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Abstract

High-resolution stable oxygen isotope (d18O on ostracod shells), XRF-scanning and bulk grain-size data obtained on a transect

of 6 gravity cores from the continental slope in the northwestern Black Sea give new insight into the hydrological evolution of the

Black Sea since the Last Glacial Maximum (LGM). Stable climatic conditions during the LGM were followed by a series of

meltwater pulses between 18 and 15.5 kyr BP that resulted in temporary isotopic depletion of the Black Sea waters. Subsequently,

steadily increasing d18O values in all cores are mainly caused by isotopically enriched precipitation at the onset of the Allerød/

Bølling warm period. A comparison of the major trends in d18O at different water depths suggests evaporation-driven deep water

formation since ~14.5 kyr BP, while the two shallowest cores from 168 and 465 m water depth were under the influence of

increased warming in the upper water column since 14.5 and 12.5 kyr BP, respectively. The core from 168 m depth seems to be

additionally influenced by freshwater input of the Danube. This core provides a high-resolution record from the Younger Dryas/

Allerød boundary and suggests that a NAO-like climate mode was governing the interannual variability in the run-off of the

Danube, which implies that this climate mode has been a persistent climatic feature over central Europe. The inflow of saline

Mediterranean waters occurs between 9 and 8 kyr BP, where a merging of all d18O records signals an initial homogenisation of the

water column.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The late glacial and Holocene evolution of the Black

Sea–Marmara Sea area received increasing scientific

and public attention during the past decades, especially
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after Ryan and Pitman [1] published their theory of a

catastrophic flooding of the Black Sea shelf through

inflowing Mediterranean waters ca. 7500 yr ago (later

corrected to 9.4 kyr BP [2]; ages calibrated to calendar

years), also known as bNoah’s Flood hypothesisQ. In
order to test this hypothesis, numerous researchers tried

to reconstruct the hydrologic evolution of the Black

Sea. Hydraulic modeling studies [3,4] added some

skepticism concerning the physical plausibility of

such a flood. Myers et al. [3] do however not exclude
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the possibility of a (in geologic terms) fast filling of the

Black Sea within a few decades and Sidall et al. [5]

stated that the morphological features for a very rapid

inflow of Mediterranean water as expected from their

model could indeed be found on the sea-floor near the

Bosphorus entrance into the Black Sea. Paleoenviron-

mental reconstructions using pollen analysis [6], seis-

mic stratigraphy [7], as well as foraminiferal and

isotopic indicators [8] raised serious doubts about a

catastrophic flooding of the Black Sea, while the find-

ing of submerged shorelines at �155 m water depth [9]

and salinity-reconstructions from the Sea of Marmara

[10] seem to support the theory.

Stable oxygen isotope records from the Black Sea

itself could give valuable insight into the salinification

history. However, rather few records are presently

available [2,11,12], and most of them reveal a rather

low time resolution. The main reason is that stable

isotope studies in the Black Sea are hampered by the

scarcity of appropriate biogenic material and dating

uncertainties because of unknown reservoir effects for

the pre-marine sediments. For the present study, we

obtained d18O records on ostracod shells on different

cores from a NW Black Sea outer shelf to slope transect

(168–1977 m water depth) that provide information

about the development of the Black Sea water column

between 28.5 and 8 kyr BP.

In addition to the Holocene connection with the Sea

of Marmara, the Black Sea experienced a period of

connection to the Caspian Sea, when meltwater from

Scandinavian ice sheets rose the water level of the

Caspian Sea over the height of the Manych depression

[2,13,14]. This period is documented in the Black Sea

by the deposition of a series of reddish-brown clay

layers [12,15], roughly contemporaneous to Heinrich

Event 1, when major parts of the Laurentide and other

Northern Hemisphere ice sheets started to collapse [16].

To evaluate the sensitivity of the Black Sea towards

such freshwater inflow is another important subject of

this study.

The oxygen isotopic composition of lake water

depends on several factors such as the isotopic compo-

sition of precipitation (d18Oprec) and runoff (d18Orun-off)

entering the lake as well as the isotopic composition of

the evaporated water, which again is dependent on

factors like relative humidity, temperature and the

d18O of atmospheric water vapour above the lake sur-

face. Quantification of these parameters for the pre-

Holocene Black Sea is hardly possible because the

present hydrology of the Black Sea basin is consider-

ably different from its pre-Holocene state: today the

Black Sea has a connection to the Mediterranean Sea
via the Sea of Marmara and shows a stable two-layer

stratification with permanent anoxia in the deep basin

[17], while the ancient Black Sea is generally thought to

have been a freshwater lake, disconnected from the

open ocean without permanent anoxia. Although quan-

titative estimations might be difficult to assess, stable

oxygen isotopes provide useful qualitative insights into

the changes the Black Sea underwent during the last ca.

30,000 yr.

2. Study area

The study area is situated in the NW Black Sea south

of the Danube delta (Fig. 1) and comprises a transect of

gravity cores from the outer shelf in 118 m water depth

down to 1977 m on the lowermost slope (Table 1). The

NW Black Sea shelf includes almost 94% of the total

shelf area in the Black Sea [18]. The continental slope

is very gentle and shaped by the morphology of the pre-

Holocene Danube delta fan, which reaches far out

towards the centre of the western Black Sea basin.

Although the Danube transports 51.7 million tons per

year (multi-annual mean [19]) of sediments to the NW

Black Sea, the outer shelf is covered only by a very thin

blanket of Holocene sediments and in some parts the

Holocene is completely absent. This is caused by the

strong (N50 cm s�1) cyclonic bRim CurrentQ [20],

which transports most of the suspended sediments

alongside the coast to the south [18] (Fig. 1).

The western Black Sea is influenced by three differ-

ent climate regimes: first by the humid conditions of SE

Europe with an annual precipitationN1000 mm yr�1;

second by the more continental climate in the northern

part of the Black Sea and the eastern Danube lowlands

with b600 mm yr�1 rainfall and, third, by the Medi-

terranean climate regime with winter rainfall in the

south towards the Sea of Marmara [6]. Today the

Black Sea has a positive water balance, i.e., the input

by freshwater sources (300 km3 yr�1 precipitation; 350

km3 yr�1 runoff waters) exceeds the loss by evapora-

tion (350 km3 yr�1); the net-difference in the freshwa-

ter budget is compensated by the net flux through the

Bosphorus [17]. The hydrography of the Black Sea is

characterised by a stable pycnocline between 100 and

200 m water depth that separates less saline near-sur-

face water (18x salinity) from the more saline (22.5x)

deep water of Mediterranean origin. Since there is

almost no exchange between both water masses, anoxia

prevails below ca. 150 m, although the oxic/anoxic

boundary can shift tens of meters in a few years [21].

d18O-values of Black Sea waters mirror the present

hydrological state: they vary around �2.8x in the



Fig. 1. Location of gravity cores recovered during RV Meteor cruise M51-4 in December 2001 (circles) and location of the two cores presented in

Major et al. [12] (stars). Also indicated is the approximate position of the present Black Sea rim current [7].
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upper 50 m and �1.8x in depthsN500 m [22]. The

area of investigation is substantially influenced by the

freshwater input of the Danube with a multiannual

mean water discharge of 190.7 km3 yr�1 (before dam-

ming of the river [18]), which accounts for more than

50% [17] of the total river-runoff flowing into the Black

Sea. The freshwater influence leads to considerably

depleted d18O values of �10.5x near the Danube

river mouth and �3x on the NW Black Sea shelf

close to our coring sites [22].
Table 1

Location and length of the investigated gravity cores

Core name Latitude N Longitude E Water depth Core length

(m) (cm)

GeoB 7604-2 42856.2V 30801.9V 1977 592

GeoB 7607-2 43809.7V 29857.7V 1562 636

GeoB 7608-1 43829.2V 30811.8V 1202 685

GeoB 7609-1 43832.8V 30809.2V 941 655

GeoB 7610-1 43838.9V 30804.1V 465 880

GeoB 7616-4 43841.0V 30802.5V 168 916

GeoB 7611-1 43841.8V 30800.1V 118 634
3. Material and methods

Our study is based on seven gravity cores from the

NW Black Sea retrieved during RV Meteor cruise

M51-4 [23] that are located on a depth transect rang-

ing from the outer shelf to the lower continental slope

(Table 1). The cores from the slope (GeoB 7604-2,

7607-2, 7608-1, 7609-1, 7610-1) reveal an undis-

turbed sequence of the marine units I (finely laminated

coccolith ooze) and II (sapropelic sediments) at the

top, with a relatively constant combined thickness of

ca. 45 cm. The lower parts of the cores consist of

homogeneous to (mostly) mm-scale laminated muddy

clay (lacustrine unit III). The shelf cores GeoB 7611-1

and GeoB 7616-4 do not contain Holocene sediments

(except for a shelly horizon at the top of GeoB 7611-1

with a Late Holocene age of 2585 yr BP) and thus

represent nearly entirely the lacustrine unit III. Sedi-

mentologically, the two cores are characterised by mm

to cm-scale laminated mud with abundant shells and

shell fragments of bivalves and gastropods. All cores

listed in Table 1 except GeoB 7611-1 were XRF-



Table 2

Radiocarbon ages for gravity cores GeoB 7608-1 and 7616-4

Lab.-ID Core depth 14C age Calendar age Material

(cm) (yr BP) (yr BP)

GeoB 7608-1

KIA 21464 34 7735F50 7607F40 Ostracods

KIA 21463 88 11,460F70 12,342F215 Gastropod

KIA 21461 158 13,350F80 14,469F365 Gastropod

KIA 21460* 243 17,080+150/�140 18,563F320 Ostracods and bivalves

KIA 21866 436 16,360F70 17,951F285 Ostracods and bivalves

KIA 21459 596 20,140+180/�170 22,499F265 Gastropod

KIA 21457 652 24,970+310/�300 26,891F480 Mixed mollusc shells

GeoB 7616-4

KIA 18212 2 10,470F60 12,360F200 Dreissena rostriformis

KIA 19681 184 10,945F60 12,855F50 Dreissena rostriformis

KIA 19680 386 11,250F60 13,055F90 Dreissena rostriformis

KIA 19678 579 11,670F80 13,435F140 Dreissena rostriformis

KIA 19677 802 12,040F130 13,824F220 Dreissena rostriformis

KIA 18213 899 13,105F55 15,452F105 Dreissena rostriformis

For GeoB 7608-1 a correction of 1000 yr was applied before calibrating, in GeoB 7616-4 calendar ages were calculated with 0 yr correction.

*The date from 243 cm depth in GeoB 7608-1 was discarded because of the high amount of broken and probably reworked shells in the sample.

A. Bahr et al. / Earth and Planetary Science Letters 241 (2006) 863–875866
scanned in high resolution (for further details see Bahr

et al. [15]).

The age models of the individual cores have been

recently published [15]. They are based on 6 AMS 14C

dates for each of the cores GeoB 7608-1 and 7616-4
Fig. 2. Correlation of gravity cores from the slope transect in the NW Black

given in calendar years. The rather uniform thickness of the marine unit I con

R4) and the carbonate layers (in cyan, see also Ca-peaks in Fig. 4). The inte

interpretation of the references to colour in this figure legend, the reader is
(Table 2). The age models could be transferred to the

other cores through detailed correlations using XRF and

colour data (Ti /Ca shown in Fig. 2). For calibration to

calendar years BP (1950) we used the program CAL-

PAL (Version 2003 [24]) which uses the INTCAL-98
Sea using the Ti /Ca ratio. For GeoB 7608-1 the radiocarbon dates are

trasts the varying thickness of the red clay layers (in red, labelled R1 to

rval between the red layers and carbonate layers is labelled as biQ. (For
referred to the web version of this article.)
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[25] calibration set. Based on the correlation with the

two published cores BLKS9809 and 9810 [12] (Fig. 3)

we calculated calendar years applying a 1000 yr age

correction for GeoB 7608-1 and a 0 yr correction for

GeoB 7616-4 (for further details see Bahr et al [15]).

For stable isotope analyses (d18O and d13C) on core

GeoB 7616-4 a total of 288 samples in 4 cm intervals

were collected and wet sieved. Subsequently 5 to 7

juvenile shells of the freshwater bivalve Dreissena

rostriformis were hand-picked and analysed at the Uni-

versity of Bremen using a Finnigan MAT 251 mass

spectrometer with an automated carbonate preparation

device. For GeoB 7608-1 we took 319 samples in 2 cm

intervals and prepared 5–8 shells of juvenile ostracods

belonging to the genus Candona spp. (C. schweyeri

and C. angulata) for stable isotope measurements.

Additionally a total of 50 samples with Candona spp.

from the cores GeoB 7604-2, 7607-2, 7609-1 and 7610-

1 were analysed. The ratio of 18O/ 16O is given in x
relative to the PDB standard. Analytical long-time stan-

dard deviation is about F0.07x PDB and F0.26x the

analytical precision from 18 replicated measurements.

Spectral analyses were performed with the program

AnalySeries [26] using the Blackman–Tukey method.

This algorithm first computes the autocovariance of the

data, applies then a Tukey window and finally com-

putes the power spectrum by Fourier-transforming co-

variance functions. Before analysing we detrended the

data to further pronounce the interannual to decadal

variability in the records.

All data are available under the name of the

corresponding author through the PANGAEA server

(www.pangaea.de/PangaVista).
Fig. 3. Correlation of the XRF-Ca content in GeoB 7608-1 from 1202

m water depth and the carbonate content of core BLKS9810 from 378

m (from [12]). For GeoB 7608-1 a 1000 yr age correction was applied

before calibrating the radiocarbon dates. BLKS9810 was calibrated to

calendar years with a reservoir age correction of 0 yr. R indicates the

occurrence of reddish-brown clay layers.
4. Results

4.1. Sedimentological characteristics

A detailed description of the sedimentological char-

acteristics of GeoB 7608-1 was already given in Bahr et

al. [15], thus only a short overview over the most

important features will be presented here. Sedimento-

logical data including the Ti and Ca-intensity and bulk

grain size from GeoB 7608-1 for the time interval of 5

to 28.5 kyr BP are presented in Fig. 4.

The Ti and Ca contents mainly reflect the varying

contribution of biogenic and/or authigenic precipitated

calcite (Ca) versus siliciclastic terrigenous input (Ti).

After a period of rather constant Ti and Ca intensities

before ca. 18.5 kyr BP, the terrigenous input (repre-

sented by high Ti) increases sharply until ca. 15.5 kyr

BP, equivalent to a series of four distinct reddish-brown

clay-layers. About 1000 yr later, contemporaneous to

the Bølling warm period, the Ca intensity shows the

first of three separated maxima, reflecting high amounts

of authigenically precipitated calcite.

Sand content is as high as 2.4% until 26 kyr BP but

steadily drops to values between 0.2% and 1% during

the red layer deposition. The grain size rises subse-

quently towards a first maximum (up to 3.6 wt.%)

which terminates abruptly at the onset of the Bølling

at 14.5 kyr BP; a second maximum (3.6 wt.%) could be

observed during the lower Ca-trough, contemporaneous

to the Younger Dryas (YD).

The cores from the slope (except GeoB 7616-4)

could be correlated using XRF and colour scan data

(Ti /Ca is shown in Fig. 2). In contrast to the Holocene

units I and II, that have a fairly constant thickness in all

cores, the sedimentation rate of the limnic sediments

increases at least fourfold towards shallower water

depths. This increase is most pronounced in the interval

between the end of the red layers and the onset of the

carbonate peaks, but is less pronounced during the

deposition of the red layers (Fig. 2).

4.2. Stable isotopes

Ostracods are widely used for reconstructing

paleoenvironmental changes, especially in lakes. It is

known that ostracods do not calcify in equilibrium with

the ambient water but show constant, temperature-in-

dependent offsets. Von Grafenstein et al. [27] calculated

this offset to be +2.2F0.15x for all Candoninae with

respect to the equilibrium calcite. Because of the scar-

city of material in our cores we had to combine juvenile

instars (A-1 to A-4; A-1 refers to the juvenile stage

http:www.pangaea.de/PangaVista
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prior to adulthood, A-2 to the previous stage etc.) of

different species of Candona (C. schweyeri and C.

angulata) in one sample, assuming the same vital offset

for all species.

d18O measurements on juvenile Candona spp. from

GeoB 7608-1 (Fig. 4A) reveal a relatively stable level

during the glacial interval of our records with values

around �5.6x between 28 and 25 kyr and �5.2x BP

between 25 and 18.5 kyr BP. A significant depletion is

observed during the deposition of the red layers be-

tween 18.5 and 15.5 kyr BP, where d18O-values de-

crease down to �6.5x. The distinct terrigenous pulses

during this period [15] are mirrored by the almost

contemporaneous negative peaks in the d18O-record.

After 15.5 kyr BP values start to increase and reach

their LGM-level with the onset of the Bølling warm

period. Thereafter, we observe a stepwise shift towards

enriched values. The steepest increase (from �5.0x to

�1.95x) takes place between 14.0 and 12.9 kyr BP,

followed by a period of more stable values between

12.9 and 11.1 kyr BP including two significant negative

excursion of �3.0x at ca. 12.9 and 11.8 kyr BP.

Finally, d18O increases from �1.75x at 11.1 kyr BP

towards +0.68x at 8 kyr BP.

d18O values measured on D. rostriformis juv. from

GeoB 7616-4 show a general increasing trend from

�5.7x at ca. 15.2 kyr BP towards heavier values

around �3.5x at 12.5 kyr BP but are highly variable

with fluctuations of ~1x or more on multidecadal and

centennial time-scales.

Comparing the major trends in d18O at different

water depths, the records appear to diverge since ca.

14.5 kyr BP. While cores from intermediate water

depths (1562 to 465 m) have d18O values in the

range of GeoB 7608-1 (1202 m), the shallow core

GeoB 7616-4 (168 m) shows a trend to values up to

1.5x lighter than GeoB 7608-1. d18O from the

deepest core GeoB 7604-2 (1977 m), on the other

hand, is up to 2x heavier than those in GeoB 7608-

1 since 14.5 kyr BP. This difference diminishes

between 9 and 8 kyr BP where the d18O-records
seem to merge. Another diverging trend is noticeable

since ca. 12.5 kyr BP, when GeoB 7610-1 from 465
Fig. 4. (A) d18O data (uncorrected for vital offsets) measured on Candona

7616-4 (measured on D. rostriformis juv., 7-point running average), d18O (

intensity measured on core GeoB 7608-1 from the NW Black Sea slope and t

are the occurrence of the red clay layers (R) and the Ca-peaks (C1–3). Note

(B) Ostracod d18O record from core GeoB 7608-1 (grey line), modelled d18O

7608-1 for the interval covering the red layer deposition. Red shading shows

peak Ti /Ca ratio that were incorporated into the isotopic balance model (

corresponding values of d18Oostracod, calculated for a constant water temperat

legend, the reader is referred to the web version of this article.)
m water depth starts to show depleted values relative

to GeoB 7608-1.

5. Discussion

By combining our isotope records at different water

depths with sedimentological evidence [15], we can

provide a detailed picture of the hydrological evolu-

tion of the Black Sea over the last glacial and degla-

ciation. In addition, high resolution isotope data from

the shelf core GeoB 7616-4 allow to discuss short-

term fluctuations during the Bølling/Allerød (B/A) and

YD intervals.

5.1. The paleohydrological evolution of the Black Sea

5.1.1. Evolution between 28.5 to 14.5 kyr BP

Beside of some minor fluctuations, the stable d18O

record before 18.5 kyr BP indicates that the Black Sea

was in a state of isotopic equilibrium. This steady state

was terminated by the observed 1x-drop in d18O

between ca. 18 and 15 kyr BP. During the time of the

red layer deposition the Scandinavian Ice Sheet

dammed large lakes and diverted rivers and meltwater

drainage southward towards the River Volga and into

the Caspian Sea. These (melt)waters caused the Caspian

Sea to overflow over the Manych depression (+26 m

a.s.l.) into the Black Sea [13,14]. The low d18O values

observed in the Black Sea could therefore be explained

by the contribution of this isotopically depleted water.

On a finer scale, the observed changes in the ostracod

oxygen isotopes are characterised by a saw-tooth pat-

tern (Fig. 4B). The d18O values are getting gradually

more depleted during each phase of meltwater input

(displayed by a high Ti /Ca ratio), but rise again rela-

tively rapidly when the meltwater supply ceases (low

Ti /Ca). This leads to apparent lags of the maxima and

minima in the d18O data relative to the Ti /Ca record,

reflecting the time the Black Sea basin needs to adjust

to hydrological changes. The tendency towards heavier

isotopic values after the termination of each meltwater

inflow is related to the temporary reduction of the

meltwater inflow.
spp. from cores GeoB 7604-2, 7607-2, 7608-1, 7609-1, 7610-1, and

bulk) from core BLKS9810 [12]; bulk sand content, XRF Ti and Ca-

heir suggested correlation with the GRIP ice-core d18O record. Marked

the different scale used for d18O of bulk carbonate and shell material.

of the Black Sea water (black line) and XRF Ti /Ca ratio from GeoB

the termination of the red layers; dashed lines border the periods with

see Table 3 for details). The scale for d18Owater was adjusted to the

ure of 4 8C. (For interpretation of the references to colour in this figure
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To assess the sensitivity of the Black Sea towards

changes in amount and isotopic composition of river

run-off, we performed a simple mass balance calcula-

tion. Our model is primarily based on the considera-

tions underlying the hydrologic-isotope-balance model

(HIBAL) by Benson and Paillet [28], although with the

simplification that we assumed a fully mixed Black Sea

with a constant volume for the period prior to 14.5 kyr

BP and the simulations were run by year not by month

(boundary conditions are summarised in Table 3). Con-

sidering the values used for computing the pre-red layer

steady state, it is striking that a very negative d18Orun-off

is needed to reach the ca. �10.2x for d18Owater. This

might be explained by a greater portion of isotopic

depleted water entering the Black Sea from the northern

drainage area.

It becomes apparent that a relatively small change in

run-off and d18Orun-off is sufficient to simulate the mag-

nitude of the observed isotopic excursions (Table 3; Fig.

4B). To compare both model and observation we calcu-

lated d18Oostracod from the modelled d18O of the Black

Sea water using the formula [29]

d18Oostracod ¼ ð2:6229d106d 273:15þ Tð Þ�2

þ 0:97002d d18Owater � 31:7648Þ þ 2:2;

Twas set to 4 8C, d18Oostracod is given relative to the PDB

standard, d18Owater to SMOW.

The two negative d18O-excursions before the start of

the red layer interval indicate that there must be a

second source (e.g., Dnestr and Dnepr) for isotopic

depleted water beside the one that is responsible for

the red clays.

As proposed by other authors [2,30,31], the Black

Sea could have possibly spilled via the Sea of Marmara

into the Aegean Sea during this time. This scenario is

supported by studies of dinoflagellate cysts, freshwater
Table 3

Hydrologic and climatic boundary conditions for the isotopic balance mode

Time slice V Qr d18Or Qp

(kyr BP) (km3) (km3 yr�1) (x) (km

25–18 537,000 450 �20 230

18–17.4 537,000 550 �21.5 230

17.4–15a 537,000 570 �22.3 230

17.4–15b 537,000 460 �20.2 230

15–14.5 537,000 450 �20 230

Modernc 537,000 350 �10 230

V — lake volume; Qr — volume of run-off; d18Or — d18O of run-off; Qp —

— volume of evaporation; T — temperature of lake surface; h — relative
a Values for periods with peak Ti /Ca (see Fig. 4).
b Values for periods with average Ti /Ca (see Fig. 4).
c Values from [43].
algae and fungal spores [32] that suggest freshwater to

brackish conditions in the Sea of Marmara during this

period.

The d18O values of all cores GeoB 7604-2, 7607-2,

7609-1 and 7610-1 are in the range of GeoB 7608-1,

implying that the lake has not been stratified. Bahr et al.

[15] suggested that a stratification of the ancient Black

Sea is responsible for the persistent 1000-yr age cor-

rection in our age model. As shown in the following

section, this might be the case after 14.5 kyr BP;

however, the d18O record does not support this assump-

tion for the period before 14.5 kyr BP.

5.1.2. Evolution between 14.5 to 8 kyr BP

The pronounced trend towards heavier values for

d18O in GeoB 7608-1 since the end of the red layers

is primarily the effect of increasing d18O of run-off and

on-lake precipitation as well as enhanced evaporation.

The well-documented 3.5x increase in d18O of atmo-

spheric precipitation between Oldest Dryas and B/A in

central Europe [33] could almost account alone for the

whole shift of ca. 4x that occurred in our record since

the end of the red layer period and the begin of the YD.

It is therefore not surprising that the return to almost

LGM-values in d18Oprec during the YD [33] interrupted

the increasing d18O trend in core GeoB 7608-1. The

d18O-peak at the end of the YD is questionable, because

it consists only of one measurement. Nevertheless, re-

measuring confirmed this value and GeoB 7607-2

shows also a value almost as low as in 7608-1. The

peak occurred shortly after the maximum in bulk grain

size, thus seems no to be related to high river discharge

and freshwater input. On the other hand, alpine lake

level records show a short (200 to 300 yr) phase of high

lake level at the YD termination (the so-called Onoz 3

phase at ca. 11.7 kyr BP [34]) what might argue in

favour of a highly increased run-off at that time.
l

d18Op Qe T h
3 yr�1) (x) (km3 yr�1) (8C) (%)

�11.5 205 4 76

�11.5 230 4 76

�11.5 230 4 76

�11.5 230 4 76

�11.5 240 4 76

�8 280 11.2 78

volume of on-lake precipitation; d18Op — d18O of precipitation; Qe

humidity.
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The in relation to the other cores relatively heavy

d18O-values from the deepest core GeoB 7604-2 (1977

m water depth) strongly suggest the existence of a

denser bottom layer in the Black Sea during the B/A

warm period, most likely produced through evaporation

accompanied by biogenic calcite-precipitation forming

the Ca-peaks (Fig. 4A). Another supporting evidence

for increased evaporation as a cause for deep water

formation is a sudden decrease in d18O of bulk carbon-

ate at ca. 15 kyr BP [12] (Fig. 4A). The carbonate

fraction mostly consists of authigenically precipitated

calcite produced by high phytoplankton activity [12,15]

— low d18O of bulk carbonate should therefore reflect

higher temperatures.

Although the values and the trend in d18O of core

GeoB 7604-2 are decoupled from the shallower cores

until 9 to 10 kyr BP no clear evidence for permanent

anoxia could be identified in the deepest core GeoB

7604-2. This indicates that oxygen supply by deep-

water formation must have been sufficient. The differ-

ent trends observed in GeoB 7604-2 and the interme-

diate cores could mirror different rates of mixing. While

a relatively small volume of deep water (presumably

well below 1562 m water depth, where GeoB 7607-2 is

located) would adjust relatively quickly to the increased

d18Oprec and salinity, the upper water body reacts less

rapidly to these changes due to its much larger volume.

Thus, the deep water -d18O of 7604-2 reaches more or

less constant values around �0.6x as early as 12.5 kyr

BP, while in 7608-1 such values are observed later (at

ca. 9.5 kyr BP).

While cores GeoB 7607-2, 7608-1, 7609-1, and

7610-1 show comparable values during the B/A,

GeoB 7616-4 exhibits a trend towards lighter d18O at

least since ca. 14 kyr BP. Although it should be noted

that the values are measured on bivalve shells and not

on ostracod valves, potential vital offset between both

benthic organisms should not affect the trends observed

in d18O. Increasing temperatures would counteract the

trend towards heavier d18O values in GeoB 7616-4,

since it is located in a relatively shallow water depth of

168 m or perhaps an even shallower one, if the Black

Sea level was lowered during the B/A by evaporative

drawdown [12]. A second important factor is the influ-

ence of the Danube’s freshwater plume, which today

leads to a depletion of d18O values on the NW Black

Sea shelf (see Section 2). The trend towards isotopic

values lighter than those in the deeper cores might point

to a progradation of the delta to the shelf edge during a

period of low sea level, shifting GeoB 7616-4 gradually

to a more proximal position to the freshwater source,

thus enhancing the influence of the Danube. The as-
sumption of a low lake level and a progradation of the

Danube delta is further corroborated by the strong

upslope increase of the sedimentation rates during the

deposition of the lowermost Ca-peak [15].

Another question is connected to the cause for the

lighter d18O values of core GeoB 7610-1 relative to the

deeper cores since the YD: Although 7610-1 is located

closer to the Danube delta than the deeper cores, it

seems on the first sight unlikely that increased fresh-

water influence plays a major role, because in this case

core GeoB 7610-1 should also have shown a trend

towards lighter values relative to the other cores as

observed in the shallowest core 7616-4 during B/A,

where a proximal position to the Danube is proposed

to have lowered the local d18O signal (see above).

Increased water temperatures in the upper 465 m (or

less, if the lake level was considerably reduced during

this period [12]) might have lowered the d18O of GeoB

7610-1. The difference between d18O in core GeoB

7610-1 and core GeoB 7608-1 from 1202 m water

depth is 2x at maximum (or even 2.7x at 8.7 kyr

BP), which would account for a temperature difference

of ca. 8 to 10.8 8C. This seems to be unrealistically

high, a combination of both temperature and Danube-

influence might account for the whole difference.

5.2. High-frequent variability of the Danube’s

discharge during the late glacial

Today, the Danube river run-off is closely linked to

the North Atlantic Oscillation (NAO) [35,36], which

exerts a strong influence on the precipitation-pattern

over Europe on interannual to decadal time scales.

Our high-resolution records obtained on the shallow

core GeoB 7616-4 provide a good opportunity to de-

termine if there is any evidence that a NAO-like cli-

matic mode also prevailed during the last deglaciation.

In Section 5.1.2. we argued that core GeoB 7616-4

is under direct influence of the freshwater input by the

Danube. In fact, the high variability in its d18O-record
most likely mirrors pronounced short-term oscillations

in the Danube’s discharge. This assumption is based on

the comparison of the d18O record and grain size

fluctuations from this core. Negative excursions in

d18O, interpreted to represent freshwater pulses, often

correspond to positive excursions in the sand content,

which are thought to represent maxima in the fluvial

input (Fig. 5A). A spectral coherency calculation be-

tween both records shows that the main common peri-

odicity at the 95% confidence level is 65 yr, with a ca.

1808 phase lag (the sampling interval lies between 7

and 11 yr and is therefore sufficient to resolve a peri-



Fig. 5. (A) d18O values (detrended through subtraction from a 60 point adjacent average) measured on Dreissena rostriformis juv. and bulk sand

content from GeoB 7616-4. Dashed lines delineate peaks of high sand content (high fluvial discharge) that correspond to negative excursions in the

d18O record (lowered salinity). (B) Blackman–Tukey cross-spectral coherence and phasing between d18O and sand content at the 95% confidence

level. The major coherent phase of 65 yr with a ca. 1808 phasing is indicated. CL indicates bconfidence levelQ. (C) 5-point average of K measured in

2 mm intervals on a section of core GeoB 7616-4. Please note the different time scales used in (A) and (C). (D) Blackman–Tukey spectrum of the

detrended K values from core GeoB 7616-4 for the interval between 12,659–12,931 yr BP. Analyses were performed with the Analyseries software

[26] using a 0.5 yr sampling interval, 272 lags and 0.01103 bandwidth (straight line: one sided confidence interval at the 80% level) and 54 lags and

0.05558 bandwidth (dashed line: low-resolution spectrum). Indicated is the major NAO-related 7.6 yr-period.
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odicity of 65 yr), consistent with the above mentioned

inverse correlation between sand content and d18O.
This 65 yr cyclicity falls within the range of the 65–

70 yr periodicity of the North Atlantic Ocean/Northern

Hemisphere climate system described by Schlesinger

and Ramankutty [37].

Beside this multidecadal variability, a closer inspec-

tion of a section with cm-scale alternations of coarse

and fine grained material in core GeoB 7616-4 using

XRF-measurements in 2 mm (equivalent to 0.2–0.5 yr)

resolution, reveals prominent multiannual fluctuations,

as shown for example in the K record (Fig. 5B). Those

fluctuations are caused by the different mineralogy of

the quartz-rich coarse grained layers with a low K-

concentration, and the finer grained layers with abun-

dant mica and clay minerals and therefore high K-

content. Spectral analyses of our high-resolution XRF

data show a significant peak at 7.6 yr in the Ca, Fe, Ti

and K records (K is presented in Fig. 5C), which is also

the most prominent period in the instrumental NAO-

record [38]. The presence of the 7.6 and 65 yr periods

suggests that major modern modes of North Atlantic

climate variability on interannual to decadal time scales

affected the precipitation pattern of SE Europe likewise

during the deglacial period. Additionally, the North

Atlantic was also at least during parts of the deglacial

period a region that exerted a major influence on the

central European climate. Although the fact that the

North Atlantic drives the European climate is not un-

expected, the persistence of modern-day climatic fea-

tures during noticeably different climatic periods is

remarkable.

5.3. Implications for the timing of the first inflow of

marine water into the Black Sea

Regarding the question when the reconnection of the

Black Sea with the Mediterranean Sea started, it has

been proposed that the Bosphorus sill was deeper than

present (around �80 m [39] or even �100 m [3])

before the flooding of the Black Sea, thus allowing

an inflow of saline waters as early as 14 kyr BP. This

scenario would be consistent with the divergence of

d18O values in the deepest core GeoB 7604-2 that

become about 1.8x heavier at this time (Fig. 4A).

Hydrological calculations [3] however showed that

this idea seems unlikely with respect to the first occur-

rence of marine fauna in the Sea of Marmara at around

13.7 kyr BP [40,41] and the onset of sapropel devel-

opment in the Black Sea as late as 7500 yr BP [42].

Salinification of the Sea of Marmara at 13.7 kyr BP

requires a low freshwater outflow from the Black Sea.
If this was the case, a �80 m (or �100 m) deep

Bosphorus sill would permit a salinification of the

Black Sea at around 11.0 to 11.8 kyr BP, a long time

before the onset of sapropel development. A high out-

flow of freshwater from the Black Sea into the Sea of

Marmara would have delayed the salinification of the

Black Sea to a more reasonable date, but would have

also prevented Mediterranean water from entering the

Sea of Marmara postponing the salinification of the Sea

of Marmara to a considerable time after 13.7 kyr BP,

which contradicts the faunal evidence [40,41].

The continuity of the trend towards heavier d18O in

GeoB 7608-1 argues against the proposed catastrophic

flooding of the Black Sea around 9.5 kyr BP [2]. The

d18O in the Sea of Marmara at 9.5 kyr BP is +0.88x
[10] measured on the planktic foraminifera Turborota-

lita quinqueloba, or an expected +3.08x for our re-

cord, if the vital offset of +2.2 for Candoninae is taken

into consideration. Thus the inflow of considerable

amounts of isotopic enriched Mediterranean water

should enhance the trend towards heavier d18O values.

This is not the case in core GeoB 7608-1 (Fig. 4A) but

might be visible in pronounced positive shifts observed

in the d18O records of the deepest cores GeoB 7604-2

and 7607-2 at ca. 9 kyr BP. It is suggestive to interpret

this as a sign for dense Mediterranean water entering

the deep Black Sea, but the paucity of data points

makes this assumption very speculative. Additionally,

the records from cores GeoB 7604-2, 7607-2, 7609-1

and especially 7610-1 show a steeper trend towards

heavier d18O since ca. 9 kyr BP. The striking increase

of d18O since 8.5 kyr BP recorded in GeoB 7610-1

seems to be related to the accompanying rise of the

Black Sea level that diminishes the influence of deplet-

ed d18O water delivered by the Danube at this core

location (see Section 5.1.2.).

If, however, the reconnection started around 9.5 kyr

BP in a more gradual manner, the merging of the d18O

records from GeoB 7604-2, 7607-2, 7608-1, 7609-1

and 7610-1 could be interpreted as a result of a homo-

geneous water column during the first inflow of saline

water. The timing of the general d18O increase also

corresponds to higher sea-surface salinity in the Sea

of Marmara [10] after 9.5 kyr BP that was interpreted to

be the result of an increased amount of saline Mediter-

ranean water flowing through the Sea of Marmara

during the flooding of the Black Sea [10]. Although a

homogenized water column requires a strong inflow of

Mediterranean waters and deep mixing, the rate of

d18O-change itself does not appear to be high enough

to support a catastrophic infill of the Black Sea within a

few years.
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6. Conclusions

The combination of high resolution d18O records,

XRF and grain size measurements reveal the following

pattern of Black Sea hydrological evolution since the

Last Glacial Maximum:

After overall stable conditions during the LGM be-

tween 15.5 and 18.5 kyr BP a series of meltwater pulses

derived from Scandinavian ice sheets led to a 1x-

depletion in the d18O of the Black Sea. After this

interval, at the onset of the Bølling/Allerød warm peri-

od enriched d18O of atmospheric precipitation led to a

gradual increase in the oxygen isotope composition of

the Black Sea from �6.7x to +0.6x, only interrupted

by more constant values during the Younger Dryas cold

period.

Comparison of d18O-records from cores located at

water depths between 168 to 1977 m along the slope

showed that all record have similar values until 14.5 kyr

BP, when the deepest core from 1977 m water depth

starts to show d18O values at least 1x heavier than in

the intermediate cores. This indicates the formation of

isotopic enriched deep water through evaporation dur-

ing warm climatic conditions which is also expressed in

high amounts of authigenic precipitated calcite. The

shallowest cores from 168 and 465 m water depth on

the other hand show a tendency towards lighter values

compared to the deeper cores since 14.5 and ca. 12.5

kyr BP, respectively. Those trends might reflect increas-

ing temperatures in the upper water column and an

enhanced freshwater influence by the Danube during

a period of lowered Black Sea lake level. High-frequent

variations in the run-off of the Danube during the

Younger Dryas and the Bølling indicate that a NAO-

like climate mode may have governed the interannual to

decadal variability also during the last deglaciation.

At 9.5 kyr BP stable oxygen isotope values from all

investigated sediment cores start to merge, indicating

that during the beginning inflow of saline Mediterra-

nean waters the water column of the Black Sea was

probably homogenous. However, the rate of change in

d18O at this point does not support any catastrophic

infill of the Black Sea within only a few years.
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