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Do faults trigger folding in the lithosphere?

A number of observations reveal large periodic undulations within the oceanic and continental lithospheres. The question if these observations are the result of large scale compressive instabilities, i.e. buckling, remains open.

In this study, we support the buckling h yp othesis by di rect numerical modeling. We compare our results with the data on three most proeminent cases of the oceanic and continental folding-like deformation (Indian Ocean, Western Gobi (Central Asia) and Central Australia). We demon strate that under reasonable tectonic stresses, folds can de velop from brittle faults cutting through the brittle parts of a lithosphere. The predicted wavelengths and finite growth rates are in agreement with observations. We also show that within a continental lithosphere with thermal age greater than 400 My, either a hi-harmonie mode (two superimposed wavelengths, crustal and mantle one) or a coupled mode (mono-layer deformation) of inelastic folding can develop, depending on the strength and thickness of the lower crust.

Introduction

Large structures of apparent periodicity greater than 50-100 km are observed in many intra-plate compression areas of the oceanic as well as of continental lithosphere [Stephen son [START_REF] Stephenson | Sorne examples and me chanical aspects of continental lithospheric buckling[END_REF]. In this paper we focus our at tention on three distinct areas -the Indian Ocean (A), the Western Gobi (B), and Central Australia (C) -which main features are briefl.y reviewed below.

(A) The gravity and topography data acquired in the North part of the lndian Ocean (Figure la) revealed sub parallel undulations of the oceanic basement with spacings from 100 km to 300 km, and amplitudes up to 1-2km in the early Bengal Fan sediments [START_REF] Weissel | Deformation of the Indo-Australian plate[END_REF] These periodic structures can be explained as the signa ture of a small-scale asthenospheric convection [START_REF] Fleitout | Secondary convection and the growth of the oceanic lithosphere[END_REF]. But even though this mechanism may work for the oceanic lithosphere, it appears unefficient for the thick continental lithosphere. [START_REF] Burov | Continental lithosphere folding in Central Asia (II): con straints from gravity and topography[END_REF]. Analogue experiments handle large deformation, but they use either oversimplified rheologies (pressure-temperature independent), or a not-to scale ratio of yield stresses to elastic modulus [START_REF] Martinod | Periodic Instabilities during compres sion of the lithosphere 2. Analogue experiments[END_REF]. Numerical models were proposed by Beekman et al. [1994] and [START_REF] Wallace | Buckling of a pervasively faulted lithosphere[END_REF], where faults were explicitely introduced into the model, in order to trig ger folding. However, this approach is inadequate to our problem because the location and geometry of faults are pre-defined in their models.

In this study, we want to demonstrate that folding and faulting may happen simultaneously: folding may be acco- 

Mode!

We use a numerical code PAROVOZ derived from the FLAC method [START_REF] Poliakov | An explicit inertial method for the simulation of viscoelastic flow: an evaluation of elastic effects on diapiric flow in two-and three-layers models[END_REF]. This method allows for realistic visco-elasto-plastic rheologies. Another impor tant advantage is that faults are not pre-defined but form themselves during loading, in a self-consistent way. The lithosphere is stratified as la ye rs of either quartz, diabase, or olivine dominant rheology (Table 1) 

Single layer folding (A) -Indian Ocean

Our numerical experiment has shown the following evolu tion of deformation ( detailed illustration is to be published elsewhere). At the onset ofloading, distributed faulting ini tiates at the surface {where the yield strength is minimum) and propagates downwards with time. After a shortening of 

Biharmonic folding (B) -Central Asia

The numerical model shows the following evolution: af ter approximately 4% of shortening, the upper crust reaches the yield state and undergoes folding ( accomodated by brit tle faults) with a wavelength of 60 km and amplitudes up to 300 m. After 10% of shortening, mantle folding is significant, and the long wavelength undulations (~ 350 km) are super imposed on the short wavelength undulations (Figure 2b). The maximum topography reaches 4000 m. Intense viscous deformation concentrates within the lower crust, while brit tle deformation localizes at the trough and inflection points of the folds (Figure 3b). Despite the presence of faults, the wavelengths of folding suggest that the lithosphere behaves as a system of strong la ye rs.

Coupled folding {C) -Central Australia

In this case the crust is stronger: a 6 km la yer of quartz rheology is underlain by 29 km of dia base rheology (see Ta ble 1 and 2 for other parameters). We do not detect any crustal mode of folding. When both upper mantle and upper crust are at the yield state, folding of the upper mantle coupled with the upper crust occurs, with a wavelength of around 400 km. After 24% of shortening (Figure 2c), brittle shear zones start to localize in the mantle in the inflection points. Crustal faults accumulate at the trough of the folds, as a continuation of mantle faults to the surface (Figure 3c).

Table 2. Input parameters and results for models

Discussion and Conclusions

We support the idea that the periodic structures observed in many compressional zones are the result of large-scale lithospheric folding, developping in a few stages: at the early stages, diffused faulting propagates downwards as compres sive stresses build up. When the whole competent layer is at the yield state, folding starts to grow rapidly with a stable dominant wavelength. Thus faults do trigger folding, but only once they eut through the whole la ye r. Although pre existing zones of weakness are a:utainly present in nature, it is not necessary to introduce them into the models to trigger development of folding.

At the advanced stages of deformation, small diffused faults remain in the hinges, because these are compatible with the bending strains. At the same time, large faults progressively stabilize at the inflection points of the folds, because these are kinematically compatible with the over all compression [START_REF] Gerbault | Prediction of fault ing from the theories of elasticity and plasticity, what are the limits?[END_REF] 

  ago, the western part of the late Pa leozoic Gobi region (Figure 1 b) experiences active tectonic compression induced by the lndia-Eurasia collision, and re-sulting in deformation of the basement, downwarp basins and crustal faulting [Nikishin et al., 1993]. Spectral analysis of the topography and gravity anomaliesreveal sub-parallel structures spreading north-eastward across the Dzungarian basin (Figure lb), with two dominating harmonies of wave lengths of 50-60 km and 300-360 km [Burov et al., 1993]. (C) The gravity field over central Australia exhibits se ries of east-west trending anomalies ( extending over 600 km) having t yp ical wavelengths of about 200 km (Figure lc)[Stephenson and Lambeck, 1985]. The geology of the re gion is characterized by late Proterozoic to Carboniferous sedimentary basins [Goleby et al., 1989]. Teleseismic travel times infer 20 km variations of the Moho depth, over hori zontal distances less than 50 km.
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 1 Figure 1. a) Map of free-air gravity anomalies in Central lndian Ocean with seismic travel time profile and the cor responding gravity anomaly. b) Map of topography in Central Asia. Along the white line, observed Bouguer gravity {crossed circles), topography and theoretical anomaly for Airy isostasy {solid lines) are shown. c) Map ofBouguer anoma lies in Central Australia, with a north-south profile: topography {in dashed lines) and Bouguer anomalies (in solid lines). Schematic crustal structure across the basins. modated by brittle faults and it is misleading to separate these phenomenas. We consider folding as a mode of defor mation, and faulting as a mechanism of brittle deformation. To support this point of view, we perform direct numeri cal simulations and verify if calculated compressional forces, wavelengths, and timing of folding are comparable to nature.We also numerically verify the idea of hi-harmonie folding predicted by[START_REF] Burov | Continental lithosphere folding in Central Asia (II): con straints from gravity and topography[END_REF] for intermediate-aged con tinental lithosphere, and check the ratio )../ h of the folding layers predicted by previous Jl\Odels[START_REF] Martinod | Periodic Instabilities during compres sion of the lithosphere 1. Deformation modes from an analyt ical perturbation method[END_REF][START_REF] Ricard | Stretching instabilities and litho spheric boudinage[END_REF]].

  . Elastic and brittle deformations are approximated by the Mohr-Coulomb non associated elasto-plasticity, while the intracrystalline plas ticity is appraximated by a non-newtonian fl.uid, with pa rameters similar to Buck and Poliakov [1998]. The temper ature field is calculated according to the heat conduction equation similar to Burov and Diament [1995], with param eters therein. The dimensions of the problem, rheological boundaries (Moho), thermal age and applied strain rate (from which velocities are calculated) are given in Table 2. Hydrostatic boundary conditions are used at the bottom of the litho sphere, the upper surface is stress free and horizontal con vergent velocities are applied at the lateral boundaries. For the modelling of the oceanic lithosphere {case A), we choose a thermal age of 60 My yielding one 40 km thick com petent la ye r. ln the cases of continental folding (B,C), there are two {crustal and mantle) competent layers, which effec tive thicknesses are mainly temperature-controlled {250 °0 isotherm roughly limits the competent upper crust whereas 750 °0 limits the upper mantle [Burov et al., 1993]). If the lower crust is weak and thick ( case B), it can act as a ductile channel decou,pling the upper crust and the upper mantle. Then, a biharmonic folding with two characteristic wavelengths may develop {about 4-6 times the thickness of the crust and mantle respectively), as predicted Burov et al.[1993]. When the crust is strong (case C), either because of its thermal age (> 700 My) or because of its rheological composition (e.g. diabase dominant crust), the deformation of the crust and mantle may be coupled, resulting in a larger wavelength corresponding to 4-6 times the sum of the crustal and mantle thicknesses [Martinod and Davy, 1992].

  ), when the whole competent la ye r is at the yield state, folding rapidly develops with a dominant wavelength of approximately 210 km. We observe distributed faulting in the hinges of folds, which are normal or reverse depending on the sense of curvature of the la ye r. However, at a late stage of deformation, faults cutting the whole layer take place in the inflection points (Figure2a). These 'localized' faults accompany folding until at least 10% of the shortening. After 7 My of compression (Figure2a) the shortening is 6 % (73 km). This coïncides with the data for the Indian Ocean (around 7 My and 5% respectively )[Cochran et al., 1987;[START_REF] Chamot-Rooke | and Phèdre work ing group, Intraplate shortening in the Central Indian Ocean determined from a 2100-km-long north-south deep seismic re flection profile[END_REF].
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 2 Figure 2. Numerical models of folding: oceanic litho sphere single la yer mode (a), continental biharmonic mode (b), and continental coupled mode (c). Snap-shots of to pography and strain-rate (maximum rate of deformation in the darkest areas) after several million years of compres sion. The applied velocities and hence the timing differ in each case.

  . These faults may explain pop-up structures observed in many places (i.e
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 3 Figure 3. Summary cartoon illustrating how folds are accomodated by faults.

The scenario of lithospheric folding may also have a number of objections, two main of which are: (a) if a lithosphere buckles prior to its brittle failure, then tectonic forces needed for buckling are too high compared to rocks strength; (b) if faulting occurs prior to buckling, then forces drop too low to initiate folding. Other questions are how large-scale continuous folding can be accompanied by discontinuous localized faulting, where and at which mo ment the faults start to form (before, after or simultaneously with folding), can folding "survive" faulting. Whereas the numerous existing models have improved our understanding of folding, they could not handle the above questions. The analytical studies consider only in finitesimal strains and do not consider explicitely the fault ing process. In general these models predict dominating wavelength-to-thickness ratio C>../h) between 4 and 6 [Biot, 1961; Ricard and Froidevaux, 1986; Zuber, 1987; Martinod and Davy, 1992;