






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Late Quaternary co-seismic sedimentation in the Sea ... - Bertrand Meyer

Brown, K.M., Behrmann, J., 1990. Genesis and evolution of small- scale structures in the .... Komar, P.D., 1971. Hydraulic jumps in turbidity currents. Geological. 

















 Télécharger le PDF 






 4MB taille
 2 téléchargements
 285 vues






 commentaire





 Report
























Sedimentary Geology 199 (2007) 65 – 89 www.elsevier.com/locate/sedgeo



Late Quaternary co-seismic sedimentation in the Sea of Marmara's deep basins Christian Beck a,⁎, Bernard Mercier de Lépinay b , Jean-Luc Schneider c , Michel Cremer c , Namik Çağatay d , Evrard Wendenbaum a,b , Sébastien Boutareaud a,c , Guillemette Ménot e , Sabine Schmidt c , Olivier Weber c , Kadir Eris d , Rolando Armijo f , Bertrand Meyer f , Nicolas Pondard f , Marc-André Gutscher g , and the MARMACORE Cruise Party, J.-L. Turon c , L. Labeyrie h , E. Cortijo h , Y. Gallet f , Hélène Bouquerel f , N. Gorur i , A. Gervais c , M.-H. Castera c , L. Londeix c , A. de Rességuier c , A. Jaouen j a



c



Laboratoire de Géodynamique des Chaînes Alpines, U.M.R. C.N.R.S. 5025, U.F.R. C.I.S.M. Université de Savoie, 73 376 Le Bourget du Lac, France b Géosciences Azur, U.M.R. C.N.R.S. 6526, Université de Nice-Sophia-Antipolis, 06 560 Valbonne, France Département de Géologie et Océanographie, U.M.R. C.N.R.S. 5805, Université de Bordeaux I, 33 405 Talence Cedex, France d Geology and Mining Faculty, Istanbul Technical University, (ITU), Maslak Istanbul, Turkey e Lamont-Doherty Earth Observatory, Colombia University, Woods Hole, Massachusetts. presently at CEREGE, UMR-6635, Europole de l'Arbois, BP80, 13545 Aix-en-Provence cedex 4, France f Institut de Physique du Globe de Paris, CNRS UMR 7578, Université Pierre et Marie Curie, 75 252 Paris, France g I.U.E.M., Domaines Océaniques, U.M.R. C.N.R.S. 6538, Université de Bretagne Occidentale, 29 280 Plouzané, France h Laboratoire des Sciences du Climat et de l'Environnement, U.M.R. C.N.R.S.-C.E.A. 1572, 91 198 Gif-sur-Yvette, France i Scientific and Technical Research Council of Turkey (TUBITAK), Marmara Research Center (MAM), Earth and Marine Research Institute, Kocaeli, Turkey j Institut Paul-Emile Victor, Technopole Brest-Iroise, BP 75, 29 280 Plouzané, France



Abstract The deep, northern, part of the Sea of Marmara (northwestern Turkey) is composed of several aligned, actively subsiding, basins, which are the direct structural and morphological expression of the North-Anatolian Fault's northern branch. The last 20 kyr of their sedimentary fill (non-marine before 12 kyr BP) have been investigated through giant piston coring onboard R/V MARION-DUFRESNE (MARMACORE Cruise, 2001) and by chirp sub-bottom profiler onboard R/V ATALANTE during MARMARASCARPS Cruise (2002). Especially during the lacustrine stage, the infilling of the deep basins (Tekirdağ, Central, Kumburgaz, and Çinarcic Basins; up to 1250-m depth) was dominated by turbidites (with coarse mixed siliciclastic and bioclastic basal parts), intercalated in “hemipelagic-type” fine-grained calcareous and slightly siliceous clays. Often the turbidites show strong segregation and a sharp boundary between a coarse lower part and a suspended-load upper part. In the Central Basin, 8 m of a unique sedimentary event include a 5 to 8-m thick “homogenite” well imaged on seismic profiles. The latter is interpreted as related to a major – possibly earthquake-triggered – tsunami effect, as described in the Eastern Mediterranean by Kastens and Cita [Kastens K. and Cita M.B., 1981. Tsunami-induced sediment transport in the abyssal Mediterranean Sea. Geological Society of ⁎ Corresponding author. Tel.: +33 4 79 75 87 05; fax: +33 4 79 75 87 77. E-mail address: [email protected] (C. Beck). 0037-0738/$ - see front matter © 2006 Elsevier B.V. All rights reserved. doi:10.1016/j.sedgeo.2005.12.031
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America Bulletin, 92:845–857]. In the marine (Holocene) upper part of the sedimentary fill, repeated to-and-from structures, affecting silt or fine sand, are evidencing seiche-like effects and, thus, earthquake triggering. Detailed correlations between two deep coring sites (at 1250 m and 1200 m) indicate more than 100% over-thickening in the deepest one; this implies specific processes of distribution of terrigenous input by dense currents (high kinetic energy, seiche effects, complex reflections on steep slopes). The peculiar sedimentary fill of the Sea of Marmara's Central Basin is interpreted as a direct consequence of the strong seismic activity, (and, by extrapolation, to the whole set of deep basins). This imprint is more significant below the base of the Holocene, as environmental conditions favoured marginal accumulation (especially on the southern shelf) of large amounts of erosion products available for mass wasting. © 2006 Elsevier B.V. All rights reserved. Keywords: Sea of Marmara; Late Quaternary; Cores; High resolution seismic; Earthquakes; Turbidites; Homogenites



1. Introduction Since the results of diverse investigations conducted on both marine and lacustrine fills, possible sedimentary effects of strong earthquakes have been described and progressively taken into account as paleoseismic indicators (Kuenen, 1958; Sims, 1973, 1975; BenMenahem, 1976; Field et al., 1982; Séguret et al., 1984; Seilacher, 1984; Doig, 1985; El-Isa and Mustafa, 1986; Anand and Jain, 1987; Plaziat et al., 1988; Adams, 1990; Doig, 1991; Tuttle and Seeber, 1991; Piper et al., 1992; Roep and Everts, 1992; Guiraud and Plaziat 1993; Marco and Agnon, 1995; Chapron et al., 1996; Moretti and Tropeano, 1996; Beck et al., 1996; Alfaro et al., 1997; Pratt, 1998; Calvo et al., 1998; Lignier et al., 1998; Chapron, 1999; Chapron et al., 1999). These effects and their sedimentary records appear robust in isolated marine basins and large lakes, submitted to significant seismo-tectonic activity (Hempton and Dewey, 1983; Siegenthaler et al., 1987; Ringrose, 1989; Van Loon et al., 1995; Syvitski and Schafer, 1996; Mörner, 1996; Chapron et al., 1999; Shiki et al., 2000; Gorsline et al., 2000; De Batist et al., 2002; Arnaud et al., 2002; Beck, in press). During the last decade, investigations made attempts to constrain paleoseismological parameters through: 1) analog modelling (Caselles et al., 1997; Moretti et al., 1999); 2) calibration of geotechnical characteristics with seismological parameters (Obermeier, 1989; Obermeier et al., 1991; Audemard and De Santis, 1991; Vittori et al., 1991; Rodriguez-Pascua et al., 2002); 3) delimitation of “paleo-epicentral” area based on sets of synchronous lacustrine records, and use of various correlative indirect evidences (Allen, 1986; Lignier, 2001; Becker et al., 2002, 2005; Carrillo et al., 2006). In the Mediterranean realm, a major volcanic and seismic event and its consequences (tsunami) have been considered as generating huge sedimentary reworking (Kastens and Cita, 1981; Cita et al., 1996; Cita and Rimoldi, 1997). The resulting deposit appears to



specifically fill the deepest parts and to smooth previous relief in deep central-eastern Mediterranean basins. On high resolution seismic reflection profiles, it corresponds to a particular transparent layer called “homogenite” (Kastens and Cita, 1981) or “unifite” (Stanley, 1981). Based on these previous concepts and other investigation results on large intra-mountainous lakes, the deepest part of the Sea of Marmara – which underwent a non-marine episode prior to the last eustatic rise – was investigated as a possible recorder of the frequent strong earthquakes occurring along the North-Anatolian Fault (Mercier de Lépinay et al., 2003; Beck et al., 2003). 2. Geodynamic and paleoenvironmental settings As evidenced by seismo-tectonic surface studies, seismological investigations, and GPS data, the NorthAnatolian Fault is considered as a major active boundary between the Anatolia and Eurasia plates (Armijo et al., 1999; McClusky et al., 2000; Armijo et al., 2002; Flerit et al., 2003) (Fig. 1). In northwestern Turkey, the northern branch of this right-lateral strikeslip fault system is characterised by a set of recent high magnitude earthquakes (Barka and Kadinsky-Cade, 1988; Stein et al., 1997; Barka et al., 2002). A direct consequence of this active structure is the deep northern part of the Sea of Marmara, an East–West trending, 200 km long pull-apart basin, composed of several aligned sub-basins (Figs. 2 and 3). Considered as Pliocene-Quaternary (Wong et al., 1995), the Sea of Marmara syn-tectonic sedimentary fill and its deep substratum have been imaged by seismic reflection surveys (Okay et al., 2000; Carton, 2003; Hirn et al., 2003). The pre-Pliocene substratum involves ophiolitic assemblages, metamorphic and igneous rocks (intrusions and subaerial volcanics), from Paleozoic to Miocene. They represent part of the Pontides (North) and the Taurides (South) peri-Mediterranean belts. Potential terrigenous sources (highest relief) are located on the southern side of the Sea of Marmara and consist
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of metamorphic and igneous rocks. The northern border has a lower relief, comprising Tertiary sediments and volcanics. This situation is responsible for higher terrigenous input on the southern shelf (Ergin et al., 1991, 1999). The drainage pattern issued from the southern uplands converges towards tributaries of the Sea of Marmara, while, on the north side, the main hydrologic system flows westwards (Fig. 1), avoiding significant input to the northern shelf. As the connection between the eastern Mediterranean (Aegean Sea) and the Black Sea through two shallow sills (Dardanelles and Bosphorus), the Sea of Marmara experienced the consequences of the last glacio-eustatic cycle (Ryan et al., 1997; Aksu et al., 1999; Çağatay et al., 2000; Major et al., 2002; Çağatay et al., 2003) and
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particularly the associated 120-m sea-level rise. Recent paleoenvironmental studies through coring and seismic imagery have been dedicated, by different teams, to the analysis of the Black Sea/Sea of Marmara connection (Ryan et al., 1997). Recent modifications have been investigated through short gravity cores, either in deep basins or in shallow shelf positions (Çağatay et al., 2000, 2003). The lacustrine-to-marine change is considered to have occurred around 12 cal. kyr BP, and is represented either by a sharp boundary in shallow marginal sites, and by a more gradual change in deep-water sites. Although also concerned with paleoenvironmental aspects, the MARMACORE Cruise's results presented here mainly focus on the search for impacts of seismic activity on recent sedimentary processes.



Fig. 1. Simplified present day geodynamic setting of the Sea of Marmara. (after Armijo et al., 1999, 2002); GPS velocity vectors with fixed Eurasia Plate, from McClusky et al. (2000). The Anatolia Plate is bounded by major strike-slip faults sytems (North and East) and subduction (South). The Sea of Marmara appears as a pull-apart basin created by right-lateral strike-slip displacement along the Northern Branch of the North-Anatolian Fault (NAF).
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3. The Late Pleistocene–Holocene sedimentary fill of the Sea of Marmara: overview of MARMACORE Cruise's results 3.1. Technical aspects The MARMACORE Cruise took place 20 August 13 September 2001, as part of the larger GEOSCIENCES MD 123 program. Onboard R/V MARIONDUFRESNE, a set of 8 long piston cores were retrieved using the CALYPSO piston corer. This retrieves up to 55-m long and 10-cm diameter cores. Five cores were taken at depths of 1250 and 1100 m, and three at shallower depths between 800 and 400 m. Lengths range from 21.8 to 37.3 m. Very high resolution single channel seismic reflection surveys were performed for site-surveying. In 2002, a grid of 3.5 kHz profiles were acquired during the MARMARASCARPS cruise, in addition to short piston cores (see Armijo et al., 2003); the whole dataset is located on Fig. 2. The eight long cores (labelled MD01-2424 to MD01-2432) were divided into 1.5-m long sections; non-destructive measurement profiles were performed, including Magnetic Susceptibility, sonic velocity, gamma-ray densimetry, using I.P.E.V.'s GEOTEK multitools core logger. Core sections were then split for visual description (layering type, sedimentary and tectonic structures) and preliminary sampling (smear slides for terrigenous and biogenic content analyses, plant debris and wood fragments for 14C dating). Specific attention was paid to coarse terrigenous layers, microtectonic structures, and possible liquefaction features. Preliminary shipboard studies were completed onshore by detailed Magnetic Susceptibility profiles using a BARTINGTON™ MS2 contact sensor (with 5 mm intervals). Laser microgranulometric measurements



were performed using MALVERN™ Mastersizer S equipment. X-ray radiograms of split cores (MD012429 and MD01-2431) have been made with D.G.O.'s SCOPIX system (University of Bordeaux I); X-ray tomograms (in I.F.P. laboratory) have been performed on a selected portion of microfractured sediments in core MD01-2431. 3.2. Sediment compositions and types of layering All analyzed sections (230 m in total) are basically composed of fine-grained terrigenous material with interlayered, sharply different, sequences that will be detailed here-after. The upper, marine, parts of the eight cores (see Fig. 3), are almost entirely composed of faintly-layered clayey-silty, slightly calcareous mud. Mean grain size, median, and mode, range between 4 and 8 μm, and calcite content is rather constant, around 15%. Detrital carbonate grains are generally dominant compared to bio-induced or biogenic components. These fine-grained sediments – “background” – are locally enriched in freshwater Diatoms frustules in the lower part; in the upper part, dispersed calcareous nannoplankton is present. In cores MD01-2425 and MD01-2427, we observed a conspicuous millimetric layer consisting of an almost pure nannoplankton ooze (Fig. 3); we tentatively used this “bloom” as a correlation chronological marker. The silty terrigenous fraction is siliciclastic, mainly of volcanogenic origin (fresh plagioclase, amphibole and pyroxene, fresh automorphous brown mica, opaques minerals); metamorphic and plutonic rocks-derived components (white micas, amphiboles, deformed quartz) are rare. More frequently in the lower part, dark pigmentation is developed, due to diagenetic sulfides; either diffused or concentrated in association with bioturbation.



Fig. 2. High resolution seismic reflection grid and coring locations of MARMACORE and MARMARASCARPS Cruises.
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Fig. 3. Summary of giant piston coring results in the Sea of Marmara (MARMACORE Cruise), and shipboard proposed lateral correlations. 69
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Noteworthy individual layers (events) or successions of layers are intercalated within the background clayeysilty (marine or lacustrine) sediment:



Table 1 A.M.S. Radiocarbon dating results from organic debris Sample



Type



– ash layers: Two major probable pyroclastic fallout events, up to 8-cm thick, have been found in cores MD01-2428 and MD01-2430 and tentatively correlated (afl-1 and afl-2; Fig. 3). These two sites show a sedimentation rate much lower than in other cored sites. Several discrete (less than 5-mm thick) ashenriched layers are present in all cores; – silty-sandy laminated intervals: these are abundant in lower half of the marine interval of cores MD012424, MD01-2425, MD01-2427 (eastern basins), and more dispersed in core MD01-2432 (western basin). In cores MD01-2429 and MD01-2431 (Central Basin), these intervals are intercalated within the upper marine sequence. They consist of millimetric parallel planar bedding, involving subtle changes in grain size and mineralogy of detrital components. According to textures and composition, we interpret this layering as related to bottom horizontal bed-load distribution. It does not represent fluctuations in planctonic production and/or in parapelagic suspended load. The apparent cyclic layering could represent variations in locally developed bottom currents as responses to surface ones, in a convective-like system; this possible process could be more active close to the two sills. An alternative explanation may be that these coarser laminated episodes represent distal distribution of flood-induced dense bottom currents, and, thus, periods of particularly strong and repeated runoff (?). These two speculative interpretations converge to a paleoenvironmental forcing; they need further detailed laboratory analysis; – turbiditic sequences: These are common in the deepest cores (MD01-2424, MD01-2425, MD012427, MD01-2429, MD01-2431) except for the Tekirdag Basin. Ranging from centimetric to decimetric thickness, they are almost entirely intercalated within the lower, lacustrine, part of the analyzed successions. We observed the apparent highest frequency in Central Basin's core MD01-2431. These turbidites usually display a sharp erosive base, sometimes with ball-and-pillow structures; the basal coarse sands contain shell fragment concentrations, and sometimes plant detritus. The mineralogy of the siliciclastic fraction is similar to the one observed in the finer-grained strata mentioned above. Part of these turbidites show a classical progressive fining upwards, while, for the thickest ones, an



MD012425– 2816 cm MD012425– 3105 cm MD012427– 2498 cm MD012428– 696 cm MD012429– 2705 cm



Plant/ − 26.81 12850 55 Wood Plant/ − 26.66 13250 55 Wood Charcoal − 27.82 13600 55



15 950/14 350 yr



Charcoal − 28.83 17200 70



21 150/19 750 yr



Charcoal − 26.45



MD012431− 1138 cm MD012431– 1518 cm MD012431– 1661 cm



Charcoal − 28.12 12150 65



11 100/10 920 yr (44.7%) 10 910/10 670 yr (49.5%) 10 660/10 640 yr (1.2%) 15 650/14 250 yr



− 27.86 13100 55



16 250/14 750 yr



− 28.74 14100 75



17 450/16 350 yr



Plant/ Wood Plant/ Wood



δ13C



Age



Age Calibrated age BP, error 95.4% conf.



9530 45



16 450/14 950 yr 16 850/15 800 yr



Analysis performed at Woods Hole Oceanographic Institution, National Ocean Sciences Accelerator Mass Spectrometry facility (NOSAMS); calibration with OxCal Program v3.10.



abrupt contact separates the bed-load basal part from the suspended-load upper part, the latter turning into a “homogenite”. One of the following paragraphs will focus on these specific sedimentary “events”, and especially on an 8-to-12-m thick sequence which itself comprises a 5-to-8-m thick homogenite. Both within the marine and the lacustrine parts of the cored succession, bioturbation appears very scarce; black sulphidic lenses may represent millimetric simple burrows. As observed in deep lacustrine basins or in isolated marine basins, this suggests anaerobic to dysaerobic conditions. The occurrence of a few bioturbated horizons at the top of turbidites/homogenites underlines possible reoxygenation related to episodic bottom currents initiated in shallower oxygenated areas. 3.3. Chronology and correlation with data from shelves Shipboard preliminary lithostratigraphic correlations (Mercier de Lépinay et al., 2001) were based on a few conspicuous layers (major tephra and nannoplankton “blooms”). More detailed observations of biogenic content distinguished the marine upper part from the lacustrine lower sediments, thus completing the correlation chart. Ten plant/wood or charcoal fragments and two mollusc shells were found during shipboard core-splitting. They



C. Beck et al. / Sedimentary Geology 199 (2007) 65–89



were used for A.M.S. 14C analyses performed at Woods Hole Oceanographic Institution, National Ocean Sciences Accelerator Mass Spectrometry facility (NOSAMS) (11 samples), and in Zürich Federal Polytechnical Institute (1 sample). Only results concerning organic matter samples (Table 1) are indicated on Fig. 3 and used in our discussion. Raw values were calibrated according to the variations of atmospheric 14C (Stuiver et al., 1998). We used OxCal Program v3.1. Values plotted on Fig. 3 logs correspond to highest confidence intervals. Most of the cores appear to represent the Holocene and part of the Late Pleistocene. The longest core (MD01-2429, 37.3 m), represents the shortest time interval sampled, and was retrieved from the deepest zone of the Central Basin. Conversely, cores MD01-2428 and MD01-2430 may represent the last 40 to 50 kyr BP, if mean sedimentation rates extrapolated. Our chronological data are in agreement with the lacustrine-to-marine transition age proposed by various authors: around 12 cal. kyr BP (Çağatay et al., 2000; Tolun et al., 2002; Çağatay et al., 2003). Due to the
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importance of the “corridor” situation of the Sea of Marmara, between the Black Sea and the Aegean, the Late Quaternary connection has been investigated and discussed by various authors, based on coring results and high resolution seismic reflection data, (Aksu et al., 2002a,b; Major et al., 2002; Hiscott and Aksu, 2002). Our preliminary results are in agreement with chronological data from shallow sedimentary records (southern shelf and Izmit Gulf) (Çağatay et al., 2000, 2003); we did not observe any abrupt change, favouring the “deep sill” rather than the “shallow sill” models of Major et al. (2002). For cores MD01-2429 and MD01-2431, we reconstructed two synthetic logs with potentially reflecting interfaces, based on detailed layering and sediment texture contrasts. These logs were then compared to corresponding portions of 3.5 kHz seismic lines, taking into account an estimation of theoretical vertical resolution (Fig. 4). In the upper marine part, the “background” sedimentation is slightly variable with a high siliclastic (clay–silt) and calcareous fraction, and is



Fig. 4. Synthetic seismic logs of cores MD01-2429 (b) and MD01-2431 (a): location of main potential reflective sedimentary interfaces (left) and correlation with detected reflectors (right). The marine upper part corresponds to variable amplitude and variable frequency; the lacustrine “hemipelagic-type” lower part corresponds to almost constant amplitude and high frequency.



72



C. Beck et al. / Sedimentary Geology 199 (2007) 65–89



interrupted by only a few coarse turbiditic layers. The last mentioned are correlated with a few high amplitude reflectors (see Fig. 4b, 0–32-m interval of core MD01-2429 and corresponding acoustic image; 1640– 1685 m t.w.t.). Other reflections have variable amplitude and variable frequency. In the lower part, the “background” sedimentation is finer-grained and with a more constant composition (dominantly biogenic and bio-



induced material). This “hemipelagic-type” sediment often appears as clear thin intervals (few cm to 10 cm; close-ups of Fig. 5) between numerous coarse turbiditic layers. As they are intercalated within more constant background sediment, they produce constant amplitude and high frequency reflections (see Fig. 4b, interval below 32 m in core MD01-2429 and corresponding acoustic image below 1685 m t.w.t.). Thus, the separation of the



Fig. 5. Close-ups of split sections of the lower lacustrine part of cores MD01-2429 and MD01-2431, displaying the frequency of strong contrast interfaces between the “hemipelagic-type” background sediment and coarse re-depositional events.
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Fig. 6. Detailed morpho-bathymetry of the Marmara Sea's Central Basin, location of giant piston cores and seismic profiles. 73
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Fig. 7. 3.5 kHz profiles across the Central Basin, showing evidence for an “homogenite”.
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upper marine period of sedimentation from the lower lacustrine (hemipelagic-type) can also be traced on the high resolution seismic imagery. For the two studied sites
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at least, this limit is consistent with other previously mentioned data. On Core MD01-2431 (Fig. 4a), the characterisation of the lower “hemipelagic-type” interval



Fig. 8. General view of split core MD01-2431, showing the pre-Late Glacial “homogenite” and associated coarse gravity deposits.
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is not so obvious due to the presence of the 8-m-thick megaturbidite described in the next paragraph. 3.4. Occurrence of a major pre-Late Glacial sedimentary “event” in the Central Basin The various seismic profiles crossing the Central Basin (Fig. 2) display a conspicuous acoustically transparent layer up to 8 m two-way-time in thickness.



Taking into account the theoretical vertical resolution, analysis of the complete grid did not allow clear identification of this layer in the other sub-basins (Tekirdağ, Kumburgaz, Çinarcic). Nevertheless, the chronostratigraphic resolution of the cores indicates the presence of a more subtle signature of the same sedimentary “event”, as one of the re-depositional event features on Fig. 5. This homogeneous layer, term on “homogenite” in reference to the concept of Kastens and



Fig. 9. Correlations between cores MD01-2431 and MD01-2429 based on Magnetic Susceptibility.
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Cita (1981), will be emphasized as the upper component of a unique huge re-depositional event. 3.4.1. Ocurrence of a pre-Late Glacial homogenite Fig. 7 profiles (location on Fig. 6) underlined a specific distribution of the homogeneous transparent acoustic layer, and its characteristics, namely – restriction to the very deepest parts of the Central Basin (below 1190-m depth), – sharp lateral termination (see line cb 14, Fig. 7), – increasing thickness with increasing depth (comparison of central and western parts of line cb3, Fig. 7). The “homogenite” represents very fine-grained sediment likely transported and deposited as suspended load. The lack of vertical changes and the non-draped configuration implies deep horizontal spreading, similar to any hyperpycnal depositional process. Based on the whole grid of chirp profiles of the Central Basin, the total volume is estimated at between 0.6 and 1.4 km3. Core MD01-2431 completely crossed this homogeneous layer; it can be viewed on a general reconstructed picture (Fig. 8). Within the uppermost 70 cm, three dispersed wood fragments were extracted. Calibrated ages with maximum confidence intervals are: 16.6– 17.3 cal. kyr BP for samples A1 and A2, 15.5–16.0 cal. kyr BP for sample A3. Considering the wood debris as reworked, we selected the youngest age as the closest to the homogenite deposition age, assuming a unique event as argued below. About 2 m higher in a layered part of core MD01-2431, another wood fragment yielded a 14.1–14.8 cal. kyr BP age (sample A4). This is in agreement both with the age proposed for the homogenite, and the age of the lacustrine-to-marine transition detected above. In the following, we will name this unit the pre-Late Glacial homogenite (PLGH).
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one. Based on microscopic observation of terrigenous and biogenic fractions, the mud clasts are interpreted as reworked from the underlying wellstratified lacustrine sequence. The Magnetic Susceptibility (M.S.) signature of these two coarse layers (Fig. 9, left graph) reinforces the distinctiveness of the coarse sand and the similarity between the mud clasts and the underlying succession. The M.S. of the homogenite is also remarkably constant. The upper marine sequence also yielded, between 2 m and 6 m, a rather constant M.S. profile but with a different (lower) mean value. The homogenite's carbonate content is nearly constant, between 12.9 and 13.1%. Detailed grain-size vertical evolution profiles (Fig. 10) are based on regular sampling of the homogenite and coarse sand layers. All parameters (mean grain size, mode, median: between 6 and 7 μm) are highly constant in the homogenite, and more varied in the coarse sand. Part of the results is plotted as a base-to-top path on a skewness vs. sorting diagram (Fig. 10), which shows or confirms: 1) fluctuations of depositional dynamics in the bed-load part, the displayed variation frequency being probably higher than the one detectable by the sampling interval;



3.4.2. Association of the pre-Late Glacial Homogenite with a coarse-sand and mud-clast layer Between the PLGH and the next underlying “background” hemipelagic-type layer, two thick and coarse layers are intercalated (Fig. 8): 1) 1.7 m of dark siliciclastic non-stratified coarse sand, with minor biogenic content from a shallow coastal environment (highly fragmented molluscs shells), and dispersed millimetric plant debris; 2) 1.0 m of mud–clast breccia; its centimetric clasts are made of fine-grained grey to whitish sediment, with locally preserved stratification; they are embedded within a coarse sand matrix identical to the overlying



Fig. 10. Vertical evolution of grain-size distribution in the pre-Late Glacial Event.



78



C. Beck et al. / Sedimentary Geology 199 (2007) 65–89



2) sharp transition between the coarse sand and the homogenite; 3) highly constant distribution along the 5-m thickness of upper, suspended load, part. The three layers are considered to be components of a unique re-depositional “event”, totaling 8-m thickness in core MD01-2431: the pre-Late Glacial Event (PLGE). Close-ups in Fig. 11 illustrate different parts of the PLGE: the top, with transition from homogenite to



hemipelagic-type sediment (Fig. 11d), the coarse sand/ homogenite boundary (Fig. 11e), the mud-clast interval/ coarse sand boundary (Fig. 11f ), and the base of the mud-clast interval (Fig. 11g). Except for the last mentioned, the whole set is composed of allochtonous siliclastic components derived from previously deposited shallower (shelf and shelf margin) sediments. The diatom assemblages determined within the sand, the mud-clast breccia, and the homogenite (Boutareaud, 2003) belong to various mixed shelf and delta



Fig. 11. Close-ups of selected portions of core MD01-2431. (cf. Fig. 8; a: conjugate microfractures; b: microfracturing with possible sealing by coeval turbidite arrival; c; possible in situ liquefaction, evidenced by ball-and-pillow – b-a-p – structure; d to g: details of the pre-Late Glacial event. In the continuous core section from 10.50 m to 12.00 m X-ray scanning show a constant orientation of microfractures).
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environments. This confirms the reworked origin and especially argues against a unique “hemipelagic” source for the homogeneous upper layer. 3.4.3. Depositional model for the pre-Late Glacial event and smaller-sized similar events Generally speaking, the depositional model proposed for the PLGE follows the concept of a megaturbidite: large volume mass wasting turning into a dense hyperpycnal flow (Bowen et al., 1984; Mulder et al., 1994; Mulder and Cochonat, 1996; Bouma, 2000). Nevertheless, the distinct boundary between the coarse sand and the upper fine-grained unit and the lack of clear internal structures differ from the usual configuration of classical turbiditic sequences. This sharp boundary is also common on smaller-sized sedimentary “events”
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(Fig. 5). The Mediterranean “Minoan” homogenite (Kastens and Cita, 1981; Cita et al., 1996) is not associated with a coarse base layer, and units of these type were called “unifites” (Stanley, 1981; Stanley and Maldonado, 1981). Also, Stow and Wetzel (1990) proposed the “hemiturbidite” concept for fine-grained homogeneous layers, explained by a deep-seated separation of an upper fine-grained “cloud” from a lower coarser-grained layer, the former following a much longer trajectory. This separation may also be explained by a “hydraulic jump” (Fig. 12, case a). This concept explains the horizontal separation, within a unique mixed particulate flow, of an upper suspendedload flood from a (coarse-grained) basal, quickly immobilized, layer. This separation is attributed to bottom relief acting as an obstacle. Initially proposed for



Fig. 12. Different explanatory models for the segregation of homogenite layers.
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coastal sediments, the hydraulic jump concept has been applied to deeper situations as deltaic foresets and turbidites (Komar, 1971; Nemec, 1990; Kubo and Yokokawa, 2001; Allen, 2001) without necessarily implying an obstacle. In a turbidity current, the separation (jump) may occur while crossing the slope (within the canyon), or at the deep plain/slope break (Fig. 12, case b). Nevertheless, for the PLGE and for smaller-sized similar sedimentary “events” (Fig. 5), the coarse basal layers are present and are supposed to have spread horizontally together with the upper fine-grained suspension. Furthermore, the 3.5 kHz profiles show the same “acoustic” structure (and thus same composition) for the PLGE throughout the Central Basin. The 3.5 kHz profiles do not show any major relief below the PLGE, but rather a flat surface that pre-dates the youngest fault scarps. As an alternative explanation we propose a longlasting bottom current with several superimposed direction changes, leading into an almost complete segregation of the bedload from the suspended load (Fig. 11). This could be induced by: 1) either a high velocity turbidity current (high kinetic energy) undergoing several reflections against the steep slopes of the Central Basin with progressive damping (following the concept of “contained turbidites” of Pickering and Hiscott, 1985) (Fig. 12, case C); or 2) an oscillatory movement of the whole water mass, initiated by a sudden bottom modification (co-seismic displacement, or huge sub-aqueous slump) (Fig. 12, case D). This tsunami effect has been analyzed and modelled for the Sea of Marmara (Yalçiner et al., 2002); it also can be considered as a seiche effect as known in large lakes (Siegenthaler et al., 1987; Chapron et al., 1999). The second hypothesis is directly “paleoseismic”, and the first mechanism proposed is also often considered as earthquaketriggered (Nakajima and Kanai, 2000). We assume (see also Chapron et al., 1999; Beck, in press) that this oscillatory mechanism is responsible for: a) additional extraction of clayey-silty matrix from the initial flux, leading to an increased volume of upper suspended load, and sharpening the boundary between coarse and fine-grained layers; b) concentration (ponding) of the homogenite deposit within deepest hollows. In contrast, in a single fine-grained turbidite flooding a wide basin floor, the widespread and thick upper



suspended “cloud” may partly lead to upslope deposition with local draped configuration (Dolan et al., 1989). We do not have any direct evidence (on HR seismic images) for corresponding slump scars, and have to consider two alternate origins: a unique major mass wasting, or the gathering of several slumps turning into coeval turbidites channelized by the different canyons of the southern edge of Central Basin (Fig. 6). Two departure areas could be proposed: the edge of the main large shallow southern shelf or the deeper irregular inclined shelf mainly bounding the eastern half of the Sea of Marmara (North of Imrali Island, see Fig. 3). We favour the first hypothesis because: 1) following the present day subaquatic morphology, the Central Basin is not directly affected by the drainage crossing the deep eastern shelf; 2) the less steep slope was well imaged by HR seismic and no slump scar was detected. The presence of mud clasts of deep autochthonous origin, reworked at the base of the PLGE megaturbidite, needs an additional specific mechanism. We propose two explanations: either they are generated within the megaturbidite along the slope–bottom break line (Fig. 12, case b), or they are a direct consequence of a major earthquake inducing submarine scarps and microfaults (Fig. 13). In the second hypothesis, the megaturbidite is generated by the same shock and may be called seismoturbidite. Taking in account the various available data previously mentioned, we favour, for this huge preLate Glacial Event, the combination of a major earthquake (16,000 cal. yr BP) occurring during a period of high terrigenous sedimentary supply related to specific Late Glacial climatic conditions. With respect to smaller-sized reworking events (Fig. 5), they are believed to represent similar mechanisms, with similar triggering, and in a similar situation with respect to climatic fluctuations. In several cases, these turbiditic layers appear as “sealing” previous disturbances of the underlying sediment/water interface (Fig. 11, close up b); the volume differences (or thickness differences) between all these sedimentary events, must be related to a combination of: 1) the characteristics of the triggering shaking (unique short event vs. repeated shocks); 2) the type of impact on sedimentation (number of induced mass wastings, size of slope failure, intensity of direct bottom disturbance (Rodriguez-Pascua et al., 2002), 3) the distance between the investigated depositional basin and epicentral area (Lignier, 2001). All these sedimentary “events” have been investigated in the lacustrine lower part of the Central Basin's
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recent fill as they are striking features. Does it mean that this process decreased or disappeared in the Holocene? Or did the earthquakes’ sedimentary record become weak or absent? The following section deals with the impact of strong seismic activity during the marine (Holocene) sedimentation. 4. Overthickening of the sedimentary pile with increasing depth in the Central Basin The general configuration of the Sea of Marmara's sedimentary fill, as imaged by seismic reflection (Okay et al., 2000; Rangin et al., 2001; Le Pichon et al., 2001; Ǐmren et al., 2001; Carton, 2003; Hirn et al., 2003; Demirbağ et al., 2003), clearly indicates a complete, long term, tectonic control of the sedimentary fill; especially for internal configurations in the different sub-basins. With the higher resolution here used, this relationship may be envisaged, not as a continuous process (with mean values of sedimentation rates and of fault displacements), but rather as a succession of incremental events (with instantaneous sedimentation rates and co-seismic faults scarps). Both on chirp profiles and in cores, this second investigation scale enables explanation of very local and large thickness increases such as the one observed in the Central Basin's deepest part (Fig. 7). 4.1. Correlation between cores MD-2431 and MD-2429 The synthetic seismic logs based on core lithological content, and constructed for general seismostratigraphy (Fig. 4), were used for detailed correlation across the deep
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fresh scarps zone subdividing the Central Basin floor (Fig. 7). The correlation between Cores MD01-2429 and MD01-2431 (Fig. 14), established with 3.5 kHz images, and completed by lithological comparisons, illustrates the differences. The horizontal distance is less than 10 km and the bottom depths are respectively about 1250 m and 1200 m. Assuming a constant mean sonic velocity in the imaged sedimentary pile, the upper marine part (above the “hemipelagite-type” occurrences) is three times thicker in Core MD01-2429 than its lateral time equivalent. The same increased rate may be measured deeper in the core, in strata overlying the PLGH. The “homogenite” itself shows a 75% thickness increase. Considering the detailed accumulation processes in the lacustrine part (see closeups in Fig. 5), the slow “background” sedimentation represents 10 to 20% of the total rate in core MD01-2431 (upper part of left log on Fig. 5). In MD01-2429 (lower part of right log on Fig. 5) the sedimentary “events” representing instantaneous deposits (like the PLGE) are much thicker, and the “background” sedimentation represents less than 10% of the total rate. The “hemipelagic-type” thickness is almost the same in both cores, indicating negligible reworking of this material, taking account of either individual thickness or their total. The strong total thickness increase in the lacustrine part, between the two sites, is thus basically due to the addition to the thickness differences arising from each individual gravity “event”. According to the sedimentological interpretation proposed above (Section 3.4.3), the differences across the scarp represent the record of successive major earthquakes affecting the Central Basin and/or its edges. However, similar sedimentary “events” are not observed in the marine upper part of cores MD01-2429



Fig. 13. Schematic genetic model proposed for the underlying mud-clast breccia.
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and MD01-2431. This arises the question: what are the processes leading to the similar strong thickness differences between the upper parts of these cores? 4.2. Strong lateral thickness increase in the marine sedimentary sequence As previously mentioned (Section 3.2), the upper part of the studied sedimentary pile, corresponding to marine sedimentation (12 cal. kyr BP to Present), appears poorly layered and more homogeneous, with very few coarse turbidites. The latter cannot account for the strong thickness increase measured from site MD01-2431 to site MD01-2429 (Fig. 14; location on Fig. 6). Several questions arise: 1) what is(are) the exact depositional process(es) responsible for the general thickness increase on the deeper side of the median scarp of the Central Basin? 2) do the silty laminated episodes (Fig. 15 close-ups) represent particular high terrigenous supply? Do they play the same role as the one attributed to the



turbidites/homogenites for the lacustrine sequence (instantaneous huge supply)? Two sets of data may argue for an explanation: the sediment composition (Section 3.2), and the detailed layering as imaged by X-ray (close-ups, Fig. 15). The grain size and the mineralogical content of the marine upper sequence indicate a quite continuous supply of silt (and locally fine sand), either as terrigenous suspended load or, more likely, as slow bed-load bottom transport. This sedimentary process must account for at least part of the increased thickness in deepest situation, in a way similar to contourite behaviour, with local bottom current acceleration and subsequent higher particulate transport. A corollary is the question of the relative importance of in situ reworking and additional supply. The latter is more in agreement with the sedimentation rate and the grain size. Another question is the apparent episodic occurrence of siltier, laminated horizons (e.g. Fig. 15a, b and e). These may represent particular climatic episodes with strong run off and connected hyperpycnal distribution. Nevertheless, these laminated units often overlie apparently liquefied fine-grained layers (Fig. 15a, b, c



Fig. 14. 3.5 kHz correlations between cores MD01-2429 and MD01-2431 showing, in the whole pile (lacustrine and marine) the thickness increase. For location and depth of the two sites, see Fig. 6.
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Fig. 15. X-ray SCOPIX close-ups of possible earthquake-related disturbances in the upper (Holocene marine) part of cores MD01-2429 and MD01-2431. Two mechanisms can be deduced: effect of oscillating bottom currents (seiches?) on silt; and water escape with horizontal offsets (lateral shear by shaking?).



and e). Two hypotheses may be proposed: either these units have textures favourable to earthquake disturbances; or they, themselves, represent specific supply induced by major earthquakes. Several features reinforce the first hypothesis (Fig. 15):



1) low angle symmetric cross bedding (similar to coastal tidal “flaser” bedding) is intercalated within the laminated coarser episodes (fb on close-ups, Fig. 15a and g). We interpret these features as induced by to-and-fro bottom displacements, i.e. by
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seiche effects due to earthquakes. A “contained turbidite” process cannot be envisaged here. 2) intercalated ball-and-pillow structures (close up, Fig. 15c), also favoured by textural contrasts between superimposed layers during shaking (Moretti et al., 1999). 3) occurrence of water-escape veins starting from these laminated coarser units, with probable associated “boudinage” (close-ups, Fig. 15d and f ). In brief, during the Holocene, the sedimentation appears mainly controlled by rather cyclic episodes of permanent bottom currents with variable suspended load or bedload, depending on the velocity and available silty-sandy terrigenous feeding. The strong lateral thickness variation across the central scarp developed both in a continuous way and by means of separated depositional “events”. The later could be responsible for localized development of bioturbation and inferred bottom oxygenation. 4.3. Specific imprints of major earthquakes in the marine sedimentary sequence For the lower (pre-Holocene) lacustrine sequence (Section 3.4.3), we assumed that the different gravity reworking event deposits (particularly the homogenites) were triggered by major earthquakes during a period of high terrigenous accumulation on the edges of the Sea of Marmara. Microfracturating, which implies a brittle behaviour of unconsolidated sediment with high water content, is also believed to represent a shaking imprint. From tectonic data, seismo-tectonic activity along the North-Anatolian Fault branch is a long term process with no apparent change at the Pleistocene–Holocene boundary. Thus, for the marine upper part of the analyzed sedimentary fill, we should search for other types of imprint of major earthquakes, as the accumulation process is different. Among the possible earthquake-related features (Fig. 15) we observed: 1) subvertical water-escape “vein structures” (Fig. 15d): these have been described in soft sediments submitted to frequent tectonic and seismo-tectonic activity, as accretionnary complexes (Cowan, 1982; Ogawa and Miyata, 1985; Brown and Berhmann, 1990). As these features are planar (here 2D imaged), they cannot be attributed to bioturbations by worms. An alternative interpretation for these features is the development of bacterial mats, as observed in similar deep dysaerobic conditions by Fossing et al. (1995). Detailed SEM may decipher this.



2) symmetrical flaser bedding-like structures indicating oscillating currents (Fig. 15a) and thus, seiche effects. 3) boudinage of laminated layers (Fig. 15d and f) that we tentatively interpret as lateral spreading effect. This features also resembles the “loop bedding” described by Calvo et al. (1998) and RodriguezPascua et al. (2002), but our observations in split cores are too incomplete to establish the similarity. Some dewatering veins are connected to these stretched layers; however, they are not necessarily genetically linked, because, at a different scale, muddiapirism is connected to a décollement horizon. 4) horizontal rupturing and displacement of vertical veins (Fig. 15a). We consider these structures as evidence of lateral spread shear, also related to seismic shocks. Such structures have already been interpreted as earthquake imprints in old sedimentary formations (Föhlisch and Voigt, 2001). 5) liquefaction features (Fig. 15a). 6) often an association of these different types. 4.4. Time distribution of sedimentary “events” in the Central Basin's sedimentary record Gathering visual observations and X-ray pictures of cores MD01-2431 and MD01-2429, the different sedimentary “events” are assumed to be earthquaketriggered and a preliminary rough estimation of their time recurrence intervals is proposed. For the lacustrine part, core MD01-2431 may be divided into a constant “hemipelagic”-type accumulation with a (slow) mean sedimentation rate and intercalated turbidites–homogenites (Figs. 5 and 15), as previously done in deep marine sedimentation by Adams (1990). Between the top of the PLGH and the base of marine sedimentation (16 cal. kyr to 12 cal. kyr BP), the total mean sedimentation rate is about 1.5 mm/yr, implying a 0.15 to 0.30 mm/yr rate for the “hemipelagic”-type sedimentation. Considering this component of the sediment as a planktonic bio-induced and bio-produced settling, then the same rate can be attributed to the “hemipelagic”-type interval of core MD01-2429. In both cores (Fig. 5), these intervals are generally few cm thick; for 2 cm, it should correspond to 35 to 60 yr. About 45 major “events” are visible in core MD01-2431 for a 6-m succession lasting about 4 kyr, leading to a mean 80 yr recurrence time interval. For the marine part, 6 major events (cf. Fig. 15a) could be correlated between the two cores; adding other types of disturbances and/or particular layering, 26 events occurred during the last 12 kyr leading to a 480 yr mean recurrence interval. The difference observed in apparent
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“frequencies” between marine and lacustrine sequences could be explained as follows: 1) only major local earthquakes (directly affecting the Central Basin substratum and its edges) are recorded within the marine part. 2) during Late Glacial (see Section 3.4.3) higher erosion may have driven higher terrigenous supply on the basin margins; weaker compaction related to higher sedimentation rate is thus supposed to decrease the stability and make easier the triggering of subaequous slumps; furthermore the arrival of hyperpycnal flows on the Central Basin deep floor represents a larger provenance area (see submarine canyons pattern on Fig. 6). 3) the estimated “frequency” for the lacustrine sequence is erroneously too high as part of the normal turbidites may be flood turbidites (Lignier, 2001; Arnaud et al., 2002; Beck, in press) and thus rather related to climatic “events” than to earthquakeinduced mass wasting. However, the mean estimated time recurrence interval appears of the same order as the measured recent distribution of major earthquakes along the northern branch of the N.A.F. (Barka and Kadinsky-Cade, 1988; Ambraseys and Finkel, 1991; Stein et al., 1997; Armijo et al., 1999; Hubert-Ferrarri et al., 2000; Barka et al., 2002; Ambraseys, 2002; Armijo et al., 2002). As these historical data concern the whole Sea of Marmara, and farther westwards and eastwards, further more detailed analysis of sedimentary events in the different basins (and not only in the Central Basin) should improve the precision and the validity of our comparison both for chronology and for horizontal distribution. 5. Conclusions: major earthquake control on time and space distribution of the sediments in the Sea of Marmara deep basins Although based on a detailed study of the unique Central Basin, the following conclusions may be extrapolated to the whole deep part of the Sea of Marmara, as indicated by similar sedimentary piles in all deep cores as well as the high resolution seismostratigraphic succession. The general shape of the recent fill and its internal configuration both evidence a clear control of the deep sedimentary fill by seismic activity. Regarding the lower lacustrine sequence (approximately from 20,000 cal. yr B.P. to 12,000 cal. yr B.P.), at least 90% of the infilling has to be considered as a non-linear (incremental) process; the maximum instan-
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taneous increment being the pre-Late Glacial Event 8 to 15 m in thickness. This non-linear behaviour appears to work directly in parallel with the co-seismic growth of the vertical component of deep faults. In addition to a deep subaqueous scarp (as for the 1912 event, Armijo et al., 2003, 2005), each major earthquake is supposed to induce coeval gravity reworking, seiche effects, and several other types of sedimentary disturbances mentioned above. Some sedimentary horizons (such as PLGE's top) are reference surfaces for detailed tectonic analysis (Mercier de Lépinay et al., 2003). Conversely, the vertical component of fault scarps often guides the deep coseismic sediments’ arrivals. In addition to some possible seiche effects, the homogenite component (fine-grained suspended load) of the seismoturbidite tends to smooth the created bottom relief. In some cases, the same event can create a deep submarine scarp (tectonic consequence) and immediately erase it (sedimentary consequence). Concerning the upper marine sequence (12,000 cal. yr B.P. to Present), such non-linear accumulation is not so obvious. The laminated slightly coarser beds appear to have recorded earthquake disturbances but do not clearly represent the impact of seismic events; even so, their relative cumulated thickness does not account for the major part of the successions, nor for the marked lateral thickness increase observed between the two studied sites in the deep Central Basin. As we did not observe repeated true hemipelagic units in this upper part, an apparently continuous silty-sandy flux has to be assumed. An alternative hypothesis is to interpret this monotonous, contrast-lacking, accumulation, as due to the superposition of fine-grained redeposited units that lack directly visible boundaries. Only a highly detailed analysis of the texture and composition of this sequence will enable more precise identification of these postulated events. Further investigations are in process to improve various proposed interpretations and, overall, determine the time and lateral distribution of major events in the whole Sea of Marmara for the last cal. 20,000 yr; Anisotropy of Magnetic Susceptibility measurements are in process, on both normal sedimentation and major events deposits to check specific particle distribution. Detailed study of Cores 25, 27, and 32, in the other deep basins (Tekirdağ, Kumburgaz, Çinarcic) are in process in order to attempt event-by-event correlation. The detailed analysis of terrigenous fraction (through mineralogy) is also necessary to better define the provenance of reworked material, so as to model huge density current flow trajectories and velocities.
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