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Abstract

The reactions controlling the suboxic—anoxic interface structure in the Black Sea are investigated with
a prognostic, one-dimensional vertically resolved diffusion-reaction model involving O,, NOj,
NH;, HS™, S° Mn?*, MnO,. All reactions are expressed in a second-order form, and values for the rate
constants are estimated from laboratory and field measurements made during the 1988 RV Knorr expedition.
The model successfully simulates the vertical profiles of O,, N, S and Mn species in the region between upper
and lower boundaries of the model, which were specified at depths corresponding to g, ~ 15.50 kg/m?
and o, ~ 16.50 kg/m>®. The model identifies an approximately 30 m thick suboxic layer with oxygen
concentrations less than 5 puM and zero sulfide concentrations between o, ~ 15.55 kg/m*® and
o, ~ 16.05 kg/m?>. Dissolved oxygen decreases to trace concentrations above the zone of nitrate reduction.
Hydrogen sulfide begins to increase downward into deeper levels of the anoxic pool starting at
o, ~ 16.0 kg/m?>, where nitrate becomes undetectable. Dissolved manganese and ammonium also increase
beneath the suboxic layer. The position at which sulfide concentrations appear coincides with the particulate
manganese peak, reflecting the paramount role of manganese cycling in the redox processes. This structure is
found to have a fairly persistent character for a wide range of rate constants. Oxidation reactions by oxygen
alone are not sufficient to provide a realistic interface structure in the absence of particulate manganese
formed by oxidation of Mn?* by NOj3. A transient lateral oxygen supply into sulfide rich waters alters
the anoxic-suboxic structure by rapidly depleting local sulfide concentrations at the depths of oxygen
injection. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A distinguishing feature of the Black Sea is the permanent anoxia of the subpycnocline waters.
Almost 85% of its total volume is devoid of oxygen at depths below ~ 100 m within the interior
part of the basin, and below ~ 150 m around its periphery. Because it is nearly landlocked,
ventilation of the deep waters by lateral influxes is relatively poor. In addition, a strong density
stratification effectively inhibits vertical mixing. Though once a fresh water lake, the Black Sea has
been the largest anoxic basin of the global oceans over the last ~ 7000 yr.

Pump cast measurements performed during the 1988 RV Knorr cruises (Murray, 1991) provided
high-resolution sampling with minimal contamination. They identified an oxygen-deficient
(O, < 5 uM), non-sulfidic layer with a thickness of 10-40 m, called the “Suboxic Layer (SOL)”
(Murray et al., 1989). This was contrary to earlier observations in which dissolved oxygen
concentrations up to 10 pM were measured within the sulfidic layer (Sorokin, 1972; Karl, 197§;
Faschuk et al., 1990; Rozanov et al., 1998), suggesting that dissolved oxygen and H,S could
co-exist. Co-existence of oxygen and sulfide is, however, difficult to justify considering the rapid
kinetics of their reaction (Millero et al., 1987). Grashoff (1975) was the first to point out that
overlapping was an artifact of atmospheric contamination with oxygen during the sampling. More
recent observations (Tugrul et al., 1992; Saydam et al., 1993; Buesseler et al., 1994; Eremeev, 1996;
Basturk et al., 1994, 1997, 1998) have supported the existence of the SOL, even though the
methodologies used were not as accurate as the pump cast technique employed in the Knorr
surveys.

All these studies found the SOL to be very stable and reproducible. Analyzing data available
since the 1960s, Tugrul et al. (1992) and Buesseler et al. (1994) showed that the suboxic zone existed
before the 1988 Knorr cruise, but it was not observed because of low sampling resolution and
contamination of water samples with atmospheric oxygen. Konovalov et al. (1999) suggested that,
while the first appearance of sulfide has been stable, the upper boundary of the SOL may have
moved to shallower levels, especially since late 1970s. It was shown to be related to more active
organic matter generation-degradation, more active nitrogen cycling, and thus a higher rate of
oxygen consumption in the water column. These modifications were caused by intense eutrophica-
tion, population explosion of gelatinous carnivores and other opportunistic species in the Black
Sea pelagic food web, and subsequently more frequent and longer-lasting phytoplankton blooms
during the year (Ivanov and Oguz, 1998).

The origin and maintenance of the SOL and the redox reactions taking place across the anoxic
interface are not fully understood and deserve further observational and modeling studies. Based
on available data from the Black Sea and other similar basins, several mechanisms have been
hypothesized to contribute to the interface structure between the suboxic and anoxic layers
(Murray et al., 1995; 1999). The first involves anaerobic sulfide oxidation and nitrogen transforma-
tions coupled to the manganese and iron cycles. It was proposed that the upward fluxes of sulfide
and ammonium may be oxidized by Mn(I1I, IV) and Fe(III) species, whereas the downward flux of
nitrate may be reduced by dissolved manganese and ammonium. Mn(II) and Fe(IT) oxidation and
Mn(IV) and Fe(IlI) reduction are both microbially catalyzed, but dissolved chemical reduction
may also play a role in Mn(IV) reduction.

Anoxygenated photosynthesis is also considered as a mechanism of the SOL formation. The
reduced chemical species (HS ™, Mn?*, Fe?*) are oxidized by anoxygenic phototrophic bacteria in
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association with phototrophic reduction of CO, to form organic matter. This mechanism is
supported by the discovery of large quantities of bacteriochlorophyll pigments near the
suboxic-anoxic boundary (Repeta and Simpson, 1991; Jorgensen et al., 1991; Jannasch et al., 1991).
This bacterium is capable of growth using reduced S (H,S or S°) at very low light levels ( < 0.1%
of the incident radiation at the surface). The third mechanism is oxidation of H,S by oxygen and
particulate manganese injected quasi-horizontally into the anoxic layer (Murray et al., 1989; Tebo
et al., 1991; Basturk et al., 1998).

All these mechanisms presumably contribute to the redox dynamics at the Black Sea anoxic
interface. However, so little is known about the anoxygenic photosynthesis that it is difficult to
quantify or include in a substantial way. We also note that the observational support for
anoxygenic photosynthesis came from the measurements carried out at three stations within the
interior part of the basin during the Knorr 1988 expedition (Repeta et al., 1989). The sulfide
interface was located around 80-100 m depths at these stations, and thus able to receive sufficient
light to maintain bacterial photosynthetic activity. The data, however, indicated a five-fold
decrease in the maximum bacteriochlorophyll-e concentrations as the interface deepened from 74
m at one station to 100 m at the other. The concentrations are expected to decrease further as the
interface deepens more towards the peripheral zone of the basin, permanently characterized by
anticyclonic-dominated circulation (Oguz et al., 1993).

Presence of a persistent suboxic zone structure with its lower boundary located at the depth of
around 160-180 m within the quasi-permanent anticyclonic gyre of the eastern basin (Basturk et
al., 1997) suggests that anaerobic sulfide oxidation should control first-order dynamics of the redox
structure in the Black Sea. Anoxygenated photosynthesis is expected to have an additional
contribution to the dissolved oxygen—-hydrogen sulfide separation at shallower depths, and thus to
formation of somewhat thicker SOL within cyclonic areas of the basin. On the other hand,
its mathematical formulation is not straightforward because of uncertainities in the parameteriz-
ation of processes and specification of a realistic set of values for the parameters. The role
of anoxygenic photosynthesis is, therefore, excluded from the model structure described in the
present paper.

As opposed to recent advances in the modeling of redox cycling in marine sediments (e.g. Wang
and Cappellen, 1996; Soetaert et al., 1996; Boudreau et al., 1998; Jahnke, 1998), model studies
dealing with water column redox processes are extremely limited. In the Black Sea, the nitrogen
and sulfur cycles were modeled by Yakushev and Neretin (1997) using the sulfide oxidation by
oxygen alone, without incorporating the role of nitrogen transformations coupled to the manga-
nese cycle. Sulfur cycling involved abiogenic oxidation to thiosulfate followed by its bacterial
oxidation to sulfate by thiobasili. Because this bacterium requires oxygen, sulfur oxidation depends
on the availability of oxygen. The lowest oxygen concentration requirement for oxidation was set
to 2 uM, and its maximum efficiency was assumed to take place at oxygen concentrations greater
than 9 uM. The Yakushev and Neretin model thus requires a continuous supply of oxygen to drive
the sulfur cycle. This supply was provided by a downward diffusive oxygen flux using a vertical
eddy diffusivity of 1 x 107> m?/s, which appears to be an order of magnitude higher than those
estimated from microstructure measurements and hydrographic data for such strongly stratified
conditions (see Section 6). Their simulations therefore show overlapping dissolved oxygen and
sulfide concentrations. In Yakushev (1998), this model was extended to incorporate simplified
manganese cycling in which particulate manganese used for oxidizing hydrogen sulfide was
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produced by oxidation of dissolved manganese with oxygen. Since the manganese cycling
depends on the availability of oxygen within the interface zone, this model does not differ
conceptually from the previous one, and also cannot explain sulfide oxidation in the absence of
oxygen. Another model based on the same concept of sulfide—oxygen interaction was given by
Belyaev et al. (1997). This model was developed specifically for the northwestern shelf ecosystem,
and a case study of the model implementation was described by Lyubartseva and Lyubartsev
(1998).

In this study, we explore basic features of redox cycling across the suboxic—anoxic interface of the
Black Sea using a one-dimensional vertically resolved diffusion-reaction model. Specifically, we
concentrate on the first and third mechanisms described above, and evaluate whether various
proposed redox reactions simulate major observed features of the interface zone. This work
complements our earlier models of pelagic food web structure, nitrogen cycling and oxygen
production/consumption (Oguz et al., 1996, 1998a,b, 1999).

2. Observed features of the SOL structure

The data collected by the RV Knorr surveys during the spring-summer 1988 are regarded as the
best available and most complete data set acquired to date in the Black Sea. The vertical
distributions of O,, NO3, NHs, HS™, S°, Mn?*, MnO, at station BS3-6 located within the
central part of the western basin (43°N, 34°E) during 13 June 1988 are plotted in Fig. 1. For more
detailed descriptions of the biogeochemical features of the SOL, we refer to papers by Codispoti et
al. (1991); Lewis and Landing, (1991), Tebo (1991) and Nealson et al. (1991). Other independent
measurements performed during the 1990s (Basturk et al., 1994, 1997, 1998; Gokmen et al., 1998;
Konovalov et al., 1997) showed very similar structures and indicated stability of the system during
the last decade.

Features of the vertical biogeochemical structure in the Black Sea always correspond to
distinct density surfaces, even if they may be located at different depths depending on local
circulation (Vinogradov and Nalbandov, 1990; Tugrul et al., 1992; Saydam et al., 1993; Basturk et
al., 1994, 1997). This is because the SOL lies within the very strong and stable permanent
pycnocline (Fig. 1a) with a density difference of more than ¢, ~ 2.0 kg/m?® across this zone. It is
therefore customary to express vertical biogeochemical variations in terms of sigma-t, rather than
depth.

Two distinct oxygen variations are evident around the upper boundary of the SOL in Fig. 1b.
The steeper slope of the oxygen profile down to g, ~ 15.55 kg/m? reflects intense oxygen consump-
tion during oxidation of organic matter. At deeper levels, oxygen concentration stays below 5 uM.
For example, it is about 3uM at o, ~ 15.87 kg/m°, followed by the value of 0.5 uM at
o: ~ 15.98 kg/m? at a depth of 95m. On the other hand, the first appearance of hydrogen sulfide
occurs at ¢, ~ 16.15kg/m> at 106 m. Thus, the thickness of the suboxic layer is about 10 m if 1 M
dissolved oxygen level (a typical limit of accuracy of the colorimetric method in the Knorr 1988
measurements) is accepted as its upper boundary. When 5 uM is considered as a typical detection
limit of dissolved oxygen measured by the conventional Winkler method during the Knorr 1988
surveys, the upper boundary of the SOL is defined around ¢, ~ 15.6 kg/m?® located at 75 m. Its
thickness is then about 30 m. There is no formal definition of the suboxic layer in the Black Sea but,
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Fig. 1. (a) Depth profile of density for the upper 150 m water column, (b) O,, HS™, NHJ, NOj3, NO;, S° profiles, and
(c) Mn?*, MnO, profiles plotted versus density (g,) for station BS3-6 (43°N, 34°E) during RV Knorr survey of 13 June
1988.

according to the Knorr data set, the upper and lower boundaries of the SOL were suggested to lie
along the density surfaces of ; ~ 15.55 + 0.05 and 16.15 + 0.05 kg/m* (Murray, 1991). The upper
boundary also coincides approximately with the maximum nitrate concentrations of ~ 6-9 pM
(Fig. 1b). Both the position and magnitude of the nitrate peak seem to be maintained at constant
values since the 1980s. Due to excess anthropogenic nitrate input relative to losses to the
atmosphere and deep layer, there has been a continuous increase of the peak concentrations from
2-3 uM during the 1960s to 6-8 uM in the 1980s and 7-9 uM in the 1990s (Tugrul et al., 1992;
Basturk et al., 1997; Konovalov et al., 1999).

The strong stability of the upper layer water column does not permit ventilation of the SOL even
during periods of winter convective overturning (Oguz et al., 1998a). In the absence of oxygen,
organic matter decomposition proceeds via denitrification, as suggested by a sharp decrease in
nitrate concentration to trace values ( ~ 0.1 pM) at ¢, ~ 16.0 kg/m?>. The presence of a narrow
nitrite peak of 0.2-0.4 uM centered at approximately o, ~ 15.85 kg/m> is another signature of
denitrification. Similarly, NH;, HS™ and Mn?* concentrations also decrease upward towards
o: ~ 16.0 kg/m?> from their pools in the deeper part of the water column. In particular, we note
pronounced decrease in HS™ concentrations around o, ~ 16.1 kg/m®. NHJ and Mn** profiles
follow similar trends with slightly different slopes and disappear, respectively, near o, ~ 16.0 kg/m?
and o, ~ 15.9 kg/m?. Peaks of S° and MnQ, form around o; ~ 16.1 kg/m* as by-products of
sulfur and manganese cycling.

Overall, Fig. 1 displays general features of a marine redox cycling between the suboxic and
anoxic layers. Dissolved oxygen decreases below detection limits above a zone of nitrate reduction.
Dissolved manganese and ammonium begin to increase coincidently at the base of the SOL,
followed by an increase in sulfide concentration. Marked gradients of particulate manganese
around the transition zone reflect the role of manganese cycling as proposed and studied by
Spencer and Brewer (1971), Brewer and Spencer (1974), Kempe et al. (1991), Tebo (1991), Tebo et al.
(1991), and Lewis and Landing (1991).
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3. Redox reactions

The model presented in this study considers simplified nitrogen and sulfur cycles catalyzed by
the manganese cycle across the suboxic—anoxic interface zone. In the presence of oxygen, the redox
reactions suggested by Murray et al. (1995) include oxidation of particulate organic matter,
hydrogen sulfide, ammonium and dissolved manganese by dissolved oxygen. These reactions are

CH,O + O, - CO;, + H,O0, (1)

HS™ +10, + H* -S° + H,O0, 2)

NH; + 20, - NOj3; +2H" + H,O, (3)

2Mn** + O, 4+ 2H,0 - 2MnO, + 4H™. 4)
In the absence of oxygen, heterotrophic denitrification follows the reaction

5CH,0 + 4NOj3; — 2N, + 5SHCO; + H' + 2H,0. %)

Eq. (5) is a simplified form of the two step reactions involving an intermediate step of nitrite
oxidation/reduction. It, therefore, does not reproduce the nitrite peak observed near the base of the
SOL (see Fig. 1b). In oxygen depleted waters, Murray et al. (1995) suggested the following
oxidation-reduction reactions via manganese cycling:

2NOj3 + 5Mn?" 4+ 4H,0 > N, + 5MnO, + 8H", (6)
2NH4 + 3MnO, +4H* - N, + 3Mn?* + 6H,0, (7)
HS™ + MNO, + 3H" - S° + Mn?* + 2H,O0. (8)

Accordingly, dissolved manganese (Mn?") reacts with nitrate (NO3) to produce settling partic-
ulate manganese (MnQO,) and nitrogen gas (N;). HS~ and ammonium (NHJ ) transported upwards
from deeper levels are oxidized by MnO, to form elemental sulfur (S°), N, and Mn?*. S is
reduced back to HS™ by bacteria (Myers and Nealson, 1988), N, escapes to the atmosphere
whereas dissolved manganese produced locally is re-oxidized by nitrate.

Oxidation of Mn?" by NOj (Reaction (6)) is based on free energy, AG;, calculations and the
water column distributions. AGy is negative at in situ concentrations (see Murray et al., 1995) but it
is low. There is no direct evidence for this reaction to occur in the Black Sea, and it is therefore
strictly a hypothesis at present, even though many sediment studies have suggested its occurence
(e.g. Shaw et al., 1990; Schultz et al., 1994; Luther 11l et al., 1997; Aller et al., 1998; Hulth et al., 1999).
Luther III et al. (1997) also suggested that the upward flux of NH{ can be oxidized by MnO, to
form N, and Mn?* (Reaction (7)). The reaction of MnO, with HS™ is well known (Burdige and
Nealson, 1986).

The reactions given by Egs. (2)-(8) avoid modeling the intermediate steps of the sulfur cycle (e.g.
S,03%7), and thus H, S generation through the sulfate reduction process. Local sulfate reduction
appears to be of secondary importance with respect to its supply from deeper levels by diffusion (c.f.
Yakushev and Neretin, 1997). Heterotrophic processes such as ammonification and nitrification
take place primarily in more oxygenated parts of the water column above the suboxic zone, and
therefore are not considered in our model.
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The reactions related with the iron cycle are also not included, for simplicity. Dissolved iron
concentrations are typically an order of magnitude smaller than those of dissolved manganese in
the Black Sea (Lewis and Landing, 1991). A similar order of magnitude difference also exists
between their electron-equivalent gradients (Murray et al., 1995). Therefore, it is reasonable to
neglect, to a first approximation, the contribution of the iron cycle on the Black Sea redox
dynamics. All these assumptions and idealizations are believed to have secondary contributions to
redox cycling processes, and help to simplify the problem to a more tractable form with fewer
reactions.

Egs. (1)-(8) form a coupled and highly interactive system. We note that this set of reactions does
not provide a closed redox cycle; it indicates a continuous loss of nitrogen in the form of N, gas to
the atmosphere, and thus requires a continuous supply of NOj3 into the redox layer to oxidize
dissolved manganese diffusing there from deeper levels. The nitrate supply is provided continuous-
ly by downward diffusion from the nitracline zone where nitrate concentrations yield a maximum
of around 6-9 uM (see Fig. 1b).

4. Reaction kinetics
The kinetics of reactions given in Egs. (1)-(8) are not well known in terms of the values of the rate

constants and functional dependencies. Thus, the kinetic expressions are postulated to be first
order with respect to each of the individual state variables. Then, they are expressed by

Ry = k1/2(02)[O2], ©)
R, = k,[HS][0O>], (10)
R; = k3[NH{][0:], (11)
R4 = ks[Mn**][O2], (12)
Rs = ksfa(O2)[NOs ], (13)
Re = k¢[NO3 ][Mn**], (14)
R; = k;[NH{][MnO,], (15)
Rs = ks[HS™][MnO,], (16)
where k;’s denote rate constants, whose definitions and ranges of values are given in Table 1. f,(O5)

and f4(O.) represent, respectively, oxygen dependence of remineralization and denitrification rates.
/2(O») is taken to be equal to one for oxygen concentrations exceeding 5 uM, and zero otherwise.
f4(Oy) is set to zero when O, = 5uM and to one otherwise. A threshold oxygen concentration of
5 uM seems to be a reasonable choice based on available observations (e.g. Lipschultz et al. (1990);
see also Yakushev and Neretin (1997)), which report a range of values between 2 and 7 uM in
different oceanic regions. Our sensitivity experiments indicated that turning off aerobic respiration
at 5 uM was not critical for the model results.

As implied by Egs. (9) and (13), the model does not include labile organic matter as an
independent prognostic variable. The reaction kinetics (1) and (5) are thus expressed independent of



768

Table 1
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Definition of model parameters and their range of values

Parameter Definition Range
ky Remineralization rate 0.1-1.0 1/d

Ward and Kilpatrick (1991)
ks, Rate of sulfide oxidation by O, 0.01-1.0uM~1d!

Millero (1991)
ks Rate of ammonium oxidation by O, 0.01-0.1uyM~1d!

(nitrification rate) Ward and Kilpatrick (1991)

k4 Rate of manganese oxidation by O, 0.01-0.1uM~*d~!

Tebo (1991)
ks Denitrification rate 0.001 d!

Ward and Kilpatrick (1991)
ke Rate of manganese oxidation by NOj 0.01-0.1uyM 1d !

Tebo (1991)
k- Rate of ammonium oxidation by MnO, 0.1-20.0pM ~td~!

Ward and Kilpatrick (1991)
kg Rate of sulfide oxidation by MnO, 1-100pM ~1d~!

Yao and Millero (1993)

Lewis and Landing (1991)
ko Sulphide reduction rate 0.01-0.1d°!

Yakushev and Neretin (1997)
W, Sinking rate of particulate manganese 1.0-10 m/d

Yakushev (1998)
A, Kinematic diffusivity 1 —7x10"%m?/s

Gregg and Ozsoy (1999)
Gargett (1984)

organic matter concentration, implying that it is not a limiting factor for these reactions. At present
this is a simplification we are forced to make since there is very little POC data available for the
Black Sea. Karl and Knauer (1991) provided some POC measurements which, however, did not
have enough detail in their vertical structure. Moreover, the linear form of Egs. (9) and (13) is an
approximation to its more general Monod-type hyperbolic representation for small concentrations
of dissolved oxygen and nitrate in the suboxic layer.

5.

Diffusion-reaction equations

The diffusion-reaction equations describing the processes given above are

o[0,]1 o[  o[0,] 1 ]
JHS™] @

(Ava[Hs—]

35 >—R2 — Rg, (18)

ot 0z
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[S°]

=2 — Ry + Rs — ko[S°], (19
6[1\(2?3_] %( 6[N03 ]) Rs — _R6 LR, (20)
QE%?EJ::a < a[NTh > R, — R, (21)
ﬂgﬂ:i%é%ﬂgﬂ>+%Rs+%R6+%Rh (22)

o[Mn?*] 0 o[Mn?*] 3

— Y T~ AUT — R4 — R +§R7 + Rsg, (23)
[MnO,] 0[MnO,] 3

— = WST —§R7 — Rg + R4 + Re, (24)

where t is time, z is the vertical coordinate, 0 denotes partial differentiation. The first terms on the
right-hand sides of the equations (except Eq. (24)) represent vertical diffusion. The fractions
represent the stoichiometries in Egs. (1)—(8). FL(O;) in Eq. (17) parameterizes the lateral advective
flux of oxygen included in one of the experiments to investigate the role of lateral injections from
the shelf break zone on the structure of the suboxic-anoxic interface zone. W denotes the sinking
rate of MnQO, particles. The contribution of vertical advective motion on redox cycling is neglected,
since parameterization of vertical advective velocity is questionable in the case of one-dimensional,
non-divergent flow conditions.

Egs. (17)-(24) were solved numerically by the finite differencing procedure over a 75 m thick
water column covering the suboxic—-anoxic interface zone. The system of equations was discretized
by introducing 25 depth levels, implying a 3 m vertical grid spacing. A time step of 10 min was used
during integration of the equations. The numerical solution procedure follows principally that
given in Oguz et al. (1996) describing a coupled physical-biogeochemical model based on the
one-dimensional implementation of the Princeton Ocean Model (c.f. Mellor, 1990). The time
derivatives were discretized by Leapfrog differencing. The diffusion terms, together with some of
the reaction terms in each of the equations, were treated implicitly to maintain stability of the
solution. This solution procedure is quite general and has wide-spread applicability for such
diffusion-reaction systems (e.g. Soetaert et al., 1996; Boudreau, 1996). The numerical solution
methods were first verified by an analytical solution using a simplified system involving only the
oxygen and hydrogen sulfide reactions. The details of the analytical solution follow that presented
by Eremeev (1996, Chapter 3).

For a typical density profile (Fig. 1a) representative of interior Black Sea conditions, the upper
boundary was located at the depth of ~ 75 m. This position corresponds approximately to the
base of the upper nitracline/oxycline zone at o, ~ 15.5 kg/m?® (Fig. 1b). The lower boundary was
located at the depth of 150 m coinciding roughly with ¢, ~ 16.5 kg/m?>. The model was forced by
prescribed constant nitrate and oxygen concentrations at the upper boundary, and hydrogen
sulfide, ammonium and dissolved manganese concentrations at the lower boundary; otherwise the
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Table 2
Conditions prescribed at the upper and lower boundaries of the model

Variable Surface Bottom

[O.] 10 uM A4,[0,]: =0

[NOs1] 8 uM A4,[NO3]. =0

[NH{] A,[NH,]. =0 12 uM

[H,S] A,[H;8]. =0 25 uM

[Mn?*] A,[Mn>"], =0 8 M

[MnO,] W,MnO,] =0 W, [MnO,] = — 4,[Mn?*],

vertical diffusive fluxes were set to zero at the boundaries. A summary of the boundary conditions
is given in Table 2.

The values of all variables were set initially to zero. The model therefore assumed no prescribed
initial structure. The system approaches its statistical equilibrium state after a few years of transient
adjustment in response to forcings from the upper and lower boundaries. The results presented
here correspond to the end of the fifth year, in which all fields attain their steady-state values except
MnO,. MnO, concentrations still tend to exhibit slight changes in the narrow suboxic-anoxic
interface zone. These variations are however small (less than ~ 10% of the maximum concentra-
tions), and therefore we will consider the system to be in a quasi-equilibrium state.

6. Estimation of parameter values and model calibration

Microstructure measurements (Gregg and Ozsoy, 1999) suggest a small vertical diffusion
coefficient, 4,, on the order of 10~ ° m?/s, for the region of the suboxic zone. A similar value can
also be obtained from Gargett’s (1984) parameterization expressed by A, = aN ™% where a is
a constant with a typical value of ~ 1x1073 cm?/s?, N the square root of the Brunt-Vaisala
frequency [N = — (g9/po ")(0p/0z)]** and q a constant varying between 0.5 and 1. For typical
winter and summer stratifications, the Gargett (1984) formula yields an almost uniform vertical
structure with values of 4, between 0.7 x 10~ ° m?/s (for ¢ = 0.5) and 7.0 x 10~ ® m?/s (for ¢ = 1.0)
for the suboxic-anoxic interface region, i.e. below 75 m depth in Fig. 2. Furthermore, Brewer and
Spencer (1974) estimated A, in the interface region as 1.4 x 107 ° m?/s from oxygen budget
computations. In our standard experiment, we assumed a constant value of 4, =2 x107° m?/s,
but we carried out a set of sensitivity experiments using different values to evaluate its effect on the
biogeochemical structure of the water column. Some of these experiments will be described below.

Ward and Kilpatrick (1991) measured nitrate reduction and ammonium oxidation rates by
>N tracer addition during the 1988 Knorr expedition. The nitrate reduction rate in the suboxic
zone ranged from 0.6 to 6.0 nM/d with nitrate concentrations between 2 and 8 uM. If all nitrate
reduction can be attributed to heterotrophic denitrification, then ks is roughly 0.001 d ~ . Similarly,
the ammonium oxidation (i.e. nitrification) rate measured was 10-100 nM/d. With ammonium and
oxygen concentrations around 1.0 uM near the suboxic—anoxic interface zone, k3 falls in the range
0.01-0.1pM ~*d~'. The same ammonium oxidation rates are also used to estimate the rate
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Fig. 2. Depth profiles of the vertical diffusion coefficient computed from Gargett’s (1984) formula with two different
values of ¢: for ¢ = 1.0 on the left with solid symbols, and g = 0.5 on the right with open symbols. Each figure contains
two profiles computed for typical vertical density structure of mid-winter and mid-summer.

constant for ammonium oxidation by MnQO,. Assuming particulate manganese concentrations of
5-25nM (Lewis and Landing, 1991), k7 is ~ 0.1-20pM ~'d ™"

Millero (1991) reported half-lives for sulfide oxidation by oxygen between 1.2 and 2.9 h. Gokmen
et al. (1998) provided a similar range of values between 1.3 and 3.4 h. Assuming oxygen concentra-
tions do not change appreciably during the rate measurement, the second-order rate constant k is
approximately 0.01-0.1pM~'d~'. Jorgensen et al. (1991) showed sulfide oxidation rates up to
1-2uM ~ 1 d ™! at the interface zone. Incubation experiments with sterilized particulate matter from
this depth suggested that particulate manganese might be involved in this reaction. Assuming
MnO, concentrations between 2 and 20 nM (Lewis and Landing, 1991), and sulfide concentrations
between 5 and 10 pM ™', the value of kg can be estimated in the range 10-100puM ~'d~'. This
estimate is however higher than the rate determined in laboratory measurements of hydrogen
sulfide oxidation by manganese dioxide (Yao and Millero, 1993). The data of Yao and Millero
(1993) suggest a rate of kg ~ 1 uM~1d 1. Tebo (1991) measured suboxic manganese oxidation by
oxygen at a maximum rate of 0.1 uM/d. This implies that k¢ and k4 can attain maximum values of
0.1uM - td™ %

Our calibration exercise is not aimed at providing the best possible fits to concentration versus
depth profiles for a specific data set. The model calibration proceeds by adjusting parameter values
so as to mimic the observed structure similar to the one shown in Figs. 1b and c. This procedure
allows production of a parameter set for the so-called “standard experiment” in the following
section. Some of these parameters are then varied to systematically explore the role of various
reactions on the structure of the suboxic—-anoxic interface zone.
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7. Model results and discussion
7.1. Experiments without manganese cycling

Before describing the role of the full set of reactions (1)-(8) on the formation of the suboxic zone
structure, we first present results from a simplified diffusion-reaction system in which manganese
cycling does not take part in the oxidation process. This system involves only Reactions (1)-(3),
implying that hydrogen sulfide and ammonium are oxidized by dissolved oxygen. The correspond-
ing kinetic expressions are given by Ry, R, and R3 in Egs. (9)-(11). The rate parameters k4, ks ke,
k-, kg, are set to zero, and Egs. (23) and (24) describing the temporal changes of Mn** and MnO,
are removed from the system of equations. This is similar to the approach followed by Yakushev
and Neretin (1997).

The vertical profiles of O, and H, S concentrations representing equilibrium solutions at the end
of five years of integration are shown in Figs. 3a and b for two different choices of k5, 0.5 and
0.01 pM~'d~'. The values of other parameters are listed in Table 3 for Experiments 1A and B.
Figs. 3a and b contain two different oxygen and H, S profiles corresponding with two choices of
A,:2.0 and 5.0 x 107 ° m?/s. For these profiles and for the rest of the paper, the vertical distribu-
tions are plotted versus density for comparision with Fig. 1 and to be compatible with observations
reported elsewhere, even though they are solved as a function of depth. The profiles will be shown
only between the sigma-t levels of 15.5 and 16.4 kg/m>. For both values of 4,, the oxygen
concentrations are shown to decrease abruptly to 5 uM near ¢, ~ 15.55 kg/m? from its boundary
value of 10 pM prescribed at g, ~ 15.50 kg/m?>. Such sharp reduction is due to oxygen consump-
tion by aerobic organic matter decomposition (i.e. Reaction (1)), whose rate constant is set to
ki =0.4d at oxygen concentrations greater than 5uM, and zero otherwise. Below o, ~
15.55 kg/m?, oxygen concentrations decrease almost linearly towards zero for both cases.
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| |
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5 o oS | 1 o oIS
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0 5 10 15 20 25 0 s 10 15 20 25
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Fig. 3. O,, HS™ profiles plotted versus g, in the absence of manganese cycling for two different choices of k, as
(@) 0.5uM ~1d ™! (Experiment 1A), and (b) 0.01 uM ~*d ™! (Experiment 1B). Each figure contains two different O, and
H,S profiles using 4, = 2 x 10~ m?/s (with solid symbols), and 4, = 5x 10~ ° m?/s (with open symbols).
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For the case k, =0.5pM~'d~' (Fig. 3a), zero oxygen concentrations occur near g; ~
15.9 kg/m? for A, = 2x 10~ ° m?/s (the curve with solid squares), and near ¢, ~ 15.8 kg/m? for
A, = 5x107° m?/s (the curve with open squares). On the other hand, for both choices of the
diffusion coeflicient, H,S penetrates up to the zero oxygen level. H,S can diffuse towards upper
levels with the choice of a higher diffusion coefficient, and therefore gives rise to more oxygen
consumption within the suboxic layer. An important point in these plots is to note that both
oxygen and hydrogen sulfide vanish at the same position in the water column. This indicates that
both vertical diffusion and oxidation reactions almost equally contribute to the temporal changes
of the oxygen and hydrogen sulfide.

Fig. 3b displays the results with the rate constant k; = 0.01 uM~'d~'. When compared with the
previous experiment, oxidation of hydrogen sulfide now proceeds at a slower rate than vertical
diffusion. Thus, hydrogen sulfide penetrates more favorably into the oxygenated part of the water
column due to vertical diffusion, and consequently oxygen and hydrogen sulfide concentrations
overlap to some extent. As expected, overlapping is slightly more pronounced for the case of higher
vertical diffusivity. We however note that the overlap is not as large as reported observationally
(e.g. Faschuk et al., 1990), and occurs only at oxygen and sulfide concentrations less than 1.0 uM ~ 1.

7.2. Experiments with partially active manganese cycling

The previous model was modified slightly to incorporate an additional contribution of manga-
nese cycling to the hydrogen sulfide oxidation process using dissolved oxygen as a primary
oxidizer. The model now includes diffusion of dissolved manganese from deep waters into the
suboxic zone, where it is also oxidized by oxygen (Reaction (4)). Particulate manganese is then
produced and used as an additional oxidizer for H, S (Reaction (8)). The corresponding reaction
kinetics R4 and Rg are added to the previous set of reactions. This set resembles the model
presented by Yakushev (1998). For the choice of parameters given for Experiment 2A in Table 3,
the H,S and O, profiles are presented as open symbols in Fig. 4a. These profiles are almost
identical with those of the Experiment 1B (with 4, =2x 10" ° m?/s and k, = 0.05uM~1d™ 1),
superimposed on the same figure by the profiles with solid symbols. Furthermore, one order of
magnitude increase in the value of k4 (i€, ks = 1.0pM~'d™!; see the list of parameters for the
Experiment 2B in Table 3), as well as both in the values of k4 and ks (i.e., ks = 250pM~1d~'; see
Experiment 2C in Table 3), do not also change this structure (Figs. 4b and c). These experiments
indicate that additional contribution of such partially active manganese cycling cannot modify the
hydrogen sulfide-oxygen structure within the suboxic zone. Dissolved oxygen still plays the
dominant role as sulfide oxidizer as compared with particulate manganese.

7.3. The standard experiment. fully active manganese cycling

Fully active manganese cycling introduces additional particulate manganese by oxidation of
dissolved manganese with nitrate (Reaction (6)). For the parameter values of Experiment 3 (Table
3), the vertical structure of the suboxic-anoxic interface region is displayed in Fig. 5. The O, and
H, S profiles exhibit several important differences when compared with Fig. 4a. In particular, the
H,S profile approaches trace concentrations at ¢, ~ 16.05 kg/m?> which is located almost
o ~ 0.1 kg/m> deeper. Instead of oxygen, the trace H»S concentrations coincide with those of
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Table 3
The values of model parameters used in the experiments

EXp. No. kl ks k9 kz k3 k4 k6 k7 kg WS AD Flg No.
Standard 0.4 0.001 0.05 0.01 0.05 0.1 0.05 0.1 50 3.0 0.02
set
1A 0.4 0.001 0.05 0.5 0.05 0.0 0.0 0.0 0.0 3.0 0.02, 0.05 Fig. 3a
1B 0.4 0.001 0.05 0.01 0.05 0.0 0.0 0.0 0.0 3.0 0.02, 0.05 Fig. 3b
2A 0.4 0.001 0.05 0.01 0.05 0.1 0.0 0.1 50.0 3.0 0.02 Fig. 4a
2B 04 0.001 0.05 0.01 0.05 1.0 0.0 0.1 50.0 3.0 0.02 Fig. 4b
2C 0.4 0.001 0.05 0.01 0.05 1.0 0.0 0.1 2500 3.0 0.02 Fig. 4c
3,5 04 0.001  0.05 0.01 0.05 0.1 0.05 0.1 50.0 3.0 0.02 Figs. 5, 8
4 0.4 0.001 0.05 0.0 0.0 0.0 0.05 0.1 50.0 3.0 0.02 Fig. 7
6A 0.4 0.001 0.05 0.0 0.0 0.0 1.0 0.1 5000 3.0 0.02 Fig. 9a
6B 04 0.001  0.05 0.0 0.0 0.0 1.0 10.0 5000 3.0 0.02 Fig. 9b
6K 0.4 0.001 0.05 0.01 0.05 0.1 0.05 0.1 1.0 3.0 0.02 Fig. 10a
6L 0.4 0.001 0.05 0.0 0.0 0.0 0.05 0.1 1.0 3.0 0.02 Fig. 10b
7A 0.4 0.001 0.05 0.01 0.05 0.1 0.05 0.1 50.0 3.0 0.04 Fig. 11a
7B 04 0.001 0.05 0.01 0.05 0.1 0.05 0.1 50.0 9.0 0.04 Fig. 11b
7C 04 0.001 0.05 0.01 0.05 0.1 0.05 0.1 50.0 9.0 0.06 Fig. 11c
W 0, (M) b 0,uM) 0 0,(uM)
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Fig. 4. O,, HS™ profiles plotted versus o, in the case of partially active manganese cycling (with solid symbols) for (a)
ky =0.1pM~'d~! (Experiment 2A), (b) k, = 1.0uM ~'d~! (Experiment 2B), and (c) k, = 1.0 and kg = 250pM ~1d !
(Experiment 2C). Superimposed on Fig. 4a are O, and H, S profiles (with open symbols) shown in Fig. 3a for comparison.
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Fig. 5. O,,HS™,NH,,NOj,S% Mn2* and MnO, profiles plotted versus o, for the standard experiment (Experiment 3)
with fully active manganese cycling.

16.3

m]

nitrate, suggesting that NO3 consumption controls the H, S oxidation process even though there is
no explicit reaction of HS™ 4+ NOj included. H, S is mainly oxidized by NO3 through MnO, at
slightly deeper levels. Oxygen consumption thus becomes of secondary importance near the anoxic
interface, and dissolved oxygen is thus allowed to diffuse to a slightly deeper level of
o: ~ 16.0 kg/m>. The model predicts a suboxic layer characterized by oxygen concentrations less
than 5uM and zero hydrogen sulfide concentrations between o, ~ 15.55 and 16.05 kg/m?, levels
corresponding with the depths of 80 and 110 m (Fig. 1a). Inside this zone, oxygen and sulfide are
separated by a null zone of about 5 m. This zone coincides with maximum elemental sulfur
concentrations of 0.3 uM (Fig. 5).

As H,S is depleted at the level of vanishing NO3 concentrations, ammonium and dissolved
manganese diffuse up to the density level of zero oxygen concentration. Contrary to a uniformly
decreasing NHJ concentrations, a change in the slope of the dissolved manganese profile between
16.0 and 16.1 kg/m?> density surfaces reflects additional dissolved manganese production due to
manganese cycling. A notable feature of the manganese cycling is the presence of a particulate
manganese peak of about 15 nM near the 16.0 kg/m? sigma-t level. All these features agree well
with the observations shown in Figs. 1b and c.

The relative contributions of the individual reaction terms to the mass balances of H,S, O,
Mn?*, NOj3, NH4 concentrations are shown in Fig. 6. In the interface region the oxygen balance
(Fig. 6a) is mainly between the vertical diffusion source and sinks due to ammonium and dissolved
manganese oxidation ((3) and (4)). The oxygen sink due to hydrogen sulfide oxidation (2) is an order
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Fig. 6. Profiles of reactions (1)-(8) (in nM/d) plotted versus ¢, showing the balances of (a) O,, (b) H,S, (c) Mn?*, (d)
NOj, (¢) NH{ equations for the standard experiment.

of magnitude smaller contribution. In the mass balance of hydrogen sulfide (Fig. 6b), the diffusion
source term is balanced mainly by consumption by particulate manganese oxidation (8). The sink
term representing sulfide oxidation by oxygen (2) is much smaller, as indicated above.

The reactions contributing to the dissolved manganese balance exhibit more complex vertical
structure near the interface (Fig. 6¢). Above g, ~ 16.0 kg/m>, the diffusion source term has
a positive contribution to balance losses due to the Mn?* oxidation with nitrate (6) and oxygen (4).
Reaction (8) (oxidation of HS™ by MnQO,) has negligible contribution within this part of the
interface zone. Below o; ~ 16.0 kg/m?, the main balance for Mn?* occurs between diffusive loss
and a source from Reaction (8). Reactions (4) and (6) also contribute to Mn** loss from the system
to a lesser extent. On the other hand, contribution of (7) to the manganese balance is negligible
throughout the water column, and therefore is not included in Fig. 6¢. The particulate manganese
balance is exactly the same as the Mn?* balance except for the opposite signs. The sinking of
MnO, has only a secondary contribution.

In the nitrate balance (Fig. 6d), the denitrification term (5) goes to zero near the upper boundary
of the model when oxygen exceeds 5 uM, and near o, ~ 16.0 kg/m® when the NO3 concentration
vanishes. This loss is compensated by the diffusive input of nitrate from the upper boundary of the
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model up to g, ~ 15.9 kg/m?> and by nitrate production below due to the reaction (3) (ammonium
oxidation with oxygen). Below a; ~ 16.0 kg/m?, the NO3 balance is maintained mainly by the
diffusional source and dissolved manganese oxidation by nitrate (6). Reaction (3) is a secondary
source term to this balance. Similarly, in the ammonium balance (Fig. 6¢), ammonium oxidation by
oxygen (3) is balanced by diffusion from deeper than ¢, ~ 16.0 kg/m>. Below g, ~ 16.0 kg/m?>, the
balance is between upward diffusion and ammonium oxidation by MnO,, (7). Finally, we note that
the total diffusive and reactive fluxes of dissolved oxygen and manganese agree reasonably well
with those estimated from the observations shown in Figs. 12 and 14 of Lewis and Landing (1991).
This agreement provides further confidence in the realism of the modeled reactions for representing
redox reactions in the water column.

7.4. Experiments without contribution of oxygen

The experiments described in the previous sections indicate that NOj3 rather than oxygen plays
an important role in oxidizing H, S and NHJ . Here, we provide an additional experiment in which,
as a limiting case, the redox reactions involving oxygen (i.e., Egs. (2)—(4)) are excluded. This case
investigates what the distributions would be if O, was not involved at all. The system is then
governed only by Reactions (5)-(8). Thus, we set k, = k3 = k4 = 0; the rest of the parameters are
same as in the standard experiment (cf. Experiment 4 in Table 3). Under these conditions, hydrogen
sulfide is oxidized solely by particulate manganese, whose availability depends on the NO3 and
Mn?" concentrations within the interface zone.

As shown in Fig. 7, the main features of the suboxic—anoxic interface structure do not differ much
from those for the standard experiment (Fig. 5). The lack of oxygen as an additional oxidizer is
partially compensated by additional consumption of NOj3 near the anoxic interface region. As
a result, NO3 concentration tends to approach trace level values at a slightly shallower depth
corresponding to o, ~ 15.97 kg/m?>. This position also characterizes the trace level sulfide concen-
tration and the elemental sulfur peak. The vertical displacement of this position is about
Ac; ~ 0.07 kg/m?, which amounts to a depth difference of approximately 5 m. The position of
particulate manganese is also elevated upwards by the same proportion. The change in the position
of the suboxic-anoxic interface is also accompanied by an approximately 30% reduction in the
peak concentrations of elemental sulfur and particulate manganese.

7.5. Experiments with lateral O, input

Recent observations performed east of the Bosphorus (Codispoti et al., 1991; Ozsoy et al., 1993;
Basturk et al., 1998) suggest onshore-offshore exchanges and cross-shelf ventilation along the
periphery of the Black Sea. They are most likely induced by meanders and complex eddy activities
of the Rim Current system of the Black Sea general circulation, and therefore have transient
character. An example of such quasi-lateral injection of oxygen rich shelf waters offshore towards
the upper boundary of the hydrogen sulfide layer is shown in Fig. 8 on the basis of measurements
carried out at a station along the topographic slope to the east of the Bosphorus during July 1997
(Basturk et al., 1998). The station was located inside an anticyclonic eddy, and the position of the
sulfide boundary was therefore expected to be somewhat deeper as compared with those of offshore
stations.
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Fig. 8. Vertical distributions of dissolved oxygen, hydrogen sulfide (uM) and light transmission (%), at station
31°29'E,41°46'N during July 1997 RV Bilim measurements (after Basturk et al., 1998).

The presence of a deep light transmission minimum layer (Fig. 8a) between 110 and 180 m depths
(corresponding to isopycnal surfaces of 15.9 and 16.4 kg/m?>) suggests offshore sediment transport
from the shelf, and indicates presence of a fine particle layer (Kempe et al., 1991). This layer is also
characterized by relatively higher dissolved oxygen concentrations of about 20 uM at 140 m depth
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(o: ~ 16.2 kg/m?), decreasing within the next 40 m to zero at the depth of the first appearance of
hydrogen sulfide near o, ~ 16.4 kg/m® (Fig. 8b). When compared with its typical position at
offshore stations having oxygen and sulfide profiles as in Fig. 1b, both the trace oxygen concentra-
tion level and the upper boundary of the hydrogen sulfide layer are found to be located at deeper
levels by about ¢; ~ 0.2-0.25 kg/m?>. This structure, therefore, implies approximately 40 m erosion
of the hydrogen sulfide layer due most likely to quasi-lateral injection of more oxygenated shelf
waters offshore.

On the basis of these observations, an idealized experiment was designed to quantify possible
contribution of transient lateral oxygen input to the suboxic zone structure around the periphery of
the basin. In our one-dimensional model, the lateral oxygen supply was parameterized by the term
[FL(O2)] added on the right-hand side of Eq. (17). It was expressed as

Fi(02) = —02d + & 10,7, —10,) 23)

where u; is the offshelf current speed taken as 0.1 m/s. Ax is the distance between the shelf and the
location within the basin’s interior where this model is applied. It was specified typically as 100 km.
Oxygen supplied offshore from the near bottom levels of the shelf was set to [O,]; = 3.0 uM
between o, = 16.0 and o, = 16.25 kg/m> surfaces, corresponding to the depths of 105-125 m.
Starting from the steady-state solution of the standard experiment (see Fig. 5) as the initial
conditions, the structure of the suboxic-anoxic interface zone was simulated during 30d of
continuous lateral advective supply of oxygen. The conditions at the end of 15 and 30 d of oxygen
input are shown in Figs. 9a and b. This experiment is listed as Experiment 5 in Table 3.

The local increase in the oxygen concentration associated with this lateral supply is clearly
noted in Figs. 9a and b below the depth of 6, = 16.0 kg/m?>. The extra oxygen concentration takes
part immediately in the H,S oxidation process (Fig. 9a), and brings down the trace level H,S
concentration from its position at ¢; = 16.05 kg/m® prior to the oxygen supply to ¢, =
16.15 kg/m? after 15 d and to ¢, = 16.25 kg/m? after 30 d of supply. Other modifications on the
interface structure include increases in the elemental sulfur and particulate manganese concentra-
tions by an order of magnitude. The maximum elemental sulfur concentration increased from
about 0.3 to 3.0 uM and 5.0 uM in 15 and 30 d. Its position, coinciding with that of the zero-H, S
concentration level, was then located at deeper density levels. Particulate manganese concentration
increases to approximately 300 nM after 15 d and 500 nM after 30 d of simulation. The enhanced
particulate manganese stock generated locally according to Reaction (4) between o, = 16.0 and
o, = 16.25 kg/m* surfaces was then used to oxidize H,S according to Reaction (8). The local
dissolved manganese production associated with this reaction is seen in Figs. 9a and b from the
local increase of Mn?™ concentration in the vicinity of the zero H,S concentration level. This
simulation therefore suggests that the lateral oxygen supplied to the interior of the basin from the
peripherial zone may be used not only as a direct oxidizer for H, S, but also indirectly through
enhanced manganese cycling.

Clearly, the form of modified redox structure simulated in Figs. 9a and b depends on the
duration and intensity of lateral oxygen supply. The structure in Fig. 9 characterizes the conditions
of weak oxygen supply for a time period of several weeks representing typical time scale of slowly
propogating mesoscale eddies and meanders passing through the region. On the other hand, both
observed and simulated oxygen-sulfide profiles indicate that first appearance of hydrogen sulfide
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Fig. 9. O, (@), HS™ (%), NH; (A), NO3 (M), S° (O), Mn?* (0) and MnO, (A) profiles plotted versus o, for the
standard experiment after (a) 15d and (b) 30d of continuous lateral oxygen supply with [O,]; = 3.0 uM between
o, = 16.0 and o, = 16.25 kg/m? surfaces (Experiment 5).

coincides with the position of trace oxygen concentration, and that the suboxic layer vanishes
under such conditions. However, oxygen and sulfide still do not overlap with each other and the
co-existence layer does not form, even in the case of relatively strong oxygen injections as in the
observations shown in Fig. 8b.

7.6. Sensitivity analysis

7.6.1. Different rate constants

An extensive set of experiments was conducted to explore dependency of the redox reactions
on the rate constants. An important, and rather unexpected, finding from these experiments
was the insensitivity of the distributions to the values of the rate constants. We found that order
of magnitude changes in the rate constants did not appreciably affect the suboxic—anoxic inter-
face structure. Because reactions Rg, R; and Rg govern the major features of the model, and are
able to simulate several chemical gradients without reactions involving oxygen (see Fig. 7), we first
present results with different settings of Experiment 4 described previously in Section 7.4. For
example, the conditions shown in Fig. 10a for Experiment 6A (with k¢ = 1.0pM ~"'d~' and
ks = 500.0uM ~*d ') are quite similar to those shown in Fig. 7 for Experiment 4 with
ke =0.05uM " 1d "' and ks = 50.0pM~'d~!. The only noticeable difference is the relatively
higher maximum concentration of particulate manganese, since Reaction (6) now allows more
MnO, production in the water column. NOj3 and H,S profiles are also separated more clearly.
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Fig. 10. HS™ (%), NH; (A),NO;3 (M), S° (O), Mn?* (dJ) and MnO, (A) profiles plotted versus o, for the case of no
oxygen contribution to the redox reactions and (a) with kg = 1.0pM ~1d ™1, kg = 500.0 uM ~ 1 d ! (Experiment 6A), and
(b) with kg = 1.0uM " 1d™ 1, kg = 500.0pM ~*d !, and k; = 10.0pM ~*d ! (Experiment 6B).

When the value of k; was also increased from 0.1 to 10pM ~!'d ™! (see Experiment 6B in Table 3),
resulting in a much faster oxidation rate of ammonium by particulate manganese, the structure
remained the same but was elevated upwards by about 5 m or Ag;, ~ 0.05 kg/m? (Fig. 10b). The
cause of this shift is more ammonium consumption within the suboxic layer and subsequently more
dissolved manganese production according to Reaction (7). This dissolved manganese is oxidized
by NOj3 to produce particulate manganese, which eventually depletes more H,S in the water
column. More intense ammonium consumption is reflected by slight differences in the ammonium
profiles in Figs. 10a and b.

We next describe a repetition of the standard experiment using ks = 1.0pM ™~ 'd ™' as suggested
by Yao and Millero (1993). This is called Experiment 6K in Table 3. An order of magnitude
reduction in the value of kg led to a weakening of the role of manganese cycling in sulfide oxidation
relative to that of vertical diffusion. Accordingly, H, S penetrated up to o, ~ 15.95 kg/m? (Fig. 11a)
as compared to its original position at g, ~ 16.05 kg/m> in Experiment 3. The maximum MnO,
concentration at the interface region decreased by 35% to about 10 pM. Reducing the role of
manganese oxidation on hydrogen sulfide is better shown if the contribution from oxygen
oxidation is isolated from the system. Thus, Experiment 6K was repeated under the conditions of
k, = ks = k4 =0, as indicated by Experiment 6L in Table 3. Under these conditions, the position
of the zero hydrogen sulfide concentration was elevated further up to o, ~ 15.80 kg/m? (Fig. 11b).
Because of the absence of Reaction (4), particulate manganese concentration also decreased to half
of its value in Experiment 6K.

7.6.2. Different A, and W

The effect of changes in the diffusion coefficient and sinking rate of manganese particles (see
Experiments 7A-C in Table 3) on the “standard experiment” are displayed in Figs. 11a and b.
Increasing the diffusion coefficient from 2 to 4 x 10~ ¢ m?/s (Experiment 7A) elevates the zero
concentration levels of NH{, H,S and Mn?* slightly upwards (Fig. 12a). This also allows more



782 T. Oguz et al. | Deep-Sea Research I 48 (2001) 761-787

@) NO;, Mn ™2, 0.1"S" (uM) b) NO3, Mn 2 0.1*S" (uh)

0 3456 78 9 10 0 5678 90

15.5 | | | | l 1 | 15.5 |- | L n

B D

15.6 - 15.6 & -
;5\ 157 - 15.7 % -
X 15.8 - 15.8 & -
8o i b
T 159 - 15.9 -
T 160 I 16.0

16.1 - 16.1 AR -
50 |
R B
& 162

- 16.2
B 16.3

A 16.4 e A e
0 5 10 15 20 25 30 0 5 10 15 20 25 30

H,S, NH,, MnO, (nM) H,S, NH,, MnO, (nM)
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experiment except with reduced sulfide oxidation rate by particulate manganese (a) kg = 1.0uM ~!'d ™! (Experiment 6K),
and (b) kg = 1.0pM 1 d ™! together with k, = k3 = k4 = 0. (Experiment 6L).
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Fig. 12. O, (@), HS™ (%), NH; (A), NO; (M), S° (O), Mn?* () and MnO, (A) profiles plotted versus o, for the
standard experiment except with (a) 4, = 4 x 10~° m?/s (Experiment 7A), (b) W, = 9 m/d (Experiment 7B), and (c)
A, = 6x107%m?/s, and W, =9 m/d (Experiment 7C).

diffusive influx of oxygen and nitrate into the interface zone, which results in higher reaction rates
for these oxidants. Consequently, oxygen and nitrate vanish at slightly deeper levels. The position
of the particulate manganese peak is elevated upwards and its magnitude doubled as compared
with the standard experiment shown in Fig. 5. The change in the sinking rate of manganese oxide
particles from 3 to 9 m/d (Experiment 7B) did not alter the interface structure much, except for
a reduction in the maximum MnQO, concentration with a slight increase in the dissolved manga-
nese concentration within the interface zone (Fig. 12b). For the higher value of particulate
manganese sinking rate (Ws=9m/d), a further increase in the diffusion coefficient to
A, = 6 x 107 % m?/s (Experiment 7C) shifted the position of the vanishing oxygen and nitrate
concentrations as well as the particulate manganese peak upwards (Fig. 12c). The maximum
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concentrations of MnQO, and elemental sulfur increase to some extent as well. But, the general
structure of the suboxic—anoxic interface zone remains fairly similar and therefore does not depend
crucially on the changes in the values of 4, and W within their expected range.

8. Summary and concluding remarks

A prognostic, one-dimensional vertically resolved diffusion-reaction model was described to
investigate reactions and factors controlling the suboxic-anoxic interface structure in the Black
Sea. The model included a simplified system of redox cycling characterized by nitrogen and sulfur
reactions catalyzed by manganese cycling. In oxygen depleted waters, the model suggests that
oxidation-reduction processes occur via manganese cycling. Dissolved manganese reacts with
nitrate to produce settling particulate manganese dioxide and nitrogen gas. The upward fluxes of
sulfide and ammonium are oxidized by particulate manganese to form elemental sulfur, nitrogen
gas and dissolved manganese. Elemental sulfur is then reduced back to sulfide by bacteria, whereas
dissolved manganese produced locally contributes further to the nitrate oxidation process. Al-
though fairly simplified and idealized, these reactions form a coupled and highly interactive system
successfully describing redox processes in the Black Sea.

Reactions were expressed in terms of second-order kinetics in which the values of rate contants
were constrained by available rate measurements. The model was calibrated by specific data sets
obtained during the 1988 RV Knorr cruises. The goal of the calibration exercise was not to
reproduce the best fits to the observed profiles, but to see if these reactions can simulate the major
features and to generate a set of adjusted parameter values for the model. For simplicity,
the model was decoupled from the euphotic zone processes of plankton production and organic
matter generation. Its upper boundary was located at o, ~ 15.5 kg/m?3, where it was forced
by prescribed nitrate and oxygen concentrations. The lower boundary was specified inside
the anoxic pool at g, ~ 16.5 kg/m>. Hydrogen sulfide, ammonium and dissolved manganese
concentrations were prescribed at this boundary. Following a few years of transient adjustment,
the system evolved to an equilibrium state governed by the set of reactions specified in
the model.

A series of simulations was performed to explore contributions of different reactions to the
structure of the suboxic-anoxic interface. The experiments included: (i) dissolved oxygen con-
sidered as the only oxidizer without any role of manganese cycling, (ii) the reverse case with
particulate manganese dioxide acting as the main oxidizing agent without any reactions with
oxygen, (iii) fully active manganese cycling in which both dissolved oxygen and particulate
manganese control the redox environment, and (iv) cross-shelf advection of oxygen injected
quasi-laterally and temporally into the interface region.

The experiments with dissolved oxygen as the only oxidizer predicted the position of the trace
sulfide concentrations at o, < 15.9 kg/m?, which is approximately 10 m shallower than its observed
level at o, ~ 16.1 kg/m?* (see Figs. 3 and 4). These distributions support the conclusion that
hydrogen sulfide and oxygen cannot co-exist under normal conditions. In the case of fully active
manganese cycling, the model simulated the suboxic layer structure with oxygen concentrations
less than 5 pM and zero sulfide concentrations between ¢, ~ 15.55 kg/m® and ¢, ~ 16.05 kg/m?
surfaces (Fig. 5). Dissolved oxygen decreased to trace concentrations above the zone of nitrate
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reduction. Dissolved manganese and ammonium then increased downward into deeper levels of
the anoxic pool. Hydrogen sulfide followed the same trend starting from the position where the
nitrate became undetectable. This zone located in the vicinity of o, ~ 16.0 kg/m>® was also
characterized by a particulate manganese peak reflecting paramount role of manganese cycling in
the redox processes.

Oxygen alone could not provide a realistic interface structure in the absence of particulate
manganese generated by oxidation of Mn?* with nitrate. On the other hand, the main features of
the interface structure do not change much when oxygen is not used as an oxidizer (Fig. 7). In this
case, the lack of oxygen is partially compensated by additional consumption of nitrate near the
anoxic interface zone. A transient lateral oxygen supply into sulfide rich waters immediately below
the interface zone rapidly depleted the local hydrogen sulfide layer, thus temporally altering the
anoxic-suboxic interface region (Fig. 9). The sensitivity experiments suggest that the main features
of the suboxic—anoxic interface region were not highly sensitive to the values of the rate constants
of the reactions. We actually know quite little about the mechanisms and rates of these reactions.
The model results therefore may improve our understanding of redox cycling across the
suboxic-anoxic interface zone of the Black Sea in particular, and of similar marine systems in
general.

The model simulations indicate that the set of reactions described by Egs. (1)-(8) can simulate the
main features of the suboxic-anoxic interface zone, and provide quantitative evidence for the
presence of an oxygen and sulfide depleted suboxic zone. It appears that the downward supply of
nitrate from the overlying nitracline zone and the upward transport of dissolved manganese from
the anoxic pool below are crucially important for maintenance of the suboxic layer. Interaction of
nitrate and dissolved manganese with each other near the g, ~ 16.0 kg/m? level is the mechanism
that triggeres the redox reactions and gives rise to observed vertical profiles of O,, NO3,
NHZ, HS, S°, Mn?*, MnO..

In this first exploratory attempt investigating the dynamics of the suboxic zone, our attention
was restricted only to understanding the basic structural characteristics of the suboxic—anoxic
interface. Further studies are necessary to elaborate the model in several directions. One
particularly important research issue is to investigate whether or not the suboxic structure
undergoes seasonal or shorter term (e.g. weekly) variabilities associated with various physical
and biogeochemical processes. This requires coupling of the model with a dynamical model
and with a biogeochemical model including biological production and organic matter generation
and settling within the upper part of water column. Moreover, addition of a more complex
sulfur cycle, of iron cycling, and of anoxygenic photosynthesis are expected to lead to
further improvements and a more complete representation of the suboxic-anoxic interface system.
Other types of oxidation-reduction reactions thought to occur in this zone could also be tested by
the model.
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