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Abstract

The fluxes and production/consumption rates of oxygen, nitrate, ammonium and sulphide are estimat-
ed in the paper utilising results of the 1.5-dimensional stationary model of vertical exchange in the Black
Sea (SAMODUROV & IvaNov, 1998). The profiles of the vertical flux and rate of production/consumption
of these substances have revealed a number of intriguing features in the biogeochemical nature of the
Black Sea. An approximate redox balance of the counter-fluxes of nitrate and ammonium into the sub-
oxic zone has been revealed confirming that intensive denitrification may be the primary loss of nitrogen
in the Black Sea. A low ratio of the nitrate stock to the flux of nitrate from the oxycline confirms the pos-
sibility of prominent changes in the distribution of nitrate on the time scale of a year. The ratio of the
nitrate to oxygen vertical flux has revealed a lack of nitrate in the oxycline above the nitrate maximum.
The lateral (related to the "Bosporus plume") flux of oxygen in the layer of the main pycnocline appears
to be very important for the existing biogeochemical structure of the Black sea water column being the rea-
son of sulphide consumption inside the anoxic zone and changes in the ammonium-sulphide stoichiom-
eiry of the anoxic zone, the primary reason of the existence of the sub-oxic layer and the basic reason of
relative stability of the sulphide onset.
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Introduction

The presence of the anoxic layer that
occupies over 90% of the Black Sea waters
(SKOPINTSEV, 1975) is the main reason of
the strong theoretical and practical interest
to various questions on the balance and
budget of oxygen and sulphide in this basin.
Interestingly, discussing the possibility of
notable changes in the depth of sulphide
onset during recent decades (BEZBORODOV
et al., 1993; SKOPINTSEV, 1975; SOROKIN,
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1982), oceanographers have never conside-
red a hypothesis that would a priory assumed
that the existing oxygen/sulphide balance
can be destroyed in a decade. The reason of
the observed changes in the sulphide onset
has been related to the processes that might
be responsible for changes in the water
budget (MURRAY et al., 1989; BEZBORODOV
et al., 1993; KONOvALOV et al., 1999). The
existing balance of oxygen and sulphide has
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been assumed as the result of the Black Sea
evolution over the last 5 to 7 thousand years
(SKOPINTSEV, 1975; BEZBO-RODOV et al.,
1993). In this manner, any conspicuous
changes in the distribution of oxygen and
sulphide are expected to occur on a millen-
nium scale. The redox balance is usually
assumed to calculate the budget of sulphide
by adjusting the amount of its production
and consumption in the Black Sea
(BEZBORODOV et al., 1993). This method is
based on the measurements of sulphide pro-
duction (SOROKIN, 1982; LEIN et al., 1991)
and oxidation (MILLERO, 1991) rates. The
approach suffers from various analytical dif-
ficulties that cause very big uncertainty
(BEZBORODOV et al., 1993; SOROKIN, 1982).
BEZBORODOV et al. (1993) assumed 100% of
the actual value to be the real error.
Besides, this method usually does not take
into consideration other basic elements like
nitrogen, for example, obviously related to
the budget of sulphide and oxygen.
Calculations and analysis of the fluxes of the
basic elements throughout the water col-
umn have never been performed before in
spite of the fact that these fluxes primarily
reflect the sulphide budget and form the
existing biogeochemical structure. The rea-
son is that average profiles of oxygen, sul-
phide and other substances can be plotted
and digitised precisely, but the needed verti-
cal profiles of the vertical diffusion coeffi-
cient and vertical velocity have not been
available until recently (SAMODUROV &
IvaNov, 1998). This work is aimed to calcu-
late fluxes of oxygen, sulphide, nitrate and
ammonia through a combination of the
most precise data on the distribution of
these properties in the Black Sea with the
newly published data on the vertical diffu-
sion coefficient and vertical velocity
(SAMODUROV & IvaNoOv, 1998).

The presumed balance of oxygen and sul-
phide is mainly based on the hypothesis of
the mass balance (SKOPINTSEvV, 1975). The
balance for heat and salt in the Black Sea
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has never been actually proved, but it is
implicitly supported by the data on the
water flux through the Bosporus and fresh
water loads, (SKOPINTSEV, 1975). This bal-
ance seems to be feasible because of the
long evolution of the Black Sea and slow
changes in the mass, salt and heat fluxes.
That is not true for basic biogeochemical
properties of the Black Sea because their
budgets depend on the intensity of primary
biological processes. These processes
demonstrate a dramatic increase in their
intensity. The primary production in the
central part of the sea has increased by a
factor of 3 to 4 over the last 30 years
(SOROKIN, 1962; SOROKIN, 1964; STELMAKH
et al., 1998). From this fact, one can reach a
conclusion on an increase in the "export"
production and in the flux of sinking partic-
ulate organic matter (POM) into the anoxic
layer of the Black Sea. In turn, that should
cause an increase in the sulphide produc-
tion, as well as in the inventory of other
basic elements, such as carbon dioxide,
ammonium, phosphate and silica. Keeping
in mind that the rate of sinking POM is on
the order of hundred meters per day
(LORENZEN, 1983) the possibility of fast
changes in the budget and in basic chemical
structure throughout the water column
seems to be plausible. This appears to be
intriguing when the data on the prominent
temporal changes of the basic biogeochemi-
cal structure (KONOVALOV et al., in press),
including oxygen, sulphide, nitrate and
ammonia, are compared with the commonly
accepted hypothesis on the steady oxygen/
sulphide balance in the Black Sea. For this
reason, the question on the budget and pos-
sible changes in the budget of basic biogeo-
chemical properties has turned to be very
important. However, before the entire
budget of the basic biogeochemical proper-
ties, of oxygen, sulphide and nitrogen, in
particular, will be reconstructed in its com-
plexity, the possibility to calculate fluxes of
these elements for individual layers of
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water, as well as their production and con-
sumption rates, is extremely important and
fruitful. This work presents an attempt to
calculate the oxygen, nitrogen and sulphide
fluxes in and beneath the main pycnocline
of the Black Sea, to reveal the intensity of
production and consumption rates of these
elements in specific layers and to gain
insight into the nature of the sulphur, nitro-
gen and oxygen cycling in the Black Sea.

Materials and Methods
Data

Average vertical profiles of oxygen and
sulphide (Fig.1a) were obtained by fitting
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the data from a number of cruises that were
carried out in the Black Sea from the late
1980’s to middle 1990’s. Namely, data of
KNORR cruise (1988) and 11 cruises car-
ried out by the Marine Hydrophysical
Institute from 1990 to 1995 were used to cal-
culate the averaged profiles. These cruises
provided data for the most typical weather
conditions of the annual cycle. A typical
cruise stations network covered the Black
Sea on a grid of 20x20 nautical miles.
Keeping in mind that oxygen data below the
middle pycnocline (0,=15.5) suffered from
systematic errors until the early 1990’s, only
the latest high quality data from the basin
wide international cruises were used to cal-
culate the average profile of oxygen in the
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Fig. 1: Average profiles of oxygen, sulphide, nitrate and ammonium in the Black Sea water column
versus sigma-t (a and c¢) and versus depth (b and d).
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vicinity and inside the suboxic zone. The
number of measurements usually exceeded
several thousand for every parameter and
was enough to filter short-term and spatial
variations in distribution of these proper-
ties. Basic questions of data quality (preci-
sion, reproducibility and resolution) were
discussed in (IvANOV et al., 1998a). Random
errors for the chemical properties have
never exceeded 10 per cent. These data are
of the best available quality and, even if not
sufficient for some kinds of analysis, esti-
mates of the fluxes and rates based on these
data are less uncertain than the existing esti-
mates of the in situ sulphide production or
flux of sinking POM. Sigma-t scale was used
to diminish the effect of spatial variability in
the position of the main pycnocline as it had
been previously done by CoDISPOTI et al.,
1991; VINOGRADOV et al., 1990; KONOVALOV
et al., 1997; etc. The average vertical profile
of sigma-t (Fig.2a) was obtained by fitting
the data from the basin wide international
cruises from 1990 to 1993 (IvaNov et al.,
1998a). Latter, the average vertical profiles
of oxygen and sulphide were drawn using

the data of Figure 1a and Figure 2a.
The average vertical profile of ammonium
(Fig.1c) was calculated from the KNORR
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cruise (1988) data set. No other data on the
ammonium distribution in the Black Sea
were available for the last decade.
Fortunately, the profile of ammonium for
the layer below 6,=16.0 does not exhibit any
noticeable seasonal variations. Hence, this
profile (Fig.1c) may be considered as a good
estimate of the average distribution of
ammonium in the Black Sea.

Two average profiles of nitrate (Fig.1c)
were calculated using the data of the
KNORR cruise and data collected in the
1990’s. These profiles differ in maximum
values of nitrate concentration due to con-
spicuous seasonal and intra-annual variabil-
ity (CobispoTI et al, 1991; KONOVALOV,
1994). The average vertical profiles of
nitrate and ammonium (Fig.1d) were recon-
structed exactly in the same manner as for
oxygen and sulphide (Fig.1b).

The model

1.5-dimensional stationary model of verti-
cal exchange in the Black Sea, based on the
solution of the inverse problem for temper-
ature and salinity distribution in the Black
Sea, with the known input for salt and heat,
(look for details in SAMODUROV & IVANOV,
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Fig. 2: The average profile of the density (a) and of the vertical diffusion coefficient and vertical
advective velocity (b) in the Black Sea water column.
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1998) has been used to calculate the mean
profiles of diffusion coefficient and vertical
velocity (Fig.2b). The hypothesis of station-
arity in regard to hydrological conditions
seems to be reasonable at least for the salt
and water budgets because the in-flux and
out-flux of salt through the Bosphorus strait
are well-balanced (UNLUATA et al., 1990)
and no notable trends in the sea level are
observed (AL'TMAN et al., 1991). Being
applied to calculate the fluxes of biogeo-
chemical substances, the model has no influ-
ence on the thermohaline structure of the
Black Sea water column. The model simu-
lates entrainment of the Black Sea waters to
the Mediterranean inflow at the stage of the
"Bosphorus plume" formation and diffusion
of the plume through the formation of
isopycnal intrusions within the ambient
waters starting from a certain depth level
(Fig.3a). This scheme fits recently obtained
data on ventilation of the Black Sea pycno-
cline and anoxic layer (BUESSELER et al.,
1991; MURRAY et al., 1991; Ozsoy et al.,
1993; IVvANOV et al., 1998b). It also agrees
with other models of ventilation of the
Black Sea waters (LEE et al., 1999). The
effective residence times for different layers
derived from this model and from the box
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model published by LEE et al. (1999), which
is calibrated using data on chlorofluo-
romethanes, appear to be quite close
(Fig.3b). It is worth mentioning that the
applied model reveals that the main part of
the "Bosphorus plume" is trapped in the
layer of the main pycnocline flushing mainly
the upper 500 m layer of the sea. A small
fraction of the plume reaches the bottom
layer stabilising the benthic homogeneous
layer. This makes a difference between this
and other models (SKOPINTSEv, 1975;
BOUDREAU et al., 1989), which predomi-
nantly assumed flushing of the bottom layer.
An important premise that needs to be out-
lined from the very beginning is related to
the origin of oxygen fluxes. We distinguish
between the vertical flux (the sum of diffu-
sive and advective components) and lateral
flux that occurs due to penetration of oxy-
genated water of the plume into the ambient
waters of the pycnocline. The process of the
formation of the "Bosphorus plume" means
entrainment of the Black Sea waters with
rather high oxygen concentrations. The
"Bosphorus plume" that is a mixture of 3.3
(MURRAY et al., 1991) or 7 - 11 (BUESSELER
et al., 1991) to 10 (SAMODUROV & IvaNOv,
1998) parts of the Black Sea water per one
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Fig. 3: The scheme of evolution of the Bosphorus plume (-reproduced from SAMODUROV & IvANOv,
1998) (a) and the effective residence time for water at different depths of the Black Sea (b) derived
from the applied model (solid line) and from the model of LEE et al., 1999 (vertical bars).
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part of the Mediterranean water should
contain oxygen on the order of about hun-
dred micromoles per litre. Considering 300
km3 per year to be an optimal estimate of
the water influx (Ozsoy et al, 1995) the
total volume of the "Bosphorus plume"
equals about 2,000 to 3,000 km3 per year.
Being trapped in the layer of the main pycn-
ocline, these waters are responsible for the
lateral flux of oxygen. It seems plausible,
and that will be estimated quantitatively
below, that this lateral flux of oxygen, which
has always been ignored, plays an important
role in oxygen/sulphide interaction and,
consequently, in the sulphide budget.

The vertical flux of any of the considered
substances has been calculated from
Equation 1, while the profile of the produc-
tion/consumption rate has been derived
from Equation 2.

(1)

oC
Total Flux = - ?+ w(C

(af . aC) 2 ay
21 % oS ) R 2e-C)

et

)

where K _is the vertical diffusion coefficient
and (F is the diffusive flux, w is the ver-
tical Velébity and, hence, w C is the advec-
tive flux occurring due to displacement of
the Black Sea deep waters with the waters of
the Bosphorus effluent, R is the rate of bio-
eeochemical production and consumption,

»is concentration of the analysed sub-
stance in the "Bosphorus plume" and C is
concentration of the same substance in the
ambient water (SAMODUROV & IVANOV,
1998.)

Results

Oxygen

The profile of the vertical oxygen flux
(Fig.4a) and oxygen consumption rate
(Fig.4b) is consistent with the average pro-
file of oxygen (Fig.1a) and the profiles of the
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vertical diffusion coefficient and vertical
velocity (Fig.2b). The advective flux is
always directed upward (negative values)
and it reveals a broad maximum at the depth
of the core of the main pycnocline, where
the regime of entrainment is changed for
the regime of the formation of isopycnal
intrusions. The diffusive flux of oxygen
(Fig.4a) is directed downward and exceeds
the vertical advective flux 8 to 10 times. For
this particular reason, the profile of the total
vertical flux of oxygen appears to be very
close in the form and values to the profile of
its diffusive flux. The maximum value at
0,=14.8 is the result of very high vertical
gradient of oxygen in this layer of water. The
first derivative of the total vertical flux with
respect to depth is an estimate of the rate of
production and consumption of oxygen
(Fig.4b). It demonstrates the presence of
two different layers. The rate of production
exceeds the rate of consumption above
0,=14.8 but oxygen is predominantly con-
sumed beneath o,=14.8. It is worth men-
tioning that the negative extreme of the oxy-
gen production/consumption rate appears
at 0,=15.1 (Fig.4b). This sigma-t value does
not correspond to any of the known features
of the biogeochemical structure of the Black
Sea water column. For example, the upper
maximum in the profile of phosphate is
observed at 0,=15.5, the maximum in the
nitrate profile is found at o, ~15.4-15.5, the
upper boundary of the sub-oxic layer (10
mM/l) is usually situated at 6,=15.65, etc.
(MURRAY et al., 1995, VINOGRADOV et al.,
1990). It is thus reasonable to suggest that this
maximum in the profile of oxygen consump-
tion rate occurs due to oxidation of sinking
POM, as it usually takes place in the ocean.
Indeed, oxygen (KonovaLov, 1997) and
POM (BURLAKOVA et al., 1992; YILMAZ et al.,
1998) concentrations, as well as the flux of
sinking POM (KARL et al., 1991), decreases
dramatically from the lower part of the
euphotic layer to the upper part of the anoxic
zone. This should cause relevant decrease in
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the rate of oxygen consumption. On the other
hand, the revealed decrease in the oxygen
consumption rate above 6,=15.1 is apparent-
ly the result of production of oxygen that over-
comes its consumption in the euphotic layer.

The lateral flux of oxygen is proportional
to the volume entrained from or trapped in
an individual layer. This flux appears to be a
"sink" of oxygen above 0,~15.5 and a "source"
of it in the deeper layers (Fig.3a). By defini-
tion, this flux of oxygen equals an additional
consumption / production of oxygen in a
specific layer of water. The fraction of the
total oxygen flux into the sub-oxic layer
determined by the lateral flux increases with
increasing depth reaching 100 per cent at
the sulphide onset. Keeping in mind that the
vertical flux of oxygen becomes negligibly
small few meters above the anoxic zone
(MURRAY et al., 1995), the lateral fluxof oxy-
gen appears to be a unique and extremely
important source of oxygen for the anoxic
zone. Indeed, the vertical flux of oxygen at
the upper boundary of the sub-oxic zone (o,
~15.85 in the 1990’s) does not exceed 5-1010
M/year. Assuming that this flux of oxygen is
specifically spent for oxidation of sulphide
one can see that it is only a small part of the
lateral flux of oxygen into anoxic zone, which
is about 25-10"M/year.
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The profiles of the advective, diffusive
and total vertical fluxes of nitrate (Fig.5a)
reveal the main features that match an
expected picture based on distribution of
nitrate (Fig.1c). Since maximum concentra-
tion is at o, ~15.6, the diffusive flux is direct-
ed upwards above o, ~15.6 and it is directed
downwards below this density level (Fig.5a),
and the vertical advective flux reaches max-
imum at o, ~15.5 (Fig.5a). A slight upward
shift in the position of the extreme in the
advective flux is due to the profile of the ver-
tical velocity. Unlike the diffusive flux, the
advective flux is directed upward through-
out the water column. The ratio of the verti-
cal advective to diffusive flux of nitrate is
much higher than the same ratio for oxygen.
As the result, the vertical advective fluxplays
an important role increasing the total flux of
nitrate above o, =15.6, but diminishing it
beneath o, =15.6 and shifting the layer of
"zero-flux" from o, =15.5 to 15.7 (Fig.5a).

While the data on vertical diffusive,
advective and total fluxes of nitrate (Fig.5a)
primarily confirm the expected scheme of
nitrate fluxes in the pycnocline, the first
derivative of the total vertical flux (Fig.5b)
that is an estimate of production / consump-
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Fig. 4: The profiles of the vertical oxygen flux () and oxygen consumption rate (b).

Medit. Mar. Sci., 1/2, 2000, 41-59

47



14.5
]

—&— Total
—@— Advective

15.0 4

. —Jl— Diffusive

©

g

=

19p]

15.5 4

1604 @

—

0.0E+0 2.0E+10

Nitrate flux, M/y

-2.0E+10

Nitrite, M/l

0.00 0.20 0.40 0.60 0.80
e ey e e
Consumption & production, M m -1, y -1
-4E+9 -2E+9

2E+9 4E+9

o

OE+0

—
o
=

e Sigma-t
v

Fig. 5: The profiles of the vertical nitrate flux (a) and nitrate production rate derived from the nitrate
fluxes (full squares for 1988, empty squares for 1990’s) and oxygen consumption rate (crosses) com-
paring to the vertical distribution of nitrite (small dots) (b).

tion rate of nitrate reveals some unexpected
phenomena. Negative values of the first de-
rivative above 0,=14.8 and beneath 0,=15.8
indicate the layers where consumption of
nitrate overcomes its production. This can
be explained easily because the upper layer
(above o, =14.8) is situated next to the
euphotic zone and the lower layer (beneath
15.8) is a part of the suboxic zone. The
nitrate uptake by phytoplankton seems to be
an evident reason of its consumption above
0, =14.8 and the redox processes of denitri-
fication and utilisation of nitrate in the sub-
oxic zone have been discussed in detail by
MURRAY et al. (1995). This consumption of
nitrate above 0, =14.8 and beneath o, =15.8
is also confirmed by the data on distribution
of nitrite (Fig.5b), an intermediate product
of the redox nitrogen cycling in any marine
environment. Intere-stingly, the nitrate con-
sumption/production profile recalculated
from oxygen data (if we assume that in
accordance with Equation 3 and 4 the
nitrate production is equal to 16/138 of oxy-
gen consumption) confirms consumption of
nitrate above o0,=14.8 (fig.5b). However,
neither location of the extremes of oxygen
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consumption and nitrate production, no
intensities of these extremes match each
other beneath 0,=14.8. The maximum of
oxygen consumption is observed above the
maximum of nitrate production. Besides,
oxygen consumption exceeds nitrate pro-
duction in the layer o, =14.9 to 15.4 and
beneath o, =15.8, but it is close to nitrate
production in the layer of nitrate maximum
from o, =15.5 to 15.7. Even the form of the
profile of the first derivative of nitrate verti-
cal flux arises questions on the basic
hypotheses of nitrogen cycling in the Black
Sea pycnocline, because any extremes have
never been discussed and/or suggested from
a smooth average vertical profile of nitrate

(Fig.1c).

(CH,0)96(NH3),4(H3PO4)+1060,=
=106C0O,+16NH;+H;PO,+106H,0  (3)

16NH; + 320, = 16HNO; + 16H,0  (4)

The fact that oxygen consumption exceeds
the equivalent nitrate production in the lay-
ers above and beneath the nitrate maximum
at 0,~15.4 - 15.7, but matches it inside of this
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layer, has been previously revealed by
KoNoVALOV ef al. (in press). This has been
derived from the results of analysis of
nitrate concentration to AOU (apparent
oxygen utilisation) ratio and variations in
the distribution of nitrate and oxygen in the
Black Sea from 1960 to 1995. KONOVALOV et
al. (in press) reported that the ratio of
nitrate concentration to AOU at ¢,=15.6
differs from the Redfield’s value (16/138) by
only 6% and the results of modelling reveal
~8% difference. The fluxes and consump-
tion/production rates, which are primarily
responsible for the ongoing evolution of the
biogeochemical structure, and that have
been derived from the applied model
(SAMODUROV & IvANOv, 1998) must simu-
late the main features of this structure in a
realistic manner. This agreement between
the results of modelling and analysis of the
basic chemical structure perfectly verifies
the applied model. At the same time, the
results of modelling also reveal some fea-
tures of nitrogen cycling in the Black Sea
that are hardly obtainable otherwise. Unlike
the lack of nitrate beneath 0,=15.8, that is
probably the result of the process of denitri-
fication in the sub-oxic zone (MURRAY et al.,
1995), the revealed discrepancy between
nitrate production and oxygen consumption
above 0,=15.4 (Fig.5b) has no apparent
explanation. The process of denitrification
in the sub-oxic layer has never been investi-
gated in the Black Sea, but it has been
explored and discussed in detail for the oxy-
gen deficit layers of the Arabian Sea
(NAQvr, 1987) and South Pacific (CobispoTI
et al., 1985), for example. The processes of
nitrogen cycling in the upper part of the
layer of oxycline above 0,=15.4 are tradi-
tionally limited to the physical out-flux, flux
of sinking POM and bacteria mediated
regeneration of nitrogen (Equations 3 and
4). Arguing for this hypothesis, the results of
modelling (Fig.5b) clearly demonstrate that
the scheme of nitrogen cycling in the upper
part of the Black Sea pycnocline is more
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complex. In any case, the quality or struc-
ture of the data on the distribution of nitrate
cannot explain the revealed features of
nitrogen cycling. Indeed, similar local
extremes of nitrate production are detected
(Fig.5b) from KNORR data. It is worth
mentioning that the pump-profiling system
and analytical procedures used in the
KNORR cruise provided measurements
with less than two meters vertical resolution
(MURRAY et al., 1995).

Ammonium

The average profile of ammonium does
not exhibit any extremes (Fig.1c). The
ammonium concentration being usually low
in the oxygenated layer of the Black Sea
experiences a plain growth starting from a
depth in the suboxic layer close to the sul-
phide onset. MURRAY (1995) has reported
that concentration of ammonium exceeds
0.2 mM/I at 6, =15.95. Tt reaches ~100 mMy/I
close to the bottom. The profiles of the ver-
tical flux of ammonium (Fig.6a) and of its
consumption rate (Fig.6b) fit the commonly
accepted hypothesis on production of
ammonium due to respiration of POM in
the anoxic zone, the upward flux of ammo-
nia and its oxidation in the vicinity of the
sulphide onset. The vertical flux of ammoni-
um slightly increases in the anoxic zone
towards the sulphide onset confirming an
excess of production over consumption of
ammonium in this layer. This flux starts to
decrease close to the sulphide onset
(0,~16.2) reaching 2% of the initial value 30
meters above that depth. These dramatic
changes in the vertical flux correspond to
extremely intensive oxidation of ammonium
(Fig.6b) close to the depth of sulphide
onset, mainly in the sub-oxic layer.

Sulphide

The behaviour of sulphide is usually con-
sidered to be similar to ammonium. The
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Fig. 6: The profile of the vertical flux of ammonium (a) and ammonium consumption rate (b).

average profile of sulphide (Fig.1a) general-
ly resembles the profile of ammonium
(Fig.1c). Bacteria mediated sulphate reduc-
tion inside the anoxic zone, limited by the
flux of POM, and oxidation of sulphide at
the depth of sulphide onset are usually
regarded to be the primary processes
responsible for sustaining sulphide budget
in the Black Sea (BEZBORODOV et al., 1993).
Other processes, like geological sources of
hydrogen sulphide (BEzBORODOV et al.,
1993) or precipitation of sulphide in the
form of sulphide of iron (MURAMOTO et al.,
1991), while been discussed, have never
been considered important for sulphur
cycling in the Black Sea. For this particular
reason, the profile of the vertical flux of sul-
phide derived from the model (Fig.7a)
appears unexpected. Unlike similar profile
for ammonium (Fig.6a) the sulphide profile
has a local maximum at 0~16.8. On the
average, this sigma-t surface corresponds
to a depth of 300-meters (Fig.7a). The rate
of sulphide production reveals intensive
consumption of sulphide inside the anoxic
layer (Fig.7b) rather than at the sulphide
onset. The existence of a maximum of the
sulp-hide vertical flux (Fig.7a) actually
means that the sulphide consumption rate
exceeds the rate of sulphide production
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above 0~16.8, which is about 150 meters
beneath the sulphide onset. The basic fea-
tures of the profiles of the sulphide vertical
flux and of the first derivative of this flux
with respect to depth (Fig.7b) are not sensi-
tive to the choice of the sulphide data set.
Data of the cruises carried out in the 1960’s
to 1980’s, as well as data of the KNORR
cruise in 1988, which are considered to be of
very high quality and high vertical resolu-
tion (MURRAY et al., 1995), show similar
results confirming the presence of intensive
consumption of sulphide within the anoxic
zone. This behaviour of sulphide appears
to be a natural feature of the Black Sea
environment. Actually, the same conclu-
sion on the sulphide consumption within
the anoxic zone can be drawn in another
way also. The ratio of the ammonium to
sulphide concentration must be close to 0.3
(16/53) throughout the anoxic zone accord-
ing to Equation 5. In reality (Fig. 8), this
ratio decreases from a relatively high value
at the sulphide onset to the expected value
(16/53) at 6,=16.9 thus confirming the pres-
ence of some processes that cause con-
sumption of sulphide but not of ammonium.

(CH,0)196(NH3)15(H3PO4) +5380,2 =
106HCO5™ +53H,S+16NH;+H,PO, (5)

Medit. Mar. Sci., 1/2, 2000, 41-59



Sulphide flux, M/y
5.0E+10 1.0E+11 1.5E+11

1 L J

0.0E+0

2504

Depth, m

500+

750

- total flux
—=—advective flux

—~—diffusive flux

1000-

Sulphide production & consumption
and oxygen lateral flux, M-m/yr
-1.5E+9-1E+9 -5E+8 0 5E+8 1E+9 1.5E+49

B\
RB

2504
g
:&:: -=A
i [

500 |--C

b

7504

1000/
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Comparing the data on the lateral flux of
oxygen and sulphide production/consump-
tion rate (Fig.7b) one can easily draw a con-
clusion about the important role of lateral
processes in ventilation of the Black Sea
anoxic layer and maintaining the sulphide
budget. On the one hand, the upward flux of
sulphide in the vicinity of sulphide onset
(0,=16.2) equals ~6X1010 M/y (Fig.7a), so
this amount of sulphide is expected to be
oxidised through various redox processes at
the sulphide onset. On the other hand, the
maximum flux of sulphide is close to 14-1010
M/y at 0~16.8 (Fig.7a), or about 2.5-fold of
that value. This actually means that ~2/3 of
the sulphide is oxidised inside the anoxic
layer rather than at the sulphide onset. It is
worthy to note that this value, which is close
to 8-1010 M/y for the layer from ¢,=16.2 to
16.8 (Fig.7a), being compared to the lateral
flux of oxygen into the same layer (about
15-1019 M/y), demonstrates an excellent
agreement between the results of modelling
and data analysis.

Assuming that the lateral flux of oxygen
into the anoxic zone is entirely spent for oxi-
dation of sulphide, the rate of sulphide pro-
duction in the anaerobic layer can be esti-
mated as the difference between the first
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derivative of the sulphide vertical flux (con-
sumption/production rate) and lateral flux
of oxygen (Fig.7b). This profile seems to be
more realistic in terms of fitting the hypoth-
esis of sulphide production in the Black Sea.
The form of this profile indicates higher rate
of sulphide production in the upper 500-
meter layer of the anoxic zone, as it has
been demonstrated by LEIN ez al. (1991) and
SOROKIN (1964), who analysed data on the
rate of sulphate reduction. The profile of
the sulphide production/consumption rate
also reveals a sharp increase of sulphide
consumption near sulphide onset (Fig.7b).
This turns the sulphide behaviour closer to
the scheme of ammonium cycling (Fig.6b)
in terms of production and consumption.
Local extremes in the profile of sulphide
production rate can be artefacts because the
rate of production, being a function of the
second derivative of the concentration with
respect to depth, is extremely sensitive to
irregularities in vertical distribution of a
particular property. So, some minor
“errors” in the average profile, which is cal-
culated from the results of observations,
may become visible in the profile of the rate
of production. On the other hand, these
local extremes may also show that the real
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scheme of sulphide cycling is even more
complicated than the plot discussed in this
work, but this demands additional investiga-
tions and lies out of the scope of this paper.
The total sulphide production in the layer
above 1000 meter is close to 15-1010 M/y.
The upward flux of sulphide at 1000-m
depth is about 4-1010 M/y. This figure sup-
ports the data of LEIN and IvaNov, 1991,
suggesting that the upper part of the anoxic
zone is more productive in terms of sulphide
than the lower part of the Black Sea water
column. Unfortunately, small vertical gradi-
ents of sulphide and weak density stratifica-
tion for the deep layer make the result sen-
sitive to uncertainties in the average profiles
of sulphide (Fig.la) and coefficients
(Fig.2b). Besides, we can say very few on the
roduction of sulphide in and the flux of it
out of the upper layer of sediments. This
sets the limit of this work and demands fur-
ther investigation of this problem.

Discussion

At this point, before the discussion of the
results of calculations, it is necessary to give
some general remarks concerning our esti-
mates of the production/consumption rates
of chemical substances. The approach
implies stationarity of the vertical average
profiles of these substances. Besides, it
implies that variations in the average pro-
files on a sub-annual time scale have been
effectively filtered. However, if there is a
gradual trend in the average concentration
the real production/consumption may be
quite different from the estimated values.
Thus, for the ammonium and sulphide, the
calculated production/consumption rates
reveal the values valid for a period when
their production equals consumption. The
recently published data (KoNOVALOV et al.,
1999) suggest an increase in the average
concentrations of sulphide and ammonium.
This means that the production rate of these
substances discussed in this work is underes-
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timated for the rate of changes in their
inventories.

Adjusting the above discussed data on the
fluxes and the rate of production and con-
sumption of oxygen, nitrate, ammonium and
sulphide one can get a picture that differs
from the usually accepted scheme of cycling
and budget of these substances. The next
statements can describe the main features of
the obtained picture:

- Oxygen is mainly spent for oxidation of
sinking POM above the sub-oxic layer. A
minor part of the downward oxygen flux can
be spent to compensate the upward flux of
sulphide from the anoxic zone.

- The flux of nitrate at the upper and
lower boundaries of the oxycline and pro-
duction of nitrate due to oxidation of sink-
ing POM inside of this layer do not describe
the entire scheme of nitrate cycling. The
maximum of oxygen consumption is located
notably above the maximum of nitrate pro-
duction revealing a lack of nitrate produc-
tion versus oxygen consumption. An addi-
tional process is responsible for this lack of
nitrate in the upper part of the oxycline.

- The vertical counter-fluxes of nitrate and
ammonium into the suboxic zone appear to
be equivalent. This confirms the existing
hypothesis (MURRAY et al., 1995) on effec-
tive denitrification, which is responsible for
losses of nitrogen in the Black Sea and
"zero" up ward flux of nitrogen from the
anoxic and suboxic layers.

- The annual nitrate flux out of the pycno-
cline roughly equals nitrate inventory. This
reveals a short turnover time of nitrate and
the possibility of fast changes in nitrate
inventory caused by small changes in the
physical fluxes of nitrate and/or in the rate
of nitrate production.

- Sulphide, produced due to bacteria
mediated respiration of sinking POM in the
anoxic zone, is oxidised both at the sulphide
onset and within the anoxic zone. The later-
al flux of oxygen into the anoxic layer is
responsible for oxidation of sulphide inside
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the anoxic zone. The latter process appears
to be very important for the sulphide budg-
et and existence of the sub-oxic zone in the
Black Sea. It is actually responsible for the
depletion of about 2/3 of the totally pro-
duced sulphide. Besides, this process of sul-
phide oxidation inside the anoxic zone
explains the existing misbalance in the verti-
cal fluxes of sulphide and ammonium and the
known fact that the ammonium to sulphide
ratio decreases from a high value at the sul-
phide onset to the expected value at 0,=16.9.

The profile of oxygen consumption rate
(Fig.4b) demonstrates that maximum oxy-
gen consumption takes place well above the
sulphide onset and sub-oxic layer. It occurs
in the upper part of the oxycline close to the
euphotic layer, where oxygen and POM con-
centrations are high enough to provide
intensive consumption of oxygen. Besides,
the total consumption of oxygen in the layer
above the sub-oxic zone is as much as
9.3-1011 M/y, while the vertical flux of oxy-
gen into the sub-oxic layer does not exceed
5-1019 M/y. Even the amount of oxygen that
is consumed in the layer above the sub-oxic
layer (0,=15.8) but below the maximum of
nitrate (0,=15.5) appears to be 7-fold of the
flux of oxygen into the sub-oxic layer.
Actually, this figure fits the data published
by KARL et al. (1991) suggesting that 95% of
POM regenerates in the layer above the sul-
phide onset. If we recalculate the rate of
oxygen consumption and sulphide produc-
tion into the rate of particulate organic car-
bon (POC) respiration, we get exactly the
same figure (Fig.8). Assuming a steady dis-
tribution of oxygen, these data lead to a
general conclusion that 95% of the down-
ward oxygen flux must be spent to oxidise
sinking POM rather than sulphide and other
reduced substances. On the one hand, this
makes the Black Sea less unique putting it in
a line with other marine basins; on the other
hand, this confirms that the Black Sea may
be a natural testing laboratory for other
marine systems.
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Fig. 8: The rate of carbon respiration calculat-
ed from the data of the rate of oxygen con-
sumption and sulphide production.

The maximum rate of oxygen consump-
tion should correspond to the maximum
nitrate production if we adopt the hypothe-
sis on oxygen being spent for oxidation of
POM. The ratio of carbon to nitrogen for
POM in the Black Sea water column does
not differ from the Redfield ratio
(106/16=6.6) being within the range from 5
to 10 (BURLAKOVA et al, 1992; YILMAZ et
al., 1998). So, usually observed changes in
the C/N ratio cannot explain the revealed
disagreement between the profiles of oxy-
gen consumption (Fig.4b) and nitrate pro-
duction (Fig.5b). Indeed, to explain the
observed ratio of oxygen consumption to
nitrate production the C/N ratio in sinking
POM should be 6- to 25-fold of the Redfield
C/N ratio in the layer from 0,=15.0 to 15.2.
Keeping this in mind we suggest more com-
plicated nitrogen cycle than the usually
accepted scheme, which includes nitrate
production due to oxidation of sinking POM
and physical out-flux of nitrate.

In a speculative manner we may suggest
that the process of oxidation of sinking
POM is not accomplished by nitrate pro-
duction described by Equations 3 and 4. An
attempt to suggest that this process is limit-
ed to production of ammonium and, for
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some reason, it does not go further to
nitrate is in evident contradiction with the
data on ammonium distribution (Fig.1c).
Indeed, the local maximum of ammonium,
which should be expected at o, ~15.1, cannot
be revealed from the existing data. There is
no extreme in the distribution of nitrite
close to o,=15.1, also. This means that
nitrate, which is produced and consumed
through nitrite being an intermediate form
of nitrogen, does not experience any bio-
geochemical transformation in this layer,
like it takes place at the upper and lower
boundaries of the oxycline (Fig.5b). In this
situation, we can only suggest a "bacteria
loop" or process of denitrification. Unfortu-
nately, there are no data to verify these sug-
gestions and further investigation is needed
to reveal the nature of this process. On the
other hand, it seems to be extremely impor-
tant to parameterise this process, even
knowing nothing of its nature, to simulate
correctly nitrogen cycling in the Black Sea.
The scheme of nitrate cycling in the oxy-
cline of the Black Sea (Fig.9) provides
insight into the nitrogen budget. To build
this scheme we have used the upward flux at
0,=14.5 (2.0-1010 M/y) and downward flux at
0,=15.9 (2.6-:1010 M/y). We have also calcu-
lated out-flux (0.8-101© M/y) and influx

(0.3-1010 MJy) of nitrate due to formation
and dissipation of the Bosphorus plume.
The difference (0.5-10'0 M/y) reveals the
flux of nitrate into the anoxic zone through
lateral induction. Besides, we have estimat-
ed the load of inorganic nitrogen into the
Black Sea (~10-1010 M/y) from the data pub-
lished by HUMBORG et al. (1997) and the
amount of nitrogen that should be trans-
formed in POM in order to balance the
existing budget of nitrate. Briefly, this dia-
gram reveals that the upward and downward
fluxes do not differ considerably. The later-
al flux of nitrate depletes the stock of nitrate
by 0.5-1010 M/y. The total out-flux of nitrate
(5.1-1010 MJy) is close to the amount of
nitrate stored in this layer (~6.0-1010 M).
The last figure shows that the balance of
nitrate is extremely sensitive to the rate of
biogeochemical processes and physical flux-
es. As the result, dramatic changes in distri-
bution of nitrate are easily possible on a
scale of years. This conclusion fits the data
on seasonal and long-term changes pub-
lished by CobispoTl et al. (1991); KoNo-
VALOV (1994); KONOVALOV et al. (1997).
Another interesting conclusion drawn
from the scheme of nitrogen cycling (Fig.9)
is related to the process of denitrification in
the sub-oxic zone (MURRAY et al, 1995).
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Fig. 9: The scheme of nitrogen cycling in the layer of the main pycnocline (All values should be

multiplied by 1010 M/y).
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The flux of nitrate into the suboxic zone is as
much as 2.6-1010 M/y (Fig.9) and the flux of
ammonium into the same layer is close to
4.8-1010 M/y (Fig.6a). The ratio of these val-
ues being equal to 0.542 differs from the
expected ratio of nitrate to ammonium, 3/5
according to Equation 5, by less than 10%.
This result may be considered as an indirect
confirmation of denitrification that takes
place in the sub-oxic zone. This figure also
provides necessary information to estimate
the intensity of denitrification, and the
amount of inorganic nitrogen that must pen-
etrate into the layer of the oxycline and
anoxic zone, through the formation, sinking
and respiration of POM in order to support
steady state distribution of nitrate and
ammonium. Thus, about 30% of the river-
born nitrogen should go to the layer of the
oxycline. The total annual loss of nitrogen
from the Black Sea environment due to den-
itrification equals 7.4-1010 M/y that is actual-
ly more than the stock of nitrate in the layer
of oxycline. Therefore, the amount of nitro-
gen that is irreversibly lost from the layer of
the main pycnocline appears to be ~75% of
the total annual load of inorganic nitrogen
into the Black Sea. All together, these data
reveal an effective process of elimination of
nitrogen from the Black Sea environment
providing its ability to resist dramatic
eutrophication over the last 20 years.
Besides, it demonstrates the possibility of
very fast changes in the distribution of
nitrate caused by changes in the flux of
POM.

Contrary to nitrate (CoODISPOTI ef al.,
1991; KONOVALOV et al., 1997), the distribu-
tion of sulphide is usually considered to be
in a steady state (BEzZBORODOV et al., 1993;
SKOPINTSEV, 1975). While the possibility of
changes in the sulphide production has been
discussed (SKOPINTSEvV, 1975), misbalance
of the sulphide production and consump-
tion has been always considered as an error
of calculations and/or measurements (LEIN
et al., 1991; BEzZBORODOV et al, 1993).

Medit. Mar. Sci., 1/2, 2000, 41-59

Interestingly, the basic reason of this stabil-
ity is expected to be 5,000 to 7,000-year evo-
lution of the oxic/anoxic conditions in the
Black Sea that has resulted in adjustment of
all processes. Therefore, this hypothesis
does not assume a discussion of particular
reasons and conditions of the sulphide bal-
ance, as well as the possibility of changes in
the distribution of sulphide on a shorter
time scale. It seems to be strange if dramat-
ic changes in biological and chemical prop-
erties of the oxic layer (MEE, 1992;
HUMBORG et al, 1997; CODISPOTI et al.,
1991) induced by drastic eutrophication
over the last 20 years are not accompanied
by any changes in biogeochemical structure
of the anoxic zone. Actually, recent publica-
tions (KONOvALOV et al., 1999; KONOVALOV
et al, in press) reveal the presence of
changes in the distribution of sulphide and
ammonium from 1969 to 1995, as well as rel-
ative stability of the sulphide onset over the
same period. For this reason, the discussed
profiles of the flux and production of sul-
phide (Fig.7) and oxygen (Fig.4) are extre-
mely important in helping us to gain a new
insight into the nature of the anoxic zone of
the Black Sea. Thus, the sulphide onset
mainly depends on the lateral flux of oxygen
because 2/3 of the upward sulphide flux is
balanced by the lateral but not vertical flux
of oxygen. This seems to be the reason of a
broad sub-oxic zone. The sulphide onset
and the oxycline poorly depend on each
other. While the sulphide onset depends
mainly on the lateral flux of oxygen, the oxy-
cline depends on the flux of POM. This
means that disappearance of the sub-oxic
zone and dramatic changes in the sulphide
onset are possible when the sulphide pro-
duction exceeds the redox equivalent of the
lateral flux of oxygen. Keeping in mind that
the total lateral flux of oxygen is equal to
33.4-1010 M/y and the current lateral flux of
oxygen into the anoxic zone is equal to
25.1-10%0 MYy, one can find out that 1.5-fold
increase in the sulphide flux can result in
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consumption of the entire lateral flux of
oxygen and further adverse changes in bio-
geochemical structure of the oxic/anoxic sys-
tem of the Black Sea. The flux of sulphide
and the rate of sulphide production depend
on the primary production. So, 1.5-fold
increase in the flux of sulphide cannot be
assumed as very high because 3- to 4-fold
increase in the primary production has been
already detected for the Black Sea over the
last 2 decades being the result of drastic
increase in the load of nutrients (HUMBORG
et al, 1997). Fortunately, the latest data
(Cociasu et al., 1997) does not support the
idea of the ongoing increase in the load of
nutrients.

Variations in the load of nutrients have
caused changes in primary production
(STELMAKH et al, 1998) and, probably, in
export production, as well as in the flux of
POM into the anoxic zone. An increase in
the stock of sulphide in the deep layer of the
Black Sea (KoNovALOV ef al., 1999) arises
questions on the stationarity of the Black
Sea oxic/anoxic system. The calculated pro-
duction of sulphide equals 19X1010 MYy,
which fits well the value derived from the
data on the flux of POM into the anoxic
zone (KARL & KNAUER, 1991) and exceeds

by 50% the sulphide production derived
from the data on the flux of POM, the rate
of sulphate reduction and primary produc-
tion published for the 1960’s (DEUSER,
1971; SorokiN, 1982). More recent data
(LEIN & IvaNov, 1991) suggest even higher
(up to 300%) increase in sulphide produc-
tion from the 1960’s to late 1980’s. This
might mean that the calculated sulphide
production is indeed underestimated for the
today situation characterised by the
increased level of eutrophication. It is
because the sulphide profile is not sensitive
to variations in production/consumption
rates (the inventory considerably exceeds the
rates), the fluxes are not sensitive to changes
in the production/consumption rates also.
Another aspect of the issue of sulphide
oxidation inside the anoxic zone is related to
the ammonium-sulphide stoichiometry.
While the results of investigations (Fig.10)
reveal striking variation in the ammonium
to sulphide ratio, the results of modelling
make this phenomenon logistical and clear.
Indeed, the lateral flux of oxygen alters the
ammonium-sulphide stoichiometry estab-
lished by the process of sulphate reduction
(Equation 5) making the ammonium/sul-
phide ratio higher depending on the flux of

16.0-
o o
%o '{ o,
‘e '.’o ?\\:3 & Fiad.
= L4 '. ."' °
X ':.*' ITS o TP
E ° L] L
22
9]
16.54
The value (16/53) expected
from equation 5
170 ; ; :
0.0 1.0 2.0 3.0
Ammonium/Sulphide ratio

Fig. 10: The ammonium to sulphide ratio in the anoxic zone of the Black Sea derived from the

KNORR cruise (1988) data set.
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oxygen. As the result, the ammonium/sul-
phide ratio must decrease from the highest
value at the sulphide onset to the expected
from Equation 5 value (16/53=0.3) at a
depth, where the lateral flux of oxygen
diminishes to a small amount. The lateral
flux of oxygen decreases exponentially ~10-
fold from 0,=16.2 to 16.9 (Fig.7b), and the
ammonium to sulphide ratio behaves simi-
larly (Fig.10). Thus, the lateral flux of oxy-
gen appears to be an important feature of
the Black Sea environment responsible for
the existence of the sub-oxic zone, and
extremely important for the sulphide distri-
bution and for determining the peculiar
ammonium-sulphide stoichiometry in the
upper 400 m layer of the Black Sea.
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