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a b s t r a c t

Although the Late Pleistocene–Holocene fluctuations in the Black Sea have been studied over many years,
no overall picture of this difficult natural phenomenon has as yet been developed and described.
Moreover, in the literature, many researchers have provided mutually exclusive opinions about many of
the processes occurring within this time interval.

The variation in conceptualizations about the filling of the Black Sea basin is explained by the following
reasons. (1) Fluctuations of sea level in the basin were never properly studied as physical processes under
conditions of increased freshwater runoff, change in Bosporus strait depth, increase in World Ocean level,
etc. Therefore, some conclusions about sea-level changes were not verified by appropriate calculations
and have not been physically substantiated. (2) The study of sea-level fluctuations are conducted
according to modern sea depth markers and sediment age, but as the sediment was formed under
varying depth conditions, and could have moved relative to modern markers by the agency of various
geological processes, it is possible that that every core may give a different level curve. (3) Processes of
sedimentation, erosion and redeposition of sediment occurring in the sea have been studied insuffi-
ciently. For this reason the same geological material has been interpreted differently by various
researchers. Therefore, mathematical modeling of sea-level fluctuations based on various physical laws
seems to be of great importance.

In this paper, the value and sign for the Black Sea freshwater balance during the Upper Pleistocene–
Holocene are discussed. The hypothesis suggests that during the specified period of time, the freshwater
balance of the sea was always positive, the sea was filled with water up to the sill mark in the Bosporus
strait, and a river flowed into the Sea of Marmara along the strait bottom. In the present paper, geologic
evidence of the river flow in the strait during the glacial age and later is presented. Other points of view
about the sea’s freshwater balance change are considered.

A mathematical model of the Black Sea basin filling with freshwater in the Upper Pleistocene–Holo-
cene is suggested. It considers that change in water volume inflowing to the Black Sea to be a result of
ablation, neotectonic processes in the strait, bottom erosion, and sediment accumulation. Black Sea level
change calculations have shown the following. As a result of repeated increases in river runoff during
glacial melting, the level of the Black Sea started to rise from �80 m, probably to �20/�30 m, making, in
the process, numerous secondary fluctuations. The reason for this phenomenon was the circumstance
that the water volume brought by the rivers could not flow to the Sea of Marmara through the narrow
canyon of the Bosporus strait at the time. Therefore, water collected in the sea, raising its level. At
approximately 12 ka BP, the World Ocean level rose to the river surface and began to increase its depth.
As a result of the increase in strait depth, the accumulated water in the Black Sea flowed out, thereby
lowering its level to a mark close to the Ocean level. According to calculations, this occurred ca. 11 ka BP.
Thereafter, the Black Sea level rose together with the Ocean level. Water within the Sea of Marmara has
flowed to the Black Sea since approximately 9 ka BP in the form of a bottom counterflow. With a small
time delay, theoretical change in the Black Sea level practically corresponds to data obtained from
geological investigations.
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The theory offered here of fluctuations in Black Sea level is self-sufficient; it explains all processes from
the melting of the glaciers, by physical laws and does not demand the application of any additional
hypotheses. In the conclusion of this paper, the debatable questions about the Black Sea’s possible
lowering and the subsequent flooding of the basin are considered.

� 2009 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Although the Holocene transgression of the Black Sea has been
studied for many years, no overall picture of this difficult natural
phenomenon has as yet been developed and described. Moreover,
in the literature, many researchers have provided mutually exclu-
sive opinions about many of the processes occurring during the
Holocene. The Black Sea level curves and minimal level of the
Postkarangatian regression introduced by different authors have
proven to be incompatible.

The variation in conceptualizations about the filling of the Black
Sea basin is explained, in our opinion, by the following reasons. (1)
Transgression in the Black Sea basin has never been studied as
a physical process under conditions of increased freshwater runoff,
change in Bosporus strait depth, and increase in World Ocean level.
Therefore, some conclusions about sea-level changes were not
verified by appropriate calculations and have not been physically
substantiated. (2) Transgression studies are conducted according to
modern sea depth markers and sediment age, but as the sediment
was formed under varying depth conditions, and could have moved
relative to modern markers as a result of neotectonic movements,
including different rates of uplift or submersion, every core prob-
ably gives a different level curve. (3) Processes of sedimentation,
erosion, and redeposition of sediment occurring in the sea have
been studied insufficiently. For this reason, the same geological
material is interpreted differently by various researchers.

2. Estimation of the value and sign of the Black Sea
freshwater balance

Value and sign of the Black Sea freshwater balance are the key
parameters defining its change in level during the period when the
World Ocean level was below the Black Sea level. If, in a glacial age,
the freshwater balance was negative, the Black Sea would have
exsiccated, its level would have dropped below that of the Bosporus
strait, and the sea would have become a closed lake. If the balance
was positive, sea level would have always been above the bed level
of the strait, and excess freshwater would have flowed from the
Black Sea into the Sea of Marmara. Some conclusions about the
value and sign of the freshwater balance during a glacial age can be
made from parameters of the present balance of the sea.

Parameters of the modern freshwater balance and its value,
calculated by various authors, are presented in Table 1 (Joashvili,
2003). Averaged, the balance values are shown in the same table.
The freshwater balance of the Black Sea ranges from þ137 to
þ300 km3/year. Averaged by all authors, the parameters of fresh-
water balance are the following: river runoff, þ333 km3/year;
precipitation, þ214 km3/year; evaporation, �335 km3/year. The
averaged freshwater balance of the sea is þ212 km3/year. In this
balance, the river runoff is almost three times more than the
difference between evaporation and precipitation.

There is a superabundance of freshwater in the Black Sea, as
distinct from the Mediterranean. Its volume is slightly more than
the Danube runoff. In a glacial age, the average annual air
temperature of the region was 5–6% below that of the modern one.
All the rivers flowed, which is known from overdeepened valleys,
but parameters of the freshwater balance were less than modern
values both because of climatic conditions and because the Black
Sea’s area at the time was less than the modern one.

On the basis of rather simple calculations, the hypothesis that
during the glacial age the freshwater balance was positive, and
excess water flowed through the Bosporus strait into the Sea of
Marmara in the form of a river (Esin, 1987) was put forward. This
hypothesis has allowed an explanation of some hydrological
processes of the Pleistocene.

Kislov and Toropov (2005, 2006a,b) made a significant contri-
bution to the solution of the problem of freshwater balance during
the glacial age. Research conducted with the application of climatic
models has shown that, in a glacial age, river runoff was 175.5 km3/
year, and evaporation and precipitation were 30–40% and 20–30%
less than current values, respectively. This allows calculation of the
freshwater balance of the Black Sea during the glacial age, when
the level was at about �100 m, and the sea area was 24% less than
the current one. For this purpose, in the averaged balance described
above, values of evaporation and precipitation were first decreased
by 24%, and then by 40% and 30%, respectively. The resulting values
are: evaporation, 176 km3/year; and precipitation, 98 km3/year.
Considering river runoff (176 km3/year in round figures), the
freshwater balance was þ98 km3/year. The balance was positive,
considerable, and approximately equal to the total runoff of three
rivers such as the Don.

It is necessary to note the following misunderstanding. In
a number of works, Kislov and Toropov (2005, 2006a,b) assert,
without corresponding calculations, that the Black Sea lowered to
�150 to �200 m during the glacial age. The theoretical research of
Kislov and Toropov is considerable, and the authors accept their
calculated parameters for freshwater balance. However, the nega-
tive value obtained for freshwater balance during the glacial age
results from a debatable method, not from direct calculation (river
runoffþ precipitation� evaporation). In recent years, solid
evidence has emerged indicating river flow in the Bosporus strait
both in the glacial age and later.

Mudie et al. (2005), using 150 samples taken in the Black, Mar-
mara, and Aegean Seas, noted desalinated conditions within these
basins from 10.2 to 9.5 ka BP. This indicates overflow of desalinated
water from the Black Sea through the Sea of Marmara to the Aegean
Sea with consequent desalination of the latter. According to Aksu
et al. (2006), overflow of the Black Sea water began at 10 ka BP.

Chepalyga (2005a,b, 2007) substantiates the existence of a river
flowing through the Bosporus strait containing water with a low
salt content during an earlier period. He has submitted data con-
cerning the ancient delta of the river flowing from the Bosporus
strait at 15–16 ka BP as well as sediment of 16 ka age containing
Caspian mollusc fauna.

Other geological research (Hiscott et al., 2002) confirms the
existence of a river in the Bosporus strait flowing into the Sea of
Marmara during the glacial age. The paleodelta of the river flowing
from the Bosporus strait has been discovered in the Sea of Mar-
mara. The river flowed during the glacial age (25.5–23.5 ka BP), and
in the Holocene (10–9 ka BP).

Thus, there are data indicating desalinated water flowed from
the Bosporus strait 9–10 ka, 16 ka, and 23–25 ka BP, i.e., both in the
Holocene and in the glacial age. The same conclusion follows from
the theoretical calculations discussed below.



Table 1
Parameters of the modern freshwater balance and other characteristics of currents through the Bosporus strait (Joashvili, 2003).

Water balance of the Black Sea according to different authors

Author Water inflow (km3/year) Water discharge (km3/year)

River
runoff

Atmospheric
precipitation

Inflow from the
Azov Sea

Inflow from the
Bosporus

Total Evapo-
ration

Out-flow to the
Azov Sea

Out-flow to the
Bosporus

Total Balance

Shpindler and Vrangel
(1899)

474 220 694 232 416 648

Merz (1928) 328 231 193 752 354 398 752 þ205
Sverdrup et al. (1942) 328 240 192 760 363 397 760 þ205
Zenkevitch (1947) 320 145 202 667 319 348 667 þ146
Rozhdestvensky

(1953)
340 280 195 815 240 575 815 þ199

Leonov (1960) 309 230 95 193 827 365 70 392 827 þ199
Bruevich (1960) 350 225 175 750 350 400 750 þ225
Barenbeim (1960) 340 120 59 193 712 280 34 398 712 þ205
Soliankin (1963) 346 129 53 176 704 332 32 340 704 þ164
Ozturgut (1971) 352 300 249 901 353 548 901 þ299
Rozhdestvensky

(1971)
294 254 38 229 815 301 29 485 815 þ256

Serpoianu (1985) 336 120 53 123 632 340 32 260 632 þ137
Pora and Oros (1974) 294 254 38 229 815 301 29 485 815 þ256
Fonselius (1974) 320 230 200 750 350 400 750 þ200
Bondar (1986) 364 119 50 203 736 332 31 371 734 þ168
Unluata et al. (1990) 352 300 312 964 353 612 965 þ300
Altman and Kumysh

(1986)
338 238 50 176 802 396 33 371 800 þ195

Reshetnikov (1992) 353 225 22 600 370 227 597

Average 338 214 335 210
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Sapropel formation in the Sea of Marmara shows that, during the
glacial period, the river flowed through the Bosporus strait and trans-
ported water with a low salt content to the Sea of Marmara (Thunell
et al.,1983,1984; Hiscott et al., 2002). Forming a strong density gradient
preventing vertical movements of sea water and oxygen transfer to the
bottom layers is impossible without a considerable and constantly
replenishing surface layer of water with a low salt content. In the
homogeneous sea without a density gradient, water will be mixed to
the bottom during the winter convection, since there are no forces
preventing this process. The conclusion of Sperling et al. (2003) that
sapropels could be formed in the Sea of Marmara without inflow of
freshwater from the Black Sea requires modification, as it contradicts
the physical logic of the formation of anoxic conditions. It is doubtful
whether sapropel formation can be explained by the supply of
a generous amount of organic matter to a sea with well mixed waters.
Any estimation by geological methods of the brackish water volume
entering the Marmara Sea from the Black Sea will always be under-
stated, as long as only freshwater was evaporating from the surface.
Only some of the water flowing through the strait took part in the
formation of the brackish layer. Since the river runoff in the channel was
small, it is difficult to reveal its existence.

3. Mathematical model of the Black Sea filling with
freshwater

The equation describing change in the Black Sea level as a result
of changes in freshwater balance in the general view is:

S
dH
dt
¼ W � Q ; (1)

where S¼ sea area, H¼ sea-level height, t¼ time, W¼ freshwater
balance, and Q¼ volume of water flowing from the sea through the
Bosporus strait.

In order to estimate Q, the solution for problems of viscous flow
on a horizontal plane was used. The following ratio for water flow
on a horizontal plane was obtained from simplified Navier-Stokes
equations (Esin, 2007; Esin and Kukleva, 2007a,b):
Q ¼
3v

sin a; (2)

gh3l

where g¼ gravitational acceleration, h¼ depth of water flow,
l¼ flow width, n¼ kinematic coefficient of viscosity, a¼ angle of
slope of river surface to horizon plane. As a has an order 10�3,
assume sin a z dh/dx.

In this case, water is flowing along the channel, the bottom of
which is a plane leaning to the northern and southern sills composed
of bedrock (Algan et al., 2001). In this form, equation (2) adequately
describes the change in Don River depth depending on the value of
liquid runoff and Azov Sea level (Esin and Zhiliajev, 1971). Adapta-
tion of the model to real conditions has shown that the value of n

needs to be increased by an order because of turbulent flow in the
river. The accepted value for the Don River is n¼ 3 $ 10�3 m2/s.

Using the structure of equation (2), Q is:

Q ¼ gh3l
3v

H � h
L

;

where h¼ depth of the river at the strait end, and L¼ the strait
length. H is measured from the river-bed level at the end of the
strait (Fig. 1).

Taking into account the value of Q, the model of the Black Sea
basin filling with freshwater is given by equation (3):

S
dH
dt
¼ W � gh3l

3vL
ðH � hÞ: (3)

The physical meaning of the process described by equation (3) is
the same as filling a bucket: the more water that enters, the higher
the water level in the bucket. In a steady state, the water level does
not vary. Then, inflow is equal to out-flow throughout the section.
4. Some laws pertaining to the Black Sea basin filling with
river water

According to the above conclusion about a positive freshwater
balance in the Black Sea, it is presumed that the sea was an open



Fig. 1. Variations in hydrological conditions in the Bosporus strait given different
positions of Marmara Sea level. a) The river flows in the strait. The Sea of Marmara has
no influence on the flow velocity and water level in the river. b) Rising level of the Sea
of Marmara increases the river depth and transforms it into the strait. Water discharge
into the strait increases, and the level of the Black Sea decreases.

0
1000 2000 t, year

-50

-100
h(t), m

Fig. 2. Diagram demonstrating the decrease in amplitude of sea-level fluctuations
under conditions of strait depth increase and the same fluctuations of the freshwater
balance.
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lake at the end of the glacial age, and its level was slightly above the
Bosporus strait sill.

The solution of equation (3) reveals some laws of the Holocene
transgression.

Consider the simplest case: the strait depth (h) and freshwater
balance (W) do not change (h¼ const, W¼ const), and at the initial
time H is set (H¼Ho when t¼ 0). In this case, the solution of
equation (3) is given by:

H ¼ WvL
gh3l

þ hþ
 

Ho� h�WvL
gh3l

!
e�

gh3 l
vLS t : (4)

At t / N, H / hþWnL/gh3l. Therefore, under steady-state
conditions, sea level will be above the river surface at the strait
output by a value of WnL/gh3l. At this level, river runoff will be equal
to the value of the sea’s freshwater balance. Its level will not change.

At present, the Black Sea level is stable. It is always higher than
the Marmara Sea level by 0.3 m, and it experiences seasonal fluc-
tuations of several centimeters. This circumstance gives a possi-
bility to estimate v values for the present day situation, using the
formula:

H � h ¼ WvL
gh3l

; (5)

where H� h¼ 0.3 m; h¼ 12 m, l¼ 1000 m, L¼ 30,000 m,
W¼ 412 km3/yr or 13,300 m3/s. It is assumed that the bottom of the
surface water flow in the Bosporus strait is an interface between
surface flow and bottom counterflow. In the paper of Oguz et al.
(1990), the profile of the interface for different values of water
discharge in the upper flow is calculated. The average value of
water discharge is close to the calculated one (W¼ 12,350 m3/s.).
From the figures presented in this paper, it is seen that in the exit
from the channel, the depth of this interface is about 10 m. Having
substituted in equation (3) values of the above-mentioned
parameters, v¼ 7.5 $ 10�3 m2/s. When comparing the suggested
value of v (3 $ 10�3 m2/s) and the one obtained from the solution of
the inverse problem, we can conclude that they are close to each
other. This is the validation of the model’s representativeness.
The Late Pleistocene transgression was accompanied by climate
warming. Judging from the changes in the World Ocean level,
warming began at 21 ka BP and finished by 6 ka BP (Rohde, 2007). The
complete period of the cycle was 15,000 years. Ablation occurred in
the following way. In the beginning, small volumes melted, and the
process was intensified. As glacier volume decreased, melting
diminished. Therefore, the volume of water inflowing to the Black Sea
from glaciers can be approximated by the function:

W ¼ A
�

1� cos
2p

15;000
t
�
:

In this case, the solution to equation (3) will be:

H ¼ B sin
�

2pt
1500

� 4

�
þ Ce�at ; (6)

where B, 4, C, a¼ constant.
The solution (6) shows that rise of sea level H is displaced in

phase relative to W; when the freshwater balance of the sea started
to decrease, the sea level kept rising for some time.

At a certain stage of the transgression, the ocean level rose to the
level of the river surface in the strait, and from this moment
onward, the strait began to be formed. Its depth increased, with the
result that water flow from the Black Sea to the Sea of Marmara also
increased. The position of the strait bottom changed at the same
time due to tectonic movement, erosion, etc. The process by which
the Black Sea basin filled with water is described by the equation:

S
dH
dt
¼ W � glðh0 þmtÞ3

3vL
½H � ðh0 þmtÞ� þ nS; (7)

where m¼ rate of ocean-level increase, n¼ rate of strait bottom-
level change as a result of erosion, accumulation, or tectonic
movements, and h0¼ original strait depth. The solution of equation
(7) shows that the sea-level oscillation dependence on freshwater
balance and its fluctuations decreases with increasing strait depth
(Fig. 2). With a strait depth of more than 10 m, the level of the Black
Sea is less than 1 m above the level of the Marmara Sea (it is
currently 30 cm higher).

Numerous geological investigations (Balabanov, 2007) indicate
that, along with global sea-level rise, secondary fluctuations with
a periodicity of 600–700 years caused by ablation nonuniformity
are observable. To consider this factor, we will add into equation (7)
another term:

k
�

1� cos
2p
700

t
�
:
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The value of k, characterizing the maximum value of freshwater
runoff fluctuations, is accepted as 10 times less than A. This model
of the filling of the Black Sea basin is described as

S
dH
dt
¼ A

�
1� cos

2p
15;000

t
�
þ 0:1A

�
1� cos

2p
700

t
�

� glðh0 þmtÞ3

3vL
½H � ðh0 þmtÞ� þ nS: (8)

In this form, the equation describing water balance in the Black Sea
incorporates processes of level change that are subject to influences
from both the World Ocean and uplift of the Bosporus strait sill.
5. Reconstruction of paleoprocesses of the Upper
Pleistocene–Holocene

For reconstruction, ocean-level changes are considered to follow
Rohde (2007). Judging from Fig. 3, warming began 21 ka BP, but in
the beginning, glaciers melted very slowly. Then, the process
accelerated, and by 7 ka BP, the rate of World Ocean level rise
slowed down again. Three segments within the ocean-level curve
describe various rates of level rise. In the range from 21 to 15 ka BP,
the average rate of ocean transgression was 3 $ 10�3 m/yr, in the
range 15–7 ka BP, 13.3 $ 10�3 m/yr, and in the range from 7 ka BP to
the present, 0.6 $ 10�3 m/yr.

The following initial conditions existed: the ocean level was at
�128 m at 21 ka BP, the Black Sea level was at �80 m (Kaplin and
Selivanov, 1999; Yanko-Hombach, 2007; Yanko-Hombach et al.,
2007a,b; Izmailov, 2008), and the strait sill was at �73 m.

The river flowing in the strait eroded the strait bottom at a rate
of 2 mm/yr, and the bottom rose at a rate of 1 mm/yr as a result of
uplift of the crust. The rate of 1 mm/yr was chosen because the
calculated depth is close to the modern one.

Over the first 6000 years (from 21 to 15 ka BP), ocean level rose
by 3 $ 10�3 m/yr $ 6 $ 103 years¼ 18 m, to �110 m. During this time,
the strait bottom rose by 6 m and reached �77 m. The difference in
elevation is 33 m. Subsequently, the ocean level rose at a rate of
13.3 mm/yr, while the strait bottom rose by 1 mm/yr. Given this
ratio, the ocean level would ‘‘catch up’’ with the strait bottom over
2.7 ka.

At that time, i.e., 12.3 ka BP, the ocean level and the strait bottom
were at �74.3 m. Increase in strait depth began when ocean level
rose again, approximately 3 m, occurring 12–11 ka BP. At this
Fig. 3. Temporal fluctuations of the Global ocean level (Rohde, 2007), theoretical curve
of Black Sea level fluctuations, curve of Black Sea level changes according to geological
data (Balabanov, 2007), lifting of the northern sill in the Bosporus strait.
moment, the strait bottom was at�74 m, and the ocean level was at
�71 m. From here, the strait depth increased, and the Black Sea
level went down, since conditions of water flow from the Black Sea
to the Sea of Marmara improved. Regression of the sea level divides
the Upper Pleistocene and Holocene at this time.

Over the next 500 years, until 10.5 ka BP, the strait depth
increased by 6.2 m, reaching 9.2 m. With this strait depth, ocean
level was at �64.3 m, and the strait bottom was at �73.5 m. Flow
rate in the strait decreased considerably, and silt accumulation on
the strait bottom became possible. Considering that the rate of
strait bottom rise was 3 mm/year, and the rate of increase in the
strait depth was 13.3 mm/yr, the resulting rate of change was
10.3 mm/yr.

Formation of the bottom counterflow in the Marmara Sea,
which led to the formation of near-bottom anoxic conditions and
sapropel in the Black Sea, is the next significant stage of the
Holocene transgression. According to Lane-Serff et al. (1997), the
critical strait depth in which a counterflow can be formed is 11 m. In
this research, however, tangential stresses of upstream water in the
Sea of Marmara forcing the upper layer of the bottom stream to
flow back to the Sea of Marmara were not considered.

Interesting field data and theoretical calculations are presented
in the paper of Oguz et al. (1990). This paper shows that when the
volume of flowing water from the Black Sea becomes larger, from
4380 m3/s (138 km3/a) to 21,765 m3/s (686 km3/a), the interface
between upper flow and counterflow above the sill drops 6 m, and
the depth of the counterflow decreases from 14 to 8 m.

When water discharge through the strait was 10,500 m3/s
(330 km3/yr), a value close to that occurring after the ice melted,
the depth of the counterflow above the sill would become 12 m. If
the Black Sea level dropped 12 m, then the interface would abut
against the sill, and counterflow would not be formed. In this case,
the depth of the strait would be 24 m. Such a conclusion can be
made from a sufficiently reliable dynamic model. When the depth
is 24 m or less, breaches into the Marmara Sea of limited volumes of
water with salinity less than 38& are possible. Filling of the deep
basin and formation of anoxic conditions on the bottom would be
possible under the continuous current of salt water from the
Marmara Sea. When such a current stops, the process of the Black
Sea water desalination begins.

Taking a critical depth of 14 m as a basis, we can conclude that
the Mediterranean water began to enter into the Black Sea by
roughly 9.7 ka BP. At first, water discharge within the bottom
counterflow was small, but then it began to increase as a result of
the influence of two factors: the strait depth’s growth and
a decrease in the freshwater balance of the Black Sea. However,
since a theoretical curve of sea-level fluctuations is shifted in
retrospect, the above-mentioned event took place several hundred
years later. In this case, the most important fact is that it was
a natural process depending on the depth of the strait and the
difference between the water densities in the neighboring seas.

6. Theoretical curve of the Black Sea level

The basic stages of the Late Pleistocene–Holocene transgression
of the sea follow upon the calculations proposed in the previous
section. From the beginning of the transgression to 11 ka BP, ocean
level was below the level of the river in the Bosporus strait and did
not affect the water level in the Black Sea. At this time, the strait
bottom was rising at a rate of 1 mm/yr, i.e., in equation (2), n¼ 0,
m¼ 10�3 m/yr. In the range from 11 to 10.5 ka BP, strait depth
increased at a rate of 12.3 mm/yr, and as the rate of bottom
elevation was 1 m/yr, and the rate of sea-level increase was
13.3 mm/yr, from equation (2) that n¼ 12.5 mm/yr, m¼ 1 mm/yr.
The rate of bottom uplift would be 3 mm/yr, and n¼ 12.5 mm/yr.
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In these calculations, it is assumed that the average width of the
strait is equal to 600 m, and length is 30 km. The ablation period is
15,000 years, and the periodicity of secondary fluctuations in the
freshwater balance is 700 years. Calculations were made separately
for each of the periods, and final values for strait depth of the
previous stage were accepted as initial values for the subsequent
period. Segments of the sea-level curve resulting from these
calculations were successively connected, and the resulting curve is
presented in Fig. 3.

The resulting Black Sea level curve shows the following. In the
range from 21 to 12 ka BP, water level in the Black Sea rose and
could have reached �20 to �30 m, which agrees with numerous
geological (Balabanov, 2007) and micropaleontological data
(Yanko-Hombach et al., 2007a,b).

Transgression was caused by repeated increases in the fresh-
water balance, which could have attained 40,000–50,000 m3/s. All
water flowing into the Black Sea could not have flowed through the
strait, and thus it remained in the Black Sea, raising its level. During
this period, sea level was unstable and reacted to changes in
freshwater balance, even seasonal ones.

Regression during the 13–12 ka BP interval was caused by an
increase in the depth of the Bosporus strait, with the result that
water discharge through the river flowing within the strait
increased. As a consequence, sea level declined over the next
approximately 500 years, almost to the level of the World Ocean. At
this time, the level within the Black Sea was not higher than 1 m
above that of the ocean. Such a difference in sea levels enabled an
overflowing of Black Sea freshwater balance into the neighboring
sea. Further, the Black Sea level paralleled that of the World Ocean,
staying several tens of centimeters above it. During the process of
strait deepening, the difference in sea levels decreased. Now, the
level of the Black Sea lies 30 cm above that of the Marmara Sea.

This model shows that the Upper Pleistocene to Holocene
transgression had two maxima. The first one was caused by abla-
tion, the second one by the increase in World Ocean level. There-
fore, there were two transgressions in the Black Sea, Late
Pleistocene and Holocene (Fedorov, 1978).

Calculation of Black Sea level change in the Holocene shows that
the course of the World Ocean and that of the Black Sea was
practically identical. This imposes considerable constraints on
curves describing the process. Taking into account the above-
mentioned idea, secondary fluctuations with an amplitude up to
20 m would not be expected in the Holocene, as the strait was deep,
and there could not be major fluctuation in the freshwater balance.
Hence, a real transgression in the level was smoother and more
uniform than was thought by previous researchers.

7. Geological and other evidence supporting
representativeness of mathematical model

The most complete Holocene history of the Black Sea is pre-
sented in the paper by Balabanov (2007), where the analyzed
results of tens, or maybe hundreds, of sites drilled on the Caucasian
coast of the Black Sea, the Sea of Azov, in Crimea, and on the
northwestern coast of Ukraine are summarized. Sites completely
covered Holocene deposits, and in rare cases 60–70% of their
thickness. This is the most representative unit of Holocene research
on the Russian and Ukrainian coast of the Black Sea. Many dozens of
papers have been written on the basis of its content.

The analysis of obtained material has shown that in the interval
between 12.5 and 10.7 ka BP, sea level rose at least three times up to
�20/�24 m. The most probable age of transgression peaks are 12.2,
11.6, and 10.9 ka BP. Intermediate peaks did not exceed several
metres. In the beginning of the Holocene, between 10.7 and 9.9 ka
BP, signs of a deep regression are recorded. Its traces were observed
in the interval between (10,530�190) and (10,130�180) BP at the
different sections at depths from 40 to �80 m. Low depth is
explained by tectonic submersion. On the basis of these descrip-
tions, we drew a picture of changing sea level (Fig. 3).

Comparison of the theoretical curve and the one drawn on the
basis of geological study has shown that the former describes
change in the Black Sea level rather precisely but it is displaced in
time by 1000 years, and secondary fluctuations are displaced in
phase. All the other details are equivalent: transgression with
secondary fluctuations, rapid regression (400–500 years), and
ocean transgression, increase of channel depth, and breach of
Marmara sea water in the near-bottom layer into the Black Sea.
Thus, the modes describe all the main peculiarities of sea-level
change between 13 and 8 ka BP. It thus follows that the Black Sea
desiccation was not possible because neighboring seas were con-
nected to each other by a deep strait.

The material presented by Balabanov is confirmed by the results
of investigations given in the paper of Murdmaa et al. (2003). Study
of Core 521 sampled on the Black Sea shelf produced the same
conclusions as described in Balabanov’s paper.

Theoretical results concerning the Black Sea fluctuations are
characterized by the following circumstances. At 20 ka BP, a process
of glacial melting and freshwater balance could have increased 10
times. The entering volume of water could not flow through
a narrow canyon, which was the state of the Bosporus strait at that
time. As a result, Black Sea level began to rise and reached �20 m.
At this time, sea level reacted to all the fluctuations in freshwater
balance, from seasonal to secular ones, i.e., as it rose, it underwent
secondary fluctuations with different amplitudes and periods.

The second phase of the Holocene began when global ocean
level reached the water level in the river, and the strait began to
form. Strait depth began to increase rapidly and, over about 500
years, reached 12 m. With this increase in depth, Black Sea water
elevated by the strait flowed out to the Marmara Sea. This
phenomenon is fixed as a regression of several tens of metres. It
ended when the Black Sea level declined almost to that of the global
ocean, being higher by not more than 1 m.

The third stage of the Holocene was characterized by the Black
Sea level almost completely repeating the fluctuations of the global
ocean level, all the time being slightly higher. A near-bottom
counterflow of Marmara Sea water took place in the deepened
strait, and this conclusion agrees with the data of Hiscott et al.
(2002). In this model, there is no place for the Black Sea to dry and
for an overtopping of Marmara Sea water through the strait. It is
very likely that such a natural process did not happen within the
last 30 ka. A good coincidence of theoretical research and geological
material testifies to the theory of a ‘‘deep’’ Bosporus strait (Major
et al., 2002).

8. Discussion of the possibility of the Black Sea drying
in the Late Pleistocene–Holocene

In previous sections, a succession of Black Sea level changes in
the interval between 21 and 8 ka BP was described on the basis of
concept that the freshwater balance in the Black sea was always
a positive one. But another point of view about the process of the
Late Pleistocene–Holocene transgression is stated in the literature.
According to it, the freshwater balance in the Black Sea in some
periods became negative, and the sea drew down owing to evap-
oration. This point of view is presented in the papers of Ryan, and
they are broadly discussed in connection with the hypothesis of the
‘‘biblical flood’’ in the Black Sea.

The hypothesis of Ryan et al. (1997) consists of the following.
In the Holocene, climate in the Black Sea basin sharply changed,
and the freshwater balance became negative. As long as levels of
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the Black and Marmara seas were lower than the Bosporus strait sill
at that time, the Black Sea would have begun to dry, and its level
would have declined from �30 m to �155 m, i.e., about 125 m. At
around 8.4 ka BP, the global ocean level rose above the depth of the
sill within the strait. For a short period of time, the strait bottom
was eroded to a considerable depth, and a vigorous flow of salt
water from the Marmara Sea gushed into the Black Sea. Over the
course of several years, this flow raised the Black Sea level to an
initial mark of �30 m. The filling was on a biblical flood scale.

It is obvious that transformation of a sea possessing a large
volume of surplus freshwater into a water body declining due to
evaporation would be possible only under conditions of sharp
climate change. But there are no data describing any considerable
changes of climate. Moreover, palynological research tells us that
the climate during the interval of 8.4–5.5 ka BP was damp
(precipitation was >600 mm/a) (Aksu et al., 1995; Mudie et al.,
2005). At this time, continuous sea sedimentation took place at the
depth of 69 m. Hence, the sea could not be declining. Which
transformations in the Black Sea freshwater balance need to
happen for the initiation of drying? Considering calculations from
the climate models of Kislov and Toropov (2006a,b), components of
the freshwater balance in the Black Sea 8400 years ago were
smaller than at present, yielding a freshwater balance value that
was slightly smaller (or possibly larger). Assume that evaporation,
river runoff, and precipitation were 20% smaller than today. The
averaged freshwater balance is as follows: evaporation �279 km3/
a or �0.6 m/a, precipitationþ 178 km3/yr or þ0.5 m/a, river runoff
þ276 km3/a or þ0.6 m/a. Given these components, freshwater
balance is þ0.5 m/a.

Evaporation of a 125 m water layer takes some time, which was
very limited because, as late as 9 ka BP, the sea was filled to the sill
of the Bosporus strait, and a river ran within the strait. Let us
assume that it took 300 years for sufficient evaporation to occur.
Then, a mean rate of evaporation would be 0.42 m/yr. Hence, for the
evaporation of 125 m of water over the course of 300 years, evap-
oration must have been 0.58þ 0.5þ 0.42¼1.5 m/a, i.e., the evap-
oration rate must have increased 2.5 times. In this case, it would be
twice as high as today. This context needs a serious explanation.

If one assumes that all rivers emptying into the Black Sea had
dried up, then the value of freshwater balance would be �0.1 m/a.
In this case, it would take 1250 years for the sea to evaporate down
to the level of �155 m. Thus, there are grounds for the following
conclusion: evaporative draw down of the Black Sea could occur
under certain conditions, but its historical occurrence in the Black
Sea basin is impossible.

In order to validate Ryan’s hypothesis about a disastrous and
rapid filling of the Black Sea at 8.4 ka BP, calculations have been
made which simulate a flow of Marmara Sea water through the
Bosporus strait and into the Black Sea bottom (Siddall et al., 2004).
In the opinion of the author of these calculations, comparison of the
obtained results with sea bottom relief shows that the Flood was
indeed a real event. In the authors’ opinion, such a comparison is
ill-posed insofar as simultaneous equations and assumptions do
not describe the process of moving heavy water into a sea con-
taining lighter water. In fact, they describe a fluid flow on the land
surface of the planet, where gravity force is smaller than on the
Earth.

Equations elaborated upon in the calculation of channel flow
were used to describe water flow. It is, in principle, inappropriate
for the description of sea currents for the following reasons. Linear
scales of bottom flow in Marmara Sea water are equal to kilometers
and hundreds of kilometers along the horizontal plane and the first
metres, or possibly the first tens of metres, in the vertical plane. It
was considered that such a flow was one of viscous fluid within
a boundary layer. To describe such a flow, one must base equations
on a vertical coordinate axis, and terms must include derivatives of
horizontal velocity on the vertical coordinate. Many addends with
derivatives on the horizontal coordinate can be neglected, as they
are several orders smaller that the derivatives on the vertical
coordinate. In the above-mentioned equations, everything is done
per contra: the vertical coordinate is generally absent, flow velocity
is averaged in the vertical direction, and addends that describe
friction between layers along the horizontal axes are retained. Such
a set of equations describes a liquid flow in a horizontal plane that
is considered a viscous fluid, and in a vertical one, as a frictionless
liquid. Such a liquid cannot transmit motion or entrain upper layers
of sea water, and that is what is really observed in the sea. Sea
currents have no effect on it, respectively. Hence, it flows to the sea
without influence, i.e., it flows as if along the land with zero
shearing stress on its surface.

The process of heavy water flow within a less heavy one requires
an insertion of terms which contain density differences between
the heavy and less heavy waters. Also, the density of the heavier
water must be changeable in time and in the vertical dimension. In
the presented equation, there are no such multipliers. As well, the
process of salt and freshwater intermixing is not taken into
consideration. Under natural conditions, owing to this intermixing,
water is washed out of the near-bottom flow, and the value of its
discharge decreases downstream.

A conclusion can be drawn that, from all kinds of sea impact
upon the near-bottom flow of heavy water, only one, namely the
difference between water densities, is taken into account. This is
done in a peculiar way: by the reducing the acceleration of gravity.
Actually, in this paper, the flow of semi-perfect and semi-viscous
liquid along the land surface of the planet, where gravity force is
smaller than on the Earth, is considered. The Moon may be an
example, where there is no water in the seas, and gravity is six
times less than on the Earth.

As it is seen, the model does not describe any processes taking
place in the sea, and therefore, it cannot be useful for an analysis of
hydrological conditions during the Flood. In the considered case,
the model describes only the process for which it has been elabo-
rated. It describes water flow in a channel on land.

In Siddall’s model, the process is considered from the moment
when the depth of water flow in the channel became 10 m. So,
a subsequent assumption is taken from it: as soon as water in the
Marmara Sea rose to the depth of sill in the channel, 10 m thick
sedimentary layer was instantly eroded and the flood began. In
reality the process proceeded differently. At first, a streamlet ran
through the sill. Then, as the bottom erosion increased and the
Marmara sea level rose, the depth of the streamlet became larger,
and it turned into a river. The river width enlarged, and water
discharge in it increased. Only some time later, the depth of the
river reached 10 m, and the Flood began. At this time, the following
occurred in the Black Sea. At the initial stage of Marmara Sea water
flowing into the Black Sea, its level continued to sink. Water salinity
in it increased, both as a result of entering of the Marmara Sea
water, and as a result of evaporation. At last, when the water
discharge in the channel was 0.42 m/a or 180 km3/a (as a guide),
this process began the filling of the Black Sea basin. At first, water
level rose slowly, then, as soon as the Marmara Sea level rose, water
flow increased. Since the Marmara Sea level was rising with the rate
of 13.3 mm/a, catastrophically rapid flooding of the Black Sea basin
could be possible only in the final stage of the transgression.
Nobody knows how much time it took for the flooding of the Black
Sea basin. In Siddall’s model, water discharge is considered to be
constant. Factually, it was growing from zero constantly, until the
beginning of level equalization with the neighboring sea. At the
stage of leveling, water discharge in the channel decreased. Since
the surface water layer had evaporated, the interface of heavy and
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light water rose. Finally, after the level equalization, the Black Sea
turned into a homogenous one, without halocline and density
gradient, which prevented the transportation of oxygen to the
bottom layers.

After the climate returned to its initial state and replaced the
negative sign of freshwater balance with a positive one, the process
of freshening the upper water layer and formation of the halocline
began. This process finally resulted in the appearance of anoxic
conditions and hydrogen sulphide contamination.

Thus, after the level equalization of the Black and Mediterranean
Seas, the process of sapropel formation on the bottom could not
start after the re-establishment of normal Holocene climatic
conditions, freshening of the upper water layer, and the
consumption of oxygen in the layer of Mediterranean water.

To discuss the possibility of Black Sea desiccation, it would be
very useful for the adherents of this hypothesis to calculate the time
from the start of water runoff till the beginning of sapropel
formation. It would also help to show in which time interval the
climate of the Black Sea basin was arid, and why the value of
evaporation increased in 2.5 times.

From the analysis of climatic and hydrological aspects of Ryan’s
hypothesis, no evidence of its reality was presented. However, there
is evidence, including climate, showing that there was neither Black
Sea drying nor water runoff through the Bosporus channel (Mudie
et al., 2005).

Geological arguments in favor of Ryan’s hypothesis are
described in later papers. Geophysical and geological research on
the shelf to the north of the Bosporus revealed two lithological
unconformities and lithological features on the Black Sea bottom at
a depth of 100 m. They are interpreted as subaerial erosion features
(Giosan et al., 2005; Mart et al., 2006). A layer lying under the low
unconformity is considered as an eroded body. Its age is more than
40,000 years. Dislocated bedding that contains marine and fresh-
water shells covers it, and the age of this layer is 4400 years. In the
hypothesis, the unconformities testify to the lowering of the Black
Sea level as a result of its desiccation down a depth close to�125 m,
a subsequent lake stage, then erosion of the paleoshelf by rivers,
and after that, bottom erosion by the Marmara Sea flow, which
resulted in flooding. As a result, catastrophic water flow partially
destroyed the pre-existing river channels.

There are rather important discrepancies in the presented
interpretation. First, if a catastrophic water stream runs down
a steep slope composed of easily erodable sediments, then for
several tens of years under low level erosion, it will wash the
bottom down to the basement forming a deep canyon on the
paleoshelf. However, according to the presented material, remains
of river beds that have been formed not long before the flooding are
in place on the bottom. This is evidence of the fact that the water
stream running across the shelf did not have a large eroding force.

Second, if a catastrophic filling of the Black Sea basin had taken
place (during several tens of years), a process of marine sedimen-
tation started immediately afterwards. In this case, the age of the
upper b stratification would not be 4400 years, but about 8000
years. A question emerges: why did no marine sediments accu-
mulate during almost 4000 years?

The next interpretation of geological material does not have
contradictions. At approximately 9 ka BP, bottom counterflow
formed in the channel. It began to wash out the bottom composed
of erodable sediments. Today, according to calculations by Oguz
et al. (1990), the velocity of the counterflow is from 1 to 1.5 m/s, the
difference in water salinity, 20& (38& and 18&), and the differ-
ence in density under a temperature of 15� is 0.01615 g/cm3. In the
Early Holocene, Black Sea water salinity was 3& (Mudie et al.,
2005), and difference in salinity between the upper and lower flows
was 35&. The difference in density was 0.02825 g/cm3. By the
present day, the difference of density decreased 1.7 times. The
solution of the sum in linear variation of near-bottom counterflow
shows that current velocity is proportionate to the value of Dr/r,
where Dr is the difference of water densities and r is the density of
brackish water. Approximate estimation shows that if the salinity of
the upper water layer today in the Black Sea is 3&, then current
velocity of the near-bottom counterflow will be from 1.7 to 2.5 m/s.
But under such velocities, not only silt is washed out but condensed
deposits, for example, clay (Esin et al., 1980). Hence, the velocity of
the counterflow would be considerably greater than the modern
one, and when the salinity of the upper layer of Black Sea water
increases, the water density difference decreases and,
consequently, the velocity of the bottom stream decreases, too.
For this reason, the process of marine sedimentation started only at
4.4 ka BP.

Note that underwater erosion by water or water flows with
suspended sediments is observed everywhere in the Black Sea, and
that erosion reaches considerable values (Esin et al., 1987). The
probability of sea bottom erosion by suspension flow is given in the
papers of Esin et al. (1991) and Esin (2003).

Interesting material about the sedimentation process in the
Bosporus strait is presented in the papers of Algan et al. (2001) and
Gökaşan et al. (2005). In the first paper, the sedimentary layer in the
central part of the channel is described, and a profile of a basic
channel bottom is presented. On the basis of obtained material, the
authors conclude that Mediterranean Sea water entered the Black
Sea at 5.3 ka BP. But since a date of about 9 ka BP is indisputable, the
authors assume that sedimentary layers formed in the interval
between 9 ka BP and 5.3 ka BP were washed out due to erosion.

In the latter paper, analysis of the processes of channel bottom
erosion is carried out and a conclusion made that water flow was
directed from south to north, i.e., it may be either bottom coun-
terflow or catastrophic surface water flow that provoked a quick
flooding of the Black Sea. Algan et al. (2001) and Gökaşan et al.
(2005) tend to the version of the ‘‘biblical flood,’’ but in the present
authors’ opinion, their material suggests another hypothesis. Here,
as was described above in the case of bottom erosion, after the
‘‘flood’’ ended at 8.4 ka BP and until 5.3 ka BP, there was no sedi-
mentation on the channel’s bottom. Any cogent explanation of this
phenomenon is not given in the papers.

The bottom was eroded by near-bottom counterflow. It
appeared about 9 ka BP and increased as long as the depth of the
channel became deeper. Heavier Mediterranean water was flowing
along the bottom in the direction of its incline, irrespective of
surface flow. It deepened the bottom but left recent easily-eroded
sediment of the channel slopes (if a catastrophic surface flow of
Mediterranean water ran along the channel, it would have washed
out sediments of the slopes down to the bottom). As in process of
bottom erosion described above, the velocity of the counterflow
decreased as long as the upper layer salinity of the Black Sea water
increased, and at about 5 ka BP, sedimentation became possible.
Thus, the proposed mechanism of Mediterranean water as a bottom
counterflow explains both the mechanism of bottom erosion and
the possibility of subsequent sedimentation.

The material given in the paper by Algan et al. (2001) does not
demonstrate the separation of the Black and Marmara seas by the
northern sill of the Bosporus strait, formation of lakes in the
channel, and a Black Sea desiccation at 12–11 ka BP. A similar
structure for the sedimentary cover would be the case if the river
from the Black Sea ran along the channel. At 12–11 ka BP, the global
ocean level was close to �60 m, and therefore the seas were con-
nected by the strait. Since glaciers were melting during that period,
and the Black Sea river runoff repeatedly increased, the Black Sea
could not draw down. Thus, the scheme of the position of the Black
Sea and ocean levels is contrary to real events: at 12–11 ka BP, the
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ocean level was close to�60 m, and it was higher than the northern
sill; the Black Sea level was also a little higher than both the
northern sill and the ocean level owing to a huge amount of
freshwater entering the basin.

To sum up the discussion about the probability of a Black Sea
desiccation, interpretation of lithodynamic processes in the
channel and on the shelf serves as a basis for this hypothesis, and it
is only indirect evidence of a sea-level lowering. As is shown in the
present paper, interpretation of such processes can be more logical
and without contradictions. There is no direct attestation of a Black
Sea desiccation in the paper by Algan et al. (2001), but there are
a number of papers based on data from drilling on the coast and in
river valleys, which yield direct evidence that the Black Sea did not
draw down since at least 12 ka BP. This fact is confirmed by
calculation. It would be useful for the promoters of the Black Sea
draw down hypothesis to describe changes of sea level and all
attendant processes with proper calculations and geological
evidence. The main indicator of desiccation may be large fluctua-
tions in evaporation, which were observed only in the Black Sea
basin, but not in the Marmara and Caspian seas where the climate
remained humid.
9. Conclusions

1. New geological research, results of calculations based on
climatic models, and analysis of changes in modern freshwater
balance under varying climatic conditions confirm the fact that the
Black Sea freshwater balance was positive, and the sea was a flow-
ing lake, during the glacial period, during the deglaciation period,
and in Holocene. Excess water flowed out into the Marmara Sea as
a river or a stream through the Bosporus strait.

Conditions for a Black Sea desiccation may appear when the
region’s climate becomes arid, evaporation increases 2–2.5 times
compared with today, and the Danube River flows directly to the
Marmara Sea.

2. The mathematical model presented above describes the
process by which the Black Sea basin filled with freshwater. It takes
into consideration the temporal changes of freshwater balance, rate
of uplift of the strait’s bottom, and geometry of the strait channel.

3. Calculation has shown the following:
During the interval from 20 to 12 ka BP, the Black Sea level rose

to �20 m, then it became unstable and underwent secondary
oscillations with different amplitudes and periods. The rising sea
level was caused by the fact that, during the melting of glaciers,
river runoff was so great that all water did not manage to flow to
the Marmara Sea through the long and narrow canyon, which the
Bosporus was at the time. Water accumulated in the Black Sea and
raised its level.

About 12 thousand years ago, the global ocean level ‘‘reached’’
the level of the river in the Bosporus strait and began to deepen it,
transforming it into a strait. When the depth increased, conditions
improved for water flow to the Marmara Sea. For this reason, water
accumulated previously began flowing out of the Black Sea over
a 500–600 year interval, and sea level declined from �20 m down
to �60 m. Such a regression separates the Late Pleistocene and
Holocene.

After the regression, levels of the Black Sea and the World Ocean
became almost equal. This happened when the strait depth was
about 10 m. With such a depth, or greater, the Black Sea level
changed according to the fluctuations in freshwater balance with
an amplitude not higher than 1 m. As a whole, beginning from 11 ka
BP, the Black Sea level parallels the changes in Global Ocean level,
always being higher by less than 1 m. When the strait’s depth
became greater, the amplitude of these fluctuations diminished.
Therefore, fluctuations of the Black Sea level with an amplitude of
20 m as described in some papers, seem to be somewhat dubious.

According to calculations, roughly 9 thousand years ago, when
the strait’s depth exceeded 25 m, larger quantities of heavier water
from the Marmara Sea rushed into the Black Sea as a bottom
counterflow. It took more time for the creation of anoxic conditions
on the bottom, and for the beginning of sapropel formation.

4. The model excludes the possibility of surface water flow from
the Marmara Sea through the strait, and any prospect of a cata-
strophic flood in the Black Sea.

5. The presented mathematical model is self-sufficient. It is
based on the laws of hydromechanics, and it naturally explains all
principal processes during the Late Pleistocene–Holocene, while
necessitating no additional hypotheses to explain these
phenomena. An important feature of this theory is that it describes
the whole course of the post-glacial transgression, but not its
particular stages. Here, parameters in effect at the end of one
transgression stage are considered as initial conditions for the next
stage. In the literature, initial conditions of a stage under consid-
eration very often do not follow from the previous behavior of the
transgression, but they are created artificially in compliance with
the author’s ideas. As an example, one could consider the position
of the strait threshold and the levels of the Black Sea and World
Ocean before the proposed catastrophic flood of 8400 years ago. For
a serious discussion of a possibility of such a flood, it would be
necessary to prove how such initial conditions might have come
about.
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