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At the time of theMessinian Salinity Crisis in theMediterranean Sea (i.e., the Pontian stage of the Paratethys), the
Paratethys sea level dropped also. Evidence found in the sedimentary record of the Black Sea and the Caspian Sea
has been interpreted to indicate that a sea level fall occurred between 5.6 and 5.5 Ma. Estimates for the magni-
tude of this fall range between tens of meters to more than 1500m. The purpose of this study is to provide quan-
titative insight into the sensitivity of thewater level of the Black Sea and the Caspian Sea to the hydrologic budget,
for a scenario inwhich the Paratethys is disconnected from theMediterranean. Using a LateMiocene bathymetry
based on a palaeographic map we quantify the fall in sea level, the mean salinity, and the time to reach equilib-
rium for awide range of negative hydrologic budgets. By combining our resultswith (i) estimates calculated from
a set of recent global Late Miocene climate simulations and (ii) reconstructed basin salinities, we are able to rule
out a drop in sea level of the order of 1000m in the Caspian Sea during this time period. In the Black Sea, however,
such a large sea level fall cannot be fully discarded.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Nearly land-locked basins, like the Mediterranean Sea or the
Paratethys (the predecessor of the Black Sea and the Caspian Sea), are
highly sensitive to changes in climate due to their limited connection
with the oceans (Thunell et al., 1988). In the Late Miocene, theMediter-
ranean Sea experienced the Messinian Salinity Crisis (5.97–5.33 Ma;
Krijgsman et al., 1999; Manzi et al., 2013). This extreme geological
event is expressed in a sequence of thick evaporites that were deposited
in the basin in response to tectonic and glacio-eustatic restriction of the
connection with the ocean (e.g., Roveri et al., 2014a). The consensual
view is that during the climax of the Messinian Salinity Crisis (from
5.61 to 5.55 Ma) the Mediterranean sea level dropped about 1500 m
(e.g., Hsü et al., 1973; Clauzon et al., 1996, see also Christeleit et al.,
2015). Such a sea level fall would have terminated the inflow of Medi-
terranean waters into the Paratethys, but the Paratethyan water level
would not simply mimic the Mediterranean drop due to the presence
of sill(s) (e.g., Clauzon et al., 2005, Popov et al., 2006). Instead, the sea
level of the Paratethys would be controlled locally by the interplay of
tectonics (i.e., sill depth) and climate (i.e., hydrologic budget) after dis-
connection from theMediterranean (e.g., Krijgsman et al., 2010).With a
negative hydrologic budget (i.e., evaporation dominating over
stitute, University of Castilla-La
freshwater input by precipitation and runoff), the Paratethys sea level
would have dropped. Since the Paratethys comprised multiple basins
(e.g., Rögl, 1999), a sea level drop below the depth of the channels
within the Paratethys would have potentially fragmented the sea into
a series of individual sub-basins (Fig. 1a). From 5.6 to 5.5 Ma, roughly
coincident with the climax of the Messinian Salinity Crisis, certain
sub-basins of the Paratethys such as the Black Sea and the Caspian Sea
may indeed have experienced a drop in sea level (e.g., Hsü and
Giovanoli, 1979; Popescu, 2006; Gillet et al., 2007; Krijgsman et al.,
2010; Leever et al., 2010; Abdullayev et al., 2012; Munteanu et al.,
2012). In Paratethys terminology, this sea level drop occurred during
the Pontian regional stage (e.g., Popov et al., 2006). The amplitude of
the fall in the Black Sea and the Caspian Sea is highly debated and esti-
mates range from tens of meters to more than 1500 m.

In this paper, to provide a quantitative basis for the debate, we per-
form a model analysis to test the sensitivity of the Late Miocene Black
and Caspian sea levels to the hydrologic budget in these basins. Here
we do so for a scenario in which the Paratethys is not connected to
the Mediterranean Sea. Using a late Messinian bathymetry based on
the palaeogeographic map of Popov et al. (2004) we quantify (i) the
drop in sea level, (ii) the resulting average basin salinity, and (iii) the
time needed for the sea level and salinity to reach equilibrium. This is
done for a wide range of negative hydrologic budgets. In our calcula-
tions the drop in sea level is determined by the balance between evap-
oration minus precipitation (E − P) and river discharge (R). We first
focus on the entire Paratethys and then we study the Black Sea and
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Fig. 1. Panel (a) shows the late Messinian bathymetry constructed from the palaeogeographic map of Popov et al. (2004). The circles show the location of DSDP sites 380/380A and 381,
Taman Peninsula (Russia), and Adzhiveli (Azerbaijan). White dashed lines indicate the present-day coastline of the Black Sea and the Caspian Sea and the blue dashed lines the modern
Danube and Volga rivers. Panels (b) to (d) show the hypsometric curves for the Paratethys, the Black Sea and the Caspian Sea, respectively. The blue hypsometric curves are built from the
palaeobathymetry of panel (a). In the red curves a linear decrease of the surface area from the surface until 100 m, as well as from 100m until 2000 m is assumed. Results shown in this
paper are calculated with the red curves.
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the Caspian Sea separately. Insight gained into the functioning of the
Paratethys as a whole serves as a natural starting point and provides a
reference for the case where the Black Sea and the Caspian Sea are
treated as isolated basins. By using hydrologic budgets calculated for
the Late Miocene Paratethys from the recent global climate model ex-
periments ofMarzocchi et al. (2015) and by comparing our results to sa-
linity estimates inferred from geological data for this time interval, we
aim to elucidate themagnitude of the sea level drop consistent with ob-
servations in the Black Sea and the Caspian Sea. In particular, we inves-
tigate whether a sea level drop of 1000 m or more is possible or not.

2. Regional setting

Throughout the Eocene-Oligocene, as a consequence of the incipient
formation of the Alpine chains, a new marine realm separated to the
north of the Tethys Ocean: the Paratethys (Rögl, 1999). This large epi-
continental sea extended over Central and Eastern Europe and consisted
of several sub-basins of which the Black, Caspian and Aral seas are the
modern remnants. Later in time, during the Middle to Late Miocene,
the progressive enclosure of the Paratethys gave rise to further differen-
tiation between the Central Paratethys (Pannonian basin) and the East-
ern Paratethys (Black Sea basin and Caspian basin; e.g., Rögl, 1996; see
Fig. 1a). The Paratethys sub-basinswere episodically connected through
shallow channels (e.g., Kroonenberg et al., 2005; Popov et al., 2006) and
sporadic Mediterranean-Paratethys connections have been docu-
mented (e.g., Popov et al., 2006; Suc et al., 2011; Vasiliev et al., 2013).

During the Deep Sea Drilling Project Leg 42b in the Black Sea, two
boreholes (380 A and 381) revealed a presumed shallow-water stro-
matolitic dolomite unit, the so-called “Pebbly Breccia”, at modern
water depths deeper than 1700 m (see location in Fig. 1a; Ross et al.,
1978). Based on tentative biostratigraphic studies it was concluded
that the Pebbly Breccia had a Late Miocene age (e.g., Gheorghian,
1978; Jousé and Mukhina, 1978). However, in the 1970s age control
on the Paratethys record was poor and the age assigned to this unit
was questioned (Kojumdgieva, 1979). This notwithstanding, Hsü and
Giovanoli (1979) proposed that the unit formed in response to a
1600 m amplitude sea level fall in the Black Sea coeval with the
Messinian Salinity Crisis. Further studies correlated erosional surfaces
observed in seismic profiles from the Black Sea to theMessinian Salinity
Crisis, supporting the hypothesis that a sea level drop larger than
1500 m occurred during the Late Miocene (e.g., Gillet et al., 2003,
2007; Munteanu et al., 2012).

On the basis of new seismic surveys in the southwestern Black Sea,
Tari et al. (2015) conclude that the Pebbly Breccia is an allochthonous
mass-wasting event, as proposed earlier by Radionova and Golovina
(2011); Alekseev et al. (2012) and Grothe et al. (2014). In recent
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years, biostratigraphic and magnetostratigraphic studies have led to
greatly improved age control on the Paratethyan successions
(e.g., Vasiliev et al., 2005; Stoica et al., 2013) and recently it has been
shown that the Pebbly Breccia is, at least, older than the Messinian Sa-
linity Crisis (Grothe et al., 2014). In addition, lithological and faunal ev-
idence from the Taman peninsula (Fig. 1a) has been interpreted to
indicate a sea level drop of 50–100 m at 5.6 Ma (Krijgsman et al.,
2010). However, the target section contains a hiatus at 5.6 Ma and the
authors point out that their estimate must be considered a minimum.
The seismic surveys of Tari et al. (2015) also show that the LateMiocene
incisions over the Black Sea palaeoslope have a subaqueous origin. This,
they argue, excludes the possibility of a sea level drop as large as 1600
m.

One of the main arguments to postulate a large sea level fall in the
Caspian Sea is the presence of a deeply incising palaeo-Volga canyon
through the Central Caspian Basin (Kroonenberg et al., 2005, Green
et al., 2009; Abdullayev et al., 2012). This canyon has been
interpreted to have formed in response to a base-level fall between
600 and 1500 m coeval with the Messinian Salinity Crisis
(e.g., Jones and Simmons, 1996). However, the age of this canyon is
poorly constrained. Other evidence in favour of a 1500 m sea level
fall is the basinward shift of the depocenter observed in seismic pro-
files (Abdullayev et al., 2012). Similarly to the Black Sea, good age
control has only been acquired lately. Using a cyclostratigraphic
age model, van Baak et al. (in press) argue for a sea level drop of
100–150 m in Adzhiveli section (southwestern Caspian Sea; see lo-
cation in Fig. 1a) between 5.6 and 5.5 Ma, in contrast with previous
estimates.

3. Model setup

3.1. Underlying equations

In this analysis the rate of sea level (SL) drop in the basin studied
(i.e., entire Paratethys, Black Sea, or Caspian Sea) is controlled by the
surface freshwater flux (i.e., E − P) and the river discharge R (Eq. (1)).
With SL for sea level inm, E− P inm/year, R inm3/year, sea level depen-
dent surface area A in m2, and time t in years, the governing equations
reads,

d
dt

SL ¼ E−Pð Þ− R
A SLð Þ ð1Þ

Both E − P and R are assumed to be constant over time. The re-
duction of the surface area of the basin entailed by a drop in sea
level increases the rate of the sea level rise due to river input. In all
calculations E − P is greater than R/A at the outset. Sea level drop
and salinity are calculated for the steady state, which is reached
when the two terms on the right-hand side become equal.

To calculate the salinity associated with a certain sea level drop,
the initial salt content of the basin is divided by the remaining
water volume. Over time the salinity of the Paratethys waters varied
between marine and fresh (e.g., Schrader, 1978; Popov et al., 2006).
To account for this, each calculation is initialised with a range of sa-
linities: 10, 20, or 35 g/kg. Empirical and theoretical studies have
shown that evaporation decreases when the salinity of the body of
water increases (e.g., Salhotra et al., 1985). We will consider the ef-
fect of salinity on the evaporation using the expression proposed in
Topper and Meijer (2013). This consists of a linear fit to observa-
tional data regarding the evaporation rate as a function of salinity re-
ported in Warren (2006). In our model setup we do not distinguish
between evaporation and precipitation and, consequently, this
parameterisation also affects precipitation (i.e., E − P). Following
Topper and Meijer (2013), we assume this to be a valid approach
given that other parameterisations are more complex and entail
more assumptions. The resulting expression reads,

E−P ¼ E−Pð Þo ∙1:0316∙ 1−8:75∙10−4∙S
� �

ð2Þ

where S is salinity in g/kg and (E − P)o corresponds to the initial
value of E − P before the sea level starts to drop. In each simulation
E − P ranges from 0 to 3 m/year. R is varied between the values
that would contribute a sea level rise from 0 to 3 m/year at the initial
sea level, i.e. before any fall in level has occurred. In the Mediterra-
nean Sea, the modern value of E − P is 0.6 m/year (Mariotti et al.,
2002) and model studies have yielded 1 m/year for the Late Miocene
(Gladstone et al., 2007). Estimates of present-day E − P are 0.1 m/
year in the Black Sea (Ünlülata et al., 1990) and 0.7 m/year in the
Caspian Sea (Ozyavas et al., 2010). At present, the river runoff is
350 km3/year (0.8 m/year) in the Black Sea (Ünlülata et al., 1990)
and 301 km3/year (0.8 m/year) in the Caspian Sea (Ozyavas et al.,
2010). We therefore expect 0–3 m/year to cover, by far, the range
of E − P and R of the Late Miocene Paratethys.

3.2. Bathymetry and hypsometry

The bathymetry used for the calculations is built from the late
Messinian palaeogeographic map of Popov et al. (2004), from which a
gridded bathymetry with a uniform horizontal resolution of 1/20o × 1/
20o is created. The deep and shallow domains distinguished on the
palaeogeographic map are set to 2000 m and 100 m, respectively (Fig.
1a). A smooth transition between these two domains is achieved by
the implementation of a continental slope. This consists of a linear in-
crease of the depth from the shelves to 2000 m. As in the present-day
Black Sea and Caspian Sea, this slope is considered relatively steep and
narrow (e.g., Staneva et al., 2001). Arguing that water depths greater
than 1000 m only existed in the central depressions indicated on the
map (Popov et al., 2006), the continental slope is inserted on the
“deep side” of the outer edge of the shallow domains shown on the
map (Fig. 1a). Next, the horizontal area as a function of depth is com-
puted from the surface until the seafloor at a vertical spacing of one
meter (blue hypsometric curve in Fig. 1b).

Because in the bathymetry the shelf is considered 100 m deep
starting right at the coastline, the hypsometry starts abruptly. This
was found to create numerical instabilities and to correct for this we as-
sume a linear transition between the surface area at 0 m and that at
100 m. To account for a more gradual decrease of the surface area
from the continental slope to the deepest basin, we also adopt a linear
transition from the surface area at 100 m and that at 2000 m (red
curve in Fig. 1b). Results presented in this paper are computed using
the red hypsometric curve. We first focus on the entire Paratethys
and, at a later stage, assuming that the gateways connecting the sub-
basins were shallow (e.g., Popov et al., 2006), we study the Black Sea
and the Caspian Sea separately. The hypsometric curves for the Black
Sea and the Caspian Sea are calculated following the same procedure
as for the Paratethys (Fig. 1c and 1d). Volume as a function of depth
(not shown) is calculated by integration of the red hypsometric curves.

3.3. Alternative parameterisations

To test the effect of other parameterisations we perform several ad-
ditional experiments. We investigate the possibility that the river dis-
charge increases progressively as the sea level drops due to the
implied increase of the surface area of the drainage basins. In this case
we assume that the river discharge is proportional to the surface area
of the drainage basins, following Jauzein and Hubert (1984). When
the sea level falls, the newly desiccated area is added to the drainage
basin. The surface area of the drainage basins at normal sea level is de-
rived from the global Late Miocene climate simulations by Marzocchi
et al. (2015).
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The palaeogeography used to construct the palaeobathymetry does
not provide specific information regarding the depths of the different
domains there distinguished, neither about the exact configuration of
the continental slope. To account for the uncertainties as to the bathym-
etry, we explore the sensitivity of results to bathymetric changes in the
basins. To this end, we set the shelves to 250 m (instead of to 100 m).
We also investigate the case where the continental slope is inserted
on the shallow side of the shelf edge. Although this seems a less likely
configuration, it does represent a useful alternative to test the robust-
ness of our results. The corresponding hypsometries are presented in
Fig. 2. In this figure hypsometric curves of the modern Black Sea and
Caspian Sea are also presented for comparison to the Miocene ones.
An important feature is that in the present-day Black Sea and Caspian
Sea hypsometric curves the deep domains of the basin occupy a surface
area that takes intermediate values between the LateMiocene curves. A
summary of the surface areas and volumes calculated for the entire
Paratethys, the Black Sea and the Caspian Sea is presented in Table 1.
4. Analysis and results

4.1. Reference experiments

The amplitude of the sea level drop, the associated salinity, and the
time required to reach equilibrium in the entire Paratethys, Black Sea
and Caspian Sea are shown in Figs. 3, 4, and 5. Since the river discharge
corresponding to an equivalent rate of sea level rise which ranges from
0 to 3 m/year, is greater when the basin occupies a larger surface area,
the maximum R considered is greatest in the Paratethys, followed by
the Caspian Sea and the Black Sea (Table 1). In these experiments the
basins are initialisedwith a salinity of 10, 20, or 35 g/kg and E− P is con-
sidered to be either dependent or independent of salinity.
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Table 1
Summary of the surface areas and volumes of the LateMiocene Paratethys, Black Sea and Caspian Sea. Shallow domains correspond to the shelves (i.e., depth smaller or equal 100m) and
deep domains include all depths greater than that. Hypsometry 1 (Hyp. 1) is built from a bathymetry in which the continental slope is introduced on the deep side of the shelf edge. In
hypsometry 2 (Hyp. 2) this is done on the shallow side.

Total area
(×105 km2)

Area shallow domains
(×105 km2)

Area deep domains
(×105 km2)

Total volume
(×105 km3)

Volume shallow domains
(×105 km3)

Volume deep domains
(×105 km3)

Late Mioc. Parat. Hyp. 1 15.6533 11.8057 3.8476 5.0485 0.9907 4.0578
Hyp. 2 15.6533 9.2951 6.3582 10.8079 1.1162 9.6917

Late Mioc. Black Sea Hyp. 1 6.8533 4.0751 2.7782 3.4872 0.4884 2.9988
Hyp. 2 6.8533 2.6006 4.2527 7.2387 0.5621 6.6766

Late Mioc. Casp. Sea Hyp. 1 7.3607 6.2913 1.0694 1.4878 0.4288 1.0590
Hyp. 2 7.3607 5.2552 2.1055 3.4957 0.4807 3.0150
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Sea than for the Black Sea because in the Caspian Sea the deep domains
of the basin occupy a considerably smaller area (Fig. 1 and Table 1).

Salinity at equilibrium is shown in Fig. 4. Given that no gypsum or
halite was deposited in the Black Sea and in the Caspian Sea during
the Late Miocene, we set the upper limit of the colour scale to
150 g/kg for a better visualisation of results (i.e., the value at gypsum
saturation). Salinities greater than 150 g/kg are shown inwhite. Salinity
E
−

P
 (

m
/y

r)

0

1

2

3

E
−

P
 (

m
/y

r)

0

1

2

3

E
−

P
 (

m
/y

r)

0

1

2

3

R (x10
2
 km

3
/yr)

Sea lev

50
 m

10
0m

10 20 30 400 10 20 30 400

0 5 10 15 20 0 5 10 15 20

0 5 10 15 20 0 5 10 15 20

0 500

B
la

ck
 S

ea
C

as
pi

an
 S

ea

So= 20 g/kg So= 10 g/kg
E-P=f(S)E-P=f(S)

R (x10
2
 km

3
/yr)

P
ar

at
et

hy
s

a

e

i

b

f

j

Fig. 3. Drop in sea level for the entire Paratethys (a–d), the Black Sea (e–h), and the Caspian Sea
each rowof four, E− P does not dependon salinity and the basins are initialisedwith a salinity o
basins is 10, 20, and 35 g/kg, respectively. White continuous lines indicate a sea level drop of
budgets of the Black Sea and the Caspian Sea, respectively. The Black Sea hydrologic budget de
Grey areas denote regions where the hydrologic budget is positive.
only starts to rise substantially relative to the initial salinity of the basin
when the sea level is below the shelves. Although the shelves occupy a
large surface area, the volume from the surface to the shelf depth is only
a small part of the total volume of the basin and the salt contained in the
shelves is small. In the Black Sea the shelves occupy 59% of the total area
but the surface-to-shelf-depth volume only represents about 14% of the
total volume. This is even more pronounced in the Caspian Sea, where
R (x10
2
 km

3
/yr) R (x10

2
 km

3
/yr)

el drop (m)

10 20 30 400 10 20 30 400

0 5 10 15 200 5 10 15 20

0 5 10 15 200 5 10 15 20

1000 1500 2000

So= 35 g/kg
E-P=f(S)E-P=f(S)

So= 20 g/kg

k

g

c

l

h

d

(i–l) for a wide range of hydrologic budgets. As indicated in the figure, in the first panel of
f 20 g/kg. In the next three panels, E− P is a function of salinity and the initial salinity of the
50 and 100 m. White dashed lines in panels (e) and (i) show the present-day hydrologic
rives from Ünlülata et al. (1990) and the Caspian Sea budget from Ozyavas et al. (2010).



E-P=f(S)
So= 20 g/kg So= 20 g/kg So= 35 g/kg

P
ar

at
et

hy
s

B
la

ck
 S

ea
C

as
pi

an
 S

ea

0 5 10 15 20 0 5 10 15 20 0 5 10 15 200 5 10 15 20

0 5 10 15 20 0 5 10 15 20 0 5 10 15 200 5 10 15 20

10 20 30 400 10 20 30 400 10 20 30 400 10 20 30 400

R (x10
2
 km

3
/yr) R (x10

2
 km

3
/yr) R (x10

2
 km

3
/yr) R (x10

2
 km

3
/yr)

20 40 60 80 100 120 140

Salinity (g/kg)
E

−
P

 (
m

/y
r)

0

1

2

3

E
−

P
 (

m
/y

r)

0

1

2

3

E
−

P
 (

m
/y

r)

0

1

2

3

E-P=f(S)E-P=f(S)E-P=f(S)
So= 10 g/kg

 
1000 m

100 m

a

e

i j

f

b c

g

k l

h

d

Fig. 4. Salinity at equilibrium in the Paratethys (a–d), Black Sea (e–h) and Caspian Sea (i–l) for a wide range of hydrologic budgets. In the first panel of each row of four, E − P is not
dependent on salinity and initial salinity is 20 g/kg. In the next three panels E − P is a function of salinity and the basins are initialised with 10, 20, or 35 g/kg, respectively. White
continuous lines indicate a salinity of 40 g/kg and white dashed lines show the hydrologic budgets that correspond to a 100 and 1000 m sea level drop, as indicated in panel (a). The
areas coloured in grey correspond to positive hydrologic budgets. Note that in panels (b), (f) and (j) the contours showing the 1000 m sea level drop and 40 g/kg closely overlap.

44 A. de la Vara et al. / Marine Geology 379 (2016) 39–51
the numbers are 85% and 29%, respectively. Once the sea level drops
below the shelves the volume becomes substantially smaller in the
Caspian Sea than in the Black Sea (Table 1). For a given sea level drop
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Fig. 5 shows the time to equilibrium for the entire Paratethys, the
Black Sea and the Caspian Sea. For a given basin, essentially no devia-
tions due to different E − P parameterisation and initial salinity occur.
For brevity we here focus on the case where E− P is a function of salin-
ity and the basins are initialised with a salinity of 10 g/kg. Time to equi-
librium never exceeds 80–90 kyr. We observe that for most of the
hydrologic budgets tested a steady state is reached within 10 kyr.
Time to equilibrium is shortest for sea level drops over the shelves
(i.e., smaller than 100 m). In the areas adjacent to the boundary be-
tween a positive and a negative hydrologic budget time to equilibrium
is short, but slightly longer for small values of E− P and R. Time to equi-
librium is longest when the sea level drops below the shelves because
this entails the evaporation of a greater volume of water which takes
longer, especially for small fluxes of R and E − P.
4.2. Additional experiments: alternative parameterisations

Because it proves representative, we will examine the role of the
other parameterisations only for the case where E − P is a function of
salinity and the basins have an initial salinity of 10 g/kg. Results ob-
tained with river discharge depending on drainage area are depicted
in panels (a) to (c) of Fig. 6. Due to the increase in R, for a given E − P
and starting value of R, the sea level falls less compared to the equivalent
reference experiment (see Fig. 3b, 3f, 3j). For this reason a specific
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The sea level drop in the whole Paratethys, Black Sea and Caspian
Sea when the shelves are set to a maximum depth of 250 m is shown
in Fig. 6d to f. Because we assume a linear decrease from the surface
area at the surface to that at 250 m, shelves are deeper everywhere
(see Fig. 2). Notwithstanding the greater depth of the shelves, the hy-
drologic budgets for which sea level drops below the shelves remain
roughly unchanged compared to the equivalent reference experiment
(cf. Fig. 3b, 3f, 3j). Comparing these results to equivalent experiments
with shallow shelves we find that a specific hydrologic budget now en-
tails a slightly higher salinity (not shown). Because shelves are deeper,
hydrologic budgets that drop the sea level over the shelves entail a
greater fall in sea level and therefore higher salinity. For hydrologic bud-
gets that correspond to sea level drops below the shelves salinity is
slightly greater due to the deeper nature of the shelves, which increases
the salt content of the basin. For each basin, time to equilibrium for sea
level drops over the shelves is somewhat longer than that in the refer-
ence experiments, but it never exceeds 10 kyr (not shown). For larger
falls in sea level time to equilibrium is very similar to that in the refer-
ence experiments (not shown).

Finally, we consider the case that the slope is introduced on the shal-
low side of the outer edge of the deep domains. The sea level drop for
the entire Paratethys, the Black Sea and the Caspian Sea is shown in
Fig. 6g, 6h, and i, respectively. With this hypsometry, in a given basin
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and for a specific hydrologic budget, the sea level stabilises at greater
depth than in the previous experiments (see Fig. 3 and Fig. 6a to f).
This is a direct consequence of the fact that the deep domains of the
basin are now more extensive and the area for which R/A balances
E − P is only found at greater depth (Fig. 6g–i). Because of this, the as-
sociated salinity is also higher (not shown). It takes a longer time to
reach equilibrium than in the equivalent reference experiment, espe-
cially when E− P and R are small (not shown). However, time to equi-
librium never exceeds 10 kyr for sea level drops over the shelves and
100 kyr for sea level drops below them (not shown).
5. Discussion

Summarising our model results, we find that, for a given hydrologic
budget, a larger sea level drop occurs when the Paratethys is considered
as single basin than when the Black Sea and the Caspian Sea are exam-
ined separately. In the latter case, for a specific hydrologic budget, a
larger drop in sea level is attained in the Black Sea than in the Caspian
Sea. To achieve a 1000 m sea level fall the hydrologic budgets of the ba-
sins have to be substantially different from the present-day values (Fig.
3). Important deviations from the initial salinity of the basin(s) are only
found when large sea level drops occur (Fig. 4). Time to equilibrium is,
for most of the hydrologic budgets tested, not longer than 10 kyr (Fig.
5). The alternative parameterisation that affects results to a larger ex-
tent is to insert the continental slope on the outer edge of the limit be-
tween the deep and shallow domains (Fig. 6). Also in this case the
hydrologic budgets need to be substantially different from the modern
ones to achieve a 1000 m sea level fall (Fig. 6). Below we use these re-
sults to discuss the outstanding geological issues. A summary of the
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5.1. A large Late Miocene sea level drop in the Black Sea?

During the Late Pleistocene, as a result of lowered global sea level
during glacial periods, the Black Sea repeatedly became isolated from
the Mediterranean Sea (Badertscher et al., 2011). While this caused
the Black sea level to go down (Zubakov, 1988), this however did not re-
sult in a sea level fall as large as 1000mor in desiccation of the Black Sea.
Wewill use our analysis to assess the likelihood of such a large sea level
drop in the Black Sea during the Late Miocene. We will assume that the
level of the Paratethys does not simply follow the falling level of the
Mediterranean, in other words, that the two are separated by a sill lo-
cated higher than the lowered Mediterranean water surface
(e.g., Clauzon et al., 2005, Popov et al., 2006). Arguing that the connec-
tion between the Black Sea and the Caspian Sea was shallow
(e.g., Popov et al., 2006), we determine the hydrologic budgets that
would cause a 1000 m sea level drop in an isolated Black Sea. We take
E− P to be not greater than 1 m/year, the value proposed for the Med-
iterranean Sea during the Messinian Crisis (Gladstone et al., 2007). To
achieve a 1000 m sea level drop in the Black Sea, R has to be close to
0.23 m/year (i.e., 158 km3/year) or smaller if E − P is less than 1 m/
year (Fig. 7b). This value of R is about two times smaller than the mod-
ern river discharge into the Black Sea (350 km3/year; Ünlülata et al.,
1990) and is close to the present-day Danube River discharge
(199 km3/year; Garnier et al., 2002).

While these numbers perhaps already speak against a large-
magnitude drop, it would clearly help to have a constraint on the
el drop (m)
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hydrologic budget at the time. For this we turn to Marzocchi et al.
(2015), who performed experiments with a global ocean-atmosphere-
vegetation coupled model for the Late Miocene. We calculated the an-
nual mean hydrologic budget of the Paratethys averaged over the dura-
tion of the full Late Miocene precession cycle simulated by Marzocchi
et al. (2015). The methodology, which is derived from Gladstone et al.
(2007), and the hydrologic budgets calculated from the simulations of
Marzocchi et al. (2015), are presented in the Supplementary data. We
account for the fact that, since the configuration of the Late Miocene
drainage system is uncertain (e.g., Gillet et al., 2007; Munteanu et al.,
2012), there are different possibilities as to the location of discharge of
the Danube and the Volga (Fig. 7 and see Fig. 8a–c also). Only when
we assume that neither of these rivers entered the Black Sea, the hydro-
logic budget takes negative values (i.e., E − P N R; Fig. 7b). This would
result in a sea level drop of about 30mand corresponds to an equivalent
freshwater flux (E− P− R) of 0.05m/year, which is much smaller than
that of the present day Mediterranean Sea (0.5 m/year). This indicates
that even in the extreme case that none of the major rivers flowed
into the Black Sea thehydrologic budget calculated from the simulations
by Marzocchi et al. (2015) does not correspond to a 1000 m sea level
drop. Although the uncertainty attached to the climate model-derived
budgets is hard to quantify, our figures allow to directly judge the effect
of a given variation around the values used here. The hydrologic budget
when the Volga and the Danube rivers did not flow into the Black sea is
only slightly negative and a large sea level drop would require extreme
deviations from the calculated budget, certainly surpassing the model
error. In agreement with this, the pollen record from the southwestern
Black Sea (borehole 380A) of Popescu et al. (2010) combined with the
updated age model of van Baak et al. (2015) indicates no large changes
that would point to a shift towards an extremely dry environment. This
contradicts, however, results inferred from hydrogen isotopes mea-
sured on alkenones (δDalkenone) from the Black Sea. These suggest that
dry conditions prevailed at the time and that the hydrologic budget
for this period was strongly negative (Vasiliev et al., 2013, 2015). As
an alternative explanation for the heavy δDalkenones signal, Vasiliev
et al. (2013) propose that this could represent a Mediterranean signal
transferred into the Paratethys by evaporation.

Another way to constrain past sea level changes is via the salinity of
the basin waters (salinity will increase when the water volume de-
creases). Sea-surface salinity observations reported by Schrader
(1978) in sites 380/380A and 381 have recently been dated by van
Baak et al. (2015) using a new high-resolution age model. In borehole
380/380A one of the diatom species used to reconstruct surface salinity
(Coscinodiscus stokesianus) shows an abrupt increase in abundance dur-
ing the time interval of the Messinian crisis. The salinity preference of
this species is unknown and this causes salinity estimates to be subject
to large uncertainty. Van Baak et al. (2015) consider both the possibility
that this species represents fresh-to-brackish conditions (as done in
Schrader, 1978) and the case that it indicates a marine environment.
Comparing the estimated values just prior to 5.6 Ma with the maxima
inferred for the interval from 5.6 to 5.5 Ma, the first possibility consid-
ered by van Baak et al. (2015) yields a change from a salinity of 3 to
maximally 23 g/kg. The second case gives a change from a salinity of
10 to, at the highest, 25 g/kg. Combined with our model calculations,
these changes would correspond to a sea level fall of 1400 m and
785 m, respectively (Fig. 9). These values are clearly higher than those
inferred from the climate model results. However, we must keep in
mind that salinity reconstructions are uncertain to start with. In addi-
tion,whereas the diatomsprovide uswith an estimate of sea-surface sa-
linity, our model considers basin-averaged values. Salinity at shallow
depths is more prone to change in response to surface processes and,
for that reason, may show more extreme salinity variation. The ob-
served increase in salinity could alternatively be explained by the pres-
ence of a marine connection between the Mediterranean and the
Paratethys, responsible for an incursion of seawater. Note, this scenario
requires the Mediterranean sea level to have been high during the cli-
max of the salinity crisis, which has been recently proposed (Roveri
et al., 2014b).

How robust are the insights reached so far to alternative
parameterisations? In Section 4.2 we find that when the river dis-
charge increases gradually as the sea level drops, for a given basin
and a hydrologic budget, the sea level falls slightly less than in the
equivalent reference experiment (Fig. 3 and Fig. 6a–c). When the
shelves are set to 250 m, a given combination of E − P and R results
in a slightly larger sea level drop over the shelves relative to the
equivalent reference experiment. However, this does not affect the
magnitude of sea level drops below the shelves (Fig. 3 and Fig. 6d–
f). These alternative parameterisations thus do not affect much the
preceding discussion. In contrast, when the alternative hypsometric
curve is considered (blue curve in Fig. 2), a given hydrologic budget
corresponds to a substantially greater sea level drop (Fig. 3 and Fig.
6g–i). In Fig. 7e we observe that when this hypsometry is used, the
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Black Sea hydrologic budget derived from the simulations of
Marzocchi et al. (2015) excluding the Danube and Volga rivers now
results in a sea level drop of about 50 m. Surface salinity estimates
from van Baak et al. (2015) correspond to a sea level drop of 1675
and 1080 m, respectively (see Fig. 9b). Thus, as found with the refer-
ence hypsometry, a 1000 m sea level drop is technically possible on
the basis of salinity reconstructions, but it is not supported by the
calculations based on the climate simulations of Marzocchi et al.
(2015).

To summarise, the sea level drop calculated on the basis of model-
derived hydrologic budgets differs from that based on geological sa-
linity estimates. The budgets calculated from the simulations of
Marzocchi et al. (2015) never correspond to a sea level drop of
1000 m, but salinity estimates would indicate sea level drops ex-
ceeding that value. However, sea-surface salinity estimates for this
time period are very uncertain and a 1000 m drop seems less likely
to have occurred. Future modelling studies will be able to provide
more accurate estimates for the sea level drop in the Black Sea if re-
liable salinity data for this time period becomes available. This would
be useful to test whether the sea level drops calculated from salinity
estimates are close (or not) to those derived from hydrologic
budgets.

5.2. Did the Caspian sea level drop 1000 m during the Late Miocene?

We can apply our results by deriving the hydrologic budget that
would cause the Caspian sea level to go down by 1000 m. As in the
previous section, arguing that the connection between the Black
Sea and the Caspian Sea was shallow, we study the Caspian Sea sep-
arately. Assuming again that E − P was equal or smaller than 1 m/
year we find that R has to be lower than about 0.1 m/year (74 km3/
year; Fig. 7c). The required R for a sea level lowering is much smaller
than the modern annual mean discharge of the Volga River
(247 km3/year; Overeem et al., 2003). Thus, the Volga or any other
river in the Caspian Sea needs to be drastically reduced to acclaim
for a large sea level drop. Based on the dimensions of the Volga can-
yon, it has been proposed that at the time, the discharge of this river
was at least as large as it is at present (e.g., Abdullayev et al., 2012). A
1000 m sea level drop and a simultaneous formation of a deep
palaeo-Volga canyon would thus seem incompatible.

Our calculations from the Late Miocene climate experiments of
Marzocchi et al. (2015) indicate that the hydrologic budget of the
Caspian Sea is positive if the Volga River flowed there (Fig. 7c and
Figs. 8a, 8b). In this situation overspilling from the Caspian Sea into
the Black Sea would have occurred. If the Volga River is excluded
from the river discharge into the Caspian Sea the equivalent surface
freshwater flux (E − P − R) is close to 0.26 m/year, which is smaller
than that of the present-day Mediterranean Sea. This hydrologic
budget corresponds to a sea level drop of about 100 m (Fig. 7c),
which is within the range proposed by van Baak et al. (in press). In
this case, the Volga River would have drained into the Black Sea. In-
terestingly, the runoff of the Volga River calculated by Marzocchi
et al. (2015) is so large that it causes the hydrologic budget of the
basin in which it flows, in this case the Black Sea, to become very
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positive. Thus, a simultaneous high-magnitude sea level drop in both
the Black Sea and the Caspian Sea is not possible (Figs. 7b and 7c). Ac-
cording to van Baak et al. (in press), salinity in the Caspian basin
remained relatively stable at 10 g/kg from 5.6 to 5.5 Ma. We find
that a sea level fall of 100–150 m would have increased salinity by
4–5 g/kg (from a salinity of 10 to 14–15 g/kg; Fig. 9a), which is prob-
ably too small an increase to detect. The possibility of a 1000 m sea
level drop at this time can be discarded because it would raise salin-
ity to a value of 47 g/kg, which exceeds by far the brackish conditions
inferred by van Baak et al. (in press; Fig. 9a).

When the alternative hypsometric curve is considered, the hy-
drologic budget calculated from Marzocchi et al. (2015), for the
case that the Volga and Danube rivers were not connected to this
basin, corresponds to a sea level drop of about 1000 m (Fig. 7f). In
the Caspian Sea, due to the small surface area occupied by the deep
domains of the basin, R has to be very small to lower the sea level
below the shelves. Once this value is reached, even small reductions
of R, can have a large impact on the amplitude of the sea level drop. A
sea level drop of 1000 m, according to our results, would cause a sa-
linity increase from 10 to a value of 26 g/kg (Fig. 9b). However, van
Baak et al. (in press) report no major environmental shifts during
this period and estimate a constant salinity of 10 g/kg from 5.6 to
5.5 Ma. A 1000 m sea level drop in the Caspian Sea can be therefore
ruled out. This result confirms that the alternative hypsometric
curve represents a too extreme basin configuration and that the sea
level drop in the Black Sea and the Caspian Sea may have been
smaller than that inferred from this curve. More detailed information
regarding the configuration of the continental slope of the Caspian
Sea would allow future modelling studies to reconstruct more pre-
cisely the sea level drop in this basin.

To summarise, by combining salinity estimates derived from field
observations and Late Miocene hydrologic budgets we are able to dis-
card a 1000 m sea level drop in the Caspian Sea from 5.6 to 5.5 Ma.
For an isolated Caspian Sea, a drop in sea level below the shelves can
only occur if the Volga River did not flow there.
5.3. Further implications

So far in this discussion, we have studied each of the basins in iso-
lation arguing that the connection between the Black Sea and the
Caspian Sea was shallow (Popov et al., 2006). We now use our anal-
ysis to look into the possibility that the Black Sea and the Caspian Sea
remained connected during this time interval. This scenario neces-
sarily requires the connection between the Mediterranean Sea and
the Paratethys to be shallower than the channel between the Black
Sea and the Caspian Sea (Fig. 8d). For the Paratethys as a whole,
the model results derived from the simulations of Marzocchi et al.
(2015) predict a positive hydrologic budget, which is close to neutral
(Fig. 7a and d). Any drop in excess of the level of the sill between the
Paratethys and the Mediterranean Sea would thus seem unlikely and
the Black Sea and the Caspian Sea would remain connected (Figs. 7a,
d and 8d). In other words, if the Paratethys sea level drop induced by
the Mediterranean level lowering is not enough to isolate the basins,
further sea level drop would not occur.

If this was the case and both basins remained connected, one would
expect a similar salinity evolution in the Black Sea and the Caspian Sea
over time. Unfortunately, a comparison between the available salinity
data-sets for these basins is not straightforward. In the Caspian Sea a ge-
neric average salinity of the basin is reconstructed from the study of os-
tracods (van Baak et al., in press). In the Black Sea, diatoms are used to
estimate the sea-surface salinity (Schrader, 1978; van Baak et al.,
2015), which is more prone to fluctuate due to air-sea interactions
and local processes. To test this hypothesis, reliable and comparable sa-
linity data for the Late Miocene Black Sea and the Caspian Sea is
required.
5.4. Comparison to an isolated Mediterranean Sea

Previous quantitative analyses have focused on the response of the
sea level of the Mediterranean when it gets isolated from the Atlantic
Ocean (Blanc, 2000; Meijer and Krijgsman, 2005). Using a Late Miocene
bathymetry, Meijer and Krijgsman (2005) found that with the modern
Mediterranean hydrologic budget, closure would cause the Mediterra-
nean sea level to drop more than 2000 m. In the Late Miocene Black
Sea and Caspian Sea, the hydrologic budgets should be very different
from the modern ones to achieve a 1000 m (or more) sea level drop
(Fig. 7). This requires E − P to dramatically increase and/or R to de-
crease. As commented in Section 5.1, modelling and palynological stud-
ies do not indicate abnormally dry conditions over the Mediterranean
Sea or Paratethys during the Late Miocene (Gladstone et al., 2007;
Popescu et al., 2010; Christeleit et al., 2015; Marzocchi et al., 2015). As
to R, global climate model simulations fromMarzocchi et al. (2015) in-
dicate that the river discharge (i.e., total volume) into the Late Miocene
Black Sea and Caspian Sea was, respectively, larger than it is today. We
thus propose that if a large sea level drop occurred in one of the
Paratethys sub-basins, it was most likely caused by a rearrangement of
the drainage system. In particular, a sea level drop would be possible
in the case that none of the large Paratethyan Rivers (Volga and Dan-
ube) drained into a basin (Fig. 7).

As in the Paratethys, Mediterranean average salinity only shows im-
portant deviations from the initial salinity of the basin when the sea
level drop is large (Meijer and Krijgsman, 2005). Time to equilibrium
is found to be shorter than a precession cycle in the Mediterranean
Sea (Meijer and Krijgsman, 2005). This is also the case in the Paratethys,
with the exception of the case where both E − P and R are very small
(Fig. 5).

6. Conclusions

We have shown that a relatively simple analysis provides valuable
quantitative constraints on the sensitivity of sea level of the Paratethys
sub-basins to the hydrologic budget. The model approach allows us to
study sea level fall and salinity change in a consistent way and provides
a framework to interpret the spatially limited observations on the scale
of entire (sub-)basins. The following conclusions have been reached in-
dependent of geological data:

- In the Caspian Sea, the river discharge required for a sea level drop
below the shelves is smaller than in the Black Sea.

- Basin salinity only starts to rise significantly for sea level drops
below the shelves.

- For a given basin, time to equilibrium is typically not longer than
10 kyr. When E − P and R are small, time to equilibrium is longer,
but it never reaches 100 kyr.

- Climate-model derived hydrologic budgets indicate that the Volga
River renders the hydrologic budget of the basin in which it termi-
nates very positive. A sea level drop below the shelves at the same
time in the Black Sea and the Caspian Sea thus seems unlikely.

Combining our model analysis with the available geological data,
two further conclusions can be drawn, regarding the possibility of a
large sea level fall from 5.6 to 5.5 Ma:

- A 1000 m sea level drop in the Black Sea can be ruled out based on
the Late Miocene hydrologic budgets calculated from the simula-
tions of Marzocchi et al. (2015). Salinity reconstructions, although
very uncertain, would leave this possibility open. In our calculations,
even excluding the Volga and the Danube rivers from the discharge
into the Black Sea proves not to be enough to lower the Black sea
level by 1000 m.

- A sea level drop in the Caspian Sea of 1000 m or more, is unlikely.
The Caspian sea level only drops below its shelves if the Volga
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River is absent or much smaller than it is at present. A large sea level
drop coeval with the formation of an extensive, deeply incising
Volga canyon is unlikely.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margeo.2016.05.002.
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