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Basin tectonics during the Early Cretaceous in the Levant margin, Lebanon
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We present new brittle tectonic data constraining the onset of formation of the eastern passive margin of the Levant basin (Eastern Mediterranean basin) in Lebanon. From the identification of syntectonic growth faults, we infer an extensional tectonic regime starting in the Early Cretaceous and ceasing during the Cenomanian. The related stress field had a NNE-SSW direction of extension. It produced WSW-ENE to WNW-ESE normal faults with offsets as large as several hundred meters. Late Jurassic volcanic activity preceded this rifting event and continued until the late Aptian. Thickness and facies variations of the Upper Cretaceous sequence indicate that this rifting event led to the development of an E-W basin in Lebanon. This basin deepens westward, with a possible offshore continuation. The significant obliquity between the ~NE-SW Early Mesozoic faults in southeastern corner of the Levant basin and ~E-W Early Cretaceous faults recognized in Lebanon indicates that the mechanisms driving the development of the Eastern Mediterranean basin drastically changed during the Mesozoic.

Introduction

The Levant basin (LB), the easternmost part of the Eastern Mediterranean basin (EMB), is generally regarded as a basin that resulted from rifting. This is supported by crustal thinning from 30-35 km on the Africa and Arabia continents [START_REF] Makris | Some geophysical aspects of the evolution and structure of the crust in Egypt[END_REF] to ~8km below the LB overlain by a 10-14 km thick sedimentary pile of probably Jurassic to Present age [START_REF] Makris | Seimic refraction profiles between Cyprus and Israel and their interpretations[END_REF]Ginzburd and Ben-Avraham, 1987;[START_REF] Vidal | Internal configuration of the Levantine Basin from seismic reflection data (Eastern Mediterranean)[END_REF][START_REF] Avraham | Crustal structure of the Levant Basin, eastern Mediterranean[END_REF]. However, several aspects of the history of the LB remain unsolved. First, the affinity of the crust below the LB is regarded either as highly stretched continental (Woddside et al., 1977;[START_REF] Hirsch | Paliinspastic crustal setting of the Eastern Mediterranean[END_REF][START_REF] Robertson | Alternative tectonic models for the Late paleozoic-Early Tertairy development of the Tethys in the Eastern Mediterranean region[END_REF][START_REF] Vidal | Internal configuration of the Levantine Basin from seismic reflection data (Eastern Mediterranean)[END_REF] or as oceanic (Ginzburd and[START_REF] Ginzburg | The deep structure of the central and southern Levant continental margin[END_REF][START_REF] Garfunkel | Constrain on the origin and history of the Eastern Mediterranean basin[END_REF]. Second, various ages for the opening of the basin have been proposed: from Triassic or Late Permian [START_REF] Freund | The Triasic-Jurassic structure of Israel and its relation to the origin of the eastern Mediterranean: Geological Survey of Israel[END_REF][START_REF] Garfunkel | Constrain on the origin and history of the Eastern Mediterranean basin[END_REF][START_REF] Stampfli | A plate tectonic model for the Paleozoic and Mesozoic constrained by dynamic plate boundaries and restored synthetic oceanic isochrones[END_REF], Jurassic (Ginzburg and Guitzman, 1979) to Cretaceous [START_REF] Dercourt | Geological evolution of the Tethys belt from the Atlantic to the Pamirs since the Lias[END_REF]. Third, some difficulties arise in reconciling the kinematic models that predicts a N-S opening of the basin [START_REF] Dercourt | Geological evolution of the Tethys belt from the Atlantic to the Pamirs since the Lias[END_REF][START_REF] Stampfli | A plate tectonic model for the Paleozoic and Mesozoic constrained by dynamic plate boundaries and restored synthetic oceanic isochrones[END_REF] with tectonic structures such as Mesozoic NE-SW faults recognized in the LB and along its margins [START_REF] Vidal | Internal configuration of the Levantine Basin from seismic reflection data (Eastern Mediterranean)[END_REF].

These unsolved issues permit a variety of plate tectonic models of the western Neotethys. A major difficulty in getting relevant information on the LB is attenuation of seismic signals by Messinian evaporates, thus precluding good imaging of the underlying Mesozoic strata and structures and enhancing the uncertainties on the reflectors. This paper presents new observations in the Mesozoic sedimentary succession of the eastern passive margin of the LB, in Lebanon. After a review of the regional structures, we present arguments for an Early Cretaceous extensional tectonic event in Lebanon. Comparing published data and those of this paper, we then discuss the tectonic history and setting of the LB.

A c c e p t e d M a n u s c r i p t

Geological frame of Lebanon

1. Tectonic structures of Lebanon

The Levant margin is now the active left-lateral transform boundary between the Nubia and Arabia plates, namely the Dead Sea Fault System (DSFS). The DSFS developed during Late Cenozoic times with a roughly N-S direction and now connects the Red Sea Rift basin in the south to the Arabia-Eurasia-Nubia triple junction in the north (fig. 1). About 100 km of left-lateral slip have been suggested for the southern DSFS (Quennel, 1958;[START_REF] Freund | The shear along the Dead Sea Rift[END_REF].The main fault of the DSFS in Lebanon is the ~150 km-long left-lateral NNE-SSW Yammouneh fault. The N-S Roum fault and the NE-SW Rachaya and Sergaya faults are secondary faults, with more moderate offsets (Butler et al., 1988). The Meso-Cenozoic sequence is folded in three wide NNE-SSW folds that are, from west to east, the Mount Lebanon Anticline, the Bekaa syncline, and the Anti-Lebanon anticline (fig. 1). These folds are thought to have accommodated the shortening imposed by the obliquity of the Nubia-Arabia plate motion (e. g., DeMets, 1990;[START_REF] Jestin | The Somalia plate and the eastern Africa Rift System, presentday kinematics[END_REF] relative to the strike of the Yanmouneh fault [START_REF] Freund | The shear along the Dead Sea Rift[END_REF][START_REF] Garfunkel | Internal structure of the Dead Sea leaky transform (rift) in relation to plate kinematics[END_REF]Butler et al., 1988). Local NE-SW and NW-SE faults also exist. They are thought to be minor dextral and sinistral faults, respectively, related to the transform tectonics (Hancook and Atiya, 1979). The Cenozoic tectonics exhumed and translated the Mesozoic structures away from their initial paleogeographic positions.

Although strike-slip movements occurred on several faults in Lebanon, a large part of the northward translation was absorbed along the Yammouneh fault [START_REF] Walley | Some outstanding issues in the geology of Lebanon and their importance in the tectonic evolution of the Levantine region[END_REF]. Because most of our observations were done west of this fault, and thus in the 'Nubia attached' domain, integration of the Mesozoic structures in Lebanon in the geodynamic context of the opening of the EMB does not necessitate taking into account the Cenozoic movements.

The Mesozoic sequence

The Mesozoic sequence in Lebanon crops out in the cores of the Mount Lebanon and Anti-Lebanon anticlines (fig. 1). The Jurassic and Lower Cretaceous sequences consist of shallow marine [START_REF] Dubertret | Introduction à la carte géologique a 1/50 000e du Liban[END_REF]; the first levels postdate the early Valanginian (Ferry, personal communication). The overlying Aptian and Albian formations are shallow marine carbonates, or locally sandstones and marls. They include a remarkable marker-bed that is the lagoonal Jezine Formation (previously known as Barre de Blanche), uppermost early Aptian in age. The alternation of shallow water carbonates and deeper marls of the Cenomanian and Turonian sequence precedes widespread marine flooding at Senonian time and deposition of chalky limestones. The pioneer Lebanese workers (e. g., Saint Marc, 1974;[START_REF] Dubertret | Introduction à la carte géologique a 1/50 000e du Liban[END_REF] recognized that the Mesozoic sequence exhibits, at the Levant basin scale, a westward thickening and facies evolution from shallow marine sediments onshore to deep pelagic sediments offshore. This led some authors to propose that the present-day western limb of the Mount Lebanon anticline was the eastern margin of the Levant basin during the Mesozoic, trending, therefore, NNE-SSW (e. g., [START_REF] Walley | Some outstanding issues in the geology of Lebanon and their importance in the tectonic evolution of the Levantine region[END_REF].

However, the Lower Cretaceous sequence also exhibits a N-S thickness variation. It is particularly spectacular for the Chouf sandstones, whose thickness reach 300m in Central Lebanon (Chouf area) and is reduced to a few tens of meters in northern Lebanon. The geometry and the opening direction of the Lebanese sector of the LB are thus difficult to establish solely on the basis of the sedimentological architecture. We thus sought out direct arguments for tectonic activity during Mesozoic times.

Early Cretaceous extensional tectonics

1. Dating arguments and faulting

In order to constrain the Mesozoic tectonics in Lebanon, we examined the faults that cut the Mesozoic formations. Complete or partial sections of the Middle Jurassic to Cenomanian sequence are visible along the large valleys that incise the core of the Mount Lebanon anticline. Most faults in this area trend WSW-ENE to WNW-ESE as mapped in the 1/200 000 geological map of [START_REF] Dubertret | Carte géologique du Liban au 1/200 000[END_REF] Jurassic levels. However, such structures may be difficult to document in this poorly bedded sequence.

We thus do not exclude normal faulting during Late Jurassic time, but believe that significant vertical movements did not start not before Early Cretaceous. The widespread Late Oxfordian to Early (Mid?)

A c c e p t e d M a n u s c r i p t Kimmeridgian basalts and tuffs attest to a regional volcanic event that immediately pre-dates the Early Cretaceous phase of extensional tectonics. Extensional tectonics documented in Lebanon thus started in the Early Cretaceous and ended at in the late Albian (or early Cenomanian). The WSW-ENE to WNW-ESE orientation of the several kilometer long normal faults suggests a rough N-S direction of extension.

Stress field

Because the sole direction of normal faults does not necessarily indicate an accurate direction for the driving stresses, fault-slip data on meso-scale faults cutting the Lower Cretaceous and older formations at 29 sites were also measured. Fault-slip data were collected on faults with offsets of 1-100 mm and, when possible, on Early Cretaceous growth faults. The local stress states were inferred from the inversion of faults using the method of [START_REF] Angelier | Inversion of field data in fault tectonics to obtain the regional stress. III: A new rapid direct inversion method by analytical means[END_REF], which is based upon the Wallace-Bott hypothesis that faults slip in the direction of the resolved shear traction. This method allows the determination of the orientation of the three principal stresses,  1 ,  2 and  3 , as well as a shape ratio between principal stress differences, without any assumption on material strength. The uncertainty on the stress axis orientation depends on the 3-D distribution of the fault-slip data. When fault-slip data are of various attitudes and include conjugate sets, the accuracy on the direction and plunge of the principal axes is ~10°.

The fault population includes strike-slip faults at all the visited sites and includes normal faults at 18 sites. Strike-slip faults were disregarded because their compatibility with Dead Sea Fault System tectonics suggests that they formed during the Cenozoic. The normal faults found at 18 sites typically strike between N060ºE and N140ºE (azimuthal range described in clockwise sense). Their dips generally exceed 55º, with 77% of them dipping between 60º and 85º. Fault inversion yields normal stress tensors in which the minimum and intermediate principal stresses are sub-horizontal and the maximum stress is sub-vertical. The rose diagram in figure 5 illustrates the azimuthal distribution of the minimum horizontal stress axis ( 3 ). The azimuth of  3 spreads out the N029ºE arithmetic mean and lies between N152°E and N064°E. This range is rather large, but 71% of the stress states have a  3 direction between N160ºE and At five sites, we could establish that the calculated stress states are Early Cretaceous in age. At two of these, the fault population includes a majority of fault-slip data on Early Cretaceous growth faults with offsets in the range of meters. At the other three, faults were formed in the close vicinity of large-scale Early Cretaceous normal growth faults showing offsets of several or tens of meters. Because faulting generally implies a variety of fracture scales, we are confident that slip on these meso-scale faults reflects the same mechanisms as the large-scale faulting. For the remaining 13 sites, we could not establish with confidence the absolute age of the normal fault-slips. However, for three of them situated in highly dipping strata, the calculated stress states clearly predated the Neogene folding (fig. 5). Indeed, measurement of present-day stresses (e.g., [START_REF] Cornet | Stress field determinations in France by hydraulic tests in boreholes[END_REF][START_REF] Brudy | Estimation of the complete stress tensors to 8km depth in the KTB scientific drill holes: implications for crustal strength[END_REF] and paleostress reconstructions (e. g., [START_REF] Homberg | Structural inheritance and cenozoic stress fields in the Jura fold-and-thrust belt (France)[END_REF] support the hypothesis that stresses follow the Anderson model in which two of the principal stresses are horizontal, the third one being vertical. For the three sites discussed above, this criterion is fulfilled when performing the stress inversion on faults with their backtilted attitude (faults rotated around the local strike of bedding by the amount of tilting). We attributed the calculated stress states in the remaining 13 sites to the Early Cretaceous extension, although we cannot firmly exclude that some of them may reflect a later tectonic event. However, because these 13 stress states together show a NNE-SSW direction of extension that is compatible with the strike of the largescale WSW-ENE to WNW-ESE normal growth faults, we believe that they also reflect the driving mechanism of Early Cretaceous tectonics. SSW extension produced WSW-ENE to WNW-ESE normal faults with length of several kilometers to several tens of kilometers and with offsets as large as several hundred meters. In view of these fault data, we interpret the regional northward thinning (and facies evolution) of the Lower Cretaceous sedimentary sequence as the result of the development of a roughly E-W striking basin in Lebanon. This interpretation differs from that of [START_REF] Walley | Some outstanding issues in the geology of Lebanon and their importance in the tectonic evolution of the Levantine region[END_REF] who interpreted the westward thickening of the Mesozoic sequence near the coast line as a NNE-SSW structural grain, with no reference to specific faults. This interpretation seems no longer valid considering that the observed abrupt changes of the sequence thickness are controlled by E-W faults (fig. 4) and that the regional extensional direction trends NNE-SSW (fig. 5). The westward thickening implies rather that the E-W Lebanese basin continues and deepens westward, that is offshore through the Levant basin. The axis of the Lebanese basin was situated somewhere in central (or southern) Lebanon, most probably in the Chouf region. Here, the Lower Cretaceous succession reaches its maximum thickness of about 700 m and is offset by numerous normal growth faults. The northern margin of the basin was situated ~ 50km to the North, south of Tripoli, where fluvial and shallow marine sedimentation was strongly reduced and sometimes replaced by lavas flows. The southern margin is not visible due to later Paleogene deposits that cover southern Lebanon. Late Jurassic volcanic activity preceded the development of the basin and continued until the late Aptian. Quite remarkable is that Early Cretaceous tectonics produced a combination of WSW-ENE and WNW-ESE faults in Lebanon (fig. 1).

Discussion and conclusion

Our investigation of the

Considering the mean NNE-SSW direction of extension inferred from the fault analysis, the WSW-ENE faults may reflect an earlier structural fabric. Such a fabric is well-developed eastward in Syria in the WNW-ESE Permian to Early Mesozoic Palmyride Trough (e. g., Brew et al., 2001).

As discussed above, the westward increase of the thickness of the Lower Cretaceous succession described by [START_REF] Walley | Some outstanding issues in the geology of Lebanon and their importance in the tectonic evolution of the Levantine region[END_REF] suggests that the E-W Lebanese basin extends further offshore into the deep Levant basin (LB), although its structural continuity may have been slightly disrupted by offshore Cenozoic faulting. Extrapolating our investigation in Lebanon, the LB and more generally the Eastern Mediterranean Basin (EMB) registered a major extensional event during the Early Cretaceous. Although A c c e p t e d M a n u s c r i p t the Early Cretaceous is marked by intense volcanism in Lebanon, our data do not allow us to decipher whether oceanic spreading occurred or not in the easternmost part of the EMB. On the other hand, they exclude that the EMB had already attained its present configuration during the Early Cretaceous time as claimed by [START_REF] Garfunkel | Constrain on the origin and history of the Eastern Mediterranean basin[END_REF]. Taking a full 0.5 cm/yr opening rate during the about 40 Myr of extension recorded in Lebanon, the EMB widened by 200km during the Early Cretaceous. This value is hypothetical and can be much smaller, especially if the basin did not reach the level of sea-floor spreading. Our data also suggest that the mechanisms driving the development of the EMB drastically changed during the Mesozoic (fig. 6). A WNW-ESE direction of opening during the Triassic and Jurassic was proposed by [START_REF] Garfunkel | Constrain on the origin and history of the Eastern Mediterranean basin[END_REF] and [START_REF] Walley | Some outstanding issues in the geology of Lebanon and their importance in the tectonic evolution of the Levantine region[END_REF], in the light of the NNE-SSW pre-Late Permian, Early to Middle Triassic, and Early to Middle Jurassic grabens onshore and offshore of Israel (see [START_REF] Cohen | The tectonic mosaic of the southern Levant: implications for hydrocarbon prospects[END_REF] for a review). This direction is almost perpendicular to the Early Cretaceous NNE-SSW extension documented in Lebanon, also recognized but with a N-S strike in Egypt (Hantar, 1990;Fawzy and Dahi, 1992). This change in the direction of opening, from a mean WNW-ESE to a NNE-SSW direction, occurred somewhere in the Late Jurassic. In addition to this polyphase development, the absence of significant Early Cretaceous faulting in the southern Levant margin (Israel-Jordan) could indicate that the locus of extension in the LB migrated northward.

A c c e p t e d M a n u s c r i p t 

  s c r i p t carbonates or continental sandstones. The oldest outcropping levels are Lower to Middle Jurassic limestones or dolomites. They are overlain by a thick sandy sequence, the Chouf sandstones (called Grès de Base by previous authors). These fluvial deposits are Neocomian to Barremian in age

  They

  s c r i p t are particularly well-developed in the Chouf area and are a few tens of kilometers long. These faults dip either to the North or to the South, with a regular ~60° angle (Fig.2). They offset vertically the Upper Jurassic to Lower Cretaceous beds of several tens to hundreds of meters. Because the strata are subhorizontal, their offsets cannot result from a pure strike-slip fault movement. When the fault plane is visible (~50% of the faults), the striae inclination is systematically close to 90°, indicating that faults are dip-slip normal faults (fig.3). It follows that most WSW-ENE to WNW-ESE faults cutting the Mesozoic series were produced by an extensional event the age of which is now discussed.When outcrop conditions allowed observation of the whole Lower to Middle Cretaceous sequence, the Cenomanian beds sealed most of the normal faults, as illustrated in figure2. A few faults enter into the basal Cenomanian, which generally forms the top of the cross-sections. According to the geological maps of Dubertert, these faults do not extend more than a few hundred meters from the Albian-Cenomanian boundary.St-Marc (1970) showed that the first Cenomanian levels are in fact Late Albian in age.Therefore, the extensional tectonics that produced the WSW-ENE to WNW-ESE normal faults ended just prior to the Cenomanian. Our observations in the younger series confirm tectonic quiescence during the Late Cretaceous. Some NE-SW and NW-SE faults, well developed in southern Lebanon, cut the Upper Cretaceous and Eocene succession (fig.1). Because our paper focuses on Mesozoic structures, we do not further discuss these Cenozoic features.In order to define the time span of this extensional tectonic event, the whole Mesozoic sedimentary succession was examined for normal growth faults. The oldest such faults were observed in the Chouf sandstones. Basaltic lenses interlayered in these fluviatile deposits indicate that volcanic activity accompanied the extensional tectonics. The normal fault shown in figure 4 illustrates that normal faulting continued during Aptian and Albian times. No growth faults were recognized in the Middle to Late

  data are therefore quite consistent and indicate a NNE-SSW direction of extension. Data out of this range may reflect local stress deflections.

  Mesozoic structures indicates that a phase of extensional tectonics occurred in Lebanon during the Early Cretaceous. It started during the deposition of the Chouf sandstones, and thus during late Valanginian or Hautervivian times, and ceased during the Cenomanian. This NNE-A c c e p t e d M a n u s c r i p t

Fig. 1 .

 1 Fig. 1. Kinematic frame of Lebanon A: Simplified tectonic map of the Eastern Mediterranean domains Ar,

Fig. 2 .

 2 Fig. 2. Normal faults cutting the Jurassic to Lower Cretaceous sequences. See fig. 1 for location. The

Fig. 3 .

 3 Fig. 3. Early Cretaceous normal fault plane cutting the Jezine formation. Site of Kafer Hachno (see fig. 1

Fig. 5 .
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