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ABSTRACT Periodical sub-parallel fold-like structures observed in the Western Gobi have two characteristic dominant wavelengths of approximately 50 and 300-360 km. We explain these observations in terms of independent quasi-viscous folding of the crustal and upper-mantle parts of the lithosphere due to horizontal transpressional stresses in Central Asia induced by the collision with the Indian plate. We derive a model for the mechanical response of the continental lithosphere to horizontal stresses for a rheologically-layered plate with non-Newtonian power law rheology overlying a low-viscosity asthenosphere. The differentiation in the effective viscosity and thickness of the strong upper-crust and upper-mantle lithosphere, along with the presence of a low-viscosity lower crust between them, leads to their partial decoupling during compressional deformation. These features result in the appearance of different wavelengths of the folds in the Western Gobi region. We derive simple semi-analytical estimates for the dominant wavelengths and rates of growth of surface undulations, constrained by data from experimental rock mechanics, topography, and gravity.



Introduction Observation, theory, and experiments demonstrate a feedback between loads and forces on the continental plates and their mechanical properties (e.g. Kirby, 1983, 1985; Kusznir and Karner, 1985). Recent studies of the structure of the lithosphere have shown that it is significantly non-uniform at least in vertical direction and, therefore, can be stratified into several rheological zones (quasi-layers) with essentially different mechanical properties. Models for the layered rheology of the oceanic lithosphere account for non-uniform mechanical properties by the introduction of a 3-layer (brittle-elastic-plastic) yieldstress envelope analogue to that formulated by
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Goetze and Evans (1979) and McNutt and Menard (1982) and initially applied primarily to oceanic lithosphere (McAdoo et al., 1985; Chamot-Rooke and Le Pichon, 1989). In most cases the crust is ignored in models of the mechanical behaviour of the oceanic lithosphere, as its thickness is small in comparison with the total thickness of the lithosphere. In contrast, the crust contributes almost half of the total thickness of continental lithosphere and, consequently, cannot be neglected. The mechanical properties of crustal rocks are essentially different from those of mantle rocks (the lower crust is much weaker than the overlying upper crust and underlying upper mantle lithosphere; the existence of the low-strength layer between the stronger ones can provide decoupling levels). This separation is caused mainly by the difference in flow laws for the crustal and mantle rocks. The crustal part of the continental lithosphere is characterised by the flow law of quartz- (diabase-,
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diorite-1 rich rocks having lower temperature of creep activation than of olivine-dominated mantle (Ranalli and Murphy, 1987). Quartz, with properties constraining the lower mechanical boundary of the strength of the crustal rocks (Brace and Kohlstedt, 1980; Tsenn and Carter, 19871, is weak at temperature-pressure conditions corresponding to depths from lo-15 to 2035 km. whereas mantle olivine can be strong to
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depths of the order of 100 km for the old continental lithosphere (see Fig. 1). Correspondingly, the lower boundary of the mechanically strong upper crust can be considerably shallower than the Moho which presents in itself a major rheological discontinuity (Figs. 1 and 3). Therefore, the interval located between these two boundaries is relatively weak, thus forming a viscous channel separating the upper crust and mantle
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of the material can be estimated from simple relation gLerr= a/2i. For the Western Gobi we assume: h = 50 km, average surface heat flow of 60 mW me2 (after Burov and Diament, 1992).
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lithosphere (Chen and Molnar, 1983; Zoback et al., 1985). This relatively low-viscosity channel can act as a detachment zone between the strong upper crustal level of the lithosphere and the top of the mantle lithosphere (Lobkovsky and Kerchman, 1991). The differential movement between the upper crust, lower crust and the mantle lithosphere can be accompanied by additional heat dissipation and passive movements of the material in the lower crust (Lobkovsky, 1988; Kruse et al., 1991). This sandwich-like structure of the continental lithosphere potentially gives rise to disharmonic folding at upper crust and mantle levels due to horizontal stresses applied to the margins of plates interacting at intercontinental collision zones (King, 1986; Hall and Chase, 1989; Stein et al., 1989; Stephenson and Cloetingh, 1991). Because of the difference in the effective strength of the levels, the characteristic wavelengths of the folds will be also different. We suggest that this mode of compressional deformation occurs in the region of plate collision in the Western Gobi (Fig. 2; see also Nikishin et al., 1993-this volume). To investigate the way of development of the deformation, we use a mechanical model of viscous folding of the continental lithosphere for this collisional zone (Fig. 3). As discussed in the companion paper (Nikishin et al., 1993-this volume), the neotectonic history of this area (formed in the Late Palaeozoic-Early Mesozoic, and renewed in the Jurassic, Cretaceous and Tertiary) is characterised by the presence of spatially periodical vertical movements of the basement related to the sub-parallel surface structures with dominant wavelengths clustering around 50 and 300-360 km (Fig. 4). The trend of the sub-periodical structures is approximately in a NE direction, roughly coinciding with the direction of northward motion of the Indian sub-continent. The motion of India causes N-NW-NE movement of the Pamir-Tibet and Tarim blocks, apparently responsible for the NW-N-NE orientation of the major horizontal compressional stresses and NEN-NW orientation of the orthogonal intermediate horizontal transpressional stresses, respectively, observed in Tien Shan and the Western Gobi (Tapponnier and Molnar, 1979). Deforrna-
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tions with a wavelength of 50 km are not associated with the gravity anomalies, but are clearly expressed in the space spectrum of the movements. This supports the notion of upper crust detachment folding, because the deformation of the rheological interface between the upper crust and lower crust is not associated with deformation of density boundaries. Mechanical properties of the lithosphere For old continental plates the effective flexural rigidity of the crust is always noticeably less than that of the mantle lithosphere (Kusznir and Karner, 1985; in fact, this may be valid also for young lithosphere). As a result, the overall mechanical strength of the lithosphere is mainly controlled by the mechanical behaviour of the upper mantle levels (De Rito et al., 1986, 1989; McNutt et al., 1988; Burov and Diament, 1992). Burov and Diament (1992) found that for Palaeozoic lithosphere the average effective elastic thickness h, for quartz-dominated crust is about lo-20 km, whilst for the mantle lithosphere it is about A, = 40-65 km ‘/3, where hi is a effective elastic thickness of i-th layer. Correspondingly, the overall effective elastic thickness h, of the 2-layer plate is: h, = ym
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Although experimentally relations describe a strongly haviour of the materials, an can be introduced for ductile at basic steady strain rate 6:
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(2.2a) CLefi= ff/2i For most lithospheric materials in creep mode i =A*# exp[-H*/(RT)] (Kirby and Kronenberg, 1987; Ma&well et al., 1990), pefr can be expressed as: pefr = 1/(2A*)a’-” = 1/(2A*‘/“)i-‘+‘I”
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Fig. 2 (a). The map of mean topography elevations (60’ x 60’) in Central Asia with the location of data profiles. 60’ X 60' data overlapped on the profiles with fine 7.5’ x 5' data in the zone between 35S”N, 75”E-45”N, 800E. (b). Analogous map of mean Bouguer gravity anomalies.
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Western Gobi the surface heat flow is exceeding 60 mW m-*, and average Moho depths are about 45-55 km (Burov et al., 1990; Li Fu-Tian et al., 1990). Consequently, a quartz creep law for the whole crust is probably a reasonable approximation. This choice is also justified by the absence
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Fig. 3. Cartoon of the model of two-level folding of the continental lithosphere under action of horizontal stress P. Competent crustal and mantle portions of the lithosphere are decoupled by low-viscosity material of the lower crust, and have different effective strengths and viscosities Or,, ia and &, pcLzrespectively). As the result, the deformation has two different dominant wavelengths, A’ and A. The effective viscosity of the lower crust is &, and the viscosity of the asthenosphere is pt.



is the differential stress; R = 1.986 cal (mol K)-’ is the gas constant; T is the temperature in K, A* is the material constant; n is the effective power exponent, ranging from 2 to 4.5 dependent on the mineral; and H * is the activation enthalpy. For quartz-dominated rocks we assume A* = 5 x lo-‘* (Pa s)-i, H* = 45 kcal mol-‘, n = 3 (Brace and Kohlstedt, 1980). For dry olivine we use eq. (2.2b) for u Q 200 MPa (A* = 7 x lo-l4 (Pa s)-‘; H* = 125 kcal mol-‘; n = 3), whilst for u > 200 an approximate form suggested by Molnar and Tapponnier (1981) is more convenient:
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where (T, = 8.5 x lo3 MPa, i, = 3 x 101’ s-l and E * = 128 kcal mol-‘. The average strain rates (3 + 6 x lo-l5 s-l) in Central Asia and Western Gobi are quite steady over the geological time scales (Molnar and Deng Qidong, 1984; see also Nikishin et al., 1993-this volume). The mechanical behaviour of the lower crust under certain conditions could be controlled by creep laws of rocks with higher activation temperature, than quartz (e.g. Stephenson and Cloetingh, 1991). This could be potentially important in cases where the surface heat flow is relatively low ( < 50 mW m-*) and/or Moho is not deeper than 30-35 km (Fadaie and Ranalli, 1990). In the
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Fig. 4. Neotectonic vertical movements of the basement, along the profiles A-B, C-D, G-H, E-F shown in Fig. 2.
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of the lower crust seismicity in this region (Chen and Molnar, 1983; Meissner and Strehlau, 1982) which is to be expected if the lower crust is strong and brittle. The temperature distribution T = T( y ), necessary to estimate the effective viscosity, can be obtained from the equation of the thermoconductivity with the assumption that for the old continental plate the dependence of the temperature on the velocity of plate motion can be neglected: I
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Continuity of vertical velocity: ii, = ii2 Continuity of the tangen?; Ltr;e$: Aa,, = 4(p2 - P’)E dt Continuity of normal stress: AU,, = 0
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Assuming also that the local displacement of the interface from its mean position h(x,t) satis-
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Correspondingly, the expression for growth rate y, valid for arbitrary values of pz, pl, n2, n1 (p2 > P,, n2 > n,, k > n2, ku, > nl), is:
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The dominant wavelength h/H, calculated from eq. (3.5) for values of m -, 20-30 and n2 N 20, constrained from combined solution of the perturbation Constitution and equilibrium equations and eqs. C2.2b,c) and (2.3) is found to be between 4 and 6. This result is confirmed by Dominant
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results of testing eq. (3.5) against arbitrary values of PVand n2 (Figs. 6 and 7). Figure 6 represents a map of dominant wavelengths corresponding to maximum growth rates for a broad range of values of n2/n1 and ajar. From this figure it is evident that for kz,/k, C&/&j G 20-30 and for ~~/~~~~~/~~) = 20 the dominant value of h/H is about 4-6. As we mentioned in the previous sections, the range of reasonable values for m is limited by h- 10 -z-50, and by N 10 -+ 20 or slightly more for yl*/nl (n, = ~~/r/~, ~1~=~r/qr, with the effective viscosities for iongitudin~ and normal stresses pcLI,y2, qr, r/2 defined from the expressions for stress and strain rate components). The values of ~z/~l, p,fn,, ,ur/r)r, obtained from the analysis of this section, are within the Iimits derived in the preceding sections on the base of the rheological properties of lithospheric materials. It should be noted also that values corresponding
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Fig. 6. The map of dominant wavelengths providing maximum growth rates of folds, as a function of n,/n, and P~/~_L,.It is clear that for pz/pcLI G 20-30 and for n,/n , = 20 the dominant value of h/W is about 4.5-6.
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20-30 for m and 20 for n,/n, are in good agreement with earlier estimations made by Smith (1977). Figure 7 shows the growth rate as a function of wavelength A/H calculated for different values of n2/lt, and &w,. The values of the growth rate y computed for rheological parameters best representing the lithosphere, are in a relatively narrow range of 15-30. Another conclusion drawn on the base of this figure is that the maximum growth rate will be reached at smaller wavelengths as n2 increases. To consider the whole-lithospheric folding, we solve a system of four sub-systems of equations, analogous to eqs. (3.1) and (3.21, for the upper crust, lower crust, mantle lithosphere and asthenosphere. The boundary conditions are analogous to eqs. (3.2b) and (3.41, and assigned correspondingly at the upper crust, upper crust/ lower crust; lower crust/mantle lithosphere, mantle lithosphere/ asthenosphere interfaces. The results appear to be not significantly different from that for mantle lithosphere folding. This is more or less obvious since the whole-lithospheric deformation in the plate with weak lower crust is predominantly controlled by deformation of the strongest rheological layer. Folding of rheologically stratified lithosphere in the Western Gobi
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The existence of a weak layer between the upper crust and mantle lithosphere, along with the essential difference in the effective strength of the crustal and mantle parts of the lithosphere as well as apparent separation between the observed periodical structures in the spatial frequency domain, suggests the occurrence of disharmonic folding of the crust and the mantle. The development of intraplate deformations could be essentially controlled by pre-existing distributed topography loads which affect both the resulting wavelengths of subsequent compressional deformations and local spacing between resulting basement undulations. As shown by McAdoo and Sandwell (19851, the initial loads may increase the value of the dominant wavelength of the deformation in the lithosphere. For a thermal age of approximately 500 Ma, a Moho
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depth h = 50 km and a surface heat flow value of -60 mW/m2, corresponding to the Western Gobi, an estimate for the effective elastic thickness of the competent crust and mantle is about lo-20 km and 65 km, respectively (Burov and Diament, 1992). For these values, the area between the base of the mechanically strong crust and the upper boundary of the mantle lithosphere presents a low-viscosity layer 2-3 times thicker than the strong crust itself. As shown in the previous section, the typical relation between the dominant wavelength of folding and the effective thickness of the competent layer is about 4-6. This supports the notion that the first of the two dominant wavelengths, forming the subparallel structures in the Western Gobi region (50 km), is related to folding of the strong highviscosity upper crustal layer having an effective thickness of about lo-15 km. Structures with a wavelength of 300-360 km are probably caused by folding of the competent mantle layer having an effective thickness of 40-70 km. These results also conform our initial assumption of quartzdominated crustal rheology, because, as follows from lithosphere strength envelopes calculated for different crustal rheologies by Stephenson and Cloetingh (19911, the quartz-diabase crust should be strong up to depths of > 30 km, whilst quartz-diorite crust is strong up to depths of 25 km. In that case one could expect that the wavelength of related folds will be within 100-180 km, which does not correspond to the observations. On the other hand, it should be noted that even if the crust is more “basic” than it was supposed for Gobi, it will not be necessarily much stronger. The crustal strength envelope still will have the narrow “necks”, or strength defects, now located at quartz- diorite- diabase- transition zones. Presence of these “necks” will permit detachment of the upper crust from the lower crust, even for relatively low levels of differential stresses in excess of 100 MPa (Goetze and Evans, 1979; Turcotte and Schubert, 1982). Typical differential stresses in the continental lithosphere, induced by flexure and/or folding are normally higher than 100 MPa. As soon as detachment occurs, the differential motion of the layers will start and facilitate an additional decrease in strength of the
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detached layers (e.g. heating due to viscous friction). The topographic loads, disturbing the geometry of the interface between the high-viscosity crust and the underlying low-viscosity crustal channel, will affect the flow of lower-crustal material and may lead to appearance of non-uniform secondary flow “cells”. In fact, Smith (1979) has shown that such perturbation “cells” may be induced by irregularities of the shape of the interface between the shearing materials with different viscosities. The continental lithosphere is characterised by at least three interfaces (strong crust-viscous crust-strong mantle lithosphereviscous mantle lithosphere) along which the shearing movements may take place. If these interfaces are closely spaced (at the distance of order l/4-1/6), disturbances developing along one interface, may influence deformation along the adjacent interface, resulting in much more complex flow patterns. This co-interaction must take a place, since the normal stress must be continuous across the interfaces while the material properties are discontinuous. Such interfluence between the rheological interfaces will affect the total dominant wavelength of deformation which will be-dependently on time and A/H-slightly shorter than that computed directly from eqs. (3.3-3.5). Conclusions Characteristic dominant wavelengths of approximately 50 km and 300-360 km of the periodical sub-parallel structures observed in the Western Gobi can be explained in terms of independent quasi-viscous folding of the crustal and mantle parts of the lithosphere in response to horizontal stresses exerted on the plate margins as a consequence of collision between Asia and the Indian sub-continent. A key aspect of the model for the mechanical response of the continental lithosphere is the rheological zonation of the continental lithosphere. The differentiation in the effective viscosity and thickness of the upper crust and mantle parts of the lithosphere, separated by a low-viscosity layer, is consistent with different wavelengths of folds in the Western Gobi region.



86
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