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Chloride and δ18O compositions of interstitial water extracted from a long sediment core retrieved from the
NW coast of the Black Sea allowed us to constrain the main hydrologic changes of the Back Sea during the
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Late Pleistocene and Holocene. Prior to its reconnection with the Mediterranean Sea (through the Marmara
Sea) at approximately 9000 calendar yr before present (9 ka cal BP), the Black Sea has evolved as a fresh to
brackish water lake. At the time of reconnection, hydrologic changes were drastic. Bottom water salinities
changed from a few psu (practical salinity unit) to ∼22 psu. Since solutes in the interstitial water column
within sediments are advected and diffused the measured concentrations do not reflect those of past bottom
waters. In order to reconstruct these former concentrations, we used an advection/diffusion model. Different
scenarios of bottom water chloride and δ18O variations were accounted for in this model in order to simulate
“present day” vertical profiles for concentrations of interstitial water in order to compare them to measured
ones. The comparison suggests that the glacial Black Sea was a homogeneous freshwater lake (with a δ18O of
∼−10‰ and a salinity of ∼1 psu). Modern hydrologic conditions would only have been reached at
∼2 ka cal BP, concomitant with the onset of coccolith-rich thin layers that characterize modern basin
sediments. Such delayed salinization (over ∼7000 yr) in the basin may have been due to higher precipitation
during the early Holocene. We also simulated the impact of a catastrophic reconnection and a smoother
reconnection. Both salinity scenarios lead to undistinguishable modelled “present day” profiles, indicating
that the precise impact of the last reconnection was lost due to the advection/diffusion processes.

© 2010 Elsevier B.V. All rights reserved.
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chanism of refilling in the Black Sea is still a matter of
1. Introduction

earchers have both proposed the Black Sea abrupt
Today, the Black Sea is a marine water body but it has been
oscillating between lacustrine and marine stages following, respec-
tively, glacial and interglacial global sea level changes. The penulti-
mate Black Sea marine stage occurred during the previous interglacial
(Schrader, 1979; Stoffers et al., 1978). The Black Sea became a lake
more or less at the onset of the Last Glacial when global sea level
dropped below its outlet (Arz et al., 2008; Zubakov, 1988).
Reconnection between the Mediterranean Sea and the Black Sea,
through the Marmara Sea, occurred at the end of the last deglaciation
during global sea level rise. Previous studies agree with the timing of
the last connection between the Black Sea and the Mediterranean Sea,
recently dated to 8.4 14C ka BP (Major et al., 2006; Marret et al., 2009).
“Flood Hypothesis” (Ryan et al., 1997, 2003) or the continuous
“Outflow Hypothesis” (Aksu et al., 2002a; Hiscott et al., 2007).

In oceans or lakes, bottom water is continuously trapped within the
pores of sediment and buried together with the sediment. Since bottom
water geochemistry is directly linked to basin hydrology and regional
climate changes, interstitialwater composition is useful for reconstruct-
ing hydrologic and climatic changes. Sixty years ago, Bruyevich (1952)
published measurements of interstitial fluid composition providing the
first direct evidence of marked fluctuations in Black Sea salinity during
the Quaternary. However, the measured chloride concentration of the
pore water does not correspond to the past bottom water chloride
content due tomolecular diffusion and advectionwithin sediments (e.g.
Jørgensen et al., 2001, 2004; Manheim and Chan, 1974; Manheim and
Schug, 1978). Not only do these processes influence the age relationship
between the sediment and the pore water, but also alter the original
water composition.Manheim and Chan (1974) attempted to correct the
chloride concentration for these modifications and provided the first
quantitative paleo-salinity estimation of 6 psu (practical salinity unit)
for Black Sea bottom water, immediately before its reconnection to the
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Marmara Sea. The correction was based on the steady state solution of
the diffusion equation, and, unfortunately, ruled out transient changes

the Black Sea is characterized by a stable pycnocline between 100 to
200 meters in water depth that separates brackish surface water
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from the procedure. Recently, this type of approach was applied more
precisely using numeric models and high-resolution geochemical
profiles in order to reconstruct the salinity, the δ18O, and the δD of
oceanic deep water in several places during the Last Glacial Maximum
(LGM) (e.g. Adkins and Schrag, 2003; Paul et al., 2001; Schrag and
DePaolo, 1993; Schrag et al., 1996). Following these latter works, we
applied this method to high resolution geochemical profiles from Black
Sea sediments.

Besides the strong controversy surrounding the conditions of the
last reconnection in the Black Sea, the salinity just prior to the last
reconnection is also a matter of debate. On one hand, a fresh Black Sea
“Lake” (e.g. Ballard et al., 2000; Major et al., 2002; Ryan et al., 1997)
would have allowed coastal farming on exposed shelves. As a
consequence, a catastrophic flood would have accelerated dispersion
of Neolithic farmers into the interior of Europe, providing a historical
basis for widespread Deluge myths (Ryan and Pitman, 1998). On the
other hand, a brackish or salty Black Sea (e.g. Mudie et al., 2002a;
Yanko-Hombach, 2007) would have prevented any massive settle-
ment along the Black Sea coast. Therefore, determining the salinity of
the isolated Black Sea is of interest in the context of ongoing dis-
cussions regarding the impacts of the last reconnection. An accurate
salinity estimation is also needed in order to better understand paleo-
environmental proxies of the isolated Black Sea since currently there
is no analogue to this ancient giant lake.

In order to provide new insights into these topics, we estimated
the composition of Black Sea water (salinity, δ18Owater) during its last
fresh to brackish phase. We also tried to constrain salinity and
δ18Owater changes in the NW Black Sea shelf since the LGM, as well as
characterize the rate of basin salinization.

2. Methods

2.1. Hydrography and site location

The semi-enclosed Black Sea basin is connected to the Mediter-
ranean Sea via the Marmara Sea and two shallow straits. The
Bosphorus Strait (∼35 m deep) links the Black Sea to the Marmara
Sea. The Dardanelles Strait (∼80 m deep) links theMarmara Sea to the
Mediterranean Sea. Currently, the hydrology of the system is
characterized by an estuarine-type circulation (Fig. 1). Therefore,
Fig. 1. The modern water exchange pattern in the Aegean–Marmara–Black Seas system. Nu
Turkish Straits System after Özsoy and Ünlüata (1997), as well as for precipitation (P), evapo
and in ‰ vs. SMOW (Özsoy and Ünlüata, 1997; Rank et al., 1999).
(∼18 psu) from more saline deep water (∼22 psu) of Mediterranean
origin (Özsoy et al., 2002). Stratification strongly reduces the
ventilation of deep water leading to anoxic conditions below
∼150 m water depth. The isotopic composition of Black Sea water
reflects this water stratification: values of δ18O vary from approxi-
mately−2.8‰ in the less saline upper 50 m to approximately−1.8‰
in more saline water below 200 m (Rank et al., 1999).

MD04-2770 and MD04-2790 sister cores (see Appendix A for a
brief core description) were recovered at exactly the same location in
the NWBlack Sea shelf (44°13’N, 29°59’ E) in the Danube deep sea fan
(Fig. 2), during the 2004 Assemblage-1 cruise within the European
ASSEMBLAGE project (EVK3-CT-2002-00090). The coring site was
chosen on the basis of a seismic profile determined during the Ifremer
BlaSON2 survey in 2002 and shot on the slope away from the Danube
Canyon system. The seismic profile (Fig. 3) shows a thick sediment
sequence that presents a regular succession of layers neither
deformed nor structured by tectonic movements. Additionally, the
seismic profile does not provide any evidence of a turbiditic sequence
or a fluid seepage in the investigated area. Therefore, the coring site is
expected to preserve undisturbed pore water and to only record
climatic and/or hydrologic changes. Currently, the coring site lies
within Black Sea bottom water at a water depth of 350 m, and is
characterized by a salinity of ∼22 psu (Özsoy et al., 2002) and by δ18O
values of approximately −1.8‰ (Rank et al., 1999).

2.2. Interstitial water geochemistry

MD04-2770 sediment samples were taken onboard for pore water
extraction at section ends immediately after cutting core sections. A
sub-sampling was performed along the sections in order to improve
data resolution. Samples were squeezed at 4 °C with a sediment
squeezer. Interstitial water sampleswere stored in vials wrappedwith
Parafilm® and were kept refrigerated. Chloride concentrations were
determined as described by Jørgensen et al. (2001) after a 100-fold
dilution of pore water by non-suppressed ion chromatography
(Waters, column IC-Pack™, 50×4.6 mm). The injection volume was
100 µl, the flow rate was 1.0 mL/min, and the eluent was 1 mM
isophtalate buffer in 10%methanol adjusted to pH 4.7 with a saturated
Na-borohydrate solution. The typical relative uncertainty was±5%.
δ18O values of the water were determined by mass spectrometry at
mbers associated with the arrows are the mean annual water fluxes in Km3/yr, in the
ration (E), and continental runoff (R). Salinity S and δ18O are, respectively, given in psu
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Cerege (Aix-en-Provence, France). Water samples were equilibrated
with CO gas in an automated HDO Thermo-Finnigan equilibrating

where z is the depth below the water-sediment interface (i.e. below
sea floor) and t is the time. C is the concentration of the interstitial

Fig. 2. Location of the coring site. Also shown are the coring sites of cores GeoB 7608-1
(Bahr et al., 2006) and MD04-2760 (Kwiecien et al., 2008). The map shows the
Holocene Danube Delta, the main drainage systems of the Glacial Danube, and the
associated Last Glacial coastline from Popescu et al. (2004).
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2

unit and measured on a dual inlet Delta Plus mass spectrometer.
Results are reported as delta values, representing deviations in per mil
(‰) from VSMOW. We performed replicate analyses on all of the
measured samples. The total uncertainty for the δ18O value was less
than 0.05‰ (1σ).

2.3. Interstitial water modelling

2.3.1. Diffusion/advection model
Interstitial fluid profiles were modelled using the one-dimensional

tracer diffusion/advection equation (Berner, 1980):

ϕ zð Þ⋅
∂C z; tð Þ

∂t =
∂
∂z ϕ zð Þ⋅

D z; tð Þ
θ zð Þ2 ⋅

∂C z; tð Þ
∂z

� �
−ϕ zð Þ⋅u z; tð Þ⋅

∂C z; tð Þ
∂z ð1Þ
Fig. 3. The seismic profile (B2CH96, acquired in 2002 during the BlaSON2 cruis
water tracer of interest, Φ is the porosity, θ is the tortuosity, and D is
the molecular diffusivity of the geochemical tracer. Empirical
functions of D were taken from Boudreau (1997) and references
therein. Porosity was calculated as a function of depth (z) based on a
smooth fit of the measured data (Appendix B). The use of tortuosity
(θ) followed the model of Boudreau and Meysman (2006). The
advection of interstitial water was accounted for using the vertical
velocity (u), which corresponds to the water flux due to compaction
which occurs during sediment burial. In addition, a possible upward
or downward water flux (v) due to geologic settings was introduced.
Assuming the steady state compaction, the fluid velocity is (Luff and
Wallmann, 2003):

u z; tð Þ =
ϕ∞⋅ 1−ϕ0

1−ϕ∞
⋅SR tð Þ−v0ϕ0

ϕ zð Þ ð2Þ

where SR is the sedimentation rate, v0 is the value of v at the top of the
sediment column, and Φ0 is the porosity at the water-sediment
interface. Steady state compaction is based on the assumption that
there is a depth below which porosity does not change (Φ∞)
(Appendix B). Sedimentation rate evolution was derived from the
sister core MD04-2790 age model (Appendix A).

We developed a finite difference code in order to integrate the
diffusion/advection differential Eq. (1) in time. The sediment column
height was set to 100 m. The duration of the diffusion/advection
simulation was set to 20 Kyr. The initial vertical geochemical profile
was assumed to be homogeneous at the CLGM value all along the length
domain. CLGM is the tracer concentration ([Cl−]LGM; δ18OLGM) of the
Black Sea bottom water at the LGM (i.e. approximately 20 Kyr ago).
Themodel top boundary conditionwas forcedwith the time evolution
of the water-sediment interface concentration using the tracer of
interest ([Cl−](t) or δ18O(t)). At each time step, the model accounted
for the new boundary condition at the top, and vertically advected and
diffused the tracers ([Cl−] and δ18O), according to Eq. (1). At the end
of the 20 Kyr simulation, the modelled “present day” vertical profile
could then be comparedwith the onemeasured from interstitial water
by calculating a Root Mean Square (RMS) distance.
e) of the coring site. The bold dashed white line represents the gas front.
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2.3.2. Model forcing
We tested different probable scenarios of [Cl−] and δ18O changes

parameter and set to 9±0.5 ka cal BP. This age and its uncertainty
corresponded to the radiocarbon age of the last reconnection (8.4
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in the bottom water (including LGM tracer concentrations [Cl−]LGM
and δ18OLGM), as well as different advection values (v0).

Using different data enabled us to roughly constrain past
variations of [Cl−] and δ18O in bottom water. As described below,
we combine these data to determine different probable scenarios as
inputs to our advection/diffusion model. In all simulations, Black Sea
glacial values [Cl−]LGM and δ18OLGM were tested. We also tested two
different sets of scenarios for [Cl−] variations in order to characterize
the refilling conditions of the Black Sea “Lake” at the reconnection
with the Marmara Sea: the “Outflow” vs. the “Flood” hypotheses
(Fig. 4A, B). In scenarios of [Cl-] variations, the age at which Black Sea
bottom water reached modern salinity was also tested (Fig. 4A, B),
whereas the age of the last reconnection was considered as a known
Fig. 4. A and B: two ensembles of bottom water salinity change scenarios over the past 20
different refilling conditions for the Black Sea “Lake” reconnection with the Marmara Sea wer
to modelled “present day” profiles which best fit the measured profile. Among the numero
procedure (a minimal RMS and a similar value v0 for [Cl−] and δ18O modelling, see Section
dashed black lines in A, B, and C lead to the corresponding simulated profiles in Fig. 6A, B,
14C ka BP; Major et al., 2006; Marret et al., 2009), calibrated (Reimer
et al., 2009) after correction by a reservoir age ranging from 0 to
900 yr depending upon water depth (Kwiecien et al., 2008).

In the following (text and figures), the chloride content was
converted into salinity by applying a factor of 1.807 (S=1.807×[Cl−];
Cox et al., 1967) for easier comprehension. Scenarios of salinity
changes in the bottom water were built differently for both
reconnection conditions. Those reflecting the “Outflow” hypothesis
(Aksu et al., 2002a; Hiscott et al., 2007) were built by linearly
increasing the salinity from its unknown glacial value (SLGM) to a
modern value of 22 psu between the reconnection time and the time
at which the salinity was expected to have remained stable at 22 psu.
Salinity scenarios reflecting the “Flood” hypothesis (Ryan et al., 1997,
Kyr leading to modelled “present day” profiles that best fit the measured profile. Two
e tested (A: "Outflow" vs. B: "Flood" hypotheses). C: scenarios of δ18O evolution leading
us tested scenarios, only scenarios which fulfilled the solution criteria of the modelling
2.3.3) are presented (the shaded area on each graph).The scenarios shown as full and
C.
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2003) were built as the previous ones, with a sudden salinity increase
at the time of the reconnection. The amplitude of this increase

pycnocline (Fig. 1)). The δ18O of interstitial water increases upward
from much depleted values (−8.3‰ vs. VSMOW) to more enriched

Fig. 5. Geochemical profiles measured in interstitial water from core MD04-2770.
A: chloride concentration (mmol/L) also presented in salinity practical unit (psu;
S=1.807×[Cl−]; Cox et al., 1967). B: δ18O in ‰ vs. VSMOW. Depth is in meters below
the sea floor (mbsf).
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(Table 1) due to the “flood” was calculated by estimating the volume
(Myers et al., 2003) of saline water (38 psu) required to fill the
isolated Black Sea lowered to −90 meters below the sea level (mbsl)
(Popescu et al., 2004).

Carbonate δ18O data from fresh to brackish ostracod shells (a type
of benthic fauna) from cores recovered in the vicinity of our study area
(Bahr et al., 2006, 2008) constrained the amplitude and the direction
of bottom water δ18O changes during the isolated phase before the
reconnection. Therefore, we built the δ18O evolutions of the bottom
water (Fig. 4C) by roughly mimicking the carbonate data. Bottom
water δ18O remained constant at the unknown glacial value (δ18OLGM)
until 14.8 ka cal BP then linearly increased up to −2.8‰ vs. VSMOW
at 8 ka cal BP. The latter value corresponds to an ostracod δ18O value
of 0.68‰ vs. PDB (Bahr et al., 2006), obtained using a transfer function
provided by Rösler and Lange (1976) applying the present day bottom
water temperature of 9 °C. The value is very close to the present day
bottom water δ18O (−2.2‰ vs. VSMOW). The steady increase in the
bottom water δ18O is partly linked to global climate warming during
deglaciation, which has increased the δ18O of precipitation feeding
(directly or indirectly) the Black Sea lake (Bahr et al., 2006).

Starting at the reconnection to the global ocean, an increase in
Black Sea salinity led to the disappearance of fresh to brackish
ostracods. Therefore, ostracod δ18O data do not exist for the past 8 kyr.
Since bottom water δ18O at 8 ka cal BP was very close to the present
day value and without any other constraint, we constructed the last
part of the bottom water δ18O scenarios by assuming that δ18Owater

increased linearly from −2.8‰ vs. VSMOW to the present value of
−2.2‰ vs. VSMOW.

2.3.3. Model solution
Bottom water scenarios were independently tested for [Cl−] and

δ18O for different initial (glacial) values [Cl−]LGM/δ18OLGM and
different vertical fluid advection v0. For each scenario, the model
simulated a “present day” vertical profile of [Cl−] and δ18O in the
sediment which can be compared to measurements by calculating an
RMS distance. We retained the ones leading to the smallest RMS
distance between modelled and measured tracer profiles as probable
scenarios.

Furthermore, vertical fluid advection v0 is common to both tracers
since it originates from the specific geologic settings of the coring site:
this additional constraint allowed us to reduce the number of possible
scenarios. This cross validation improved the robustness of our
results.

3. Results

3.1. Measured geochemical profiles

The dissolved chloride concentration increases upward from
approximately 1.1 g/L (equivalent to a salinity of 2 psu) at the core
base to 12.1 g/L (equivalent to a salinity of 21.9 psu) at the core top
(Fig. 5A). The latter value is consistent with current salinity in the
Black Sea at a depth of approximately 300–400 m (i.e. below the

Table 1

Estimations of Black Sea global average salinity after an instantaneous refilling of the
Black Sea “Lake” (“Flood” Hypothesis).

“Flood” age
(ka cal BP)

Approximate global
sea level
(mbsl)a

Maximum inflowing
water volume
(Km3)

Black Sea salinity
increase
(psu)

9.5 –29 25,800 1.8
9 –23 28,340 2.0
8.5 –19 30,030 2.1

a Lambeck et al. (2007).
ones (−2.1‰ vs. VSMOW) (Fig. 5B). The latter value is in good
agreement with current bottomwater data for this water depth (Rank
et al., 1999; Fig. 1).

The obtained chloride profile as well as δ18O profile (available in
Table 2) point to the presence of “fresh” to low saline, H2

18O-depleted
pore water buried in Late Pleistocene sediments and are related to
recent marked fluctuations in water salinity and H2

18O contents.

3.2. Modelled geochemical profiles

Among the numerous S and δ18O scenarios tested (Fig. 4), some of
them lead to “present day” modelled profiles that fit measured
profiles for a common value v0 (conditions used to validate the tested
scenario). The range of the additional advection flow (v0) was found
to be 35±10 cm/Kyr.

The best fit to the [Cl−] data was obtained for a SLGM value of 1±
0.35 psu, only if the Black Sea reached a modern salinity value at 2±
0.5 ka cal BP (Fig. 6A, B; Fig. 4A, B). The finding is valid for both the
“Outflow” and the “Flood” hypotheses.

The best fit to the δ18O data was obtained for a δ18OLGM of−10.1±
0.2‰ (Figs. 6C, 4C). An independent test of this estimate was provided
by the carbonate δ18O data from ostracod shells (benthic fauna) in
cores recovered in the vicinity of our study area (Bahr et al., 2006). A
transfer function (Rösler and Lange, 1976) relates the carbonate δ18O
value, the water δ18O value, and the water temperature. By applying
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the transfer function to ostracod δ18O data spanning the interval from
20 to 16.5 ka cal BP, and by using the inferred glacial bottom water

more, water released during hydrate dissociation enriches the
interstitial water in H18O (Jenden and Gieskes, 1983) which, if it

Table 2
Interstitial water δ18O and chloride content of core MD04-2770.

Core depth
(cm)

δ18O
(‰)

[Cl−]
(mmol/L)

0 –2.10 342
113 –2.22 327
190 –2.39 313
340 –2.62 292
490 –3.00 272
640 –3.44 237
790 –3.80 208
925 –4.48 181
964 –4.71 168
1114 –5.34 145
1139 –5.09 143
1185 –4.98 138
1235 131
1260 126
1320 –5.45 122
1375 –5.78 119
1404 –5.82 111
1414 –5.90 116
1453 –6.00 109
1528 –6.14 108
1583 –6.40 96
1629 –6.37 92
1659 –6.45 84
1717 –6.47 82
1767 –6.87 77
1787 –6.70 73
1801 –6.78 69
1909 –7.11 59
2054 –7.43 55
2186 –7.65 48
2317 –7.93 43
2458 –7.94 36
2606 33
2754 –8.32 33
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δ18OLGM value of−10.1±0.2‰, a bottom water temperature of ∼4 °C
was determined. This is very close to the temperature of the density
maximum for freshwater, which is expected for bottomwaters during
a glacial period. Such consistency between the carbonate data and our
reconstruction for glacial waters independently supports our results.

4. Discussion

4.1. Robustness of the modelling results

Our modelling procedure is based on several parameters: the
porosity, the diffusion coefficient, the advection (v0), and the
sedimentation rate, as well as the initial geochemical profile. These
parameters are discussed below.

4.1.1. Does interstitial water geochemistry only reflect Black Sea
hydrologic changes?

Evaluating the closeness (RMS distance) between measured and
“present day” modelled profiles for [Cl−] and δ18O is relevant only if
the measured profiles have not been affected by diagenetic processes
other than advection/diffusion. The main additional process that may
modify chloride and H2

18O concentrations under these settings is the
dissociation of gas hydrates, either in situ or during core retrieval.
Hydrate dissociation would release water and, consequently, would
decrease the salinity of the interstitial water. However, the theoretical
minimum water depth for hydrate formation is 725 mbsl, ∼400 m
below the core site water depth (Naudts et al., 2006 and references
therein). Since our coring site is well outside of the hydrate stability
field, and has always been, gas hydrate dissociation and the cor-
responding interstitial water freshening can be excluded. Further-
2

had actually occurred, would not be consistent with the observed
continuous down-core decrease in δ18O (Fig. 5B). At the coring site,
the chloride content and the δ18O can be considered as conservative
tracers that are only influenced by advection and diffusion. Therefore,
we are confident that chloride content and δ18O interstitial water
profiles only reflect changes in bottom water chemistry, when
starting from fresh-brackish conditions that prevailed during the
last glacial period, indicating that our measured geochemical profiles
can be used to validate our modelling results.

4.1.2. Sensitivity to model parameters
The majority of model parameters (Fig. 4) were either measured

(Φ, SR) or taken from the literature (D, θ). Parameter uncertainties are
difficult to assess and propagate in the model. Instead we evaluated
the sensitivity of the modelled geochemical profiles to each
parameter. [Cl−] and δ18O profiles, simulated by varying the
sedimentation rate by ±25% fell within the measurement uncertain-
ties. Therefore, our results are not very sensitive to this parameter. By

varying the effective diffusivity
ϕ⋅D
θ2

� �
by ∼5%, the simulated profiles

differed in salinityby less than0.3 psu, and in δ18Oby less than0.1‰.We
also tested the impact of the unknown advection parameter v0. v0
simulates a possible fluid flow induced from below by specific geologic
settings. By varying v0 within 10 cm/Kyr, the simulated profiles differed
in salinity by less than 0.3 psu and, in δ18O by less than 0.1‰.

It appears that a 5% uncertainty in the effective diffusivity and a
±10 cm/Kyr uncertainty on v0 had a similar and limited influence on
simulated “present day” geochemical profiles. v0 is a free parameter
since it is completely unknown. Therefore, in addition to a potential
fluid flow induced by specific geologic settings, v0 may account for
uncertainties in other parameters. Since the “best fit” value of v0 is
small (0.35 mm/yr), it is difficult to estimate which part of v actually
corresponds to a fluid flow and which part may correspond to the
uncertainty of other parameters. One way to address this question
would be to derive the value of the effective diffusivity (more
precisely its relationship with porosity) required to fit our measure-
mentswithout any advection (v). However, this was beyond the scope
of the current study.

4.1.3. Initial and boundary conditions of the model
In order to integrate Eq. 1 over time, we needed to prescribe the

vertical profiles of tracer concentrations at the beginning of the
simulation (i.e., 20 Kyr ago) and fix the tracer concentration at
the bottom of the sedimentary column. Both the initial profile and the
lower boundary condition had a significant influence on the results
since: 1) diffusion is governed by the concentration gradient and, 2)
upward advection transports solutes from lower depths. We used a
100 m-long homogeneous CLGM profile as the initial condition based
on the following physical considerations. First, the original geochem-
istry of the bottom water is well preserved in the sediments. A rough
measure of the rate at which diffusional migration competes with the
sedimentation rate is the ratio of the effective diffusion coefficient to
the sedimentation rate (SH = ϕ⋅D

θ2⋅SR, where Φ=0.6), expressed as a
scale height (Manheim and Schug, 1978). Throughout glacial history
in the Black Sea, the sedimentation rate at our coring location was
very high, typically 100 to 150 cm/Kyr (Soulet et al., in prep.), leading
to scale heights of 16 to 11 m and 12 to 8 m, respectively for δ18O and
Cl−. During the late glacial phase of the Black Sea, minor fluctuations
in δ18O were recorded (Bahr et al., 2006; Kwiecien et al., 2009). Most
likely, salinity fluctuations were also minor, since there is no evidence
of marine water intrusion in the glacial isolated Black Sea (Table 3)
during the last 50 Kyr. Hence, [Cl−] and δ18O gradients were likely very
small within the interstitial water column. Therefore, the combination
of exceptionally rapid sediment deposition at our coring location and
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minorfluctuations inbottomwater salinity and δ18O throughout the last
glacial must have allowed preservation of the original geochemistry of

and 23 m, respectively, for Cl− and δ18O. By adding the ∼10 m of
sediment deposited at our coring location over the last 20 Kyr,

Fig. 6. “Present day” geochemical profiles in interstitialwater simulatedwith bottomwater scenarios shownwith the same line pattern in Fig. 4A, B, and C (for different values of v0). Black
dots are salinity (A and B) and δ18O (C) measurements in interstitial water of sediment core MD04-2770 (same as in Fig. 5), with error bars representing the analytical precision (1σ).
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glacial waters within pores of the sediment column.
Second, the minimum height of the sedimentary column to be

represented by themodelwas few tens ofmeters, corresponding to the
height over which tracers were affected by diffusion and advection
during the simulation duration of 20 Kyr. Given this duration, and
without advection, the Einstein–Smoluchowsky relationship provided

an estimation of the length of diffusion of the tracers: d =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2⋅Δt⋅ϕ⋅D

θ2

r

(where Δt=20 Kyr, and Φ=0.6). The length is approximately 19 m
Table 3
Ages of two lacustrian molluscs from cores retrieved during the 2004 Assemblage-1 cruise

Core Water depth
(m)

Sample depth
(cm)

Sample code Laborator

MD04-2753 63 1063 FG-108 POZa

MD04-2754 453 1580 FG-53 POZa

a Poznan Radiocarbon Laboratory.
b Calibrated to calendar age Reimer et al. (2009).
indicates that, without advection, only the first third of the 100 m
length domain is significantly modified by diffusion. The effect of
upward advection (v) is to counteract the downward diffusion of
solutes from saline waters. We determined a mean upward advection
of 35 cm/Kyr, indicating that interstitial water geochemistry in our
sediment column is impacted by solutes located within the 7 m of the
underlying sediment over a time period of 20 Kyr.

Therefore, over the time period of 20 Kyr, only the upper first
∼30 m of the modelled sediment column is significantly modified by
showing that the Black Sea was isolated at least since the last 50 ka cal BP.

y code Dated material Uncalibrated AMS 14C age
(yr BP,±1σ)

Calibrated ageb

(yr BP,±2σ)

Dreissena 42 300±1100 46 000±2100
Turricaspia 31 000±400 35 600±800
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advection/diffusion processes. Since this is a first order estimate, we
empirically tested the required model height, that is, the sediment

overestimate the bottom salinity of the “Black Sea” Lake by
approximately 5 psu.
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height over which tracer concentrations were significantly influenced
during a 20 Kyr simulation. In fact, adopting a very long sedimentary
column insures that the boundary condition (fixed tracers value at the
modelled sedimentary column base) does not influence advection and
diffusion of tracers in the upper part of the modelled profile.
4.2. Origin of interstitial water advection
The positive value for v0 physically corresponds to an upward
advection of water through the sediment column, induced from
below, and is distinctly different from the water flux due to sediment
compaction during burial, which arises from a porosity decrease. At
the coring location, v0 is very small (0.35 mm/yr) but plays a
significant role in the diffusion/advection model since over a
modelling duration of 20 Kyr, it transports solutes from below to a
height over ∼7 m.

Advection of water in marine sediments may be caused by
multiple processes. For example, changes in the heat gradient
(which induces thermal expansion of interstitial water) as well as
the diagenetic alteration of clays at great depths (which releases
water) (Boles and Franks, 1979) may induce small interstitial
overpressure that may lead to a small upward motion in the
interstitial fluid. However, in this study, the driving process cannot
be firmly constrained with the available data. Such small advection
was also reportedwithin the sediment of the Black Ridge (U.S. Atlantic
passive margin), but its origin was also unknown (Egeberg and
Dickens, 1999).
4.3. The isolated Black Sea: a giant fresh water lake?
Many observations like drowned coastal and alluvial features, and
erosional unconformities on continental shelves, support the existence
of low-stands (e.g. Aksu et al., 2002b; Görür et al., 2001; Kaplin and
Selivanov, 2004; Lericolais et al., 2007, 2009; Popescu et al., 2004; Ryan
et al., 1997, 2003). Although not well dated (Popescu et al., 2004), the
lowest level, approximately 100 m below present, seemed to have
occurred around the Last Glacial Maximum. As a consequence, during
the Last Glacial Maximum, the coring site was approximately 250 mbsl
(today ∼350 mbsl). Therefore our conclusions, SLGM (1±0.35 psu) and
δ18OLGM (−10.1±0.2‰), clearly suggest that the Black Sea “Lake”was a
freshwater body at least in the upper 250 m. Recent studies (Bahr et al.,
2006; Kwiecien et al., 2008, 2009) have suggested that the entire Black
Sea “Lake” water column would have been uniform on the basin scale
prior to ca 14.5 ka cal BP. In fact, stable oxygen isotopic records from a
core transect along the NW Black Sea slope, spanning depths from 200
to 2000 mbsl (Bahr et al., 2006), show exactly the same pattern as
those recorded from a core recovered in the SW Black Sea (Kwiecien
et al., 2009) both in trend and in amplitude until 14.5 ka cal BP.
Furthermore, the reservoir age of the Black Sea “Lake” has been
homogeneous in depth until 14.5 ka cal BP (Kwiecien et al., 2008).
All of these observations strongly suggest that the Black Sea “Lake”
was a homogeneous freshwater body since the LGM, until at least
14.5 ka cal BP.

However, a few studies contradict our results and interpretations.
Using an approach similar to ours, Manheim and Chan (1974) found
that bottom Black Sea “Lake” salinity was around 6 psu. Since the
value of Manheim and Chan (1974) was inferred from chloride
profiles restricted to the top 8 m of sediment, we show in Fig.7A that,
at our coring site, the top 8 m of sediment may have only preserved
recent variations in chlorinity which cannot help to constrain glacial
variations, suggesting that the lack of chloride content data at greater
depths in the sediment may have led Manheim and Chan (1974) to
Several studies based on dynocyst fossil assemblages have
estimated the surface salinity of the Black Sea “Lake” to a range
from 7 to 12 psu (e.g. Marret et al., 2009; Mudie et al., 2001, 2002b).
However, at the present time, robust constraints on ecological
affinities do not appear to exist for dinocyst assemblages in the
Black Sea “Lake” (Marret et al., 2004). Spiniferites cruciformis, a
dinoflagellate cyst, was described for the first time in glacial
sediments of the Black Sea, and had been initially considered as
apparently adapted to low salinity environments (Wall et al., 1973).
Later, this dinoflagellate was found in Late Glacial to Holocene
sediments from the Marmara Sea (Mudie et al., 2001), which was a
brackish lake (Zitter et al., 2008) until approximately 14.7 ka cal BP
(Vidal et al., 2010). Spiniferites cruciformis has been found in
sediments from the brackish Aral Sea (Sorrel et al., 2006) as well,
and even from freshwater Lake Kastoria (Kouli et al., 2001). Most
recently, S. cruciformis has been found in modern sediment from the
brackish Caspian Sea (Marret et al., 2004), suggesting that it is tolerant
in a wide range of salinities. Moreover, this taxon shows extreme
morphological variability (Mudie et al., 2001; Wall et al., 1973). Such
variability may be linked to fluctuations in salinity (Dale, 1996).
However, no clear relationship between the different morphotypes
and surface salinity has been established (Kouli et al., 2001; Mudie et
al., 2001).

If these estimates based on dinocyst assemblages are correct,
discrepancies with our results may be explained by an increase in
salinity due to the evaporative condition that has occurred in the
Black Sea “Lake” since approximately 14.5 ka cal BP (eg. Bahr et al.,
2006, 2008). Therefore, we tested the validity of surface salinity
estimates inferred from dinocyst assemblages (7 to 12 psu) with our
modelling procedure by increasing the bottom water salinity from 1
to 7–12 psu after 14.5 ka cal BP. Utilized values were actually the
minimumones for bottomwaters sincewater density ismainly driven
by salinity, and since bottom waters have always been at least as
saline as surface waters (further explanations are available in Fig. 7B).
Using these alternative scenarios, modelled salinity profiles move
away from measured one (Fig. 7B).

These sensitivity tests reinforced our result that the Black Sea
“Lake” was a freshwater lake during the LGM, until the last
reconnection dated to ∼9 ka cal BP.

4.4. Hydrologic conditions since the last reconnection

4.4.1. Scenarios of reconnection
Both “Outflow” and “Flood” scenarios lead to simulated present

day profiles which similarly fit measurements for the same range for
vertical advection (v0) of 35±10 cm/Kyr (Fig. 6A, B; Fig. 4A, B),
indicating that these measurements do not allow us to distinguish
between both hypotheses for reconnections in the Black Sea. The
reason is that during the ∼9 ka following reconnection, the hydrologic
impacts of the reconnection were lost by diffusion.

4.4.2. Hydrologic equilibrium of the Black Sea restricted to the last 2 Kyr
The salinity scenarios leading to the “present day” simulated

profiles that best fit the measurements predicted that the Black Sea
reached its modern salinity level at 2±0.5 ka cal BP, several millennia
after reconnecting with the global ocean (Fig. 4), suggesting that the
Black Sea was in hydrologic equilibrium for only the last 1500 to
2500 years. A well known sedimentary marker is the final invasion of
Emiliania huxleyi, which is generally interpreted as the onset of
modern Black Sea hydrologic conditions (Giunta et al., 2007). The age
of this time marker is ca 2000 yr cal BP (Lamy et al., 2006), in very
good agreement with our estimations. Therefore, salinization of the
basin took place very slowly during ca 7000 yr, likely due to the large
volume of the Black Sea and river inflows that may have been larger
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than today. In fact, the salty Marmara Sea water intrusion occurred
during a period of increased precipitation in the region (9–3 ka cal BP)

Çagatay for lending the sediment squeezer. We thank P. Henry for
useful discussions and the three anonymous reviewers for their

Fig. 7. Modelled present day salinity profiles (black lines) simulated for the alternative scenarios of salinity changes shown in inlay graphs, compared to the measured salinity data
(black dots). Salinity scenarios were built as described in Fig. 4A (shaded area) and were modified in order to test the following alternative hypotheses. A: SLGM was set to 6 psu
instead of 1 psu in order to test the result of Manheim and Chan (1974). B: by assuming that the Black Sea “Lake”water column started to become stratified after the Bölling-Allerod
(14.5 ka cal BP; Bahr et al., 2006, 2008), the salinity was set to increase from a SLGM of 1 psu to 7 or 12 psu (the black line and the black dashed line, respectively, in the inlay graph) as
predicted by dinocyst assemblages (Mudie et al., 2001). In all simulations, v0 was set to 35 cm/Kyr.
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(Borisova et al., 2006; Feurdean et al., 2008; Jones et al., 2007; Mudie
et al., 2002a; Sperling et al., 2003). Using steady hydraulic considera-
tions, Lane-Serff et al. (1997) concluded that from river inputs feeding
the Black Sea twice as much as today (20,000 m3/s), complete
salinization would have been achieved within approximately 5 Kyr,
in good agreement with our results.

5. Conclusion

Our results strongly suggest that, during the Last Glacial Period, the
Black Sea “Lake” was a fresh and 18O-depleted water body. Freshwater
would have allowed Neolithic farming on ancient exposed Black Sea
shelves. Our data did not allow us to finely characterize the rate of
refilling for the Black Sea “Lake” during its last reconnection with the
Mediterranean Sea. After the last reconnection, the salinity of the Black
Sea reached its current value at ∼2000 yr cal BP, in good agreement
with the onset of modern Black Sea hydrologic conditions (Unit I
deposition). Higher precipitation in the Black Sea drainage area during
the Early Holocene could explain such a long time of salinization.
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