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Abstract :

This review and synthesis weaves various multiproxy data into a single coherent narrative for the latest
Pleistocene—Holocene paleoclimatic and paleoceanographic evolution of the Black Sea, Marmara Sea
and the Aegean Sea. This narrative, referred to as the “Outflow Hypothesis” rests on several key
observations and interpretations which are incompatible with the suggestion that the post-LGM
reconnection of the Black Sea basin to the global ocean occurred as a catastrophic flood. The widespread
occurrence of sub-storm-wavebase uppermost Pleistocene to lower Holocene sediments across the
southwestern Black Sea shelf at elevations as shallow as —=78 m shows that the level of the Neoeuxine
Lake (today's Black Sea) between 12.3 cal ka and 9.5 cal ka was high enough to spill outward into the
Marmara Sea over the shallow sill in the southern Strait of Bosphorus (-37 m today). Southwest-
prograded clinoforms immediately south of the strait in the northeastern Marmara Sea record the
development of an early Holocene (11.1-10.2 cal ka) mid-shelf delta (A1) showing ~3.3 km of aggressive
progradation while its topset-to-foreset break climbed 8-9 m into a rising Marmara Sea. A streamlined
south-prograded barform in the throat of the strait and giant megaflutes along its thalweg confirm the
vigorous outflow from the early Holocene Neoeuxine Lake required to explain the climbing A1 lobe.
Multiproxy data from the northeastern Marmara Sea and southwestern Black Sea shelves indicate that
the post-Last Glacial Maximum (LGM) reconnection of the Black Sea with the eastern Mediterranean
occurred in a gradual fashion: first, at ~10.2 cal ka, a salt wedge lifted the brackish outflow off the floor of
the Strait of Bosphorus terminating A1 progradation; second, a more persistent density underflow
introduced enough seawater strontium into the Black Sea to be taken up in mollusc shells by ~9.5 cal ka,
and finally a range of euryhaline marine organisms replaced lacustrine faunas when salinity levels became
favourable by ~7.5 cal ka. The onset of sapropel M1 deposition across the Marmara Sea followed the
breach of the Strait of Dardanelles at 13.8 cal ka when, as originally suggested by other researchers,
nutrient-rich highly saline Mediterranean waters forced lower density relict lacustrine waters to the surface
and then out through the Strait of Dardanelles, initiating water-column stratification. Once the low-salinity
cap was expelled, the deep waters of the fully saline Marmara Sea remained stagnant and sapropel
accumulation continued. The onset of outflow from the Neoeuxine Lake at 11.1 calka re-established
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water-column stratification, induced effective deep circulation across the Marmara Sea, and created a low
salinity lid across the northern Aegean Sea, initiating sapropel S1 deposition in that area.
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1. Introduction

It has been a quarter century since geoscientists working in the eastern Mediterranean
region had their core beliefs upe~de oy a claim that the Black Sea was catastrophically
inundated by marine waters in the carly Holocene, rising 80—100 m in just a few years and
driving Neolithic farming ~o.>-aunities from their homes. The perceived importance of this
novel hypothesis was sc great that the original peer-reviewed article (Ryan et al., 1997) was
accepted for publication in Marine Geology the day after it was received. A comprehensive
book written for the general public and published one year later (Ryan and Pitman, 1998)
received considerable media coverage, giving this hypothesis wide visibility. In an episode of
the prestigious Horizon program on UK television (BBC, 1996), Walter Pitman explained how
he and William Ryan focussed their attention on the Black Sea (Persian Gulf and Red Sea were

also considered) in the search for a factual basis for the Gilgamesh and Noah's flood stories;



hence, their quest apparently grew from a suspicion that these flood myths had a geological
explanation in the Middle East, and data were sought to support what has become known as the
Flood Hypothesis. These original two publications greatly stimulated paleoceanographic and
paleoclimatic research in the late 1990's across the waterways that connect the Black Sea with
the global ocean through two narrow and shallow straits (Dardanelles and Bosphorus) and the
intervening Marmara Sea, named the Marmara Sea Gateway by Aksu et al. (1999a). A large
number of subsequent publications ensued, some supporting (e.g., 2allard et al., 2000; Cagatay
et al., 2000, 2003, 2009; Algan et al., 2001, 2007; Ryan e* a.., 2003; Sperling et al., 2003;
Dimitrov, 2003; Dimitrov and Dimitrov, 2004; Gokasan * al., 2005a; Eris et al., 2007, 2008;
Lericolais et al., 2007a,b, 2009, 2010, 2011, 2019; Gn."serg et al., 2016; Herrle et al., 2018;
Yanchilina et al., 2017, 2019;) others contradictr.” (e.g., Aksu et al., 1999a,b, 2002a,b,c, 2016;
Mudie et al., 2001, 2002a,b, 2004, 2007; «iscott et al., 2002, 2007a,b, 2008, 2017, 2021; Marret
et al., 2009; Yanko-Hombach et al., 201 .- Bradley et al., 2011, 2012; Mertens et al., 2012; Lister
et al., 2015; Constantinescu et al. (?21£\: Ankindinova et al., 2019a,b, 2020) the views expressed
in the 1997 article and 1998 boc.-

Many former USSP ilvssian and Ukrainian geoscientists, both before and after the
promulgation of the Flood Hypothesis, have maintained that post-LGM base-level rise in the
Black Sea basin (then occupied by the Neoeuxine Lake) was gradual and progressive, albeit with
minor fluctuations (Chepalyga, 1984; Kuprin and Sorokin, 2007; Shmuratko, 2007; Shuisky,
2007; Konikov, 2007; Balabanov, 2007). These workers advocated that the rise of the
Neoeuxine Lake level led to an out-spilling through the Strait of Bosphorus by the end of the
Pleistocene, well before marine waters penetrating northward from the Aegean Sea and across

the Marmara Sea were able to overtop the ~ —37 m sill at the southern end of the that strait,



thereby gaining entry into the Black Sea basin. Several workers associated this out-spilling with
an influx of glacial meltwaters into the Caspian Sea during the latest Pleistocene which then
spilled into the Neoeuxine Lake via the Manych—-Kerch Strait (e.g., Chepalyga, 2007;
Badertscher et al., 2011; Aksu et al., 2016; Hiscott et al., 2017; Fig. 1a).

The Flood Hypothesis has been well described in reviews and extended articles since it
was initially advanced (Ryan et al., 2003; Ryan, 2007; Lericolais et al., 2011; Yanchilina et al.,
2017). As counterpoint, the objective of this article is to provide « vomprehensive review of the
seismic and core-based evidence for the persistent outflow fre= 1.2 dlack Sea basin to the global
ocean through the Marmara Sea Gateway during the entirc Holocene, as first proposed by Aksu
et al. (2002a) and Hiscott et al. (2002) and supported bv . udies in the southwestern and western
Black Sea and across the Marmara Sea over th2 #Oll hwing two decades (Aksu et al., 2002a,b,
2016; Mudie et al., 2002a,b, 2004, 2007; .+br-jano et al., 2002; Kaminski et al., 2002; Hiscott et
al., 2002, 2007a,b, 2017, 2021; Giosan ¢* al., 2009; Constantinescu et al., 2015; Ankindinova et
al., 2020). Aksu et al. (2002¢) cal'~d b5 the Outflow Hypothesis. This review also sythesises
evidence from a number of souces and methodologies in order to address three more specific
objectives: (1) to demonstte “-at the Neoeuxine Lake had transgressed its lowstand shelves by
the earliest Holocene and had started to spill into the Marmara Sea by ~11 cal ka, (2) to confirm
that, coincident with this out-spilling, a climbing delta developed at the southern exit of the Strait
of Bosphorus into the Marmara Sea and water-column stratification intensified to maintain
seabed dysoxia and sapropel accumulation (M1 sapropel) in Marmara Sea, and (3) to show that
downstream freshening of surface waters in the Aegean Sea also tracked the outflow (including
S1 sapropel development). Objective 1 is a prerequisite for objectives 2 and 3, because direct

riverine supply to the Marmara Sea is miniscule (Hiscott et al., 2021) compared with the volume



supplied indirectly via the Strait of Bosphorus from major rivers entering the Black Sea basin
(e.g., Danube, Dniester, Dnieper, Don, Kamchiya, Kizilirmak, Sakarya, Yesilirmak; Fig. 1a).
There not only is evidence from each sea to contradict the Flood Hypothesis, but the evidence in
favour of the Outflow Hypothesis forms a single coherent story and timeline all along the
gateway and its environs. In a final section of this review, we present a regional synthesis of the
latest Pleistocene—Holocene paleoceanographic evolution of the gateway using maps depicting
six geologically critical time slices. Events of the youngest perioc (¢ e., transgression of shelves
of the Black Sea) are critical to studies of habitation and hr=a.. ettlement in the region; this
aspect has been the focus of IGCP Project 610 "Fiom the Caspian to Mediterranean:
Environmental Change and Human Response during the -iaternary".

The chronostratigraphy of strata imaged ‘. liisa-resolution seismic reflection profiles is
established in this review using 149 radi carbon dates acquired in 24 key cores (Tables 1, 2),
supplemented by six radiocarbon date. reported by Eris et al. (2007). The chronology of
sapropel S1 in the Aegean Sea is e~tat lished using the age of the Z2 tephra associated with the
Minoan eruption, at 3.37 4C Ko (Pichler and Friederich, 1976) or 3.6 cal ka, and a further five
radiocarbon dates in five c~+es “Lables 1, 2).

2. Regional setting

2.1. Morphology

The Marmara Sea Gateway consists of two prominent narrow and shallow straits and the
intervening deep landlocked Marmara Sea (Fig. 1). The Strait of Bosphorus in the north (also
known as Istanbul Bogazi in Turkish) is a very narrow naturally occurring channel which links
the southwestern Black Sea with the northeastern Marmara Sea (Fig. 2). The strait is ~31 km

long, 700-3400 m wide with maximum depth >110 m. The present-day sill occurs at ~ -37 m



toward the southern end of the strait (Fig. 2). Channels extend basinward at each exit of the
strait: (a) a prominent U-shaped, 50-60 m-deep channel extending northeastward onto the
southwestern Black Sea shelf (referred to as the Saline Channel; Flood et al., 2009; Hiscott et al.,
2013; Ankindinova et al., 2020) and (b) a V-shaped 50-80 m-deep channel extending south-
southwest onto the northeastern Marmara Sea shelf, referred to in this review as the NE Marmara
Channel (Fig. 2).

The Marmara Sea is a small (80 km x 270 km) east-west-elon ated landlocked water body
situated between southeastern Thrace and northwestern Anat~':a [Tig. 3). The northern shelf is
narrow (2—15 km), whereas the southern shelf is wider (- 5-50 km). The shelf-to-slope break
occurs between —90 m and —110 m, from which 10°-15" slopes lead to deep basins between —
1100 m and —1370 m. The four deep basins (Te ~rd 18, Central, Kumburgaz, Cinarcik; Fig. 3)
are separated from one another by NE—SY /-tr .nding ridges which stand 400-600 m above basin
floors. A fifth basin (Imral1) is perched «* shallower depths on the southeastern slope (Fig. 3).

The Strait of Dardanelles i~ tk.> southwest (also known as the Canakkale Bogazi in
Turkish) is ~61 km long and i 2—6 km wide with water depths ranging from 63-103 m. A
present-day sill occurs at 4> . toward the northeastern end of the strait (Fig. 4; Aksu et al.,
2016). The deeper centic! channel of this strait flares out toward the northeast, linking with the
Sarkdy Canyon in western Marmara Sea (Fig. 4). A 80-90 m-deep channel in the northeastern
Aegean Sea connects to the Strait of Dardanelles at its western terminus and then takes a sharp
~90° clockwise turn, continuing NNE toward the Gulf of Saros and tightly hugging the
southwestern margin of the Gallipoli Peninsula (Fig. 4).

2.2. Physical Oceanography



The physical oceanography of the modern gateway is largely controlled by the prevailing
climatic conditions across the Black Sea. Precipitation at sea (P, ~300 km® yr') and large
freshwater input by several major rivers (R, ~350 km® yr') compared with evaporative losses
over the Black Sea (E, ~350 km® yr'') create a net water export (AV=R+P-E) of ~300 km® yr'
from the Black Sea into the Aegean Sea through the gateway (Ozsoy et al., 1995; Oguz et al.,
2004). The Danube, Dniester, Dnieper, Southern Bug and Don are the rivers draining into the
Black Sea from the north and northwest, with the Kamchiya, Kizilin. ak, Sakarya and Yesilirmak
Rivers supplying smaller quantities of freshwater primarily *.. v we south and southwest (Fig.
1). Peak river discharges occur during the northern i.~mispheric spring, and the narrow
constriction at the Strait of Bosphorus forces the level o. the Black Sea to fluctuate ~50 cm in
perfect synchroneity with the variations in season. | ~.nd interannual river discharges (Ozsoy et
al., 1995, 1996). Satellite altimetry shows *he. the surface of the Black Sea is on average ~40 cm
above the level of the Marmara Sea wh.~h, in turn, is ~30 cm above the level of the northern
Aegean Sea.

The water exchange betw ~en the Black Sea and the eastern Mediterranean Sea occurs
through the Marmara Sea CT-ic.vay as a two-layer flow (Fig. 5; Latif et al., 1992; Ozsoy et al.,
1995; Polat and Tugrul, :996). The cooler (5-15°C) and lower salinity (17-20 psu — hereafter
without units) surface layer originating from the Black Sea flows south-southwest at 10-30 cm
s, This watermass forms the 25-100 m-thick surface layer in the Black Sea, the Marmara Sea
and the northeastern Aegean Sea. Warmer (15-20°C) and high-salinity (38-39) Mediterranean
water flows north along the eastern Aegean Sea, hugging the western Anatolian coastline (Fig.
5). This water mass plunges beneath the low-salinity surface layer (i.e., the Black Sea outflow)

in the northeastern Aegean Sea immediately west of the mouth of the Strait of Dardanelles and



penetrates the strait flowing northeast at 5-25 cm s'. As this water mass enters the Marmara
Sea, it forms turbulent plumes which sink beneath the halocline and slowly descend into the
deeper Marmara basins (Fig. 5). There are two branches of the Mediterranean watermass: (a) a
shallow subsurface flow occurs at 50-100 m depth, hugging the northern margin of the Marmara
Sea and flowing east and (b) a deeper flow occupies 100500 m depth flowing along the
southern margin of the Marmara Sea (Fig. 5; Besiktepe et al., 1994). The Mediterranean
watermass occupies the entire Marmara Sea below a 20-50 m-thi- low-salinity surface layer.
Across the northeastern sector of the Marmara Sea, this v ~tc.m.ass penetrates the Strait of
Bosphorus and flows north at 5-15 cm s™'. It penetrates i to the Black Sea and spreads across
the southwestern shelf immediately north and west ot '.c Strait of Bosphorus via the Saline
Channel (Fig. 5; Di lorio et al., 1996, 1999; Ozso - et 4l., 2001; Flood et al., 2009; Hiscott et al.,
2013). Northward, the Mediterranean wa =ro-ass tlows into the heads of the prominent canyons
which cut the shelf edge and rapidly descends along the slope forming several horizontal
convective cells created by the ins*2bi ities associated with strong contrasts in temperature and
salinity (Ozsoy et al., 1991). A diluied Mediterranean watermass with salinity ~22 also fills the
Black Sea central basins be'aw = 100-200 m-thick surface layer.

The surface-water irculation in the Black Sea is dominated by two large central cyclonic
gyres (eastern and western gyres) and several smaller, anticyclonic coastal eddies (Fig. 5; Oguz
et al.,, 1993). The narrow counterclockwise-rotating peripheral "Rim Current" separates the
cyclonic basinal gyres from the anticyclonic coastal eddies. This current flows eastward along
the Anatolian coast at ~20 cm s’ and dominates the surface circulation across the narrow
continental shelves (Oguz et al., 1993). The weaker clockwise-rotating Bosphorus and Sakarya

anticyclonic eddies are situated west and east of the Strait of Bosphorus, respectively. The



surface circulation in the Marmara Sea is dominated by the outflow of low-salinity Black Sea
watermass (Besiktepe et al., 1994). The jet of water entering the Marmara Sea from the
Bosphorus flows south-southwest as a narrow current for nearly the entire width of the basin, but
curves initially west and later northwest along the edge of the southern shelf (Fig. 5). This
current then crosses the Marmara Sea before it swings southwestward towards the Strait of
Dardanelles, forming large meander loops with three weak anticyclonic gyres (Fig. 5; Besiktepe
et al., 1994). The bottom-water circulation in the Marmara Sea is cutrolled by the rate of influx
of denser Mediterranean water through the Strait of Darda=>lw.z. Today, residence times of
lower-layer waters at ~—500 m in the Marmara and Black . ~as are ~12—19 years and ~625 years,
respectively (Lee et al., 2002). In the Marmara Sea, sa'lu. water in the deepest basins may have
a longer average residence time of ~6—7 years ({'n'"at". et al., 1990; Besiktepe et al., 1993).

2.3. Latest Pleistocene—Holocene s ‘a-).vel changes in Black Sea and Marmara Sea

There are a bewildering number ¥ latest Pleistocene—Holocene sea-level curves for the
Black Sea (Fig. 6; e.g., Nevessk~a, 1970; Ostrovsky et al., 1977; Balabanov, 1981, 2007;
Voskoboinikov et al., 1982; Ci.~palyga, 2002; Izmailov, 2005; Ivanova et al., 2007; Filipova-
Marinova, 2007; Konikov ~t ', 2009; Nicholas et al., 2011). Many of these sea-level curves
(particularly those from .~e tormer USSR) show rapid fluctuations often depicted as U-shaped or
inverted U-shaped oscillations (e.g., Ostrovsky et al., 1977; Chepalyga, 2002). A perplexing
issue with these curves is that radically different curves are often published by the same
researchers, with no explanation for the differences in both the timing and magnitude of sea-level
oscillations (cf. Chepalyga, 2002 and Ivanova et al., 2007; Ostrovsky et al., 1977 and Balabanov,
2007; Voskoboinikov et al., 1982 and Konikov et al., 2009; Fig. 6). It is conceivable that some

of the dissimilarities between these curves might be the result of varying rates of local



epeirogenic movements (either subsidence or emergence) which may exceed rates of eustatic sea
level change (e.g., Briickner et al., 2010; Fouache et al., 2012).

Clearly, the latest Pleistocene—Holocene sea-level history of the Black Sea is in a state of
flux. For this review, we have adopted the trend proposed by Lambeck et al. (2007) for the
southern end of the Strait of Bosphorus (after reconnection of the Black Sea to the world ocean)
and depended on our own geological data from the southwestern shelf area of the Black Sea for
older times, discussed later in this review.

There is no previously published base-level curve for th> Nz mara Sea. In this review we
adopted the curve proposed by Lambeck et al. (2007) for e Strait of Dardanelles at Cape Nara
(Fig. 4), but again depended on our own geological da. and observations from the Marmara
basin when it was a lake disconnected from the glct.al ycean.

2.4. Late Pleistocene—Holocene co: ner cions between the Black and Aegean Seas

During the Late Pleistocene—Hc'ocene, the Marmara Sea Gateway existed as an
interconnected waterway except when o'obal sea level (as well as base levels in the Black and
Marmara Sea basins) droppec. beiow the sill depths in the Straits of Bosphorus and/or
Dardanelles. For the Bla~!- "~ basin, lacustrine conditions prevailed from 9.5-73, 125-186,
236282 ka and for a lon period before 307 ka (Badertscher et al., 2011). Intervening times had
alternating lacustrine conditions and marine (Mediterranean water) incursions. Lacustrine
conditions characterised the Marmara Sea basin from ~12-30 cal ka and intermittently from
~37-55 cal ka (Yaltirak et al., 2002). During these lowstands, either the Black Sea basin alone
or both the Black and Marmara Sea basins became brackish water lakes, referred to during the
most recent LGM lowstand as the Neoeuxine and Propontis lakes, respectively. The full opening

of the Strait of Bosphorus is a geologically young event, and is closely related to the westward



advance of the North Anatolian Fault into the Marmara Sea during the Pleistocene (Le Pichon et
al., 2001; Oktay et al., 2002). Syn-sedimentary folding of Middle—Late Pleistocene successions
immediately south of the Strait of Bosphorus is interpreted by Oktay et al. (2002) to signal the
development of the strait via near-synchronous clockwise rotations of the Istanbul and Kocaeli
Peninsulas (Fig. 2). These rotations were triggered by dextral shearing between two bounding
faults: a proposed E—W-striking Northern Boundary Fault situated immediately north of the
Bosphorus exit in the southwestern Black Sea and the similarly tic.2ding North Anatolian Fault
across the deep Marmara Sea (Fig. 2). The rotations of the *w_ iarge crustal blocks (modern
peninsulas), and displacements along subsidiary sinistral s‘rike-slip faults which mark bends in
the strait, may have started as late as ~115 ka (Wiirn. <laciation; Oktay et al., 2002). The
subsequent deepening and inundation of the stril-e ~1ir fault zones completed development of the
Strait of Bosphorus.

A few previous studies have sugge. *ed that the Strait of Bosphorus might not have been the
only waterway connecting the Bl~~k 2.d Marmara Sea basins during the Late Pleistocene—
Holocene (e.g., Pfannensteil, 1°14; /eri¢ et al., 1995; Cagatay et al., 2000; Kerey et al., 2004;
Yanko-Hombach et al., 20,  These authors have suggested that an alternative connection
might have existed thro.~h the Sakarya Valley—Sapanca Lake—Izmit Bay, named the Sakarya
Bosphorus by Pfannensteil (1944) (Fig. 3). Today, the Sakarya River flows north and empties
into the Black Sea, draining an area of ~52,500 km” with an average annual water discharge of
79x10° m® (EIE 2011). Apart from core/borehole data from Sapanca Lake and Izmit Bay
showing faunal and floral assemblages of Ponto—Caspian affinities (e.g., Merig et al., 1995), no
compelling information favours the former existence of this alternative route. Hence, we view

this idea as speculative.



The development of the Strait of Dardanelles has been controversial, with suggestions
ranging from it being a Pliocene fluvial valley (Erol, 1992), to down-dropping along a series of
NE-SW-striking and NW- and SE-dipping normal faults (Alpar et al., 1996; Demirbag et al.,
1998), to the regional uplift of the Gallipoli (Gelibolu in Turkish) and Biga Peninsulas in the
Pliocene and associated dextral strike-slip faulting on the Ganos Fault (Fig. 4; Yaltirak et al.,
1998, 2000, 2002). The initial connection between the Marmara basin and the Aegean Sea was
established following the flooding of interconnected fault-boundca valleys during the Middle—
Late Pleistocene (Yaltirak et al., 2000). Yaltirak et al. (227, further suggested that during
Marine Isotopic Stage 2 (MIS2; ~12-25 ka) and MIS6 (~120-190 ka), what is now the Strait of
Dardanelles was subaerially exposed because of slow o..-oing tectonic uplift, while during the
Holocene and most of the Pleistocene (i.e., MIS3- %, MIS7 and older) there was water exchange
between the Aegean and Marmara Seas s t'.e floor of the strait was significantly lower than
today. Yaltirak et al. (2002, their fig-re 11) further suggested that two additional narrow
connections developed over the G~'"lip 21 Peninsula (i.e., Eceabat and Bolayir channels) during
some interglacial periods.

2.5. Regional impor*~u.- of the Marmara Sea Gateway

The Marmara Sc» Gateway is critical to unravelling the Pleistocene—Holocene
paleoclimatic evolution of Western—Central Asia and Eastern Europe, and the paleoceanographic
evolution of the Black, Caspian and northern Aegean Seas, including causes of sapropel
deposition in the Aegean Sea and possibly more widely across the eastern Mediterranean Sea. A
number of international programs have recognised this importance (e.g., Pole-Equator—Pole
Transect III of the Past Global Changes Program, PAGES; International Marine Global Change

Study, IMAGES). The Black Sea has been a transient reservoir for sudden large influxes of



glacial melt water through valleys of the present-day Dnieper, Dniester, Don and Volga river
systems (e.g., Mangerud et al., 2004; Svendsen et al., 2004; Panin et al., 2007; Radoane, 2021),
as well as former Manych, Uzboy, Turgay and Kas-Ket channels during the catastrophic draining
of ice-dammed glacial lakes (e.g., Rudoy and Baker 1993; Rudoy, 1998, 2002). During the Late
Pleistocene, several giant ice-dammed lakes developed behind steep and narrow valleys of the
Altay and Sayan mountains of Siberia, and cataclysmic outburst floods of these ice-dammed
lakes occurred several times, most recently during the latest Pici~tocene to possibly earliest
Holocene, as late as 13-9 ka (Grosswald and Rudoy, 1996; T~.ing et al., 2002, 2011; Herget,
2005; Reuther et al., 2006; Komatsu et al., 2016). Such a. matic jokulhlaup events would have
raised the Black Sea level by many metres or tens of me! ¢s (see §8.2), potentially causing it to
spill into the Marmara Sea through the Strait of Rc-ob srus.
3. Data and methods

3.1. Data acquisition

This review is based on one ~f t. » most extensive data set that exists across the Marmara
Sea Gateway, all collected by u = auchors using Memorial University of Newfoundland (MUN)
equipment on the RV Koc~ ..~ Reis of the Institute of Marine Sciences and Technology, Dokuz
Eyliill University, during eleven research cruises between 1991 and 2014 (Fig. 7). The data
collected during these cruises are labeled with the prefix "M" (for Marmara Sea Gateway) with
the last two digits of the year of acquisition as suffix. For example, M98 refers to data collected
from the Marmara Sea Gateway during a 1998 cruise. Three types of primary data and several
types of auxiliary data were collected. The primary data include (a) high-resolution seismic
reflection profiles, (b) high-resolution multibeam bathymetry and (c) piston and gravity cores.

During eight cruises (M95, M98, M00, M02, M03, M05, M08 and M11), ~10,500 line-km of



Huntec Deep Tow System (DTS) profiles were collected. During three cruises (M05, M08 and
MI11), ~5850 km of high-resolution multibeam profiles were collected, subsequently spliced into
~1100 km? of seafloor mosaics. During three cruises (M95, M0O and M02), an additional ~6000
line-km of single channel airgun and/or sparker data were collected. Finally, 155 gravity cores
were collected during nine cruises (M91, M97, M98, M00, M03, M05, M08, M11 and M14) and
85 piston cores were collected during five cruises (M02, M03, M05, M11 and M14; Fig. 7).
Cores relevant to this review are listed in Table 1. In addition, sc reral types of auxiliary data
were collected from the Marmara Sea Gateway, including (=) ~275 km of dual-frequency (38
kHz and 200 kHz) Simrad™ ER-60 hull-mounted echo-s. inder profiles (Kongsberg Maritime
AS) during the M11 cruise across the Saline Channel wi. a provided reflections from the top of
the saline underflow, (b) >250 CTD (conductv*y- emperature-depth) profiles during all 11
cruises using a Sea-Bird SBE 9 system: w'.ich provided in situ watermass structure of the
gateway, (c) several tens of kilometres ~f high-definition video of seabed habitats during the
MI11 cruise using a Geological Sur=y ~* Canada underwater camera system, primarily from the
Saline Channel in the southwe. tern Black Sea and across the eastern sector of the Strait of
Dardanelles and (d) ~250 . of side-scan sonar data during the MO0 cruise using a Klein
590/595 system, which »rovided images of the seafloor, particularly mounds interpreted by
Flood et al. (2009) as mud volcanoes or fluid vents on the southwestern Black Sea shelf. Details

on acquisition parameters are available as Supplementary material 1.
3.2. Radiocarbon dates and their calibration to calendar years

We have acquired 149 radiocarbon dates on shell samples (mainly molluscs and
gastropods) recovered from several key cores (Table 2). Only the freshest shells were selected

for dating, and in several cases bivalve shells were articulated, confirming in situ preservation.



Many of these dates were calibrated to calendar years for earlier papers using 2009- or 2013-
vintage calibration curves. In our past and current work, we have used the Marine rather than
IntCal calibration curves to benefit from the natural smoothing incorporated into Marine curves
to mimic mixing of surface and deep waters in the oceans (Stuiver and Braziunas, 1993). In
order to stay abreast of advances in calibration of radiocarbon dates, all MUN dates have been
recalibrated using the Marine20 calibration curve (Heaton et al., 2020) and either Oxcal4.4 or
Calib8.2 online utilities. Radiocarbon dates from the literature have been calibrated in the same
fashion, and approximate dates of geological events publi-tel Ly other authors have been
updated to be consistent with the Marine20 conversions \Supplementary material 2). If dates
from literature sources did not have their uncertain., reported, =50 yr was used as an
approximation for Oxcal or Calib input. Through. it fais review, only the Marine20 conversions
of previously reported ages are provided, wit.i the original raw '*C dates and their calibrations
listed in Supplementary material 2.

Conversion of raw radiocarbe= d. t<s on marine biogenic carbonate (in units of '*C yrBP or
'C ka) to calendar ages (in uw *s o: cal yrBP or cal ka) is challenging because the dissolved
inorganic carbon (DIC) i» sc~vater, used to build shells and other hard parts, has less '*C
(relative to '>C and °C) “han the CO, of the contemporary atmosphere (Stuiver and Braziunas,
1993). Hence, radiocarbon dating overestimates the age of marine shells, either because the DIC
has not equilibrated with the contemporary atmosphere for decades or more, or because of the
addition of old ("dead") carbon to the marine inorganic pool from weathering of limestones on
land, carried to the sea by rivers. The offset, in '*C years, between the radiocarbon age of a
marine shell and the contemporary atmosphere is called the reservoir age (R). The Marine20

definition curve provides modelled values for R at each time step back to 55,000 cal yrBP,



averaged for the global ocean (Heaton et al., 2020); local departures from the global average R
are reported as a AR value. Local departures as a function of time [i.e., AR(t)] have been
estimated for the Late Quaternary Black, Marmara and Aegean Sea basins (Kwiecien et al.,
2008; Soulet et al., 2011; Yanchilina et al., 2017; Williams et al., 2018), but remain poorly
constrained. An additional complication is that each AR(t) is only valid at the true age of the
sample, t. If AR#0, a suitable AR to use in individual calibrations cannot be obtained from the
Marine20 definition data set using the '*C raw age itself. In our wrk, after a target R value for a
time in the past is set (see next paragraph), the calibration must be iterative because the first
estimate of an appropriate AR will almost certainly differ .1 the AR needed to shift the default
Marine20 R value (from Heaton et al., 2020) to the tar.et volue. We began each calibration with
a best estimate of an appropriate AR, then tun-d successive iterations until the AR value input
into the Calib8.2 setup file agreed within ~=. —10 yr with the AR needed to shift the Heaton et al.
(2020) default R value associated wit’s *he final calibrated age to the target R value. All newly
converted ages, complete with R ana AR values, are available in Table 2 and Supplementary
material 2.

Our preferred “i.e. "tirget") reservoir ages, R(t), for the Black Sea basin are fully
explained and justified »;, Williams et al. (2018, their §3.2); justification will not be repeated
here. We do not support the large swings in reservoir age proposed by Yanchilina et al. (2017)
for the early Holocene Black Sea, but do accept their innovative proposal to tune latest
Pleistocene reservoir ages to data from Sofular Cave in coastal Anatolia (Badetscher et al., 2011)
using trends in stable carbon and oxygen isotopes. Williams et al. (2018) presented our preferred
trend in reservoir ages as a function of raw '*C age, but as explained above it is better to plot

reservoir ages against calibrated (i.e., true) age, as done by Soulet et al. (2011). We have



transposed the Williams et al. (2018) preferred values to calendar ages using the Marine20
definition curve, and list the AR constraints used in this review in Table 3. A key control point is
an interpolated shell age of 19,760 "*C yrBP for the Y2 tephra (Kwiecien et al., 2008) which,
when calibrated using the Marine20 curve and R = 1670 yr (AR = 800 yr), gives its correct age
of 22,050 cal yrBP, determined by conversion of Y2 charcoal ages (18,130 + 255 '*C yrBP;
Pichler and Friedrich, 1976; Erikson et al., 1990) using the IntCal20 data set, and consistent with
Kutterolf et al. (2021). The Y2 tephra also occurs in Marmara Se. cores M02-89P and M14-
16P, in the latter case 3 cm above a shell dated to 18,915+4% "4 yrBP. For that situation, R =
820 yr (AR =-50 yr) gives a correct age of 22,055+110 =1, -BP.

The average R value from ~0—7500 cal yrBP fo' the Marine20 data set is ~515 '*C yrBP.
Therefore, after the onset of near-modern ma inc -onditions (Marmara Sea at ~13.5 cal ka,
Hiscott et al., 2021; Black Sea at ~7.5 ca1 -, e.g., Ryan et al., 1997, Williams et al., 2018) we
employ a fixed AR of =100 yr so that P = 415 yr as determined for pre-industrial shells by Siani
et al. (2000). Before ~13.5 cal ka an' ~/.5 cal ka, respectively, we allow R to vary as set out in
Table 3 and shown graphically in Zigure 8. For shells from Aegean Sea cores, we use the default
Marine20 calibration cur e v >roughout with no correction to R, because Facorellis et al. (1998)
and Siani et al. (2000) c ncur that the reservoir age in the northern Aegean Sea is ~515 yr,
indistinguishable from the middle to late Holocene average R value associated with the
Marine20 calibration curve (Heaton et al., 2020).

To clarify our use of abbreviations, 'ka' is used for thousands of years before the present,
whereas 'kyr' is used later in this review for time intervals which are thousands of years long,
anytime in the past (North American Commission on Stratigraphic Nomenclature, 2005, Article

13¢). We do not use 'a' for years in the past to avoid confusion with the indefinite article.



4. Seismic stratigraphy, allostratigraphy and chronology

We have previously published seismic stratigraphic frameworks for the southwestern
Black Sea shelf (Fig. 9; Aksu et al., 2002; Hiscott et al., 2007b; Ankindinova et al., 2020), the
northeastern Marmara Sea shelf (Fig. 10; Hiscott et al., 2002, 2007a, 2017; Aksu et al., 2016),
and the southern and southwestern Marmara Sea shelves (Fig. 11; Aksu et al., 1999a, 2018;
Hiscott and Aksu, 2002; Hiscott et al., 2021). Detailed descriptions of the seismic stratigraphic
units in these three regions are not repeated here, but are summarisc 1 in Supplementary material
3.

Key seismic reflections including a0, a, al and a2 on the southwestern Black Sea shelf,
B1, B2, B3, B4 and B5 on the northeastern Marmara Sea »' ¢lf and al, a2 and a3 on the southern
and southwestern Marmara Sea shelf (Figs. 9-'1) are acoustic returns from interfaces that
exhibit strong acoustic impedance contras < (Sapplementary material 3). Reflection terminations
characterised by onlap, toplap, downla,» and erosional truncation at these marker reflectors
indicate that some of them are reson. 1”.ocal unconformities which laterally (and locally) pass
into disconformities and/or con.lative conformities. In other instances, these surfaces represent
marked facies transitiors w0 limited and/or negligible hiatuses; such transitions are
characterised by local o1.'ap surfaces primarily on the steepest flanks of pre-existing highs (e.g.,
delta fronts), but elsewhere are conformable surfaces. Recognition of unconformities in seismic
reflection profiles is a scale issue entirely controlled by the properties of the seismic reflection
system used to image the subsurface, and the geometric characteristics of the unconformities.
For example, unconformities imaged using the Huntec DTS system are largely not detectable in
small (40 in’ or 656 cm’) single-channel airgun profiles or 1.58 kJ sparker data (also see

Supplementary material 1 in Ankindinova et al. 2020).



This review deals solely with the interpretation and paleoceanographic significance of the
uppermost seismic stratigraphic unit (Unit 1) and its subunits, deposited above a prominent
unconformity developed during the LGM lowstand and the subsequent post—LGM transgression.
This surface is herein referred to as a "lowstand—transgressive surface", or L-TS. The temporal
scope of this review is therefore quite limited, yet the research effort which has been expended
trying to understand this short interval of geological history has been great, and there is still
controversy after more than 25 years. If the genesis of such receit deposits cannot be pinned
down with confidence, then one has to wonder about pale-~n.Z.onmental interpretations for
Palaeozoic or even older successions for which the geologi. 2l record is more fragmented.

In previous publications, we have used Greel '.ters to identify prominent seismic
markers. These correspond to unconformities ara *ae'r lateral continuations into disconformities
and correlative conformities. For examplc in .he southwestern Black Sea, northeastern Marmara
Sea and southern—southwestern Marmar.. Sea, the L-TS corresponds to marker horizons o (Aksu
et al., 2002; Hiscott et al., 2007b- Ar.*adinova et al., 2020), B3 (Hiscott et al., 2002, 2007a,
2017; Aksu et al., 2016) and ai ‘Aksu et al., 1999, 2018; Hiscott and Aksu, 2002; Hiscott et al.,
2021), respectively (Figs 9-'?). In this paper we retain the use of Greek letters so that
comparisons can be maJ= with our earlier studies (see also Supplementary material 3). The
prominent seismic markers divide the uppermost Quaternary packages into seismic stratigraphic
(i.e., acoustic) units and subunits, each of which corresponds to what can be called a
'sedimentary sequence' in the geological record. According to stratigraphic practice, a 'sequence’
(or unit) is defined as an unconformity-bounded succession of genetically related strata that is
internally conformable (e.g., Posamentier et al., 1988; Catuneanu, 2020). Each seismic

stratigraphic unit therefore corresponds to an unconformity-bounded sedimentary sequence; such



units have their own special name—they are called allostratigraphic units. The North American
Commission on Stratigraphic Nomenclature (2005) defines an allostratigraphic unit as "a
mappable body of rock [or sediment] that is defined and identified on the basis of its bounding
discontinuities". The physical, chemical and paleontological characteristics of an
allostratigraphic unit may vary laterally and vertically (e.g., Bhattacharya and Posamentier,
1994; Bhattacharya, 2001). Because their definitions overlap so strongly, we use identical
alphanumeric Greek identifiers for seismic stratigraphic units/subu.rits and their corresponding
allostratigraphic units/subunits (e.g., Figs. 12—14). For brev*:". = ¢ shorten the names of such
deposits to allounits and allosubunits.

Dated cores establish the chronology of the seismic ~tratigraphic (= allostratigraphic) units
and subunits (e.g., Figs. 12—14; Table 2). Thrre ~.hronostratigraphic charts show the temporal
and spatial arrangements of the allounits allc subunits across the southwestern Black Sea (Fig.
15), the northeastern Marmara Sea (Fig. 16) and the southern and southwestern Marmara Sea
(Fig. 17). Each stratigraphic cha** it »lotted alongside the relative base-level curve for the
particular region. Several impc tam observations arise from these charts. In the southwestern
Black Sea (Figs. 12, 15), th= [ “.tus at the L-TS (or the a unconformity; Fig. 8) correlates with
the time when the Neoewvine Lake had been drawn down by evaporation to ~ —100 m (Ryan et
al., 2003; Major et al., 2006; Cohen et al., 2011), whereas the minor hiatuses of variable duration
at the al and a2 discontinuities developed after the Neoeuxine Lake was reconnected with the
global ocean (thereby becoming the Black Sea) and its level was above the sill at the southern
end of the Strait of Bosphorus (Hiscott et al., 2002, 2017; Aksu et al.,, 2016). The initial
development of the L-TS (or a unconformity) can be ascribed to subaerial exposure and erosion

during and shortly after the LGM when the Neoeuxine Lake level was low (Ryan et al., 2003;



Major et al., 2006; Cohen et al., 2011), but it must have been modified by transgressive erosion
(i.e., ravinement) during the post-glacial base-level rise (Figs. 12, 15). Accordingly, the hiatus
must lie within the sand-to-gravel veneer at the L-TS level rather than at its top, even though the
upper contact likely provides the impedance jump responsible for the acoustic reflection seen in
seismic data. As an example, at the M02-45 core site (Fig. 12), the a hiatus is placed between
the calibrated dates of 10585 and 12130 cal yrBP (Table 2), but could actually be slightly below
the cored section. The al and a2 unconformities developed unde. :2ns of metres of water after
the Holocene transgression was well under way (Figs. 12, 15) a! core site M02-45, the al level
is apparently conformable with no break in facies, no ¢ -idence for subaerial exposure (e.g.,
rootlets, desiccation cracks, induration), whereas upwara ad downward extrapolation from age-
dated levels to the a2 unconformity, incorpora " ancertainties, indicates a hiatus between
allosubunits 1c and 1d in this area of al out 3280+80 years. At core site M05-50 where o2
appears to be conformable, the same prc-edure provides an estimate of 2720£150 years for the
duration of the hiatus at the al uncrnfc -r.ity between allosubunits 1b and 1c. Flood et al. (2009)
attribute these submarine unco..forniities to local erosion and non-deposition under ephemeral
eddies associated with th= ”.m Current and possibly unconfined threads of the saline
undercurrent as it crossed portions of the shelf in the past. The al unconformity potentially has
special significance on the shelf seaward of the Bosphorus exit, where a network of anastomosed
channels has developed beneath a persistent saline undercurrent emanating from the strait. The
muddy levées of this network, on the middle to outer shelf, are younger than ~8.0 cal ka and the
youngest sediments below al at the M05-50 site (top of allosubunit 1b; Fig. 15) have an age of
~11 cal ka so significantly pre-date the initial marine inflow from the Marmara Sea which took

place at ~9.5 cal ka. A gap in the record of ~1.5 kyr before the entry of marine waters through



the strait might suggest rather powerful erosion across the shelf, and perhaps a time for base
level to have fallen to expose this part of the shelf. However, in places within a few hundred
metres of this core site seismic profiles reveal an additional ~130 cm of allosubunit 1b sediments
that escaped the amount of erosion seen at the core site itself. Using an accumulation rate of
~0.1 cm yr' based on calibrated radiocarbon dates in allosubunit 1b at the nearby core site, the
youngest sediments below al in this area extend upward to ~9.7 cal ka (and with uncertainty to
~9.4 cal ka), just before the first saline inflow. This leaves insuffic. nt time, we believe, for any
significant base-level fall. Besides, at the M02-45 site far fr-m ‘e Bosphorus exit there is no
facies change through the same time interval and no evide. ce tor wave agitation at the ~9.5 cal
ka seabed, demonstrating that the water depth remain=c at least several tens of metres on the
contemporary middle shelf.

Widespread, albeit patchy, ~12.3—7.” c-.1 ka deposition of allosubunit 1b across the entire
southwestern Black Sea over the L-T»> is critically important to the evolution of the region,
because this confirms that base lev~! ir. t'.e Black Sea basin was higher than ~ —50 m during this
period. Strong support for ti.’'s conclusion comes from Constantinescu et al. (2015) who
determined that the shelve~ of ‘ne Neoeuxine Lake were flooded at early as ~11.7 cal ka and
remained flooded until ‘he Present, because after ~11.7 cal ka the supply of coarse-grained
detritus and turbidity currents to the Danube submarine fan ceased. Hiscott et al. (2007b) argued
that base level had probably risen as high as the sill in the Strait of Bosphorus because of the lack
of wave-generated structures in allosubunit 1b sediments. A multibeam mosaic of the central
Bulgarian shelf (Fig. 18) reveals a ~9-9.5 km-long and ~0.9—1.1 km-wide arcuate body identical
in shape to a typical recurved spit (Ashton et al., 2016). Its top is at ~ —30 to —35 m elevation

below which there is a 20-30 m-thick Holocene deposit known to be sand-prone (Krastev et al.,



1990; Ankindinova et al., 2020). The inferred spit occurs immediately south of Cape Emine at a
sharp change in orientation of the coastline, and it is interpreted as an abandoned structure from a
time when base level was at ~ —30 to —35 m. It is unlikely that the subaerial crest of a beach-
dune complex would survive transgressive erosion, so the paleo-shoreline elevation was
probably closer to —30 m than to —35 m. The development of this sediment body would require
(a) south-directed longshore transport away from the Danube Delta when the Neoeuxine Lake
was at its spill depth into the Marmara Sea (i.e., ~ —30m elevativ..\. and (b) a stillstand a few
metres above the elevation of the spill depth lasting h»»a.:is of years to account for
uninterrupted growth of such a large feature (Ankina.nova et al., 2020). The Outflow
Hypothesis includes a lengthy early Holocene (~11.1-%.~ cal ka) stillstand at ~ —30 to —35 m
(Hiscott et al., 2007a; Ankindinova et al., 201% 2020) as the Neoeuxine Lake spilled into a
rising, but lower Marmara Sea. Unimped. 1 a’ong-shelf transport could only have operated if the
level of the Neoeuxine Lake was above —40 m to —35 m through the entire Holocene (see also
Giosan et al., 2009). The transpor* oe‘kway did not end offshore Bulgaria; based on sediment
thicknesses and mineralogy, thi. patuway apparently continued southeastward to the vicinity of
the Strait of Bosphorus (T ‘stc- ¢t al., 2015; Ankindinova et al., 2020), and possibly along the
strait itself to the delta A lobe in the northeastern Marmara Sea (Aksu et al., 2016; Hiscott et al.,
2017) that is contemporary with the lower portion of Black Sea allosubunit 1b and presumably
with the morphological spit south of Cape Emine. These independent lines of evidence point to
a high and potentially out-spilling Neoeuxine Lake by ~11.5-12.0 cal ka.

In the northeastern Marmara Sea just beyond the southern exit of the Strait of Bosphorus,
there are several prominent shelf-crossing unconformities, two of which are particularly well

expressed near the shelf edge, where they cut significantly into older successions: these are



designated as 5 and B3 in Fig. 19. Hiscott et al. (2002, their figure 4) identified five seismic
units (Units 1-5) beneath the northeastern Marmara Sea shelf over a prominent regional shelf-
crossing unconformity which they called Q1 and which is identical to our B5. Those authors
argued that B5 (Q1) is an erosional angular unconformity which truncates deposits likely older
than ~160 ka, and that might have developed during the prolonged MIS6 lowstand. Hiscott et al.
(2017) suggested an age of ~17.2 cal ka for the sediments immediately below the key reflector
4, which is the surface directly above the uppermost Pleistocene s~t of clinoforms called delta
A2 by Hiscott et al. (2002). Delta A2 itself rests on the 5 ur-~uz.mity. Therefore, B5 appears
to be a composite unconformity possibly originally deve."ped during MIS6, but significantly
reworked during the LGM, some 24-18 cal ka (ages . -usistent with Lambeck et al., 2014).
Unconformity 3 is an irregular, locally rutted, svvace of truncation, and is identified based on
age and depth of erosion as the lowstand t * tr- asgressive surface (L—TS) in this area. It began to
form when the Propontis Lake had beei. drawn down by evaporation to below —85 m (Aksu et
al., 1999a; Cagatay et al., 2009; Eri< et 21, 2011), exposing much of the shelf to subaerial erosion
during the LGM (Fig. 13, 16). How is it that 5 and B3 could have formed during the same
glacial lowstand, yet be serar.*~d by a progradational unit of clinoforms (A2)? Although yet to
be tested by coring, we v >lieve that there were two intervals of vigorous Black Sea outflow and
delta development at the southern exit of the strait, the first during Late Pleistocene early
deglaciation and the second during early Holocene establishment of an increasingly humid and
wet climate swelling the rivers entering the Neoeuxine Lake to the north (i.e., A2 and Al,
respectively; Fig. 20; Hiscott et al., 2002; Aksu et al., 2016). In the case of the B3 unconformity,
it 1s interpreted that base level temporarily rose to ~ —64 m (5 m above the topset-to-foreset

elevation of the youngest A2 clinoforms) and stayed at that depth long enough for subaerial



erosion to leave a mark landward of the contemporary shoreline. Aksu et al. (2016) have shown
that A1 developed during the early Holocene (~11.1-10.2 cal ka) and not during ~6.5-3.7 cal ka
(see Supplementary material 2 for calibration) as claimed by Eris et al. (2007) and Cagatay et al.
(2021) using incorrect ties between vintage seismic profiles and a RV Marion Dufresne core site
MD04-2750. Hence, a positive link exists between evidence for a high Neoeuxine Lake and
evidence that the resultant outflow reached the northeastern Marmara Sea, and of course must
have penetrated farther along the gateway to the Aegean Sea.

Using the strictest definition of a stratigraphic sec:~nc: (Posamentier et al., 1988;
Catuneanu, 2020), there are two unconformity-bounde. sequences across the northeastern
Marmara Sea shelf (as opposed to the five proposed v, Hiscott et al. 2002). Unit 1 occurs
between the prominent shelf-crossing unconforn.*y 33 and the present-day seafloor, whereas
Unit 2 occurs between the shelf-crossir 7 v.conformities B5 and B3 (Fig. 10). These two
seismostratigraphic units correspond to “wo allostratigraphic units (i.e., allounits 1 and 2; Fig.
10). Allounit 1 and its three allos*rat o aphic subunits, la—Ic, was deposited above the L-TS
(i.e., the B3 unconformity), an. incorporates seismic stratigraphic units 3—1 of Hiscott et al.
(2002; blue circled numbe= u. T1g. 10). Allounit 2 was deposited over the B5 unconformity and
includes the uppermost 1 'eistocene delta A2 (unit 5 of Hiscott et al., 2002; Fig. 20) and deposits
over the B4 marker which accumulated following abandonment of delta A2 (unit 4 of Hiscott et
al., 2002). Following a brief interval of sedimentation over the L-TS (i.e., allosubunit 1a) a
second prominent, climbing delta prograded over the mid-shelf region. It was sourced from the
Neoeuxine Lake between 11.1-10.2 cal ka (allosubunit 1b; Figs. 10, 13, 16; Aksu et al., 2016).
This delta was abandoned at 10.2 cal ka as a salt wedge is inferred to have advanced up the Strait

of Bosphorus, leading to eventual penetration of marine waters into the Black Sea basin by ~ 9.5



cal ka, initiating its salination (Fig. 16). Allosubunit 1c constitutes deposition across the
northeastern Marmara Sea shelf during and following the establishment of two-way flow across
the Strait of Bosphorus (Fig. 10).

In the southern and southwestern Marmara Sea, the development of the L-TS (i.e., the al
unconformity; Fig. 11) can also be ascribed to subaerial exposure and erosion during the LGM
when the Propontis Lake level was low, and to the subsequent transgression and associated
ravinement (Figs. 14, 17; Aksu et al., 1999a, 2018; Hiscott and Aks. 2002; Hiscott et al., 2021).
Allounits 1 and 2 across the southwestern Marmara Sea 2+« ot subdivided, but correlate
temporally with allosubunits la+1b+1c and allosubunits 2a -2b of the northeastern Marmara Sea,
respectively.

Bioherm colonies across the eastern sector * th > Strait of Dardanelles (e.g., Hiscott et al.,
2007a; Aksu et al., 2018), above the L- ¢S. are an indicator of saline bottom water, and are
inferred to share their environmental requirements with older bioherms along the B3
unconformity in the northeastern M:+riara Sea. Hiscott et al. (2021) calculated that the
replacement of fresh/brackish w. ters of the Propontis Lake by saline waters from the Aegean Sea
took no more than a few hu.-ced years because of the small volume required, so bioherms
formed by marine orga.isms should have started to develop on submerged shelves of the
Marmara Sea as early as ~13.2—13.5 cal ka, given proper nutrient supply and sunlight penetration
(cf. Aksu et al., 2018).

All three water bodies along the gateway have experienced sapropel accumulation, the
timing of which can provide clues to water-mass exchange. Organic-rich sediments called
sapropels and sapropelic muds are widespread across the Aegean Sea (e.g., Aksu et al.,

1995a,b,c; Triantaphyllou et al., 2009; Isler et al., 2016a,b,c; Giamali et al., 2019) and the



Marmara Sea (Cagatay et al., 2000, 2009; Abrajano et al., 2002; Aksu et al., 2002b), containing
1.5-24% total organic carbon, TOC. Although there are several hypotheses on the formation of
sapropels, including basin anoxia and enhanced surface water productivity leading to the
augmented export of organic matter to the seafloor, their development simply requires that the
supply of total organic carbon to the seafloor exceeds its consumption by fauna and oxidation
through the water column and at the sediment-water interface (e.g., Rohling et al., 2015).

In this review we only address the development of the mo.* recent sapropel S1 in the
Aegean Sea (Aksu et al., 1995b; Isler et al. 2016b) and M1 i= . JJMarmara Sea (Cagatay et al.,
2000, 2009). The Black Sea also hosts a laminated saprop. >l with age 7.7-2.0 cal ka (Dean and
Arthur, 2011), but this unit is not relevant to the histc v of Black Sea outflow, so it is not
considered here. Mediterranean sapropel S1 wes “ated by Aksu et al. (1995b) to 10.3—6.65 cal
ka in the Aegean Sea, revised to 10.75—€ 9 ¢l ka by Isler et al. (2016b). In the Marmara Sea,
sapropel M1 consists of two units: the «'der and younger units were initially dated to 11.9-6.7
cal ka and 5.0-3.0 cal ka, respecti~=ly (’agatay et al., 2000; see Supplementary material 2 for
calibration). Calypso core ML 1-2430 (580 m water) fully recovered M1, but key papers are
inconsistent on the positio» o1 **.¢ lower M1 unit in this core (230-320 c¢cm for Vidal et al., 2010;
242-360 cm for Cagata, et al., 2015; 220-360 cm for Londeix et al., 2009). We therefore
evaluated the MDO01-2430 TOC trend (Vidal et al., 2010; Cagatay et al., 2015, their figure 9),
picked boundaries for sapropelic mud (1.5-2.0% TOC) and sapropel (>2.0% TOC but including
a small peak on the side of the main M1 peak), then reconverted the ages to conform with our
procedures (Marine20 calibration using R values of Fig. 8). Sapropelic muds occur from 13.85—
12.8 cal ka and again from 6.65-6.25 cal ka (see Supplementary material 2 for calibration).

Sapropel bridges the gap from 12.8-6.65 cal ka (its main peak, entirely >2.0% TOC, spans 11.7—



6.65 cal ka). The onset of sapropel M1 deposition post-dates the onset and termination of latest
Pleistocene Black Sea outflow (Tudryn et al., 2016) by ~4400 years and ~2900 years,
respectively, and pre-dates the onset and termination of the early Holocene (Al) outflow by
~1700 years and 2600 years, respectively.

5. Key elements of Flood and Outflow Hypotheses

5.1. Flood Hypothesis (Fig. 21a)

Ryan et al. (1997) and Ryan and Pitman (1998) proposed that .~e post-glacial reconnection
of the Black Sea occurred as a catastrophic flooding of the X-ocuxine Lake by Mediterranean
waters, and speculated that this was the basis for the storv ¢ Gilgamesh and the biblical story of
Noah's Flood. During the last 20-25 years, several studic - have been published lending support
to the Flood Hypothesis or have taken the chrrn. 0y of the Flood Hypothesis as the starting
point for interpretations (e.g., Ballard et a. 27,00; Cagatay et al., 2000, 2003, 2009; Algan et al.,
2001; Dimitrov 2003; Major et al., 200, 2006; Eris et al., 2007; Lericolais et al., 2009, 2019;
Yanchilina et al., 2017, 2019). The Zlo > Hypothesis rests on the following key premises:

e during the early-mid Honloene the Black Sea (and Caspian Sea) had become freshwater
lakes maintained by i.-oc nfluxes of fluvial runoff and glacial meltwaters,

e during this time the drainage patterns of the major Eastern European rivers were modified
during deglaciation and some rivers that presently drain into the Black Sea were diverted
toward the North Sea,

e an arid climate during the early-mid Holocene across Eastern Europe and river diversion
resulted in the dramatic lowering of the level of the Neoeuxine Lake through excess

evaporation compared to fluvial inflow and precipitation,



e a dramatic lowering of the lake level to —150 m coincided with the post-glacial rise in
global sea level,

e at 9.1 cal ka (8.4 '*C ka; Ryan et al., 2003, revised from 7.15 "C ka or 7.55 cal ka in Ryan
et al., 1997; see Supplementary material 2 for calibrations), the rising Marmara Sea, which
was connected to the global ocean, breached a shallow sill in the Strait of Bosphorus,
creating a catastrophic inflow of Mediterranean waters into the Neoeuxine Lake to create
the Black Sea,

e the flooding caused a very rapid transgression acro<s ‘he modern Black Sea shelves,
profoundly affecting prehistoric human settlements ac.nss eastern Europe and environs.
5.2. Outflow Hypothesis (Fig. 21b)

We have argued since 2002 that the post LM salination of the Black Sea occurred in a
gradual fashion during the Holocene, fol.~w'ng the second of two Late Quaternary periods of
outflow from the Neoeuxine Lake (toucv's Black Sea) into the Marmara Sea (Aksu et al.,
2002a,b, 2016; Hiscott et al., 2007.,% 2517; Mudie et al., 2002a,b, 2007). The key elements of
the Outflow Hypothesis are _pported by several former USSR/Russian and Ukrainian
geoscientists (e.g., Fedore ., 1552; Chepalyga, 1984, 2002; Yanko-Hombach, 2006; Kuprin and
Sorokin, 2007; Shmuratx», 2007; Shuisky, 2007; Balabanov, 2007). The Outflow Hypothesis
rests on the following key observations and interpretations:

o allostratigraphic subunit 1b is widespread across the southwestern Black Sea shelf, dated in
cores from 12.3-7.2 cal ka (Ankindinova et al., 2020), showing that the shelf was
transgressed and inundated long before the first entry of marine (i.e., saline) water through

the Strait of Bosphorus,



e water depth at key core sites such as M02-45 (—69 m today) and M11-23 (-77 m today) in
the southwestern Black Sea was several tens of metres by ~12.3 cal ka (Hiscott et al.,
2007b; Marret et al., 2009), and these sites communicated freely with the open Black Sea,

e two intervals of brackish-water export from the Neoeuxine Lake into the Marmara Sea
occurred during the latest Pleistocene—Holocene at ~17.2—15.7 cal ka and 11.1-10.2 cal ka
(Aksu et al., 2016), both creating deltas immediately south of the Strait of Bosphorus (i.e.,
Al and A2; Fig. 20),

e the 3.3 km progradation of the early Holocene mid-she'. C~1a (Al) into at least an 8 m rise
in the base level of the Marmara Sea could onlv 1.~ve resulted from vigorous outflow
through the Strait of Bosphorus, as even rapidly ‘ra.sgressed deltas worldwide are unable
to advance under such conditions and instcau ~2 kstep or are drowned,

e interpretation of benthic foraminifer.! ~ata (Kaminski et al., 2002) and dinoflagellate cyst
data (Mudie et al., 2002a) from Holocene deposits of the Marmara Sea suggests a
persistent surface layer of br..ki.l. water that can only have been provided by Black Sea
outflow,

e an abrupt climb in “Cv/”"Sr in mollusc shells at 9.42-9.46 cal ka (Ankindinova et al.,
2019a) marks the Trst significant intrusion of saline water into a previously isolated
Neoeuxine Lake, but *’Sr/**Sr data also prove that the M02-45 core site was not in a
perched coastal pond (liman) before this (cf. Yanchilina et al., 2017), but was open to the
central Black Sea because the Ankindinova et al. (2019a) Sr-isotopic trend is identical
(both values and timing) to lower-resolution trends for the open sea published by Major et
al. (2006) and Yanchilina et al. (2017).

6. Evaluation of the LGM level of the Neoeuxine Lake



Ryan et al. (1997, 2003) suggested that the level of the Neoeuxine Lake stood at —150 m
during the LGM. In a more recent paper, Yanchilina et al. (2017, p. 27) suggested that "the lake
surface stood at least below 120 mbsl at 9300 calendar years (8200 corrected *C years)".
These authors based their interpretation on a prominent shelf-crossing unconformity (also
identified in previously studies, e.g., Nevesskaya (1965); Federov (1971); Evsylekov and
Shimkus, 1995) across the northern and northeastern Black Sea shelves, truncating the
underlying Pleistocene successions, and extending beyond the shei” edge to depths exceeding —
150 m. Ryan et al. (1997, 2003) described the sediments at th- "u.zonformity as gravel, sand and
clay. The gravel contains Dreissena rostriformis eroded fiom underlying coquina-bearing layers
and the stiff clay is characterised by abundant leafy plan. aaterial, fluvial gastropods (Viviparus
viviparus), desiccation cracks and roots indic~av: of former alluvial to coastal marsh
environments. Ryan et al. (1997) dated ir -act valves of D. rostriformis in the coquina below the
gravel to 16.1-12.0 cal ka (14.7-10.s 'C ka; Supplementary material 2), with reworked
molluscs in the overlying gravel as ot nz as 8.87 cal ka (8.25 '*C ka). These authors compared
their findings with prior descrip.‘ons of sediments beneath the unconformity as being loess soils
(Kuprin et al., 1974), alluv=mn. ‘Z’opov, 1973; Skiba et al., 1975; Scherbakov et al., 1978), littoral
deposits (Kuprin et al., 97/4; Shimkus et al., 1975; Scherbakov et al., 1978; Dimitrov, 1982;
Scherbakov, 1983) and beach terraces (Shimkus et al., 1980), all part of a lowstand landscape
developed between 21.57 cal ka and 11.0 cal ka (17.78-9.66 '*C ka; Supplementary material 2).
Subsequent studies by Ballard et al. (2000), Algan et al. (2007) and Lericolais et al. (2007a,b,
2010, 2011) interpreted wave-cut terraces and coastal paleo-dunes at various depths ranging
from —90 m on the Romanian shelf to —155 m on the northern Turkish shelf, in support of the

presence of a submerged coastline which existed during the latest Pleistocene.



However, there are several difficulties with the base-level proposals noted above: (a)
Badyukova (2010) suggested that unconsolidated dunes could not survive transgression, a
conclusion supported by core data from the northern and northwestern Black Sea where no
lithological fingerprint of drowned wind-blown dunes has been detected (Yanko-Hombach et al.,
2013) and (b) the lowstand landscape originally described by Ryan et al. (1997) is proposed by
them to have existed during the 17.2—15.7 cal ka interval of time when Tudryn et al. (2016)
demonstrated major ice-sheet melting, leading to swelling of the Nc~euxine Lake, and providing
an explanation for its outflow to form the lower strait delta G = AZ; Hiscott et al., 2007a; Aksu
et al., 2016). Clearly, the Neoeuxine Lake cannot have bc>n at a lowstand and overtopping the
Bosphorus sill at the same time. We use the elevation o1 . «diocarbon dated shells from our cores
to evaluate this clear inconsistency between Ry~1. ¢t 1. (1997) and Tudryn et al. (2016; Figure
22). There are 13 shells in southweste 1 Fiack Sea cores with calibrated radiocarbon ages
between 17.7 and 11.1 cal ka. The .hells include the gastropods and molluscs Dreissena
rostriformis, D. polymorpha, Turri~asii spica, and other Dreissena and Turricaspia species.
Most are in allosubunit 1b so b.<ed on arguments above lived on the margins of the Neoeuxine
Lake and not in limans or =ive-. Relative to modern sea level and accounting for their current
depths of burial, these si.>lls occur at elevations of =78 m to —99 m (red-filled circles in Figure
22). There is a gap between ~15.5 and ~13 cal ka, but from 13 cal ka onward there are sufficient
dates to exclude the possibility of a base level below ~ —78 m, demonstrating that significant
portions of the southwestern Black Sea shelf were already inundated by a rising Neoeuxine Lake
by this time (Figure 22). There are 11 additional samples in our southwestern Black Sea cores
with calibrated radiometric ages from 10.7-9.5 cal ka at =78 m and —97 m elevations, similarly

suggesting that the inundation of the Neoeuxine shelf persisted until the time of the purported



catastrophic flooding of the Neoeuxine Lake, reaching elevations at least as shallow as =78 m
(yellow-filled circles in Figure 22). This, of course, is a minimum requirement because in other
work (Hiscott et al., 2007b) we have explained that allosubunit 1b was deposited below storm
wave base and beyond a near-shore region which, like today, must have been devoid of muddy
sediments because of persistent wave suspension. The modern seabed on the southwestern shelf
is without a mud veneer to water depths of ~40 m, so recovery of lacustrine shells in allosubunit
1b at an elevation of —78 m could mean that contemporary base lev.' was close to —78+40 = —38
m. This matches the modern elevation of the sill in the Str=*t o Bosphorus, and therefore is
consistent with the onset of outward spilling into the Marm. va Sea by 11 cal ka at the latest.

The Neoeuxine Lake level dropped by evaporative urawdown during the LGM; however
high-resolution seismic reflection studies acro~s shrlf-edge deltas provide evidence that the
drawdown never reached below —110 m ‘e.¢., Panin, 1989; Aksu et al., 2002; Popescu et al.,
2004; Larchenkov and Kadurin (2011); Janko-Hombach et al., 2017b). Across the northern and
northwestern Black Sea, the shelf i~ ve v wide (100-200 km) and a number of prominent rivers,
such as the Danube, Dnieper, L viesier and Southern Bug, enter the sea (Jipa and Panin, 2020).
Beneath a thin veneer of Hnic~ne sediments, former fluvial channels which developed during
the LGM when base lev.l was lower are preserved (e.g., Giosan et al., 2005; Radoane, 2021).
Farther seaward these channel networks link with canyons along the upper slope (Jipa and Panin,
2020). In these areas, the shelf-to-slope break occurs at elevations of —100 m to —140 m. The
magnitude of the LGM drawdown is well constrained by these shelf-edge deltas. For example,
Panin (1989) showed that the LGM delta fronts across the northwestern Black Sea shelf are
limited to <100 m water depth. Similarly, Popescu et al. (2004) confirmed the position and

depth of the paleo-coastline during the last lake-level lowstand, with a prominent wave-cut



terrace occurring at 100—110 m water depth in the vicinity of the Danube Canyon. Two regions
characterised by networks of buried channels associated with paleo-drainage system do not
extend beyond the paleo-coastline at 100—110 m depth (Popescu et al. (2004).

Similarly, seaward off the Dnieper and Dniester river mouths and across the northeastern
Black Sea shelf Yanko-Hombach and Motnenko (2011), Larchenkov and Kadurin (2011) and
Yanko-Hombach et al. (2017b) place the 17.01-16.45 cal ka (15.5-15 '*C ka; Supplementary
material 2) paleo-shoreline between the present-day —50 and —60 11 ‘<obaths, well onto the shelf.
These authors further placed the 12.7-11.29 cal ka (11-10 "*¢. i) and 9.9 cal ka (9 "C ka)
paleo-shorelines at the present-day —40 m and —30 m isc haths, respectively (Larchenkov and
Kadurin (2011); Yanko-Hombach et al., 2017b). Sma!' lowstand shelf-edge delta lobes are
described from the southwestern Black Sea shelf (*ks1 et al., 2002a). These successions consist
of a number of stacked, laterally over! wp’ag, north-prograding packages, characterised by
distinct sets of oblique-prograding clino.~rms along the present-day shelf edge where they form
seaward thickening wedges reachir~ tl icgnesses of 55—135 m. Individual wedges are 2040 m
thick and 1500-3000 m long i1 the dip direction, and are separated from one another by local
unconformities, which me+~e - the landward direction with the shelf-crossing unconformity, o
(Aksu et al., 2002a). The transition from the upper to middle segments of the oblique-prograding
clinoforms represents the topset-to-foreset transition (offlap break of Myers and Milton, 1996).
The topset-to-foreset transition of the youngest delta 1 of Aksu et al. (2002a), interpreted as the
combined lowstand lobe of the Bulanik, Pabu¢ Kazan and Ciling6z streams now in Turkish
Thrace (Fig. 1¢) occurs at =116 m. Assuming that the topset-to-foreset transitions of deltas in the
Neoeuxine Lake occurred at 5-10 m water depth and that there has been little subsequent

subsidence, base level during the last phase of progradation of delta 1 would have been at an



elevation of —106 to —111 m, very similar to interpretations in the Danube delta area and at odds
with any suggestion that the ancient lake level stood between —150 m and >-120 m during the
LGM.

The bounding envelope plotted on Figure 22 shows that as shell ages become younger,
they are progressively found closer to the modern shoreline. This is consistent with
encroachment of the Holocene shoreline during a gradual base-level rise rather than over only a
few decades following a catastrophic inundation as proposed v’ proponents of the Flood
Hypothesis.

7. Supporting evidence for the Outflow hypothesis

7.1. Allosubunit 1b across the southwestern Blac. sea shelf

Allosubunit 1b is bounded at its base an <p Oy the L-TS (or a unconformity) and al
unconformity (including its correlative ¢ nfr mity), respectively (Fig. 9). Several well dated
cores show that it was deposited from 12.3-7.2 cal ka (Fig. 12; Hiscott et al., 2007b;
Ankindinova et al., 2020). A der.e grid of high-resolution seismic reflection profiles
demonstrates a patchy but wi.espiead distribution across the southwestern shelf (Fig. 23).
Previous studies showed th~t »~ base of subunit 1b onlaps the L-TS (a unconformity), and fills
depressions along that su-tace (e.g., Fig. 9; Hiscott et al., 2007b; Ankindinova et al., 2020). As
accumulation continued, the onlapping basin fill overstepped highs and created a shelf-wide
blanket of sediments (Fig. 9). Allosubunit 1b is interpreted as the lowermost portion of a
transgressive systems tract.

The proponents of the Flood Hypothesis have argued that older sediments like allosubunit
Ib of Ankindinova et al. (2020) might have accumulated in perched depressions on today's

middle-inner shelves which were isolated from the contemporary open Neoeuxine Lake, as is the



case for some present-day limans (Major et al., 2006; Ryan et al., 2007; Yanchilina et al., 2017).
Limans are large lagoons that develop seaward of river mouths (thus are estuaries) which often
have a bar or spit along the seaward side, leaving a small narrow entrance which restricts water
communication between the lagoon and the sea. Major et al. (2006, p. 2041) suggested that
multiproxy data arising in cores retrieved from such limans (perched saline ponds) would not
reflect the properties of the Neoeuxine Lake/Black Sea, because "the chemistry of such a small
water body is sensitive to the local conditions, driven by evap ~ration, algal blooms, and
groundwater leakage". The MUN Sr-isotopic data clearly de~w. % ate that the M02-45 site was
not in a geochemically isolated setting, but instead must h. ve been open to the central basins of
the Neoeuxine Lake. Hence, the core site must have bec. velow base level as early as ~12.3 cal
ka. This is consistent with evidence provided L~ ( onstantinescu et al. (2015) that the shelf
seaward of the Danube Delta was transg.=ss-d to at least =70 m elevation by 11.7 cal ka (see
Supplementary material 2 for calibratio..). and by Giosan et al. (2009) and Yanko-Hombach et
al. (2014) that water depth in th~ ncrtawestern Black Sea basin was above —30 to —40 m
elevation by no later than ~9.C cal ka and perhaps as early as ~9.9 cal ka (Larchenkov and
Kadurin, 2011). Lister et a1. 2015) presented three additional arguments for an unimpeded
connection between a tionsgressed southwestern shelf and the open Neoeuxine Lake since at
least 11.9 cal ka. They showed that there is a serious discrepancy between the annual flux and
therefore integrated volume of sediment available from small local rivers of northwestern Turkey
and the much larger volume of allosubunit 1b (their lithologic Unit C) around the M02-45 core
site. For sources outside the immediate area to have contributed the majority of the sediment in
this portion of allosubunit 1b, the shelf would need to have been accessible to major currents and

waves capable of advecting sediment from larger rivers. Lister et al. (2015) further demonstrated



a similar clay and silt mineralogy and trace-element content (Sc, Fe, Co, Ce, La, Th, Y) between
the oldest Holocene deposits at the M02-45 site and its uppermost Holocene muds (allosubunit
1d), and argued that the Danube and perhaps the Kamchiya Rivers are the strongest candidates
for this detritus, with erosion of calcareous loess from their floodplains accounting for calcitic
silt (~30% of the silt fraction in lower allosubunit 1b at site M02-45; Lister et al., 2015). Finally,
a significant contribution from river systems in general is supported by the dominance of
terrestrial organic carbon in the TOC of allosubunit 1b (Hiscott et al.,, 2007b) and the
considerable amount of coarse plant debris, pollen and fern <~z 1n palynology samples from
the allosubunit (Mudie et al., 2007). Allosubunit 1b has .~lative abundances of aquatic pollen
taxa, algal spores, Pediastrum ceonobia, and fungal rem. us similar to those which characterise
modern sediments of the Danube delta front and ».~.de ta (Frail-Gauthier and Mudie, 2014).

Six paleobathymetry/paleotopograp! v r.aps constructed between the o and al surfaces at
the base and top of allosubunit 1b sho ~ that core site M05-50 near the Bosphorus exit was
always open to the Neoeuxine Lak~/Bi g Sea (Figs. 24-26 panels a—f). Core site M02-45 was
also open to the Neoeuxine Lak * dwing the latest Pleistocene with water depth of ~5 m at 12.5
cal ka, increasing to ~12 m -2 11.5 cal ka (Fig. 24). The depression containing a greater
thickness of allosubunit 'b around the M02-45 site remained open to the lake/sea and shows
progressive increases in water depth between 10.5 cal ka and 7.5 cal ka (Figs. 25, 26 panels c—f).
These maps and the dense grid of high-resolution seismic reflection data suggest no barrier
islands, bars or spits to close or otherwise restrict communication between this depression and
the open lake/sea.

The onset of lacustrine sedimentation of allosubunit 1b coincides with the time when the

Neoeuxine Lake was purportedly experiencing an evaporative drawdown (§6). Lericolais et al.



(2007a, 2011) also argued for a deep regression at this time, interpreting that the contemporary
Romanian shelf to —100 m elevation was covered by a field of aeolian dunes, recovered as sandy
deposits in cores. The time of dune abandonment was dated to ~9.05 cal ka (see Supplementary
material 2 for calibration) at a different site, several hundred metres away, where the entire
Holocene section is only ~70 c¢m thick (compared with 1028 cm at key MUN site M02-45). A
slight miscorrelation of seismic reflections over the intervening distance, leading to an error of as
little as 10-15 cm, could make the top of the dunes considerav.:” older (i.e., late lowstand,
perhaps >12 cal ka).

7.2. Allosubunit 1b across the northeastern Marm. va Sea shelf

Across the northeastern Marmara Sea immediately -~outh of the Strait of Bosphorus (Fig.
20), the lower Holocene allosubunit 1b (equiva'’s.” tc seismic stratigraphic Unit 2 of Hiscott et
al., 2002) is bounded at its base and top ! v t".e B2 and B1 marker reflectors, respectively (Figs.
10, 27). It is interpreted as a south-prooraded delta (i.e., Al; Hiscott et al., 2002; Aksu et al.,
2016). Along the top of Al, irregr'arl ’ ~tratified, flat-lying deposits are interpreted as delta-top
fluvial and wetland deposits, wi.>teas strata toward the distal portion of the depositional lobe are
interpreted as prodeltaic si'*< o>~ muds (Fig. 27).

The interpretation *hat Al was fed by vigorous Black Sea outflow via the Strait of
Bosphorus through 11.1-10.2 cal ka is one of the strongest arguments against the Flood
Hypothesis. Erig et al. (2007) used several radiocarbon dates from the Calypso core MD04-2750
to suggest that Al developed from 6.55-3.7 cal ka, so had nothing to do with Neoeuxine Lake
outflow. They instead attributed the delta to a small nearby stream, the Kurbagalidere.
However, Aksu et al. (2016) used three independent seismic and multibeam data sets and re-

plotting of navigational fixes for the 1992/1993-vintage survey lines used by Eris et al. (2007) to



correctly align the MDO04-2750 core with seismic profiles, and demonstrated that Eris et al.
(2007) misplotted the location of the MDO04-2750 core site on their seismic profiles by a
minimum of 200 m, using seismic data acquired by the Turkish Navy, Office of Navigation,
Hydrography and Oceanography in Istanbul (SHOD for short) with navigation tied to navigation
tied to ED50 (Turkish) ellipsoid, and plotting the core site with navigation tied to WGS84
ellipsoid. As a consequence, MD04-2750 does not date Al to the middle Holocene, but rather to
11.1-10.2 cal ka (Aksu et al., 2016), precisely when evidence fro.a. the Black Sea suggests that
the Neoeuxine Lake had risen to a height sufficient for bracl-i~h = ater to spill southward along
the Strait of Bosphorus and into the Marmara Sea. Althouh Cagatay et al. (2021) have offered
no challenge to the clear demonstration that the MD04-.750 site was incorrectly tied to seismic
profiles in Erig et al. (2007), they have retained 2 -arrative that Al is of late Holocene age. We
categorically dismiss that narrative.

Both Gokasan et al. (2005a) and ris et al. (2007) proposed that Al was sourced by the
small Kurbagalidere stream which ~ntc+e the northeastern Marmara Sea immediately east of the
southern exit of the Strait o. Bosphorus, but which is now largely buried beneath the
southeastern Anatolian se~*o1 ~7 the greater city of Istanbul between Fenerbah¢e and Kadikoy
(Fig. 27). However, fou. lines of evidence refute this suggestion: (a) calculations based on the
sediment-yield model of Syvitski and Milliman (2007) indicate that the Kurbagalidere stream
could not have provided even 5% of the sediment contained in the delta lobe over the available
time interval Hiscott et al. (2008); (b) there is no shelf-edge precursor to this delta at the LGM,
suggesting that it was not formed by a pre-existing water course, but instead by a special set of
circumstances which occurred after the Holocene transgression was underway (Hiscott et al.,

2002, 2008); (c) the topset-to-foreset transition of the delta shows 3.3 km of progradation and at



least 8—9 m climb into the rising Marmara Sea, unlike nearby deltas of larger rivers (e.g., Kocasu
River; Fig. 3) which retreated landward during the early stages of the post-glacial transgression
(Hiscott et al., 2002, 2007b; Aksu et al., 2016), and (d) source-to-sink tracing of very fine sand
supplied to the delta (using SEM backscatter mapping and quantitative "mineral liberation
analysis") suggests 50% contribution from Oligo—Miocene successions of the southwestern
Black Sea coast and inner shelf, 20% contribution from the Goksu stream mid-way up the strait,
and only minor contributions from other sources including the Kuro. 3alidere stream (Aksu et al.,
2016; Hiscott et al., 2017). The Kurbagalidere sand fract:z= :l;0 contains far too little K-
feldspar (relative to plagioclase) and lacks compatible am, hiboles based on the Na, Mn and Ti
contents of 152 separate crystals determined by energy Ai._.ersive X-ray analysis.

The topset-to-foreset transition of lowstana !:lt: s along the southern shelf of the Marmara
Sea occurs at a modern elevation of =100 n ( .ksu et al., 1999a). There are two mid-shelf deltas
across the northeastern Marmara Sea sou h of the Strait of Bosphorus, but there are no shelf edge
precursor deltas (Hiscott et al., ?00.’ 2007a). The oldest and youngest topset-to-foreset
transitions of the latest Pleistocc "¢ aclta (i.e., A2 of Hiscott et al., 2002) occur at —77 m and —69
m, respectively. Similar’>' < oldest and youngest topset-to-foreset transitions in the early
Holocene delta (i.e., Al « f Hiscott et al., 2002) occur at —48 m and —40 m, respectively (Aksu et
al., 2016). Assuming that the topset-to-foreset transition of deltas in the Marmara Sea occurs at
5 m water depth, the presence of two deltas believed to have been fed by Neoeuxine Lake
outflow through the Strait of Bosphorus requires that the level of the Neoeuxine Lake reached
and exceeded the elevation of the Bosphorus sill of the day. The breach depth of the Strait of
Bosphorus during the Late Pleistocene is not known. The modern sill elevation is =37 m. The

youngest delta Al formed as base level in the Marmara Sea rose from —43 to —35 m, consistent



with the earliest Holocene outflow over the sill having its water surface at or a few metres above
~ —40 m to maintain a hydraulic head en route to the delta top. A Neoeuxine Lake lowstand at
this time (Ryan et al.,2003) cannot satisfy this requirement.

The only way that a small marine delta like Al can aggressively prograde 3—4 km for 900
years into a regionally transgressing sea is if the short-term rates of sediment supply were
remarkably high. There is no known source along the northeastern shores of Marmara Sea that
could have provided this sediment supply, except the Strait of losphorus itself. It is also
important to note that if deltas Al and A2 were river deltas (2= ~u;used to strait deltas), it would
be difficult to explain the absence of precursor lowstand _helt-edge deltas, or what process(es)
might have abruptly initiated and then abruptly termina’ .d delta development to leave only a
~1000 yr record. If the strait itself provided det-i.s t) the two delta lobes, it might be expected
that the crest of the sill might have exg =rie.iced erosion and temporal changes in elevation.
Today, the elevation of unconformity B. in the vicinity of the sill is ~ —55 m and the reflection
we have correlated to the oldest A1 ci~oforms is at ~ —50 m elevation (Fig. 35, although this
cross section is not along the sha'lowest —37 m crest of the sill). If water-surface elevation was —
40 m at 11.1 cal ka and .~ly b m of water submerged the topset-to-foreset break, then it is
possible that the sill was perhaps 5 m higher before the onset of Al advance (so at —50+5 = —45
m elevation). The contemporary sill cannot have been lower than the —55 m 2 elevation, and
after 10.2 cal ka it cannot have been lower than ~ —40 to —45 m (Fig. 35). The B1 surface is
believed to be older than the ~9.5 cal ka first entry of Mediterranean water into the Black Sea
basin (Aksu et al., 2016), so there appears to have been little erosion into the unconsolidated

sediments in the vicinity of the sill when this northward flow passed through the strait.



The elevation of the sill during Late Pleistocene development of delta A2 must have been
as low as —55 m or perhaps lower, because 2 is at that elevation near the sill (Fig. 35) and p2
post-dates the development of the A2 lobe. A second sill at the northern end of the Strait of
Bosphorus has an elevation of —58 m today and only meager sedimentary cover over volcanic
bedrock (Cagatay et al., 2021), so the elevation of the Neoeuxine Lake probably exceeded —58 m
to permit outflow into the Propontis Lake at delta A2 time. If the lake surface was ~3—5 m
higher than the northern sill, then the level of the Neoeuxine Lakc would have been ~ —55 m.
We use this value in §7.4 when considering conditions L cvaporative drawdown of the
Neoeuxine Lake. Note that setting water-surface elevation ~ver the oldest delta A2 topset to —77
+ 5 =-72 m and the level of the Neoeuxine Lake to —55 .. results in an energy slope of ~0.0006
along the ~30 km-long strait. Stretches of rapic; . orud have ensued, mostly downstream of the
southern sill because it was probably no i. we. than ~ —60 m. For comparison, the energy slope
of the Niagara River in North America, n.<lecting its famous waterfall, is ~0.0008.

7.3. Sr-isotopic measureme.:s

Sr-isotopic measurements ,reviously have been used by Major et al. (2006) and Yanchilina
et al. (2017) to support th~ Flo.d Hypothesis, with shells coming mainly from coquina layers in
short, low-resolution coi.s collected along the modern shelf edge and upper slope rather than
from long, conformable stratigraphic successions. These coquina layers are transgressive lags
created by wave action and contain shells of variable ages. One major issue in using coquina
layers in Sr-isotopic work is that shells might have been transferred basin-ward during
transgressive reworking; thus, the "principle of superposition" cannot be used to judge the true
sequence of events whenever the error bars of radiocarbon-dated shells overlap. An additional

problem with low-resolution cores is the difficulties associated with establishing accurate ties to



nearby seismic profiles. In a low-resolution core, a 10 cm error in the tracing of a seismic
reflection to the core site might lead to an error of several hundred years (if not more) in the
assignment of an age to the seismic event.

Instead, Ankindinova et al. (2019a) obtained Sr-isotopic measurements on mollusc shells
extracted from a 10 m-long composite core from the southwestern Black Sea shelf. Their data
provide a detailed and unambiguous temporal trend with resolution ranging between <200 years
in sediment older than 5.5 cal ka and 20-25 years for the early F.'ocene time of reconnection
between the Black Sea (formerly the Neoeuxine Lake) -n¢ .ne global ocean (Fig. 28;
Ankindinova et al., 2019a). These authors delineated .~ur stages of *’Sr/*°Sr increase and
salination associated with the reconnection. From 12.0+-9.53 cal ka (stage A), before first
Mediterranean inflow, the Sr-isotopic ratio vari~¢. .ro n 0.708847-0.708881 (Fig. 28). For 100
years immediately before reconnection (€ 53- 9.48 cal ka, stage B), ¥’Sr/*Sr values dropped to
their lowest levels: 0.708841-0.708843, hut then in stage C abruptly began to climb starting at
9.48-9.45 cal ka and reached a qu~-i-¢<*eady-state "plateau” with ratios 0.708965 by 9.42 cal ka
(Fig. 28). The sharp *’St/**Sr i..~rease marks the first significant intrusion of saline water into a
previously isolated Neoevr~in. ake. The quasi-steady-state condition lasted ~500—550 years.
Subsequently, starting .77 cal ka and proceeding to the present day, there was a step-wise rise
of ¥Sr/*Sr to modern levels (stage D; Fig. 28), during which a salinity threshold was passed that
allowed widespread replacement of brackish-water faunas by Mediterranean species (Fig. 29;
Williams et al., 2018). In the original Ankindinova et al. (2019a) paper, two critical *'Sr/*Sr
values in stage B are missing in the table of isotopic measurements, so a full complete list of Sr-

isotopic ratios and their newly recalibrated ages are provided here as Supplementary material 4.



Modelling by Ankindinova et al. (2019a) suggests that the lake/sea level likely did not, and
could not, rise from —120 m to —30 m between 9.48 cal ka and 9.42 cal ka unless (a) the Sr
concentration in the pre-reconnection Neoeuxine Lake was 3—4 times higher than in modern
Danube River water, or (b) the water column of the lake was strongly stratified during first entry
of saline water. The second alternative is very unlikely because of seasonal vertical mixing
(downwelling/upwelling) in what was then a rather homogeneous temperate-climate lake.
Catastrophic flooding of a lowstand lake would require an average discharge through the Strait
of Bosphorus of ~9500 m® s™', whereas entry of saline Medite:a..2.n water as an underflow into
an already high lake could reproduce the first stage o. ®'Sr/*Sr increase with an average
discharge as low as ~2200 m® s '. Because the M02-45 e is 50 m above the Late Pleistocene
lowstand shoreline and contains sediments with ® Sr *Sr values that record the first entry of
saline water into the Neoeuxine Lake, bel. w <.orm wave base (Hiscott et al., 2007b), the surface
of the lake must have been significantly “igher than —70 m at the time of the reconnection (Fig.
21b).

Ankindinova et al. (2016.) documented that *’Sr/**Sr isotopic values in composite core
MO02-45 conform perfectly *o - coarser Sr-isotopic trends published in Major et al (2006) and
Yanchilina et al. (2017), tirmly establishing that the shells extracted from core M02-45 must
have being living in water with the same evolving chemistry as water in the open Neoeuxine
Lake. Clearly this core site had to be on the margin of the lake itself, and base level cannot have
been below the contemporary shelf edge as required by the Flood Hypothesis.

7.4. Faunal and floral data

Faunal and floral data reveal an internally consistent post-glacial salination history for the

southwestern Black Sea (Fig. 29). Coccoliths are only present in allosubunit 1d within the upper



270 cm of composite core M02-45 (Fig. 29). The flora are dominated by Emiliania huxleyi with
very minor and sporadic occurrences of Thorachosphaera spp., Reticulofenestra spp. and
Cyclococcolithus leptoporus. Clone cultures in strains of E. huxleyi reveal that this species can
tolerate surface water salinities of 15—17; however, under such conditions the organism displays
strongly depressed calcification (Paasche et al., 1996; Saruwatari et al., 2016). The sustained
occurrence of E. huxleyi in the southwestern Black Sea suggests that surface water salinities
exceeded 15 since ~2.0 cal ka, possibly as early as ~5.5 cal ka (Fig. 29).

Calcareous benthic foraminifera are present in allosubur:* 1 2, out are abundant and diverse
below the hiatus at 02 in the lower portion of allosubunit 1 * and the upper portion of allosubunit
1b (Fig. 29; Hiscott et al., 2007b). They are absent in <diments older than ~9.3 cal ka (i.e.,
below 650 cm depth) in composite core M02-4<. "th . fauna are overwhelmingly dominated by
Ammonia compacta and Ammonia tepid. w.th lesser numbers of Porosononion subgranosus
mediterranicus. These species prefer sh.'low littoral and neritic environments and are tolerant of
lower salinities and relatively high ~~di » :ntation rates (Debenay et al., 1998). They are reported
to thrive on labile organic carbe » produced by abundant phytoplankton fertilised by nutrients in
the fluvial discharge alon< th. “wvestern Black Sea off the mouth of the Danube River (Yanko-
Hombach et al., 2017a). 4. tepida dominates the fauna in allosubunit 1c, whereas 4. compacta
and A. tepida co-dominate the fauna in allosubunit 1d (Fig. 29). Smaller percentages of marine
species Haynesina depressula, H. germanica, Gavelinopsis praegeri, Elphidium spp.,
Eggerelloides scabrus, Ammomarginulina spp., Reophax spp. and Lagenids and Miliolids
(mostly Triloculina spp.) are also noted in allosubunit 1d (Hiscott et al., 2007b). Previous
studies have shown that an assemblage dominated by A. fepida (without lagenids) today

characterises areas of the inner continental shelf off Bulgaria where salinity values are in the



range 17-19. A. compacta is a relatively deep-water form which characterises areas deeper than
—70 m on the modern Bulgarian outer shelf; there, the salinity is 21-22 (Yanko, 1990).

Ostracods are ubiquitous in the southwestern Black Sea (Williams et al., 2018). From 11.9
cal ka to 7.3 cal ka (see Supplementary material 2 for calibration), the ostracod assemblage is
dominated by Ponto-Caspian species, mainly Loxoconcha sublepida, L. lepida and
Tyrrhenocythere amnicola donetziensis (Fig. 29; Williams et al., 2018). From 7.3 cal ka to 6.2
cal ka the assemblage consists of nearly equal abundances of Mewi.~rranean species and Ponto-
Caspian species. After 6.2 cal ka to the tops of MUN corer, ..z assemblage is dominated by
Mediterranean  species, including  Palmoconcha  .<ilis,  Carinocythereis  carinata,
Hiltermannicythere rubra and Pterygocythereis jonesii \_«g. 29; Williams et al., 2018). These
data indicate that environmental changes were rro sressive on the southwestern Black Sea shelf
from at least 7.3 cal ka to the present. Th - fir.t hint of changing conditions at 7.3 cal ka lags the
initial reconnection to the Mediterranean Sea through the Strait of Bosphorus by ~2000 years (cf.
Aksu et al., 2016 and Williams et al., ~.018), demonstrating that Black Sea salinity increased
slowly and took that long to rew«h values tolerable to marine ostracod immigrants. Widespread
colonisation by Mediterrar~a1n ~pecies took even longer, ~3000 years from the time of the initial
reconnection.

Two studies have provided salinity estimates using the process length of the dinoflagellate
cyst Lingulodinium machaerophorum (Mudie et al., 2007; Mertens et al., 2012). Mudie et al.
(2007) used dinocyst assemblages to show that variability in process length marks low diversity
pleni-glacial-early Holocene Spiniferites cruciformis assemblages, suggesting fluctuating
salinity similar to the modern Caspian Sea, with brackish to saline conditions with salinities of

5-16. Based on the distributions of euryhaline cysts Spiniferites mirabilis and Spiniferites



bentorii these authors have shown that the Aegean and Marmara seas were already connected by
12.5 cal ka (11 'C ka) and linked to the Black Sea basin by 10.3 cal ka (9.3 "C ka).
Furthermore, Mertens et al. (2012) calibrated summer surface-water salinity in the Black Sea,
Sea of Azov and Caspian Sea with the process lengths of the dinoflagellate cyst L.
machaerophorum. These authors then applied this calibration equation to the Black Sea,
documenting a very gradual change of salinity from ~14 around 9.7 cal ka to a minimum 12.3
around 8.5 cal ka, reaching current salinities of 17.1 around 3.9 cai ».7. The ~250 year resolution
of their sampling failed to reveal a catastrophic salination ev:=t ot 9.5-9.0 cal ka advocated by
other researchers. Finally, the freshwater algae Pediastrun. and Botrycoccus are only significant
below a depth of 510 cm in composite core M02-45 (7.9 « u ka; Mudie et al., 2007). In the same
interval and upward to a depth of 460 cm in crt> M )2-45 (6.9 cal ka), a dinocyst assemblage
dominated by Spiniferites cruciformis ar.t P xidinopsis psilata indicates brackish waters with
salinities of 3—12 (Fig. 29; Hiscott et ai. 2007b). Minor amounts of euryhaline Mediterranean
species in the same interval indice*e j e iodically increased salinity. Along with Mudie et al.
(2007), we interpret the overlap f Pediastrum and the S. cruciformis assemblage (S. cruciformis,
S. inaequalis and Pyxidin~»s. psilata) to indicate brackish conditions throughout allounit 1b,
with the freshwater spcoies washed in from rivers or nearby coastal areas. Mediterranean
dinocysts S. belerius, S. bentorii, S. mirabilis, S. ramosus and Operculodinium centrocarpum
first appear in a persistent way at a depth of 510 cm in core M02-45 (7.9 cal ka), reaching their
highest relative proportions in the lower part of allosubunit 1c (Fig. 29; Mudie et al., 2007).
These species require salinities above 12; abundance peaks of these taxa indicate sea surface
salinities of at least 20. The overlapping occurrences of these Mediterranean species with the S.

cruciformis assemblage and ostracods with Ponto—Caspian (brackish) affinities indicate lower



salinities in nearshore areas including the middle shelf, and more influence of Mediterranean
waters farther offshore. Lingulodinium machaerophorum (Fig. 29) can tolerate salinities as low
as 3, but becomes abundant at salinities >10. Its acme is confined to core depths shallower than
475 cm in core M02-45 (7.1 cal ka), essentially coincident with the proliferation in allosubunit
lc of Mediterranean species of molluscs, ostracods and dinocysts (Hiscott et al., 2007b). These
palynological publications demonstrate that the surface salinities of the Neoeuxine Lake during
the early Holocene ranged between 7 and 13, then gradually increa.~d to the present day values
of 17. An essentially coincident transition from brackish to »:~te zalinity-tolerant dinocysts has
also been reported for cores collected in coastal areas a."d the Black Sea shelf off Bulgaria
(Filipova-Marinova and Bozilova, 2002; Filipova-Mer.. -sva, 2003; Filipova-Marinova et al.,
2004).

Recently, Huang et al. (2021) used < ‘ker.ones from a core recovered at -971 m elevation to
show a salinity rise from ~2 to ~6 betwen ~13 cal ka and ~9.5 cal ka, with no evidence for a
discontinuity at the time of first e~try ¢ Mediterranean waters. These values are lower than
those obtained using L. macha.voprnorum process lengths, but show a similar climb in values
preceding and through the *i1..~ of reconnection. Huang et al. (2021) attribute the salinity rise
before reconnection to a negative water balance in the Neoeuxine Lake, but it should be noted
that this situation does not require a base-level fall, but only that all river water entering the basin
is unable to escape, so the annual inputs (R+P) are balanced by evaporation (E) leading to
concentration of dissolved components. For example, consider a 16 cal ka lake at —55 m
elevation (Fig. 36a) and salinity S=3.0 being evaporated to —110 m with no river supply. The
volume would change from 517010 km® to 497940 km®, so the salinity would only increase to

~3.1. Now consider a lake with average volume of 522500 km® (so ~ —40 m elevation) and



initial S=3.0, experiencing 6000 yr of river input (e.g., 15.5-9.5 cal ka after meltwater influx) at
today's 350 km® yr' (reasonable for a rising lake and early Holocene climate; cf. Radoane,
2021), with river salinity S=0.45 (from Stankovic, 2006, Danube conductivity = 900 pS cm™).
The resultant salinity would be ~4.8, so a far larger gain at constant base level than through
evaporative drawdown, which alone has little impact. Of course base level is believed to have
dropped to ~ —110 m before rising again to the sill depth in the Strait of Bosphorus, but that
would not have seriously affected salinity based on scenarios like *hose described above (i.e.,
subtracting then adding river water augmented by variable pr.c niation over the lake). Short of
introducing high-salinity seawater or brines from comp.-ting substrata, the key to salinity
changes in a closed basin is long-term concentratior u -ough evaporation of incoming river
water.

Proxy data from cores across the no.*heastern Marmara Sea shelf provide further evidence
for events in the Neoeuxine Lake and Bla"k Sea described above. The most critical of these data
are oxygen (8"%0) and carbon (8" isc*opic data from benthic foraminifera Neocarinata crassa
and the faunal and floral characteristics of Marmara Sea allosubunit 1b (Fig. 30; Aksu et al.,
2002b). Allosubunit 1b 7..~., ,eismic stratigraphic subunit 1b) represents the early Holocene
mid-shelf delta Al, depcrited from 11.1-10.2 cal ka (Figs. 13, 15; Aksu et al., 2016). The
allosubunit is characterised by a S. cruciformis dinocyst assemblage with low percentages of L.
machaerophorum, a Polypodiaceae and shrub pollen assemblage with low pine pollen
percentages and the absence of coccoliths and planktonic foraminifera (Fig. 30; Aksu et al.,
2002b). The benthic foraminifera consist of a low diversity fauna dominated by brackish water
species (i.e., Ammonia beccarii, A. tepida, A. compacta). These fauna indicate oxic bottom

waters (Kaiho, 1994). During the deposition of allosubunit 1b, the Marmara Sea was already



connected to the global ocean—the breach of the sill in the Strait of Dardanelles occurred at 13.8
cal ka (Aksu et al., 2016), and the bottom water mass (thus most of the water volume) had
originated by inflow from the Aegean Sea. Therefore, the brackish water mass which was
introduced during the early Holocene, with fern and shrub pollen and a low-salinity S.
cruciformis dinocyst assemblage can only be explained by Neoeuxine Lake outflow into the
Marmara Sea. The 80 data of benthic foraminifera N. crassa in allosubunit 1b are
characterised by depleted (<2%o) isotopic values, gradually becoming enriched toward the
allosubunit 1b—1c¢ transition (Fig. 30). This isotopic signal stro~o, - suggests that the shelf waters
during the deposition of the allosubunit had low salin.‘v, gradually increasing toward the
allosubunit 1b—1c transition. The 8'°C data for N. crassa . ‘1ow a nearly reciprocal relationship to
the 8'°0 record, with slight enrichment in alloc ovait 1b, most likely reflecting the carbon
isotopic composition of the DIC of the s¢ *‘we.er in which the foraminiferal calcite was secreted
(e.g., Ravelo and Hillaire-Marcel, 200,>  The low abundance of opaline silica and the low
concentrations of TOC further sv~oe t chat the surface waters did not have high biological
productivity (Fig. 30).

Following the aband~n1..~.at of delta Al, the northeastern Marmara Sea shelf transitioned
into a marine environme, *. Kaminski et al., 2002) showed that at ~9.65 cal ka the abundance of
the benthic foraminiferal genus Ammonia rapidly declined (Fig. 30) and planktonic foraminifera
and coccoliths appeared, indicating that fresh-water outflow from the strait had declined to the
point that more stenohaline species could establish themselves (Aksu et al., 2002b). Shortly
before 9.65 cal ka, benthic foraminifera of Mediterranean origin colonised the prodelta fringe
(dominated by Brizaliana spp, Bulimina elongate, B. marginata, B. aculeate and B. costata),

suggesting that a salt wedge or estuarine-type flow had been established during the latter phases



of Al advance (Fig. 30; Kaminski et al., 2002). An enriched 880 record throughout allosubunit
lc suggests that increased salinities prevailed across the northeastern Marmara Sea shelf since
the transition from allosubunit 1b to 1c (Fig. 30). The increased abundances of opaline silica and
TOC, together with high concentrations of coccoliths and planktonic foraminifera, signal the
establishment of more fully marine conditions in the area.

7.5. Linked sapropel deposition across the Marmara Sea (M1) and Aegean Sea (S1)

Across the eastern Mediterranean Sea, the development of s~oropels has been linked to
density stratification in the water column, which leads to *~aizzaing of vertical mixing and
oceanic ventilation, severely reducing the advection of ox rgen-rich surface waters into basinal
depths (e.g., Rohling et al., 2015). Reduction in the . « of bottom water formation (or its
cessation) leads to stagnation of bottom waters. .”ys/xia/anoxia quickly follows, which in turn
creates greater potential for the burial a ‘d » reservation of the organic carbon settling to the
seabed.

There are two different views on Y-, w water-column stratification developed in the Aegean
Sea: (a) some researchers have advucated that the stratification occurred in near synchroneity
with a similar developmenr* in *¢ eastern Mediterranean Sea, which was triggered by an increase
in African monsoonal run-off primarily through the Nile River associated with the 19-21 kyr
precessional cycles of Earth's orbit (e.g., Rossignol-Strick, 1985; Scrivner et al., 2004; Rohling et
al., 2015; Grant et al., 2016) and (b) others have argued that the morphology of the Aegean Sea
as an archipelago dotted with hundreds of islands is much too restrictive for the fluvial
discharges from the Nile River to reach the central and northern Aegean Sea basins and that
increased fluvial discharge into the northern Aegean Sea by rivers draining Eastern Europe, and

glacial and fluvial run-off into the Black Sea and subsequent outflow into the Aegean Sea



through the Marmara Sea Gateway induced water column stratification across the Aegean Sea
(Aksu et al., 1995b; Isler et al. 2016b). Herrle et al. (2018) record a broad depression in sea
surface salinity (SSS) from ~10-6.5 cal ka in the northern Aegean Sea as well as two particularly
strong reductions at ~8.3 cal ka and 7.6 cal ka, and attribute these latter events to pulses of Black
Sea outflow induced by global steps in base-level rise after meltwater discharges in North
America, leading to rapid expulsion of Black Sea surface waters. The timing of Holocene
Neoeuxine Lake and Black Sea outflow fits nicely with the timing of S1 development, but not
well for M1 in the Marmara Sea, which was initiated ~1700 v2~rs t¢fore the outflow responsible
for the development of delta Al south of the Bosphorus exi. ‘Fig. 31).

Aksu et al. (2002b, 2016) and Hiscott et al. (2007a, 2017, 2021) proposed that outflow of
large quantities of brackish water from the Blac!. L :a Lasin across the Strait of Bosphorus during
the early Holocene created the necessa. ' conditions for sapropel M1 deposition across the
Marmara Sea as originally proposed b, Cagatay et al. (2000). However, the onset of M1
deposition pre-dates the outflow re_cracu by Al, so other explanations are required. Alternative
1 is that the initiation of Al migi“ have lagged the start of brackish-water export along the Strait
of Bosphorus, as this ov’uc v strengthened to a level sufficient to transport bedload material.
Constantinescu et al. (20°5) propose that transgression of the Neoeuxine Lake shelves began
~11.7 cal ka; delta Al started to prograde into the Marmara Sea at ~11.1 cal ka, so it is not
unreasonable to propose that brackish-water outflow began ~11.5 cal ka, contributing to water
column stratification, although still not being early enough to trigger the original stratification
required for M1 onset. Alternative 2 has been provided by Cagatay et al. (2009, 2015) and Liu et
al. (2021). They suggested that the advection and subsequent sinking of saline Mediterranean

water during the post-LGM reconnection of the Marmara Sea with the Aegean Sea (at 13.8 cal



ka according to Aksu et al.,, 2016) forced the less dense lake water to the surface. These
upwelling waters would have been rich in nutrients, increasing primary and secondary biological
productivity across the Marmara Sea. At the same time, the bottom waters became dysoxic or
anoxic through oxidation of the incoming biomass, thus triggering sapropel formation. Other
workers have provided support for this suggestion using SST and SSS estimates derived from
alkenone biomarkers and oxygen isotopic variations (Sperling et al., 2003; Vidal et al., 2010).
For example, Vidal et al. (2010) stated that SSS actually increasea during the deposition of the
lower portion of sapropel M1, suggesting a weak or no outflov- 1., the Neoeuxine Lake.

A major problem with the alternative 2 mechanisn. advocated by Cagatay et al. (2009,
2015) and Liu et al. (2021) is that the volume of the Mer.. 1ra basin is extremely small compared
with reasonable rates of inflow of Aegean we‘c- diring the 13.8 cal ka reconnection event.
Hiscott et al. (2021) estimate that full rey ‘acF ment of fresh/brackish water originally present in
the Propontis Lake would have been coun nlete by ~13.2 cal ka. This would leave no mechanism
to maintain stratification for ~177"0 e.rs until it could be reinforced by outflow from the
Neoecuxine Lake beginning at ~. 1.5 cal ka. Nevertheless, the initial elevation of brackish water
to the surface is a reasona*'e (~planation for the onset of M1 development, even if not a viable
explanation for its longe. term persistence. Regarding the speed of conversion of the Propontis
Lake to a fully marine embayment of the Aegean Sea, Cagatay et al. (2009) dated a Mytilus
edulis shell from a bioherm on the northern shelf, at ~15 m paleo-water depth, to 13.1 cal ka, and
we have dated Parvicardium exiguum and Mytilus galloprovincialis shells from similar paleo-
water depths to 12.8 cal ka and 13.0 cal ka, respectively (cores M02-103P and M02-111P; Table
2). A slightly older specimen of the fresh/brackish-dwelling gastropod FEuxinipyrgula lincta

from MUN core M14-03P (~10 m paleo-water depth) has an age of 13.35 cal ka, indicating that



marine euryhaline fauna populated even surface waters of the Marmara Sea sometime between
13.35 cal ka and 13.1 cal ka.

Between the final expulsion of relict Propontis Lake water from the Marmara Sea basin at
~13.2 cal ka and the onset of significant Neoeuxine Lake outflow at ~11.5 cal ka, we propose an
alternative 3: that the Marmara Sea deep water remained stagnant and thereby depleted in
oxygen as a consequence of negligible current activity and no driving mechanism for
upwelling/downwelling to improve ventilation. During this perioc there would have been (a)
little exchange with the northern Aegean Sea because of no =~n.zlaing salinity differences and
(b) insufficient discharge from local rivers (e.g., Kocasu n'ver; Fig. 3) to do more than perhaps
balance evaporation over the sea surface. Analogy can . . made with the smaller scale Saanish
Inlet in western Canada, which has a history of <a,> or 2l accumulation even though fully marine,
simply because of near-isolation of its b ttor.1 waters from the open ocean and no deep-water
circulation (Bornhold et al., 1998). This situation could explain the elevated rather than
depressed SSS estimates of Sperli=o (+ al. (2003) and Vidal et al. (2010), particularly for the
earlier stages of M1 developme..*

By 11.1 cal ka (or pe=hap~ 11.5 cal ka), Neoeuxine Lake sustained outflow would have re-
introduced a low salinit, lid across the Marmara Sea, further preventing the ventilation of the
bottom waters. However, the contribution of the outflow at this time to stratification might have
been less than we have previously claimed, because there is no perceptible effect on SSS (Vidal
et al., 2010) and there was no northward-directed counter-flow of saline water into the Black Sea
basin to boost the discharge of the outward stream. Today, if there were no exchange along the
Strait of Bosphorus, the annual amount of surplus water in the Black Sea budget (i.e., R+P-E)

would be ~300 km® (Oguz et al. 2004), about half of today's outflow. Clearly, a significant



amount of today's outflow results from a density-driven exchange: entry of denser Mediterranean
water at depth and complementary expulsion of brackish water toward the surface. There is no
strait-exit delta today, not because of weaker outflow, but because the modern outflow is
detached from the floor of the strait so does not transport bedload to its southern exit.

A combination of persistent stagnant bottom waters and an evolving fresher surface layer
due to outflow likely allowed M1 sapropel to continue accumulation until the establishment of
strong and persistent two-way exchange through the gateway betwecn ~9.0-8.0 cal ka. Vidal et
al. (2010, their §6.2.4) stated that "...a significant outflow ~t P.ack seawater in the Sea of
Marmara started again at approximately [the time of inival entry of Mediterranean water into
the Black Sea basin], as indicated by the salinity dec -ase possibly due to an increase in
regional precipitation ...". Although this enhan~c¢? vc lume of outflow more firmly established a
brackish-water cap over the Marmara Sec th. increased volume of saline deep water transiting
the Marmara central basins disrupted th. it earlier stagnant condition and probably accounts for
the short residence times of the de~n v-ter today (~12-19 years; Lee et al., 2002). Since the
Marmara deep water enters tha. small sea via the relatively shallow Strait of Dardanelles, it is
oxygenated at entry, whi~h “‘ainishes any prospect of maintaining deep-water anoxia and
conditions for sapropel uovelopment. Hence, M1 accumulation stopped by ~6.6 cal ka (Fig. 31).
Sperling et al. (2003, their figure 4) initially proposed a similar reason for M1 termination.

Aegean Sea sapropel S1 was deposited during 10.75-6.9 cal ka (Isler et al., 2016b) beneath
isotopically depleted, relatively cool and lower salinity surface waters (Fig. 32; Aksu et al.,
1995b,c; Isler et al., 2016a,b; Herrle et al., 2018). Microfaunal and microfloral data indicate a
major reduction in SSS, and oxygen isotopic data show a northerly fresh water source (Aksu et

al., 1995b,c; Isler et al., 2016a,b). Relatively light 6]3C0rg and high pollen-spore concentrations



in S1 suggest increased influx of terrestrial organic carbon, probably supplied by major rivers
draining into the northern Aegean Sea (Aksu et al., 1995c; isler et al.,, 2016a,b). Benthic
foraminifera indicate high-nutrient, oxygen-poor bottom waters for S1, yet based on the presence
of silt-sized hematite and manganese coatings the seafloor nevertheless remained oxygenated
(Aksu et al., 1995b,c; Isler et al., 2016a,b). Visual and XRD evidence of pyrite in S1, together
with enrichments in S, Cu, Zn, As, Ni, Cr and Fe suggest that conditions below the sediment-
water interface were sufficiently reducing for SO4* reduction to «~cur, probably by diffusion
from surface oxic into subsurface anoxic sediments. Palynol- 2! data show large increases in
terrestrial pollen and spores across sapropel S1, with the 1..ral assemblage indicating significant
influx from northern European rivers, but with mino. African components associated with
increased summer monsoonal rain (Aksu et al., '¢ ©5b,c). The latter authors further showed that
there was some increase in primary produ ‘tiv’.y during the deposition of S1, but no evidence for
upwelling; a conclusion also reached b Isler et al. (2016a,b). In shallow basins with a thin
surface layer, stratification can k~ L+wken during intense storms, which would cause the
thermocline/nutricline to rise w.'l inwo the surface mixed layer. As a result, nutrient-rich waters
would increase the rate of nno*osynthesis, enhancing primary production. Isler et al. (2016b)
suggested that saproper S1 across the Aegean Sea was deposited in the absence of a deep
chlorophyll maximum layer, so that the water column lacked a deep phytoplankton assemblage.
Under such conditions, oxygen advection via intermediate water flow must have been
significantly reduced, which implies significant stagnation.

Sapropel S1 coincided with maximum depletions in 8°C and lowest SST values. Its
formation is attributed to intense fresh/brackish water input, which resulted in strong

stratification and the near stagnation of the bottom water (Fig. 32; Isler et al., 2016a,b). Isler et



al. (2016b) also suggested that during the deposition of sapropel S1 the pycnocline significantly
weakened across the Aegean Sea associated with the cessation of the formation of Mediterranean
Intermediate Water in the region. Depletions in the 8"C values of the TOC during the
deposition of sapropel S1 further suggest significant inputs of fresh and/or brackish water. The
close temporal association between brackish-water outflow from the Black Sea and sapropel
deposition in the Marmara and Aegean Seas (Fig. 31) has been suggested by earlier studies (e.g.,
Aksu et al., 1995b,c; Hiscott et al., 2007a, 2007b). Thom (20} modeled the hydrological
budget of the Black Sea through the Late Quaternary and c2cizued that the Black Sea must
have been exporting water to the world ocean during S1 tit..~.

In summary, the origin of sapropel M1, in par. ular, likely involved a sequence of
different mechanisms promoting bottom-water i<o .cica: (a) lifting of relict Propontis Lake water
as Aegean Sea water filled the deeper po. iors of the Marmara Sea (~13.8—13.2 cal ka) — 1.5—
2.0% sapropelic mud; (b) stagnation o1 1leep waters when the sea was a marine embayment
devoid of bottom currents and with. Im.:cd exchange (~13.2—11.5 cal ka) — sapropelic mud and
sapropel; (c¢) continued stagn~ticw but with introduction of a brackish surface layer to further
impede ventilation (~11 ,-7.5 cal ka) — sapropel; (d) decay of bottom-water stagnation
eventually leading to term nation of M1 because of active replenishment and northeastward flow
of saline waters en route to the Black Sea (~9.5-6.6 cal ka) — sapropel giving way to sapropelic
mud (~6.6-6.2 cal ka). This review provides an internally consistent interpretation for the
origins of largely contemporaneous sapropels M1 and S1, rather than needing fully independent
mechanisms for similar and near synchronous organic-rich deposits in such close geographic
proximity.

7.6. Late activation of a saline inflow channel network



A prominent anastomosed channel network (herein called the Saline Channel; Fig. 33)
crosses the southwestern Black Sea shelf linking the northern exit of the Strait of Bosphorus with
a number of canyon heads that are cut into the shelf-edge (Di Iorio et al., 1996, 1999; Ozsoy et
al., 2001; Flood et al., 2009; Hiscott et al., 2013; Ankindinova et al., 2020). The main channel is
~20 m deep immediately north of the Bosphorus exit, but progressively becomes shallower (~5
m deep) toward the outer shelf, and is locally flanked on its western side by low-angle (2°-5°)
lateral-accretion deposits indicating lateral infilling of the channel v, detritus advected eastwards
by the Rim Current (Hiscott et al., 2013). A number of mudd:™ ‘n- :L.annel barforms and a variety
of sediment waves adorn both the channel floors and bar ¢ ests (Fig. 33), and there are crevasse
channels entering the overbank area, and levée/overbank 'cposits. Between water depths of 80—
100 m, numerous conical mounds, some with "v. .t ppear to be central "vents" indicate fluid
seepage along linear fractures, or perhar = e¥.rusion of fluid mud (Flood et al., 2009). These
mounds exhibit streamlined leeside tails ascribed to winnowing and deposition associated with
the eastward-flowing Rim Currep* (F'cod et al., 2009). All these sedimentary features are
radiocarbon-dated in numerous .\ ares to be younger than 8-8.4 cal ka (Flood et al., 2009; Hiscott
et al., 2013; see Table 2 ar” S.plementary material 2 for calibrations).

Ryan et al. (2014) .nggested that the Saline Channel (they referred to it as a "depositional
fan") was constructed following the erosive, rapid entry of saline Mediterranean water through
the Strait of Bosphorus. They say (p. 22) "it [is] likely that the outburst phase was rich in
sediment scoured from the entry portal [i.e., the Strait of Bosphorus] and delivered to an apron
on the shelf in sheets of chaotic debris". In support for their arguments they pointed to the
presence of a basal deposit of pebbly glacial/post-glacial shell debris with pebbles identical in

"composition to quartzite and gabbro recovered in drill cores from the Bosporus Strait". A



similar interpretation was subsequently published by Lericolais et al. (2019) who called the
depositional fan of Ryan et al. (2014) a "shallow fan delta", and proposed that it was likely
formed by a single event following relatively strong Mediterranean-originated northerly flow
onto a subaerially exposed shelf before ~9.3 cal ka (8.5 '*C ka; Lericolais et al., 2019). These
authors further suggested that the original wedge of sediments was subsequently reworked
during the Holocene into the current channel configuration by the saline undercurrent.

Ryan et al. (2014) and Lericolais et al. (2019) provide .. chronostratigraphy for the
sediments in the vicinity of the Saline Channel, partizla:!y above the shelf-crossing
unconformity a. We know, however, that the oldest allos.hunit 1b was deposited between 12.3
cal ka and 7.2 cal ka, with a somewhat older contact wi.". allosubunit 1c in the Saline Channel
area, where allosubunit 1c is as old as ~8.2 ca' .-« ( 7ig. 15). Allosubunit 1b consists of sub-
horizontal, parallel reflectors which definc bac.n-fill morphology with progressive onlap over the
irregular surface created by the sheli-~rossing o unconformity (Supplementary material 3;
Ankindinova et al., 2020). Allosubmi. 10 is not part of the saline channel deposit, but underlies
it. It is allosubunits 1c and 1d . ‘hicu were created and molded by the northward-flowing saline
undercurrent exiting the Suc’. of Bosphorus (Flood et al., 2009; Hiscott et al., 2013;
Ankindinova et al., 2020). Allosubunit 1c occurs between the ol and a2
unconformities/correlative conformities dated by their first overlying deposits to (al) ~7.2 cal ka
where conformable near the Bulgarian border (M02-45; Fig. 15) to ~8.2 cal ka in the vicinity of
the Saline Channel and (a2) ~5.5 cal ka where conformable near the Saline Channel to as young

as ~2.0 cal ka in the west. Allosubunit 1d occurs above the &2 unconformity/correlative

conformity so is everywhere younger than ~5.5 cal ka (Ankindinova et al., 2020). All of these



deposits are younger than ~8.2 cal ka so cannot be related to a ~9.5 cal ka catastrophic flooding
of the Black Sea.

Bedrock across the northeastern sector of the Istanbul Peninsula and the northwestern
sector of the Kocaeli Peninsula is composed of Upper Cretaceous mafic volcanics and intrusive
rocks of the Sariyer Formation (Ozgiil et al., 2005). Very fine sand samples from the streams
draining these rocks contain chromite, cummingtonite, staurolite, celadonite, ilmenite,
serpentine, riebeckite and rutile, clearly representing a mixed man. volcanic and metamorphic
source (Hiscott et al., 2017). Thus, the presence of mafic re<!- -zgments on the adjacent shelf
cannot be used as evidence for catastrophic and deep eros.  of the Bosphorus valley. There is
no reason that material of this composition (including g. «vel) could not have been transported
onto the lowstand coastal plain during the Ple’s.~ceie. Streams and small rivers in the area
today carry such bedload seaward (e.g., Riv.i River near the strait exit; Fig. 2), and even at
lowstands there could have been northwe-d fluvial transport along the Bosphorus valley and onto
the coastal plain from watersheds li'-e t *» modern Goksu stream (Fig. 2).

Ryan et al. (2014, p. 11) «nd Lericolais et al. (2019) used a Gokasan et al. (2005) volume
estimate of 2x10° m® for *hc -ediment excavated from an inner channel along the Strait of
Bosphorus to compare .-ith the volume of their so-called depositional fan/shallow fan delta.
Ryan et al. (2014) concluded that “the volume of the chaotic interior of the fan is comparable in
magnitude to the volume excavated from the floor of the Bosporus Strait”. A very tight grid of
high-resolution seismic reflection lines with 200-300 m line spacing across the entire Saline
Channel area (Flood et al., 2009; Hiscott et al., 2013), and a solid chronostratigraphy with 57
radiocarbon dates in nine key cores (Ankindinova et al., 2020) allow calculation of the volume of

sediments across the Saline channel area. The total volume of sediments above the ol



unconformity in allosubunits 1c+1d is 1.77x10' m®, which is ~90 times the estimated volume of
sediments excavated from the floor of the Strait of Bosphorus by Gokasan et al.(2005).
Interpreted cross sections in Ryan et al. (2014) indicate that they included almost all deposits
above al in their so-called "chaotic interior". Clearly the volume of sediments in the Saline
Channel area violates any claim that it might compare well with potential erosion products from
a putative catastrophic flood.
8. Discussion

8.1. Outflow versus Flood

The Outflow Hypothesis originally proposed by A.<u et al. (2002c) passes its two most
critical tests: (a) there is compelling evidence that the “veoeuxine Lake had transgressed the
marginal shelves of the Black Sea basin centuris. oe ore entry of saline Mediterranean waters,
and (b) there is a clear record of dischar e t'.rough the Strait of Bosphorus, Marmara Sea and
Strait of Dardanelles during the same ti.me interval preceding first penetration of saline waters
through the strait. A pre-11 cal k» ‘ar.1 probably pre-12 cal ka) transgression of the shelves of
the Neoeuxine Lake is conclusi.=ly indicated by at least four independent lines of evidence: (1)
calcareous silty muds, der~s1.~% below storm wave base (at least 40—-50 m today), are widely
distributed on the southw ~stern shelf at paleo-elevations as shallow as =70 m (Hiscott and Aksu,
2002, their figure 16b; Fig. 22), (2) earliest Holocene lobes of the Danube Delta, deposited at a
base level of =30 to —40 m, developed several hundred years before initial entry of saline waters
(Giosan et al., 2009); (3) delivery by turbidity currents of sandy detritus to the Danube deep-sea
fan ceased at ~11.7 cal ka because of transgression of the outer shelf to an elevation of —70 m or
shallower, after which base level remained higher (Constantinescu et al., 2015); (4) alongshore

growth of a ~9-9.5 km-long and ~0.9—1.1 km-wide recurved spit at =30 to —35 m elevation south



of Cape Emine (Fig. 18; Ankindinova et al., 2020, their figure 25) requires a stillstand for
centuries, which is only possible if the Neoeuxine Lake was temporarily pinned to the spill depth
at the Bosphorus exit; if base level was instead controlled by rise of the global ocean after
catastrophic entry of Mediterranean waters, the surface of the Black Sea would have climbed
continuously at a rate of ~10 m kyr ' (e.g., Lambeck et al., 2007). Rejection of a dramatically
lower lake level before reconnection is supported by chronological arguments. For example, the
presence of relict aeolian dunes on the modern Romanian shelf is uot disputed here, but there is
no reason to believe these are Holocene because of depende=~¢ .1 short, low-resolution cores
(Lericolais et al., 2011). Likewise, a claim by Yanchilina ¢ al. (2017) that the o1 unconformity
developed beyond a —95 m lowstand shoreline after tho Younger Dryas indicates that those
authors miscorrelated an older surface in their .e.. m°c profiles to al as defined by Aksu et al.
(2002) from the southwestern shelf, wherc th¢ hiatus locally spans ~11.0-8.3 cal ka, but is also
locally conformable.

In the Marmara Sea, evidr.oe or earliest Holocene discharge through the Strait of
Bosphorus, coincident with the 1.7e of the Neoeuxine Lake to —30 to —40 m elevation, is found in
the 11.1-10.2 cal ka Al done  1ts alignment with the strait, composition incompatible with local
small streams, and remarr able climb into a rising sea flag this delta lobe as a unique product of
outflow from the Neoeuxine Lake. The complete absence of (a) a precursor shelf-edge delta and
(b) a younger lobe in the same area prove that Al records a unique event. This lobe likely started
to advance several decades (or longer) after outward spilling from the highstand Neoeuxine Lake
began, when the outflow became strong enough to transport bedload. Al is believed to have
been abandoned when more dense saline water occupying the Marmara basin penetrated into the

strait as a semi-permanent salt wedge, effectively lifting the outflow away from the floor of the



strait so that bedload could no longer be transported to the delta front. This would have
happened when the discharge and velocity of the outflow decreased and could no longer hold
back the intrusion of denser saline water into the strait and across its shallow sill.

One would expect that the floor of the Strait of Bosphorus would retain evidence of south-
direct outflow associated with Al, even though today the floor of the strait experiences north-
directed flow of saline water as part of two-way exchange through the strait. Other authors (e.g.,
Gokasan et al., 2005b; Ryan et al., 2014) have argued for deep eros. n of the floor and walls of
the strait by a deluge of saline water during a catastrophic flr o 1...0 an evaporatively depressed
Neoeuxine Lake (at —100 to —120 m), but such a deluge w~uld have travelled north. However,
Aksu et al. (2016) have described and illustrated south-v« d-pointing giant megaflutes along the
centreline of the strait at latitude 41°10.5' N, ~s we.l as ~6 m-high south-dipping clinoforms
associated with a prominent northeast—so. thv,est-elongated ridge in the vicinity of the sill near
the southern end of the strait (Fig. 34). he ridge is delineated by the present-day —38 to —29 m
isobaths as a southwest-facing st.an."aed seafloor feature. A northeast—southwest-running
Uniboom seismic reflection proile collected across the central axis of the ridge (Alavi et al.,
1989) shows two overlap~.-¢ .outhwest-prograded oblique clinoform successions, immediately
below a very thin surfac. unit (Fig. 34). These two clinoform successions are separated from
one another by a prominent reflector. They constitute Unit B of Alavi et al. (1989). Two
prominent reflectors bound the top and base of this unit, which are respectively correlated with
the Bl and P2 reflectors of the NE Marmara Sea shelf (Aksu at al., 2016). A northwest—
southeast-running multichannel seismic reflection profile intersecting the Uniboom profile
reveals that Unit B of Alavi et al. (1989), particularly the upper clinoform unit, tapers toward the

southeast and northwest (Fig. 35). The streamlined external shape, the width:length ratio of 0.27



(800 m x 3000 m), which falls squarely on the regression line for width:length ratios in fluvial
barforms (e.g., Haltzweber et al,, 2014), and the clearly oblique progradational internal
architecture collectively indicate that the ridge is a streamlined barform, most probably a mid-
channel bar, showing low-angle accretion/progradation on a downstream lee face inclined at
1.5°-2.5° (Fig. 34). Alavi et al. (1989, p. 201) interpreted the ridge as a sedimentary body
created by the "early Holocene spillover currents from the Black Sea before the establishment of
the salt-wedge estuary across the southern sector of the Strait of Bo.nhorus". Aksu at al. (2016)
suggested that this southwest-prograded succession across th> scuchern Strait of Bosphorus is
genetically related to the early Holocene delta (i.e., Al). "1 ~ese features (i.e., the megaflutes and
the southwest-prograded clinoform successions) have . ¢ been overprinted by indicators of
north-directed flow, so appear to document the 11+ strong discharge, capable of moving bedload
along the floor of the strait. Of course if he .epth of outflow above the —37 m sill was only 5—
10 m, then the flow velocity and compet.nce would have been significantly higher than today.
The elevation of the sill in th= St.2*. of Bosphorus at the time of reconnection to the global
ocean is controversial. We have assumed little difference from today, so a sill at =37 m elevation
(e.g., Fig. 34). This is kz2-cacse the youngest topset-to-foreset transition of Al is at —40 m
elevation (Hiscott et al., 2902; Aksu et al., 2016) and the sill elevation at the time of salt-wedge
penetration into the strait should have been similar, allowing for perhaps 5 m of water over both
the delta top and the sill itself. The sill is very close to the Al lobe, so little differential isostatic
uplift or subsidence between the two is expected. Goldberg et al. (2016) highlighted how water
loads might have influenced sill height, particularly if the Black Sea basin was suddenly
subjected to a 100 m-thick additional water load. However, their modelling did not consider that

base level in the Neoeuxine Lake might have been at the sill elevation for perhaps 2-3 kyr before



entry of saline water. Nor did their approach consider that the lake was probably at this same
high level several times during an extended deglaciation (17.2—15.7 cal ka; Tudryn et al., 2016),
or when pulses of meltwater from the collapse of ice-dammed lakes in central Asia might have
transited the gateway (Grosswald and Rudoy, 1996; Carling et al., 2002). Further consideration
of water loads is not possible at this time without a fuller understanding of the entire Late
Quaternary history, and even with such knowledge is not a simple task given the complex local
geology, variable crustal thicknesses and rigidities, and crust/lithu.rhere-penetrating strike-slip
faults in the area.

Ryan et al. (1997) originally proposed catastrophic ei.‘ry of Mediterranean water into a low
Neoecuxine Lake at ~7.5 cal ka, which would have requirc ' a much shallower sill since base level
in the Marmara Sea was ~ —10 m at that time (L w ~oe k et al., 2007). Aksu et al. (2002c) called
this hypothetical shallow barrier a sedit ‘en* dam. The requirement for such a shallow sill
disappeared with revision of the time ¢ reconnection to ~9.1 cal ka (Ryan et al., 2003), but
proponents of the Flood Hypothesi« «ti.! ~.dvocate deep erosion along the floor of the strait (Ryan
et al., 2014; Lericolais et al., 2G'9) which surely would have cut deeply into the area around the
sill because it is underlain »v _~4iment, not bedrock (Fig. 35). The south-directed clinoforms in
the vicinity of the sill (k.. 34) argue against substantial erosion after their development, as does
the preservation and elevation of the 1 reflector, suggesting little erosion into the sedimentary
fill in the same area (Fig. 35). Any northerly-directed flow over the sill heading downslope into
a lowstand Neoeuxine Lake would have achieved higher velocity than the modern northerly-
directed saline underflow because the former would have been driven by the density difference

between the water and the atmosphere (Ap = 1.0 g cm™), whereas the latter is driven by the much



smaller density difference between the outgoing and incoming water masses (Ap ~ 0.01 g cm™;
Flood et al., 2009), and must also overcome interfacial friction at the top of the underflow.

Farther down the gateway, in the northern Aegean Sea, the primary potential link to early—
middle Holocene outflow from the Black Sea basin is sapropel S1, if indeed its origin depended
on a low-salinity surface layer advected from the Neoeuxine Lake, through the Marmara Sea and
Strait of Dardanelles. The time of S1 initiation is consistent with outflow from the Neoeuxine
Lake recorded by Al progradation in the northeastern Marmara Sea (I"ig. 31).

A unresolved issue for the Outflow Hypothesis is app.reut incompatibility with some
proxy values for paleo-salinity of the Marmara Sea surfac. waters during sapropel M1 and S1
deposition. Sperling et al. (2003) and Vidal et al. (2019) . ave used alkenone unsaturation ratios
(U§7’ ) and the §'®0 record of the planktonic fo an.=.fera Turborotalia quinqueloba to estimate
variations in past sea surface salinity (SSS,, .nd have concluded that SSS was higher than today
throughout M1 accumulation, by up te fou- salinity units. This conclusion is opposite to that of
Aksu et al. (2002b) who used a foran.*nireral transfer function to estimate a lower SSS of 15-17,
consistent with the presence € a hrackish-water surface layer. This issue is partially rendered
moot by our belief that y roc>sses other than outflow might have initiated and helped maintain
oxygen-poor bottom wai:rs in the Marmara Sea until ~8 cal ka when effective two-way
exchange increased the vigour of deep circulation in the Marmara Sea, ending stagnant
conditions inherited from an earlier time when it was a semi-isolated embayment of the Aegean
Sea (Fig. 31 and associated text). Aksu et al. (2016) also suggested that very low salinity
outflow from the Neoeuxine Lake might have been undetected by the methods used by Sperling

et al. (2003) and Vidal et al. (2010) because planktonic foraminifera and other marine organisms



could not have populated a surface water layer with low salinity (7-13; §7.4) to leave a record of
its characteristics.

8.2. Water sources for pre-reconnection transgression in the Neoeuxine Lake

In several places, we have suggested that the level of the Neoeuxine Lake rose from ~—110
m to 40 m from ~13.5-11.5 cal ka (Fig. 15), although the starting date for the transgression is
poorly constrained. For this scenario to have occurred, AV = R+P-E would need to have become
positive following an earlier evaporative drawdown. The requited volume change is ~24675
km?, so ~12.3 km® yr'. This is a very small fraction of mode... au.ual inputs and losses, mostly
in the range 300-350 km® yr'! (Oguz et al., 2004). Hence ~n increase in runoff (or decrease in
evaporation) of perhaps 50 km® yr' would have beer s.tficient to overcome the pre-existing
negative water balance and turn it well into pcasive territory. The first impression is that an
increase in precipitation and runoff is coi.rary to what is known about the European climate in
the Younger Dryas (~12.9-11.7 cal ka, This assessment is evident in regional palynology
studies (e.g., Mudie et al., 2002b, 290."; Filipova-Marinova et al., 2004; Valsecchi et al., 2012;
Popescu et al., 2021). Howevelr, Raaoane (2021) turns this assessment on its head by looking in
detail at changes in fluvi~l di..0age entering the Black Sea, mostly from its European shores.
She documents coarse-gi. ‘ned braided channel networks during the earliest post-LGM meltwater
phase, giving way to large-scale meander belts along tributaries of major rivers like the Danube
starting ~14 cal ka and continuing into the Holocene when runoff certainly became sufficient to
raise and maintain a high Neoeuxine Lake level. Surface runoff from eastern European rivers
into the Black Sea was higher during the Younger Dryas than in the Bolling-Allered or Holocene
(Radoane, 2021, her figures 7 & 10) at an average of ~225 km’® yr'l. These estimates are based

on channel morphologies, dimensions and bed materials to reconstruct paleo-hydrological



characteristics. This demonstrates that the quantity of precipitation alone does not dictate runoff,
but other factors are important (e.g., soil absorbancy, bursts of heavy rainfall, type of vegetation
cover, evapo-transpiration level). Importantly, Radoane (2021, p. 103) states that "... available
hydrological reconstructions reviewed in this study provide no support for the ‘flood
hypothesis” which asserts that BS sea water level was —120 m lower prior to the connection with
the Mediterranean Sea (at ca. 9.4 [cal] ka)".

Today, the Danube, Dnieper, Dniester and Southern Bug Rive.s deliver 265 km® yr'1 to the
Black Sea (Jaoshvili, 2002). Hence an input of ~225 km® =7 ' would have been more than
sufficient to create a positive hydrological balance, like ~day. Ignoring exchanges with the
global ocean through the Strait of Bosphorus and inser.. .g estimates from Oguz et al. (2004),
today's AV = R+P-E = 350+ 300-350 = 300 km’ y.” .

One study mentioned by Radoane (Z 27 requires comment. In describing and interpreting
terraces along the flanks of the Sakary~ River valley, Ertura¢ et al. (2019) concluded that
development of their terrace T2 w.~ t.’_gered by an abrupt base-level rise at ~9 cal ka, which
they implied confirmed the Flc~d Hypothesis. However, the oldest luminescence date from
terrace T2 comes from ite Jauiplain (overbank) deposits and not from its channel gravels. As
Erturag et al. (2019) sta'= correctly in their interpretation of the older terrace T3, a sample
immediately above the bedload facies only provides a minimum estimate for the age of that
particular valley-fill succession; its initiation can be older by an unknown amount. Hence the ~9
cal ka date surely post-dates the base-level rise responsible for the adjustment of the floodplain
to a new, higher profile. Furthermore, such changes in river gradient are known to propagate

upstream from the new river mouth or perhaps the landward shoreline of a flooded estuary (i.e.,



drowned valley) after base-level rise, introducing an additional lag which was not accounted for
(cf. Mackin, 1948).

Rarely during the Late Pleistocene, there have been catastrophic outburst floods generated
by collapses of ice dams which had been holding back ephemeral lakes in central Asia (Rudoy
and Baker 1993; Grosswald and Rudoy, 1996; Rudoy, 1998, 2002, 2005; Carling et al., 2002,
2011; Herget, 2005; Reuther et al., 2006; Bohorquez et al., 2016; Komatsu et al., 2016).
Floodwaters from regions like the Altay Mountains escaped westw.rd through a series of lakes
and spillways into the Caspian and Black Sea basins, arriving ‘n *L.e latter area via the Manych
spillway. Proposed ages of some events are as young o 16-9 cal ka (Reuther et al., 2006;
Carling et al., 2011). Examples of volumes impoundea -y the largest of these lakes are in the
range 595 km® (Carling et al., 2011) to 3500 k> "\u~.0y, 2002). The volume of water reaching
the Neoeuxine Lake might have greatly *xcreded the volume released by any single ice-dam
failure, because the surging floodwaters ~re documented to have cut deep gorges at the bedrock
outlets of downstream glacial lakes ‘R 70y, 2005, his figures 24, 30), inducing a chain reaction
of catastrophic lake drainage (K. matsu et al., 2016). Hence, an initial outburst flood would have
acted as a catalyst for a = more widespread and voluminous drainage of a string of pro-
glacial lakes.

From a lowstand at —110 m, the sudden introduction of 3500 km® of water would have
raised the level of the Neoeuxine Lake by ~10 m. Clearly an event of this magnitude would
contribute to base-level rise, but could not be the dominant factor. However, a succession of
such events over several thousand years, or a larger megaflood created by the draining of a string

of lakes along a single pathway might have had a greater influence, and might help account for



the rugose nature of salinity variations recorded by alkenone data in the period ~13—-16 cal ka
(Huang et al., 2021).

8.3. Archaeological implications

Investigations across the present-day circum-Black Sea shelves show that the occupation,
subsistence and social dynamics of humans since early prehistoric times were directly and
profoundly affected by changes in regional climate, the associated changes in vegetation, and
very critically by the post-glacial rise in base level of adjacent seas > g., Dolukhanov and Shilik,
2007; Anthony 2007; Dergachev and Dolukhanov, 2007). Th-e !z.est Pleistocene—Holocene is
one of the most critical intervals of the Quaternary during . ‘hich these key environmental factors
have noticeably varied in the region. Because the Bla~x %ea (and its more isolated version the
Neocuxine Lake) is largely a landlocked basin. s> ne of these changes have often been greatly
amplified, such as variations in the base lc vel of the Neoeuxine Lake. Thus, understanding these
environmental changes in space and tim. would provide much needed baseline data for detailed
archaeological and anthropological ‘nte -r.etations.

There are critical archaec ngical and anthropological distinctions between the Flood and
Outflow hypotheses. In th~ ca>- of the Flood Hypothesis, the proposed rate of base-level change
is so rapid, in fact catast ~ohic, that the Black Sea basin would have refilled from its lowstand of
~—120 m during the Preboreal at ~ <10 cal ka to the breach depth of the Bosphorus sill at ~ —-30
m by 9.47 cal ka, all within less than 40 years (Fig. 21; Ryan et al., 1997; Ryan and Pitman,
1998; Yanchilina et al., 2017). Coastal plains, grasslands, any farmlands or communities would
have been destroyed within the memory of a single generation. Conversely, the Outflow
Hypothesis presents a scenario where the rate of base-level rise is radically slower, rising from a

low of ~—110 m during the Bolling—Allerad, starting at perhaps 14—13 cal ka to ~5 m above the



contemporary breach depth of the Strait of Bosphorus of ~—40 m at ~11 cal ka in approximately
3000 years (Fig. 21; Hiscott et al., 2007a). If the refilling of the Neoeuxine basin occurred in
30-40 years, the Flood Hypothesis would require ~2.3-3.0 m yr'' base-level rise. Across the
northwestern and western sectors of the basin where the present-day slope of the continental
shelf ranges between 0.05° and 0.06° this rate of base-level rise would translate to 2.2—3.4 km of
annual transgression, which would only be sustainable for nomadic tribes intent on coastal
habitation (e.g., for fishing), not Neolithic farmers. The Ouu’ow Hypothesis suggests a
distinctly slower rate of 2.5 cm yr' base-level rise, which v~u;2 ranslate to 25-40 m annual
transgression across the same terrain. Such a rate of traw-gression is not expected to severely
alter population movements of any Mesolithic or early veolithic farming communities living
around the Neoeuxine Lake. The Outflow Hype‘lL-sis bases this slower rate of base-level rise on
the elevation of radiocarbon-dated It ~us’cine/brackish-water shells in cores from the
southwestern shelves of the Neoeuxine ' ake which show that these regions were inundated as
early as 13 cal ka and remained so ti. th.e initial marine inflow at ~9.47 cal ka (Fig. 22).

If there had been an extrc.ely rapid inundation of coastal plains, the sedimentary archive
would almost certainly c~~ta= enormous spikes in Gramineae, Cyperaceae and Compositae
pollen from grasslands “inging the Neoeuxine Lake as they were destroyed and remnants
dispersed by wave action (Mudie et al., 2002b), but composite core M02-45 and other Black Sea
cores lack any evidence of this type at the appropriate levels (Mudie et al., 2007).

We are not aware of any archaeological evidence for urgent displacement and evacuation
of humans from encroaching shoreline sites during the last transgression. Ballard et al. (2000)
discovered wood fragments near what they interpreted as a drowned beach at ~ —150 m elevation

off Sinop, central Anatolia. Radiocarbon age was ~3.4 cal ka. In the same area, Ballard et al.



(2001) mapped what they interpreted as a possible human habitation site at an elevation of ~ —
100 m, but six samples of wood from the site all gave ages indistinguishable from modern. At
this elevation, the site was likely somewhat inland from the lowstand shoreline of the Neoeuxine
Lake, so it would only be of interest for discrimination between the Flood and Outflow
hypotheses if samples in the age range 13-9.5 cal ka could be retrieved and shown to be in situ
materials.

The Outflow Hypothesis is supported by some archaeologi.”l and anthropological data
from the circum Black Sea region (e.g., Dolukhanov ard Chiik, 2007; Anthony, 2007;
Dergachev and Dolukhanov, 2007). For example, Doluk. anov and Shilik (2007) showed that
Mesolithic groups of anatomically modern humans en. rged between ~10.5 and 6.0 cal ka
around the northern coastal zone of the Black S~a ¢ that these groups were sustained by local
resources during a gradual rise in base lev |[. 7 hese authors concluded (p. 307) that “there are no
indications of major population move.ments or changes in subsistence that could suggest
adjustment to the alleged flood at ~~. ."4)0 cal BC [= 9350 cal yrBP]”. A similar conclusion is
also reached by Anthony (2007 p. 545) who stated that “... a review of Mesolithic and early
Neolithic archaeological . ‘n Ukraine provides little or no archaeological support for a
sudden shift in human . ~havior at the time of the proposed flood”. Finally, Dergachev and
Dolukhanov (2007) concluded that there is no evidence for catastrophic base-level rises that
might have precipitated large-scale migrations of early farming groups across southeastern
Europe and the Balkans. These authors (p. 509) indicated that “... the alleged sea-level rise at
ca. 8400 ["*C] BP (~7400 cal BC [= 9350 cal yrBP)) in fact preceded the emergence of early
farming communities in the Black Sea area. The Late Mesolithic groups that existed at the time

were basically stable ...”.



In the remainder of the Discussion, we step through the latest Pleistocene and Holocene
history of the Marmara Sea Gateway to show how the Outflow Hypothesis provides a consistent
link between the events recorded in the three separate basinal areas (Black Sea, Marmara Sea and
Aegean Sea).

8.4. Latest Pleistocene—Holocene paleoceanographic evolution

The relative sea-level curves of Lambeck et al. (2007) suggest that during the LGM the
Marmara Sea (then the Propontis Lake) stood at —80 to —85 m. Low stand terraces at 85 m water
depth (Cagatay et al., 2009) and down-stepping of souther= si.:li-edge deltas to a topset-to-
foreset transition at —-90 m (Aksu et al., 1999) provide ¢ 7idence that the lowest stand of the
Propontis Lake must have been at an elevation no higher ."-an —85 m (provided that the topset-to-
foreset transition in the shelf-edge deltas occurred 1 S m of water). This level is 10—15 m below
the —75 m LGM sill across the Strait ¢ D-.rdanelles (Aksu et al., 2016), thus the lake was
isolated from the Aegean Sea. Similarly previous studies have shown that post-LGM lowstand
shorelines, characterised by wave-~1t 1>r.aces, occur around the Black Sea at depths from —110
m off Ukraine (Ryan et al., 195", to —100 m on the Romanian shelf (Lericolais et al., 2007a,b),
to —122 m on the Bulgaria= si.~!c (Dimitrov, 1982), and possibly to —155 m off the very narrow
Sinop shelf (Ballard et o', 2000). Hence the Strait of Bosphorus was subaerially exposed and
the Black Sea basin (i.e., the Neoeuxine Lake) was completely isolated from the global ocean
during the LGM. Tudryn et al. (2016) suggested that during the last deglaciation, through 17.2—
15.7 cal ka, the Ponto-Caspian basin received large quantities of meltwater and fine-grained
sediment from the southeastern margin of the Scandinavian Ice Sheet via the Dnieper and Volga
rivers. During this period, the Neoeuxine Lake level rose to at least —55 m, draining into the

Propontis Lake over a somewhat lower sill than today (Fig. 35, B2 elevation) and creating the



older of two mid-shelf deltas (i.e., A2; Fig. 36a) in the northeastern Marmara Sea (Hiscott et al.,
2002; Aksu et al., 2016). In response to this inflow, the level of the Propontis Lake rose to
overtop the latest Pleistocene sill (=75 m) in the Strait of Dardanelles (Aksu et al., 2016),
releasing meltwater into the northeastern Aegean Sea, which at that time was at a lowstand of ~ —
110 m. The youngest topset-to-foreset elevation of A2 (—69 m) suggests perhaps 5—-10 m-deep
flow over the Dardanelles sill, although this estimate might depend on whether subsequent
water-induced isostatic loading has changed the relative elevaticns of the northeastern and
southeastern ends of the Marmara Sea. A drop of, say, 50 m !~ ine 61 km Dardanelles would
create an energy slope of ~ 0.0008, nearly identical to *he modern Niagara River (without
accounting for its waterfall).

Following the inflow of meltwater from t. . d.sintegrating Scandinavian Ice Sheet, the
level of the Neoeuxine Lake fell to ~ - 10 m by evaporative drawdown (Ryan et al., 2003;
Major et al., 2006; Cohen et al., 2011). The Propontis Lake must also have experienced a deficit
of freshwater from rivers and rainf~'l, ilely falling at least to its spill depth of =75 m or lower.
Whether the paleo-shoreline ret.nea to its former ~ -84 m elevation is not known. However, at
~13.8 cal ka the rising glok~1l ¢~can reached the —75 m breach depth of the Strait of Dardanelles
(Aksu et al., 2016), rec nnecting the Propontis Lake (hereafter the Marmara Sea) with the
Aegean Sea (Fig. 36b). Because of the small volume of the Marmara basin, equalisation of
water levels would have been rapid, and intrusion of the amount of Aegean seawater needed to
expel all lacustrine fresh/brackish water from the former lake basin would have been complete in
a few hundred years (Hiscott et al., 2021).

From 13.8-11.1 cal ka, the Marmara Sea remained connected to the global ocean, and rose

to =59 m by ~12.5 cal ka and —43 m by 11.1 cal ka (Figs. 37¢,d; Lambeck et al., 2007). The



level of the Black Sea also rose to an estimated —86 m by 12.5 cal ka and to ~—40 m by 11.1 cal
ka (5-7 m above the contemporary Bosphorus sill) so that it again began to spill outward into the
still-lower Marmara Sea and onward to the Aegean Sea (Figs. 37c,d). Aksu et al. (2016)
suggested that outburst floods created by cataclysmic emptying of ice-dammed lakes in the Altay
and Sayan Mountains of Central Asia might have contributed to the rise of the Neoeuxine Lake
level (§8.2). The —43 m water level across the Marmara Sea at 11.1 cal ka is supported by the
oldest topset-to-foreset transition in the early Holocene Bospho.u~ delta (i.e., Al; Fig. 37d),
which occurs at a modern elevation of —48 m (i.e., 5 m deepe~ *..= the contemporary base level
based on water depths over other delta fronts in the regio. ). Similarly, the youngest topset-to-
foreset transition in the upper delta, well-dated at 10.% .1 ka (Aksu et al., 2016), occurs at a
modern elevation of —40 m, consistent with a ba~e 'ev'.1 rise to —35 m. This ended an 8 m rise in
the level of the Marmara Sea during 900 - ear, of delta progradation (Fig. 25). It is at this time
and for several thousand years afterwa-d that brackish plumes carrying suspended sediment
might have spread across the surfar~ 0. l.rge portions of the Marmara Sea, adding detritus to the
evolving Holocene mud drape, * oth on newly transgressed shelves and in basinal areas (Hiscott
et al., 2021). Continued s~t1, ~sstward escape of such brackish surface water through the Strait
of Dardanelles could ha = contributed to stratification in the northern Aegean Sea, promoting
development of sapropel S1 (Fig. 31).

Between 10.2 cal ka and the first entry of saline water into the Black Sea at ~9.5 cal ka
(§7.3; Fig. 28; Yanchilina et al., 2017; Ankindinova et al., 2019), it is believed that a salt wedge
advanced up the Strait of Bosphorus, lifting the Black Sea outflow off the floor of the strait and
terminating southward bedload transport. Eventually, the tip of the salt wedge reached the

northern end of the strait and sufficient Mediterranean water entered the Black Sea to affect the



¥7Sr/*Sr ratio of shelf waters. If the Sr concentration in the Neoeuxine Lake was similar to that
of modern large European rivers like the Danube, Ankindinova et al. (2019) estimated that
~8000 km® of Mediterranean seawater would have been required to shift the ¥’Sr/**Sr ratio in
shells of the high-resolution composite core M02-45, in ~100 years, to values recorded soon after
the first entry of saline water. This volume assumes good mixing of water masses in the lake.
80 km® yr’' is significantly less than the discharge of saline water passing, at depth, through the
modern Strait of Bosphorus, and the thickness of the initial saline inlow could have been similar
to today because the strait is generally deeper than 60 m sto-u..Z ~5 km north of the sill and
continuing to its northern exit. For all scenarios consider. in this review, sill height and base
level are approximations with uncertainties of perhaps - 1. What is less uncertain, however, is
the rate of early Holocene base-level rise (~10 o~ 1~ r '), so if intrusion of a salt wedge across the
sill began at ~10.2 cal ka, then by ~9.5 ca! ka “ae top of the saline underflow might have been ~7
m above the sill, whereas today it is o1 average ~10-12 m above the sill (Ozsoy et al., 2001,
their figure 4).

The weakening and even..al termination of outburst floods and enhanced river supply to
the Black Sea by 10.2 cal "~ \o~¢ also Radoane, 2021) and the continued rise of global sea level
progressively deepened ~e waters across the Strait of Bosphorus, expanding the entry of saline
water along the floor of the strait and allowing the development of persistent two-way flow by
8.0-7.5 cal ka (Figs. 38e,f), continuing to the present. Nevertheless, Black Sea outflow remained
strong enough until ~6.0 cal ka to leave a mineralogical signature in the lower part of the mud
drape on top of Al (Figs. 38e,f; Hiscott et al., 2017), and perhaps to maintain sufficient water-
column stratification in both the Marmara and Aegean Seas to extend accumulation of sapropels

S1 and M1 (Fig. 31).



9. Conclusions

Data published by the authors and a number of other researchers since the late 1990's lend

strong support to outflow of brackish water from the Black Sea basin starting ~11.5-11.1 cal ka

and continuing to today, spanning the time of the first northward penetration of saline water

along the Strait of Bosphorus and into the previously isolated Neoeuxine Lake. The Outflow

Hypothesis of Aksu et al. (2002c) weaves these data into a single coherent narrative which can

be applied from the Black Sea to the Aegean Sea. The timelines ui 2vents in each lake, sea and

strait are consistent with one another. The hypothesis is ~ug zorted by the following key

observations and interpretations.

Widespread uppermost Pleistocene to lower Hol icene sediments (i.e., allosubunit 1b)
across the southwestern Black Sea shelf (.* nk.ndinova et al., 2020) shows that the level
of the Neoeuxine Lake between 2.3 cal ka and ~11 cal ka (oldest allosubunit 1b) had
risen high enough from its previc's LGM lowstand to inundate the shelf to depths below
storm wave base. Augme~*ed <urface runoff from surrounding drainage basins caused
this latest transgression \ Radoane, 2021).

Paleobathymetric/;.c'ec.opographic maps constructed at the base and top of allosubunit
1b (this study; ~kindinova et al., 2020), Sr-isotopic (Ankindinova et al., 2019a) and
provenance data (Lister et al., 2015) confirm that the uppermost Pleistocene to lower
Holocene sediments were deposited in an open shelf environment, and not in isolated
lagoons (or limans).

An early Holocene delta (i.e., Al; 11.1-10.2 cal ka) on the northeastern Marmara Sea

mid-shelf was sourced through the Strait of Bosphorus (Hiscott et al., 2002, 2021; Aksu



et al.,, 2016), and not by the small Kurbagalidere stream which empties into the sea
immediately east of the southern exit of the Strait of Bosphorus.

Seismic profiles within the Strait of Bosphorus show southwest prograded clinoforms
immediately below a thin veneer of sediments in the vicinity of the bathymetric sill at the
southern end of the strait (Alavi et al., 1989). This clinoform unit correlates with the
early Holocene delta (i.e., Al). Giant megaflutes farther north on the floor of the strait
(Aksu et al., 2016) confirm that the most recent energeu.~ flow was southward, not
northward. Preservation of these relict features sugge. < i.ide erosion of the floor of the
strait during later entry of saline water into the Blac'- Sea basin.

Mineralogical data show that most of the de‘n. ‘s in the early Holocene delta likely
comes from Oligo—Miocene successior; ‘hich presently crop out along the shoreline
immediately west of the northe.n ~xit of the Strait of Bosphorus (~50%), with a
significant contribution from the Goksu stream which empties into the middle segment
of the strait from the east »lu> minor amounts of detritus from various other sources,
including the small Kurv~8alidere stream (Aksu et al., 2016; Hiscott et al., 2021).

The early Holocew.. acica prograded 3.3 km into the Marmara Sea while its topset-to-
foreset break clin.bed 8-9 m into the rising sea; such aggressive seaward progradation is
unknown for true river deltas in the region (Hiscott et al., 2002, 2007a; Aksu et al.,
2016). With no shelf-edge predecessor, this unique progradational lobe must record a
defined, relatively short period of outflow from the Neoeuxine Lake rather than being
tied to an established watershed and hinterland.

The post-LGM reconnection of the Black Sea with the eastern Mediterranean occurred in

a gradual fashion: first, a salt wedge lifted the 11.1-10.2 cal ka brackish outflow off the



floor of the strait; second, a more persistent density underflow introduced enough
seawater strontium into the Black Sea to be noticed in shell calcite by ~9.5 cal ka, and
finally a range of euryhaline marine organisms including molluscs and ostracods were
able to replace lacustrine faunas when salinity levels became favourable by ~7.5 cal ka.

e Sapropel M1 was initiated across the Marmara Sea by stratification and nutrient
enrichment caused by descent of saline Mediterranean water into the sea at 13.8 cal ka,
which forced lower density, relict lacustrine waters to the s rface and then out through
the Strait of Dardanelles as suggested by Cagatay et .' (ZJ15). Once the low-salinity
cap was expelled, the deep waters of the fully salinc Marmara Sea remained stagnant and
sapropel accumulation continued. The beginnn, of Neoeuxine Lake outflow at 11.5—
11.1 cal ka re-established water-coluri. st atification across the Marmara Sea and
created a low salinity lid acros. tke northern sector of the Aegean Sea, initiating
conditions favorable for saprope. S1 deposition. Today (and since ~6 cal ka), improved
deep circulation and renew~! o~ ~vater masses on decadal time scales prevents the return
of sapropel accumulatio. to tne Marmara and Aegean Seas.
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Figure Captions

Figure 1. (a) Regional map of the eastern Mediterranean Sea and Black Sea, showing the setting
for this review and prominent rivers (white lettering with blue outline) discussed in the
text. (b) Map showing the location of the Marmara Sea Gateway linking the Black Sea
with the Aegean Sea through the Straits of Bosphorus and Dardanelles and the
intervening Marmara Sea. In both (a) and (b) the topography is compiled using data from
GeoMapApp (Ryan et al., 2009), the bathymetry is compiic.' using data from EMODnet
(http://www.emodnet-hydrography.eu/) and Rangin e* ~1. {Z001), and shaded in Global
Mapper™.  Coastline, rivers and lakes are fron. NOAA National Geophysical Data
Center, extracted from http://www.ngdc.noaa.cc ‘mgg/shorelines/ (Wessel and Smith,
1996). White-filled circles with black I~t.-cirg = M91 cores, red-filled circles with red
lettering = MO3 cores.

Figure 2. (a) Bathymetry of the Strait . f Bosphorus, and the regions immediately south in the
northeast Marmara Sea and th -iorth in the southwest Black Sea, compiled using the
multibeam surveys cart, d by the authors in 2005, 2008 and 2011 across the Strait of
Bosphorus and so*hv.~stern Black Sea and multibeam data from the Turkish Navy,
Office of Navigaion, Hydrography and Oceanography (SHOD) in the vicinity of the
southern exit of the Strait of Bosphorus, and contoured and shaded using Global
Mapper™. The coastline is digitised using Google Earth Pro™. Note that the present-
day sill occurs at =37 m depth across the southern sector of the strait. Streams and small
rivers: Go= Goksu, Ka= Kagithane, Ku= Kurbagalidere, Kii= Kiigiiksu, Ri= Riva.

Oligo—Miocene outcrops and the Saline and NE Marmara channels are discussed in the



text. (b) Simplified model showing the evolution of the Strait of Bosphorus during the
Late Pleistocene (adapted from Okay et al., 2002).

Figure 3. Bathymetry of the Marmara Sea and a small portion of the southwestern Black Sea
compiled using the multibeam data of Rangin et al. (2001) and bathymetry data extracted
from GeoMapApp (Ryan et al., 2009), respectively, and shaded in Global Mapper ™.
Tekirdag, Central, Kumburgaz and Cinarcik are deep-water basins, whereas Imrali Basin
is perched along the southern continental slope of the C.~arcik Basin. Sakarya and
Kocasu rivers are discussed in the text. Coastline, =*vc 2 and lakes are from NOAA
National Geophysical Data Center, extracted i.om http://www.ngdc.noaa.gov/mgg/
shorelines/ (Wessel and Smith, 1996). The —."v m isobath shows the approximate
position of the present-day shelf edge <e. dashed line shows the position of the
purported Sakarya Bosphorus.

Figure 4. Bathymetry of the Strait o, Dardanelles and the regions immediately east in the
southwestern Marmara Sea ~nc v/est in the northeastern Aegean Sea, compiled using a
multibeam survey carric.! by the authors in 2011 across the southwestern Marmara Sea
and multibeam da*~ 1,~.a the Turkish Navy, Office of Navigation, Hydrography and
Oceanography (>10UD) across the northeastern Aegean Sea and southwestern Marmara
Sea, and contoured using Global Mapper'™. The coastline is digitised using Google
Earth Pro™. Note that the present-day sill occurs at —63 m across the southern sector of
the eastern exit of the strait; the basement sill in the same region is at =75 m elevation
(Aksu et al., 2016).

Figure 5. Surface (red lines with white outline) and bottom (blue lines with white outline) water

circulation patterns across the Marmara Sea Gateway. Black Sea surface and bottom



water circulations are from Oguz et al. (1993) and Ozsoy et al. (1991), respectively.
Water circulation patterns across the Marmara Sea and the Aegean Sea are adopted from
Besiktepe et al. (1994) and Olson et al. (2007), respectively. Note that two-way flow
dominates the circulation across the Straits of Bosphorus and Dardanelles; the centrelines
of the opposing currents are nearly directly one above the other but are shown in the
enlarged views with laterally separated paths for clarity. Background topography is
compiled using data from GeoMapApp (Ryan et al., 2009). The multibeam bathymetry is
compiled using data from Rangin et al. (2001) for the -~ *tarmara Sea basins, from the
Turkish Navy, Office of Navigation, Hydrography and Oceanography for the northeast
and southwest Marmara Sea shelves and the norti, 1st Aegean Sea shelf and authors' data
across the regions north of the Strait of 3. .phorus and east of the Strait of Dardanelles,
placed over bathymetry extra ted from EMODnet data (http://www.emodnet-
hydrography.eu/) for the Aegean Sea and Black Sea. Coastline, rivers and lakes are from
NOAA National Geophyeical Data Center, extracted from http://www.ngdc.noaa.
gov/mgg/shorelines/ (W ssel and Smith, 1996). The map is compiled and shaded using
Global Mapper™.

Figure 6. Latest Pleisiocene—Holocene base-level curves compiled for the Black Sea basin,
showing the inconsistencies in both timing (in '*C years) and magnitude of variations.
The Marmara Sea curve (gray band with maximum and minimum estimates, from
Lambeck et al., 2007) is shown for comparison. Sill depth at reconnection of the
Marmara Sea with the Aegean Sea and the present-day sill depth in the Strait of
Dardanelles are from Aksu et al. (2016), whereas elevation of the Bosphorus sill is

documented later in this review.



Figure 7. Map of the Marmara Sea Gateway showing the locations of author high-resolution
seismic reflection profiles, high-resolution multibeam and dual frequency (Simrad)
echosounder profiles and cores considered in this review. These data were collected by
the authors during eleven cruises of the RV Koca Piri Reis of the Institute of Marine
Sciences and Technology, Dokuz Eyliil University between 1991 and 2014. Background
topography is compiled using data from GeoMapApp (Ryan et al., 2009). The multibeam
bathymetry is compiled using data from Rangin et al. (200.) for the deep Marmara Sea
basins, from the Turkish Navy, Office of Navigatior, h,Zrography and Oceanography
for the northeastern and southwestern Marmara Se. shelves and the northeastern Aegean
Sea shelf and authors' data across the regions nor' of the Strait of Bosphorus and east of
the Strait of Dardanelles, placed ove- '.atl.ymetry extracted from EMODnet data
(http://www.emodnet-hydrography eu/, for the Aegean Sea and Black Sea. Coastline,
rivers and lakes are from NOAA National Geophysical Data Center, extracted from
http://www.ngdc.noaa.gov/mag <horelines/ (Wessel and Smith, 1996). The map is
compiled using Global & apper™™.

Figure 8. Author-specifie 1.~_rvoir ages (R values, orange solid lines) for radiocarbon-dated
shells younger th. 24,000 cal yrBP from the Black (a) and Marmara (b) Seas, consistent
with constraints in Table 3. AR values (blue solid lines) are fixed at —100 "*C yr back to
the time when marine conditions similar to today became established; before this, AR
values are those required to adjust default Marine20 reservoir ages (from Heaton et al.,
2020) to the author-specified R values. Solid points correspond to actual calibrations

completed for this review (Table 2 and Supplementary material 2). R and AR values



employed before 24,000 cal yrBP can be determined from Table 3 and are listed for each
calibrated date in Supplementary material 2.

Figure 9. (a) High-resolution Huntec DTS seismic reflection profile showing the seismic
stratigraphic architecture of the latest Pleistocene—Holocene successions across the
southwestern Black Sea shelf. Seismic markers a, a0, al and 02, seismic stratigraphic
Units 1, 3, allostratigraphic Unit 1, and its allosubunits 1a, 1b, 1c and 1d are described in
the text. The folded and relatively steeper dipping package highlighted in yellow below
the a0 and/or a markers is Upper Miocene—Lower ™ zae successions (Aksu et al.,
2002a). Small red half-arrows indicate onlap. Reu ticks and numbers with F prefixes at
the base of the profile are navigational fixes. ™ue numbers in brackets next to fix
numbers are water depths taken from the ~.0(C35 multibeam bathymetry. (b) Index map
showing the position of the seis.nic profile. The map is compiled using data from
GeoMapApp (Ryan et al., 2009), >nd also shows authors' M05 multibeam profiles.

Figure 10. (a) High-resolution Fn.~~ DTS seismic reflection profile showing the seismic
stratigraphic architectm. ot the latest Pleistocene—Holocene successions across the
northeastern Marm~+a .a shelf. Seismic markers 15, seismic stratigraphic Units 1,
2, allostratigraph. > Units 1, 2 and their allosubunits 1a, 1b, 1¢c and 2a, 2b, mid-shelf deltas
Al and A2 are explained in the text. Red ticks and numbers with F prefixes at the base of
the profile are navigational fixes. Present water depths (blue letters in brackets next to fix
numbers) are taken from 2011 multibeam bathymetry. White circles with blue numbers
1-5 are seismic stratigraphic units of Hiscott et al. (2002). (b) Index map showing the

position of the seismic profile. The map is compiled using the topography data from



GeoMapApp (Ryan et al., 2009) and the SHOD multibeam mosaic for the northeastern
Marmara Sea shelf (adopted from Aksu et al., 2016).

Figure 11. (a) High-resolution Huntec DTS seismic reflection profile showing the seismic
stratigraphic  architecture of the Pleistocene—Holocene successions across the
southwestern Marmara Sea. Seismic markers al, 02, a3, seismic stratigraphic Units 1-3,
and allostratigraphic Units 1-3 are described in the text. Note that allounits 1 and 2 are
not further subdivided across the southwestern Marmara Sea shelf. Red ticks and
numbers with F prefixes at the base of the profile are ~a . ational fixes. Present water
depths (blue letters in brackets next to fix numb.+s) are taken from 2011 multibeam
bathymetry. (b) Index map showing the positic - of the seismic profile. The map is
compiled using the topography data fro.~ C eoMapApp (Ryan et al., 2009) and the
authors' high-resolution multibea.n dita (Aksu et al., 2018) placed over the SHOD
multibeam mosaic for the southw stern Marmara Sea.

Figure 12. Correlations between nist> and gravity cores across the southwestern Black Sea
shelf. All radiocarbon «~es \red numbers with arrows) are calibrated to calendar years
using the Marine?” >.rve and author-specified reservoir ages (Fig. 8, Table 3).
Allosubunits 1a—:1 are indicated next to the schematic core logs. The word "composite"
below the core number indicates that any core-top loss is accounted for by correlating the
piston and gravity cores at the same site and adjusting original depth assignments in the
piston core. At each core site the depths of the seismic markers a, a0, al and o2
(described in the text) are determined using Huntec DTS profiles, and converted from
milliseconds of two-way travel time (ms twt) to metres of sub-seabed depth (m) using a

1500 m s interval velocity. Note that the o unconformity is synonymous with the L-TS



(highlighted by a thick purple line). Index map at bottom shows the core locations along
a broadly WNW-ESE profile. The map is compiled using the topography and
bathymetry data from GeoMapApp (Ryan et al., 2009) and the authors' high-resolution
multibeam data (Flood et al., 2009; Hiscott et al., 2013) placed over the bathymetry data
from GeoMapApp.

Figure 13. Correlations between piston and gravity cores across the northeastern Marmara Sea
shelf. All radiocarbon ages (red numbers with arrows) aic ~alibrated to calendar years
using the Marine20 curve and author-specified roc=~1.zar ages (Fig. 8, Table 3).
Allostratigraphic subunits 1a—1d are indicated nexi "o the schematic core logs. The word
"composite" below the core number indicates tha' any core-top loss is accounted for by
correlating the piston and gravity cores ~t “ie same site. At each core site the depths of
the seismic markers B1 through B.: (d:scribed in the text) are determined using Huntec
DTS profiles, and converted fron. ms twt to m using a 1500 m s interval velocity. Core-
top losses for piston cores ~re *~asistent with magnetic susceptibility data, age models,
and seismic ties for corc M02-109P (see Aksu et al., 2016). Except for sapropel, most
sediments are biotr~ha.~ .. Note that the B3 unconformity is synonymous with the L-TS
(highlighted by « thick purple line). Except for core MD04-2750, logs are simplified
from author core-table descriptions. The MD04-2750 log is based on the unpublished
IFREMER report for cruise "Marmara VT/Marmacore 2" (co-chiefs G. Lericolais and P.
Henry; describer M. Muret). A2 and Al are the late Pleistocene and early Holocene
deltas, respectively (described in the text). Index map at bottom right shows the core

locations along a broadly NW—SE profile. The map is compiled using the topography



data from GeoMapApp (Ryan et al., 2009) and the SHOD multibeam mosaic for the
northeastern Marmara Sea shelf (adopted from Aksu et al., 2016).

Figure 14. Correlations between piston and gravity cores across the southwestern Marmara Sea
shelf. All radiocarbon ages (red numbers with arrows) are calibrated to calendar years
using the Marine20 curve and author-specified reservoir ages (Fig. 8, Table 3).
Allostratigraphic units 1 and 2 are indicated next to the schematic core logs. The word
"composite" below the core number indicates that the core-“op loss is accounted for by
correlating the piston and gravity cores at the same si*>  “ote that the allounits 1 and 2
are not further subdivided for the southwestern Ma. mara Sea shelf. At each core site the
depths of the seismic marker al (described in the * xt) are determined using Huntec DTS
profiles, and converted from ms twt to m u>'ng a 1500 m s interval velocity. Y2 = Cape
Riva eruption, ca. 18.13 "C ka (27.0° cal ka; Aksu et al., 2008). Index map at bottom
shows the core locations along a “~roadly W—E/E-W profile. The map is compiled using
the topography data from G~2N 2,App (Ryan et al., 2009) and the multibeam bathymetry
compiled from Rangin «* al. (2001) multibeam data for the deep water basins and the
SHOD multibeam =as.*_ for the southwestern Marmara Sea.

Figure 15. Chronostrat._ raphic chart, representing the unconformity-bounded sequences across
the southwestern Black Sea shelf. The time of reconnection at 9.47 cal ka is from
Ankindinova et al. (2019a). The evaporative drawdown of the Neoeuxine Lake is from
Ryan et al. (2003), Major et al. (2006) and Cohen et al. (2011). At 10.2 cal ka, a salt
wedge penetrated sufficiently deeply into the southern end of the Strait of Bosphorus that
bedload supply to the Holocene delta lobe in the northeastern Marmara Sea ceased (from

Aksu et al., 2016). Blue letters below the core labels are present-day water depths at core



sites determined using the multibeam data collected during the M05, M08 and M11
cruises. Ages of allosubunit 1a are conjectural. Pre-B = Preboreal (11.7-9.3 cal ka); YD
= Younger Dryas (12.9—-11.7 cal ka); BA = Bolling—Allered (14.8-12.9 cal ka). Index
map at top shows the core locations along a broadly WNW-ESE transect. The map is
compiled using the topography and bathymetry data from GeoMapApp (Ryan et al.,
2009) and the authors' high-resolution multibeam data (Flood et al., 2009; Hiscott et al.,
2013) placed over bathymetry data from GeoMapApp.

Figure 16. Chronostratigraphic chart, representing the uncor‘~,.22.y-bounded sequences across
the northeastern Marmara Sea shelf. Base-le.=l curves for the Propontis Lake
(subsequently the Marmara Sea) at the Bosphors ul (maximum and minimum) are from
Lambeck et al. (2007). The onsets of Blad! S.a outflow at ~17.2 cal ka and 11.1 cal ka,
resulting in the development of t 7o -aid-shelf strait deltas (i.e., Al and A2), are from
Aksu et al. (2016). Blue letters bolow the core labels are present-day water depths at core
sites, determined using the mu't‘oeam data collected during the M11 cruise. Pre-B =
Preboreal; YD = Young v Diyas; BA = Bolling—Allered. Index map at top shows the
core locations ale=~ o oroadly NW-SE transect. The map is compiled using the
topography data .-om GeoMapApp (Ryan et al., 2009) and the SHOD multibeam mosaic
for the northeastern Marmara Sea shelf (adopted from Aksu et al., 2016).

Figure 17. Chronostratigraphic chart, representing the unconformity-bounded sequences across
the southwestern Marmara shelf. Base-level curves for the Propontis Lake (subsequently
the Marmara Sea) at the Dardanelles sill (maximum and minimum) are from Lambeck et
al. (2007). Reconnection of the Propontis Lake with the Aegean Sea at 13.8 cal ka is

from Aksu et al. (2016). Blue letters below the core labels are present-day water depths



at core sites, determined using the multibeam data collected during the M11 cruise. Pre-
B = Preboreal; YD = Younger Dryas; BA = Bolling—Allered. Index map at top shows the
core locations along a broadly W-E/E-W transect. The map is compiled using the
topography data from GeoMapApp (Ryan et al., 2009) and multibeam bathymetry
compiled from Rangin et al. (2001) multibeam data for the deep water basins and the
SHOD multibeam mosaic for the southwestern Marmara Sea.

Figure 18. Map showing the Cape Emine region, western Bi.~k Sea, and an abandoned
recurved spit inferred to have developed by sustained c~u:%-directed longshore transport
when base level was at a stillstand of ~ —30 to —55 m during the early Holocene. The
gridded xyz data for the multibeam mosaic w ¢ downloaded from the EMODnet
Bathymetry  Consortium  site  (ht*p.” dci.org/10.12770/18ff0d48-b203-4a65-94a9-
5fd8b0ec3516), and displayed anc co’.toured using Global Mapper™. The topography
and —110 m isobath are extracte from GeoMapApp (Ryan et al., 2009), and compiled
using Global Mapper™. ("nactl’ne is from NOAA National Geophysical Data Center
(http://www.ngdc.noaa.g “/mgg/shorelines/ shorelines.html).

Figure 19. (a) High-res~lui~a Huntec DTS seismic reflection profile showing the shelf-
crossing unconfo. mities across the northeastern Marmara Sea shelf. Seismic markers f1—
6, and mid-shelf delta Al are explained in the text. Note the development of prominent
unconformities B3 and B5 best imaged across the shelf-edge. The p6 unconformity is
interpreted to be much older as it cuts a well-bedded, southerly-tilted succession. Note
the absence of shelf-edge deltas seaward of the early Holocene mid-shelf delta (A1). Red
ticks and numbers with F prefixes at the base of the profile are navigational fixes.

Present water depths (blue letters in brackets next to fix numbers) are taken from 2011



multibeam bathymetry. (b) Index map showing the position of the seismic profile,
compiled using the topography data from GeoMapApp (Ryan et al., 2009) and the SHOD
multibeam mosaic for the northeastern Marmara Sea.

Figure 20. (a) Isopach (in milliseconds of twt) of the early Holocene delta (Al). The thickest
deposits (36 ms = 27 m) form an elongate tongue which extends seaward from the exit of
the Strait of Bosphorus, and not from the mouth of the Kurbagalidere stream. (b) Isopach
(in milliseconds of twt) of the Late Pleistocene delta (A2). The position of a delta-top
feeder channel is marked by the white dashed line. Fizt - are adapted from Aksu et al.
(2016, their figures 16 and 17).

Figure 21. Schematic water-level histories of the Black “ca, Marmara Sea and the Aegean Sea
according to the Flood Hypothesis (a: Ry. .« e. al., 1997, 2003; Yanchilina et al., 2017)
and the Outflow Hypothesis (b: H :co’. et al., 2002, 2007a,b, 2017; Aksu et al., 2002a,b,
2016; Ankindinova et al.,, 202v, When the Mediterranean and Marmara curves are
superimposed but before th~ st of outflow from the Neoeuxine Lake (i.e., ~13.8-11.5
cal ka), the Marmara S was a rather stagnant embayment of the Mediterranean Sea.
According to the F,~ud Hypothesis, saline Marmara and Mediterranean waters
catastrophically ."ooded into the depressed Black Sea basin, and only afterwards did
Black Sea surface waters begin to flow outward across the gateway. The Flood
Hypothesis predicts a homogeneous Marmara Sea water column until ~9.5 cal ka with a
final turbulent stirring and flushing in of Mediterranean fauna and flora in the subsequent
torrent crossing the gateway. According to the Outflow Hypothesis, the surface of the
rising Neoeuxine Lake reached the shallow sill (likely ~ —45 m) toward the southern end

of the Strait of Bosphorus first, triggering a downslope cascade into the rising Marmara



Sea as the overspill depth reached, perhaps, —40 m or less—building the delta illustrated
in Figure 19. The Outflow Hypothesis predicts stratification and low oxygen conditions
in the Marmara Sea since ~11.5 cal ka, similar to today. Pre-B = Preboreal; YD =
Younger Dryas; BA = Bolling—Allerad.

Figure 22. Plot of calibrated radiocarbon age versus the depositional elevation (relative to
modern sea level) of 40 dated shells extracted from Memorial University of
Newfoundland cores raised from the southwestern Black Lon shelf. Thirteen calibrated
ages of lacustrine/brackish gastropods and bivalves (=>1- Zled circles) indicate that the
southwestern Black Sea shelf was inundated betwec » ~16.5 and 11 cal ka, within a period
when Ryan et al. (1997) and Yanchilina et al. (°uv"7) suggested that the Neoeuxine Lake
level was between —150 and <-120 m. 1.ureen calibrated ages of lacustrine/brackish
molluscs (yellow-filled circles) be we.n 11 and ~9.2 cal ka indicate that the Neoeuxine
Lake remained high prior to the | rported catastrophic flooding of these latter authors.

Figure 23. Isopach map (in ms *vt) ~. the lower Holocene seismic stratigraphic subunit 1b
(corresponding to sedin. mtairy allosubunit 1b) across the southwestern Black Sea. The
data are contoure? u-*ag Global Mapper™. Coastline is from NOAA National
Geophysical Da.~ Center (http://www.ngdc.noaa.gov/mgg/shorelines/shorelines.html).

The =50 m and =100 m isobaths are from Intergovernmental Oceanographic Commission

(1981). Black dotted line shows the area underlain by gas-charged sediments (cf. Fig. 9).
Map is adapted from Ankindinova et al. (2020).

Figure 24. Paleobathymetry/paleotopography maps (in 5 m contour intervals) showing the
effects of the latest Pleistocene—early Holocene transgression across the southwestern

Black Sea shelf. Panels a—f (here and Figs. 25, 26) were constructed assuming a constant



rate of sedimentation between 12.5 cal ka and 7.5 cal ka, and that base levels were at —75
m, —65 m, —35 m, —30 m, —20 m and —10 m at 12.5 cal ka, 11.5 cal ka, 10.5 cal ka, 9.5 cal
ka, 8.5 cal ka and 7.5 cal ka, respectively. At~12.5 cal ka (i.e., reflector a time; panel a),
part of allosubunit 1a (50% assumed) and all of allosubunits 1b—1d had not yet been
deposited. Hence, the water depth at every fix point on the map was calculated by
subtracting 75 m from today's depth, then adding the combined thicknesses of 50% of
allosubunits 1a and 100% of 1b—1d (panel a). For panel b (1.o . ~11.5 cal ka), water depth
at every fix point on the map was calculated by subtra~tng 75 m from today's depth, then
adding the combined thicknesses of allosubunits 1v 1c and 1d to extend the paleo-water
depth downward from the modern seabed to the u. ~e of subunit 1b. The maps were then
compiled, colour-shaded and contoured 1s.~ g ¢5lobal Mapper™™. Present-day coastline is
from NOAA National Geophy ica’ Data Center (http://www.ngdc.noaa.gov/mgg/
shorelines/shorelines.html). The datum for each map is the contemporary local base
level. Paleo-shoreline (base 'ev >T’ assumed.

Figure 25. Paleobathymetry/p ~leowopography maps (in 5 m contour intervals) showing the
effects of the lates* tI~istocene—ecarly Holocene transgression across the southwestern
Black Sea shelf. See the Figure 24 caption for more details. For panel ¢ (i.e., ~10.5 cal
ka), water depth at every fix point on the map was calculated by subtracting 35 m from
today's depth, then adding the combined thicknesses of 4/5 of allosubunit 1b, and all of
allosubunits 1c and 1d. For panel d (i.e., ~9.5 cal ka), water depth at every fix point on
the map was calculated by subtracting 30 m from today's depth, then adding the
combined thicknesses of 3/5 of allosubunit 1b, and all of allosubunits 1c¢ and 1d. The

different fractions used are based on the chronology of the various allosubunits deduced



from core records (Fig. 12). The datum for each map is the contemporary local base
level. Paleo-shoreline (base level) assumed.

Figure 26. Paleobathymetry/paleotopography maps (in 5 m contour intervals) showing the
effects of the latest Pleistocene—early Holocene transgression across the southwestern
Black Sea shelf. See the Figure 22 caption for more details. For panel e (i.e., ~8.5 cal
ka), water depth at every fix point on the map was calculated by subtracting 20 m from
today's depth, then adding the combined thicknesses of 2/, ~f allosubunit 1b, and all of
allosubunits 1c and 1d. At 7.5 cal ka (i.e., ~al time: 712! f) sea level was 10 m lower
than today (Lambeck et al., 2007; Fig. 21), but ali. subunits 1d and 1c had not yet been
deposited. Hence, the water depth at every fix voint on the map was calculated by
subtracting 10 m from today's deptk, ‘ne1 adding the combined thicknesses of
allosubunits 1d and lc. The diffe ent rractions used are based on the chronology of the
various allosubunits deduced fro.n core records (Fig. 12). The pale pink mask over the
saline channel demarcates t»e 1>c1on where the modern seafloor has been eroded below
the al level (to a or ac) creating a morphology that did not exist during a time, but
started to develop ‘n.>~cdiately prior to al time. The datum for each map is the
contemporary loc. ! base level. Paleo-shoreline (base level) assumed.

Figure 27. (a) High-resolution Huntec DTS seismic reflection profile showing >3 km of delta-
front progradation during a base-level rise of at least 8 m, but likely >8 m to explain the
eventually abandonment of the lobe as it was overtaken by the water-level rise. This
situation is unexpected for river deltas (see the text for further explanation). The blue-
highlighted delta-top wedge accumulated while the lobe was prograding seaward, so is

interpreted as fluvial and floodplain facies. Seismic markers 1, B5S, and mid-shelf delta



Al are explained in the text. Red ticks and numbers with F prefixes at the base of the
profile are navigational fixes. Present water depths (blue letters in brackets next to fix
numbers) are taken from 2011 multibeam bathymetry. (b) Index map showing the
position of the seismic profile, compiled using topography data from GeoMapApp (Ryan
et al., 2009) and the SHOD multibeam mosaic for the northeastern Marmara Sea. (c)
Mouth of the Kurbagalidere stream downloaded from https://www.diken.com.tr/wp-
content/uploads/2015/11/kurbagali-dere-kadikoy4.jpg.

Figure 28. (a) Detail of 8—11 cal ka portion of the *’Sr/**Sr 2w o Ankindinova et al. (2019a)
to better portray the initial sharp rise in the isotop.~ ratio and the character of the older
"plateau" (flagged by a red bar) used in modelling <xercises. One data point (*) falls off
the smoothed trend and is considered an 7i*de . A—D segments of the plot are alternately
coloured and are explained as evc uti-nary stages in the text. (b) Full M02-45 *’Sr/**Sr
data (blue points; 1o error bars- - £0.000014) of Ankindinova et al. (2019a) compared
with Major et al. (2006) ar< Y =»-.chilina et al. (2017) data mostly from coquina layers.
Bold orange line represc. ts smoothed *'Sr/*Sr evolution of basin water, and is the basis
of interpretation in *h1s = view.

Figure 29. Plots for Clack Sea composite core M02-45 of benthic foraminifera Ammonia
compacta and A. tepida, Porosononion spp., Coccolith Emiliania huxleyi, freshwater
algae Pediastrum and Botrycoccus, Ponto-Caspian ostracods (sum of Tyrrhenocythere
amnicola, Candona schweyeri, Loxoconcha lepida and L. sublipida, and Amnicythere
olive) and Mediterranean ostracods (sum of Palomochonca agilis, Hiltermanicythere
rubra, Carinocythereis carinata, and Leptocythere spp.), dinoflagellate cysts Spiniferites

cruciformis, Lingulodinium machaerophorum (sensu lato) and Mediterranean dinocysts



(sum of S. belerius, Operculodinium centrocarpum, S. bentorii, S. mirabilis and S.
ramosus), all expressed as percentages of the total respective faunal/floral assemblages.
The depth-to-age conversion was made using 16 radiocarbon ages, calibrated to calendar
years. Blue dashed lines indicate the depths of dated shells. Original data are largely
from Hiscott et al. (2007a).

Figure 30. Plots for Marmara Sea core M98-09 of brackish benthic foraminifera (sum of
Ammonia compacta, A. beccarii, A. tepida), marine beothic foraminifera (sum of
Breziliana spp., Bulemina elongate, B. marginata, B ~~u!-ate, B. costata), oxic bottom
water indicator benthic foraminifera (sum of Ammcvia compacta, A. beccarii, A. tepida,
Hyalina balthica, Quinqueloculina spp., Biloci... -lla spp., Sigmoilinita tenuis, Lagena
striata, Lagena  semistriata, Disroivzlla  bertheloti, Lobatula  lobatula,
Globocassidulina  subglobosa, “al ulina spp., Cibicides spp., Rosalina spp.,
Spiroloculina excavate, Gavelu.~vsis praegeri, Planorbulina medlterranea), dysoxic
bottom water indicator benthic "~ aminifera (sum of Breziliana spp., Bulemina elongate,
B. marginata, B. acule.te, solivina spp., Astigerinata mammilla, Chilostomella spp.,

Cassidulina carin-*a, ©

. crassa, Globobulimina spp., Fursinkoina acuta), Coccolith
Emiliania  huxte i, dinoflagellate cysts Spiniferites cruciformis, Lingulodinium
machaerophorum (sensu lato), Pinus, Polypodiaceae and shrubs, and planktonic
foraminifera (sum of Turborotalia quinqueloba, Globigerina bulloides and
Neogloboquadrina pachyderma), all expressed as percentages of the total respective
faunal/floral assemblages. The depth-to-age conversion was made using 6 radiocarbon

ages, calibrated to calendar years. Also shown are the oxygen and carbon isotopic

compositions in benthic foraminifera Neocarinata crassa, total organic carbon (TOC)



and the abundance of opaline silica fractions in the core. Blue dashed lines indicate the
depths of dated shells. Original data are largely from Aksu et al. (2002b). Distinction of
lower and upper mud drape from Hiscott et al. (2017).

Figure 31. Summary of paleoceanographic conditions believed to be responsible for sapropel
development in the Aegean and Marmara Seas: S1 and M1 respectively. See text for
details.

Figure 32. Spatiotemporal distribution of (a) winter sea surface .xygen isotopic composition
(8"%0w), (b) winter sea surface salinity (SSSw) and /=) .“iater sea surface temperature
(SSTw) across the Aegean Sea since 16 cal ka. S_Sw and SSTw are extracted from the
Mediterranean-based planktonic foraminiferal tra.. ier function results published in Aksu
et al. (1995b) and isler et al. (2016b). Tne §'*Ow estimates for the M91 cores are
adopted from Aksu et al. (1995c), vhe.eas those for the M03 cores are calculated for this
review using the procedure expicined in Aksu et al. (1995¢). Note that these estimates
reflect first-order variatione of tre surface water oxygen isotopic composition, but not
absolute values. The ag. models of Aksu et al. (1995c¢) and Isler et al. (2016b) were used
to obtain calibrate” a_~s for the data points, which were then re-contoured for this
manuscript using Global Mapper'™. The gray shade represents sapropel S1. Core
locations are shown in Fig. 1.

Figure 33. (a) Bathymetric map of the saline channel area in the southwestern Black Sea.
Multibeam bathymetry, collected during M05, M08 and M11 cruises (Flood et al., 2009;
Hiscott et al., 2013; Ankindinova et al., 2020), is superimposed on bathymetry extracted
from EMODnet data (http://www.emodnet-hydrography.eu/) for the Black Sea (Ryan et

al., 2009). (b) Saline bottom water dispersal pathways are highlighted in red.



Figure 34. Maps showing (a) Turkish Navy, Office of Navigation, Hydrography and
Oceanography multibeam imagery over the southern sector of the Strait of Bosphorus and
its shallowest sill, (b) the same area contoured with 1 m spacing, (c) a simplified view
showing locations of deepest points along two corridors across the —37 to —38 m sill, (d) a
longitudinal seismic reflection profile (located in map a) showing a southwest-prograded
clinoform succession immediately below the 1 reflector. The profile is adopted from
Alavi et al. (1998). Correlations with f1, f2 and Al a~ from Aksu et al. (2016).
Location is shown in panel (a).

Figure 35. (a) High resolution multichannel seismic reflec ion profile across the southern sector
of the Strait of Bosphorus and (b) interpretation. »f the seismic reflection profile (both
adopted from Yilmaz et al., 2018) shovi. « 2 thick sedimentary fill deposited over the
Carboniferous Trakya Formation { .or. et al., 2016). Bl and B2 are prominent reflectors
defined by Aksu et al. (2016), an transferred from the crossing seismic profile in Figure
34. Al= early Holocene del » and correlative units. DS02-DS12 are engineering
boreholes. Location is s. own in panel (a) of Figure 34.

Figure 36. (a) Map showi~o . inferred paleogeography of the Marmara Sea (Propontis Lake),
southwestern Bla-k Sea (Neoeuxine Lake) and northeastern Aegean Sea at 16.5 cal ka
(17.2-15.7 cal ka). The Neoeuxine Lake was swollen by meltwaters originating from
deglaciation of the southeastern margin of the Scandinavian Ice Sheet and was
discharging into the isolated Propontis Lake, raising its base level to at least —68 m
(above the top of outflow delta A2). The Propontis Lake emptied through the Strait of
Dardanelles into the Aegean Sea (i.e., global ocean) which stood at ~—100 m (Lambeck

et al., 2014). (b) Map for 13.8 cal ka when saline waters of the Aegean Sea began to



enter the Propontis Lake. Between 15.7 cal ka and 13.8 cal ka both the Propontis and
Neoeuxine Lakes experienced evaporative drawdown, which caused their base levels to
stand at ~ —73 m and —110 m, respectively. The rise of global sea level to the breach
depth of the Strait of Dardanelles at =75 m (Aksu et al., 2016) allowed reconnection
between the Aegean Sea and the Propontis Lake, creating the Marmara Sea embayment
with quick salination due to its small volume. The region occupied by the Strait of
Bosphorus was subaerially exposed during this time.

Figure 37. Maps showing the paleogeography of the Mar~~t. Sea, southwestern Black Sea
(Neoeuxine Lake) and northeastern Aegean Sea du. ng (c¢) 12.5 cal ka when the Marmara
Sea was saline but without driving forces to create -ieep circulation, and (d) at 11.1 cal ka
after the Neoeuxine Lake had risen 5-10 1. above the breach depth of the Bosphorus sill
at ~ —45 m and vigorous outflow :to .he Marmara Sea had started (yellow arrow). The
Marmara and Aegean Seas both s>“00d at ~—43 m but by 10.2 cal ka had climbed to ~ —35
m. Outflow from the Neoer~in* ake continued into the Aegean Sea, maintaining water-
column stratification in .. ¢ Marmara Sea.

Figure 38. (¢) Map showi~g ‘:¢ paleogeography of the Marmara Sea, southwestern Black Sea
(Neoeuxine Lakc) and northeastern Aegean Sea during ~9.5 cal ka when the surface
outflow from the Strait of Bosphorus had diminished enough to allow the initial
penetration of saline water into the lake as an underflow, resulting in its progressive
salination and conversion to what we know as the Black Sea. Complementary two-way
flow grew in importance across the Strait of Dardanelles. (f) Map for 8.0 cal ka when
global sea level reached —15 m. This shortly follows the establishment of robust and

continuous two-way flow across both the straits of Bosphorus and Dardanelles. Saline



inflow redistributed fine-grained sands and silts on the shelf beyond the northern exit of
the Strait of Bosphorus to sweep clean the floors of a network of channels and to build
levées of the Saline Channel system. The sediment itself was largely advected into the

area from the west by the Rim Current (Hiscott et al., 2013).



Table 1.

independent gravity core, P= piston core, T= trigger weight core.

Coordinates, core lengths and water depths of cores used in this study.

Core identifier Latitude Longitude
Core length (cm) | Water depth (m)

SW Black Sea shelf
MO02-45T 41°41.170'N | 28°19.080'E 183 —69
MO02-45P 41°41.170'N | 28°19.080'E 851 —69
MO05-03P 41°40.878'N | 28°19.024'E 588 —68
MO05-04G 41°09.947'N | 31°07.715'E 171 =75
MO05-05G 41°13.105'N | 31°16.432'E 230 =77
MO05-07P 41°13.028'N | 31°16.373'E 80 =77
MO05-13P 41°09.987'N | 31°07.686'E 813 =75
MO05-19P 41°33.948'N | 28°53.670'E 960 -94
MO05-19G 41°33.961'N | 28°53.719'E 163 —-94
MO05-22P 41°32.416'N | 28°48.854'E ) —86
MO05-22T 41°32.416'N | 28°48.854'E 21 —86
MO05-44P 41°27.529'N | 29°10.004'E Y.2s —82
MO05-44G 41°27.529'N | 29°10.004'E | 208 —82
MO05-50P 41°29.634'N | 29°04.445'E | 760 -91
MO05-51G 41°29.471'N | 29°04.397 .+ | 159 -93
M11-08T 41°22.787'N | 29°01.0'7' . 272 =77
M11-09T 41°21.123'N | 29°01.018 190 —76
M11-15G 41°22.657'N | 29°11."22'E 251 —71
MI11-16P 41°22.663'N | 29°1'."15'E 735 =70
M11-22P 41°21.118'N | 29°(1983"'E 299 =75
M11-23P 41°22.7784'N | 29°¢1.060'E 517 =77
M11-29G 41°30.007'N ' 25°56.160'E 216 —83
M11-30P 41°29.978'N | 28°56.188'E 673 —83

NE Marmara Sea shelf
M98-07G 40° 50 9,, N | 29°00.983' E 238 —95
M98-09G 40° 55 ?57'N | 28° 56.803' E 130 —64
MO02-109P | 40° 55.490' N | 28° 57.109' E 200 —62
MO02-110P | 40° 55.605' N | 28°57.100' E 309 —62
MO2-111P | 40° 55.306' N | 28° 56.125'E 409 —72
MO08-18G 40° 56.707' N | 28° 56.155'E 146 —67
MO08-19G 40° 55.305' N | 28° 56.122' E 161 —73
MO08-20G 40° 55.585'N | 28°57.107'E 152 —62
MI11-032P | 40° 56.685' N | 28° 56.141' E 525 —62
MI11-031G | 40°56.703' N | 28° 56.151' E 137 —62
M11-033G | 40° 55.562' N | 28° 58.682' E 180 —47
MI11-034P | 40° 55.560' N | 28° 58.675'E 571 —47
M11-040G | 40°56.470' N | 28° 56.414' E 153 —60
MI11-041P | 40°56.487'N | 28°56.411'E 345 —60

G:



S and SW Marmara Sea

M97-11G 40°39.200' N | 28°22.670'E 237 —-111
MO02-088P | 40°37.989'N | 28° 50.848' E 682 —354
MO02-089P | 40°40.303' N | 28° 51.389'E 806 -257
MO02-090P | 40°49.520'N | 28° 16.975'E 852 —635
MO02-102P | 40° 50.187'N | 27° 45.439'E 969 -567
MO02-103P | 40° 34.852'N | 27° 27.810'E 440 =72
MO02-106P | 40°27.216'N | 27° 02.334'E 593 —61
M14-16P 40°39.219'N | 28°22.724'E 668 -112
M14-21G 40° 34.868' N | 27°27.823'E 153 73
M14-26G 40°27.228'N | 27° 02.367'E 149 —61
Aegean Sea
MI1-03G 40° 08.100'N | 24° 51.160'E 150 —685
MI1-05G 37°19.020' N | 26° 06.080' E 15 —430
MI1-19G 39°16.030' N | 24° 50.030' E Y -380
MI1-20G 38°26.120' N | 24° 58.100' E 15y —630
MI1-22G 35°45.150'N | 26°45.190' E 135 —820
MO03-02P 38°03.970'N | 26°22.300'E | 813 —398
MO03-03P 37°51.720'N | 25°49.170'E | 604 —720
MO03-25P 37°10.360"N | 26° 26.5,0"' . 629 —494
MO03-27P 38°18.680' N | 25° 18.97v E 1032 —651
MO03-28P 39°01.020'N | 25° 0. 480'E 826 —453




Table 2. Accelerator mass-spectrometer (AMS) 14C dates (+10) and calibrated equivalents as
calendar years (1) for shells from the cores used in this study. Calibration uses the Marine20
curve of Heaton et al. (2020) with reservoir values (R) and local departures from default
reservoir values (AR) provided in Table 3 and Figure 8 and justified both in the text and in
Williams et al. (2018). TO = IsoTrace Radiocarbon Laboratory Accelerator Mass Spectrometry
Facility University of Toronto; UCIAMS = Radiocarbon Dating Laboratory Université Laval via
KECK Carbon Cycle AMS Facility University of California Irvine; BETA = Beta Analytic Inc.,
Miami Florida, USA. G= gravity core P= piston core, T= trigger weight core. Dates with SACA
and OS laboratory numbers in core MD04-2750 are from Eris et al. (2007). * = articulated shell;
** = composite core (discussed in the text; also see Ankindinova et al., 2020); *** = these dates
are used together with the age of the Z2 tephra at 3.6 cal ka in the ' :-velopment of age models for
the Aegean Sea cores.

Core Depth (cm) Dated uncalibrat | cali'wrav:d AR Lab number
Identif material ed
ier core | true “c yr BP | «lyr BP | Marin
| €20

SW Black Sea shelf -

MO02-45** (M02-45T + M02-45P + M05-03P) /o

MO02- Spisula + +

45T 92 | 92 | subtruncata 73050 | 29090 | -100 | TO-11433

MO02- Spisula + +

45T 145 | 145 | subtruncata 770 | 50 | 330 | 80| —100 | TO-11434

MO02- Spisula + +

45P 33 | 143 | subtruncata W g 730 | 40 | 295 |85 | —100 | TO-11435

+

MO02- + 198 | 10

45P 158 | 268 | Mytilus edu."s 2400 | 60 515 —100 | TO-11006
Mytilu«

MO02- gcllo,rov ncia + 538 | +

45P 174 | 284 | lis 5115 | 20 5170 | —-100 | UCIAMS-85907

MO2- + 546 | +

45P 220 | 330 | Mytilus edulis 5190 | 50 0|85| —-100 | TO-11436
Mpytilus

MO2- galloprovincia + 622 | £

45P 302 | 412 | lis 5900 | 60 5195] -100 | TO-11437

MO02- Monodacna + 802 | +

45P 406 | 516 | pontica. 7560 | 60 0190 | —175 | TO-11438

+

MO2- Euxinipyrgula + 902 | 12

45P 495 | 605 | sp. 8380 | 70 515 —200 | TO-11142
Didacna

MO02- ?praetrigonoid + 941 | +

45P 569 | 679 | es 8570 | 70 5190 | -340 | TO-11439




MO2- + 945 | +
45P 639 | 749 | Didacna spp. 8620 | 70 5195 =335 | TO-11440
+
MO02- Dreissena + 959 | 11
45P 754 | 864 | rostiformis 8840 | 70 00 —230 | TO-11441
+
MO2- Dreissena + 103 | 12
45P 810 | 920 | rostiformis 9370 | 70 90| 0 =305 | TO-11007
+
MO2- Dreissena + 103 | 11
45P 822 | 932 | polymorpha 9340 | 70 5515 =300 | TO-11442
MO2- Theodoxus + 998 | 13
45P 835 | 945 | spp. 9070 | 70 5 5 260 |TO-11443
MO5- + | 7720 =
03P 183 | 485 | Cardium edule 681025 | S ’ 75| —100 | UCIAMS-85908
+
MO5- Adacna + J27 | 11
03p 226 | 528 | ?laeviuscula 7785 | 2¢ 510 -145 | UCIAMS-85911
MO5- Monodacna e 902 | +
03p 342 | 644 | caspia 874 175 0|80 | -230 | UCIAMS-85910
MO5- + 105 | +
03p 678 | 980 | Dreissena spp. 9510 | 25 85180 | 295 | UCIAMS-85909
MO5- 101 + 121 | +
03p 712 | 4 | Dreissenaspp. | 1047530 30| 80 | —385 | UCIAMS-85912
MO05-07%* (M05-05G + M05-07P) A
+
MO5- Turricaspia + 962 | 10
07pP 706 | 716 | spica 8870 | 60 515 -230 | TO-12718
+
MO5- Turri as; ia + 119 | 16
07P 748 | 758 | spuoa 10370 | 80 90 | 5 —400 | TO-12832
+
MO5- Turricaspia + 161 | 15
07pP 792 | 802 | spica 14770 | 90 90 | 5 685 TO-12833
+
MO5- Turricaspia + 156 | 16
07P 851 | 861 | spica 14300 | 90 3515 645 TO-12719
MO05-13P** (M05-04G + M05-13P)
+ +
MO5- bivalve 10 | 742 | 11
13P 647 | 687 | fragments 7020 | O 510 -100 | TO-12912
MO5- Turricaspia + 954 | £
13P 696 | 736 | spica 8740 | 70 0|80 | -290 | TO-12834
MO5- Turricaspia + 129 | £
13P 757 | 797 | spica 11560 | 41 30 | 44 -20 TO-12835




0 5
MO5- bivalve + 112 | +
13P 784 | 804 | fragments 9870 | 90 15190 | -380 | TO-12835
MO05-19** (M05-19G + M05-19P)
T
0]
-1
2
+ 7
MO5- Cerastoderma + 177 | 10 2
19G 31 | 31 | lamarcki 2230 | 60 510 -100 |2
T
O
-1
2
+ 7
MO5- Mactra + 48 | 10 2
19G 132 | 132 | corallina 4390 | 57 L 515 -100 |3
T
0]
-1
2
7
MO5- Cerastoderma + 258 | + 2
19P 36 | 36 | lamarcki 2880 | 50 0195| -100 |5
T
0]
-1
2
+ 7
MO5- Mactr. + 519 | 11 2
19P 149 | 149 | co.ali'ma 4960 | 60 015 -100 |4
T
@)
-1
2
+ 7
MO5- + 855 | 11 2
19P 211 | 211 | white mussels 8070 | 60 510 -180 |6
T
0]
-1
2
+ + 7
MO5- Dreissena r. 29 | 366 | 34 2
19P 318 | 318 | distincta 32360 | 0 40| 0 —-644 |7




T
O
-1
2
+ + 7
MO5- Dreissena r. 44 | 414 | 29 2
19P 445 | 445 | distincta 36590 | 0 90 |5 | —1215 |8
T
O
-1
2
+ ' 7
MOS5- bivalve 28 | 363 | 31 2
19P 556 | 556 | fragments 32040 | 0 65 0_I —-675 |9
| T
| 0
-1
‘ 2
+ + 7
MO5- Dreissena r. 1 43 | 419 | 22 2
19P 685 | 685 | distincta 37250 1 C 855 | —1430 |3
MO05-22** (M05-22T + M05-22P) N\ N\
MO5- | 669 | 730 | White mussel 9290 | £ | 102 |+ 280 | T
22P 60 |80 |10 O
0 -1
2
9
| 1
_ 4
MO05-50** (M05-51G + M05 50k
Mytil +
MO5- gu!lop vov.ncia + 222113
50P 44 | 94 | lis 2590 | 90 0|5 —100 | TO-13095
Mytius
MO5- galloprovincia + 301 | 10
50P 180 | 230 | lis 3240 | 50 0]0 —100 | TO-13096
Mytilus
MO5- galloprovincia + 344 | £+
50P 200 | 250 | lis 3590 | 15 0|70 | —-100 | UCIAMS-96128
Mpytilus
MO5- galloprovincia + 302 | 11
50P 279 | 329 | lis 3250 | 70 515 —100 | TO-13097
Mytilus
MO5- galloprovincia + 413 | =
50P 310 | 360 | lis 4130 | 20 5185| —100 | UCIAMS-96127
MO5- | 340 | 390 | Mytilus 4320 | + 438 | £ —100 | TO-13098




50P galloprovincia 60 5011
lis 5
Mpytilus +
MO5- galloprovincia + 561 | 10
50P 435 | 485 | lis 5330 | 70 515 —100 | TO-13099
MO5- foraminifera/o + 819 | +
50P 550 | 600 | stracod 7710 | 40 090 | —-180 | BETA305920
MOS5- foraminifera/o + 933 | £
50P 620 | 670 | stracod 8540 | 50 0]90| 275 | BETA305921
MOS5- foraminifera/o + 802 | £
50P 625 | 675 | stracod 7570 | 40 0]80| —-170 | BETA307981
+ £
MO5- Dreissena 11 | 112 ] 16
50P 670 | 720 | polymorpha 9880 | 0 35 5 380 | TO-13100
xT
MOS5- + L7
50P 737 | 785 | Dreissena spp. 10270 |90 | R0 |5 —430 | TO-12915
Mpytilus +
MO5- galloprovincia + 306 | 10
51G 145 | 145 | lis 328751 60 0|5 —100 | TO-13101
M11-16** (M11-15G + M11-16P)
Mpytilus
MI11- galloprovincia + 267 | £ UCIAMS-
15G 223 | 223 | lis 2955 15 5170 —100 | 116467
Mpytilus
Ml11- galloprovincia + 257 | £ UCIAMS-
16P 68 | 208 | lis + 2865 | 10 0]80| —100 | 116468
Mytilus
MI11- galloprovi-ci. + 580 | £ UCIAMS-
16P 689 | 829 | lis B 5510 | 20 0|75] —100 | 116469
M11-22** (M11-09T + M"1-.2P)
Ml11- + 685 | + UCIAMS-
09T 117 | 117 | Cyclo, es spp? 6470 | 20 0]80| —100 | 116459
MIl11- Spisula + 395 | + UCIAMS-
22P 51 | 91 | subtruncata 3990 | 20 0]80| —100 | 116470
+ +
MIl11- Dreissena 25 | 123 | 31 UCIAMS-
22P 239 | 279 | rostiformis 10670 | 1 5515 -390 | 116471
M11-23** (M11-08T + M11-23P)
Ml11- + + UCIAMS-
08T 178 | 178 | Abra alba 1130 [ 20 | 625 | 55| —100 |209113
Ml11- Cyclope + + UCIAMS-
08T 227 | 227 | donovania 1445120 | 930 | 70 | —100 | 209114
MI11- Nuculana + 384 | + UCIAMS-
08T 253 | 253 | commutata 3910 | 15 0|80 | —100 | 209117
MI11- | 264 | 264 | Monodacna 7870 | + 835 | £ -210 | UCIAMS-




08T pontica 20 0| 60 116458
Ml11- + + UCIAMS-
23P 45 | 170 | Cyclopes spp? 990 | 25 | 525|160 | —100 | 116472
+ +
Ml11- 25 | 102 | 37 UCIAMS-
23P 270 | 395 | Cyclopes spp? 9190 | 6 2510 -345 |116473
MI11- Dreissena + 100 | £ UCIAMS-
23P 366 | 491 | polymorpha 9105 | 25 75180 | —290 |209118
+
MIl11- Dreissena + 122 ] 12 UCIAMS-
23P 464 | 589 | polymorpha 10555 | 25 8510 -387 | 116474
Other cores
’ +
MOO0- + 822 10
06G 124 | 124 | Mytilus spp. 7770 | 70 v, L -150 | TO-9138
Mpytilus #
MO5- galloprovincia + 27 £
10P 46 | 96 | lis 6970 | 6C 5185 185 TO-12720
+ +
MO5- 111 | 102 | 17
41G 150 | 150 | white mussels 915, !4 000 -355 | TO-12837
+
MOS- Dreissena + 113 | 10
09G 126 | 126 | polymorpha 1c045 | 25 80 |5 -350 | UCIAMS-72971
MOS- Spisula + 822 | £
12G 140 | 140 | subtruncata 7305 | 20 0|65 -100 | TO-9138
Ml11- Monodacna + 833 | £ UCIAMS-
07P 142 | 387 | pontica 7805 | 25 5165 230 | 116456
MIl11- Dreissena + 124 | £ UCIAMS-
07P 272 | 387 | rostiforn.is 10650 | 25 75190 | 430 | 116457
MIl11- Dreis sen. + 127 | £ UCIAMS-
11P 358 | 438 | ros.fo. s 11215 | 25 55160 210 | 116466
NE Marmara Sea shelf
M98-07
72 | 72 + +
MO8- 10 | 173 | 18
07G White mussel 15210 | O 30| 5 195 TO-7785
95 | 95 + +
MO98- Dreissena r. 79 | 459 | 75
07G distincta 43550 | 0 5515 —-820 | TO-8455
119 | 119 + +
MO8- 61 | 444 | 49
07G White mussel 41480 | O 6510 -1055 | TO-7786
180 | 180 + +
MO8- 61 | 446 | 47
07G White mussel 41900 | 0 90 | 5 -925 | TO-7787




217 | 217 + +
M9S8- 59 | 434 | 47
07G White mussel 40460 | 0 3515 -785 | TO-7788
M98-09
MO9S8- 35 | 35 +
09G + 462 | 11
Anomia spp. 4500 | 60 510 -100 | TO-7789
MO9S8- 42 | 42 +
09G + 646 | 10
Nuclea nucleus 6120 | 70 0|5 —100 | TO-8455
MO98- 52 | 52 + +
09G Varicorbula 10 | 941 | °3
gibba 8810 | 0 015 -100 | TO-8456
MO9S- 60 | 60 +
09G + 975 15
Turritella spp. 9070 |70 | S 1 -100 | TO-7790
M98- 94 | 94 +
09G + 08 | 15
Turritella spp. 9840 | 8" 0510 -100 | TO-7791
M98- | 113 | 113 +
09G = 11312
Mytilus spp. 2.0 170 2515 -100 | TO-7792
M02-109** (M08-20G + M02-109P)
152 | 287 | Mytilus +
MO02- galloprovincia + 113 | 15
109P lis 10220 | 90 3510 -100 | TO-11655
164 | 299 + +
MO02- 11 | 162 |18
109P Bivalve N 14520 | 0 9 | 0 350 TO-11656
MOS- 77 | 77 + 552 | £+
20G Nucu'a s, . 5255 |15 5170 | —-100 | UCIAMS-66263
MOS- 97 | 97 + 926 | +
20G Abra  lba 8670 | 15 5180 | —100 | UCIAMS-66264
MO8- | 121 | 121 + 975 | +
20G Spisula spp. 9095 | 20 5195| —-100 | UCIAMS-66262
M02-110** (M08-20G + M02-110P)
67 | 102 | Dosinia
MO2- lupines, C. + 555 |+
110P gibba 5280 | 50 5/90| —-100 | TO-12707
MO2- | 117 | 157 | Varicorbula + 717 | £
110P gibba 6760 | 60 0(95] -100 | TO-12708
148 | 188 +
MO02- D.lupinus, + 979 | 13
110P Corbula gibba 9110 | 70 015 -100 | TO-12709
MO02- | 186 | 226 + 103 | +
110P Turritella spp. 9480 | 60 00| 10| —-100 | TO-12710




5

223 | 263 +

MO2- + 105 | 12

110P Turritella spp. 9650 | 60 05]0 —100 | TO-12711
275 | 315 + +

MO2- 10 | 118 | 19

110P Cardium edule 10580 | 0 5515 —100 | TO-11149

MO8- | 46 | 46 + 102 | £

19G Turritella spp. 9480 | 25 90| 75| —-100 | UCIAMS-61352
100 | 100 | Mytilus +

MOS- galloprovincia + 119 | 11

19G lis 10660 | 25 80 | ¢ —100 | UCIAMS-61345
156 | 156 +

MO8- Acanthocardiu + 119 11

19G m spp.* 10650 | 25 (J_:_D | 100 | UCIAMS-61356

MO02-111** (M08-19G + M02-111P

MO2- 16 | 66 + 2+

111P Turritella spp. 9455 | 2: 60 | 75| —-100 | UCIAMS-61349
71 | 121 | Mytilus +

MO02- galloprovincia | + 117 | 18

111P lis 10720 ' 20 5010 —100 | TO-11657
127 | 177 +

MO02- Parvicardium + 116 | 17

111P exiguum 10460 | 90 5515 —100 | TO-11658
284 | 334 + +

MO02- Cardium 10 | 123 |16

111P edule* + 10950 | 0 7510 —100 | TO-11150
156 | 406 | Mytilus +

MO02- galloprovi-ci. + 129 | 11

111P lis B 11560 | 90 7510 —100 | TO-11659

M11-34** (M11-33T + M"1-_4r)

MI11- | 145 | 160 + 562 | + UCIAMS-

33G Turrit lla spp. 5340 | 20 0]75| —-100 | 129795

Ml11- | 157 | 212 | Corbula + 723 | £ UCIAMS-

34P gibba* 6815 | 20 0]70] —100 | 129796

MIl11- | 246 | 301 | Corbula + 886 | + UCIAMS-

34P gibba* 8365 | 20 0|85] —-100 | 129797

MIl11- | 359 | 414 | Corbula + 952 | £ UCIAMS-

34pP gibba* 8910 | 25 0]65| —100 | 129798
530 | 585 | Mytilus +

MI11- galloprovincia + 108 | 11 UCIAMS-

34pP lis 9845 | 25 100 —100 | 129806

M11-41** (M11-40T + M11-41P)

MI11- | 112 | 112 | Spisula + 949 | £ UCIAMS-

40G subtruncata 8890 | 25 5065 —100 | 116475

MI11- | 88 | 145 | Spisula 9240 | + 998 | + —100 | UCIAMS-




41P subtruncata 25 5195 116476
190 | 247 +
M11- + 109 | 10 UCIAMS-
41P Turritella spp. 9970 | 25 80 |0 -100 | 116477
207 | 264
MI11- Monodacna + 119 | 11 UCIAMS-
41P pontica 10645 | 25 5510 -100 | 116478
M11- | 333 | 390 | bivalves/ostrac + 131 | £
41P ods 11690 | 25 10 | 70 | —-100 | BETA335441
MD04-2750
MDO04 | 327 | 327 + 608 | +
-2750 Bivalve 5770 | 60 5195 —-100 | SACA-002573
356 | 356 + |
MD04 + 684 10
-2750 Bivalve 6460 | 55 o\, -100 | OS-50131
590 | 590 4“:
MDO04 + cR7 112
-2750 Bivalve 8380 | 7¢ L 515 —-100 | SACA-002574
940 | 940 +
MD04 | + 107 | 15
-2750 Bivalve 920, ' 5 80 |0 -100 | SACA-002575
112 | 112 +
MDO04 | 6 6 + 116 | 13
-2750 Bivalve 10450 | 50 4010 -100 | OS-53538
123 | 123 +
MDO04 | 6 6 + 123 |13
-2750 Bivalve AL 10900 | 65 2515 -100 | OS-50130

S and SW Marmara Sea

M97-11 & M14-16P

+
M97- Lu.vitella + 121 | 15
11G 79 79 | oy 10790 | 70 &80 | 0 —-100 | TO-7774
|
M97- Dreissena + 138 | 13
11G 92 92 Spp. 12970 | 80 5510 526 | TO-7775
+
M97- + 170 | 15
11G 174 174 Small oyster 14940 | 90 00 |5 215 TO-7776
M97- Dreissena + 179 | 15
11G 204 204 Spp. 15590 | 90 2015 135 TO-7777
M14- Dreissena + 220 | 11 UCIAMS
16P 586 586 rostriformis 18915 | 40 5510 =50 166908
Mo02-88

MO2- | 43 | 43 |Brysopsis | 1065|= | 580+ | —100 | UCIAMS 78276




88P 15 50
MO02- + 626 | =
88P 663 663 Brysopsis 5935 | 15 5170 =100 | UCIAMS 78277
M02-89
MO02- bivalve + 816 | +
89P 10 10 fragments 7775 |1 15 075]| -100 | UCIAMS 78269
+ +
MO2- bivalve 11 | 137 | 16
&9P 255 255 fragments 12920 | 0 7015 526 | TO 11147
+
MO02- Dreissena + 170 | 11
89P 270 270 | polymorpha 15005 | 30 50| ¢ 235 | UCIAMS 78270
+
MO2- Dreissena + 183 12
&9P 290 290 | polymorpha 16085 | 30 Air b) 240 | UCIAMS 78271
+
MO02- Dreissena + 1212
89P 450 450 | polymorpha 16895 | 3: 6010 180 | UCIAMS 78272
+
MO02- Dreissena = 201 | 12
89P 490 490 | polymorpha 17570 ' 05 7510 125 | UCIAMS 78273
+
MO02- Dreissena + 277 | 11
89P 740 740 | polymorpha 22690 | 70 9510 -842 | UCIAMS 78274
| +
MO02- Dreissena ’ + 296 | 16
89P 800 800 | polymorpn> | 25320 | 90 7510 -930 | UCIAMS 78275
M02-90
MO02- 717 | £
90P 114 114 Neeuli spp. 6760 | 15 5175 =100 | UCIAMS 78278
M02-103** (M14-21T + Moz 103P)
M14- | + 472 | £ UCIAMS-
21G 140 140 | Mytilus spp. 4585 | 15 075| —-100 | 187914
MO02- Nucula + 512 | + UCIAMS-
103P 79 153 sulcata 4900 | 15 5190 —-100 | 187910
+
MO02- Turritella + 642 | 11
103P 128 202 Spp. 6080 | 80 00 —100 | TO 11148
MO02- Turritella + 944 | + UCIAMS-
103P 224 298 Spp. 8840 | 20 5160 —100 | 187912
MO02- Turritella + 100 | = UCIAMS-
103P 327 401 Spp. 9270 | 20 25185 —100 | 187911
+
MO02- Parvicardiu + 127 1 10
103P 358 432 m exiguum 11340 | 80 &85 10 —-100 | TO 11011

M02-106** (M14-26T + M02-106P)




M14- echinoderm + 131 | + UCIAMS-
26G 127 126 plates 1820 | 15 5160 —100 | 187908
MO2- + + UCIAMS-
106P 10 46 Nucula spp. 895 |15 | 43560 | —100 | 187909
MO02- Turritella + 286 | + UCIAMS-
106P 148 184 Spp. 3125 | 15 5170 | =100 | 190395
MO02- Turritella + 731 | £ UCIAMS-
106P 308 344 Spp. 6895 | 20 0|65 —100 | 190396
+
MO02- + 979 | 10 UCIAMS-
106P 480 516 Spisula spp. 911520 00 —-100 | 187913
Aegean Sea core
’ +
MO91- bulk + 107 14
Q3*** 80 80 foraminifera 9920 | 70 5’4 v 0 TO-3739
+
MO1- bulk + 1] 12
Q5 %** 90 90 foraminifera 10190 | 7¢ 3010 0 TO-3740
+
MOI1- bulk I+ 121 | 16
1 QF** 100 100 foraminifera 10€60L ! 5 40| 0 0 TO-3741
+
MO1- bulk + 106 | 14
Q(k** 120 120 foraminifera 830 | 70 3010 0 TO-3742
+
MO1- bulk + 104 | 11
QD H k% 50 50 foramin’ 1c.? 9670 | 70 055 0 TO-3743




Table 3. R and AR constraints employed for calibration of radiocarbon dates with the Marine20

curve. R values between these tie points are based on linear interpolation.

Age R AR Explanation
(cal | *Cyr) *c
yrBP) vr)
Black Sea
0-7400 default —100 | Average R built into the Marine20 curve over this interval is
Marine20 515 "C yr, 100 yr more than Siani et al. (2000) estimate for the
modern sea. Near-modern condit ons began ~7400 cal yrBP.
7500 415 —188 | Siani et al. (2000) modern R is iinposed at 7500 cal yrBP; AR
is the difference between this "¢ an1 the default R provided by
Heaton et al. (2020). P~
9450 200 —335 | This tie point at initial m.vine entry falls between 7500 cal
yrBP value and 11860 cai ' *BP minimum needed to conform to
Sofular cave data. AR is ‘he difference between this R and the
default R provided by Hu 'ton et al. (2020).
11860 |50 250 | —440 | These four tie pru s are converted from raw radiocarbon tie
12610 700 —450 | points in Will'ai. s -t al. (2018), used by them to shift the
13080 1000 +50 | Yanchilins " ai. (2017) 8"°C trend for mollusc shells to a best
13830 +558 | fit with .al-gmite results from Sofular Cave. AR values are
differences v ~tween the listed R values and default values from
Heaton «* al. (2020).
17300 1500 698 | Conis.c ~t with Kwiecien et al. (2008).
22050 1670 800 | T'.c=e .re required values to convert a Kwiecien et al. (2008)
12 tephra radiocarbon date of 19760 '“C yrBP to 22050 cal
| ;*BP using the Marine20 curve. R is close to the difference
| etween 19760 and the average Y2 radiocarbon date of 18130
+ 255 '*C yrBP. AR is the difference between this R and the
N\ default R provided by Heaton et al. (2020).
28000 0 -765 | Consistent with Soulet et al. (2011). AR is the difference
between this R and the default R provided by Heaton et al.
(2020).
Marmara Sea
0-13500 | default —100 | Average R built into Marine20 curve over this interval is 515
Marine20 C yr, 100 yr more than Siani et al. (2000) estimate for the
modern sea. Near-modern conditions began ~13500 cal yrBP.
13800 1100 630 | Vidal et al. (2010) place first penetration of Mediterranean
water across ~ —75 m sill in Dardanelles at 13050 = 75 '*C
yrBP. Lambeck et al. (2007) estimate base level in the Aegean
Sea reached this elevation at ~13800 cal yrBP. AR listed here
is required to calibrate the Vidal et al. (2010) date to 13800 cal
yrBP.




22050

820

These are required values to convert a MUN radiocarbon date
of 18915 + 40 '*C yrBP just below the Y2 tephra in core M14-
16P to 22050 cal yrBP using the Marine20 curve. R is close to
the difference between 18915 and the average Y2 radiocarbon
date of 18130 + 255 14C yrBP. AR is the difference between
this R and the default R provided by Heaton et al. (2020).

28000

—765

Consistent with reservoir ages in the Black Sea (Soulet et al.,
2011). AR is the difference between this R and the default R
provided by Heaton et al. (2020).
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