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EXPERIMENTAL AND FIELD RESEARCH

BUDGET AND FLUXES OF PARTICULATE ORGANIC CARBON AND NITROGEN 
ACCORDING TO THE DATA ON THEIR VERTICAL DISTRIBUTION IN 
THE DEEP PART OF THE BLACK SEA

Z. P. Burlakova,  L. V. Eremeeva,  and  S. K. Konovalov UDC 551.464 (262.5)

On the basis of the analysis of the many-year data on the vertical distributions of particulate or-
ganic carbon and nitrogen, we compute their annual average amounts for three typical layers of
water in the deep part of the Black Sea: for a layer located above the oxycline and characterized
by the formation of new portions of particulate organic matter in the course of photosynthesis,
inside the oxycline, where the major part of oxygen is consumed and the major part of the flux of
particulate organic matter is oxidized, and for the upper part of the anoxic zone characterized by
the most active microbiological processes of oxidation of the organic substances and production
of sulfides.  The available literature data on sedimentation traps are used to study the downward
annual average fluxes of particulate organic matter from the euphotic zone into the oxycline and
into the anaerobic zone.  The seasonal variability of the amounts and fluxes of particulate carbon
and nitrogen is revealed. 

The investigation of the vertical distribution of particulate organic matter (POM) is required for the quanti-
tative evaluation of the fluxes of organic matter and the analysis of circulation of basic biogenic elements be-
cause “the organic matter and all processes affecting its transformations in the sea are the principal factors deter-
mining the distinctive features of the chemical composition of waters in the Black Sea” [1]. 

The vertical distribution of POM was studied in [2–5].  However, all these investigations (except [5]) were
carried out inside the aerobic zone, devoted to the analysis only of particulate organic carbon, and irregular.  Note
that, at present, the processes of transformation of the POM in the zones of interaction of aerobic and anaerobic
waters are studied quite poorly.  At the same time, these processes strongly affect the vertical distribution of the
components of the POM  (CPOM,  NPOM ,  and  PTOT )  and run in the zone separating abyssal waters from the sur-
face productive layer.  Hence, the data accumulated in analyzing these processes can serve as a basis for the de-
scription and numerical simulation of the biogeochemical cycles of the most important biogenic elements (e.g.,
of nitrogen). 

The aim of the present work is to give a quantitative description of the seasonal variability of the amounts
of  CPOM  and  NPOM  for the following three typical vertical layers: 

— the layer of water located above the oxycline, where the process of photosynthesis is realized; 

— the layer of oxycline, where the major part of oxygen is consumed and the major part of the flux of
POM is oxidized;

— the upper part of the hydrogen-sulfide zone (up to  σt = 16.5),  characterized by the most active micro-
biological processes of oxidation of the organic substances and production of sulfides. 
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We also present estimates of the fluxes of POM  (CPOM  and  NPOM )  from the euphotic zone into the oxy-
cline and into the anaerobic zone. 

Results and Discussion

Regular investigations of the POM in the Black Sea were carried out within the period since December
1987 till April 1994.  A detailed description of the procedures of sampling and evaluation of the amounts of par-
ticulate organic carbon and nitrogen in the aerobic zone can be found in [6].  To obtain more correct estimates of
the amount of POM and eliminate the influence of elemental sulfur in samples of water from the suboxic and hy-
drogen-sulfide zones, we took samples in the atmosphere of argon.  The accuracy of evaluation of  CPOM  was
equal to  1%  and the accuracy of evaluation of  NPOM  to  0.3%.  As a result, we constructed (for the first time)
the detailed vertical profiles and maps of the space distribution of the elements of POM (carbon, nitrogen, and
phosphorus) for different seasons and parts of the sea.  These results were partially published in [6, 7]. 

To calculate the amounts of  CPOM  and  NPOM  in different vertical layers and find their fluxes, we use the
detailed vertical profiles obtained for these elements at  52  stations performed in the course of nine cruises for
different seasons, mainly in the west and central parts of the abyssal zone of the Black Sea.  Moreover, to deter-
mine the ratio of intensities of the production and destruction processes, we use the so-called carbon-to-nitrogen
ratio  (C : N)  in POM.  On the average, this quantity is equal to  106 : 16  (6.7)  for newly formed particulate or-
ganic substances and increases in the course of destruction processes. 

In Table 1, we summarize the data on the amounts of  CPOM  and  NPOM   obtained as a result of averaging of
the in-situ data on the amounts of these elements in  5–20-m-thick layers for the groups of stations correspond-
ing to each season and region of investigations (cyclonic circulation and periphery).  In all seasons, the boundary
of the oxycline was recorded, as a rule, at depths of  30–45 m  and specific densities  σt  =  14.3–15.0  inside the

cyclonic circulation and at depths of  50–80 m  for  σt  =  14.3–14.7  in the peripheral regions.  The boundary of

the  H2S-zone was located at depths of  75–100 m  (σt  =  16.0–16.2) inside the cyclonic circulation and at depths

of  120–160 m  (σt  =  16.0–16.28)  in the peripheral regions. 

Winter. The investigations of the distribution of POM were carried out in the first half of January 1988 and
covered the entire region of the west cyclonic circulation.  The hydrological and weather conditions at the begin-
ning of this winter (1987–1988) were especially favorable for the development of convection in the surface layer
of waters in the central part of the sea [8].  The average amounts of  CPOM  and  NPOM   above the oxycline were

equal to  382.4 ± 94 mg-atom C / m2
  and  44.4 ± 11 mg-atom N / m2,  respectively  The behavior of these quantities

can be explained by the space and time variations of the rate of formation of new POM in the euphotic layer. The

measured values of the rate of formation of new POM varied from  402  to   610 mg C / (m2
 ⋅ day)  at different sta-

tions [9]. 

In winter, intense hydrodynamic processes restrict, as a rule, the accumulation of POM (both living and
dead) in the layer located above the oxycline.  The computed value of the ratio  C : N  in the POM averaged over
this layer was equal to  8.9 ± 2.3,  which means that the processes of destruction of the POM in low-temperature
water are weak. 

The average amounts of  CPOM  and  NPOM   inside the oxycline were equal to  220.5 ± 82.6 mg-atom C / m2  

and 27.2 ± 10.4 mg-atom N / m2,  respectively, and the ratio  C : N  for this layer was equal to  8.2 ± 1.8.  Below the

boundary of the  H2S-zone, the average amounts of  CPOM  and  NPOM   were equal to  76.8 ± 12.3 mg-atom C / m2 

and 11.0 ± 1.2 mg-atom N / m2,  respectively, and the ratio  C : N  was equal to  7.0 ± 1.2. 



BUDGET AND FLUXES OF PARTICULATE ORGANIC CARBON AND NITROGEN 159

Ta
bl

e 
1.

  A
m

ou
nt

s 
of

  C
P

O
M

  a
nd

  N
P

O
M

  (
m

g-
at

om
/m

2
) 

 in
 t

he
 D

ee
p 

P
ar

t 
of

 t
he

 B
la

ck
 S

ea

N
o.

of
 s

ta
tio

n
C

oo
rd

in
at

es
(N

,  
E

)

Ja
nu

ar
y 

19
88

, R
/V

 P
ro

fe
ss

or
 V

od
ya

ni
ts

ki
i, 

C
ru

is
e 

25
C

yc
lo

ni
c 

ci
rc

ul
at

io
n

36
22

42
°3

1´
, 3

0°
00

´
29

0
31

9.
4

32
0

43
7.

4
92

12
7.

7

36
54

43
°2

0´
, 3

2°
30

´
28

4
27

10
.5

31
2

39
8.

0
–

–
–

36
71

44
°0

0´
, 3

1°
39

´
35

1
45

7.
8

13
4

17
7.

9
76

10
7.

6

36
78

44
°3

0´
, 3

1°
40

´
37

6
67

5.
6

79
14

5.
6

62
12

5.
2

36
24

42
°3

0´
, 3

1°
40

´
32

0
38

8.
4

16
9

24
7.

0
77

10
7.

7

36
52

43
°1

5´
, 3

4°
11

´
31

8
43

7.
4

16
3

22
7.

4
–

–
–

36
55

43
°2

0´
, 3

1°
30

´
49

2
39

12
.6

26
0

20
13

.0
–

–
–

36
57

43
°0

0´
, 3

0°
01

´
49

9
45

11
.1

15
8

17
9.

3
–

–
–

36
62

43
°3

0´
, 3

1°
42

´
45

1
41

11
.0

20
4

23
8.

9
–

–
–

36
64

43
°3

0´
, 3

3°
20

´
46

2
59

7.
8

20
0

24
8.

3
–

–
–

36
67

44
°0

0´
, 3

5°
20

´
24

1
53

4.
5

21
5

28
7.

7
–

–
–

36
17

42
°0

0´
, 3

1°
40

´
35

7
38

9.
4

29
9

44
6.

8
–

–
–

36
20

42
°0

0´
, 3

1°
40

´
53

0
51

10
.4

35
4

39
9.

1
–

–
–

A
ve

ra
ge

38
2.

4
44

.4
8.

9
22

0.
5

27
.2

8.
2

76
.8

11
.0

7.
0

St
an

da
rd

de
vi

at
io

n
94

.1
11

.0
2.

3
82

.6
10

.4
1.

8
12

.3
1.

2
1.

2

M
ar

ch
 1

98
8,

 R
/V

 M
ik

ha
il

 L
om

on
os

ov
, C

ru
is

e 
49

C
yc

lo
ni

c 
ci

rc
ul

at
io

n

57
83

43
°3

0´
, 3

2°
15

´
65

5
74

8.
9

55
8

69
8.

1
–

–
–

C
N

C
:N

C
N

C
:N

C
N

C
:N

1
2

3
4

5
6

7
8

9
10

11

L
ay

er
 a

bo
ve

 th
e 

ox
yc

lin
e

O
xy

cl
in

e
L

ay
er

 b
el

ow
 th

e 
up

pe
r 

bo
un

da
ry

 o
f 

th
e

H
2S

 z
on

e 
up

 to
  σ

t =
 1

6.
5



160 Z. P. BURLAKOVA,  L. V. EREMEEVA,  AND  S. K. KONOVALOV

Ta
bl

e 
1 

(c
on

ti
nu

ed
)

57
84

43
°3

0´
, 3

2°
45

´
73

2
10

2
7.

2
36

7
58

6.
3

–
–

–

57
85

43
°3

0´
, 3

3°
15

´
77

0
12

4
6.

2
33

3
61

5.
5

–
–

–

57
86

43
°3

0´
, 3

3°
45

´
82

7
88

9.
4

36
4

37
9.

8
–

–
–

57
87

43
°3

0´
, 3

4°
15

´
84

8
12

6
6.

7
36

7
47

7.
8

–
–

–

58
34

43
°1

5´
, 3

3°
15

´
77

5
86

9.
0

34
4

43
8.

0
–

–
–

A
ve

ra
ge

76
7.

8
10

0.
0

7.
9

38
9.

8
52

.5
7.

6

St
an

da
rd

de
vi

at
io

n
69

.3
21

.3
1.

4
84

.0
12

.1
1.

5

Pe
ri

ph
er

y 
of

 th
e 

de
ep

 p
ar

t o
f 

th
e 

se
a

58
06

43
°3

0´
, 3

1°
15

´
69

6
80

8.
7

44
7

39
11

.5
–

–
–

58
07

43
°3

0´
, 3

0°
45

´
60

9
45

13
.5

49
8

45
11

.1
–

–
–

57
82

43
°3

0´
, 3

1°
45

´
90

6
12

7
7.

1
28

2
35

8.
1

–
–

–

A
ve

ra
ge

73
7.

0
84

.0
9.

8
40

9.
0

39
.7

10
.2

St
an

da
rd

de
vi

at
io

n
15

2.
7

41
.1

3.
3

11
2.

9
5.

0
1.

9

A
pr

il 
19

88
, a

ft
er

 a
 m

ild
 w

in
te

r, 
R

/V
 P

ro
fe

ss
or

 K
ol

es
ni

ko
v,

 C
ru

is
e 

18
C

yc
lo

ni
c 

ci
rc

ul
at

io
n

32
36

43
°3

0´
, 3

3°
00

´
32

0
21

15
.2

35
4

40
8.

9
52

3
63

8.
3

32
38

43
°3

0´
, 3

2°
00

´
48

0
42

11
.4

42
5

50
8.

5
32

9
37

8.
9

32
40

43
°3

0´
, 3

1°
00

´
50

8
41

12
.4

47
1

85
5.

5
32

2
62

5.
2

33
17

42
°2

0´
, 3

0°
00

´
29

0
60

4.
8

57
6

88
6.

5
40

5
82

4.
9

A
ve

ra
ge

39
9.

5
41

.0
11

.0
45

6.
5

65
.8

7.
4

39
4.

8
61

.0
6.

8

1
2

3
4

5
6

7
8

9
10

11



BUDGET AND FLUXES OF PARTICULATE ORGANIC CARBON AND NITROGEN 161

Ta
bl

e 
1 

(c
on

ti
nu

ed
)

St
an

da
rd

de
vi

at
io

n
11

0.
4

15
.9

4.
4

93
.1

24
.3

1.
6

93
.4

18
.5

2.
1

Pe
ri

ph
er

y 
of

 th
e 

de
ep

 p
ar

t o
f 

th
e 

se
a

32
42

43
°3

0´
, 3

0°
00

´
43

5
55

7.
9

64
1

91
7.

0
96

15
6.

4

32
43

44
°0

0´
, 3

1°
00

´
49

9
59

8.
5

63
2

98
6.

4
22

0
19

11
.6

33
76

44
°0

0´
, 3

1°
30

´
60

8
10

2
6.

0
50

4
88

5.
7

12
3

19
6.

5

33
77

44
°1

6´
, 3

0°
57

´
42

3
54

7.
8

12
01

15
8

7.
6

–
–

–

33
97

44
°0

7´
, 3

3°
35

´
90

2
13

5
6.

7
13

30
18

7
7.

1
28

3
41

6.
9

A
ve

ra
ge

57
3.

4
81

.0
7.

4
86

1.
6

12
4.

4
6.

8
18

0.
5

23
.5

7.
8

St
an

da
rd

de
vi

at
io

n
19

7.
8

36
.2

1.
0

37
5.

4
45

.2
0.

7
86

.6
11

.8
2.

5

Ju
ne

 1
98

9,
 a

ft
er

 a
 m

ild
 w

in
te

r, 
R

/V
 P

ro
fe

ss
or

 V
od

ya
ni

ts
ki

i, 
C

ru
is

e 
28

C
yc

lo
ni

c 
ci

rc
ul

at
io

n

40
52

41
°3

0´
, 3

1°
10

´
31

4
47

6.
7

20
3

43
4.

7
11

7
25

4.
7

40
54

41
°5

0´
, 3

0°
36

´
30

4
54

5.
6

32
3

42
7.

7
10

8
19

5.
7

40
55

42
°0

3´
, 3

0°
26

´
34

3
53

6.
5

12
6

22
5.

7
12

3
18

6.
8

40
56

42
°1

0´
, 3

0°
18

´
37

6
45

8.
4

14
2

14
10

.1
19

2
9

21
.3

40
57

42
°1

7´
, 3

0°
07

´
45

5
76

6.
0

13
3

29
4.

6
51

10
5.

1

A
ve

ra
ge

35
8.

4
55

.0
6.

6
18

5.
4

30
.0

6.
6

11
8.

2
16

.2
8.

7

St
an

da
rd

de
vi

at
io

n
60

.8
12

.3
0.

96
82

.8
12

.6
2.

3
50

.2
6.

7
7.

1

1
2

3
4

5
6

7
8

9
10

11



162 Z. P. BURLAKOVA,  L. V. EREMEEVA,  AND  S. K. KONOVALOV

Ta
bl

e 
1 

(c
on

ti
nu

ed
)

N
ov

em
be

r 
19

89
, a

ft
er

 a
 m

ild
 w

in
te

r, 
R

/V
 M

ik
ha

il
 L

om
on

os
ov

, C
ru

is
e 

51

61
24

43
°4

1´
, 3

4°
12

´
40

8
45

9.
1

27
7

25
11

.1
30

0
36

8.
3

61
15

42
°0

7´
, 3

7°
49

´
43

4
78

5.
6

42
2

59
7.

2
34

8
45

7.
7

A
pr

il 
19

93
, a

ft
er

 a
 c

ol
d 

w
in

te
r, 

R
/V

 P
ro

fe
ss

or
 V

od
ya

ni
ts

ki
i, 

C
ru

is
e 

41
an

d 
R

/V
 P

ro
fe

ss
or

 K
ol

es
ni

ko
v,

 C
ru

is
e 

30
C

yc
lo

ni
c 

ci
rc

ul
at

io
n

51
24

43
°5

0´
, 3

2°
20

´
29

6
35

8.
5

32
3

52
6.

2

51
25

43
°3

0´
, 3

2°
20

´
37

3
72

5.
2

18
2

31
5.

9
70

12
5.

8

A
ve

ra
ge

33
4.

5
53

.5
6.

9
25

2.
5

41
.5

6.
1

51
26

43
°3

0´
, 3

2°
50

´
88

7
97

9.
1

26
8

14
19

.1
–

–
–

51
33

43
°3

0´
, 3

3°
20

´
83

1
11

8
7.

0
26

4
17

15
.5

–
–

–

55
58

43
°5

0´
, 3

4°
25

´
65

3
66

9.
9

47
2

72
6.

6
–

–
–

55
77

43
°5

0´
, 3

6°
25

´
54

6
78

7.
0

37
4

41
9.

1
–

–
–

A
ve

ra
ge

72
9.

2
89

.7
8.

2
34

4.
5

36
.0

12
.6

St
an

da
rd

de
vi

at
io

n
15

7.
7

22
.8

1.
5

99
.1

26
.9

5.
7

M
ay

 1
99

4,
 a

ft
er

 a
 c

ol
d 

w
in

te
r, 

R
/V

 G
id

ro
op

ti
k

33
43

°3
0´

, 3
2°

15
´

30
4

49
6.

2
23

5
39

6.
0

58
8

7.
3

37
44

°1
0´

, 3
2°

15
´

46
4

76
6.

1
19

6
35

5.
6

–
–

–

44
44

°5
0´

, 3
2°

15
´

43
5

90
4.

8
25

2
48

5.
3

95
15

6.
3

A
ve

ra
ge

40
1

71
.7

5.
7

22
7.

7
40

.7
5.

6
76

.5
11

.5
6.

8

1
2

3
4

5
6

7
8

9
10

11



BUDGET AND FLUXES OF PARTICULATE ORGANIC CARBON AND NITROGEN 163

Ta
bl

e 
1 

(c
on

ti
nu

ed
)

St
an

da
rd

de
vi

at
io

n
85

.2
20

.8
0.

8
28

.7
6.

7
0.

4
26

.2
4.

9
0.

7

Ju
ly

 1
99

2,
 R

/V
 P

ro
fe

ss
or

 V
od

ya
ni

ts
ki

i, 
C

ru
is

e 
37

C
yc

lo
ni

c 
ci

rc
ul

at
io

n

50
21

44
°0

0´
, 3

2°
13

´
54

3
67

8.
1

32
4

40
8.

1
–

–
–

50
24

43
°3

7´
, 3

2°
15

´
16

08
27

3
5.

9
43

8
67

6.
5

–
–

–

50
36

43
°3

0´
, 3

3°
20

´
98

0
14

8
6.

6
39

3
54

7.
3

–
–

–

50
57

42
°5

5´
, 3

9°
12

´
90

6
21

0
4.

3
29

2
53

5.
5

–
–

–

A
ve

ra
ge

10
09

17
4.

5
6.

2
36

2
53

.5
6.

9

St
an

da
rd

de
vi

at
io

n
44

2.
5

88
.0

1.
6

66
.0

11
.0

1.
1

A
ug

us
t 1

99
2,

 R
/V

 P
ro

fe
ss

or
 V

od
ya

ni
ts

ki
i, 

C
ru

is
e 

38

16
–A

43
°2

5´
, 3

2°
10

´
62

1
54

11
.5

44
6

42
10

.7
15

8
18

8.
8

A
nn

ua
l a

ve
ra

ge
 a

m
ou

nt
s 

of
  C

PO
M

  a
nd

  N
PO

M
  a

ft
er

 a
 w

ar
m

 w
in

te
r

C
yc

lo
ni

c 
ci

rc
ul

at
io

n

A
ve

ra
ge

46
0.

3
58

.0
8.

5
28

8.
4

38
.9

7.
7

20
8.

3
30

.0
7.

7

St
an

da
rd

de
vi

at
io

n
17

6.
0

26
.2

2.
6

12
8.

0
19

.7
1.

9
14

9.
6

23
.5

4.
0

A
nn

ua
l a

ve
ra

ge
 a

m
ou

nt
s 

of
  C

PO
M

  a
nd

  N
PO

M
  w

ith
 r

eg
ar

d 
fo

r A
pr

il 
af

te
r 

th
e 

co
ld

 w
in

te
r 

an
d 

su
m

m
er

 o
f 

19
92

C
yc

lo
ni

c 
ci

rc
ul

at
io

n

A
ve

ra
ge

52
8.

6
72

.1
8.

1
29

8.
0

40
.3

8.
1

18
4.

5
26

.5
7.

5

St
an

da
rd

de
vi

at
io

n
26

1.
3

47
.3

2.
5

11
7.

9
18

.6
2.

9
14

1.
4

21
.9

3.
6

1
2

3
4

5
6

7
8

9
10

11



164 Z. P. BURLAKOVA,  L. V. EREMEEVA,  AND  S. K. KONOVALOV

Transition from Winter to Spring (March). The period of intense bloom of diatoms in the deep part of the
sea is accompanied by a multifold increase in the amount of POM above the oxycline.  Thus, on the average, the

amounts of  CPOM  and  NPOM  in this layer were  768 ± 69 mg-atom C / m2
  and  100 ± 21.3 mg-atom N / m2,  re-

spectively, inside the cyclonic circulation, and the ratio  C : N  in the POM was equal to  7.9 ± 1.4.  The indicated
low value of  C : N  is explained by the fact that  74%  of the POM belongs to plankton and the predominant role in
its formation  (67%)  is played by phytoplankton [7].  Moreover, the conditions of supply of the population of
phytoplankton with mineral nitrogen were optimal.  In the peripheral regions characterized by the downwelling
of waters, the amounts of the POM in the layer located above the oxycline were practically equal to the amounts

attained inside the cyclonic circulation  (737 ± 153 mg-atom C / m2  and  84.0 ± 41 mg-atom N / m2
 ).  If the general-

ly accepted hypothesis that the productivity of the peripheral regions in the deep part of the sea is correct, then
the observed picture can appear as a result of the passive drift of the POM from the region of intense bloom of
the algae into the zone of downwelling.  In this case, the observed value of the ratio  C : N  (9.8 ± 3.3)  can, most
likely be explained by a bad physiological state of phytoplankton under the conditions of insufficient supply of
biogenic elements and the onset of destructive fractionation of the POM. 

Inside the cyclonic circulation, the average amounts of POM in the oxycline were equal to  390 ± 84 mg-

atom C / m2  and  52.5 ± 12.1 mg-atom N / m2,  i.e., about half as large as in the upper layer.  The ratio  C : N  was
practically equal to its value in the upper layer  (7.6 ± 1.5).  In the zone of downwelling, the amounts of POM in
the oxycline were also about half as large as in the upper layer.  The ratio  C : N  was equal to  10 ± 1.9,  which
means that the POM undergoes intense mineralization. 

It is worth noting that the distribution of POM and its relative chemical composition in April and May
strongly depend on the weather conditions of the preceding winter.  Thus, after a mild winter, e.g., in 1987–
1988, the rate of formation of new POM decreased under the conditions of a relatively small supply of biogenic
substances (formed as a result of weakening of the dynamic activity of waters and early formation of the sea-
sonal thermocline).  The average amounts of  CPOM  and  NPOM  in the west cyclonic circulation above the oxy-

cline became half as large as in March and equal to  400 ± 110 mg-atom C / m2  and  41 ± 16 mg-atom N / m2,  re-
spectively.  The value of the ratio  C : N  in the particulate organic matter was relatively large  (11 ± 4.0).  This is
explained by the degradation of the diatomaceous complex of phytoplankton and the accumulation of detritus
above the seasonal thermocline.  In this period, the living fraction of POM was as large as  14%  of the average
amount of  CPOM  in the zone of photosynthesis [7].  Note that, in the peripheral regions (over the drop of depths),
the amounts of  CPOM  and  NPOM  in the layer located above the oxycline were larger and equal to  573.4 ±

197.8 mg-atom C / m2  and  81 ± 36.2 mg-atom N / m2,  respectively.  On the contrary, the value of the ratio  C : N
was lower than inside the cyclonic circulation  (7.4 ± 1).  This can be explained by the onset of the intense deve-
lopment of phytoplankton in the shelf zone and the appearance of newly formed POM in the region of the drop
of depths [7]. 

In this period, the amounts of  CPOM  and  NPOM  in the oxycline were somewhat larger than in the upper

layer and equal to  456 ± 93 mg-atom C / m2  and  65.8 ± 24 mg-atom N / m2,  respectively.  The ratio  C : N  aver-
aged over this layer was equal to  7.4 ± 1.6.  This can be explained by the accumulation of the POM caused by
the growth of the biomass of diatoms appearing under the pycnocline in the course of the early-spring bloom.
Thus, according to [10], only  4–8%  of the total amount of cells of big diatoms were concentrated in this part of
the biotope at the beginning of March.  At the same time, in mid-April (in the course of our investigations), this
parameter became as large as  37–56% .  Moreover, this period is characterized by the formation of the maximum
number of low-temperature diatoms of Nitzschia in the upper part of the oxycline [11].  In its lower part, where

the content of oxygen decreases to  0.55–0.22 ml/liter  (25–10 µM),  we observe the formation of dense accumu-
lations of mesozooplankton.  Note that the maximum concentrations of the bacterial plankton and protozoa are
practically always connected with these accumulations in late spring [12, 13].  Moreover, the accumulation of
organic substances can sometimes occur in this layer as a result of bacterial photosynthesis [14]. 
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In the peripheral regions (in the zone of downwelling), large amounts of the POM  (861.6 ± 375.4 mg-atom

C / m2  and  124.4 ± 45.2 mg-atom N / m2
 )  and low values of  C : N  (6.8 ± 0.7)  detected in the oxycline can, most

likely, be explained by the drift and sinking of the fresh detritus from the shelf zone. 
Note that, inside the cyclonic circulation, the maximum (in the annual cycle) amounts of  CPOM  and  NPOM

in the upper layer of the anaerobic zone  (395 ± 93 mg-atom C / m2  and  61.0 ± 18.5 mg-atom N / m2)  were de-
tected in April after a mild winter of 1987–1988.  The average value of the ratio  C : N  for this layer was equal to
6.8 ± 2.1.  The observed changes in the composition and morphological characteristics of the POM can serve as a
possible explanation of the seasonal and annual variability of the maximum values in the vertical distributions of
particulate organic carbon and nitrogen.  Thus, the diatomaceous detritus with high-density silicon frustules
0.008–1 mm  in size precipitates with a velocity of up to  280 m/day.  This observation is confirmed by the maxi-
mum fluxes of carbon and nitrogen from the surface layer into the oxycline and from the oxycline into the anaer-
obic zone typical of the analyzed period (see Table 2).  At the same time, it may happen that the growth of the
mass of bacteria as a result of chemosynthesis (which decreases the observed value of the ratio  C : N)   is an addi-
tional important source of the POM in the upper part of the anaerobic zone.  For the period of our investigations,

the intensity of chemosynthesis in this layer (averaged over four stations) was equal to  240 mg C / m2  per day
[15], i.e., about a half of the primary production recorded in this part of the sea. 

Summer. In summer, the process of formation of the seasonal thermocline and the corresponding zone of
high-density gradients plays the role of the principal factor determining the distribution of POM.  In the south-
west part of the cyclonic circulation, the amounts of  CPOM  and  NPOM  above the oxycline in summer 1989 (after

a mild winter) were as follows:  358.4 ± 61.0 mg-atom C / m2  and  55.0 ± 12.0 mg-atom N / m2.  The ratio  C : N
was equal to  6.6 ± 1.  The indicated relatively low values of the quantities  CPOM  and  NPOM  and the ratio  C : N
can probably be explained by the predominance of small-celled peridial and yellow-green algae at that time [17].

In the oxycline, the amounts of  CPOM  and  NPOM  were about half as large as in the upper layer and equal to

185.4 ± 82.8 mg-atom C / m2  and  30 ± 12.6 mg-atom N / m2,  respectively.  The ratio  C : N  was equal to  6.6 ±
2.3.  The indicated low values of  C : N  can possibly be explained by the fact that the main mass of the POM is
formed in the upper part of the oxycline by the biomass of eukaryotic picoalgae and cyanobacteria [18].  The lat-
ter are characterized by low values of the ratio  C : N  because the fraction of protein in these algae is higher than
in algae of other groups.  In the lower part of the oxycline, rich bacterial plankton develops in this period within
the limits of the suboxide zone due to the presence of organic substances produced by meso- and microzooplank-
ton. 

In the layer located below the boundary of the  H2S-zone, the amounts of  CPOM  and  NPOM  were equal to

118.2 ± 50.2 mg-atom C / m2  and  16.2 ± 6.7 mg-atom N / m2, respectively.  The ratio  C : N  was equal to  8.7 ±
7.1.  The decrease in the amounts of  CPOM  and  NPOM  in June as compared with spring can be explained by the
lowest, in the seasonal cycle, intensity of chemosynthesis in summer [15]. 

Autumn.  In this period, we computed the amounts of POM for two stations made in the central part and in
the peripheral regions of the southeast part of the sea.  We believe that the principal physical factors determining
the vertical distribution of POM in autumn are the destruction of the seasonal thermocline and the decreasing
stability of waters.  As a result, the POM is intensely transported into deeper layers of water.  In the central part
of the sea, the ratio  C : N  in the POM varied from  9.1  in the layer located above the oxycline to  11.1  inside the
oxycline, which means that the POM inside the oxycline is highly mineralized. 

The increase in the amounts of both components of the suspension in the upper part of the anaerobic zone
by about a factor of  2.5  as compared with summer can, most likely, be explained by the seasonal maximum in
the intensity of chemosynthesis recorded in autumn in a layer located below the boundary of the  H2S-zone by
20–30 m  [15].  As an additional source of POM in this zone, one can mention the inflow of fresh detritus from
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the layer of accumulation of zooplankton in the lower part of the oxycline.  The ratio  C : N  was, in this case,
equal to  8.3.  In the peripheral regions, the values of the ratio  C : N  varied from  5.6  above the oxycline to  7.2 

inside the oxycline and  7.7   below the boundary of the  H2S-zone. 

After cold winter (April 1993).  The amounts of POM and their distribution between the layers were close

to those observed in winter.  The average amounts of POM were  334.5 mg-atom C / m2  and  53.5 mg-atom N / m2 

above the oxycline,  252.5 mg-atom C / m2  and  41.5 mg-atom N / m2  inside the oxycline, and  70 mg-atom C / m2

and  12 mg-atom N / m2  below the boundary of the  H2S-zone.  The averaged values of the ratio  C : N  were equal
to  6–7  for the entire water column. 

At the stations made after the onset of the formation of seasonal thermocline, the amounts of POM in the

layer lying above the oxycline were equal to  792.2 ± 158 mg-atom C / m2  and  89.7 ± 22.8 mg-atom N / m2.  The
ratio  C : N  in the POM was equal to  8.2 ± 1.5.  In these regions, the process of dying of big diatoms (up to  50%
of cells are destroyed, the concentration of spores is high) [19] is accompanied by the intense development of
smaller forms consuming mainly  (76%)  the regenerated form of mineral nitrogen (in particular, ammonium)
[20]. 

It is worth noting that the amounts of POM above the oxycline in April 1993 (after cold winter) were  1.5–2
times larger than in April 1988 (after warm winter).  This phenomenon can, most likely, be explained by differ-
ent intensities of the process of winter convective ventilation of waters and, hence, different amounts of biogenic
substances appearing in the euphotic layer.  As a result, after cold winters, the rate of formation of new organic
substances is higher [19]. 

The amounts of POM in the oxycline were equal to  344.5 ± 99 mg-atom C / m2
  and  36.0 ± 27 mg-atom

N / m2.  The ratio  C : N  was equal to  12.6 ± 5.7.  The maximum values of this ratio  (15.5–19.1)  were recorded
at the stations where the amount of nitrogen in the POM was close to the lower bound of detectability in the sub-
oxic zone and below the boundary of the  H2S-zone.  This may happen either as a result of intense additional de-
struction of the POM coming from the surface layer in the upper part of the oxycline or in the case where the
velocity of sedimentation of the POM of diatomaceous origin is high and, hence, it is not accumulated in the
analyzed layer. 

Late spring after cold winter (May 1994).  The amounts of POM in the deep part of the sea were lower

than in April and equal to  401 ± 85.2 mg-atom C / m2
  and  71.7 ± 20.8 mg-atom N / m2

  above the oxycline,  227.7 ±

28.7 mg-atom C / m2
  and  41.0 ± 6.7 mg-atom N / m2

  inside the oxycline, and  76.5 ± 26.2 mg-atom C / m2
  and

11.5 ± 4.9 mg-atom N / m2  below the boundary of the  H2S-zone.  The values of the ratio  C : N  averaged over the
layers were low  (5.5–6.6).  Note that the difference between the values of the ratio  C : N  inside the oxycline in
May  (5.6)  and April  (12.6)  was quite large.  This can be explained by the accumulation of Nitzschia diatoms in
the cold intermediate layer (upper part of the oxycline).  In late spring and at the beginning of summer, the bio-
mass of these algae can be as large as several grams per cubic meter [11].  In this period, a layer characterized by
the accumulation of mesozooplankton (and, hence, of bacterial plankton and cyanobacteria correlated with it) is
formed in the lower part of the oxycline [21]. 

Some years are characterized by the appearance of local spots of blooming phytoplankton in the open sea in
summer.  In these cases, the difference between the values of its mass in neighboring areas may be quite large
[17].  A situation of this sort was observed in July 1992.  The amounts of POM above the oxycline were equal to

1009.0 ± 442.5 mg-atom C / m2  and  174 ± 88.0 mg-atom N / m2.  The ratio  C : N  was equal to  6.2 ± 1.6 .  Inside

the oxycline, these quantities were equal to  362 ± 66 mg-atom C / m2,   53.5 ± 11.0 mg-atom N / m2,  and  6.9 ± 1.1,
respectively.  The processes of subsequent degradation of bloom and destruction of POM strongly affected the
vertical distributions of the particulate substances. 
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Thus, for the analyzed period, the amounts of particulate organic carbon and nitrogen above the oxycline at
the stations made in July and August became  2.6  and  5  times smaller, respectively.  The ratio  C : N  increased
from  6.0  in July to  11.5  in August. 

In August, the amounts of POM in the oxycline were  446 mg-atom C / m2  and  42.0 mg-atom N / m2  and the
ratio  C : N  was equal to 10.7.  Below the boundary of the  H2S-zone, these quantities were equal to  158.0 mg-

atom C / m2,   18.0 mg-atom N / m2,  and  8.8,  respectively. 
Thus, the vertical distributions of the POM in July 1992 (period of bloom) and June 1989 (no bloom) were

similar but the absolute values recorded during the period of bloom were much higher. 
The difference between the annual average amounts of POM for years with absolutely different weather

conditions can actually be detected only above the oxycline and is insignificant  (∼ 15%)  (Table 1).  This is ex-
plained by the fact that the productivity of surface waters depends on the intensity of the processes of vertical ex-
change of water guaranteeing the inflow of biogenic elements into the euphotic zone.  Note that the character of
hydrophysical processes running in cyclonic circulations during the cold season is, in general, similar but the in-
tensity of these processes depends on the actual hydrometeorological conditions [8].  Thus, the amounts of POM
in the deep part of the sea are determined, to a great extent, by the rate of its production in the surface layer as a
result of primary synthesis.  At the same time, the vertical distribution and composition of POM in seawater de-
pend not only on the process of primary production but also on the subsequent “processing” of newly formed
POM by the consumers, living activity of bacteria, formation of detritus, and velocity of sedimentation.  The
process of chemosynthesis in the lower part of the oxycline (suboxic zone) and immediately below the boundary
of the  H2S-zone is also an important additional source of POM.  Note that the intensity of chemosynthesis is
characterized by a well-pronounced seasonal variability with two maxima attained in spring (after warm winter)
and November and a minimum attained in summer [15]. 

In Table 2, we present the intensities of the fluxes of  CPOM  and  NPOM  from the surface layer into the oxy-
cline and through the boundary of the  H2S-zone obtained by multiplying the mean concentration of particulate
organic carbon (nitrogen) by the velocity of sedimentation of POM at a given depth.  The velocities of sedimen-
tation of suspension were found according to the data obtained by using sedimentation traps [16]. 

As follows from Table 2, the fluxes of  CPOM  and  NPOM  from the surface layer into the oxycline after mild

winter varied from  21.11 mg-atom C / (m2
 ⋅ day)  and  3.28 mg-atom N / (m2

 ⋅ day)  to  57.0 mg-atom C / (m2
 ⋅ day)  and

7.97 mg-atom N / (m2
 ⋅ day).  The maximum fluxes of  CPOM  and  NPOM  were recorded in March and April.  In

winter, summer, and late autumn, they were practically identical.  This is directly connected with the productivi-
ty of surface waters largely determined by the seasonal variability of the process of primary production.  The av-
erage atomic values of the ratio  C : N  for POM in the process of sedimentation vary, as a rule, within the range
5.9–7.5.  Only in April, the ratio  C : N  significantly differs from these values and is equal to  10.9.  This is ex-
plained by a decrease in the intensity of production and high intensity of destruction observed in April [7]. 

After mild winters, the fluxes of  CPOM  and  NPOM  from the oxycline into the  H2S-zone sharply decrease

and become equal to  1.03–4.67 mg-atom C / (m2
 ⋅ day)  and  0.16–0.79 mg-atom N / (m2

 ⋅ day)  with maximum val-
ues attained in April.  Note that, in spring and autumn, the fluxes of POM from the oxycline into the  H2S-zone
decrease by about an order of magnitude as compared with the fluxes from the surface layer into the oxycline.
At the same time, in January, March, and June, they become more than  20  times weaker. 

It is of interest that the fluxes of POM into the oxycline observed in April after cold and long winter insig-
nificantly differ from the fluxes observed in April after mild winter.  On the contrary, the fluxes of POM from
the oxycline into the  H2S-zone become weaker (by a factor of  2.5  for  CPOM  and by a factor of  4.5  for  NPOM).
This is explained by the fact that the period of our investigations coincided with the onset of rearrangement from
the winter to summer structure of waters in the course of which the existing balance in the production-destruc-
tion system was violated.  High intensities of the fluxes of  CPOM  and  NPOM  from the euphotic layer into the
oxycline were also observed in July–August 1992 at the time of intense bloom of pyrophytic algae.  In this peri-
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od, the fluxes of  CPOM  and  NPOM  below the boundary of the  H2S-zone became  32  and  24  times weaker, re-
spectively. 

The data presented above show that the period of intense autotrophic production is followed by the period
of intense vertical redistribution of POM both in early spring and in summer during the period of intense bloom
of algae.  In this case, the in-situ biological processes in the deep part of the Black Sea (including bacterial che-
mosynthesis) maintain basic amounts of the “export” production from the euphotic zone. 

CONCLUSIONS

1.  For the first time, on the basis of the analysis of detailed vertical profiles of  CPOM  and  NPOM ,  we deter-
mined their monthly and annual average amounts for three layers in the deep part of the Black Sea.  After mild

winters, the annual average amounts of  CPOM  and  NPOM  were as follows:  460 ± 176 mg-atom C / m2  and  58 ±

26 mg-atom N / m2  (in the layer lying above the oxycline and characterized by the formation of new POM in the

process of photosynthesis) and  288 ± 128 mg-atom C / m2  and  39 ± 19.7 mg-atom N / m2  (inside the oxycline),
respectively.  In the layer below the boundary of the hydrogen-sulfide zone (up to a conventional density of

16.5),  these quantities were equal to   208 ± 150 mg-atom C / m2  and  30 ± 23.5 mg-atom N / m2,  respectively. 

2.  We also estimated the downward fluxes of the POM (carbon and nitrogen) from the euphotic zone into
the oxycline and below the boundary of the hydrogen-sulfide zone (up to a conditional density of  16.5).  The an-
nual average fluxes of  CPOM  and  NPOM  from the euphotic zone into the oxycline after mild winters were equal

to  34 mg-atom C / (m2
 ⋅  day)  and  4.7 mg-atom N / (m2

 ⋅ day),  respectively.  Below the boundary of the hydrogen-

sulfide zone, they were equal to  2.1 mg-atom C / (m2
 ⋅ day)  and  0.34 mg-atom N / (m2

 ⋅ day),  respectively. 

3.  We also revealed the seasonal and annual variability of the amounts and fluxes of  CPOM  and NPOM  and
its dependence on the regional changes in the climate. 

The present work was carried out within the framework of the national project of the Ukrainian Academy of
Sciences “Interdisciplinary Research into the Fundamental Processes of Formation and Evolution of the Ecologi-
cal System of the Abyssal Part of the Black Sea under the Conditions of Intense Anthropogenic Loading, Regi-
onal Variations and Global Changes in the Climate” and international European Project INTAS No. 99-01710
“Nitrogen Cycling in the Oxic/Anoxic Environments of the Black Sea: Data Analysis and Numerical Simula-
tion.” 
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