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Abstract:

New cores from the upper continental slope off Romania in the western Black Sea provide a
continuous, high-resolution record of sedimentation rates, clay mineralogy, calcium carbonate content,
and stable isotopes of oxygen and carbon over the last 20 000 yr in the western Black Sea. These
records all indicate major changes occurring at 15 000, 12 800, 8400, and 7100 yr before present.
These results are interpreted to reflect an evolving balance between water supplied by melting glacial
ice and other river runoff and water removed by evaporation and outflow. The marked retreat of the
Fennoscandian and Alpine ice between 15000 and 14 000 yr is recorded by an increase in clays
indicative of northern provenance in Black Sea sediments. A short return toward glacial values in all
the measured series occurs during the Younger Dryas cold period. The timing of the first marine inflow
to the Black Sea is dependent on the sill depths of the Bosporus and Dardanelles channels. The depth
of the latter is known to be -80+5 m, which is consistent with first evidence of marine inundation in the
Sea of Marmara around 12 000 yr. The bedrock gorge of the Bosporus reaches depths in excess of
-100 m (relative to present sea level), though it is now filled with sediments to depths as shallow as
-32 m. Two scenarios are developed for the connection of the Black Sea with the Sea of Marmara.
One is based on a deep Bosporus sill depth (effectively equivalent to the Dardanelles), and the other
is based on a shallow Bosporus sill (less than =35 m). In the deep sill scenario the Black Sea’s surface
rises in tandem with the Sea of Marmara once the latter connected with the Aegean Sea, and Black
Sea outflow remains continuous with inflowing marine water gradually displacing the freshwater in the
deep basin. The increase in the 5'®0 of mollusk shells at 12 800 yr and the simultaneous appearance
of inorganic calcite with low 5'%0 is compatible with such an early marine water influx causing periodic
weak stratification of the water column. In the shallow sill scenario the Black Sea level is decoupled
from world sea level and experiences rise and fall depending on the regional water budget until water
from the rising Sea of Marmara breaches the shallow sill. In this case the oxygen isotope trend and the
inorganic calcite precipitation is caused by increased evaporation in the basin, and the other changes
in sediment properties reflect climate-driven river runoff variations within the Black Sea watershed.
The presence of saline ponds on the Black Sea shelf circa 9600 yr support such evaporative draw-
down, but a sensitive geochemical indicator of marine water, one that is not subject to temperature,
salinity, or biological fractionation, is required to resolve whether the sill was deep or shallow.
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INTRODUCTION

The Black Sealies at the interior end of a series of basins connected to the open ocean via
straits and their sills (Unliata et al., 1989). High salinity water from the Mediterranean travels
from the Aegean Sea, through the Dardanelles Sill and the Sea of Marmara, to enter the Black
Sea as an undercurrent in the narrow Bosporus Strait. The inflow has led to a density
stratification. Asaresult the Black Sea waters below ~200 m have been anoxic for the past
7,160 yrs (Jones and Gagnon, 1994).

The Sea of Marmara and the Aegean Sea also show evidence of past anoxia (Aksu et al.,
1995). Their anoxia preceded that in the Black Sea and has been attributed to freshwater outflow
from the Black Sea (Aksu et al., 1999; Cagatay et al., 2000; Olausson, 1961; Stanley and
Blanpied, 1980). Most researchers consider the Black Sea outflow to have been continuous
through both glacial and interglacial time (Chepalyga, 1984, Kvasov, 1968; Kvasov, 1975; Ross
and Degens, 1974). The outflow would have been augmented by displacement of the deep water
stored behind the Bosporus Sill once the connection from the Mediterranean is established
(Lane-Serff et al., 1997).

An alternate view suggests that outflow was intermittent and ceased when the Black Sea
behaved like the modern Caspian Sea and dropped its surface below its outlet (Ozdogan, 1990).
Shelf-beveling erosion surfaces (Ryan et a., 1997) and wave cut terraces at -80 to -155 m
(Ballard et al., 2000; Dimitrov, 1982; Kuprin et a., 1974; Shimkus et a., 1980) required a
significant regression that could have transformed the Bosporus Strait into a subaerial valley
(Scholten, 1974).

This paper addresses the question of a continuous or intermittent outflow from the Black

Sea using atime series of paleoenvironmental indicators in sedimentary cores collected from the



continental slope beyond the mouth of the Danube River. The conclusions drawn from the new
observations are, however, dependent upon assumptions about the Bosporus sill over which
exchange took place. Though ashallow sill similar to the present Bosporus configuration is most
commonly proposed, seismic reflection profiles and boreholes clearly show a bedrock gorge
beneath this strait partly filled with sediment (Yilmaz and Sakinc, 1990). Mollusk shells
sampled above the floor of the gorge and 70 m below present sealevel have been dated by
Electron Spin Resonance (ESR) at 7,400+1,300 yrs (Goksu et al., 1990). Another borehole has
26,100 year old shells (radiocarbon dated) above the bedrock at —105 m (Cagatay et al., 2000).

Thus the possibility of a deep Black SealMarmara connection in the past cannot be excluded.

M ethods

Two sediment cores were recovered by the Kullenburg method of piston coring in 240
and 378 meters of water, respectively (Figure 1; Table 1). Navigation was acquired with
differential GPS. The cores were positioned along high-resolution sub-bottom profiles used to

correlate the strata from one site to the other.

Table 1: Black Sea cores (BLaSON, Le Suroit, 1998)

Core name Latitude Longitude Water depth (m) | Length (cm)
BLKS9809 44°05.23 30°47.98 240 840
BLKS9810 44°04.04' 30°50.68' 378 759

Radiocarbon age determinations were carried out at the ETH-Hoenggerberg AM S facility. Shells

were leached prior to measurement to decrease the effects of diagenetic carbon contamination.




For consistency with dates provided in previous publications, the dates presented here are the
raw 14C measurements without additional corrections for reservoir age and calendar calibration.

Samples from both cores were analyzed for clay mineral content. After treatment for
removal of carbonate, amorphous metal oxides, and amorphous silica, each sample was split into
three size fractions (>20, 2-20, and <2 um), and each size fraction was weighed to determine
grain size distribution. Oriented glass slide mounts were made of the <2um size fraction. The
slides were each scanned three times on the Phillips X-Pert -MPRD X-ray Diffractometer, the
first along, continuous scan from 1 to 50° (2-theta) with adwell time of 5 seconds and a 2q step
size of 0.02. Following the first scan, each sample was treated in a glycolated atmosphere for at
least 24 hours to expand the smectite interlayers. The last two scans were conducted on the
glycolated samples over shorter 2-theta ranges to determine the peak offset by expandable clays
(smectite) and the ratio of kaolinite to chlorite. The clay mineral composition was cal culated
using the method of (Biscaye, 1965). The relative percentages should be viewed as semi-
guantitative results.

Carbonate content was measured using a UIC Incorporated model 5011 CO2 coulometer
attached to a model 5130 acidification module. Carbon and oxygen stable isotopes of the
carbonate fraction were measured on a Micromass Optima mass spectrometer with Multiprep
carbonate preparation device. Calibration to VPDB isviaNBS-19 and an in house standard of
similar isotopic composition, with atypical range in values for the standards of .05 for d**C and
.08 for d*®0O (1 sigma standard deviation). Due to the lack of calcareous foraminifera or mollusks
in most of the sediment samples, most isotopic analyses were conducted on bulk sediment
samples. Sampleswere not treated to remove organic matter prior to acidification. Eight

representative samples were viewed under a Scanning Electron Microscope (SEM) to determine



the type of carbonate material present. Eight of the dated shells were also analyzed for d*?O and

d“C.

Results
Lithology

Both cores contain Units 1, 2, and 3 of (Ross and Degens, 1974). Unit 1 is a coccolith-
bearing, light olive-gray, organic-rich and finely-laminated mud. Unit 2 isadark olive-gray
sapropel. Both units are thin (<40 cm) in the slope setting compared to their thicknessin the
deep basin (~70 cm). Unit 3 shows variations in color from light gray to reddish brown. Inthe
shallower core (BLKS9809) the uppermost part of Unit 3, comprising light gray to mottled black
and darker gray muds, is missing. Unit 3 contains few mollusks, usually individual valves of
small specimens of Dreissena rostriformis and rarely Turricaspia caspia. Units 1 and 2 are
barren of mollusks.

Nine radiocarbon ages were measured on individual valves of mollusk shells (Table 2).

Table 2: Radiocarbon ages of mollusks from cores BLKS9809 and BLK S9810

Core Analysis# | Depthin core | Species Age (yrs) ** | Error (x1s)
(cm) (yrs)
BLKS9810 | ETH-23298 | 94.5 Turricaspia | 10,640 80
BLKS9810 | ETH-23299 | 1185 Dreissena | 11,410 110
BLKS9809 | ETH-22156 | 15 Dreissena | 12,310 95
BLKS9810 | ETH-23300 | 154.5 Dreissena | 12,790 110
BLKS9810 | ETH-23301 | 186.5 Dreissena | 12,920 100
BLKS9809 | ETH-22157 | 115 Dreissena | 14,010 100




BLKS9809 | ETH-21127 | 215 Dreissena | 14,950 100

BLKS9810 | ETH-23302 | 704 Dreissena | 17,760 130

BLKS09809 | ETH-21128 | 840 Dreissena | 20,580 150

** Uncorrected radiocarbon years

Table 3: Ages of Black Sea units and subunits.

Description Thicknessin cm Age range (uncorrected
(BLKS9809/BLKS9810) | radiocarbon years)

Coccolith ooze (Unit 1) (20* / 16*) 0-3,000

Black Sea sapropel (Unit 2) (27* 1 23.5) 3,000-7,100

Neoeuxine muds (Unit 3)

L ate Neoeuxine (--/13) 7,500-7,100
Upper carbonate peak (--/ 30) 9,700-7,500
Carbonate trough (--/30) 10,800-9,700
Lower carbonate peak (--/32 12,800-10,800
Transition (51 /70) 13,400-12,800
Brown muds (194 / 120) 15,000-13,400
Homogeneous gray muds | (>580/ >420) >20,600-15,000

*thickness from pilot core

The high degree of visual and physical property core-to-core correlation allowed us to
construct a consistent age model for both cores. Although core BLKS9809 hasagap in
sedimentation between ~12,000 and 7,000 yrs, the deeper core, BLK S9810, contains a complete
record from 18,000 yrsto the present (Table 3). Sedimentation rates decrease markedly at

12,800 and 7,100 yrs (Figure 3).



Clays and carbonates

Both cores show an abrupt increase in the relative amount illite and kaolinite in the Unit 3
brown muds (C1 and 2 in Figure 3) at 15,000 yrs and a decrease beginning at 13,400 yrs (Figure
3). Smectite is a significant component prior to 15,000 yrs (Unit 3 gray muds) and in the interval
from 10,800 to 9,700 yrs. Unit 1islow in kaolinite and high in chlorite, and Unit 2 has avery
similar clay mineral composition to the upper part of Unit 3. Sediments are coarsest between
11,200 and 10,000 yrs and 7,500 to 7,100 yrs.

Calcium carbonate content displays a narrow range from 9 to 13% in the Unit 3
homogeneous gray muds from the base of the cores up to 15,000 yrs. Within the brown clays of
Unit 3 the carbonate content is lower overall, dipping to 6%, and covaries with smectite content
of the clay size fraction. Carbonate content rises gradually from 10 to 22% between 13,300 and
12,500 yrs, then increases abruptly to a peak of 42% at 11,400 yrs (B2 in Figure 3). A second
more pronounced peak in carbonate content (B1 in Figure 3), reaching over 60% and lasting
from roughly 10,000 to 7,500 yrs, follows an interval of low carbonate content between 11,100
and 10,000 yrs. The carbonate peaks are accompanied by the appearance of euhedral, silt-sized
calcite grains. Carbonate in the rest of the core is a mixture of reworked coccoliths, mollusk

shell fragments, and detrital carbonate grains.

Stable isotopes
The d*®0 record of the bulk carbonate (Figure 3) in Unit 3 shows little variation prior to
15,000 yrs, ranging between -4.1 and -5 per mil and averaging -4.5 per mil. The values drop to

—5.3 per mil between 15,000 and 12,850 yrs (Unit 3 brown muds and transition), then rise briefly



to earlier values of ~-4.5 before plunging to less than -7 per mil by 12,790 yrs (Unit 3-lower
carbonate peak, B2). Vauesremain low, between —6.5 and —8.9 per mil, up to the top of Unit 3.
The d*®O within Unit 2 is higher, ranging from —3.4 to —4.8 per mil, and is highest, -0.2 per mil,
in Unit 1. The d'®0O of the mollusk shells shows aincreasing trend starting at 12,800 yrs, rising
from a baseline value of —7 per mil up to —3.1 at 10,640 yrs. The d*C values of the bulk
carbonate fraction range from —1.8 to +1.4 per mil within Unit 3, showing the maximum
variation between 15,000 and 12,300 yrs (Unit 3 brown muds and transition). Thereis an overall
trend toward higher d*C values between 12,300 and 7,880 yrs, with a short positive excursion
between 11,000 and 10,000 yrs. The d**C of Unit 2 varies from -0.2 to —1.0 per mil, and reaches
the highest value of +1.8 per mil in Unit 1. The d"*C of the mollusk shells displays two steps
toward lower values, thefirst starting at 14,950 yrs and the second at 12,800 yrs.

All proxies suggest a brief return between 11,000 and 10,000 yrs to values that

characterized Unit 3 prior to 15,000 yrs (homogeneous gray muds).

Inter pretation
Climate

The climate of the deglaciation brought about changes in the hydrology of the Black Sea
drainage, altering runoff by ice melt contribution, reconfiguring drainages because of ice retreat,
and changing atmospheric circulation. The water balance of the glacial Black Seawould have
differed in some important respects from the modern condition.

Pollen data (Allen et a., 1999; Filipovaet a., 1983; Peterson, 1983; Tzedakis, 1999)
reveal that during the last glacial period the areas north and west of the Black Seawere

popul ated with a steppe vegetation dominated by Artemisia and Chenopodiaceae and indicative



of cold, dry climate. At the same time lake shorelines on the Anatolian Plateau were high
(Roberts et a., 1979), suggesting an inverse situation with less evaporation on the south side of
the Black Sea. Thislow evaporation was most likely a consequence of low temperatures at high
altitudes.

Beginning roughly 15,000 yrsthe rapid retreat of large ice-caps and glaciersin northern
Europe and the Alps contributed a burst of meltwater via the Dniepr and Danube Rivers that was
concluded in less than two millennia and maybe only afew centuries (C. Schltichter, personal
communication). The Caspian Searesponded to this meltwater episode as well, rising to a Late
Khvalynian high stand (Svitoch, 1999) that elevated its shoreline to the point of overflow into the
Black Seathrough the Manysch valley (Chepalyga, 1984; Ferronsky et al., 1998) and allowing
migration of Caspian fauna. With the Caspian spilling into the Black Sea, it seemslikely that the
latter basin would have swelled to the level of its own outlet.

The onset of the Bolling-Allerod warm period at 13,200 yrsis marked by anincrease in
the percent of oak (Quercus) pollen, asign of an expansion of woodlands and a reduction in the
steppe vegetation (Traverse, 1974; Zonneveld, 1996). The cool Y ounger Dryas starting at
11,200 yrs marks a return to the steppe environment, followed at 10,000 yrs by a brief return to
warm, moister conditions, then cooler, drier conditions again, then finally an abrupt shift at
~7,000 yrs from herb-dominated to tree-dominated assemblages coincident with the onset of
anoxiaat the base of Unit 2 (Atanassova, 1995; Traverse, 1974). Although thereisan evolution
in the Black Sea’ s surrounding vegetation beginning at 15,000 yrs, the most pronounced shift
accompanies the onset of sapropel deposition (Filipovaet al., 1983). Dinoflagellates show a
shift from freshwater (stenohaline) to marine (euryhaline) species at 7,100 yrs (Atanassova,

1995; Wall and Dale, 1974); J.-P. Suc, personal communication). Achritarchs, a planktonic
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stage of marine plants, show an abrupt 50-fold increase in abundance at the base of Unit 2

(Traverse, 1974).

Water budgets

The melting of the ice caps over Scandinavia, the Barents shelf, and the Alps would
enhance freshwater input to the Black Sea. At glacial maximum, the southern margin of the
Scandinavian ice sheet fed pro-glacial lakesin the Dniepr River drainage basin (Grosswald,
1980). Paleohydrology of the upper Dniepr reveals braided stream deposits indicative of ice-
proximal high-energy discharge. These deposits are incised by underfit river-channel and
overbank deposits dated 10,200 yrs, typical of modern lower energy flow (Kalicki and Sanko,
1998). The Pomeranian moraine of the Scandinavian ice sheet, marking the last advance into
areas south of the Baltic Seainto Poland and Germany, is dated between 18,000 and 15,000 yrs
(Denton and Hughes, 1981) (Figure 4). The Raunisinterstadial, beginning at 14,000 yrs, marks
the end of meltwater delivered into the Dniepr watershed.

Grosswald suggests an additional ice cap over the Kara Sea, to supply meltwater to the
Black Seaviathe Aral and Caspian Seas. The terminal moraines of the proposed Karaice cap are
poorly defined, and retreat from the V olga watershed would have been accomplished prior to
14,500 yrs (Peltier, 1993). The Alpine ice domes collapsed about the same time, retreating from
the Swiss foreland to nearly their present positions between 14,600 and 14,200 yrs (C.
Schltichter, personal communication). Thereislittle evidence to support areadvance of any of
the ice caps south of the Baltic during the Y ounger Dryas cold period that could have resulted in

significant enhancement of meltwater delivery to the Black Sea (Denton and Hughes, 1981).
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The clay mineral variations correlate with the timing of meltwater delivery. Prior to
15,000 the assemblage is relatively high in smectite, a mineral of Anatolian provenance (Muller
and Stoffers, 1974). Permafrost in the northern drainage would inhibit erosion and thus limit the
clays brought in from that region until thaw. Modern core top sediments show illite and
kaolinite dominating the northwestern quadrant of the Black Sea (Muller and Stoffers, 1974).
The appearance of these clays at 15,000 is coincident with the major collapse of the
Scandanavian and Alpine ice domes. Although the moraines indicate that the melting was
waning by 14,200 yrs, the continued supply of illite and kaolinite until 12,800 yrs can be
explained by high erosion rates until vegetation is re-established in the drainage basin with the

Bolling warming (Vanderberghe, 1995).

Sea levels

Our data show an important signal on the Romanian slope commencing at 12,800 yrs: 1)
the sedimentation rate drops by a factor of five; 2) the d*®*O of mollusk shellsincreases; 3) the
d™0 of the bulk carbonate fraction decreases; 4) the carbonate content of the sediment increases
from inorganic calcite precipitation; 5) the kaolinite content of the clay-size fraction drops, and
6) one observes the beginning of atrend toward smaller average grain sizes in the terrigenous
component.

Soon afterwards the marine fauna appear in the Sea of Marmara (Cagatay et a., 2000). It
is possible to envision a scenario with a deep Black Sea outlet such that the Black Sea became
connected in tandem with Marmara. In support of such an hypothesis, the drop in sedimentation
and decrease in grain size would signal a Black Sea coastal transgression concurrent with the

rapid global sealevel rise at the time of meltwater pulse 1A (Fairbanks, 1989). Entry of
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M editerranean water into the Black Sea might well-explain the steady increase in d*®O of the
mollusk shells that begins at 12,800 yrs. The light d'®0 of the inorganic calcite may indicate a
weakly or seasonally stratified water column brought about by this introduction of denser high-
salinity deep water. The relationship between the bulk and shell isotopes suggests a complex
system of multiple end-members affecting the isotopic composition, including freshwater
biogenic (prior to 12,300 yrs), marine biogenic (after 3,000 yrs), detrital carbonate, and inorganic
calcite.

Deposits with Neoeuxine fauna have been reported in depths of -20 to -30 meters on the
inner shelf off Romania, Ukraine and Russia (Scherbakov et al., 1978). Although these
sediments are not radiocarbon dated, they have been used to infer afreshwater transgression
which flooded most of the shelf prior to a marine connection (Kuprin et al., 1974; Shimkus et
al., 1978). Other deposits from the Sea of Azov and the near shore part of the Black Sea shelf
that have been radiocarbon dated contain Cardiids more than 9,000 years old (Shcherbakov and
Babak, 1979). One of our BLaSON cores (BLVK9814) at a depth of -55 m contains such
Cardiids dated at 9,580 yrs (Lericolaiset a., in prep). These fauna are indicative of saline ponds,
and their locations would have been above the Neoeuxine shoreline. Thus the Sea of Azov and
inner Black Sea shelf had to have been dry land with relic brackish water bodies while the Black
Sea lake was still fresh.

A shallow outlet would delay the entrance of Mediterranean water until its sill was
breached. A warming climate with increased evaporation upon the conclusion of meltwater
delivery at 14,000 yrs could place the Black Sea basin in a negative water balance. In this case
the Black Sea could become like the Caspian Sea, with high stands during cold intervals and

regressions during warm intervals. The increase in d*®O of the shells at 12,800 yrs would have
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been the response to evaporative concentration of heavy oxygen. The peaks in inorganic calcite
at 12,000 and 9,500 yrs would have been produced by evaporation and supersaturation of
surface water. The decrease in inorganic carbonate and increase in grain size during the Y ounger
Dryas result from an increase in runoff during areturn to cold conditions, possibly dueto a
reconfiguration in atmospheric circulation (Florineth and Schluchter, 2000). This scenariois
consistent with a nearshore/subaerial setting for the dunes and pans found on the Romanian shelf

(Lericolaiset a., in prep).

Implications for the Sea of Marmara

The two scenarios give very different predictions for outflow from the Black Seato
Marmara (Table 4). Inthe early-entry and deep-sill model, one must explain the absence of
marine fauna (both planktonic and benthonic) in the Black Sea until 7,100 yrs. The delay in their
appearance in the Sea of Marmara appears to be short. It is possible that the Sea of Marmara,
with asmaller volume, reachesits salinity threshold more quickly with mixing, whereas the
Black Searequires a much greater amount of marine water to reach a value suitable for marine
organisms. The drop in northern-sourced clays suggests a decrease in river input, which would
necessitate |ess resistance to marine inflow. An early connection is not consistent with a
relationship between freshwater outflow from the Black Sea and the formation of the sapropel in
the Sea of Marmara, which does not begin until 10,600 yrs at the earliest (Cagatay et al., 2000).
If the connecting sill was deep, one would expect that outflow would have been strong between
15,000 and 14,200 yrs when rivers were still |oaded with meltwater. Marmara would then have
received another important discharge after 12,500 yrs as the meltwater stored behind the

Bosporus sill began to be displaced by Mediterranean inflow (Lane-Serff et al., 1997). During
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this time the deeper waters of Marmara and the Black Sea should have remained well -supplied
in dissolved oxygen. The onset of anoxiain Marmarawould signal the slowing down and
perhaps completion of the displacement process.

If the late-entry and shallow-sill model described reality, one would predict Black Sea
shorelines higher than time-equivalent shorelines of the Sea of Marmara at times of outflow.
Such highstands have not been dated in Black Sea cores, but only inferred by the presence of
freshwater deposits high on the shelf. If the connecting sill was shallow then the displacement of
the Black Sea's deep freshwatersis delayed until the Bosporus barrier was breached. In the
interim, outflow from the Black Seato the Sea of Marmara would be non-existent during
intervals when the Black Seawas in a Caspian model of evaporative drawdown, and outflow
would be possible at time of lower evaporation such as during the Y ounger Dryas.

In order to distinguish between these two models, cores from the -15 to -40 m depth
range on the Black Sea shelf should be examined for subaqueous deposition above world sea
level.

In our cores from the mid shell we have dated prodelta deposits at a depth of --70 m at 23,600
yrs. Lake level then would have been higher than contemporary world sealevel (Fairbanks,
personal communication). Other means to distinguish between the two models would be to find
amarine water proxy in the Sea of Marmara and Black Sea sediments that neither fractionates
with evaporation nor changes with precipitation. Future work will focus on using strontium

isotopes and Sr/Caratios of calcareous shells to look and date changes in such signatures.

CONCLUSIONS
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The Black Sea shows a marked change in sedimentation and oxygen isotopic composition
at 12,800 yrs. If this change reflects an early connection with the Mediterranean via the Sea of
Marmara, the Neoeuxine lake would rise with world sealevel, and outflow via the Bosporus
Strait would have remained uninterrupted. The Black Seawould have never stood above the
level of the Dardanelles Sill (-85 m) during glacial times. The delay in the introduction of
marine fauna and florain the Black Sea until 7,100 yrsrequires agradua salinification to a
threshold suitable for these organisms.

If the change in sedimentation happens with a shallow sill, then the Black Seain glacial
and early post-glacial time must be responding solely to the basin freshwater budget and regional
climate. In this case deep shorelines require episodes of evaporitic drawdown and a
transformation to a Caspian mode. The Black Sea cannot outflow during such periods.
Although the stratification of the Sea of Marmara beginning as early as 10,600 yrs favors the
deep sill model, it cannot be embraced until the evidence of apparent late Neoeuxine deep

shorelinesin the Black Seais explained by other phenomena.
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FIGURE CAPTIONS

Figure 1: Map of the Black Sea showing core locations. Contour interval is 500 m.

Figure 2: Summary of core analyses plotted versus age in uncorrected radiocarbon years. The
shaded areamarked “A” indicates the marine part of the section, including Units 1 and 2 of Ross
and Degens (1974). “B1” and “B2” are the upper and lower carbonate peaks, respectively. “C1”

and “C2” are the brown clay beds.

Figure 3: Sedimentation rates of cores BLKS9809 and BLK S9810, showing marked changes at

12,800 and 7,100 yrs.

Figure 4. Ice coverage in Europe at the last glacial maximum, 13,000 yrs, and present day

(adapted from Denton and Hughes, 1981).

Figure 5: Summary of shallow and deep sill models, indicating possible periods of exchange
between the Black Sea, Sea of Marmara, and the Aegean. Curved arrows indicate water
exchange over the Dardanelles and Bosporus sills.  Straight arrows indicate strength of river
inflow (thicknessis proportional to flow). Lightest shading indicates freshwater, medium

shading indicates marine water, and darkest shading indicates anoxic water.
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Table 4:

Time Sedimentation Authigenic Clay Fauna Flora Caspian Sea Sapropels Mediterranean | Konya River Evaporation Outflow- Outflow-
period* | rate carbonate provenance level® Sea level® Lake input Shallow sill Deep sill model
(Anatolia)* model
25-15 High None South Fresh Steppe Highest None 109 m High High Low (cold) Strong outflow | Strong outflow
15-12.8 High None North Fresh Steppe Falling None 94 m Low Very high Increasing Decreasing Yes
12.8-11 Moderate Hgih Mixed Fresh Mixed Falling None 64 m Gone Low High No Yes
Woodland
I/steppe
11-10 Moderate Low South Slightly Steppe Low None 48 m Gone Moderate Low Possible Yes
brackish
10-84 Moderate High Mixed Brackish Mixed Low Marmara, 24m Gone Low High No Yes
woodland/ Aegean, E.
steppe Mediterranean
8.4-7.1 Low Decreasing Mixed More Steppe Low Marmara, 13m Gone Moderate Decreasing Possible Yes
brackish Aegean, E.
Mediterranean
7.1-0 Low None Mixed Marine® Woodland | Low Black Sea, Om Gone Moderate Moderate Moderate Moderate
Marmara

* Uncorrected radiocarbon years
2 From Svitoch (1999)

® From Fairbanks (1989), uncorrected for marine reservoir age (460 y)

4 From Roberts (1983)
® Species of Mediterranean affinity
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