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Abstract

The deep, northern, part of the Sea of Marmaralfnastern Turkey) is composed of
several aligned, actively subsiding, basins, wiind the direct structural and morphological
expression of the North Anatolian Fault’'s northdsranch. The last 20 kyr of their
sedimentary fill (lacustrine before 12 kyr BP) baveen investigated through giant piston
coring onboard R/V MARION-DUFRESNE (MARMACORE Creis2001) and 3.5 kHz
seismic-reflection imagery; the latter was compuletey profiles recorded onboard R/V
ATALANTE during MARMARASCARPS Cruise (2002). Espatly during the lacustrine
stage, the infilling of the deep basins (Tek@d@entral, Kumburgaz, and Cinarcic Basins; up
to 1250 m depth) was dominated by turbidites (wilarse mixed siliciclastic and bioclastic
basal part), intercalated in “hemipelagic-type”efigrained calcareous and slightly siliceous
clays. Often — especially in the thickest ones e-tilirbidites show strong segregation and
sharp boundary between coarse part and suspenaggdot. In the Central Basin, the 8 m of
a unique sedimentary event include a 5 to 8m-thikmogenite” well imaged on seismic
profiles. The latter is interpreted as related tmaor - here earthquake-triggered - tsunami
effect, as described in Eastern Mediterranean bstdfs and Cita (1981). In the marine
(Holocene) upper part of the sedimentary fill, ietpd to-and-fro structures, affecting silt or
fine sand, are evidencing seiche-like effects dhds, earthquake triggering too. Detailed
correlations between two deep coring sites (1250 H00 m) indicate more than 100 %
overthickening in the deepest one; this impliescepe processes of distribution of
terrigenous input by dense hyperpycnal currengh(kinetic energy, seiche effect, complex

reflections on steep slopes). The peculiar sediangntfilling of the Sea of Marmara’s



Central Basin (and, by extrapolation, of the whedt) is tentatively interpreted as a direct
consequence of the strong seismic activity; therimpf the latter is more obvious prior to
the base of the Holocene, as environmental comditifavoured marginal accumulation
(especially on the southern shelf) of large amowrftgrosion products available for mass

wasting .

Introduction

Since the results of different investigations cartdd on both marine and lacustrine fills,
the direct or indirect sedimentary effects of straarthquakes have been underlined and
progessively taken in account as paleoseismic atolis (Kuenen, 1958; Sims, 1973, 1975;
Ben Menahem, 1976; Fielet al, 1982; Ségureet al, 1984; Seilacher, 1984; Doig, 1985,
1991; El Isa & Mustafa, 1986; Anand & Jain, 198uftle & Seeber, 1991; Guiraud & Plaziat
1993; Plaziatet al, 1988; Adams, 1990; Pipet al, 1992; Roep & Everts, 1992; Marc &
Agnon, 1995; Moretti & Tropeano, 1996; Beekal 1996; Alfaroet al, 1997; Pratt, 1998;
Calvoet al, 1998; Chapron, 1999; Chaprenal, 1996, 1999; Lignieet al, 1998;etc). These
effects and their sedimentary record appearedcpéatily obvious in isolated marine basins
and large lakes, submitted to significant seisnutet@c activity (Hempton & Dewey, 1983;
Siegenthaleet al, 1987; Ringrose, 1989; Van Loa@t al, 1995; Syvitski & Schafer, 1996;
Morner, 1996; Chaproset al, 1999; Shikiet al, 2000; Gorslineet al, 2000; De Batiset al,
2002; Arnaudet al, 2002; Beck, 2005¢tc). During the last decade, these sedimentological
investigations have been developed towards a nademgeismological approach, through: 1)
analogic modelling (Casellet al, 1997; Morettiet al, 1999); 2) comparison of geotechnical
and seismological parameters (Obermeier, 1989; rodier et al, 1989; Audemard & De
Santis, 1991; Vittoret al, 1991; Rodriguez-Pasca al, 2002); 3) tentative delimitation of a
“paleo-epicentral” area based on a set of synclusiacustrine records, and use of different
kinds of archives for the same event (Allen, 198@nier, 2001; Beckeet al 2002, 2004,
Carrillo et al, 2005).

In the Mediterranean realm, a major volcanic andnsie event and its consequences
(tsunami) have been considered as generating fedimantary reworking (Kastens & Cita;
1981, Citaet al, 1996; Cita & Rimoldi, 1997). The resulting depgcgppears to specifically
fill the deepest parts and to smoothen previousves in deep central-eastern Mediterranean
basins; on high resolution seismic reflection pesii it corresponds to a particular transparent

layer called “homogenite” (Kastens & Cita, 1981) “anifite” (Stanley, 1981). Based on



these previous concepts and other investigatiamtsesn large intra-mountainous lakes, the

deepest part of the Sea of Marmara — which underaéacustrine episode prior to the last

eustatic rise — was investigated as a possibledecof the strong and frequent earthquakes
occurring along the North-Anatolian Fault (Meraikr Lépinayet al, 2003; Beclet al, 2003).

| - Geodynamic and paleoenvironmental settings

As evidenced by seismo-tectonic surface studigisyrological investigations, radar
interferometry and GPS geodetic comparisons, thehNenatolian Fault is considered as a
major active boundary between Aegean-Anatolia amdagta plates (Ambraseys, 2002;
Ambraseys & Finkel, 1991; Armijet al, 1999; 2002; Le Pichoet al, 2001; Rangiret al,
2001; McCluskyet al, 2002;etc)( Fig. 1; a and c: present day kinematics basedsBS
surveys; a and b: general recent tectonic framewadlcating extensional, strike slip, and
convergence structures). In northwestern Turkleg, northern branch of this right-lateral
strike slip fault system — with a set of recentrhigagnitude earthquakes (Barka, 1996; Stein
et al 1997; Hubert-Ferrarret al, 2000;etc) - is crossing the Sea of Marmara and more
precisely its deep northern part. Previous seisraftection surveys have underlined the
general geometry of the Cenozoic deep sedimenithandl its direct relationships with active
faulting (Le Pichoret al, 2001;Imrenet al, 2001; Demirbg et al, 2003;etc). The present
day tectonic framework is considered as initiatedrd) the Late Miocene (Wonrgf al, 1995;
Imren et al 2001); it involves ophiolitic assemblages, metgshic and igneous rocks
(intrusions and subaerial volcanics), from PaleozoiTertiary in age. They represent part of
the Pontides (North) and the Taurides (South) pledliterranean belts. The main relieves
(metamorphic and igneous units), representing pieleterrigenous sources, are located on
the southern side of the Sea of Marmara, whileribeghern border has smaller elevation
(Tertiary sediments and volcanics); this situati®mesponsible for the terrigenous input on
the southern shelf (Ergiat al, 1991, 1999). The drainage pattern issued fromstheghern
main relieves converges towards tributaries of $iea of Marmara, while, north of it, the
main hydrologic system flows westwards, avoidirgngicant input on the northern shelf.

As connecting the eastern Mediterranean (Aegeahe®ekbthe Black Sea through two
shallow sills (Dardanels and Bosphorus) the Sedarimara underwent the consequences of
the last glacio-eustatic cycle (Ryahal, 1997; Aksuet al 1999; C&atayet al 2000, 2003;
Major et al 2002; etg and recorded the associated 120 m sea-level Rsxzent

paleoenvironmental studies through coring and deismagery have been dedicated, by



different teams, to the analysis of the Black Sea/8f Marmara connexions and especially
the last one considered as a major (catastropkit@yjonmental change (Ryaat al, 1997;
etc). These recent modifications have been investth#tirough short gravity cores either in
deep basins or in shallow shelves positionsgéfay et al, 2000, 2003). The lacustrine to
marine change is considered to have occurred arb2rkyr BP Cal., and is represented either
by a sharp limit in shallow marginal sites, andhyr a more progressive change in deep
situations.

Although also concerned by these paleoenvironrasfzects, the here-presented part
of MARMACORE Cruise’s results mainly focuses on search of impacts of the seismic

activity on recent sedimentary processes.

Il - The Late Pleistocene-Holocene sedimentary filbf the Sea of Marmara: overview of
MARMACORE Cruise’s results.

[I-1- Technical aspects.

The MARMACORE Cruise took place from the "2@f August and the 13 of
September 2001, as part of the larger GEOSCIENCES1#3 program. Onboard R/V
MARION-DUFRESNE, a set of 8 long piston cores wesieved using the CALYPSO
giant piston corer. Five cores were taken in dégtson (1250 to 1100 m), and three in
shallower parts (800 to 400 m); 3.5 kHz profilesrevperformed for site-surveying and
for longer profiles across the different basins g(Fi2) during transits. The
MARAMACORE cruise’s seismic grid was later comptetey 3.5 kHz profiles acquired
during MARMARASCARPS cruise, in addition to shoiston cores (see Armijet al,
2004); the whole grid is represented on Fig. 2. €lght long cores (21,8 to 37,3 m;
labelled MD01-224 to MD01-2432) were divided in 1,5 m long sections; non desivect
measurements profiles (magnetic susceptibility,icsaelocity, gamma-ray densimetry)
were performed using I.P.E.V.'s GEOTEK multitoolsre logger. Core sections were
then split for visual description (layering type&dsmentary and tectonic structures) and
preliminary sampling (smear slides for terrigenansl biogenic contents analysis, plant
debris and wood fragments for 14C dating). Spedditention was paid to coarse
terrigenous layers, microtectonic structures, avekible liquefaction features.

Preliminary shipboard studies were completed oreshby detailed Magnetic

Susceptibility profiles using a BARTINGTON MS2 cant sensor (with 5 mm intervals).



Laser microgranulometric measurements were perfonuseng a MALVERN Mastersizer
S equipment. X-ray pictures of split cores (MD02224and MDO01-281) have been
realized with D.G.0O.’'s SCOPIX system (UniversityBdrdeaux I); X-ray scanner
tomography (in L.F.P. laboratory) have been permmon a selected portion of

microfractured sediments in core MD01324

[I-2 — Sediments composition and layering types.

All analyzed sections (230 m cumulated) are badsicatade of fine-grained
terrigenous material with interlayered, sharplyfatént, sequences that will be detailed
here-after. The upper, marine, parts of the eigiiex (see Fig. 3), are almost entirely
made of faintly layered clayey-silty, slightly cateous, mud. Mean grain size, median,
and mode, range between 4 andn8, while calcite content is rather constant, arolid
% ; within the latter, detrital carbonate graine generally dominant with respect to bio-
induced or biogenic components. This fine-grairedbackground” — sediments are
locally enriched in freshwater Diatoms frustulestive lower part; in the upper part,
dispersed calcareous nannoplancton is presenbren MD01-245 and MD01227, we
observed a conspicuous millimetric layer consistioff an almost holopelagic
nannoplancton ooze (Fig. 3); we tentatively used ttbloom” as a correlation
chronological marker. The silty terrigenous frantios siliciclastic, mainly from
volcanogenic origin (fresh plagioclase, amphiborel gyroxene, fresh automorphous
brown mica, opaques minerals); metamorphic andpiatrocks-derived components are
minor (white micas, amphiboles, deformed quaetzr,). More frequently in the lower
part, diffuse, or concentrated in association wiibturbation, dark pigmentation is
developed, due to diagenetic sulfides.

Particular individual layers (“events”) or success of layers are intercalated within
these “background” clayey-silty (marine or lacust)i sediment:

- ash layerstwo major probable pyroclastic fallout events (a8 cm thick) have

been found in Cores MD01-28 and MD01-280 and tentatively correlated (afl-
1 and afl-2; Fig. 3) between these two sites whititow a much lower
sedimentation rate; several discrete (less thambthick) ash-enriched layers
are present in all cores;

- silty-sandy laminated intervgl$hey are abundant in median parts (lower half of

the marine interval) of Cores MD01-24 MDO01-2£25, MD01-2427 (eastern



basins), and more dispersed (several tens of cuouésees”) in Core MDO1-
2432 (western basin). In Cores MD0128and MD01-2431 (Central Basin),
they are spaced thin intervals within the upper inearsequence (detailed
discussion in 1lI-2). They consist of millimetri¢o( infra-millimetric) parallel
planar bedding, involving subtle changes in grame-¢silt, fine sand) and clastic
components. According to textures and componergsnterpret this layering as
related to bed-load transport and settling (andtadtuctuations in planctonic
production and/or in parapelagic suspended loalls timplying seafloor
horizontal distribution. The apparent cyclic laygricould represent (seasonal?)
variations in locally developed bottom currentsesponses to surface ones (in a
convective-like system), more active close to the tsills and during the
beginning of the marine-connected sedimentation AR) alternate explanation
could be that they represent distal distributionflobd-induced dense bottom
currents, and thus periods of particularly strond eepeated runoff (?). These
speculative interpretations need further detaisabfatory analysis (mineralogy,
texture, time series, morpho-bathymetrical posjtein);

- turbiditic (in the broadest sense) sequendbgy are common in the deepest
cores (MDO01-224, MDO01-2£5 MDO01-2£27, MDO01-2£29, MDO01-2431)
excepted for the Tekirdag Basin. With centimetocdecimetric thicknesses,
they are almost entirely intercalated within thevdéo (lacustrine) part of the
analyzed successions, the highest (visually estaetequency being found in
Central Basin’'s Core MD01-24. They usually display a sharp erosive base,
sometimes with ball-and-pillow structures; the basmrse sands contain shell
fragments concentrations, and sometimes vegetatisgemmineralogy of the
(dominant) siliclastic fraction is similar to then® observed in finer-grained
strata (see above). Part of these turbidites shalassical progressive fining
upward, while for the thickest ones, an abrupt @onseparates the bedload basal
term from the suspended-load upper term, the laitaing into a “homogenite”-
type layer; one of the following paragraphs willce on these specific
sedimentary “events”, and especially on one 8-tarizhick unique gravity-

emplaced layer, including a 5-to-8 m thick homotgeni

[I-3 — Chronology and correlation with data from shelves.



Shipboard preliminary lithostratigraphical corredats (Mercier de Lépinay, Labeyrie,
Cagatay, et al, 2001) was proposed based on a few conspicuoassldynajor tephra and
nannoplankton “blooms”). More detailed observatigh®genic content) allowed decipher
the marine upper part from the lacustrine loweriraedts, thus completing the correlation
chart.

[I-3-a-Carbone 14 data.A.M.S. C14 analysis were performed on 10 wood fragis
found during shipboard core-splitting (plotted oig.F3 logs), in Lamont-Doherty Earth
Observatory (9 samples) and in Zurich Federal Bolytical Institute (1 sample). The results
were calibrated according to Stuivet al (1998), and using OxCal software; the values
plotted on Fig. 3 logs correspond to highest canfad intervals. Most of the cores appear to
represent théloloceneand part of thé.ate Pleistocene thelongest cordMD01-2429, 37,3
m) - retrieved from the deepest sub-basin of thati@e Basin - appears to represent the
shortest sampled time intervaht the opposite, cores MD01-28 and MD01-2430 may
represent the last 40 000 to 50 000 yrs BP, ifagdiating mean sedimentation rates.

[I-3-b-The lacustrine-to-marine transition. Our chronological data are in agreement
with the hypothesis of a lacustrine-to-marine titams occurring around 12 kyr BP cal. as
proposed by different authors (gdayet al, 2000, 2003; Tolurt al, 2002;etc). Due to the
importance of the “corridor” situation of the SdaMarmara, between the Black Sea and the
Aegean, the late Quaternary connexion has beerstigaged and discussed by different
authors, based on coring results and high resols@ismic reflection data, (Aksi al, 2002-

a and b; Majoret al 2002; Hiscott & Aksu, 2002etc). Our preliminary results are in
agreement with chronological data from shallow exhitary records (southern shelf and
Izmit Gulf) (Cazatayet al, 2000, 2003); we did not observed any abrupt chafayouring the
“deep sill” rather than the “shallow sill” model§ &ajor et al (2002).

Using detailed layering and sediment textures estdrin Cores MD01-289 and
MDO01-2431, two synthetic logs were built, with potentiallyflexting interfaces, and then
compared with corresponding portions of 3.5 kHzsmét lines (taking in account an
estimation of theoretical vertical resolution) (Fig). In the upper (marine) part, the
“permanent” sedimentation is slightly variable wélhigh siliclastic (clay-silt) and calcareous
fraction, and is interrupted by only a few coarsebiditic layers. The last-mentioned are
correlated with a few high amplitude reflectorse(§gg. 4-A, 0-32 m interval of Core MDO1-
2429 and corresponding acoustic image; 1640-1685 mg)t.wther reflections hawaariable
amplitude and variable frequencyt the difference, in the lower (lacustrine) pdinie

“permanent” sedimentation is finer-grained and vétmore constant composition (dominant



biogenic and bio-induced material). This sedimanimentioned athemipelagic-type” and

often appears as clear thin intervals (few cm moct®; close ups of Fig. 5) between numerous
interlayered coarse turbiditic layer; added to toatrast with a more constant background
sediment, they are producing reflections with ratt@nstant amplitude and high frequency
(see Fig. 4-A, interval below 32 m of Core MD01224and corresponding acoustic image
below 1685 ms t.w.t.). Thus, the separation betwkerupper marine period of sedimentation
and lower lacustrine (“hemipelagic-type") can als® done on the high resolution seismic
imagery, and, at least for the two studied sitsssicoherent with other previously mentioned
data. On Core MDO01-24 (Fig. 4-B), the characterization of the lower, “hpalagic-type”,

interval is not so obvious due to the interlayerifighe 8 m-thick megaturbidite described in

the next paragraph.

lI-4 — Occurrence of a major pre-Late Glacial sedinentary “event” - megaturbidite,

sismoturbidite - in the Central Basin.

The different seismic profiles crossing the CdntBasin (Fig. 2) evidenced a
conspicuous acoustically transparent layer (up tms3two-ways-time thick). Although the
analysis of the complete grid did not permit, witispect to the theoretical vertical resolution,
to clearly identify this layer in other sub-basi(iBekirdgz, Kumburgaz, Cinarcic), the
chronostratigraphic precision of different deepesofrom the last-mentioned did not rule out
the existence of a more discrete signature (sinolae-depositional events illustrated on Fig.
5) of the same sedimentary “event”. The homogenaysr, named “homogenite” with
reference to the concept of Kastens and Cita (138#)ears to be the third (upper) term of a
unique megaturbidite; the “homogenite” will be désed prior to discussing the genesis of

the whole event.

lI-4-a- Ocurrence of a pre-Late Glacial Homogenite.

The profiles presented on Fig. 7 (located on Fjguriderlined a specific distribution of
the homogenous transparent acoustic layer:
- restriction to the very deepest parts of the @é¢masin (below 1190 m depth),
- sharp lateral ending (see line cb 14, Fig. 7),
- increasing thickness with increasing depth (camspa of central and western part of line

cb3, Fig. 7). Although the “homogenite” representyy fine-grained material (lacking



vertical changes), theon-draped configuratiommplies a deep horizontal arrival, similar to
any hyperpycnal depositional process. Based onvtide 3,5 kHz grid of the Central Basin,
the total volume is estimated between 0,6 and % k
Core MDO01-281 completely crossed this homogenous layer; it cawvieeed on a

general reconstructed picture of the core (Fig. W)thin the uppermost 70 cm, three
dispersed wood fragments could be extracted arnellday Accelerator Mass Spectrometry
C14 measurement. Calibrated (with maximum confidg¢rages intervals are: 16,6-17,3 kyr
BP twice (samples Al and A2), 15,5-16,0 kyr BP (sl\3). Considering the wood debris
as reworked, we propose to select the youngestaagéhe closest to the homogenite
deposition age, if admitting a unique event (segpi@ents below). About two meters higher
in a layered part of Core MD01-2%, another wood fragment yielded a 14,1-14,8 kyr BP
(sample A4), which is in agreement with the ageppsed for the homogenite, and with the
lacustrine-to-marine transition detected abovethin following, we will name this unit the

pre-Late Glacial Homogenit®LGH).

[I-4-b- Association of the pre-Late Glacial Homogeite with a coarse-sand and

mudclasts layer.

Between the PLGH and the next underlying “backgdithemipelagic-type layer, two
thick and coarse layers are intercalated (Fig. 8):

- dark silicilastic (non stratified) coarse sand7(Im thickness), with minor
biogenic content (highly fragmented Molluscs shellom shallow coastal
environment), and dispersed millimetric wood debris

- mud clasts breccia (1,0 m thickness); centimetiasts are made of fine-grained
grey to whitish sediment, with locally preservedasfication; they are
embedded within a coarse sand matrix identicah&dverlying one. Based on
microscopic observation (terrigenous and biogeractions), the mud clasts are
considered as reworked from the lacustrine wedltiied underlying sequence.

The M agneticSusceptibility signature of these two coarse layerg. 9, left graph) reinforces
the particularity of the coarse sand and the snitylabetween the mud clasts and the
underlying succession. The M.S. also shows a higbhstant value for the homogenite; the
upper marine sequence also yielded (between 2 n6 anda rather constant M.S. profile but
with a different (higher) mean value. The homogemarbonate content is nearly constant,
between 12,9 a4 13,1 %.

10



Detailed grain-size vertical evolution profiles whsilt with regular sampling in
homogenite and coarse sand layers, evidencingyhagiristant parameters (mean grain size,
mode, median; between 6 angum) in the homogenite, and less constant ones icdhese
sand. A part of the results are plotted as a skeswge sorting diagram (Fig. 10), evidencing
or confirming:

- fluctuations of depositional dynamics in the bead part (their frequency may

be higher than what the sampling interval alloneedetect);

- sharp transition between the coarse sand antotiegenite;

- highly constant distribution along the 5 metedrsuspended-load upper part.

The three intervals are considered as parts ofiguarre-depositional “event”, totalizing 8
meters thickness in Core MD0O124 named in the following the pre-Late Glacial Event
(PLGE).

Fig. 11 close ups illustrate different part of tReGE: the top, with transition from
homogenite to hemipelagic-type sediment (11-d))ithe& coarse sand/homogenite (11-e), the
limit mud clasts interval/coarse sand (11-f), tmese of the mud clasts interval (11-Q).
Excepted for the last-mentioned, the whole set ammosed of allochtonous siliclastic
components derived from previously deposited shaio(shelf and shelf margin) sediments.
The Diatoms assemblages determined within the sHred,mud-clasts breccia, and the
homogenite (Boutareaud, 2003) belong to differentech shelf and delta environments; this
confirms the reworked origin and especially argagainst a unique “hemipelagic” source for
the homogenous upper term.

[I-4-c- Depositional model for the pre-Late Glacial Event and smaller-sized

similar events.

Generally speaking, the depositional model that banproposed for the PLGE,
follows the concept of megaturbidite: large sizessnavasting turning into dense hyperpycnal
flow (Bowen etal, 1984; Mulder & Cochonat, 1996; Muldest al, 1994; Bouma, 200@tc).
Nevertheless, the sharp limit between the coansé aad the upper fine-grained unit and the
lack of clear internal structures differ from theual configuration of classical turbiditic
sequences. This sharp limit is also frequent onlsrsize sedimentary “events” (Fig. 5). The
Mediterranean “Minoan” homogenite (Kastens &Cit€)82; Cita et al 1996) is not
associated to a coarse base layer, and this typaibhave been called “unifites” (Stanley,
1981; Stanley & Maldonaldo, 1981). The “hemiturbediconcept has been proposed by Stow
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and Wetzel (1990) also for fine-grained homogentay®rs, explained by a deep-seated
separation of an upper fine-grained “cloud” fronbower coarser-grained layer, the former
following a much longer trajectory. This separatimay also be explained by a “hydraulic
jump” (Fig. 13, case A). This concept explains tiawizontal separation, within a unique
mixed particulate flow, of an upper suspended-lfladd from a (coarse-grained) basal,
quickly immobilized, layer, because of a bottomefehcting as an obstacle. Initially proposed
for coastal sediments it has been applied to deshetion as deltaic foresets and turbidites
(Komar, 1971; Nemec, 1990; Kubo & Yokokawa, 2001ljeA 2001) not necessarily
implying an obstacleConcerning a turbiditic current, the separatitjnngp”) may occur
while crossing the slope (within the canyon), othet deep plain/slope break (Fig. 13, case
B).

Nevertheless, for the PLGE and for smaller-sizexilar sedimentary “events” (Fig.
5), the coarse basal layers are present and suppm$@ve spread horizontally together with
the upper fine-grained suspension; furthermore, 3t kHz profiles show the same
“acoustic” structure (and thus same constitutiam)the PLGE in the whole Central Basin; the
3,5 kHz profiles do not evidence any major reliefdw the PLGE, which underlying surface
was flat before subsequent faulting. The altermeg@lanation we propose is a long-lasting
bottom current with severaliperimposed direction changésading into an almost complete
segregation of the bed-load from the suspended{B&d 11). This could be induced by: 1)
either a high velocity turbidity current (high kireenergy) undergoingeveral reflections
against the steep slopesthe Central Basin with progressive dampingl@fwing the concept
of “contained turbidites” of Pickering & Hiscott9&5)(Fig. 13, case C); 2) or ascillatory
movement of the whole water masstiated by a sudden bottom modification (cossaic
displacement, or huge sub-aqueous slump)(Fig. 48¢ ©®). Thistsunami effechas been
analyzed and modelled for the Sea of Marmara (Walcet al 2002); it also can be
considered as seiche effecas known in large lakes (Siegenthaderl, 1987; Chaprort al,
1999). The second hypothesis is directly “paleasigis and the first emphasized mechanism
is also often considered as earthquake-triggerietlékajima & Kanai, 2000). We considered
(see also Chaproet al 1999; Beck, 2005) that the specific oscillatorgamanism is
responsible for:
- additional extraction of clayey-silty matrix fromhe initial flux, leading to an increased
volume of upper suspended load, and sharpeningodli@dary between coarse and fine-

grained layers;
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- concentration (“ponding”) of the homogenite deposithin deepest hollows. At the
opposite, in a single fine-grained turbiditic flang on a wide basin floor, the widespread
and thick upper suspended “cloud” may partly leadipslope deposition with local draped
configuration (Dolaret al, 1989).

As we do not have any direct evidence (on HR seismages) for corresponding
slump scars, the hypothesis of tthering of several coeval turbidit¢shannelized by the
different canyons of the southern edge of Centadil Fig. 6) into a unique bottom flux,
cannot be ruled out. Two departure areas couldrbpoped: the edge of the main large
shallow southern shetfr the deeper irregular inclined shelf mainly bougdine eastern half
of the Sea of Marmara (North of Imrali Island, seeFig. 2 or Fig. 6). We favour the first
hypothesis because of two different facts: 1) feily the present day bathymetry, the
Central Basin is not directly concerned by the rthige crossing the deep eastern shelf; 2)
because of a slighter dipping slope, the latter walt imaged by HR seismic and no slump
scar were detected.

Taking in account the different available datavpesly mentioned, we favour, for
this huge pre-Late Glacial Event, the combinatidraanajor earthquakg16 000 yrs BP)
occurring during a period dfigh terrigenous sedimentary supply relation with specific
Late Glacial climatic conditions. With respect toadler-sized reworking events (Fig. 5), they
are believed to represestmilar mechanisms, wittsimilar triggering and in asimilar
situation with respect to climatic fluctuatianie several cases, these turbiditic layers appear
“sealing” previous disturbances of underlying sestitwater interface (Fig. 11, close up b);
thus three types of impact of major earthquake rbayvery schematically proposed
(schematized on Fig. 12). Thelume differenceor thickness differencedetween all these
sedimentary events, must be related to a combimafia) the characteristics of the triggering
shaking (unique short evens. repeated shocks); ii) the type of impact on sediatéon
(number of induced mass wasting, size of sloperajlintensity of direct bottom disturbance
(Rodriguez-Pascuet al, 2002)), iii) the distance between investigategos$éional basin and
epicentral area.

All these sedimentary “events” have been investigiah the lacustrine lower part of
the Central Basin’s recent fill as they are stukiieatures; does it means that this process
decreased or disappeared in the Holocene? Or diceéinthquakes sedimentary recording
became weak or absent? The following paragrapkasird) with the impact of strong seismic

activity during the marine (Holocene) sedimentation

13



lIl - Dilatation of the sedimentary pile with increasing depth in the Central Basin

The general Cenozoic configuration of the Sea ofnma’s sedimentary fill, as
imaged by seismic reflection ( Rangihal, 20001; Le Pichoet al, 2001 ;Imrenet al, 2001),
clearly indicated a complete, long term, tectomintool of the sedimentary fills, especially for
internal configurations in the different sub-basivéth the higher resolution here used, this
relationship may be envisaged, not as a continutmuble process (with mean values of
sedimentation rates and fault displacements), htiter as the succession of incremental
events (with instantaneous sedimentation ratesargkismic faults scarps). Both on 3.5 kHz
profiles and on cores, this second investigaticadesallows to explain very local and high
thickness increases as the one evidenced in thieaCBasin deepest part (Fig. 7).

I1I-1- Correlation between Cores MD-2431 and MD-249.

The synthetic seismic logs (Fig. 4) based on atinelbgical content, and constructed
for general seismostratigraphy, were then usediétailed correlation across the deep fresh
scarps zone subdividing the Central Basin bottotre Torrelation between Cores MDO1-
2429 and MDO01-281 (Fig. 14), established with 3,5 kHz image complebgdlithogical
comparisons, illustrates this difference. The hwrtal distance is less than 10 km and the
bottom depths are respectively about 1250 m an® #20f assuming a constant mean sonic
velocity in the imaged sedimentary pile, the upparine part (above the “hemipelagite-type”
occurrences) ishree timesthicker than its lateral time equivalent; the sam@eased rate
may be measured for the lacustrine part overlyimggRLGE. The “homogenite” part of the
last mentioned shows a 75 % thickness increaseonidering the detailed accumulation
processes in the lacustrine part (close ups of Bigthe slow “background” sedimentation
represents 10 to 20 % of the total rate in Core WH2831 (higher situation, left log on Fig.
5). If considering Core MDO1-24 (lower situation, right log on Fig. 5) the sedirteey
“events” — representing instantaneous depositspeap(as the PLGE) strongly dilated, and,
there, the "background” sedimentation represenss khan 10 % of the total rate. The
“hemipelagic-type” thickness is almost similar iath cores (indicating absent or negligible
reworking of this material), if considering eitheeparate layers or their total amount. The
strong total thickness increase in the lacustriaw, ppetween the two sides, is thus basically
due to the addition of the thickness differencesaufh individual gravity “events”. According

to the sedimentological interpretation proposemieefl-4-c), the difference between both

14



sides of the scarp represents the recording o$ulceessive major earthquakes affecting the
Central Basin and/or its edges. As in tnarine upper partsuch amount of sedimentary
“events” were not observed in Cores MD01294nd MDO01-2481, it arises the question of

the processes leading to a similar strong thickdétsence.

[11-2- Strong lateral thickness increase in the maime sedimentary sequence.

As previously mentionedll{2), the upper part of the studied sedimentary pile,
corresponding to marine sedimentation (-12 000oyPtesent), appears poorly layered and
more homogenous, with very few striking coarse itlits. The last mentioned may not
account for the strong thickness increase meadogédeen sites MD01-24 and MDO1-
2429 (Fig. 14; location on Fig. 6). Then, several qluoest arise:

- what is(are) the exact depositional process@sg)ansible for the general thickness increase
on the deeper side of the main median scarp oCémeral Basin ?

- do the silty laminated episodes (Fig. 15 closs)ugpresent particular high terrigenous
supply? Do they play the same role as the ondatétl to the turbidites/homogenites for the
lacustrine sequence (instantaneous huge supply)?

Two sets of data may argue for an explanationssédétment compositionl{2), and
the detailed layering as imaged by X-ray. The faitas performed using SCOPIX device; for
each core section, a continuous X-radiography rsedmn a 1cm-thick longitudinal sediment
slice (see close ups on Fig. 15).

The grain-size and the mineralogical content efriarine upper sequence indicate a
quite continuous supply of silt (and locally firensl), either as terrigenous suspended-load or,
more likely, as slow bed-load bottom transport.sTeédimentary process must account at
least for part of the increased thickness in ddegiégation, in a way similar to contouritic
behaviour (local bottom current acceleration andsequent higher particulate transport). A
corollary is the question of the relative importamfin situ reworking and additional supply;
the latter is more in agreement with the sedimenatte and the grain-size.

Another question is the apparent episodic occueresfcthese more silty laminated
levels (examples of close upsb, ande on Fig.15); they may represent particular climatic
episodes with strong run off and connected hyperglydistribution. Nevertheless, these
laminated levels often overly apparently liqueffewe-grained layers (close upsb, ¢, ande,

on Fig. 15); thus, two hypothesis may be propogetiese levels have a texture favourable to
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earthquake disturbances; ii) they represent themsespecific supply induced by major
earthquakes. Several features reinforce the fyspthesis (Fig.15):

- low angle symmetric cross beddings (similar toastal tidal “flaser” bedding) are
intercalated within the laminated coarser episq#®s on close upsa andg); we interpret
these features as induced by to-and-fro bottomlatisments, and, thus, lgicheeffects
(earthquake consequence); a “contained turbiditetgss cannot be envisaged here;

- intercalated ball-and-pillow structures (close ¢)p also favoured by textural contrasts
between superimposed layers during shaking (Maetl, 1999);

- occurrence of water-escape veins starting froeséhlaminated coarser episode, with
probable associated “boudinage” (close d@sdf).

In brief, during the (Holocene) marine sequence, sedimentation appears mainly
controlled by episodes of rather cyclic permanesttdmn currents with variable suspended-
load or bed-load, depending on velocity and avélaity-sandy terrigenous feeding. The
strong lateral thickness variation on both sidesth& central scarp develops both in a
continuous way with reinforcement by mean of seteardepositional “events”.

[1I-3- Specific imprints of major earthquakes in the marine sedimentary

sequence.

For the lower (pre-Holocene) lacustrine sequertd-¢), we assumed that the
different gravity reworking events (particularlyetthomogenites) were triggered by major
earthquakes during a period of high terrigenousiactation on the edges of the Sea of
Marmara; microfracturation (brittle behaviour ofcomsolidated sediment with high water
content) is also believed to represent shaking imhplf admitting a similar seismo-tectonic
activity during the marine episode, we should dedor other types of imprint of major
earthquakes, as the accumulation process is differe

Among the possible earthquake-related features {Bigwe observed:

- subvertical water-escape “vein structures” (claged); the last mentioned have been
described in soft sediments submitted to frequeatohic and seismo-tectonic activity, as
accretionnary complexes (Cowan, 1982; Ogawa & Mjta985; Brown & Berhmann, 1990);

- symmetrical flaser bedding-like structures intliog to-and-fro current (close ug and,
thus, seiche effects;

- boudinage of laminated layers (close ubandf) that we tentatively interpret as lateral

spread effect; some dewatering veins are connéatigbses stretched layers;
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- horizontal rupturing and displacement of vertieains (close um); we consider these
structures as lateral spread shear, thus alsaedetat seismic shocks; such structures have
already been interpreted as earthquake imprintgldnsedimentary formations (FOhlisch &
Voigt, 2001);

- liquefaction features (Fig. 15 close aip

- often an association of these different types.

[lI-4- Time distribution of sedimentary “events” in Central Basin’s sedimentary

record.

Gathering visual observations and X-ray pictureCofes MD01-231 and MDO1-
2429, a preliminary rough estimation of time recurrematervals of sedimentary “events”
considered as earthquake-triggered is proposedhEdacustrine part, Core MD01-2431 may
be divided into a constant “hemipelagic”-type acalation with a (slow) mean sedimentation
rate and intercalated turbidites-homogenites (biglose ups), as previously done in deep
marine sedimentation by Adams (1990). Betweendpeot the PLHG and the base of marine
sedimentation (16 kyr to 12 kyr BP), the total meadimentation rate is about 1,5 mm/yr,
implying a 0,15 to 0,30 mm/yr rate for the “hempgmgk’-type sedimentation. Considering
this component of the sediment as a planktonicitmdoiced and bio-produced settling, then
the same rate can be attributed to the “hemipéelagie interval of Core MD01-229. In
both cores (Fig. 5), these intervals are genefallycm thick; for 2 cm, it should correspond
to 35 to 60 years. About 45 major “events” are blesiin Core MD01-2431 for a 6 m
succession lasting about 4 kyr, leading to a m€ayr8recurrence time interval.

For the marine part, 6 major event§ Fig. 15 close up a) could be correlated between
the two cores; adding other types of disturbanced/oa particular layering, 26 events
occurred during the last 12 kyr leading to a 480ngan recurrence interval. The difference
observed in apparent “frequencies” between mariné kcustrine sequences could be
explained as follow:

- only major local earthquakes (directly affectihg Central Basin substratum and its edges)
are recorded within the marine part;

- an easier triggering of subaequous slumps relkatedore available sediments during Late
Glacial (see llI-4-c) may explain the higher “freqag’ in the lacustrine sequence;
furthermore the arrival of hyperpycnal flows on tGentral Basin deep floor represent a

larger provenance area (see submarine canyonsmaité-ig.6);
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- the estimated “frequency” for the lacustrine sawe is erroneously too high as part of the
normal turbidites may be flood turbidites (Ligni201; Arnaucet al, 2002; Beck, 2005) and
thus related to climatic “events”.

However, the mean estimated time recurrence iateppears of the same order as the
measured recent distribution of major earthquakesgathe northern branch of the N.A.F.
(Ambraseys & Finkel, 1991; Barka, 1996; Ambras&@)2; Armijoet al, 1999; 2002; Stein
et al 1997; Hubert-Ferrarret al, 2000; etc); further more detailed analysis ofirpettary
events in the different basins of the Sea of Maanfand not only in the Central Basin) should
precise these comparison both for the time andtlier horizontal distributions of the

sedimentary “events”.

Conclusions: major earthquake control on time and gace distribution of the sediments

in the Sea of Marmara deep basins.

Although mainly based on a more detailed studyhef €entral Basin, the following
conclusions may be extrapolated to the whole deepgd the Sea of Marmara, as indicated
by similar sedimentary piles in all deep cores aathe high resolution seismostratigraphic
succession. The general shape of the recent fillitsninternal configuration both evidence a
clear control by seismic activity of the deep seztitary fill.

Regarding thdower lacustrine sequenc@pproximately from 20 000 yr B.P. and
12 000 yr B.P.), at least 90 % of the infilling h&s be considered as a non linear
(incremental) process; the maximum instantaneouseimnent being the Pre Late Glacial
Event with 8 to 15 m thickness. This non lineare&s@ppears directly parallel (synchronous)
to the co-seismic growth of the vertical componehtieep fault scarps. Some sedimentary
levels (as PLGE’s top) are reference surfaces finilgkd tectonic analysis (Mercier de
Lépinay etal, 2003). Conversely, the vertical component oftfacarps is often guiding the
deep co-seismic sediments arrivals; added to soossilge seiche effect, they tend to
smoothen the created bottom relieves.

Concerning thaupper marine sequendé2 000 yr B.P. to Present), such non linear
accumulation is not so obvious. The short laminateghtly coarser episodes appeahtve
recorded earthquake disturbancésit not clearly to represent themselves the impmudict
seismic events; even if considering so, their netatumulated thickness can not account for a
major part of the sedimentation and for the strdagral thickness increased observed

between the two studied sites in the deep CentaginrBAs we did not observed repeated true
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hemipelagic interval in this upper part, an apptyepermanent silty-sandy flux has to be
assumed; an alternative hypothesis is to consitdé&s monotonous, contrast-lacking,
accumulation, as the superposition of fine-grainsdkposited interval which limits are not
visible; only a highly detailed analysis of textaed composition of this sequence will allow

to decipher.

Further investigationsare in process to improve several proposed coieclsisand,
overall, precise the time and lateral distributminthe major “event” in the whole Sea of
Marmara fro the last 20 000 yr. AMS measuremengsiarprocess, separately on normal
sedimentation and major “events” to check a spegiérticle array. Detailed study of Cores
25, 27, and 32, in the other deep basins (Tekjrdaimburgaz, Cinarcic) are in process in
order to attempt event-by-event correlation. Tletaided analysis of terrigenous fraction
(through mineralogy) is also necessary to betteurag the provenance of reworked material,

in order to model huge hyperpycnal flows traje@sr@nd velocities.
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FIGURES CAPTIONS

Figure 1— Present day geodynamic settings of the Sea amistar. (after Armijcet al, 1999,
2002).

Figure 2 - High resolution seismic reflection grid and cgrinocations of MARMACORE and
MARMARASCARPS cruises.

Figure 3 - Summary of giant piston coring results in theriara Sea (MARMACORE
Cruise), and shipboard proposed lateral correlation

Figure 4 - Synthetic seismic logs of Cores MD01224A) and MD01-2481 (B): location of
main potential reflective sedimentary interfacesftland correlation with detected
reflectors (right). The marine upper pasbrrespond tovariable amplitude and
variable frequencythe lacustrine “hemipelagic-type” lower part aspond taalmost
constant amplitude and high frequency.

Figure 5 - Close-ups of split sections of the lower lacustpaet of Cores MD01-22D
and MDO01-2481, displaying the frequency of strong contrast iistegs between the
“hemipelagic-type” permanent sediment and coardepesitional events.

Figure 6- Detailed morpho-bathymetry of the Marmara Sea'sta¢Basin, location of giant
piston cores and seismic profiles.

Figure 7- 3,5 kHz profiles across the Central Basin, evadleg a “homogenite”.

Figure 8 General view of splitted Core MD01-24 showing the pre-Late Glacial
“homogenite” and associated coarse gravity deposits

Figure 9- Correlations between Cores MD01324and MD01-229 based on magnetic
susceptibility.

Figure 10 Vertical evolution of grain-size distribution ithe pre-Late Glacial “event”.

Figure 11— Close ups of selected portions of Core MD01-2481conjugated
microfractures; b: microfracturing with possibleakieg by coeval turbidite arrival; c;
possiblein situ liquefaction, evidenced by ball-and-pillowb-a-p — structure; d to g:

details of the pre-Late Glacial event)
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Figure 12- Schematic genetic model proposed for the pre-Géaeial Event and similar
minor events. The three cases correspond to the #ituations observed at the base of
major turbiditic events: without underlying distarize, with underlying fracturation
and/or liquefaction, with underlying mudclasts lmiac (the true dip of the source
slope is about 6,5°).

Figure 13- Different explanatory models for the segregabbhomogenite layers.

Figure 14- 3,5 kHz correlations between Cores MDO2224nd MDO01-281 evidencing the
whole pile (lacustrine and marine) thickness inseedlocation and depth of the two
sites on Fig. 6)

Figure 15 X-ray SCOPIX close ups of possible earthquakateel disturbances in the upper
(Holocene marine) part of Cores MD012®%and MDO01-281. Two mechanisms can
be deduced: effect of to-and-fro bottom currentssitin(seiche ?), water escape with

horizontal offset (lateral shear by shaking ?).
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Sample Type §13C Age Age error | Calibrated age BP, 95,4 % conf.

MDO12425-2816 cm Plant/Wood -26.81 12850 55 15950/ 14 350 yr
MD012425-3105 cm Plant/Wood -26.66 13250 55 16 430 ¢ 14 550 yr
MDO12427-2498 cm Charcoal -27.82 13600 55 16 850/ 15 800 yr
MDO12423-696 cm Charcoal -28.83 17200 70 21150/ 15750 yr
MDO12429-2705 cm Charcoal -26.45 9530 45 11 100/ 10 920 yr {447 %)

10 910/ 10 670 yr {495 %)

10 660 / 10 640 yr {1.2 %)

MD012431-1138 cm |Charcoal -28.12 12150 65 15650/ 14 250 yr

MD012431-1518 cm  |Plant/Wood -27.86 13100 55 16 250/ 14 750 yr

MD012431-1661 cm  |Plant/Wood -28.74 14100 75 17 450 4 16 350 yr




NAF: North Anatolian Fault
EAF: East Anatolian Fault
D5F: Dead Sea Fault



Textural evelution
of the reworking

event.(Sk/So path
from base to top; ™~ P
MALVERN ™ ™
measurements). -~ 4
l - 2
- /
.
upper homogeneons
clayey silt
« 08
2
=]
.
506
0.4 lower coarse sand and silts
02
L3 2 25 3 3.3 4

Sorting Index



CORE MDC1-2431



homogenite / unifite ¢ henufurbidite R

v

Sl reflected / "confained”™ furbidife




erazing of micrabracoaied layers
and genesis of mud ciasta incorporaied
m base of hypermpyenal fow

—%ﬁﬂ ' &H‘? stumpAurbidite tniggering
"J'.'_'.-u‘. L= ._; R
i s Ak Ak e scarps and "micro-scarps

[pravicus or coeval ) '
proreiding future mud dasts




Core MD 2431 Core MD 2429 —

1550
4
g 1650
: E
2 §
.1= t—
& E
= £
: £
§
1600 g

1700




10 cm

VY

10cm

247 cm

113 cm

1gg?

lss?

TR

10 e

‘355 cm
g
&

1

359 cm

Core MD01-2429

247 cm

Ib

360 cm

Core MDO1-2431

378 cm

-

AL

Ei-dl]{:m

10 em

b: boudinage
b-a-p: ball-and-pillow
bi:  bioturbation
€8]  erosion surface
fb: “flaser" bedding
I: liquefaction

| s s lateral spread shear
V 5! wvemnstmicthure

i







(W) |ana-eas mojag yideq

) 14.2-15.6 k'rs BP

/

, /
| 14.3-16.0 k'rs Hl;f

| 15.0-16.5 kYrs ?F

16.1-16.6 kYrs BP

lacustrine to marine

transition

(~cal. 12.0 kyr BP)
m Vedetal detritus,

cal. AMS ™C age

we Major tephrajash rail layers)

nannoplankton-rich
laminae

TH: Tekirdag Basin
OB. Orta {Cental} B.
KB Kumburgaz B
CB: Cinarcic B.

Pi:  Prnces Island
Ml Marmaral.

i Imeali i

AP Armitic Peninsula




two ways time in milliseconds

Core MD 2431 Core MD 2429

— 1 550
/ = 0
=
—0 — 1650
f:'ﬂ S
- 'd:
o E r"*?l —_—10 10— ]
U £ £
. E' AWE E:
e D
9 || i = M 5
E Al = g = Y
= |E||= " = R
M = 'E, E| %
; = — 20 20—| 8 S e
- @ E b4 .a
- e =
v
; gl |5 £
T 5 =
[ i :
4 - :
;o 30 m— i
ES (df: debrisflow L
g E h.f.-g.i.: homogenous i
fine-grained interval _
5.0 coarse sand interval =
t.h.-t.i.: top of hemipelagic-type
intervals
X mud-clasts breccia ¥, 40 m 170C

ooourrences of



(- 12 m) — 200 ——0,0 (-36m)
h.-t. I
—}os — 05
I €.
= [ (= =5
== . €
h.=t. i
A
(-13 m) —10 — 10 (-37m)
3 )
- 8
= .15 —15
§ 5
ok
(- 14 m} —20 ——20 {-38m)
CORE
MD2429
— 25 Z5m
CORE I. €.. re-depositionnal event
MD2431 _ (turbidite, homogenite)
h.-t. I.: hemipelagite-type interval
(-15m) ——30m



40752

40°60¢

40048

40746

27°42' 27°48 ra4" 2800
(54" 4054
0e4B" 4048

s
h o
# -.-:-. e I

. r-‘: & =t 3 -L:- ¥ o £

40742 40742

27°42' 2r9g roe 2800 28°08' 2812 B8Me



250 ms twt

line cb4

Core MD-2429

250 ms twi.

250 ms tw.t




CORE MDOD1-2431

e s A I e v e e e e e B O T R -

2

|
= o .
_ . s m

Sy

TR 1

L
—_

Al

16—
A

17—
g

18—

I R O S I O O

_ J-ﬂ-lJ- --lﬁ-l-J _

o

homogenite s.5.

13—
[5—

I I LT _m I

1 —

Q — o 12—

4
4
5
6 —

A1wmd location of *C dated samples

1

gt

0]

o

E
2
3_



0

(saapem ) azod w qidag]

10
25
30

e
— [

35

Cote MBDI-EJIEBM
thcrﬁﬁﬁ' Susceptibility (10 Sl)
00 200 300

T O &
B oL PSR

_—g e

_cogaghe YT

—= Y s - genite

ek pe omo
e M%ﬁ%ﬂ%ﬁﬁ-:: wpof™
i T = e

Core MD01-2431
i “ﬂﬂnﬁlﬁﬂﬂﬁmﬂjﬁﬂ}

} $ e
& ~J L

} —

g

| & L1 - e

/ R

) M BE

__H:\TJLAJL{_ i _ _.___ _ H £ m .M,.m._m

0

5
10
15
20
23
]



