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1 INTRODUCTION



Over the last decade, studies of the continental lithosphere have considerably enhanced insights into the thermomechanical evolution of the continents. In the first few years of the decade, these studies focused on obtaining EET estimates from flexure of the continental lithosphere and vertical loads (e.g. Cochran 1980; Sibson 1982; Meissner & Strehlau 1982; LyonCaen & Molnar 1983, 1984; Karner, Steckler & Thorne 1983; Karner & Watts 1983; Sheffels & McNutt 1986). Later investigations of the data of rock mechanics and the rheological composition of the continents have allowed studies on the relationship between EET and rheology (Kusznir & Karner 1985; Kusznir & Park 1987; Kusznir & Matthews 1988; De Rito, Cozzarelli & Hodge 1986; McNutt, Diament & Kogan 01996 RAS



1988; Watts 1992). However, these earlier studies failed to propose a unique model that could allow an interpretation of the lithospheric structure on the basis of EET estimates, as developed earlier for the oceanic lithosphere ( Wallcott 1970; Watts, Bodine & Steckler 1980a; Watts, Bodine & Ribe 1980b). In the oceans, EET can be directly related to the age of the lithosphere, or more specifically to the depth to a geotherm (450-600 "C), which is generally controlled by the age. Similarly, the cut-off depth of oceanic intraplate seismicity was shown to be limited by an isotherm of 750°C (Wiens & Stein 1983), consistent with predictions from experimental studies of rock mechanics (see also Bodine, Steckler & Watts 1981). Thus it appears that the mechanical properties of the oceanic lithosphere are largely consistent with inferences from the plate-cooling model (Parsons & Sclater 1977). The thermal
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SUMMARY The EET (equivalent elastic thickness) of the lithosphere is a measure of the integrated lithospheric strength. It is directly related to the mechanical thickness and rheology of the crustal and mantle lithosphere. We present a comparison of EET estimates and strength profiles based on the extrapolation of rock mechanics data for different parts of the European and Eurasian continental lithosphere. We discuss the temporal and spatial variations in the mechanical thickness and strength inferred from data for Precambrian segments of Europe's lithosphere, Variscan Europe and the Alpine collision belt. This analysis demonstrates important spatial and temporal variations in lithospheric rigidity for orogenic belts and sedimentary basins in eastern and western Europe and Asian parts of Eurasia. The EET estimates based on synthetic rheological profiles constrained by newly available geophysical data are consistent with the estimates of EET derived from flexural studies of sedimentary basins, forelands and orogenic belts. These rheological profiles suggest weakening of the major parts of the European and Eurasian continental lithosphere by decoupling of the crustal and uppermantle parts. A comparison with the seismicity-depth distribution for some selected sites suggests that the intra-plate seismicity is essentially restricted to the upper crustal parts of Europe's lithosphere, providing additional support to the notion of the decoupled lithosphere. The presence of intra-plate stress fields can explain a significant part of the observed variations in EET estimates within individual thermotectonic age groups. A comparison of wavelengths of crustal and lithospheric folding with observations shows these wavelengths to be consistent with estimates of EET inferred from the rheological response of basins and orogens at more moderate levels of intra-plate stress.
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S . Cloetingh and E. B. Burov continental and oceanic lithospheres is caused by the presence of a thick continental crust that is 4-5 times thicker than the normal oceanic crust. A typical value for the thickness of the continental crust is about 35-40 km, which is comparable or even greater than the thickness of the mechanical mantle lithosphere [the latter is commonly defined as the depth interval between the Moho and the depth to the 750°C isotherm (e.g. McNutt et al. 1988)]. The thermo-mechanical properties of the continental crust are controlled by mineral compositions which are significantly different from those of the mantle lithosphere. Consequently, to understand the mechanical behaviour of the continental lithosphere, it is vital to account for the crustal rheology. In contrast with the upper mantle, the continental crust can be very variable in composition (e.g. Meissner & Strehlau 1982; Meissner 1986 Meissner, Wever & Flilh 1987; Kirby & Kronenberg 1987a,b; Banda & Cloetingh 1992; Cloetingh & Banda 1992).Whereas the mechanical upper crust is more or less quartz controlled (Brace & Kohlstedt 1980),the mechanical behaviour of the lower and middle crust may be conditioned by a variety of lithologies such as quartz diorite, diabase, plagioclase. The major difference between the mechanical properties of these minerals and those of the mantle rocks is that the crustal materials normally have much lower temperatures of creep activation. If the crust is thick [> 35 km (Burov & Diament 1995)], the lower crustal temperatures may be high enough to result in negligible creep strength of the rocks in the vicinity of the Moho. This effect may lead to mechanical decoup ling between the crustal and mantle lithospheres (e.g. Meissner & Wever 1988; Kusznir & Matthews 1988; Lobkovsky 1988; Lobkovsky & Kerchman 1992). At the same time, the mechanical properties of the different crustal rocks also differ significantly from each other. For example, quartz-controlled rocks begin to flow at temperatures of a few hundreds degrees below those inferred for diabase. Such temperature differences correspond to a depth interval of a few tens of kilometres. Therefore, depending on the rheological composition, segments of continental crust with the same thickness may have quite different mechanical strengths. This problem is somewhat complicated



Figure 1. Location map of EET data points superimposed on the free-air (FAA) gravity anomaly map. The FAA gravity data converted to Bouguer anomalies are a major source for the estimation of the EET values. The data set presented here is based on R. Rapp's 3 0 x 3 0 and 60' x 60' catalogues (Rapp & Pavlis 1990, GEODAS CD-ROM 1992), improved by incorporation of the European gravity data from GEODAS CD-ROM (1992), and has parts re-digitized from various published Russian gravity data [ 6 0 x 60' data for the area between 6OE-165"W and 30-75'" (Artemjev et a/. 1994). and pieces of 60' x 60' and 5' x 7.5' data (e.g. Burov et a/. 1990, 1993, 1994; Artemjev et a/. 1992a,b, 1994; Artemjev & Kaban 1994)] and Chinese gravity data (Ma 1987a.b).The numbers on the map refer to EET estimates (km) given in this paper for the areas investigated here. The political boundaries are kept as they were in 1990 Notation used: NBS.-Northern Baltic Shield (Cloetingh & Banda 1992). CBS.-Central Baltic Shield (Cloetingh & Banda 1992). SBS.-Southern Baltic Shield (Cloetingh & Banda 1992). FE-Fennoscandia (Morner 1990). EIFEL-Eifel, Variscan of central Europe (Cloetingh & Banda 1992). NHD-North Hessian Depression, Variscan of central Europe (Cloetingh & Banda 1992). URA-Urach, Variscan of central Europe (Cloetingh & Banda 1992). JURA-Jura, Alpine EGT (Cloetingh & Banda 1992). MOLL-Molasse basin, Alpine EGT (Cloetingh & Banda 1992). AAR-Aar-Gotthard, Alpine EGT (Cloetingh & Banda 1992). S.A.-Southern Alps (Royden 1993; Okaya et a/. 1996; Bertotti et a/. 1996). E.A.-Eastern Alps (Royden 1993; Okaya et a/. 1996; Bertotti et a/. 1996).



CS-Carpathians (Royden 1993; McNutt & Kogan 1987; Zoetemeijer et a/. 1994; Matencu et a/. 1994). CA-Caucasus (Russian plate side) (Ruppel 1992; Stakhovskaya & Kogan 1993). UR-Urals (Russian plate) (Kruse & McNutt 1988; McNutt & Kogan 1987; Stakhovskaya & Kogan 1993). NB-North Baikal (Burov et a/. 1994). VE-Verkhoyansk plate (McNutt et a/. 1988). DZ-Dzungarian basin, Central Asia (Benedetti 1993). TA-Tarim plate, south (Lyon-Caen & Molnar 1984); centre and north (Burov et d.1990). Ebro-Ebro Basin (Zoetemeijer et a/. 1990). Betic M.-Betic rift margin (Peper & Cloetingh 1992). Cord.-Betic Cordilleras (van der Beek & Cloetingh 1992; Cloetingh et a/. 1992). 0 1996 RAS, G J i 124,695-123
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age of the oceanic lithosphere is also well constrained on the basis of independent data such as data on palaeomagnetic anomalies or heat flux (Sclater, Parsons & Jaupart 1981). Deviations of oceanic EET from this general age-EET dependence are usually explained by the presence of local thermal anomalies or, in certain cases, by high flexural stress that can also reduce the integrated plate strength (e.g. Bodine et al. 1981; Wessel 1993). The general problem with the treatment of continental EET estimates is that the rheological structure of the continents is intrinsically more complex than that in the oceans. As their tectonic history is also much longer, uncertainties resulting from the extrapolation of the data of rock mechanics experiments to geologically relevant temporal and spatial scales are much larger. The thermal history and thermal structure of the continents are also much less constrained, and deep seismic data have revealed a long-lasting heritage of a complex geological evolution on deep density/thermal structures, associated with, for example, ancient plate boundaries (Zielhuis & Nolet 1994).It is also obvious that the complex multilayered rheology structure might possibly lead to some specific mechanical effects such as the presence of intra-lithospheric decoupling zones. More recently, the depth-dependent rheological structure of the continental lithosphere has been addressed by the construction of the strength profiles extrapolated from the rock mechanics data, and additionally constrained by multidisciplinary analysis of the evolution of different regions. Such multidisciplinary approaches allow us to test experimental rheology data against independent data from, for example, seismicity, gravity, thermal flux, topography, petrology, and magnetotelluric studies. Integration of these approaches enabled a more complete treatment of EET estimates in terms of the rheological structure (Burov & Diament 1992; Ranalli 1994). More recently, Burov & Diament (1995) proposed a unified oceanic continental model of the lithosphere that relates EET and three major estimable parameters such as thermal age, crustal thickness and curvature of bending. The major difference between the rheological structures of the
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Structure of continental lithosphere



2 EXPERIMENTAL DATA O N THE



MECHANICAL PROPERTIES OF THE LITHOSPHERE: OVERVIEW The finite-strain properties of the lithosphere and underlying asthenosphere are governed by empirical constitutive relations
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that express the yield stress limits of quartz (upper crust), diabase, quartz diorite, plagioclase (lower crust) and olivine (mantle), the dominant lithologies within the continental lithosphere, as functions of strain rate, temperature, pressure and activation energy (e.g. Kirby 1983; Kirby & Kronenberg 1987a,b; Ranalli 1987; Ranalli & Murphy 1987). In a generalized form the relationship between strain rate and stress at a point {x,y, z, t } with Cartesian coordinates x, y, z at time t is given by (2.1) where i: = (eijCij/2)1’2and (r = (aijoij/2)1/2 are the effective strain rate and effective stress, respectively. The variables n (the effective stress exponent) and D (constitutive parameter) describe the properties of a specific material. The dislocation creep of most lithospheric rocks can be described by (2.1) with n = 3-5 and D = A * exp(-H*/RT), where A* is a material constant, R = 1.986 cal (mol K)-’ or 8.3144 J (mol K)-’ is the gas constant and T is the temperature (in K) (Kirby & Kronenberg 1987a,b; Meissner & Wever 1988; Ranalli & Murphy 1987; Mackwell, Bai & Kohlstedt 1990). The cornmonest material parameters for different lithospheric rocks and minerals are given in Table 1. As mentioned above, the lithospheric rheology is strongly controlled by temperature variations, which are themselves directly related to the geological age of the continental plates (e.g. Sclater et al. 1981). Fig. 2 illustrates the range of temperatures characteristic for the span of geological age variations representative for the segments of the European lithosphere discussed in this paper. This temperature model is based on a semi-space cooling model that also accounts for typical radiogenic heat generation in the upper crust (e.g. Burov et al. 1993). We prefer to use the cooling model instead of inversion (integration) of the heat flux data because the surface heat flux in the continents is too dependent on the variations in heat production, sedimentation/erosional history and structural inhomogeneities in the first 10-15 km of the crust (e.g. England & Richardson 1980). However, we do use inversion of the heat flux in the areas where heat flux values predicted by the cooling model are significantly different from what is observed. In such areas, we combine plate-cooling solutions for the mantle part kij(x, Y, Z, t ) = D(x, Y, Z, t)a(x, .Y> Z, t)”-’aij(x, Y, Z, t ) ,
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by the fact that the elastic parameters of different crustal rocks do not differ as much as their ductile properties do. Consequently, when the stress is below the yielding limits, the crust behaves quasi-elastically, and its mechanical strength does not depend on composition. Europe’s lithosphere constitutes one of the best investigated areas in the world, and an extensive amount of high-quality geophysical data is nowadays available to constrain thermomechanical models of the lithosphere. Deep seismic reflection and refraction surveys carried out by European scientific consortia (e.g. BIRPS, DEKORP, EGT, ECORS, BABEL) have revealed deep structures underlying different age segments of Europe’s lithosphere (e.g. Blundell, Freeman & Mueller 1992; Meissner & Bortfeld 1990; Roure, Heitzmann & Polino 1990; Bois, Gabriel & Pinet 1990; Balling 1992; Klemperer & Hobbs 1991). For this study, we chose a set of recently studied localities from and around the European Geotraverse (Fig. 1; Cloetingh & Banda 1992), covering almost the whole spectrum of thermo-tectonic ages presented in the Eurasian lithosphere, varying from Precambrian Scandinavian lithosphere to young Alpine orogenic belts. We also completed our data set with several new data points now available from eastern Europe and the former Soviet Union (FSU) (Fig. 1). We will begin with a brief review of the rock mechanics constraints on the mechanical properties of the lithosphere, on the basis of which we subsequently construct strength profiles for different segments of Europe and Eurasia. This is followed by a comparison of the rheologically predicted EET estimates with EET data obtained from flexural studies for a large number of basins, forelands and orogenic belts. We also examine the role of the intra-plate stresses as a factor in contributing to the observed differences in EET estimates, and discuss the relationships between the EET, thickness of the competent crust and mantle and wavelengths of lithospheric folding.
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Figure 2. Thermal model of the continental lithosphere based on a semi-space cooling model and accounting for typical radiogenic heat production in the upper crust (e.g. after Burov et al. 1993). The equilibrium thermal thickness of the lithosphere is 250 km. The parameters of the thermoconductivity equations used here are pc = 2650 kg m-3, pez = 2900 kg m-3; k, = 2.5 W m-' K-'; k,, = 2 W m-' K-'; k, = 3.5 W m-' K-'; xc = 8.3 x 10-7mZs-'; xcz= 6.7 x lo-' m2 s-'; xrn = 8.75 x m2 s - ' ; H , = 7.5-9.5 x lO-'OW kg-'; Hc2Cz1= 1.7 x K s-'. Here, xcl,xc,, X, are coefficients of the thermal diffusivity, and k,,, k,, and k , are the respective coefficients of thermal conductivity of the upper crust, lower crust and mantle; t is time; pc, p., are the densities of the upper and lower crust, respectively; H , is the surface radiogenic heat production rate per unit mass; and h, % 10 km is the depth scale for the decrease in radiogenic heat production. The numbers in the lower panel are temperatures in degrees f"C) for isotherms plotted at 100°C intervals.



of the lithosphere with the solutions obtained by heat flux inversion for the crust. The brittle properties of the rocks depend on pressure, but not on temperature or rock type (Byerlee 1978):



o3= (ol- a3)/3.9



for o3< 120 MPa,



o3= (ai- 03)/2.1 - 100 for o32 120 MPa,



(2.2)



where el,02,o3 are the principal stresses. 0 1996 RAS, GJI 124, 695-723



Structure of continental lithosphere In terms of the principal stresses, the elastic, or quasi-elastic, behaviour can be described by the linear stress-strain relation oj = 2 p j



+



+ c2 + c3)



where j = 1,2,3,



(2.3)



1 and p are LamBs constants related to Young's modulus (E) and Poissons's ratio v as 1 = Ev[( 1 v)(1 - 2v)l-I; p=E/2(1 +v). Typically inferred values for E and v are
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6.5 8 x 10'' N m-2 and 0.25, respectively (e.g. Watts 1978; Turcotte & Schubert 1982). Although the elastic properties change with depth, these changes are relatively unimportant compared with the changes in other properties of the lithospheric materials. By combining rheological laws, the eqs (2.1)-( 2.3) form piecewise continuous yield-stress envelopes (see Fig. 3). The
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Figure 3. Yield-strength envelopes (YSE) calculated by extrapolation of rock mechanics data. Different panels illustrate the effects of variations in the mineral composition of the crust and of the basic strain rate adopting an age of 750 Ma for the continental lithosphere and 50 Ma for the oceanic lithosphere. Dependent on the adopted rheology, mechanical decoupling zones may appear on different levels of the crust. The variation of the strain rate is relatively unimportant for the mechanical structure of the lithosphere. See Table 1 for the rheological parameters adopted in the construction of the strength profiles.



Figure 4. Effect of the flexural stresses and horizontal force on the effective strength of the lithosphere. YSE is calculated for a typical strain rate s-'. (a) Effect of the extensional horizontal force (stress levels of 100, 200, 500 MPa marked by different shadings) on weakening of of 3.5 x the lithosphere. Where the stress reaches the yield strength, the lithosphere undergoes inelastic deformation (brittle or ductile) and becomes weak. s-') and the presence of an extensional horizontal (b) Effect of the bending stresses (moderate plate curvature and basic strain rate of 3.5 x tectonic force leading to stress amplification and attenuation. Thick dashed lines schematically show the geometry of the surfaces of the downbent plate. The vertical arrow marks the position of the vertical load operating on the lithosphere. Dashed lines correspond to strain rates of i = 10-13. 10-14. 10-15., 10- 16; s-l. Note the interruptions in stress distributions at the sides of intra-lithospheric decoupling zones.
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35 km) crust and/or low temperature of creep activation in the lower crust such decoupling may be permanent (Burov & Diament 1995)l. The effect of in-plane stresses on average EET is comparable to effects of variation in temperature by from 10-15 per cent for old plates (older than 400 Ma) to 15-20 per cent for young plates (100-250 Ma) and 20-30 per cent for very young plates (- 100 Ma). This suggests that the variations in the stress level in Europe's lithosphere might contribute significantly to the observed variations in EET estimates, which so far have been attributed primarily to variations in vertical loading history and temperature. For higher levels of horizontal stress, the presence of decoupled lithosphere may lead to various spatial scales of lithospheric and crustal folding. Analysis of folding wavelengths from different parts of the planet confirms the inferences made from our study of the mechanical properties of European and Eurasian lithosphere. The wavelength of lithospheric folding appears to be directly related to the thicknesses of the competent crust and mantle. These findings suggest that the dominant wavelength of folding is directly related to EET. The thickness of the competent mantle is generally controlled by



the age of the lithosphere, whereas the thickness of the competent crust depends on intrinsic variations in mineralogical composition, content of fluids and melts, and on the concentration of heat-producing elements. Crust/mantle decoupling can result in a dramatic decrease (by a factor of two or so) of the EET. Comparison of most western European and eastern European data for estimates of the EET with theoretical predictions demonstrates the importance of the crust/mantle decoupling in European and Eurasian lithosphere. Our analysis also supports inferences on lithospheric rheology made on the basis of experimental rheology data, seismic, heat-flow and other geophysical observations. The currently available estimates of EET, therefore, provide independent constraints on the lithospheric rheology of Europe and Eurasia.
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Wavelength of folding versus age of the continental lithosphere.
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EET A N D RHEOLOGY



For a plate infinite in the z-direction, the strain component E,, along the z-axis normal to the xy-plane, is zero (cZz= 0). For this case, the bending moment M = M,, horizontal (longitudi0 1996 RAS, GJI 124, 695-723
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Structure of continental lithosphere nal) force component T, and vertical (shearing) force component F, per unit width of the plate can be expressed as follows (Burov & Diament 1995):



is the restoring force per unit area; pm(x,y ) and pc(x, y ) are the densities of the mantle and crustal material, respectively; g is the acceleration due to gravity; and h, is the thickness of the crust. p + is the additional vertical force, equal to the sum of topography loads and effective vertical forces fa(x) associated with plate-boundary forces: P+ = g



where w = w(x) is the vertical deflection of the plate,



Q = {x, y, w, w’, w”),y* = y - yri(4), yri is the depth to the



lim



gxx,oXy=



0.



1



ps(x,y)dy+fa(x),



where h = h(x) is the topography elevation and ps(x,y) is the density of the material above the reference sea-level. In the case of the inelastic rheology (eqs 2.1, 2.2), eq. (A2) is non-linear because the moment M , and the longitudinal force 7; are functions of plate deflection w and its derivatives w’, w” . .. (Burov & Diament 1992). To estimate the effective rigidity of such a plate, we can introduce a non-linear rigidity function B = 6(#)such as



Accordingly, we define the effective elastic thickness as



Fi‘, = t ( 4 )



Y+hz



The equation of static equilibrium of a thin plate (Timoshenko & Woinowsky-Krieger 1959), compatible with eq. (Al), is rheology-independent, and thus holds for elastic, plastic, viscous, ductile and mixed rheologies: a2M,
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where L = E [ 12(1 - v2)] is defined for some reference values of E and v (see above), and R,, = - ( ~ ” ) - l is the radius of plate curvature. The effective rigidity D and effective elastic thickness 2 can be obtained from the solution of the system ( A l ) and equilibrium equation (A2) with relations between stresses crxx and strains E,, = cX,(4) in ( A l ) defined according to the constitutional laws (2.1-2.5).
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neutral plane of the ith elastic core of the plate with multilayered rheology; y ; (4)= y; , y: (4)= y: are the depths to the lower and upper low-strength interfaces, and thus y+ - y; = Ahi(4)is the thickness of the ith detached layer. The upper limit of integration h, (h, = h2 in the case of weak lower crust) corresponds to the depth at which the longitudinal stress ox, and shear stress ox, become negligible:
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