
 

 

Meereswissenschaftliche Berichte 
MARINE  SCIENCE  REPORTS 

 

 

 

No. 68 

 

 

 

Redox Layer Model (ROLM): a tool for analysis of the water 

column oxic/anoxic interface processes 

                    

 

         
by 

 

Evgeniy V. Yakushev
1,2

, Falk Pollehne
2
, Günter Jost

2
, Ivan Kuznetsov

1,2
,  

Bernd Schneider
2
, Lars Umlauf

2 

 

 

 

 
 

 

 

 

 

 

 

 

 

Institut für Ostseeforschung 

Warnemünde 

2006 

 

 

 

 



 

Addresses of authors: 
 
 

1
Shirshov Institute of Oceanology RAS, Southern Branch, Gelendzhik-7, Krasnodarski 

Kray, 353467, Russia 
2
Baltic Sea Research Institute (IOW), Seestraße 15, D-18119 Rostock-Warnemünde, 

Germany 

 
Corresponding author: e_yakushev@yahoo.com 

 
Key words: biogeochemical modelling; oxic/anoxic interface; redox processes; anoxic 

conditions; Baltic Sea; Black Sea 

 

 
 



 

 

Yakushev, E.V.; Pollehne, F.; Jost G.; Kuznetsov I.; Schneider B.; Umlauf L.:
 

Redox Layer Model (ROLM): a tool for analysis of the water column oxic/anoxic interface 

processes 

 

C o n t e n t s 
 

Acknowledgements 3 

1. Abstract 4 

2. Introduction 5 

3. Water column redox interfaces: Structure and processes 6 

4. Methodology. Formulation of model 8 

 4.1. Main 1D model equation 8 

 4.2. Hydrophysical Scenarios 8 

  4.2.1. The Black Sea 8 

  4.2.2. The Baltic Sea 11 

 4.3. Sinking 11 

 4.4. Boundary conditions 11 

  4.4.1. Upper Boundry 11 

  4.4.2. Lower Boundary 12 

 4.5. Parameterization of the biogeochemical processes 12 

  4.5.1. General remarks 12 

  4.5.2. Autolysis 14 

  4.5.3. Mineralization of OM 14 

  4.5.4. Mineralization in oxic conditions 14 

  4.5.5. Mineralization in suboxic conditions 15 

  4.5.6. Sulfate reduction 16 

  4.5.7. Ammonification and release of phosphate (phosphatification)  17 

  4.5.8. Nitrification 18 

  4.5.9. Nitrogen fixation 18 

  4.5.10. Anammox 18 

  4.5.11. Oxidation of reduced sulfur forms with oxygen 19 

  4.5.12. S
0
 - disproportionation  19 

  4.5.13. Thiodenitrification (chemolithotrophic denitrification) 19 

  4.5.14. Processes of oxidation and reduction of manganese and iron 20 

  4.5.15. Manganese (II) oxidation with oxygen 20 

  4.5.16. Manganese (IV) reduction with Sulfide  20 

  4.5.17. Manganese (III) oxidation and reduction  21 

  4.5.18. Iron (II) oxidation with oxygen 21 

  4.5.19. Iron (II) oxidation by manganese (IV) 22 

  4.5.20. Iron (II) oxidation by nitrate 22 

  4.5.21. Iron (III) reduction by Sulfide  22 

  4.5.22. Processes of phosphorus transformation 23 

 4.6. Equations for the biogeochemical sources RC 23 

  4.6.1. Biological parameters 23 

  4.6.2. Chemical parameters 29 

5. Computational aspects 33 

6. Results of simulations 34 

 6.1. Variables 35 

 6.2. Processes 36 

7. Discussion 38 

 7.1. Oxidation of H2S 38 

 7.2. Consumption of O2 in the suboxic layer 42 

 7.3. “Phosphate dipole” 43 

 7.4. Seasonal changes in the redox-layer 45 



 

 7.5. Redox-layer structure  

  7.5.1. Depth of NO3 maximum 48 

  7.5.2. Depth of O2 depletion 48 

  7.5.3. Depth of H2S onset 48 

8. Conclusions 48 

References 50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

Acknowledgements 

 

We appreciate the continous support and critical and useful discussions with our colleagues from 

the Baltic Sea Research Institute Warnemuende, and Shirshov Institute of Oceanology, RAS. The 

authors are grateful to the officiers, crew and scientists of the research vessels that made it possible 

to organize the sampling from the redox-interfaces of the Black and the Baltic Seas with the 

requirements necessary for the model’s goals.  A special  thanks go to Mary Scranton who 

discussed this work from point of view of its application to the Cariaco anoxic basin and helped in 

the preparation of this manuscript. This research was supported by Baltic Sea Research Institute 

Warnemuende, Shirshov Institute of Oceanology, Russian Foundation for Basic Reasearches grants 

05-05-65092, 06-05-96676yug, CRDF grant RUG1-2828-KS06. 

 



4 

 

1. Abstract 

 

The goal of this coupled 1D hydrophysical-biogeochemical model was to study the cycling of main 

elements in the pelagic redox layer in Seas with anoxic conditions. The processes of formation and 

decay of organic matter (OM), reduction and oxidation of species of nitrogen, sulphur, manganese 

and iron, and transformation of phosphorus species were parameterized. The temporal and spatial 

development of the model variables were described by a system of horizontally integrated vertical 

diffusion equations for non-conservative substances. The calculated spatial and temporal 

distributions of parameters are in good agreement with observed vertical distribution patterns.  

 

To study the influence of the seasonal variability on the chemical structure of the pelagic redox-

layer in different system we used different hydrophysical scenarios of the Black Sea and the Baltic 

Sea. Results clearly showed that organic matter, formed during the bloom periods by 

phytoplankton, exerts a major direct influence on structure and processes in the remote redox-

interface in both Seas. This is due to the competition for the dissolved oxygen between the 

oxidation of organic matter (particulate and dissolved) originating in the mixed layer and the 

oxidation of reductants supplied from the anoxic deep water. As a result of this competition, the 

processes of OM mineralization become more intense in summer, leading to increased activity of 

heterotrophic bacteria (both in oxic and anoxic zones), as well as of aerobic autotrophic bacteria 

(nitrifiers). The activity of the anaerobic chemolithotrophic organisms are reduced in summer, 

because less metal oxidants (which require oxygen for their formation) are available for reactions of 

anaerobic oxidation of sulfides and other reduced sulfur-species. 
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2. Introduction 

 

Anoxic conditions in the water column are a natural feature of numerous areas in the world’s seas. 

These conditions arise when transport rates of organic matter (OM) and oxygen into deeper layers 

are not balanced and oxygen is used up leaving an excess of organic material to be decomposed. 

The decomposition processes continue by bacterial activity employing other electron acceptors than 

oxygen and usually end up with reduction of sulphate (a major constituent in seawater). This last 

process leads to the production of hydrogen sulphide which is toxic to most higher life forms. 

 

The energy derived from the oxidation of reduced inorganic compounds from the anoxic zone fuels 

the microbial community that produce OM via chemosynthesis (Nealson and Stahl, 1997; Sorokin, 

2002; Canfield et al., 2005). These processes together with oxic, anoxic and suboxic OM 

mineralization and processes of chemical reactions between reduced and oxidized compounds are 

responsible for the complexity of the redox layer. 

 

The mentioned imbalance between transport of OM and oxygen occurs when a hydrophysical 

structure with a well-pronounced pycnocline is created. The existence of such structures can be 

temporary or permanent, correspondingly creating zones of temporary or permanent anoxia (Fig. 1). 

The appearance of temporary water anoxia (as a consequence of eutrophication (Richardson and 

Jorgensen, 1996)) and changing volumes of permanent anoxic water bodies are a threat for the 

functioning of healthy aerobic ecosystems and thereby a direct danger to human health and 

economic welfare. Permanent anoxic conditions are observed in numerous lakes, fjords (for 

example, Framvaren), and also in some regions of the World Ocean (Black Sea, Baltic Sea Deeps, 

Cariaco Basin). The scales of processes that affect the formation of each system’s hydrophysical 

structure vary from molecular diffusion to climatic variability. However, in lakes and fjords some 

processes, such as transport of water with geostrophic currents or mesoscale eddies, are 

unimportant, leading to less intense mixing than under marine conditions. Therefore, the chemical 

structure of redox interfaces in fjords and lakes are characterized by sudden changes in redox 

conditions and steep chemical gradients. In comparison to lakes and fjords, oxidation - reduction 

features at marine redox interfaces are characterized by gradual gradients, and gradually varying 

temporal changes as well. For example, the boundary of anoxic zone of the Cariaco Basin is 

influenced by mesoscale eddies that periodically supply dense water with high oxygen content to 

the anoxic zone (Scranton et al., 2006). Similarly, in certain years, mainly winter weather 

conditions in the Baltic Sea result in an influx of oxygen rich saline Northern Sea waters to the deep 

anoxic layers (Schneider et al., 2002; Feistel et al., 2003). The Black Sea oxic/anoxic interface 

appears to be more stable, because the Bosphorus Plume waters influences only the south-western 

part of the Black Sea. 

 

The study of the processes responsible for the maintenance of redox interfaces should be optimally 

done with a combination of field measurements supplemented by modelling that allows jointly 

analysis of the complexity of processes studied by different scientific disciplines. 

 

We describe here the modelling framework to be used in systems with anoxia observed in the water 

column. This 1D hydrophysical-ecological-biogeochemical O-N-S-P-Mn-Fe model allows us to 

simulate the main features of biogeochemical structure of the redox interfaces in the water columns 

of seas with anoxic conditions (i.e. vertical distributions of parameters, rates of processes). In this 

version of the model we consider the water column from the surface to about 100 m below the 

oxic/anoxic interface. In contrast to the previous versions of this model (Yakushev, 1992, 1999; 
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Yakushev and Neretin, 1997) we parameterize the processes of formation of organic matter during 

both photosynthesis and chemosynthesis and, therefore model a feedback between the upward 

fluxes of nutrients and the amount of produced OM. 

 

 

Fig. 1. Regions with permanent and temporal anoxia in the European Seas. 

 

The goal of this work was to create an instrument for a complex analysis of the observing 

distributions of variables, processes controlling their interactions and for the analysis of changes in 

the biogeochemical structure of redox interfaces connected with variability in external factors. 

 

In particular we will use this model for analysis of some key processes responsible for the 

formation of the redox layer structure, i.e. sulfide oxidation, oxygen consumption, formation of 

phosphate “dipole”. We will also use this model for estimating whether the water column redox 

layers have seasonal variability in their structure and how this can be explained, We simulated the 

structure and seasonal behavior of a redox-interface with two hydrophysical “scenarios” – a 

simplified one for the Black Sea, and a more complicated one for the Baltic Sea, calculated with 

General Ocean Turbulent Model GOTM (Burchard et al., 1999).). Similarities of the results of 

different scenarios allowed us to obtain some numerical estimates that can reveal common features 

of the behavior of redox-interfaces. 

 

3. Water column redox interfaces: Structure and processes  

 

Redox interfaces of the different marine basins are characterized by a range of common features. 

The hydrochemical structure of the Black and the Baltic Sea oxic/anoxic interfaces are shown in 

Fig. 2. In both of these interfaces the nitrate maximum is observed at the depth where the vertical 

gradient of oxygen decreases (lower part of oxycline). The onset depths of increasing 
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concentrations of ammonia and dissolved manganese correspond to the position of the phosphate 

minimum (better seen in the Black Sea compared to the Baltic Sea). For the Black (Yakushev et al., 

2002) and Baltic Seas this depth is identical with the depth of oxygen depletion. In both of these 

Seas, hydrogen sulphide appears 5-10 m deeper. All these features are related by the theoretical 

electron potential sequence of the oxidants and reductants (Canfield et al., 2005). The vertical 

distribution of transmission (Xmiss, Fig.2) is characterised by the presence of a turbidity layer in 

the vicinity of sulphide onset and of a layer of more transparent water above. 

 

  

 

  

Fig. 2. Vertical distribution of hydrochemical parameters in the Black (upper panel) and Baltic 

(lower panel) Seas. The arrows shows the depths of (1) NO3 maximum and lower part of oxycline 

(2) depletion of O2, onsets of Mn(II) and NH4, and PO4 minimum, (3) onset of H2S and maximum 

gradient of PO4. 

 

The Black Sea is probably the best location for study of redox-layer processes because of its 

stability. The Bosphorus only affects the southern-western region of the Sea. The central and 

peripheral Black Sea are characterized by stability of the chemical features (i.e. maximum 

positions, onset levels) in the density field (Vinogradov and Nalbandov, 1990; Murray et al., 1995). 
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Such a “chemotropicity” implies that there are no horizontal gradients of chemical variables along 

the same density surface, supporting the use of a 1D model for describing the processes responsible 

for the maintenance of the redox-layer chemical structure.  

 

4. Methodology. Formulation of model 

4.1 Main 1D model equation 

 

The time-space evolution of the model variables is described by a system of horizontally integrated 

vertical diffusion  equations for non-conservative substances: 

Ci
iMnCi

Z
i R

z

CWW

z

C
K

zt

C
+

+
−=

∂

∂

∂

∂

∂

∂

∂

∂ ))((
   

where Ci - concentration of a model variable; Kz - vertical turbulent diffusion coefficient; WC  is the 

sinking rate of particulate matter;  WMn, - accelerated rate of sinking of particles with settling Mn 

hydroxides; ∑=
j

BjCiCi RateR - sources and sinks of a substance (rates of transformation) which is 

an  algebraic sum if local fluxes are caused by biogeochemical interaction (RateBjCi). 

 

The following variables (Ci) were considered in the model (Table 1.): Dissolved oxygen (O2), 

hydrogen sulfide (H2S), elemental sulfur (S0), thiosulfate (S2O3), sulfate (SO4), ammonia (NH4), 

nitrite (NO2), nitrate (NO3), particulate organic nitrogen (PON), dissolved organic nitrogen (DON), 

phosphate (PO4), particulate organic phosphorus (POP), dissolved organic phosphorus (DOP), 

bivalent manganese (MnII), trivalent manganese (MnIII), quadrivalent manganese (MnIV), bivalent 

iron (FeII), trivalent iron (FeIII), phytoplankton (Phy), zooplankton (Zoo), aerobic heterotrophic 

bacteria (B_ae_het), aerobic autotrophic bacteria (B_ae_aut), anaerobic heterotrophic bacteria 

(B_anae_het), and anaerobic autotrophic bacteria (B_anae_aut).  

 

In the following description of the model we will use the names of variables assumed in the 

formulas of the model (i.e. “NO3” for NO3
-, “MnII” for Mn(II) and “Phy” for phytoplankton, etc.). 
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Table 1. State variables of model. Concentrations are presented in micromoles for chemical 

variables and in wet weight (WW) for biological parameters. 

 

Variable Meaning Dimension 

O2 Dissolved Oxygen µM O 

S 

H2S Hydrogen Sulfide µM S 

S0 Elemental Sulfur µM S 

S2O3 Thiosulfate µM S 

SO4 Sulfate µM S 

N 

NH4 Ammonia µM N 

NO2 Nitrite µM N 

NO3 Nitrate µM N 

PON Particulate Organic Nitrogen µM N 

DON Dissolved Organic Nitrogen µM N 

P 

PO4 Phosphate µM P 

POP Particulate Organic Phosphorus µM P 

DOP Dissolved Organic Phosphorus µM P 

Mn 

MnII Bivalent Manganese µM Mn 

MnIII Trivalent Manganese µM Mn 

MnIV Quadrivalent Manganese µM Mn 

Fe 

FeII Bivalent Iron µM Fe 

FeIII Trivalent Iron µM Fe 

Biological patameters 

Phy Phytoplankton mgWW m
-3

 

Zoo Zooplankton mgWW m
-3

 

B_ae _het Aerobic Heterotrophic Bacteria mgWW m
-3

 

B_ae_aut Aerobic Autotrophic Bacteria mgWW m
-3

 

B_anae _het Anaerobic Heterotrophic Bacteria mgWW m
-3

 

B_anae_aut Anaerobic Autotrophic Bacteria mgWW m
-3

 
 

 

4.2 Hydrophysical Scenarios. 

 

4.2.1 The Black Sea. 

One dimensional models are very sensitive to values of Kz. The calculation of the Kz values in the 

redox-layer depth are usually made using the Gargett formula (Gargett, 1984), that takes into 

account the vertical density structure 

q

z NaK −= 0
, where 

z

g
N

∂

∂
−=

ρ

ρ
. 

N- buoyancy frequency, g - acceleration of gravity, ρ- the mean density, a0 and q - empirical 

coefficients; 

 



10 

Estimates for the Black Sea redox-layer obtained with the modification of Gargett formula 
5.0

31062.1
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.
10

-5 
m

2
 s

-1
 (Samodurov and Ivanov, 1998). 

This formula was used for the redox-later features estimates by Konovalov et al. (2006). Smaller 

values (5.2
 .
 10

-6
 m

2
 s

-1
) were used for the Baltic Sea by Neretin et al. (2003) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.  Typical temperature and salinity distributions for the central Black Sea winter (solid) and 

summer (dotted). (Data from RV“Knorr” and RV “Akvanavt” cruises). 

 

The estimates of Kz obtained by Stokozov (2004), who analyzed the spreading of 
137

Cs  after the 

Chernobyl accident, were about 1-3 
.
 10
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 in the Black Sea Central Basin and 3-11 

.
 10
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 m

2
/s in the 

region of the rim current. These larger estimates, in our opinion should, be closer to the real values 

than calculations from the equation of Gargett, because they were calibrated with the flux of a real 

passive tracer and may reflect processes not considered in the above written formulas. Therefore  

values of vertical turbulent mixing coefficient for our model were re-calculated on the basis of the 

daily density vertical structure changes. For this we used the Gargett formula with empirical 

coefficients permitting values of Kz in the suboxic zone in the range of 10
-5

 -10
-4

 m
2
 s

-1
:  
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The results of these calculations are presented below. 

 

The seasonal variability of light and hydrophysical structure were considered as external 

parameters. To describe the variability of the upper layer (from the surface to the cold intermediate 

layer), we considered the changes between two typical distribution observed at a station in the 

central part of the Black Sea in winter and summer (Fig. 3). It was assumed that the changes 

between the typical summer and typical winter structure occur according to a sinusoidal function. 

Daily calculated density values were used for estimating of the Kz values using the previously 

mentioned formula.  

 

The changes of the photosynthesis rate as a function of light and temperature are described below.  
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4.2.2 The Baltic Sea.  

 

For the Baltic Sea we used the results of calculation with the General Ocean Turbulence Model 

GOTM (Burchard et al., 1999) for 1992-1993, when the vertical distribution in the Gotland Basin 

was stable and a developed anoxia was observed. The calculated arrays of daily changes of T, KZ 

and light were directly used in calculations. 

 

4.3 Sinking. 

 

The process of sinking of particulate matter is usually described as: 

 

Sinking= WCi.dC/dz 

 

where WCi  is the rate of sinking. The values of WCi in the models were taken to be: for 

phytoplankton – 1 m d-1 (Savchuk and Wulff, 1996; Oguz et al., 1998), detritus – 1.5 m d-1 

(Savchuk and Wulff, 1996), 5 m d-1 (Oguz et al., 1998), 3.5 m d-1 and 20 m d-1 (Gregoire et al., 

1997). The Monod-type dependence was used in Oguz et al. (1998) to describe the changes of 

sinking depending on the concentrations of detritus. 

 

In this model we also described the effect of increase of sinking rates when MnIV and MnIII oxides 

are formed. We analyzed this effect earlier (Yakushev and Debolskaya, 2000) and found that the 

precipitation of particulate Mn oxide can significantly increase the flux of this electron acceptor 

toward the sulfide boundary and that this increase in flux can affect the distribution of particles that 

may form a layer of more transparent water above the layer of increased turbidity. We 

parameterized this effect as follows:  

 

WCi=WCi+WMe*MnIV/(MnIV+0.1)       

 

where: WCi  is a rate of sinking. We assumed WPON = WPOP  = 6.0 m d
-1

, WPhy = 0.5 m d
-1

, WZoo = 1.0 

m d
-1

, and WBact I = 0.5 m d
-1 

for all the bacteria. WMe = 16 m d
-1

 was taken to be the sinking rate of 

manganese and iron oxides. 

4.4 Boundary conditions 

 
A 1D water column was considered which ranged between the sea surface (upper boundary) and a 

water depth of 200 m (lower boundary). 

 

4.4.1 Upper Boundry:  

 

Except for O2, PO4 and inorganic nitrogen compounds, the surface fluxes of other chemical 

constituents considered in the model were assumed to be zero. The O2 exchange is given by the flux 

equation: 

 

QO2 = k660 * (Sc/660)
-0.5 

* (Oxsat-O2) 

 

with: 

Oxsat –oxygen saturation concentration as a function of temperature and salinity according to 

UNESCO (1986);  
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Sc – Schmidt number (the ratio between the kinematic viscosity and the diffusion coefficient), 

calculated according to Wanninkhof (1992);   

 

k660 – reference (Sc = 660, CO2 at 20°C) gas exchange transfer velocity; 

 

A variety of different empirical functions have been proposed to describe k660 as a function of wind 

speed. Here we used a relationship that was obtained from CO2 flux measurements in the Baltic Sea 

(Weiss et al., 2006): 

 

k660 = 0.365 * u
2 
+ 0.46 * u 

 

(wind u in m s-1 gives k660 in cm h-1) 

 

The model simulations were performed with a mean wind speed of 5 m/sec. 

 

Fonselius (1974) found on the basis of his model of the phosphorus balance in the Black Sea that 

about 6700 tons/year must be added to the Black Sea sediments. Therefore the input of phosphorus 

with the rivers and the atmospheric precipitates must be significant.  

 

Because this model consider a seasonal timescale, it was necessary to parameterize the flux of the 

nutrients connected with the riverine input and with atmospheric deposition: 

 

For the Black Sea we accepted: 

QPO4 = 0.13 mmol m
-2

 d
-1 

for PO4, QNO3 = 1.5 mmol m
-2

 d
-1 

for NO3 

 

For the Baltic Sea: 

QPO4 = 0.0085 mmol m
-2

 d
-1 

for PO4, QNO3 = 0.46 mmol m
-2

 d
-1 

for NO3 (calculated on the basis of 

estimates of Total-N (990000 t/year) and Total-P (40000 t/year) for 415266 km2 (HELCOM, 2002)   

 

4.4.2 Lower Boundary: 

 

Because this model doesn’t consider variability below 200 m we assumed constant values of the 

main reductant concentrations at the lower boundary. In accordance to the observations, the 

following values were assumed: for the Black Sea: NH4 = 20 µM, H2S = 60 µM, MnII = 8 µM, 

FeII = 0.4 µM, PO4 =4.5 µM, for the Baltic Sea: NH4 = 10 µM, H2S = 40 µM, MnII = 10 µM, FeII 

= 0.4 µM, PO4 = 4.5 µM. For the other parameters we assumed the condition of the absences of 

flux. 

4.5 Parameterization of the biogeochemical processes. 

4.5.1 General remarks.  

 

For the formal description of the chemical and biological pathways (shown in Fig. 4), we used our 

own parameterizations  (Yakushev, 1992, 1999; Yakushev and Mikhailovskiy,  1996; Yakushev 

and Neretin, 1997) as well as that of others (Fasham et al., 1990; Fennel and Neuman, 2004; 

Ayzatullin and Leonov, 1975; Savchuk and Wulfff, 1996; Boudreau, 1996; Oguz et al, 1998; 

Gregoire et al., 1997; Konovalov et al., 2006). The values of the coefficients necessary for the rates 

descriptions were obtained from literature or from fitting model to measured concentrations 

profiles. 
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In general, the parameterization of rates of the biogeochemical interactions, RateBG, were as 

follows: 

 

RateBG = KBG Depre1 Depre2 [Depinh] 

KBG – a constant 

Depre1– dependence on concentration of the 1st reacting variable; 

Depre2– dependence on concentration of the 2st reacting variable; 

Depinh - dependence on concentration of a variable that inhibits the reaction. 

 

When possible we used the simplest linear dependence (such as first order kinetics). This 

assumption is appropriate for for reactions of substances that coexist only in small concentrations as 

O2 and H2S or NO3 and FeII. We used non-linear dependence (i.e. Michaelis-Menten) in situations 

when the concentrations of the considered substances differed significantly or were mediated by 

bacteria (for instance description of a switch between oxic OM decay and denitrification). A 

function of inhibition was added as an additional switch to describe, for instance, the possibility of 

reactions in anoxic conditions. 

 

These RateBG were parameterized for specific processes as follows: 

 

 
Fig. 4. Flow-chart of biogeochemical processes in the model. 
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4.5.2 Autolysis 

 

The processes of decomposition of particulate to dissolved organic matter are usually described 

with a first order equation with a constant coefficient. Typical values for the coefficient are 0.10 d-1 

(Oguz et al., 1998) or 0.004-0.18 d
-1

 (Gregoire et al., 1997). We assumed the following: 

 

AutolisP = KPD*POP 

 

Where KPD  = 0.10 d
-1

 

4.5.3 Mineralization of OM 

 

Mineralization of OM is a key process for modeling of formation of the oxygen-deficient and 

anoxic conditions, because the electron acceptor of this reaction changes from oxygen to nitrate (in 

case of depletion of oxygen). In the case of depletion of both oxygen and nitrate, metal oxides and  

sulfate can be used.  The rates of mineralization with different electron acceptors are different 

(Canfield et al., 2005). Formation of OM from CO2 (Methanogenesis) or fermentation of organic 

matter to methane and CO2 should not be significant in sea water, because of the large amount of 

sulfate. The microbial degradation of different groups of OM with different labilities differs over 

time scales ranging from hours to millions of years. (Canfield et al., 2005). The detailed kinetics of 

the decomposition (needed for modeling long-term processes, for instance in the sediments) can be 

described with so-called ‘multi-G‘ models with OM divided into several compartments with 

different particular degradability (Boudreau, 1996).  

 

In this model we used a simplified approach. The OM was divided into DOM and POM with 

different rates of mineralization with different electron acceptors. We considerer POM as a detrital 

labile OM that can be “mineralized directly” with instantaneous autolysis. Such an approach is 

widely used in the models when it is necessary to describe the processes of mineralization and 

sedimentation of the same matter. We used the stoichiometry of the mineralization reactions 

presented by Richards (1965), and assumed the stoichiometric ratios to be the same in OM in oxic 

and anoxic conditions. 

4.5.4 Mineralization in oxic conditions 

 

(CH2O)106(NH3)16H3PO4 + 106O2 =106CO2 + 16NH3 + H3PO4 + 106H2O  

 

It is usually assumed that the processes of release of phosphate (phosphatification) and release of 

ammonia (ammonification) are parallel and occur with the same rate. Ammonification is carried out  

by heterotrophic bacteria that use amino acids and proteins as a source of nitrogen, leading to 

appearance of ammonia as the final product of mineralization. Phosphatification is also carried out 

by heterotrophs (Canfield et al., 2005).  

 

The rate of this process is described as a first order equation, with the rate dependent on the amount 

of organic matter. 

 

DcOM_O2= KND4*OM 
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Where OM – concentration of organic matter, KND4- constant with values 0.1-1 d
-1

 (Ward, 

Kilpatrick, 1991). The rates of phosphate and ammonia release have been assumed to be equaled in 

models (Yakushev and Mikhailovskiy, 1995; Fennel and Neumann, 2004 ).  

 

The dependence of ammonification on temperature can be described by addition of an multiplier: 

exp(0.15 t ) (Savchuk and Wulff, 1996; Fennel and Neumann, 2004) with corresponding change of 

KND4 values (0.002 d-1 in Savchuk and Wulff, 1996). Concentrations of O2 significantly affect the 

rates of oxygen consumption (Canfield et al., 2005), and in some models (Konovalov et al., 2006) 

the nonlinear dependence on oxygen is described by a multiplier:  O2
0.5. 

 

In our version of the model we parameterized the dependence of decomposition of organic matter 

(for DON and PON) in oxic conditions as follows: 

 

DcDM_O2=exp(Ktox*t)*KND4*DON*Fox 

DcPM_O2=exp(Ktox*t)*KNP4*PON*Fox  

 

Thus we included the influences of temperature (as mentioned above) and Michaelis-Menten 

dependence on concentrations on dissolved oxygen. 

 =0 for O2≤O2ox  

Fox=    

 {
 

=(O2-O2ox)/(O2-O2ox+Kox)   for O2>O2ox  

 

Where the following are taken as the indicated constants: 

Kox = 15 µM is the half saturation constant for oxic mineralization,  

O2ox = 0 µM is the oxygen parameter for oxic mineralization, 

Ktox=0.15 
o
C

-1 
is the temperature parameter for oxic mineralization, 

KND4= 0.01 d
-1

 is the specific rate of decomposition of DON, 

KNP4= 0.04 d-1 is the specific rate of decomposition of PON,. 

4.5.5 Mineralization in suboxic conditions  

 
In suboxic conditions OM mineralization can occur with oxidized compounds of nitrogen, 

manganese and iron. The concentrations of iron in the water are very low and the contribution of 

total Mn reduction to carbon oxidation is small, <10% of total benthic mineralizaion (Thamdrup, 

2000), thus we don’t concider these processes in the model. The most significant process is 

denitrification. Denitrification is carried out by heterotrophic bacteria under low concentrations of 

oxygen if there is availability of oxidized nitrogen compounds (mainly NO3 and NO2).  

 

(CH2O)106(NH3)16H3PO4 + 84.8HNO3 = 106CO2 + 42.4N2 + 148.4H2O + 16NH3 + H3PO4   

 

The relative consumption of NO3 and NO2 in the classic reaction (Richards, 1965) can be calculated 

in accordance to Anderson et al. (1982): 

 

1/2CH2O + NO3
- → NO2

- + 1/2H2O + 1/2CO2  

3/4CH2O + H
+
 + NO2

- → 1/2N2 + 5/4H2O + 3/4CO2 

 

According to observations, denitrification and nitrification have both been observed at O2 < 60 µM 

in a fjord (Zopfi et al., 2001), but  the transition from nitrification to nitrate reduction occurs when 
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oxygen content decreases in various oxygen-deficient ecosystems below 0.9-6.3 µM (Lipschultz et 

al., 1990). The influence of oxygen on the rate of denitrification is usually described with a 

hyperbolic function (Savchuck and Wulfff, 1996; Fennel and Neumann, 2004). Rates of 

denitrification in cultures follow Michaelis-Menten kinetic with average half saturation constant of 

50 µM NO3 (Canfield et al., 2005). 

 

In this model we considered denitrification of particulate (Denitr1_PM, Denitr2_PM) and dissolved 

(Denitr1_DM, Denitr2_DM) organic matter carrying out in two stages: with NO3 and NO2, 

correspondingly: 

 

Denitr1_PM=KN32*Fdnox* FdnNO3*PON 

Denitr2_PM=KN24* Fdnox * FdnNO2*PON 

Denitr1_DM=KN32* Fdnox * FdnNO3*DON 

Denitr2_DM=KN24* Fdnox * FdnNO2*DON 

 

where  

KN32 = 0.12 d-1  is the specific rate for 1st stage of denitrification, 

KN24  = 0.20 d-1  is the specific rate for 2d stage of denitrification, 

Fdnox – dependence on O2. 

 

=0 for O2>O2dn  

Fdnox=    

 {
 

=1 - O2/(O2dn*(O2dn+1-O2))   for O2≤O2dn  

 

where O2dn=25 µM is the oxygen parameter for denitrification. 

 

FdnNO3, FdnNO2 are the dependences of rates on concentrations of NO3 and NO2 respectively 

 

 =0 for NO3≤ NO3mi  

FdnNO3=    

 {
 

= (NO3-NO3mi)/(NO3-NO3mi+1.) for NO3> NO3mi  

 =0 for NO2≤ NO2mi  

Fdnox=    

 {
 

(NO2-NO2mi)/(NO2-NO2mi+0.02) for NO2> NO2mi  

 

where  

NO3mi= 1
.
10

-3
 µM is the NO3 parameter for denitrification,  

NO2mi=1
.
10

-4
 µM is the NO2 parameter for denitrification. 

 

We have ignored the influence of temperature because denitrification takes place in layers with 

little significant seasonal temperature changes. 

4.5.6 Sulfate reduction   

 

(CH2O)106(NH3)16H3PO4 + 53SO4
2-

 = 106CO2 + 106H2O + 16NH3 + H3PO4 + 53S
2-
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The process of sulfate reduction begins when oxygen and nitrate are exhausted. Sulfate reduction in 

the model occurs at an oxygen concentration of < 5 µM according to Cariaco Basin data (Yakushev 

and Neretin, 1997), where the upper threshold of active sulfate reducing bacteria occurs at 5 µM. 

 

In this model we considered 2 stages of this processes that involve reaction with sulfate and 

thiosulfate. 

 

s4_rd_PM=K_s4_rd* Fsox Fsnx SO4*PON 

s4_rd_DM=K_s4_rd* Fsox Fsnx SO4*DON 

s23_rd_PM=K_s23_rd* Fsox Fsnx PON*S2O3 

s23_rd_DM= K_s23_rd* Fsox Fsnx DON*S2O3 

 

where  

K_s4_rd = 2.5. 10-7 d-1 is the specific rate of sulfate reduction with sulfate, 

K_s23_rd =1.2 d
-1

 is the specific rate of sulfate reduction with thiosulfate. 

 

We used “hard switches” for Fsox and Fsnx: 

 =0 for O2>O2sr  

Fsox=    

 {
 

=1  for O2≤O2sr  

 =0 for NO3+NO2>NOsr  

Fsnx=    

 {
 

=1   for NO3+NO2≤NOsr  

where O2sr= 25 µM is the oxygen parameter for sulfate reduction, NOsr=0.5 µM is the NO3 and 

NO2 parameter for sulfate reduction. 

 

According to the stoichiometry of reaction with sulfate reduction, the decay of organic matter (in N 

units) was estimated as: 

 

DcPM_SO4=16./53.*(s4_rd_PM+s23_rd_PM)  

DcDM_SO4=16./53.*(s4_rd_DM+s23_rd_DM) 

4.5.7 Ammonification and release of phosphate (phosphatification)  

 

The total ammonification of PON and DON was calculated as: 

 

AmmonPON=DcPM_O2+DcPM_NO3+DcPM_SO4 

AmmonDON=DcDM_O2+DcDM_NO3+DcDM_SO4  

 

The Redfield stoichiometry was used to estimate the phosphatification: 

 

PhosPOP=AmmonPON/16. 

PhosDOP=AmmonDON/16. 
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4.5.8 Nitrification 

 

Nitrification, the oxidation of NH4 to NO3, occurs in several stages and is accomplished mainly by 

chemolithotrophic bacteria (Canfield et al., 2005): 

 

NH4
+
 + 1.5 O2 → NO2

-
 + 2H

+
 + H2O; 

NO2
- + 0.5 O2 → NO3

-; 

 

Estimates of the lowest oxygen threshold of nitrification vary from 0.4-0.9 to 3.1-4.9 µM 

(Lipschultz et al., 1990). 

 

The kinetic function for nitrification can be described as a first order reaction for the oxic waters, 

but in the models for low oxygen content an approach is used where the rate of this process depends 

on the content of both oxygen and ammonia (Savchuk and Wulff, 1996). It can be described using 

multiplication of concentrations of oxygen and ammonia or multiplication of the results from  the 

Michaelis-Menten hyperbolic formulas (Savchuk and Wulff, 1996). 

 

We used the following functions for parameterization of nitrification in 2 stages: 

 

Nitrif1=KN42*NH4*O2/(O2+O2nf) 

Nitrif2=KN23*NO2*O2/(O2+ O2nf)  

 

KN42= 0.9 d
-1

 is the specific rate of the 1st stage of nitrification, 

 KN23 = 2.5 d
-1

 is the specific rate of the 2d stage of nitrification 

These rate constants are maximum rates of 1st and 2d stages of nitrification. 

 

O2nf=1 µM – is the oxygen parameter for nitrification.  

4.5.9 Nitrogen fixation 

 

The nitrogen fixation process is accomplished by several species of cyanobacteria that develop in 

the conditions of presence of phosphate and absence of available fixed nitrogen. In this model we 

used the formulation introduced by Savchuk and Wulff (1996) applying a limiting nutrient criterion 

based on the N/P ratio: 

where 20
max =NfixK  d-1 is the specific rate of nitrogen fixation. The latter symbols are explained 

below. In the frame of this model the nitrogen fixation results in increase of ammonia. 

4.5.10 Anammox 

 
The process of anoxic ammonia oxidation (anammox) (the reaction between nitrite and ammonia)   

 

NO2 + NH4 → N2 + 2H2O  

 

SnLimTLimLightKPhy
PO
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was found in the marine environment only recently (Dalsgaard et al., 2003, Kuypers et al., 2003). It 

is supposed that this reaction is mediated by chemolithotrophic bacteria (Canfield et al., 2005). This 

reaction requires a constant source of nitrite that can be provided either from reduction of NO3 or 

oxidation of NH4 (Murray, Yakushev, 2006).  

 

We parameterized this process with a second order equation:  

 

Anammox= NO2*NH4*Kannamox 

 

with specific rate of anammox Kannamox =0.03 d-1.  

4.5.11 Oxidation of reduced sulfur forms with oxygen 

 
We considered 3 stages of oxidation of H2S with O2 (where S2O3 are S0 are intermediate forms) 

(Volkov, 1974).  

 

2H2S + O2 →  2S
0
 + 2H2O; 

2S0 + O2 + H2O → S2O3
2- + 2H+; 

S2O3
2- + 2O2 + 2OH- → 2SO4

2- + H2O; 

 

and parameterized these processes as follows: 

 

hs_ox=K_hs_ox*H2S*O2  

s0_ox=K_s0_ox*S0*O2 

s23_ox=K_s23_ox*S2O3*O2 

 

where K_hs_ox =0.2 d-1 is the specific rate of oxidation of H2S with O2,  

K_s0_ox = 4.0 d
-1

 is the specific rate of oxidation of S0 with O2, 

K_s23_ox = 1.5 d
-1 

is the specific rate of oxidation of S2O3 with O2. 

 

4.5.12 S
0
 - disproportionation  

 

We considered the S
0
 disproportionation in accordance to Canfield et al. (2005): 

 

4S0 + 3H2O → 2H2S + S2O3
2-+ 2H+ 

 

This process is assumed to be connected with autotrophic bacteria. 

 

Disprop = Kdisp*S0 

 

where Kdisp = 0.01 d-1 is the specific rate of S0 disproportionation. 

4.5.13 Thiodenitrification (chemolithotrophic denitrification) 

 

Thiodenitrification, a process of oxidation of sulfide with nitrate and nitrite is carried out by 

autotrophic bacteria (Canfield et al., 2005).  

 

3H2S + 4NO3
- + 6OH- → 3SO4

2- + 2N2 + 6H2O 
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We considered it to be independent of the oxygen content: 

 

sulfido=KT *H2S*NO3  

sulfido2= KT*H2S*NO2, 

 

where KT= 0.8 µM-1d-1  is the specific rate of thidenitrification. 

4.5.14 Processes of oxidation and reduction of manganese and iron 

 

The cycles of iron and manganese at the redox interface are similar. Both metals are present under 

anoxic conditions in dissolved reduced forms Mn(II) and Fe(II). Under oxic conditions they are 

oxidized by oxygen (Fe(II) also can be oxidized by nitrate or Mn(IV)) with formation of particulate 

hydroxides (MnO2 and FeOOH).  

 

These hydroxides sink and are reduced under anoxic conditions with sulfides, OM and ammonia 

(iron only). Recent studies revealed that both reduction and oxidation of Mn occur with Mn(III) as 

an intermediate form (Kostka et al., 1995; Webb et al., 2005, Trowborst et al., 2006). 

 

4.5.15 Manganese (II) oxidation with oxygen: 

 

It is usually assumed that bacterially-mediated Mn oxidation is the only process of Mn oxidation in 

natural waters (Tebo, 1991; Neretin et al., 2003). This rate of this process depends on 

concentrations of both Mn(II) and O2 (Richardson et al., 1988). 

 

The rate of the oxidation reaction of reduced manganese and oxygen  

 

Mn2+ + 0.5 O2 + 2 OH- →
__ MnO2 + H2O 

 

was parameterized as: 

 

mn_ox=K_mn_ox*Mn2*O2 

 

where K_mn_ox=1 d
-1 

is the MnII oxidation with O2 constant.  

 

4.5.16 Manganese (IV) reduction with sulfide  

 

MnO2 + HS- + 3H+→  So +  Mn2+ +  2H2O 

 

The kinetic of this process is very fast with half time on the order of seconds or minutes (Yao and 

Millero 1996; Neretin et al., 2003). This process can occur chemically (Canfield et al., 2005; 

Nealson et al., 1991) and can be accomplished by autotrophs. The experimental study of Mn(IV) 

reduction by bacteria Schewanella Putrefaciens (Dollhopf et al., 2000) revealed that this processes 

maximum rate can reach 0.04 min
-1

 (about 60 d
-1

). This processes rate is inhibited by nitrate.  

 

It was parameterized as: 

 

mn_rd=K_mn_rd*MnIV*H2S 
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where K_mn_rd=4 d
-1

 is the MnIV reduction with sulfide constant.  

 

4.5.17 Manganese (III) oxidation and reduction  

 
Recently, production of dissolved, oxidized Mn in the form of Mn(III) by Mn(II)-oxidizing bacteria 

and in incubations with Black Sea suboxic zone water has been observed (Webb et al., 2005). 

Dissolved Mn(III) has also been directly observed in the suboxic zone (Trouwborst et al., 2006). 

Mn(III) is an important intermediate product of the Mn cycle and can exist in both dissolved and 

solid forms (Kostka et al., 1995).   

 

The stoichiometry of the reactions of Mn(III) oxidation process can be Canfield et al. (2005): 

 

4Mn2+ + O2 + 4H+→ 4Mn3+ + 2H2O 

4Mn
3+

 + O2 +6OH
-→ 4MnO2+6H2O 

 

Mn(III) can be also produced as an intermediate during the Mn(IV) reduction (Ali and Ahiq, 2004; 

Kostka et al., 1995): 

 

2MnO2 + 7H
+
 + HS

-→2Mn
3+

 + 4H2O 

2Mn3+ + HS-→ 2Mn2+ + S0 + H+ 

 

Mn(III) can be complexed with organic and inorganic ligands (Webb et al., 2005) and also can form 

insoluble hydroxides (Canfield et al., 2005): 

 

Mn
3+

 + 2H2O → MnOOH + 3H
+ 

 

In the latest variants of the model we added these processes connected with Mn(III) formation and 

removal due to both reduction and oxidation of Mn. We parameterized them as follows: 

 

mn_ox=K_mn_ox*O2*MnII  

mn_ox2=K_mn_ox2*O2*MnIII  

mn_rd=K_mn_rd*MnIV*H2S 

mn_rd2=K_mn_rd2*MnIII*H2S 

 

where K_mn_ox = 0.5 d-1 is the MnII oxidation with O2 constant, 

K_mn_ox2 = 15 d-1 is the MnIII oxidation with O2 constant,  

K_mn_rd = 20 d-1 is the MnIV reduction with sulfide constant, 

K_mn_rd2 = 1 d-1 is the MnIV reduction with sulfide constant. 

4.5.18 Iron (II) oxidation with oxygen: 

 

4Fe2+ + O2 + 2H2O → 4Fe3+ + 4OH- 

 

The process of oxidation or iron with oxygen is much faster much faster than that of manganese 

(Zopfi et al., 2001). Fe reacts with oxygen with a half-life of 1.8 min, and biological catalysis if this 

reaction is assumed to be unnecessary (Nealson and Stahl, 1997). We assumed: 
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fe_ox=K_fe_ox*Fe2*O2 

 

where K_fe_ox= 4. d
-1

 is the Fe oxidation with O2 constant. 

4.5.19 Iron (II) oxidation by manganese (IV): 

 

2Fe2
+ + MnO2 + 2H2O →FeOOH + Mn2++ 2H+ 

 

Under anaerobic conditions Fe(II) readily reduces Mn(IV) oxides (Thamdrup et al., 1994). We 

assumed: 

 

fe_mnox=K_fe_mnox*Fe2*MnIV 

 

where K_fe_mnox = 1 d
-1

 is the Fe oxidation with MnIV constant. 

4.5.20 Iron (II) oxidation by nitrate: 

 
For iron oxidation by nitrate (Canfield et al., 2004): 

 

10Fe2+ + 2NO3
- + 12H+ = 10Fe3+ + N2 + 6H2O 

 

we assumed: 

 

fe_nox=K_fe_nox*Fe2*NO3 

 

K_fe_nox = 5 d-1 is the Fe oxidation with NO3 constant. 

 

The oxidation of Mn(II) with nitrate was not observed (Neretin et al., 2003). 

4.5.21 Iron (III) reduction by sulfide  

 

2FeOOH + H2S→2Fe
2+

+ S
0
 + 4OH

- 

 

The rates of Fe(III) reduction by Schewanella Putrefaciens were found to be 0.02-0.20 h-1 (0.48-4.8 

d-1) depending on the surface limitation effect for different forms of Fe(III). This process was 

inhibited by nitrate (Dollhopf et al., 2000). We parameterized it as: 

 

fe_rd=K_fe_rd*Fe3*H2S 

 

where K_fe_rd = 0.05 d-1 is the FeIII reduction by sulfide (after Konovalov et al., 2006). 

 

4.5.22 Processes of phosphorus transformation 

 

The transformations of phosphorus species during the synthesis and decay of OM were assumed to 

follow the Redfield ratios and have been described above. We also included in the model the 
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processes of co-precipitation and complexation of phosphate connected with the formation and 

dissolution of oxidized forms of Mn and Fe.  

 

The Fe:P ratio during co-precipitation with iron hydroxides has been reported to be 4 (Savenko, 

1995) or 2.7 (T.Leipe, 2006, personal communication). Laboratory experiments show very high 

ratios of Mn:P = 1000 during co-precipitation of Mn hydroxides (Savenko and Baturin,1996).  

Therefore phosphorous removal by precipitation of Mn hydroxides was ignored.  

 

It is possible, however, that Mn(III), an intermediate product between Mn(IV) and Mn(II) can play 

a key role in precipitation of phosphate. Known Mn(III) ligands that bind with enough strength to 

stabilize Mn(III) in solution include inorganic ligands such as pyrophosphate (Webb et al., 2005), 

Mn(III)-pyrophosphate complexes are characterized by ratio Mn:P=0.25 for Mn(HP2O7)2
3- or Mn:P 

=0.17 for Mn(H2P2O7)3
3- (Davies, 1969). 

 

In this model we assumed:  

 

Coprecip = (fe_rd - fe_ox- fe_mnox)/2.7 -(mn_ox - mn_ox2 + mn_rd - mn_rd2)/0.66 

 

where coefficient 0.66 is about 4 times greater than the mentioned maximum possible Mn:P ratio, 

that means that about 25% of Mn(III) should have complexes with polyphosphate. The latter part of 

Mn(III) can probably form complexes with other ligands. 

4.6 Equations for the biogeochemical sources RC 

 

The main goal of this model was to explain processes in the redox layer processes so we have used 

a simple model of  the living organisms compared with the existing models for the Black (Gregoire 

et al., 1997; Oguz et al., 1998 ) and Baltic (Savchuk, 2002; Fennel and Neumann, 2004) Seas. The 

main role of the Phy and Zoo modeling compartments was to describe the seasonality of the 

production of the organic matter. Therefore we did not subdivide these groups. We also assumed 

that the uptake rate of inorganic nutrients by phytoplankton  equals the growth rate of the 

phytoplankton. Below we describe the formulation for sources RC for the model compartments as 

an algebraic sum of reactions that affect the concentrations of the certain compartment. The 

majority of these reactions for the chemical parameters were descibed above. Here we will present 

detailed explanation of processes for the biological parameters that were not mentioned earlier.  

 

4.6.1 Biological parameters 

Phytoplankton (Phy) 

The modeled phytoplankton evolved according to: 

 

GrazPhy ExcrPhyMortPhyKGrowthPhyR FNPhy −−−−= )1(  , 

 

where GrowthPhy is the Phy specific growth rate; KFN= 0.05 d
-1

 is the specific respiration rate of 

Phy; MortPhy is the specific natural mortality rate of Phy; ExcrPhy is the specific excretion rate of 

Phy; and GrazPhy is the loss of Phy due to zooplankton grazing. 

 

The phytoplankton specific growth rate, 

 } )NH,NO(NOf ),(POf { min (i)f (t)f K =GrowthPhy 423N4PitNF , 
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is a function of temperature, light and availability of nutrients with with the maximum specific 

growth rate KNF= 1.86 d
-1;: 

 

The following formula (Sergeev, 1979) was chosen for dependence on temperature: 

))21.0exp(28.01/()1)21.0(exp(22.02.0 tt(t)f t +−+=  . 

 

To describe the dependence on light in accordance to (Steel, Frost, 1977): 

f i f
I

I
kh

I

I
khi

opt opt

( ) ( ) exp( ) exp( exp( ))= − − −ϕ ϕ
0 0

1  

we used the following parameters: incident light (I0 = 80), optimal light (Iopt = 25), extinction 

coefficient (k  = 0.07), depth: (h) and variation of light with latitude and time:  

  ( ) =  ( - .  ( / . )f Tϕ ϕ ϕcos sin235 2 365 2 ,  

where T is time (days) and ϕ  is latitude (degrees). 

 

For nutrient limitation parameterization we used a minimum function that allowed to switch 

between limitation on P or N: 

 

 min {f (PO4), f (NO3,NO2,NO3)}  

 

The Michaelis-Menten dependence was used for phosphate limitation description:: 

 

 f (PO4) = PO4/(KPO4 + PO4);   

 

with KPO4= 0.01 µM, a half-saturation constant for the uptake of PO4 by phytoplankton. 

The dependence on nitrogen species was descibed following (Fasham et al., 1990): 

4
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where KNH4 =0.02 µM and KNO3 =0.20 µM are half-saturation constants for the uptake of NH4 and 

(NO3+NO2) by phytoplankton. The constant, KPSI=1.46, determines the strength of ammonium 

inhibition of nitrate uptake. 

 

The excretion rate of Phy was described as: 

  

ExcrPhy=KFD*Phy  

 

with specific rate of excretion KFD .= 0.05 d-1. 

 

The natural mortality rate of Phy was described as: 

 

MortPhy=KFP*Phy  

 

with specific rate of mortality KFP.=0.05 d
-1

. 
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Zooplankton (Zoo) 

The modeled zooplankton evolved according to: 

 
RZoo=Grazing*Uz-MortZoo-KZN*Zoo 

 

where Grazing=GrazPhy+GrazPOP+GrazBact is the grazing of zooplankton on phytoplankton ( 

GrazPhy), detritus (GrazPOP) and bacteria (GrazBact), Uz= 0.7 is the food absorbency for 

zooplankton, MortZoo is the specific natural mortality rate of Zoo; KZN = 0.1 d
-1

 is the specific 

respiration rate of Zoo.  

 

The grazing of zooplankton on phytoplankton was described with a modified Michaelis-Meten 

dependence (Ayzatullin, Leonov, 1975):    

 

GrazPhy=KFZ*Zoo*(Phy/Zoo)/(Phy/Zoo+KF); 

 

where  

KFZ = 0.5 d-1 is the maximum specific rate of grazing of Zoo on Phy, 

KF = 1 is a half-saturation constant for the grazing of Zoo on Phy for Phy/Zoo ratio. 

 

The grazing of zooplankton on phytoplankton was described with a modified Michaelis-Meten 

dependence (Ayzatulllin, Leonov, 1975):    

 

GrazPOP=KPZ*Zoo*(POP/Zoo)/(POP/Zoo+KPP/0.001) 

 

where  

KPZ = 0.6 is the maximum specific rate of grazing of Zoo on POP,  

KPP =200 half-saturation constant for the grazing of Zoo on POP in dependence to ratio POP/Zoo. 

 

The grazing of Zoo on bacteria  

GrazBact= 
autaeBGraz __

+
hetaeBGraz __

+
hetanaeBGraz __

+ 
autanaeBGraz __

 

was described as a sum of grazing of the certain groups of bacteria:. 

 

Aerobic autotrophic bacteria: 

autaeBGraz __
=KBoaZ*Zoo*(B_ae_aut/Zoo)/( B_ae_aut/Zoo+ KBoa) 

where  

KBoaZ= 0.6 d
-1

 is the maximum specific rate of grazing of Zoo on Baut,  

KBoa = 1.5 is a half-saturation constant for the grazing of Zoo on Baut for Baut/Zoo ratio. 

 

Aerobic heterotrophic bacteria: 

hetaeBGraz __
=KBohZ*Zoo*(B_ae_het/Zoo)/( B_ae_het/Zoo+ KBoh) 

where  

KBohZ= 1.02 d-1 is the maximum specific rate of grazing of Zoo on Bhet,  

KBoh = 1.1 is a half-saturation constant for the grazing of Zoo on Bhet for Bhet/Zoo ratio. 

 

Anaerobic autotrophic bacteria:    

autanaeBGraz __
 = KBaaZ *Zoo*(B_an_aut/Zoo)/( B_an_aut/Zoo+ KBaa) 

where  

KBaaZ= 0.78 d
-1

 is the maximum specific rate of grazing of Zoo on BautA,  
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KBaa = 1.5 is a half-saturation constant for the grazing of Zoo on BautA for BautA/Zoo ratio. 

 

Anaerobic heterotrophic bacteria:    

hetanaeBGraz __
 = KBahZ *Zoo*(B_an_het/Zoo)/(B_an_het /Zoo+ KBah) 

where  

KBahZ= 0.6 d-1 is the maximum specific rate of grazing of Zoo on BhetA,  

KBah = 1 is a half-saturation constant for the grazing of Zoo on BhetA for BhetA/Zoo ratio. 

 

MortZoo=KZP*Zoo*Zoo  is the zooplankton mortality rate, with maximum specific rate of mortality 

of zooplankton: KZP= 0.001 d
-1

 if H2S<20 µM and KZP = 0.9 d
-1

 if H2S >20 µM.  

 

KZN =0.10 d
-1

 is the specific rate of respiration of zooplankton.  

Aerobic heterotrophic bacteria (B_ae_het) 

 

The modeled aerobic heterotrophic bacteria evolved according to: 

hetaeBhetaeBhetaeBhetaeB GrazMortCR ________ −−= , 

 

where 

hetaeBPONDONfODcDMODcPMKC hetaeBhetaeBhetaeB __)()__( __22

max

____ ⋅+⋅+⋅=  is 

the growth rate of B_ae_het, that we parameterized to be propositionally connected with the rates of 

aerobic mineralization of particulate ( 2_ ODcPM ) and dissolved ( 2_ ODcDM ) OM. 

 
max

__ hetaeBK  = 2 d
-1

 is the maximum specific growth rate of B_ae_het.  

 

 

N

hetaeB

hetaeB
KDONPON

DONPON
PONDONf

__

__ )(
++

+
=+  is the dependence of maximum specific 

growth rate of B_ae_het on POM and DOM content,  

 
N

hetaeBK __ = 0.5 µM is a half-saturation constant for the dependence of maximum specific growth 

rate of B_ae_het on POM and DOM content.  

 
2

____ __ hetaeBKMort
Mort

hetaeBhetaeB = is the rate of mortality of B_ae_het, with maximum specific 

rate of mortality: 

 

03.0__ =Mort

hetaeBK  d
-1

 if O2>1 µM and 99.0__ =Mort

hetoxBK  d
-1

 if O2< 1 µM.  

 

hetaeBGraz __
 is the grazing of Zoo on B_ae_het. 

Aerobic autotrophic bacteria (B_ae_aut) 

 
The modeled aerobic autotrophic bacteria evolved according to: 

 

autaeBautaeBautaeBautaeB GrazMortCR ________ −−= , 
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where 

autaeBPONHf

oxfeoxmnoxOSoxSNitrifNitrifKC
NP

autaeB

autaeBautaeB

__),(

)____21(

44__

32

0max

____

⋅⋅

+++++⋅=
  

is the growth rate of B_ae_aut, connected with nitrification and oxidation by O2 of reduced species 

of S, Mn and Fe. These processes are usually considered as autotrophic (Canfield et al., 2005). 

 
max

__ autaeBK = 1 d
-1

 is the maximum specific growth rate of B_ae_aut.  

 













++
=

P

autaeB

N

autaeB

NP

autaeB
KPO

PO

KNH

NH
PONHf

__4

4

__4

4
44__ min),(  is the dependence of maximum 

specific growth rate of B_ae_het on NH4 and PO4,  

 

where: 

 
N

autaeBK __ = 0.05 µM and 
P

autaeBK __ = 0.3 µM are half-saturation constants for the dependence of 

maximum specific growth rate of B_ae_aut on NH4 and PO4 content.  

 
2

____ __ autaeBKMort
Mort

autaeBautaeB = - is the rate of mortality of B_ae_aut with maximum specific 

rate of mortality: 

 
Mort

autaeBK __  =0.1 d-1 if O2>1 µM and 99.0__ =Mort

autaeBK  d-1 if O2< 1 µM. 

 

autaeBGraz __
is the grazing of Zoo on  B_ae_aut. 

 

Anaerobic heterotrophic bacteria (B_anae _het) 

 

The modeled anaerobic heterotrophic bacteria evolved according to: 

 

hetanaeBhetanaeBhetanaeBhetanaeB GrazMortCR ________ −−= , 

where 

+++= 433

max

____ ___( SODcPMNODcDMNODcPMKC hetanaeBhetanaeB

hetanaeBPONDONfSODcDM hetanaeB __)()_ __4 ++  

is the growth rate of B_anae_het connected with denitrification and sulfate reduction of POM and 

DOM. The rate of growth of sulfate reduction bacteria can be very fast (with doubling times 4h) 

(Canfield et al., 2005).. 

 
max

__ hetanaeBK  =2 d
-1

 is the maximum specific growth rate of B_anae_het .   

 

N

hetanaeB

hetanaeB
KDONPON

DONPON
PONDONf

__

__ )(
++

+
=+ - is the dependence of maximum specific 

growth rate of B_anae_het on OM content,  
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N

hetanaeBK __ = 6 µM is a half-saturation constant for the dependence of maximum specific growth 

rate of B_anae_het on POM and DOM content. 
2

____ __ hetanaeBKMort
Mort

hetanaeBhetanaeB =  is the rate of mortality of B_ae_het with maximum 

specific rate of mortality:  

 
Mort

hetanaeBK __ =0.01 d-1. 

 

hetanaeBGraz __
 is the grazing of Zoo on  B_anae_het. 

 

Anaerobic autotrophic bacteria (B_anae_aut) 

 

The modeled anaerobic heterotrophic bacteria evolved according to: 

autanaeBautanaeBautanaeBautanaeB GrazMortCR ________ −−= , 

where: 

 

+++++= 2_3____(max

____ nohsnohsoxhsrdferdmnKC autanaeBautanaeB

autanaeBPONHfanammox NP

autanaeB __),() 44__+  

 is the growth rate of B_anae_aut connected with Mn reduction, Fe reduction, H2S oxidation by O2, 

NO3 and NO2 , and anammox. These processes are usually considered as autotrophic, as is 

disproportionation of S0 (Jost et al., in press). 

 
max

__ autanaeBK =6.5 d
-1

 is the maximum specific growth rate of B_anae_aut. 

 













++
=

P

autanaeB

N

autanaeB

NP

autanaeB
KPO

PO

KNH

NH
PONHf

__4

4

__4

4
44__ min),(  is the dependence of 

maximum specific growth rate of B_anae_aut on NH4 and PO4,, where:  

 
N

autanaeBK __ = 3 µM and 
P

autanaeBK __ = 3 µM are half-saturation constants for the dependence of 

maximum specific growth rate of B_ae_aut on ammonia and phosphate content. 

 
2

____ __ autanoxBKMort
Mort

autanoxBautanoxB =  is the rate of mortality of B_anox_aut with maximum 

specific rate of mortality  

 
Mort

autanaeBK __ =0.001 d-1 if H2S <16 µM and 99.0__ =Mort

autanaeBK  d-1 if H2S > 16 µM. 

 

autanaeBGraz __
 is the grazing of Zoo on  B_anae_het. 

 

The mortality of aerobic autotrophic bacteria was assumed to be dependent on H2S because from 

observations in the Baltic Sea (M.Labrenz, 2005 p.c.) and in the Black Sea (82th cruise of RV 

“Akvanavt”) an abrupt decrease of dark CO2 fixation is marked at about H2S > 20 µM.  
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4.6.2 Chemical parameters 

Below we list the formulation for sources RC for the chemical compartments of the model as an 

algebraic sum of reactions described above. 

Phosphate (PO4) 

 
RPO4=Sp(GrowthPhy(KFN-1.)-Chemos-ChemosA+KZNZoo) +PhosPOP+PhosDOP +Coprecip 

 

Dissolved Organic Phosphorus (DOP) 

 
RDOP=Sp(ExcrPhy+Grazing(1.-Uz)Hz+0.7MortBact-(Hetero+HeteroA) 

 -DON/(DON+PON)(Hetero+HeteroA))+AutolisP-PhosDOP 

where Hz=0.6 is the ratio between dissolved and particulate excretes of zooplankton.   

Particulate Organic Phosphorus (POP) 

 

RPOP=Sp(MortPhy+MortZoo+0.3MortBact+Grazing(1.-Uz)(1.-Hz)-GrazPOP-

PON/(DON+PON)*(Hetero+HeteroA))-AutolisP-PhosPOP 

 

Particulate Organic Nitrogen (PON) 

 

RPON=Sn(MortPhy+MortZoo+0.3MortBact+Grazing(1.-Uz)(1.-Hz)-GrazPOP  

-PON/(DON+PON)(Hetero+HeteroA))-AutolisN-AmmonPON  

 

Dissolved Organic Phosphorus (DON) 

 

RDON=Sn(ExcrPhy+Grazing(1.-Uz)Hz+0.7MortBact 

-(Hetero+HeteroA)) +AutolisN-AmmonDON 

 

Ammonia (NH4) 

 
RNH4=Sn*(GrowthPhy(KFN-1.)(LimNH4/LimN)-Chemos-ChemosA+KZN*Zoo)  

+AmmonPON+AmmonDON-Nitrif1+Nfixation  

 

Nitrite (NO2) 

 
RNO2=Sn*(GrowthPhy*(KFN-1.)*(LimNO3/LimN)*(NO2/(NO2+NO3)))+Nitrif1-Nitrif2 

+Denitr1–Denitr2–sulfido2 

 

Nitrate (NO3) 
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RNO3=Sn*(GrowthPhy*(KFN–1.)*(LimNO3/LimN)*(NO3/(NO2+NO3)))+Nitrif2–Denitr1  

–1.25sulfido – mn_nox-fe_nox 

 

Oxygen (O2) 

 

RO2  = OkP Sp GrowthPhy  +2.Sn GrowthPhy(NO3/(NO2+NO3))(LimNO3/LimN)   

+0.5Sn GrowthPhy (NO2/(NO2+NO3))(LimNO3/LimN) –- Destr_OM  

– OkP Sp(GrowthPhy KFN+KZN Zoo) –1.5Nitrif1–0.5Nitrif2–0.5hs_ox 

– 1.s0_ox – 2.s23_ox – 1.mn_ox – fe_ox 

 

 

Hydrogen sulfide (H2S) 

RH2S  = -hs_ox + s23_rd – 0.5fe_rd – mn_rd – sulfido – sulfido2 +0.5Disprop  

 

Elemental sulfur (S0) 

 

RS0   = hs_ox - s0_ox + 1.mn_rd –Disprop  

 

Thiosulfate (H2S) 

 
RS2O3 = s0_ox - s23_ox + s4_rd – s23_rd +0.5Disprop  

 

Sulfate (SO4) 

 
RSO4  = s23_ox - s4_rd + sulfido+sulfido2  

 

Bivalent manganese (MnII) 

 

RMnII  = mn_rd2 - mn_ox +0.5*fe_mnox  

 

Trivalent manganese (MnIII) 

 
RMnIII  = mn_ox - mn_ox2 + mn_rd - mn_rd2  

 

Quadrivalent manganese (MnIV) 

 

RMnIV  = mn_ox2 - mn_rd -0.5*fe_mnox 

 

Bivalent iron (FeII) 
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RFeII  = fe_rd - fe_ox  - fe_mnox -5.*fe_nox  

 

Trivalent iron (FeIII) 

 
RFeIII  = fe_ox + fe_mnox + 5.*fe_nox- fe_rd 

 

The complete list of the model coefficients is presented in Table 2.  

 

Table 2. Parameters names, notations, values and units of the coefficients used in the model. 

 

 

Parameter 

 

 

Notation 

 

Value 

Specific rate of decomposition of POM to DOM KPD 0.10 d
-1

 

Mineralization in oxic conditions   

Specific rate of decomposition of DON KND4 0.1 d
-1

 

Specific rate of decomposition of PON KNP4 0.04 d
-1

 

Temperature parameter for oxic mineralization Ktox 0.15 
o
C

-1
 

Oxygen parameter for oxic mineralization O2ox 0 µM 

Oxygen parameter for oxic mineralization Kox 15 µM 

Denitrification   

Specific rate of 1st stage of denitrification  KN32 0.12 d
-1

 

Specific rate of 2d stage of denitrification KN24 0.20 d
-1

 

Oxygen parameter for denitrification O2dn 25 µM 

NO3 parameter for denitrification NO3mi 1*10
-3

 µM 

NO2 parameter for denitrification NO2mi 1*10
-4

 µM 

Sulfate reduction   

Specific rate of sulfate reduction with sulfate K_s4_rd 2.5*10
-7

 d
-1

 

Specific rate of sulfate reduction with thiosulfate  K_s23_rd 1.2 d
-1

 

Oxygen parameter for sulfate reduction O2sr 25 µM 

NO3 and NO2 parameter for sulfate reduction NOsr 0.5 µM 

Nitrification   

Specific rate of the 1st stage of nitrification KN42  0.9 d
-1

 

Specific rate of the 2d stage of nitrification KN23 2.5 d
-1

 

Oxygen parameter for nitrification O2nf 1 µM 

Nitrogen fixation   

Specific rate of nitrogen fixation max

NfixK  20 d
-1

 

Anammox   

Anammox constant Kannamox 0.03 d
-1

 

Oxidation of the hydrogen sulfide   

Specific rate of oxidation of H2S with O2  K_hs_ox 0.2 d
-1

 

Specific rate of oxidation of S0 with O2  K_s0_ox 4.0 d
-1

 

Specific rate of oxidation of S2O3 with O2 K_s23_ox 1.5 d
-1

 

S0 disproportionation   

Specific rate of S0 disproportionation Kdisp 0.01 d
-1

 

Thiodenitrification   
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Thiodenitrification constant KT 0.8 µM
-1

d
-1

 

Oxidation and reduction of Mn and Fe   

MnII oxidation with O2 constant K_mn_ox 2 d
-1

 

MnIV reduction with Sulfide constant K_mn_rd 22 d
-1

 

MnIII oxidation with O2 constant K_mn_ox2 18 d
-1

 

MnIV reduction with Sulfide constant K_mn_rd2 2 d
-1

 

Fe oxidation with O2 constant K_fe_ox 4. d
-1

 

Fe oxidation with MnIV constant K_fe_mnox 1 d
-1

 

Fe oxidation with NO3 constant K_fe_nox 5. d
-1

 

FeIII reduction by sulfide K_fe_rd 0.05 d
-1

 

Phytoplankton   

Maximum specific growth rate KNF  1.86 d
-1

 

Specific respiration rate KFN 0.05 d
-1

 

Incident light I0 80 

Optimal light Iopt 25 

Extinction coefficient K 0.07 

Half-saturation constant for uptake of PO4 KPO4 0.01 µM 

Strength of ammonium inhibition of nitrate 

uptake constant 

Kpsi 1.46 

Half saturation constant for uptake of NH4 KNH4 0.02 µM 

Half saturation constant for uptake of NO3+NO2 KNO3 0.03 µM 

Specific rate of mortality KFP 0.05 d
-1

 

Specific rate of excretion KFD 0.05 d
-1

 

Zooplankton   

Specific respiration rate KZN 0.1 d
-1

 

Maximum specific rate of grazing of Zoo on Phy  KFZ 0.5 d
-1

 

Half-saturation constant for the grazing of Zoo 

on Phy for Phy/Zoo ratio 

KF 1 

Maximum specific rate of grazing of Zoo on 

POP 

KPZ 0.6 d
-1

 

Half-saturation constant for the grazing of Zoo 

on POP in dependence to ratio POP/Zoo 

KPP 200 

Maximum specific rate of grazing of Zoo on 

Baut 

KBoaZ 0.6 d
-1

 

Half-saturation constant for the grazing of Zoo 

on Baut for Baut/Zoo ratio 

KBoa 1.5 

Maximum specific rate of grazing of Zoo on Bhet KBohZ 1.02 d
-1

 

Half-saturation constant for the grazing of Zoo 

on Bhet for Bhet/Zoo ratio 

KBoh 1.1 

Maximum specific rate of grazing of Zoo on 

BautA 

KBaaZ 0.78 d
-1

 

Half-saturation constant for the grazing of Zoo 

on BautA for BautA/Zoo ratio 

KBaa 1.5 

Maximum specific rate of grazing of Zoo on 

BhetA 

KBahZ 0.6 d
-1

 

Half-saturation constant for the grazing of Zoo 

on BhetA for BhetA/Zoo ratio 

KBah 1 

Maximum specific rate of mortality of Zoo KZP 0.001 d
-1  

if:H2S<20 µM 

0.9 d
-1

 if:H2S>20 µM 
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Food absorbency for zooplankton Uz 0.7 

Ratio between dissolved and particulate excretes 

of zooplankton 

Hz 0.6 

Aerobic heterotrophic bacteria   

Maximum specific growth rate of B_ae_het max

__ hetaeBK  2 µM
-1

 

Half-saturation constant for the dependence of 

maximum specific growth rate of B_ae_het on 

POM and DOM content. 

N

hetaeBK __  0.5 µM 

Maximum specific rate of mortality of B_ae_het Mort

hetaeBK __  0.03 d
-1

 If: O2>1µM 

0.99 d
-1

 If: O2<1µM 

Aerobic autotrophic bacteria   

Maximum specific growth rate of B_ae_aut max

__ autaeBK  1 µM
-1

 

Half-saturation constant for the dependence of 

maximum specific growth rate of B_ae_aut on 

NH4 

N

autaeBK __  0.05 µM 

Half-saturation constants for the dependence of 

maximum specific growth rate of B_ae_aut on 

PO4 

P

autaeBK __  0.3 µM 

Maximum specific rate of mortality of B_ae_aut Mort

autaeBK __  0.01 d
-1

 If: O2>1µM 

 0.99 d
-1

 If: O2<1µM 

Anaerobic heterotrophic bacteria   

Maximum specific growth rate of B_anae_het max

__ hetanaeBK  2 µM
-1

 

Half-saturation constant for the dependence of 

maximum specific growth rate of B_anae_het on 

POM and DOM 

N

hetanaeBK __  6 µM 

Maximum specific rate of mortality of 

B_anae_het 

Mort

hetanaeBK __  0.01 d
-1

 

Anaerobic autotrophic bacteria   

Maximum specific growth rate of B_anae_aut max

__ autanaeBK  6.5 µM
-1

 

Half-saturation constants for the dependence of 

maximum specific growth rate of B_ae_aut on 

NH4 

N

autanaeBK __  3 µM 

Half-saturation constants for the dependence of 

maximum specific growth rate of B_ae_aut on 

PO4 

P

autanaeBK __  3 µM 

Maximum specific rate of mortality of 

B_anae_aut 

Mort

autanaeBK __  0.001 d
-1

 if H2S <16 µM 

0.99 d
-1

 if H2S <16 µM 

 

5. Computational aspects 

 
A code of this model was written in Visual Fortran 90 for PC Windows. The calculations were 

started from the uniform distribution of the considered variables. We conducted numerical 

integration with Euler scheme with process splitting. The time steps were 0.00125 d-1 for diffusion 

and 0.0025 d-1 for biogeochemical processes and sedimentation. The vertical resolution was 2 m. A 

quasi-stationary solution with the seasonal forced oscillations was reached. There were no changes 

of the year-averaged concentrations of the variables for at least 100 model years. 
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6. Results of simulations 

 

We made the basic model simulations of the redox layer development under the seasonal changes 

forcing for the Black Sea hydrophysical scenario described above. The calculated vertical 

distributions of the model variables for the summer period are presented in Fig. 5.  

 

  

 

 

Fig. 5. Results of the model calculation of the vertical distribution of the parameters in summer  

 

In Table 3 we give the rates of the key processes, responsible for the structure of the redox layers 

calculated in this model and estimated on the basis of observations and experiments in the Black 

and Baltic Seas.  

 

For verification of the model it is possible to compare the results of simulations with (i) the 

observed distributions of the concentrations of variables and the (ii) results of measurements of the 

rates of processes.  

 

Here we will discuss these features. 
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6.1 Variables 

 

In the model, the dissolved oxygen structure is characterized by a uniform distribution in the upper 

mixed layer (270 µM), the presence of a pronounced oxycline with the vertical gradient of 7 µM m
-

1
 (between 40 and 70 m) and decrease of the vertical gradient in the deeper layers (Fig. 5). Oxygen 

reaches zero concentrations (less than 0.5 µM) at a depth about 85 m. 

 

The vertical profiles of nitrogen compounds (NH4, NO2, NO3) calculated by the model reflect the 

main features of the distributions of these compounds observed in nature. Nitrate concentrations in 

the maximum layer reach 4.5 µM both in model and in nature. The NO2 maximum peak is situated 

at approximately the same depth where the concentrations of NH4 and NO3 are equal. 

 

H2S appears about 5-10 m below the onset of the increase in NH4, S
0 is characterized by maximum 

absolute values (1.5 µM) at the depth of appearance of H2S (concentrations in the Black Sea 0.1 - 

5.4 µM: Volkov, 1992). Concentrations of S2O3, an intermediate product of both sulfate reduction 

and sulphide oxidation, are uniform with a small maximum of 0.2 µM at a depth slightly above the 

H2S onset. The model calculated maximum of S
0
 was smaller than was observed in the Baltic Sea – 

4 µM. The vertical gradient of H2S in the model changes from 0.66 to 0.5 µM m
-1

 with the 

maximum gradient several meters below the onset (compare to 0.63 µM m
-1

 according to Volkov et 

al., 1992). 

 

Profiles of manganese compounds derived from the model also reflect the basic features of this 

parameter’s vertical distribution in nature. Mn(II) onset occurs at the same depth as the NH4 onset. 

The modeled vertical gradient of dissolved Mn(II) increase shallower the H2S onset is about 0.6 µM 

m-1, while smaller values (0.3 – 0.5 µM m-1) were seen in the field data (Pakhomova, 2005; 

Yakushev et al., 2002). In the model Mn(IV) concentrations reached 0.1-0.2 µM in the zone 

between the onset of oxygen and hydrogen sulfide. These values are in agreement with the data 

received for both the Black (Erdogan et al., 2003) and the Baltic (Neretin et al., 2003) Seas. The 

model calculated Mn(III) concentrations correspond to the measured by Trouwborst et al. (2006). 

 

The vertical distribution of Fe was similar to that of Mn. The maximum concentrations of Fe(III) 

(0.01 µM) in the model corresponded to the observations (Pakhomova, 2005) and were found 

deeper that the Mn(IV) maximum. Therefore the modeled ”iron interface” is slightly deeper than 

“manganese interface” as is observed in nature (Lewis and Landing, 1991). 

 

The PO4 distribution in the model reflected the main features of the observed data (Fig. 1, 3). The 

problems of the formation of the phosphate distribution will be discussed below.  

 

The model calculated concentrations of PON and DON  (correspondingly 0.3-2.0 µM and 2-5 µM) 

are lower than observed in the Black Sea (Konovalov et al., 2006; Yakushev et al., 2006) and the 

Baltic Sea (2.9 µM and 14.6 µM, Nagel, p.c., 2006). That can be explained by the fact that this 

model computes only autochthonous OM and doesn’t consider the allocthonous material that 

derives from rivers (and during North Sea water influx events in the Baltic Sea).  

 

The biological characteristics (biomasses of phytoplankton and zooplankton) varied from 50 to 250 

mg m-3 depending on the season in the model in an agreement with the observations for the Black 

Sea (Sorokin, 2002). The calculated biomass of bacteria in the redox-zone (5-10 mg m-3) on the 

whole corresponded to the observed values as well (Pimenov and Neretin, 2006). 
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In general the model calculated vertical structure reflects the basic features of structure of the redox 

layers of the studied seas. In particular (i) the correspondence of depth of the nitrate maximum with  

changing of O2 concentrations, (ii) the similarity of the depth of onsets of Mn(II) and NH4 and (iii) 

the position of the H2S onset and a layer with maximum gradients of phosphate several meters 

below. Therefore the model confirms that the sequences in vertical profile of disappearance of 

electron acceptors (O2→NO3→Mn(IV) →Fe(III)) and appearance of electron donors (Mn(II) 

→NH4→Fe(II)→H2S) corresponds to the sequences of the couples’ electron potentials in the 

theoretical “electron tower” (Canfield et al., 2005).  The model maxima of Mn(IV), Fe(III) and 

anaerobic autotrophic bacteria correspond to the turbidity layer depth. 

6.2 Processes. 

 
Absolute values of primary production and dark CO2 fixation (Table 1) correspond to the 

observations data. The calculations confirm that the primary maximum of chemosynthesis has to be 

formed below the hydrogen sulfide boundary (Fig. 5). The less pronounced secondary maximum is 

observed about 5-10 m shallower than the hydrogen sulfide boundary and is likely to be connected 

with nitrification. These results are in agreement with observations in the Black Sea (Pimenov and 

Neretin, 2006) and the Baltic Sea. The model calculated maximum rate of chemosynthesis (0.5-1.0 

µM C l
-1

) corresponded well to the results of measurements (Table 2). According to Jost et al. (in 

press) chemosynthesis with values 0.8-1.0 µM C l
-1

 is found in the Baltic Sea in a 0-20 m layer 

beneath the sulfide boundary.  
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Table 4. Comparison of the rates of biogeochemical processes in model, Black Sea and Baltic Sea. 

 

Process (units) Model Black Sea Baltic Sea 

Primary Production 

(g C m-2 yr-1) 

90 g C m
-2

 

yr-1 

40-90 g C m
-2

 yr
-1

 (Finenko, 1979, 

Sorokin, 1993), 150 g C m-2 yr-1  

(Vedernikov, Demidov, 1993) 

150 g C m
-2

 yr
-1

 (Wasmund 

et al., 2001) 

Dark CO2 fixation  

(µM C d
-1

) 

0.3-0.7  0.2 (Pimenov, Neretin 2006),  

0.25 (Sorokin, 2002), 0.4-2  (Yilmaz 

et al., 2006), 2.3-7.7 µg C L
-1

d
-1

 

(Morgan et al., 2006)  

0.8-1.0 (Jost, p.c. 2006) 

Sulfide oxidation 

(µM S d-1) 

1.9  0.3 -4.5 
 
(Sorokin, 1992, Bezborodov, 

Eremeev, 1993, Jorgensen et al., 1991, 

Sorokin, 2002)
 

 

S
0
 oxidation 

 (µM S d
-1

) 

0.3 for S
0
 oxidation 0.6-0.9 (Sorokin et 

al., 1992), 10-33 mg S l
-1

 d
-1 

(Sorokin, 

2002),
  

for S2O3 oxidation 0.2-0.6 (Sorokin et 

al., 1992, 2002) 

 

Sulfate reduction 

 (µM S d
-1

) 

 

0.02 0.003-0.03 (Gulin, 1989); 0.03-0.13 

(Lein et al., 1990); 0.04-1.7 (Il’chenko 

and Sorokin, 1991); 0.003-0.036 

(Jorgensen et al., 1991); 0.02-0.3  

(Sorokin et al., 1992); 0.000008-

0.0035 (Albert et al., 1995). 0.0035 

(Canfield et al., 2005), 0.2-0.6 

(Pimenov, Neretin, 2006) 

 

Ammonification in 

oxic zone  

(µM N d
-1

) 

0.1-0.5 0.1-0.5 (calculated on the data of 

Sorokin et al., 1991), 0.005-0.05 

(Kuypers et al., 2003)  

 

NH4 oxidation – 0.005-0.05 (Ward, 

Kilpatrick, 1991),  

0.02-0.05 (Sorokin, 2002) 

NO2 oxidation - 0.05-0.24 (Ward, 

Kilpatrick, 1991)  

0.001-0.28 (Enoksson, 

1986) 

0.017-0.48 (Bauer, 2003) 

Nitrification, 

(µM N d
-1

) 

  

0.2 

0.75 (deep 

NO2 max) 

0.002-0.2 in the coastal regions of the Ocean (Canfield et al., 2005) 

0.002 (Ward and Kilpatrick, 1991). 0 µM N2 d
-1

 (Hannig et al, 

2006) 

0.044-0.11 (Brettar & 

Rheinheimer 1991) 

Denitrification 

 (µM N d
-1

) 

 

0.2 

0.7-4 in the coastal regions of the Ocean (Canfield et al., 2005) 

Nitrogen fixation 

(µM N d
-1

) 

0.1-0.5 0.02-0.04 (0.60-1.16 mg N m
-3

d
-1

)
 

(Sorokin, 2002) 

0.08-2.3 mmol N m
-2 

d
-1

 

(Wasmund et al. 2005) 

0.68-0.74 mmol N m-2 d-1 

(Stal, Walsby 2000) 

Thiodenitrification 

(µM N d
-1

) 

0.2 is possible (Sorokin, 2002) 0- 2.7 µM N2 d
-1

 (Hannig et 

al, 2006) 

Anammox 

(µM N d
-1

) 

0-0.03 0.007 (Kuypers et al., 2003) 0-0.05 (Hannig et al, 2006)  

Mn oxidation 

µM Mn d-1 

1.0 0.02-0.8 (Neretin, p.c.) 

0.18-1.9 (Tebo, 1991) 

 

Mn reduction 0.9 0.96-3.6 (Nealson et al., 1991)  
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The ratio between the annually integrated rate of photosynthesis to the rate of chemosynthesis in the 

model was about 15%,  corresponding to estimates that the chemoautotrophic production rates were 

10-32% of surface photoautotrophic production in the Black Sea (Yilmaz et al., 2006). The similar 

ratio is known for the Baltic Sea.  

 

The processes of the sulfide oxidation and sulfate reduction in the model corresponded well to the 

results of observations known for the Black Sea (Table 4).  

 

The rate of ammonification obtained in the model is similar to the values obtained by Sorokin 

(2002), but is much higher than the estimates by Kuypers et al. (2003). Nitrification calculated in 

the model was close to the values known for the Baltic and Black Seas (Table 4). Modeled 

denitrification was larger than observed, while thiodenitrification was at the limit of possible values 

for the Baltic Sea. Modeled values of anammox corresponded well to the observations results.  The 

rate of the nitrogen fixation in the model was twice as large as measured in the Black Sea. 

 

The processes of manganese oxidation (1.0 µM Mn d-1) and manganese reduction (0.9 µM Mn d-1) 

corresponded well to the results of observations (Table 4). 

 

Generally the model’s estimates fit well to the observed values of the processes, but some 

differences occur. These differences probably can be explained by the fact that the model represents 

the averaged balanced picture, while, during observations, the rates of processes could depend on a 

transient situation, connected with subsequences of intrusions or temporal variability. In addition, 

the vertical resolution of sampling and the weather conditions during the field studies can play a 

significant role in the agreement of the sampled data to the complete situation in nature. Redox 

zone processes can occur within thin 2-3 m layers (Murray et al., 1995, Yakushev et al., 2002), and 

it is practically impossible to sample, for example from a 2-m wide nitrite maximum in rough 

weather conditions because of the ship movements. An intensive study of anammox in the last 5 

years revealed that this processes is not found at all times or in all locations (Hannig et al., 2006, 

Kilpatrick, 2005, p.c.). 

7. Discussion 

 

One of the main goals of the using of models is to apply them for the analysis of the observations.  

It was shown in the previous section, that the calculated spatial and temporal distributions of 

parameters agree reasonably well with the results of observations. The degree of this agreement 

allows us to believe to the results of other analyses that can be completed with the model. We will 

present here the examples of application of ROLM for some specific questions about the redox 

layer functioning. 

7.1 Oxidation of H2S. 

 

Oxidation of the hydrogen sulfide is probably the primary current problem of biogeochemistry of 

the marine redox interfaces, because from the 1990s, it became evident that the potential sink of 

H2S is not balanced solely by O2 supply. It is generally assumed that the oxidation of H2S is 

connected with the activity of chemolithotrophic bacteria (Zopfi et al, 2001). However, the 

chemical oxidation of sulfides plays a dominant role when both of H2S and O2 are present in large 

concentrations (Zopfi et al, 2001).  
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On one hand, experiments with labeled S demonstrate that this process has a maximum rate at about 

0-20 m below the sulfide onset, but on the other hand, the electron acceptor of this reaction has not 

been identified experimentally  
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Fig. 6. The left column represents the rates of oxidation of hydrogen sulfide with O2, NO3, MnIV, 

FeIII (A), O2, NO3, MnIV, FeIII, CO2 (B) and O2, NO3, MnIV, MnIII, FeIII (C). Middle column 

represent corresponding rates of oxidation of S0 and S2O3 with O2 and the right column shows the 

shares of considered electron-acceptors in the process of sulfide oxidation. 
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below the sulfide interface (Murray et al., 1995; Yakushev et al., 2002; Stunzhas 2000). The 

maximum dark CO2 fixation is also observed in the 10-20 m layer below the sulfide interface 

(Pimenov and Neretin, 2006)). 

 

We used the model to analyze the possible role of different electron-acceptors. The oxidation of 

H2S in the model occurred through the following reactions: 

 

2H2S + O2→  2S
0
 + 2H2O; 

3H2S + 4NO3
-+ 6OH- → 3SO4

2- + 2N2 + 6H2O 

H2S + MnO2 → S
o
+ Mn

2+
 + 2OH

- 

H2S + 2FeOOH →2Fe2++S0+2 OH- 

 

The modeled vertical profiles of these processes rates are presented in Fig. 6A. 

 

According to the model estimates the oxidation  of  H2S with O2 was very slow (less than 0.01 µM 

d
-1

 (or 0.02 µM S d
-1

). The maximum rates of Mn reduction were 0.8 µM d
-1

, Fe reduction 0.10 µM 

d
-1

 and NO3 reduction about 0.30 µM d
-1 

. Therefore the oxidation of H2S was due primarily to 

reduction of Mn(IV) - 69.0%, NO3 - 23.8%, Fe(III) - 5.7 %, and O2 -1.5% (Fig. 6A).  

 

The oxidation of the elemental sulfur and thiosulfate to sulfate occurs with dissolved oxygen 

several meters shallower (Fig. 6, central column). 

 

Besides the mentioned reactions, anoxygenic photosynthesis (Overmann and Manske, 2006) can 

also result in the oxidation of H2S (Canfield et al., 2005): 

 

2H2S + CO2 →CH2O + 2S
0
 + H2O or 

H2S + 2CO2 +2H2O → 2CH2O + SO4
2- +2H+ 

 

With this model we made simulations that parameterize all the dark CO2 fixation as connected with 

these processes. Results are presented in Fig. 6B. In this case the consumption of CO2 should result, 

in oxidation of 0.1- 0.5 µM S d-1. This is a significant share of the total sulfide oxidation (32.4 %) 

but the share of sulfide oxidized with Mn(IV) remained highest. 

 

In the last version of this model we considered the Mn reduction through an intermediate Mn(III): 

 

2Mn4+ + HS- + OH-→2Mn3+ + S0 + H2O 

2Mn
3+

 +HS
-→ 2Mn

2+
 + S

0
 +H

+ 

 

In this case the sulfide oxidation is due to reduction of Mn(IV) – 50.2%, Mn(III) – 42.6%, NO3 – 

5.2%, Fe(III) – 0.8 %, and O2 - 1.1% (Fig. 6C). 

 

All these numerical experiments can reflect specific situations in natural waters, connected with 

either stable situations, or following intrusions. The role of anoxygenic photosynthesis should 

change due to or shallower or deeper position of the redox-interface. But in any case the dominant 

role in oxidation of sulfide seems to belong to the oxidized Mn species.  

 

This model suggest that particulate Mn(IV) can be the main oxidiser of hydrogen sulfide. This form 

of Mn is being formed several meters higher than the sulfide onset via the reaction of dissolved 

manganese with oxygen. The precipitation of Mn(IV) leads to the increase of the particle’s density 
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and acceleration of the rate of sinking (Yakushev, Debolskaya, 2001). Due to this, the depths of the 

sulfide onset and Mn(II) onset are different. With this model it is possible to demonstrate that the 

acceleration of sinking rate significantly affects one of the key features of the oxic/anoxic interface, 

the 5-10 m difference in depths between Mn(II) and sulfide onsets (Fig. 7A). In the absence of the 

accelerated rate of sinking of particles with settled Mn hydroxides (WMn=0) the oxic/anoxic 

interface shifted shallower, a H2S onset was found at the same depth as Mn(II) onset, and a layer of 

co-existence of O2 and H2S appeared (Fig 7B).   

 

A  

B  

 

Fig. 7. Vertical distribution of O2, H2S, Mn(II), Mn(III), Mn(IV) and PO4 in case accelerated rate of 

sinking of particles with settled Mn hydroxides WMn=18 m d
-1

 (A) and WMn=0 m d
-1

 (B). 
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This intense vertical transport of detrital particles with heavy manganese components is one reason 

for the existence of a zone with the absence of both significant concentrations of oxygen and 

sulfide, making possible such processes as anammox (Kuypers et al., 2003), reduction of Fe with 

Mn, and the presence of Mn in the form of Mn(III) (Trowburst et al., 2006) that is quickly oxidized 

in the presence of O2 or reduced in the presence of H2S (Webb et al., 2005). 

7.2 Consumption of O2 in the suboxic layer. 

 

With this model we analyzed the roles of different processes on the O2 consumption. The vertical 

distribution of these processes from the surface to the 200 m are presented in Fig. 8A. A dominant 

role in the oxygen consumption belongs to the processes of organic matter mineralization (49.2%) 

and respiration of living organisms (29.7%). These processes mainly compensate for the production 

of oxygen by photosynthesis. Nitrification consumes 10.8% of the oxygen in the lower part if the 

oxic zone. The share of oxidation of reduced compounds in the water column of a Sea with anoxic 

conditions can be estimates as less than 10%. 

 

A 

 

B 

 

 

Fig. 8. Dissolved oxygen consumption in 0-200 m water column (A) and in the layer below 70 m 

(O2<40 µM) (B). 
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Under oxygen-deficient conditions (from the concentrations of <40 µM to the sulfidic boundary, 

about (Fig. 8B), the share connected with the mineralization of OM and respiration was smaller 

(about 30%), because in this layer the decomposition of OM should be connected mainly with 

denitrification. The largest amount of O2 was consumed by nitrification (mainly ammonia to nitrate 

oxidation – 13.1%, and amounts for nitrite to nitrate oxidation – 7.8%). Consumption for the 

oxidation of reductants was about 50 % (with a dominant share for Mn(III) (20.1%) and Mn(II) 

(17.9%) and less for reduced sulfur species). The amount of oxygen consumed for the oxidation of 

Fe(II) was negligible. Therefore the model numerically supports the ideas on the dominant role of 

the Mn cycle in the redox-interface structure of these systems. 

 

These estimates appeared to be significant for the modification of ecological models. For example 

for studying of the large scale processes of oxygen depletion in the Baltic Sea with models (Fennel 

and Neumann, 2002; Savchuk, 2002; Gregoire et al., 1997) it will be possible to parameterize the 

dependence between the consumption of oxygen for supplied from anoxic zone ammonia oxidation 

and the consumption of oxygen for the oxidation of the other reductants (i.e. species of Mn, S, Fe). 

This model demonstrates that in the oxygen-deficient conditions the consumption of oxygen for 

oxidation of ammonia is approximately twice less than for oxidation of other reductants. This 

dependence can be easily added for the oxygen processes description in the ecological models that 

don’t consider cycles of S, Mn and Fe. 

7.3 “Phosphate dipole” 

 

The vertical distribution of phosphate in the Black Sea is characterized by increased concentrations 

in the oxycline, a well pronounced shallow minimum about 5-10 m shallower than the sulfide onset, 

by a maximum below the sulfide onset, and by a second deep minimum about 30-50 m deeper (Fig. 

2). This structure was called the “phosphate dipole” (Shaffer, 1986). The reason for formation of 

such a structure is still uncertain. Previously it was thought that it was connected with (1) 

chemosynthesis (Sorokin, 2002) and/or (2) phosphate co-precipitation with metal hydroxides 

(Shaffer, 1986). Both these theories probably are not correct, because (1) chemosynthesis has 

maximum values below the sulfide onset, where the phosphate content is also maximum, (2) co-

precipitation with iron hydroxides should consume phosphate in ratio of  4:1.or 2.7:1 and the 

observing concentrations of iron hydroxides are very low (several tens of nM). Significant 

precipitation of phosphate with solid Mn(IV) has not been observed (Savenko and Baturin. 1996). 

 

Recently, production of oxidized Mn in the form of Mn(III) has been observed by Mn(II)-oxidizing 

bacteria and in incubations with Black Sea suboxic zone water (Webb et al., 2005). Dissolved 

Mn(III) has also been directly observed in the suboxic zone in the SW Black Sea (Trowburst, et al., 

2006). Mn(III) easily produces complexes with organic matter and pyrophosphate (Kostka et al., 

1995). Pakhomova (2005) also suggested that Mn(II) to Mn(IV) oxidation goes through formation 

of complexes with manganese. Pyrophosphate particles were observed by T.Leipe (p.c., 2006) at 

the redox-interface of the Baltic Sea.  

 

 



44 

A  B C 

D 

 

Fig. 9. Influence of chemosynthesis, co-precipitation with iron and manganese on the formation of 

“phosphate dipole”. Explanations are in text. 

 

The possible formation of Mn(III) complexes with pyrophosphate may explain this “phosphate 

dipole”. The phosphorus minimum is located at the same depth, where Mn(II) depletes due to 

possible oxidation with oxygen, and its maximum is located about 5 m below the sulfide interface. 

We observed the maximum of polyphosphate in the same layer in the Northeastern Black Sea in 

2006. These depths coincide with the likely limits of the Mn(III) maximum.  

 

With this model we made a set of numerical experiments where we studied the influence of 

phosphate distribution on its consumption by (1) chemosynthesis, (2) co-precipitation with Fe(III) 

and (3) formation of complexes with Mn(III). The results are presented in Fig. 9. 

 

In case of absence of all this factors the distribution of phosphate had no anomalies in the 

oxic/anoxic interface vicinity (Fig. 9A). Chemosynthesis resulted in negligible changes (Fig. 9B). 

Co-precipitation with Fe(III) with Fe/P=2.7 (T. Leipe, 2006, p.c.) leaded to some minor decrease in 

concentrations of phosphate (Fig. 9C), but the general shape of vertical distribution was far from 

the observed one (Fig. 2). Including the formation of complexes with Mn(III) with Mn/P=0.67 

resulted in the formation of a vertical distribution that is very close to what we observed (Fig. 9D.). 

According to Davies (1969) the possible Mn(III) pyrophosphate complexes can have smaller values 

Mn/P=0.25 for Mn(HP2O7)2
3-

 or Mn/P =0.17 for Mn(H2P2O7)3
3-

. The Mn(III) concentrations 

calculated by the this model were 0.2 µM (Fig. 8E) which were smaller than observed 

concentrations (0.5-1.5 µM, Trowburst et al., 2005). Therefore, it could be shown that the 

concentrations of Mn(III) could explain the phosphate dipole, even if Mn(III) only partly form 

complexes with P. Our studies in the Black Sea in September 2006 revealed a maximum of 
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polyphosphate (and pyrophosphate) in the depths of the phosphate dipole. Further study of the 

relations between Mn(III), pyrophosphate and polyphosphate are important for a better 

understanding the ecology of the Black Sea and the Baltic Sea, because the upward flux of 

phosphate limits in certain periods the photosynthesis. 

7.4 Seasonal changes in the redox-layer. 

 

The forcing of the seasonal variability on the differences in the redox layer structure was studied by 

this model with two scenarios – for the Black Sea and for the Baltic Sea.  

 
 

Fig. 10. Seasonal changes of  vertical structure (Black Sea). 

 

With a simplified scenario for the Black Sea (described above) it was shown that the seasonality of 

the phytoplankton development leads to increase of the flux of particulate organic matter to the 

anoxic zone. The oxygen content in the suboxic zone changed seasonally depending from the 

degradation of OM. (Fig. 10). 

 

Calculations for the Baltic Sea were made on the basis of the results of GOTM model (Burchard et 

al., 1999). In this more realistic scenario the details of seasonal variability differed from the Black 

Sea: the spring bloom was more intense and shorter. In autumn, a second phytoplankton bloom was 

observed (Fig. 11).  But as for the Black Sea, this numerical experiment reproduced the seasonal 

changes in the redox layer depths. 
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Fig. 11. Seasonal changes of vertical structure (Baltic Sea). 

 

For both scenarios the calculations clearly show that the organic matter, formed in the euphotic 

layer, influences the structure and the processes in the redox-interface very significantly. There 

must be a competition for the dissolved oxygen between the particulate and dissolved organic 

matter supplied from the upper layers and reductants supplied from the anoxic zone (Fig. 12B,C).  

 

As a result of this competition, mineralization of OM becomes more intense during summer. This 

process, is reflected also by the activity of heterotrophic bacteria (Fig. 10, 11, 12E,F) (both in oxic 

and anoxic zones) and also by the activity of aerobic autotrophic bacteria (nitrifiers). The activity of 

the anaerobic chemolithotrophic organisms was reduced in the warm period of the year (Fig. 10, 11, 

12H), because lower concentrations of oxidants (probably metal hydroxides, which require oxygen 

for its formation) are available for anaerobic oxidation of sulfides and other reductants. After the 

end of the period of summer production of organic matter the activity of chemolithotrophic bacteria 

increases. 
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Fig. 12. Vertical distribution of O2, POP, DOP, PO4, aerobic heterotrophs, anaerobic heterotrophs, 

aerobic autotrophs, anaerobic autotrophs, MnIV, FeIII, H2S oxidation by MnIV, H2S oxidation by 

O2, in summer (solid line) and winter (dashed line). 

 

Therefore, according to the model estimates, processes as ammonification, denitrification, sulfate 

reduction and nitrification are more intense in spring and summer of the year, while such processes 

as oxidation of reduced forms of metals, and of hydrogen sulfide (with all possible electron-

acceptors) are more intense in the winter. 

 

The model also showed that the shallow phosphate minimum was more pronounced in summer and 

practically absent in winter (Fig. 12D), corresponding to the observations (Yakushev et al., 2005). 

 

The model demonstrates that in the seas with anoxic conditions N2 fixation should occur. The large 

NO3 losses by denitrification must be compensated in order to keep the system at a steady state with 

regard to dissolved inorganic nitrogen. In our calculations results, N2 fixation should occur during 

the summer in the low boundary of the photic layer. (Fig. 9, 10).  Many studies on N2 fixation have 

been performed in the Baltic Sea and yielded a variety of contrasting estimates. This is partly due to 

different methodologies (Wasmund et al., 2005), but also reflects a pronounced interannual 

variability (Schneider et al., 2006). Recent investigations by Wasmund et al. (2005) and Schneider 

et al. (2002) indicate that the annual N2 fixation may range between 120 and 300 mmol m
-2

 y
-1

, 
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respectively, and thus contribute up to 60 % of the annual nitrogen consumption in the central 

Baltic Sea surface water. The observations in the western Black Sea in August 2006 revealed 

intensive blooms of cyanobacteria (Mouncheva, 2006, p.c.) that confirm the results predicted with 

the model. 

 

On the basis of this model it is possible to demonstrate the connection between the processes of 

biogeochemical transformations with the distribution of parameters and to distinguish 3 layers in 

the limits of redox zone: 

 

7.5 Redox-layer structure. 

 

7.5.1 Depth of NO3 maximum.  

 

In the upper part of the redox-zone concentrations of dissolved oxygen decrease to 15-20 µM, and 

the vertical gradient of oxygen decreases and becomes equal to that of nitrate. Below this depth, 

nitrate, instead of oxygen, becomes the main electron acceptor for OM degradation. The reason for 

the decrease in the vertical gradient of oxygen is because there is a decrease in the consumption 

rates of oxygen for OM mineralization.  

 

7.5.2 Depth of O2 depletion.  

 

In the middle of the redox-zone, oxidized chemical compounds diffusing from the upper layer 

(oxygen and nitrate) decrease to zero (Yakushev et al., 2002; Stunzhas and Yakushev, 2006). This 

occurs simultaneously with the depletion of reductants (“deep” ammonia, manganese (II)), 

diffusing up from the anoxic zone. A minimum of phosphate is also found here. In the model, the 

redox reactions which deplete the remaining low oxygen concentrations result in 

disappearence/decrease of the mentioned reductants and the formation of alternative electron 

acceptors – respectively, particulate oxidized manganese (III,IV) and iron (III). In addition to 

diffusive transport they have a sinking rate that can accelerate the downward transport of these 

electron acceptors. A phosphate minimum could be mainly formed according its complexation with 

Mn(III). The role of other factors (co-precipitation with Fe and Mn oxids (Shaffer, 1986) and 

chemosynthesis (Sorokin, 2002)) is of less importance. 

 

7.5.3 Depth of H2S onset.   

 

The onset of hydrogen sulfide occurs just below the depths of peaks of oxidized Mn and Fe and 

corresponds to the lower part of the layer with the maximum phosphate gradient. The reduction of 

particulate manganese (IV) by sulfide is very intensive (Lewis and Landing, 1991; Rozanov, 1995) 

and model estimates (Yakushev and Debolskaya, 2000) suggest, that this reaction can be balanced 

by the hydrogen sulfide flux from below. A decrease of the PO4 vertical gradient or formation of 

the deep phosphate maximum occurs below the appearance of hydrogen sulfide because of 

degradation of its complexes with Mn(III).  

 

The ability of this 1D model to reproduce the main basic features of the chemical structure of the 

central Black Sea and the Gotland Deep of the Baltic Sea suggests that the observed structures are 

formed by biogeochemical transformation and the processes included in the model. A role of lateral 

processes such as the influence of the Bosphorus plume in the Black Sea (Konovalov et al., 2003) 

should not be dominant in formation of the redox-layer structure. 
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8. Conclusions 

 

We consider ROLM first of all as a tool for combined analysis of results from biological, chemical 

and physical observations. Being calibrated with observed data on the distribution of parameters, 

measured rates of processes and integrated estimates allows this tool to receive the numerical 

estimates on all the processes that influence the system under study. 

 

• Seasonality of OM production results in (1) competition for the dissolved oxygen by 

reactions of mineralization of OM and by reactions of oxidizing reduced compounds (H2S, 

NH4, Mn(II) and (2) in seasonality of the activity of the functional groups of bacteria 

involved in these processes. The heterotrophic processes should be more intense during the 

summer period and the development of heterotrophic aerobic and anaerobic bacteria as well 

as nitrifiers should be more pronounced. The chemolithotrophic bacteria connected with the 

intensity of the redox processes should be especially supported in winter. 

 

• In the nitrogen balance of the Seas with anoxic conditions the intensity of denitrification is 

compensated by the N-fixation. Therefore, the development of anoxic zones should 

influence the intensity of N-fixation.  

 

• The scenarios run by the model indicate that Mn(III) may explain the phosphate dipole 

formation if it represents a large fraction of the dissolved Mn quantity in these depths. 

Study of the relationship between Mn(III) and phosphate in the suboxic zone is critical for 

understanding the ecology and geochemistry of the Seas with anoxic conditions because 

photosynthesis can be limited by the upward flux of phosphate. 

 

• The model offers the possibility that a layer with absence of both oxygen and hydrogen 

sulfide can exist in the redox zone (that, in particular, makes possible a reaction of anoxic 

oxidation of ammonia (anammox) (Kuypers et al., 2003) and allows Mn to exist in the 

water in the form of Mn(III) (Trowburst and Luther, 2006). A dominant role in oxidation of 

the hydrogen sulfide at its onset level in this case should belong to the oxidized Mn 

compounds. H2S oxidation occurs in the following shares due to reduction of Mn(IV) – 

50.2%, Mn(III) – 42.6, NO3 – 5.2%, Fe(III) – 0.8 %, and O2 - 1.1%.  

 

• The role of iron cycling in the formation of the redox-layer structure is insignificant. 

 

It is possible to conclude that the mathematical modelling of the redox systems is a useful tool for 

revealing the gaps in knowledge and the perspective directions of studies and for the analysis of 

reaction of the redox systems on natural and anthropogenic forcing. 
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