of other 

parts of the world [see Zoback and Zoback, 1980a, b] does 
not confirm such errors, but one can state that on average 
the directions of P axes can be taken to coincide with the 

axis of maximum compression. For further discussions on 

the problems of the correlation between earthquake P and T 

axes, nearby in situ stress data, as well as stress directions 

inferred from geological observations, we refer, for example, 

to Zoback [1989] or to Zoback and Zoback [1980a, b]. 

Figure 2 shows all compiled S Hmax directions within the 

area under study. A special detailed compilation of data for 

the Western Alpine arc is given in Figure 3. 

fault plane solutions in si!u stress measurements 

w œ 

N , 30 (:100'/,) S N,,31 (•100'/,) S 

Fig. 1. Comparison of relative direction frequencies of maxi- 
mum horizontal compressive stress in Central Europe [after 
Ahorner, 1985] determined from (1) directions of pressure axes of 
earthquake fault plane solutions (left) and from (2) directions of 
S Hmax axes of in situ stress measurements (right). 

In comparison to Griinthal and Stromeyer [1986] the 

previously available numerous observations for western 

Central Europe, especially for the Rhine area and in the 

Swiss Jura Mountains, were enhanced by additional data (for 

references see caption of Figure 2) which confirm the previ- 

ous patterns. For our previous study we collected a few 

stress indications in the region adjoining to the East Euro- 

pean platform showing stress directions which are basically 
different from the well-established direction in western Cen- 

tral Europe. Therefore the special aim of this study was to 

improve our limited knowledge about the crustal stress 

conditions of the region eastward of western Central Europe 
with its well-documented features. We have increased the 

contemporary stress data set for Poland, Hungary, and 
Romania. Other useful new data were also added for north- 

ern Yugoslavia, Czechoslovakia, eastern parts of Germany, 

and Bavaria. No new data could be added for the portion of 

the East European platform under study in this paper. 

3. STRESS TRAJECTORIES 

All observations, compiled in Tables 1-3 and depicted in 

Figures 2 and 3, respectively, were visually averaged and 

generalized in form of trajectories of the maximum horizon- 

tal compressive stress (Figure 4). Additionally, Figure 4 
contains some first-order tectonic information, as main first- 

order tectonic faults and indications for extensional regimes 
in the crust. 

The dominant features of the compressive stress trajecto- 

ries depicted in Figure 2 are as follows: (1) a well-established 

NW-SE directed compression in western Central Europe, (2) 

a fanlike pattern of compressive stresses at right angles to 

the arc of the Western Alps or, in other words, normal to the 

alpidic striking [Pavoni, 1975], (3) a clockwise change in 

S Hmax orientation to SW-NE along the margin of the East 
European platform, (4) extensional deformation within the 

Pannonian basin, and (5) further clockwise change of S Hmax 
to E-W and WNW-ESE east of the Pannonian basin. This 

change in S Hmax orientation, compared to the NW-SE pat- 
tern dominant in western Central Europe, seems to start 

(from west to east) at the southern margins of the North 

German plain, within the Bohemian massif, and within the 
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TABLE 2. Stress Orientation Data From Overcoring (OC), Hydrofrac (HF), and Breakout (BO) Measurements 

No. 

Latitude Longitude Depth, SHmax, 
øN øE Type m deg Quality Reference 

1 

2 

3 

4 

5 

6 

7 

8 

9 

lO 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

50.79 10.00 HF 808 148 D 

51.84 10.27 HF 60-226 101 B 

46.18 10.35 OC 250 148 D 

46.06 10.35 OC 240 150 C 

51.78 10.79 OC 400 160 B 

52.67 11.00 HF 3200 18 A 

49.96 11.08 OC 0 134 C 

49.87 11.18 OC 0 146 D 

44.85 11.20 BO 160 C 

50.26 11.36 OC 0 143 C 

50.25 11.39 OC 0 156 C 

49.73 11.45 OC 0 155 C 

50.24 11.46 OC 0 139 D 

49.81 11.51 OC 0 131 C 

49.77 11.54 OC 0 165 C 

49.96 11.66 OC 70 133 B 

50.13 11.69 HF 55-73 143 D 

50.14 11.86 OC 2-3 4 B 

50.13 11.87 OC 0 172 D 

50.12 11.90 OC 0 150 D 

49.91 11.93 OC 0 140 D 

49.90 11.94 OC 0 53 D 

49.83 12.12 BO 103 A 

50.05 12.15 HF 64-122 138 B 

49.86 12.20 HF 81-288 96 B 

49.99 12.20 OC 0 119 D 

49.83 12.28 HF 104-156 117 D 

46.44 12.42 OC 120 76 C 

49.21 12.48 OC 30 32 D 

49.87 12.50 HF 24-227 163 B 

46.55 12.62 OC 280 23 D 

50.60 12.72 OC 1500 165 B 

50.46 13.03 OC 400 160 D 

50.70 13.05 OC 135 D 

50.91 13.33 OC 168 D 

46.44 13.57 OC 400 93 C 

46.63 13.65 OC 560 109 C 

46.63 13.68 OC 236 119 C 

50.77 13.87 OC 158 D 

46.93 14.57 OC 120 106 C 

47.19 14.69 OC 1100 7 B 

47.28 15.17 OC 800 142 B 

46.77 16.33 BO 102 B 

48.13 16.92 OC 2.0-4.4 115 C 

47.33 17.65 BO 124 B 

46.70 19.92 BO 37 C 

46.25 20.03 BO 79 D 

46.68 20.45 BO 7 C 

46.87 20.62 BO 113 C 

47.20 21.32 BO 152 D 

47.37 21.70 BO 116 B 

47.80 22.08 BO 100 C 

Knoll [ 1979] 

Rummel and Baumgiirtner [1982] 
Martinetti and Ribacchi [1980] 

Martinetti and Ribacchi [1980] 

Knoll [ 1979] 

Gross [ 1989] 

Kraft [ 1984] 
Kraft [ 1984] 
Cox [ 1983] 

Cox [ 1983] 

Cox [ 1983] 

Cox [ 1983] 

Cox [ 1983] 

Cox [ 1983] 

Cox [ 1983] 

Cox [ 1983] 

Rummel and Baumgiirtner [1982] 
Wolter [ 1987] 

Wolter [ 1987] 

Wolter [ 1987] 

Kraft [ 1984] 
Kraft [ 1984] 
Becker and Paladini [1990] 

Rummel and Baumgiirtner [1987] 
Rummel and Baumgiirtner [1982] 
Kraft [ 1984] 
Rummel and Baumgiirtner [1982] 
Martinetti and Ribacchi [1980] 

Carniel and Roch [1976] 

Rummel and Baumgiirtner [1987] 
Martinetti and Ribacchi [1980] 

Knoll [ 1979] 

Knoll [ 1979] 

Mjakischev [ 1983] 
Mjakischev [ 1983] 
Martinetti and Ribacchi [1980] 

Kohlbeck et al. [1980] 

Kohlbeck et al. [1980] 

Mjakischev [ 1983] 
Hermann et al. [ 1983] 

Kohlbeck [ 1979] 

Kohlbeck et al. [1984] 

B. M•iller and F. Horvath (unpublished data, 1989) 
Becker [ 1985] 

B. Mfiller and F. Horvath (unpublished data, 1989) 
B. Mfiller and F. Horvath (unpublished data, 1989) 
B. M•iller and F. Horvath (unpublished data, 1989) 
B. M•ller and F. Horvath (unpublished data, 1989) 
B. M•ller and F. Horvath (unpublished data, 1989) 
B. M•ller and F. Horvath (unpublished data, 1989) 
B. Mfiller and F. Horvath (unpublished data, 1989) 
B. M•ller and F. Horvath (unpublished data, 1989) 

Data are for the region 10øE to 30øE and 44øN to 54øN. 

northern Dinaric Alps (south of the Pannonian basin). When 

drawing the trajectories from north to south with more or 

less equal spacing of starting points, inevitably the spacings 

between the single lines are decreasing steadily when con- 

tinuing southward. The highest density of trajectories occurs 

within the Alps perpendicular to the Alpine arc. There arises 

the question of whether this increasing density of trajectories 

toward the Alps may be linked to the increasing absolute 

values of horizontal compressive stress towards the Alps 

(from north to south) determined at 14 sites by means of the 

doorstopper method by Baumann and I!!ies [1983]. 

Some regional details of the derived stress pattern of 

Central Europe in a broader sense (Figure 4) can be de- 
scribed as follows: 

Upper Rhine Graben, Lower Rhine Embayment, 

and Western Alps 

The clear NW-SE compression in the Rhine area seems to 

be deflected due to active shear strain along the Rhine 

Graben rift and due to active tensile forces [e.g., Ahorner, 

1975; Baumann and I!!ies, 1983] between Lower Rhine 

embayment and Upper Rhine Graben. This deflection is 
manifested in a anticlockwise bending of the trajectories. 
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TABLE 3. Stress Direction Data From Geological Observations (GFS) and Geodetic 
Measurements (TRIA) 

Latitude Longitude Stress SHmax, 
No. øN øE Type Regime Q deg Reference 

1 50.2 12.7 TRIA 114. Vyskocil [1987] 
2 50.8 13.0 TRIA 145. Thurm et al. [1977] 

3 50.4 13.1 TRIA 104. Vyskocil [1987] 
4 50.4 13.7 TRIA 148. Vyskocil [1987] 
5 51.66 14.24 GFS N D 30. Pilarski [1988] 

6 49.0 14.5 TRIA 30. Vyskocil [1985] 

7 46.9 16.0 GFS SS/T C 30. Poljak [1984] 
8 46.6 16.3 GFS SS/T C 46. Poljak [1984] 
9 48.9 16.4 TRIA 30. Vyskocil [1985] 

10 52.7 17.8 GFS SS C 30. Kotas [1983] 

11 50.5 19.8 GFS SS C 45. Kotas [1983] 

Data are for the region 10øE to 30øE and 44øN to 54øN; Q, quality ranking' N, norma[ faulting' SS/T, 
strike slip with thrust component; and SS, pure strike slip. 

The broadscale tectonic stress field within the Alps and its 

foreland is probably superimposed by more localized 

sources of tectonic stress, such as the topographic stresses 

(caused by the mean elevation of the Alps of about 2000 m 

over their foreland), by the buoyancy of their root, and by an 

anisotropy of strength or elastic properties of the litho- 

sphere. Obviously, the buoyancy forces do not dominate in 

the Alps because deviatoric tension beneath the Alpine 

mountain range is not typical for this region. 

The fanlike stress pattern perpendicular to the arc of the 

Western Alps and Jura Mountains (Figure 3) may be ex- 

plained by the cold, dense, and slowly subsiding lithospheric 

root beneath the mountain chain [Milllet, 1984]. Such a 

negative buoyancy induces compressive stresses directed 

2 ø 4 ø 6 ø 8 ø 10 ø 12 ø 14 ø 16 ø 
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j - strain directions implied from 
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Fig. 2. Directions of maximum horizontal compression stress in the Earth's crust of Central Europe in a broader 
sense. Besides the data given in Tables 1-3, data are from Ahorner [1985], Ahorner et al. [1972, 1983], Ahorner and 
Murawski [ 1975], Ahorner and Pelzing [ 1983], Ahorner and Schneider [ 1974], Bonjer et al. [ 1984], Cagnetti et al. [ 1976], 
Dorel et al. [1983], Gasparini et al. [1985], Hiller [1936], Hinzen [1984], Jimenez and Pavoni [1984], Leydecker et al. 
[1980], Neugebauer and Tobias [1977], Pavoni and Peterschmidt [1974], and Pavoni [1980a, b] for earthquake P axes 
and from Baumann and Illies [1983], Baumgiirtner et al. [1987], Becker [1985], Bliimling [1986], Bliimling et al. [1983], 
Greiner and Illies [1977], Greiner [1975], Rummel and Ahlheid [1980], and Rummel et al. [1983] for in situ 
measurements. 
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Fig. 3. Crustal stress field as determined from the focal mech- 
anisms of earthquakes in the Western Alpine arc and in the Jura 
Mountains (redrawn, extended, and modified after Pavoni [1975], 

supplemented by data compiled by Philip [1980] and Pavoni [1986] 
and by the data listed in Table 1). The a curves are P axes of 
earthquake focal mechanisms; b curves are trajectories of maximum 
horizontal compressive stress (modiifed and extended after Pavoni 
[1975]; the c curves are the arc of the Western Alps; LS, Ligurian 
Sea. 

toward the anomaly. This nearly vertical zone of a cold 

dense upper mantle root under the Alps, interpreted from 

several sets of geophysical data, penetrates to depths of 

about 100-200 km [Ml•ller, 1984]. Additionally, the fanlike 

stress pattern in the Western Alps seems to be in agreement 

with Laubscher's [1988] push-arc model. According to his 

model the Adriatic promontory or Adriatic plate is, in 

addition to its NNW tending compressive thrust, also 

pushed as an indenter at least with its northwesternmost 

branch, westward into the European plate, resulting in a 

continent-continent collision. This has been schematically 

outlined in Figure 6. For more details in discussing the stress 

conditions in western Central Europe we refer to Mt;iller et 

al. [this issue]. 

North German Plain and NE Margin 

of the West European Platform 

Obviously, the stress data available for Poland and north- 

ern eastern Germany indicate different S Hmax orientations 
compared with the well-established NW-SE direction in 

western Central Europe. All S Hmax data for Poland and 
northeastern Germany are oriented NNE-SSW or NE-SW. 

This pattern is derived from hydrofrac data (northeastern- 

most point in Germany) an A quality measurement at a depth 

of more than 3000 m (see Table 2), from fault plane solutions 
after Gibowicz and Cichowicz [1986] and Gibowicz et al. 

[1982, 1989] of relatively weak events (therefore in part D 

quality events), and from slip directions on faults [Kotas, 

1983]. Also several S Hmax data from hydraulic fracturing in 
southern Sweden (of A and B quality) show this NNE-SSW 

or NE-SW direction [Miiller et al., this issue], while earth- 

quake P axes indicate NW-SE directions [Slunga et al., 

1984]. 

The NE-SW pattern seems to change in the western part 

of the North German plain. Numerous breakout measure- 

ments carried out there (see also Milllet et al. [this issue]) 

indicate clearly the NW-SE direction of S Hmax which is the 
typical one for western Central Europe. In contradiction to 

this breakout direction data are the azimuths of only two 

available earthquake P axes of earthquakes in this nearly 

aseismic region. One of these is well constraint NE-SW 

directed (after Leydecker et al. [1980] at 52.94øN, 9.95øE, B 

quality) the other at 52.26øN, 7.71øE is NNE-SSW oriented 

(after Hinzen [ 1984], C quality). But these earthquake P axes 

are in best agreement with the S Hmax directions for the 
eastward adjoining area. The reason for the differing SHmax 
directions in different horizons in the western North German 

plain is not clear. The direction jump of about 90 ø could be 

interpreted by small differences in the magnitudes of SHmax 

and Shmin , though the data by Gross [1989] (see Table 2) do 
not confirm this hypothesis. On the other hand, a stress 

rotation with depth cannot generally be excluded. Due to 

this ambiguity, the two discussed S Hmax directions were 
sketched as trajectories in Figure 4. 

Pannonian Basin and Intra-Carpathians 

According to Horvath and Royden [1981] and Royden et 

al. [1982] and Pannonian basin is characterized by Neogene 

E-W extension and, probably, N-S compression (continuing 

recently with minor activity however the main phase of 

extension was in the Badenian, 16.5-30 Ma). This deforma- 

tion occurred along mostly NE and NW trending sets of 

conjugate shear: NE trending faults exhibit sinistral offsets, 

while NW trending faults are dextral. But the S Hmax direc- 
tions mostly available for the margin of the basin do not 

reflect such a simple stress state characterized by N-S 

compression and E-W extension. At first glance the S Hmax 

directions seem to scatter considerably. We tentatively 

interpret these puzzling S Hmax orientations as indicating a 
radial pattern of trajectories around the Pannonian basin. On 

the other hand, such a radial pattern could be brought into 

agreement with the extensional regime within the basin as 
discussed below. 

The approximately radial pattern of trajectories around 

the Pannonian basin implies E-W compression for the intra- 

Carpathian region east of the basin. This E-W direction is 

also the dominating orientation of P axes of crustal earth- 

quakes in Romania. Some scattering SHmax directions occur 
in the Vrancea region, at the junction of East and South 

Carpathians. 

Two earthquakes P axes are available for the region east 

of the Carpathian belt (in Figure 2 the two most eastward 

ones in Romania) which is part of the southwesternmost part 

of the East European platform. These two P axes are 

NE-SW trending. This is the same direction which follows 

when the trajectories in Figure 4 would be extrapolated into 

the region eastward of the Tornquist-Teisseyre line (com- 

pare Figure 4). In the Dinarides, SW of the Pannonian basin, 

the compression is N-S trending, and when approaching the 
Pannonian basin, it bends to NE-SW. 

The pattern of stress-generating plate tectonic forces 

acting on the eastern intra-Carpathians seems to be rather 
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Fig. 4. Stress pattern in Central Europe in a broader sense. 1, trajectories of S Hmax representative for the 
consolidated crust or for the seismogenic depth range; 2, selected first order tectonic faults; 3, sense of shear motion; 
4, extensional tectonics with active shearing [Balla, 1984]; 5, zone of concentric extension [Balla, 1984]; 6, SHmax 
trajectories after borehole breakouts and hydraulic fracturing in the sedimentary cover of the western North German 
plain. 

complicated. It is beyond the scope of this paper to give a 

detailed discussion on the complex tectonism of the Balkan 

area. We only mention a few of the components which could 

possibly contribute to the observed crustal stress field in the 

southeastern part of our study area. The push from the 

south, that is, of the African plate northward, is probably 

modulated and perhaps dominated by several secondary 

plate tectonic motions: (1) Miiller [1984] suggests that the 

counterclockwise rotation of the Apennine peninsula is still 

continuing. This is based on paleomagnetic evidence and 

focal mechanisms of earthquakes in the Central Alps which 

show predominantly left-lateral movements. This counter- 

clockwise rotation of Italy would result in a component of 

horizontal compression with an orientation normal to the 

coast line of the Adriatic Sea, i.e., a NE-SW direction. (2) 

The thermal anomaly of the Pannonian basin (due to thermal 

processes in the upper mantle) could be consistent with the 

extension within the basin. Appropriate forces have to be 

responsible for this extension within the plate, especially 

when the plate is surrounded by compressional push. 

The different single extensional features within the Pan- 

nonian basin can be connected to several resulting directions 

of extension. They are depicted in Figure 4 according to the 

interpretation by Balla [1984]. Regardless what physical 
mechanisms act in the mantle beneath the basin or at the 

single extensional features they should probably contribute 

to additional compression components at the margin of the 

basin. In the eastern part, for example, they could form an 

additional eastward directed push. More data are needed to 

discuss if or to which extent the apparent radial stress 

pattern around the Pannonian basin (Figure 4) could be 

explained in such a way. (3) Relatively high intermediate- 

depth seismic activity in 70-140 km in the Vrancea region, as 

well as crustal earthquakes, indicate active tectonism. The 

continent-continent collision in the East Carpathians appar- 

ently has brought active subduction to a standstill. The 

mechanism of the intermediate-depth earthquakes reveal the 

existence of an approximately vertical slab (to depth of 140 

kin) with a downdip component of extension. This sub- 

ducted slab has been interpreted by Fuchs et al. [1979] to 

have become separated from the lithosphere in the Vrancea 

region. Without repeating the details of their interpretation, 

they conclude that the net downward flow in the upper 

mantle within a low-velocity zone (40-70 km depth) allows 

continuing continent-continent collision in the relatively 

local Vrancea region. Hence drag forces related to this 

continuing collision could produce additional compressive 

forces in the crust acting normal to the front of the Car- 

pathians. Furthermore, it is likely that the continent- 

continent collisional forces at the SE margin of the Car- 

pathians are influenced by the plate tectonic motions east of 

the African plate, in particular the northward drift of the 

Arabian plate. 
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Fig. 5. Finite element mesh for the area under study with the underlying structural and tectonic implications. 
Different hatching indicates the possibility to introduce varying crustal rigidities (e.g., reduced rigidity (dotted) for the 
Pannonian basin or increased rigidity for the Adriatic promontory (hatched)). AP, Adriatic promontory; BM, Bohemian 
massif; EEP, East European platform. 

4. FINITE ELEMENT MODELING 

Finite Element Model 

At the outset we want to state that the following finite 

element approach is intended to represent a first-order 

approximation to explain the observed stress pattern in 

terms of S Hmax trajectories. The stress field within the study 
region is calculated using a two-dimensional (2-D) finite 

element technique assuming an elastic plate with nonuniform 

values of the Young's modulus and Poisson' s ratio. This 2-D 

modeling is indeed a simplified approach, but several argu- 

ments favor such a simplification, at least for such first-order 

approximation: (1) A 3-D modeling would require the intro- 

duction of very poorly known boundary conditions at the 

bottom of the elastic part of the Earth's lithosphere (which 

occurs at a mean depth of about 25 km within the study 

area). (2) A ductile lower crust beneath the elastic layer, 

probably characterized by hydrostatic stress conditions, 

could contribute to a partial decoupling of the stresses in the 

upper elastic layer from the ductile one and supports the 

concept of treating the elastic part separately. (3) Although 

viscous drag at the base of the plates has necessarily to be 

neglected in a 2-D modeling, we feel, this seems not to be so 

important (at least for a first-order approximation), since the 

drag force plate (proportional to velocity) must be very low 

for the Eurasian plate which is hardly moving in an absolute 

reference frame [Minster and Jordan, 1978]. 

The approximation of the spherical surface of the western 

part of the Eurasian plate by an assembly of isoparametric 

membrane elements has been carried out in two steps. In the 

first step the finite element mesh for the region concerned 

(Central Europe in a broad sense) was constructed (Figure 

5). The study region covers the area from 4øE to 28øE and 

from 44øN to 54øN. An assembly of rectangular elements 

with a size of 2 ø x 2 ø was the starting configuration for the 

grid. This rectangular net was later specified to accommo- 
date tectonic features. 

First, the grid was modified to permit assignment of 

varying rigidities for different tectonic units, for example, 

the possibility of increased stiffness for stable blocks such as 

the Adriatic promontory, the Eastern European platform, 

and the Bohemian massif and the possibility of reduced 
stiffness within the Pannonian basin. This differentiation 

follows from constraints of contrasts in heat flow [Cermak, 

1979], of structural features, and of the probable role of these 

units in the tectonic processes. However, areas with geo- 

thermal anomalies and an extensional tectonic regime are 

not necessarily characterized by a decreased strength of the 

lithosphere [Shudofsky et al., 1987]. As discussed below, our 

modeling also did not indicate significantly better fit between 
the observed and calculated stress field for reduced stiff- 

nesses in the thermally active areas. Only a very slight or 

even no reduction provided the best fit to the observed stress 

patterns. In addition, some of the elements were designed to 

reflect the geometry of major tectonic features; however, in 

the current modeling these features were not utilized. 

The principle of our approach was to start with a homo- 

geneous plate where all the above mentioned features do not 

play any role. Stepwise, the influence of several of these 

features was analyzed. As will be described below, not all 

the above possible model refinements were required to 

explain or to simulate sufficiently the observed S Hmax pat- 
tern. Figure 6 shows the plate tectonic scheme for the 

western Eurasian plate. It was the basis for extending the 

finite element mesh out to the boundaries of the plate (Figure 

7). For this larger area the option of introducing differing 

rigidities was allowed; the regions with potential rigidity 

contrasts include the remaining parts of the Adriatic prom- 
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Fig. 6. Plate tectonic scheme of the western part of the Eurasian plate; 1, direction of vector of motion relative to 
Europe and/or assumed main acting forces at the plate boundary; 2, extensional tectonic regime; 3, main plate 
boundaries; 4, subduction; 5, thrust and collision; 6, other first order faults with sense of shear motion; AP, Adriatic 

promontory (mainly after Horvath [1984], Rotstein [1985], Letouzey [1986], and Weijermars [1987]). 

ontory and the East European platform, as well as regions in 

the western and eastern Mediterranean, including parts of 

Turkey, which are characterized by high heat flow and an 

extensional regime. The same caveat stated above regarding 

the lack of significant reduced rigidity in high heat flow areas 
also holds here. 

These above described model specifications lead to a 

strongly irregular finite element pattern. But as will be 

70 60 50 40 30 20 10 0 ø 10 20 30 

30 20 10 0 ø 10 20 30 

Fig. 7. Finite element mesh for the western Eurasian plate except the region which is shown in Figure 5 (omitted 
area). Different hatching denotes areas where varying rigidities can be introduced. 
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Fig. 8. Distribution of net boundary forces acting on the plate. 
Different kind of net resistive forces are indicated at 70øN and at 

40øE. The length of the arrows schematically reflects the magnitude 
relations of the forces at the plate boundaries. 

shown, only a few of this modeled features were actually 

required for a sufficient simulation. When no variations of 

elastic parameters and internal boundaries are used in the 

model, it is equivalent with a homogeneous and regularly 
subdivided one. 

The northern and eastern boundaries of the mesh were 

chosen at 70øN and 40øE. These boundaries were assumed to 

be a sufficient distance from the study area so that edge 

effects could be ignored (Figure 5). The boundary at 40øE is 

consistent with the suggestion that there is decoupling be- 

tween the western and eastern parts of the Eurasian plate 

[Molnar et al., 1973]. The Adriatic promontory is assumed to 

be part of (coupled to) the African plate. With such a model 

the observed stress pattern around the Alps could easily be 

simulated by appropriate arrangement of the boundary load 

along the northern tip of this indenter. Alternately, with the 

model presented, it is shown that completely passive stress 

generation from the African plate through the Adriatic 

promontory could explain the observed stress pattern simply 

by introduction of increased rigidity for the promontory. 

The restriction in our computations on S Hmax orientations 

for a reference thickness of the elastic lithosphere could be 

considered an advantage since rheological conditions of 

oceanic and continental lithosphere are not fully understood 

until now. Also, estimates of the equivalent elastic thickness 

of the lithosphere vary considerably [e.g., Quinlan and 

Beaumont, 1984; Stephenson, 1984]. Tests indicate that 

variation of the Young's modulus E from 1 to 100 GPa in our 

modeling does not cause substantial changes of the calcu- 

lated SHmax orientations. Cloetingh and Wortel [ 1986] used a 
Young's modulus E = 70 GPa in a similar finite element 

study for the Indo-Austalian plate with an assumed reference 

thickness of 100 km. We adopted for our first-order approx- 

imation of the S Hmax directions a variation of E of 70 _+ 30 
GPa with a mean E = 50 GPa and a Poisson's ratio of 0.3. 

Attempts to incorporate the rheological effects rigorously in 

a deterministic way must await more progress in determining 

the rheology of the Eurasian lithosphere. 

Force Modeling 

The plate tectonic scheme of the western Eurasian plate 

(Figure 6) indicates the main plate boundary forces consid- 

ered to model the state of stress in the seismogenic depths 

range of the study area. The two primary sources of stress 

are (1) the force resulting from the northward motion of 

Africa relative to Europe (continental convergence force) 

and (2) the ridge-push force from the central and northern 

segments of the Mid-Atlantic Ridge. The dominant north- 

ward directed motion of Africa with respect to Europe has 

continued during the last 45 m.y. [e.g., Biju-Duval et al., 

1977]. A compilation of velocity vectors of the regional 

geokinematics in the Mediterranean region [e.g., Drewes, 

1984] clearly shows the northward movement of Africa in the 

order of about 1 cm/yr. Unfortunately, geodetic observa- 

tions of the displacement of points in North Africa with 

respect to Europe were lacking until now. A spreading 

velocity of 2.2 cm/yr was determined for the North Atlantic 

[Minster and Jordan, 1978; Dietrich et al., 1989]. For 

symmetrical spreading, the relative eastward shift of Eurasia 

would be half of this value, which is approximately equal to 
the estimated northward motion of Africa. 

Collisional resistance forces generally act normal to plate 

boundaries (Figures 6 and 8). In case of pronounced protru- 

sions of boundaries (as in southernmost Italy), the forces due 

to rigidity of the promontory may more likely act in the 

general direction of relative plate convergence rather than 

following the irregular shape of boundaries as depicted in 

Figure 8. The North Atlantic ridge force was assumed to be 

normal to the ridge (see Figure 8). The 2-D technique used 

for this first-order approximation does not allow the consid- 

eration of stress effects due to topography, buoyancy, and 

basal drag (also see preceding section). 

Currently, the only stress parameter of the Earth's crust 

which is available with sufficient reliability and in sufficient 

quantity is the orientation of SHmax. Owing to that fact, our 

modeling was restricted to a regional interpretation of azi- 

muths of SHmax. This restriction to the calculation of direc- 

tion values considerably simplifies the force modeling be- 

cause the problem of proper introduction of sufficiently 

reliable absolute values of forces acting on the plate can be 

ignored. (A thorough discussion and application of absolute 

forces was given by Cloeting and Wortel [1986] in connec- 

tion with stress modelings of the Indo-Australian plate.) 

The restriction to calculations of S Hmax orientations, pre- 
sented as an integral value per each finite element and based 

on relative forces acting on the plate, means that the 

magnitude of all acting forces can be scaled up or down by 

the same factor. The ratio between the relative magnitudes 

of North Atlantic ridge push and of the collisional force 

acting in the south of the model was determined by trial-and- 

error modelings. The test criterion was the well-established 

NW-SE directed S Hmax orientation in western Central Eu- 

rope. The starting model was a ratio between both forces of 

one. This fit the test criterion very well. Moderate variations 

of this ratio did not change the goodness of fit much. For 

simplicity and because the test showed little difference with 

varying ratios of the ridge push to the convergence force, we 

adopted the simple starting model. This would coincide with 

the above mentioned nearly equivalent velocities of the plate 

motions. But this does not mean that the ratio of acting 

forces could be deduced simply from the ratio of observed 
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Fig. 9. Calculated S Hmax directions as integral values per each finite element according to the boundary load 
displayed in Figure 8 and a uniform elastic plate with a Young's modulus E = 50 GPa (starting model). 

velocities of motions. The relative velocities at plate bound- 

aries are the result from all the forces affecting the two plates 
involved. 

The observed spreading rates along the boundaries of the 

African plate suggest a counterclockwise rotation of this 

plate [Minster and Jordan, 1978]. Concerning the collisional 

forces of the African plate on the Eurasian plate, this would 

require for our simple modeling increasing the values of the 

applied forces from east to west as indicated in Figure 8. It 

is shown below that the approximately equivalent relative 

magnitudes of both primary forces promptly lead to the 

general pattern of observed S Hrna x directions. 
Several secondary sources of stress mentioned above in 

the preceding section on stress trajectories were also con- 

sidered, these include (1) a possible continent-continent 

collision of second order at the SE margin of the Car- 

pathians, (2) probable thermal processes in the upper mantle 

of the Pannonian basin, and (3) possible anisotropies of 

elastic parameters (also see preceding paragraph). 

Procedure and Results 

As discussed previously, several model parameters or 

boundary conditions had to be adopted because most of the 

elastic parameters and boundary line forces necessary for 

the modeling are not known with the desired precision. Only 

the geometrical boundaries seem to be well constrained by 

geological, tectonical, and geophysical facts. However, this 

trial-and-error like approach within the given limits of model 

parameters may be useful as a first-order approximation in 

simulating the observed S Hmax directions. 
Starting position of our modeling was a homogeneous 

elastic plate (E = 50 GPa) under boundary load, as described 

previously, from the North Atlantic Ridge and from the 

northward push of Africa (see Figure 8). The calculated 

horizontal stress field in terms of the directions of SHrnax (as 
integral value per each element) is displayed, for the region 

especially concerned here, in Figure 9. Already, with these 

most simple model assumptions, the general observed stress 

pattern (Figure 4) could be simulated quite well. The calcu- 

lated S Hrna x orientations (Figure 9) show the well-known 

dominating NW-SE direction in western Central Europe. 

The bending of the SHrnax trajectories into NE-SW direction 

in eastern Central Europe (see Figure 4) is also predicted 

with the starting homogeneous model. This result leads us to 

the conclusion that an increased rigidity for the East Euro- 

pean platform (leading to an intensified bending of stress 

trajectories) is not required. The relation of the absolute 

values of S hrni n to S Hrna x of this model is in no position 

smaller than 0.6. In regions where Shrni n and SHmax have 
nearly the same values, already relatively small local anom- 

alies of elastic parameters could result in a rotation, or a 90 ø 

switch of the S Hmax direction. 

The starting model shows especially in three areas a 

significant nonconformity between observed (Figures 2 and 

4) and first computed (Figure 9) orientations of S•max. These 

are the western Alps, the Pannonian basin, and the western 

margin of the Bohemian massif. Stepwise, the congruence 

between observations and simulations was improved by 

refining the boundary conditions. The first refinement of the 

modeling involved the introduction of increased rigidity for 

the Adriatic promontory (E = 100 GPa). The justification for 

this increased rigidity was discussed in the preceding sec- 

tion. This increase in rigidity leads to the observed fanlike 

pattern of the S Hrna x trajectories perpendicular to the arc of 

the Western Alps (see Figures 3 and 4). A more detailed 

finite element mesh in this region would display this feature 

more pronounced. A more accurate modeling of this feature 

would require a 3-D approach in order to simulate the 

subsiding cold and dense lithosphere root [Miiller, 1984]. 
These effects were simulated in our 2-D model as a first- 

order approximation by the increased Young's modulus of 

the Adriatic promontory. 
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Fig. 10. Calculated SHmax directions as in Figure 9 but with the following model specifications to simulate localized 
sources of stress: increased rigidity (E = 100 GPa) for the Adriatic promontory and the Bohemian massif (see Figures 
5 and 7), slightly decreased rigidity (E = 40 GPa) for the Pannonian basin and additional line forces acting eastward from 
the Panonian basin and at the southeastern Carpathians (for explanations, see text). 

Additional model calculations were carried out with dif- 

ferent degrees of decreased rigidity for the high heat flow, 

extensional regions (i.e., the Pannonian basin, the western 

and eastern Mediterranean). In particular, the effects of such 

a decrease in rigidity was studied for the Pannonian basin. 

However, none of the models with reduced rigidity produced 

the observed radial pattern, in fact the effect was just the 

opposite; that is, this model type produced NE-SW trending 

trajectories as they would develop around a hole in a plate. 

The admissible reduction of east was only from 50 to 40 GPa. 

This result is in agreement with the observations and con- 

siderations of Shudofsky et al. [ 1987], showing that the East 

African rift exhibits considerable strength down to lower 
crustal levels. 

The starting homogenous model (Figure 9) predicted 

NNE-SSW S Hmax directions in the intra-Carpathians east of 
the Pannonian basin. However, the observed S Hmax orienta- 
tions in this region are dominately E-W directed (Figures 2 

an 4). The only way we found to model the E-W directed 

compression in the eastern intra-Carpathians was to con- 

sider the effects of the previously described possible conti- 

nent-continent collision force at the SE margin of the Car- 

pathians as well as possible compression components 
connected with the extension in the Pannonian basin (see 

section on stress trajectories and on force modeling). The 
amount and direction of forces which could be assumed to 

act in the Vrancea region, the junction between East and 

South Carpathians, have also been discussed previously. 
According to geological constraints [Balla, 1984] we assume 

that a possible compression originated from the extensional 

regime of the Pannonian basin could act, for example, from 

the east margin of the basin to the east and from the SW 

margin to the SW. The relative forces were adopted to be of 

the same order as those acting at the Vrancea region. Such a 

model leads to a WNW-ESE $Hmax direction for the eastern 

intra-Carpathians (see Figure 10) which is very similar to the 

observed E-W orientation of S Hmax in that region. Such a 
model would be throughout plausible, but we have to con- 

cede that it is based on several not well-constrained assump- 

tions for the intra-Carpathians. 
The numerous well-established NW to WNW oriented 

S Hmax values derived for the most western part of the 
Bohemian massif (see Figure 2 and Grfinthal et al. [1990]) 

are not well simulated, with our starting model showing 

NNW orientations of S Hmax. Furthermore, the NE-SW 

orientations of S nmax in the southern part of the Bohemian 
massif and in eastern Austria (Figure 2) are not at all 

consistent with the starting model which predicted NNW- 

SSE orientations. Previously, a possible increased rigidity 
for the Bohemian massif was mentioned. This is based on 

geologic and geophysical evidence characterizing the Bohe- 

mian massif as a stable independent block of continental 

crust, a typical example of a "central massif", that is, an 

ancient Proterozoic core encompassed by younger material 

which was affected by several episodes of tectonism. This 

geological-tectonical point of view of the Bohemian massif 

as a stable block caused us to assign it with an increased 

rigidity (E = 100 GPa). The resulting SHmax directions within 
as well as along the margins of this stable block fit the 

observed orientations reasonably well (Figure 10). These are 

the final model modifications considered in our preliminary 

trial-and-error approach. Better constrained attempts and 

3-D modelings incorporating depth depending features must 

await progress in describing the rheological structure of the 

lithosphere in the region studied. 

5. CONCLUSIONS 

The data, their generalization in form of trajectories and 

the attempts for interpretation presented here, represent a 
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progress report on the analysis of the state of crustal stress 

in Central Europe, emphasizing the eastern part. Analysis of 

the S Hmax direction data of the studied region permits the 
following conclusions: 

1. Practically all observations on S Hmax orientations 
could be fitted visually into a generalized and homogenized 

pattern of stress trajectories. 

2. This pattern consists of a regionally uniform broad- 

scale stress field which is superimposed by more localized 
sources of tectonic stress. 

3. The regional stress pattern is characterized by S Hmax 
orientations which seem to rotate gradually from the well- 
established and well-known NE-SE direction in western 

Central Europe to the direction NE-SW in the eastern part 

and even farther to E-W in the SE part of the studied region. 

4. More localized sources of tectonic stresses are pre- 

vailing in the western Alps as the already well-known fanlike 

stress pattern normal to the arc of the Western Alps, in and 

around the Pannonian basin as an obvious radial pattern, and 

less pronounced in and around the Bohemian massif which 

seems to deflect the S Hmax directions. 
5. The observed stress pattern could be simulated by 

two-dimensional, steady state, elastic finite element calcula- 

tions on the basis of both net plate boundary forces acting on 

the western part of the Eurasian plate and more localized 

features which were reduced on rigidity anomalies for the 

Adriatic promontory and the Bohemian massif. This simple 

2-D approach gives very reasonable results. A more complex 

3-D modeling would require introduction of more boundary 

conditions (elastic parameters, boundary forces, and a phys- 

ical description of the characteristics at the bottom of the 

model) which are only barely feasible to date. Therefore we 

conclude that the applied trial-and-error like approach may 

be useful to date as a first-order approximation in simulating 

the crustal stress field in the regional scale. 

6. A balance of North Atlantic ridge push and pushes 

resulting from the northward drift of the African plate fits 

sufficiently well the observed broad-scale stress field. 

7. Attempts to simulate the stress field in the eastern 

intra-Carpathians require the introduction of plausible addi- 

tional line forces possibly to be explained by the extensional 

tectonic regime in the Pannonian basin and due to local 

active tectonism in the Vrancea region and/or influences of 

collisional forces of the Arabian plate. However, especially 

this part of the modeling requires additional stress and strain 

data. With the presented approach it is not intended to 

represent a final modeling; rather it is intended to stimulate 

further studies on this subject. 
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