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Abstract
New and published data on the distribution and speciation of manganese and iron in seawater are analyzed to
identify and parameterize major biogeochemical processes of their cycling within the suboxic (15.6pstp16.2) and
anoxic layers (stX16.2) of the Black Sea. A steady-state transport-reaction model is applied to reveal layering and
parameterize kinetics of redox and dissolution/precipitation processes. Previously published data on speciation of these
elements in seawater are used to specify the nature of the transformations. Two particulate species of iron (Fe(III)
hydroxide and Fe(II) sulﬁde) are necessary to adequately parameterize the vertical proﬁle of suspended iron, while three
particulate species (hydrous Mn(IV) oxide, Mn(II) sulﬁde, and Mn(II) carbonate) are necessary to describe the proﬁle
of suspended manganese. In addition to such processes as mixing and advection, precipitation, sinking, and dissolution
of manganese carbonate are found to be essential in maintaining the observed vertical distribution of dissolved Mn(II).
These results are used to interpret the observed difference in the form of vertical distribution for dissolved Mn(II) and
Fe(II). Redox transformations of iron and manganese are coupled via oxidation of dissolved iron by sinking suspended
manganese at st16.270.2 kg m3. The particulate manganese, necessary for this reaction, is supplied through
oxidation of dissolved Mn(II). The best agreement with observations is achieved when nitrate, rather than oxygen, is set
to oxidize dissolved Mn(II) in the lower part of the suboxic layer (15.90pstp16.2). The results support the idea
that, after sulﬁdes of these metals are formed, they sink with particulate organic matter. The sinking rates of the
particles and speciﬁc rates of individual redox and dissolved-particulate transformations have been estimated by ﬁtting
the vertical proﬁle of the net rate.
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1. Introduction
Iron (Fe) and manganese (Mn) are two major
metals involved in redox cycling in oxic/anoxic
marine environments. Classic studies of their
transformations have been conducted in Framvaren Fjord (Landing and Westerlund, 1988),
Cariaco Trench (Bacon et al., 1980; Zhang and
Millero, 1993), the Baltic Sea (Kremling, 1983),
and the Black Sea (Spencer and Brewer, 1971;
Spencer et al., 1972; Lewis and Landing, 1991). In
the Black Sea, sulﬁde, oxygen, nitrate, ammonium
together with these metals form a complex redox
system ultimately governing the location and
structure of the suboxic–anoxic transition zone
(Lewis and Landing, 1991; Tebo, 1991; Murray et
al., 1995; Oguz et al., 2001). Individual redox
transformations of manganese and iron have been
addressed in several publications. In particular, the
bacterial oxidation of dissolved Mn(II) by oxygen
was studied by Tebo (1991); the formation of
pyrite was addressed in Muramoto et al. (1991),
Rickard (1997), and Rickard and Luther (1997).
These studies have resulted in a sophisticated set of
processes and parameters involved in the transformations. Some of these parameters have been
used to simulate redox processes responsible for
the consumption of the upward ﬂux of sulﬁde in
the Black Sea (Oguz et al., 2001). A set of
processes that govern the overall budget and
distribution of these elements throughout the
suboxic
(15.6pstp16.2)
and
anoxic
(stX16.2) parts of the water column remain
poorly resolved, and our understanding of these
processes is still controversial.
In general, two basic processes describe the
redox cycles of Fe and Mn in any oxic/anoxic
water column. The ﬁrst is the oxidation of
dissolved Mn(II) and Fe(II) in the upper part of
the water column generating particulate oxidized
forms of these elements. The second process is the
reduction and dissolution of sinking oxides and
hydrous Fe(III) and Mn(III, IV) oxides. This
process controls the inventory of dissolved reduced
forms of these metals in the anoxic zone. In
addition, sinking Fe(III) and Mn(III, IV) oxides
react with sulﬁde in the absence of oxygen. The
redox cycling of the metals is shaping the structure

of their vertical distribution characterized by a
distinctive interface separating the upper part of
the water column, where oxidation dominates,
from the lower part, where the major process is the
reduction of Fe(III) and Mn(III, IV) oxides.
Murray et al. (1995, 1999) discussed a possible
set of reactions involving iron and manganese
redox cycling in the suboxic zone of the Black Sea
and Oguz et al. (2001) presented a numerical
model consisting of a simpliﬁed system of nitrogen
and sulfur transformations catalyzed by redox
cycling of manganese. These numerical simulations have shown that, in oxygen depleted waters,
dissolved manganese reacts with nitrate to produce
settling particulate manganese dioxide and nitrogen gas. In the model of Oguz et al. (2001), the
upward ﬂux of sulﬁde and ammonium was
oxidized by sinking particulate manganese to form
elemental sulfur, nitrogen gas, and dissolved
manganese. Elemental sulfur was reduced back
to sulﬁde by bacteria, whereas dissolved manganese further contributed to the process of nitrate
reduction. Albeit simpliﬁed and idealized, the
model was able to simulate the main biogeochemical features of the suboxic–anoxic transition zone
of the Black Sea.
Lewis and Landing (1991) and Landing and
Lewis (1991) published results of the most
comprehensive studies on the biogeochemistry of
manganese and iron in the Black Sea using the
data collected during the 1988 KNORR cruise to
the Black Sea, which provided a solid experimental
basis to the investigation of solution speciation
and solid-phase suspended particulate fractionation of manganese and iron. Modeling of Mn and
Fe cycling in their work focused on providing
justiﬁcation to the fact that the Mn interface and
Fe interface occur at different sigma-t levels and
different depths. At the same time, their modeling
efforts provided proof that the calculated removal
rate of dissolved Mn in the suboxic zone agreed
well with the 54Mn potential bacterial oxidation
rates. They calculated proﬁles of the vertical ﬂux
and ﬁrst derivative of the ﬂux of dissolved Mn(II)
and Fe(II) but did not suggest an explanation of
what could cause the differences between these
proﬁles. No attempt has been made to quantify
and/or parameterize processes that might be
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responsible for the formation of the observed
vertical structure of these two metals. That made
impossible to directly utilize the data of Lewis and
Landing (1991) for modeling, while the original
observational data provided an extremely valuable
basis, which was used in this work.
This study was conceived as a further development of modeling efforts of Lewis and Landing
(1991). Using a different approach in estimating
the mixing and advection terms in the transportreaction equation we identify and parameterize the
major redox and dissolved–suspended transformations of manganese and iron throughout the
suboxic and anoxic parts of the Black Sea water
column. The analysis intends to identify the
predominant processes taking place in different
layers and to estimate the speciﬁc rates of these
processes and typical sinking rates of the particulate species. The present work is based on an
inverse model inferring a set of parameters directly
from the measured proﬁles of iron and manganese
constituents. In a similar manner, the mixing and
advection terms are deﬁned from an inverse model
based on conservation of heat, mass of salt, and
mass of water for different layers of the Black Sea
water column. These estimates serve as a basis for
numerical simulation of iron and manganese
cycling in the Black Sea water column.

2. Data and methods
2.1. Data
The proﬁles of dissolved Fe(II) and Mn(II)
reconstructed in this work (Fig. 1) are based on
measurements in the deep part of the Black Sea: at
four stations occupied in the central and southern
basin during the April–July 1988 R.V. KNORR
expedition (Lewis and Landing, 1991) and at nine
stations within the central and northern parts of
the sea during the December 1994 and March–April 1995 cruises of R.V. PROFESSOR KOLESNIKOV
(Marine
Hydrophysical
Institute,
Sevastopol, Ukraine). On the R.V. PROFESSOR
KOLESNIKOV, dissolved Mn(II) was measured
by the spectrophotometric formaldoxime method
(Brewer and Spencer, 1971; Grasshoff et al., 1983).
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Analysis of stored acidiﬁed samples from the R.V.
KNORR were made with a Perkin-Elmer 5000
AAS with an HGA-400 graphite furnace and
direct-injection GFAAS (Lewis and Landing,
1991). Dissolved manganese data obtained on
different cruises by different analytical procedures
(Fig. 1c and d) were found to be similar without
any systematic difference in the layer above
st16.5 kg m3. At deeper levels, the difference
was in fact less than 15% (Fig. 1c).
Dissolved Fe(II) from all cruises was measured
by the ferrozine technique (Landing and Westerlund, 1988). Although the vertical structures were
similar (Fig. 1a and b), the maximum concentrations measured on board R.V. PROFESSOR
KOLESNIKOV were about 50% lower than those
measured from the R.V. KNORR. It will be
demonstrated below that these differences are
not a consequence of analytical errors but reﬂect
interannual variability since the R.V. PROFESSOR KOLESNIKOV data were collected 6–7
years later than the R.V. KNORR data. The data
on suspended Fe and Mn (Fig. 1) were taken from
Lewis and Landing (1991) for KNORR station
BS3-6 located in the central part of the sea, away
from the effects of continental margins.
The concentrations of Mn(II) and Fe(II) have a
noticeable scatter when plotted against depth
(Fig. 1). The scatter is much reduced when the
density is used as the vertical coordinate. The use
of density as the vertical coordinate has become a
standard approach to present the Black Sea data
since the early 1990s (Vinogradov and Nalbandov,
1990; Codispoti et al., 1991; Lewis and Landing
(1991); Tugrul et al., 1992; Saydam et al., 1993;
Buesseler et al., 1994; Murray et al., 1995;
Konovalov et al., 1997; and others). The vertical
distributions of dissolved Mn(II) and Fe(II) were
approximated by exponential distributions to
facilitate a more systematic data analysis. The
vertical proﬁle of suspended manganese was also
smoothed below st16.2 kg m3 to obtain a more
uniform structure within the anoxic water column.
2.2. Methods
We deﬁne Fdiss(z) as the sum of vertical diffusive
and advective ﬂuxes of dissolved Mn(II) or Fe(II),
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Fig. 1. Vertical distribution of particulate (circles, dashed line) and dissolved (squares, solid line) species of iron (a, b) and manganese
(c, d) collected on board R.V. KNORR in 1988 (solid signs) and R.V. PROFESSOR KOLESNIKOV in 1994–1995 (open signs) plotted
against density (a, c) and depth (b, d). (The depth scale is changed at 300 m.)

and Fsusp(z) as the sum of n sinking ﬂuxes of
individual suspended forms of either manganese or
iron expressed by
Fdiss ðzÞ ¼ kðzÞ
Fsusp ðzÞ ¼

n
X

qCðzÞ
þ wðzÞ CðzÞ;
qz

V i C susp
ðzÞ;
i

(1)

(2)

i¼1

where z is the vertical axis taken positive downward, k(z) and wðzÞ are the depth dependent
coefﬁcient of turbulent diffusion and vertical

velocity, respectively (Fig. 2), C(z) is the concentration of dissolved manganese or iron derived
from the smoothed proﬁles shown in Fig. 1, V i is
the sinking rate of an individual suspended
constituent and C susp
ðzÞ is its concentration in
i
the water column. Advection and turbulent diffusion are not considered for suspended constituents
because they are negligible when compared to the
sinking terms V i C susp
ðzÞ: The vertical distributions
i
of k(z) and w(z) (Fig. 2) were found from a steadystate model of vertical exchange of heat and salt in
the Black Sea. Model details are discussed in
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Fig. 2. Basin averaged vertical proﬁles of the vertical velocity (squares, dashed line) and diffusion coefﬁcient (circles, solid line) derived
from the vertical model by Ivanov and Samodurov (2001), plotted versus density (a) and depth (b).

Samodurov and Ivanov (1998) and Ivanov and
Samodurov (2001). The major difference between
basic model parameters, that is, distributions of
k(z) and w(z), used here and in the work of Lewis
and Landing (1991) is that in the model of
Samodurov and Ivanov (1998) and Ivanov and
Samodurov (2001) the advection and diffusion
terms are not selected from a variety of ‘suitable’
choices but were determined from the balance of
heat, mass of salt, and mass of water as a single
possible combination. These proﬁles (Fig. 2) and
other calculations in this work assume a basinwide solution. The assumption is based on the
isopycnal character of the distribution of major
properties in the Black Sea. The depth scale used
in this work is the basin-wide averaged depth
corresponding to a number of sigma-t values.
The steady-state, one-dimensional advection–diffusion–reaction equations can be expressed by
qFdiss ðzÞ
¼ RðzÞ;
qz

(3)

qFsusp
ðzÞ
i
¼ Ri ðzÞ;
qz

(4)

where the right-hand sides denote the net rate of
biogeochemical production minus consumption
(positive values indicate that production exceeds
consumption) of dissolved constituents in Eq. (3)

and of suspended forms in Eq. (4). Conservation
of the total ﬂux of manganese and iron in the
water column suggests
n
X

Ri þ R ¼ 0

(5)

i¼1

implying that the consumption of one form results
in the production of the other, either dissolved or
suspended, if any other sources and sinks do not
exist.
Lewis and Landing (1991) discussed the role of a
lateral ﬂux of dissolved Mn(II) in maintaining the
structure of its vertical distribution. Shelf sediments may potentially be a source of dissolved
Mn(II). Lewis and Landing (1991) showed that the
vertical proﬁle of dissolved Mn(II) was at a steady
state from 1969 to 1988, which can be conﬁrmed
by way of comparison of the 1988 and 1995 data
(Fig. 1), suggesting that the distribution of
dissolved manganese was at steady state for almost
30 years. The data during this period of time were
collected at different locations and in different
seasons, but no distinct variations were revealed.
At the same time, the ﬂux of suspended manganese
from the water column should balance all external
sources to keep the distribution of manganese at a
steady state. The maximum sedimentation rate
(Lewis and Landing, 1991) is fairly small as
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compared to the inventory of dissolved manganese, suggesting that any ﬂux of manganese from
sediments has a minor effect on the budget and
cycling of manganese in the water column on a
time scale from years to decades. Therefore, the
ﬂux of dissolved Mn(II) from the sediments was
not considered in this work.
The integrated sum of Eqs. (3) and (4) implies
n
X

V i C susp
ðzÞ þ Fdiss ðzÞ ¼ Fext ;
i

(6)

i¼1

where Fext is an external ﬂux of manganese or iron
due to river runoff and atmospheric fallout. For
convenience in future analysis, it may be presented
as
V ðzÞ

n
X

C susp
ðzÞ þ Fdiss ðzÞ ¼ Fext ;
i

(7)

i¼1

where V ðzÞ is an average sinking rate of the total
pool of suspended particles when suspended
matter is not fractionated into individual constituents.

3. Dissolved manganese and iron ﬂuxes
The ﬂuxes calculated by Eq. (1) from the data in
Fig. 1 indicate an upward transport of dissolved

Mn(II) and Fe(II) from the anoxic zone into the
suboxic layer (Fig. 3). The total upward Mn(II)
ﬂux for the area of the anoxic basin (3  1011 m2)
attains
its
maximum
value
of
about
2.71  1010 mol year1 at the suboxic–anoxic interface located around st16.2 kg m3, at an average
depth of about 120 m. It decreases upward and
downward and approaches zero at 100 m
(st15.7 kg m3) within the suboxic layer and at
depths below 1000 m. The total upward ﬂux of
Fe(II) is two orders of magnitude smaller and
yields a peak value of 6.3  108 mol year1 at
150 m (st16.35 kg m3), which is located 30 m
and 0.15 kg m3 below the maximum of the Mn(II)
ﬂux. It decreases at a much faster rate in both
directions with an order of magnitude change in its
intensity within the upper 30 m zone (toward
st16.0 kg m3) and the lower 50 m zone (toward
st16.6 kg m3). A narrow layer exists between
approximately 200 and 300 m, below the depth
where the upward transport of dissolved iron
vanishes, in which the transport is directed downward at a maximum rate of 1.09  108 mol year1
near 230 m and st16.7 kg m3. Our analysis
suggests that these structures are insensitive to
possible errors in the vertical Fe(II) and Mn(II)
proﬁles.
Another indication of the difference between the
manganese and iron cycles is given by the
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Fig. 3. Total (integrated) vertical ﬂux of dissolved iron (circles) and manganese (squares) plotted versus density (a) and depth (b).
(Negative values mean that the ﬂux is directed upward. The scale of the depth is changed at 300 m.)
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residence times of dissolved Fe(II) and Mn(II).
The
inventory
of
dissolved
manganese
(3.33  1012 mol) and its total (deep-area integrated) upward ﬂux (2.71  1010 mol year1) can
be estimated from the data in Figs. 1 and 3,
respectively, and the total area of the anoxic basin
(3  1011 m2). The turnover time of redox manganese cycling, as the ratio of the inventory to the
ﬂux, is about 123 years. This estimate is considerably different by its value and nature from the
19,000 years calculated by Lewis and Landing
(1991) as the ratio of the inventory of dissolved
Mn(II) to the sedimentation rate of particulate
manganese. The value suggested by Lewis and
Landing (1991) implies a mean residence time of
manganese in the Black Sea. These values of the
redox turnover time and mean residence time
imply very intensive manganese cycling in the
water column, when a big ﬂux of dissolved Mn(II)
from the anoxic zone is oxidized and reversed
within the suboxic–anoxic transition layer, as
compared to relatively small net import/export
ﬂuxes of manganese at the lateral boundaries of
the Black Sea.
Similarly, for an estimated inventory and total
upward ﬂux of Fe(II) of 1.41  1010 mol and
6.36  108 mol year1, respectively, the time scale
for iron redox cycling within the suboxic/anoxic
transition layer is formally equal to 22 years.
Muramoto et al. (1991) used 36  108 mol year1
as the mean deep-area integrated sedimentation
rate of iron sulﬁdes and calculated the residence
time for iron in the Black Sea waters to be 4 years.
This value varies from 2.5 to 11 years when the
extreme values of the sedimentation rate are used.
All estimates suggest a considerably shorter lifetime of iron, when compared to the previous
estimate of 19,000 years for manganese. Contrary
to manganese, the time scale of redox cycling of
iron is longer than its overall residence time in the
water column. This implies that cycling of iron in
the water column is basically a sequence of
transformations from Fe(III) oxides to Fe(II)
sulﬁdes. The distribution and budget of iron
essentially depend on the net supply from the
atmosphere and river discharges (i.e. external
sources), which are subject to large temporal
variations on different time scales (Mitropolsky
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et al., 1982). In this manner, the changes in the
vertical proﬁle of Fe(II) that occurred between the
R.V. KNORR 1988 and R.V. PROFESSOR
KOLESNIKOV 1995 cruises are within the range
of possible interannual variability.

4. Net production minus consumption rates
Further details on the characteristics of manganese and iron cycling can be obtained from the
analysis of their net biogeochemical production
minus consumption rates, R; computed according
to Eq. (3). As shown in Fig. 4, the deep-area
integrated rate of consumption exceeds the rate of
production of Mn(II) above the onset of sulﬁde
(stE16.2). Consumption increases upward to its
maximum value of 1.7  109 mol m1 year1 at
st15.95 kg m3 and decreases further at shallower depths within the suboxic layer. This
structure implies a complex oxidation reaction
kinetics expressed by its dependence on the
concentration both of Mn(II) and its oxidant.
Increasing oxidizer (either nitrate or oxygen) and
decreasing Mn(II) concentrations toward upper
levels, and their opposite trends toward lower
levels of the suboxic zone imply a parabolic rate
curve, as shown in Fig. 4. The proﬁle of the net
rate, R(Mn), further suggests production of
Mn(II) inside the anoxic zone, below
st16.2 kg m3, due to reduction of sinking
particulate Mn(III, IV). The production zone
predominantly covers the layer between 125 and
300 m depths with the maximum production rate
of 4.1  108 mol m1 year1 taking place at
145 m.
The proﬁle of Fe(II) production minus consumption rate (Fig. 4) suggests consumption of
some of the upward ﬂux of dissolved iron above
the onset of sulﬁde, where Fe(III) oxide is
presumably produced. The rest of the upward ﬂux
of dissolved iron is consumed in the upper part of
the anoxic layer above st16.35 kg m3. The
integrated maximum net consumption rate
amounts to 2.2  107 mol m1 year1 and is
much smaller than that of dissolved manganese.
Its location in the depth range of 125–130 m is
deeper than the depth of the maximum dissolved
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Fig. 4. Integrated vertical proﬁle of the net production minus consumption rate of dissolved iron (R(Fe)) (circles, dashed line) and
manganese (R(Mn)) (squares, solid line) plotted versus density (a) and depth (b). (Negative values mean that consumption exceeds
production. The scale of the depth is changed at 300 m.)

manganese consumption rate, which is located in
the suboxic zone, suggesting that different processes govern cycling of these metals. We suggest
that the intimate relation between the maximum
(minimum) dissolved manganese and iron, and net
consumption (production) rates is compatible with
the reaction
2Fe2þ þ MnO2 þ 4H2 O ¼ 2FeðOHÞ3 þ Mn2þ
þ 2Hþ :
ð8Þ
This reaction suggests that oxidation of Fe(II)
may be coupled to sinking suspended Mn(IV)
within the anoxic zone. This might also explain the
observation that the concentration of suspended
Fe remains constant in the anoxic layer from the
onset of sulﬁde to st16.5 kg m3 (Fig. 1).
Oxidation of Fe(II) by Mn(IV) has been investigated by Postma (1985, 2000) in sediments and
laboratory experiments, but it has never been
considered to be important for cycling of Mn and
Fe in the suboxic–anoxic transition layer of the
Black Sea.
Sinking Mn(IV) is, in fact, primarily spent to
oxidize sulﬁde because the upward ﬂux of iron can
account for about 1% of the ﬂux of sinking

Mn(IV). This makes redox cycling of iron tightly
coupled to cycling of manganese, while the budget
of manganese is quite independent from cycling of
iron.
Deeper in the anoxic zone, a layer of net
dissolved iron production is identiﬁed between
approximately 150 m (at st16.35 kg m3) and
230 m (at st16.75 kg m3) with a maximum rate
of 1.7  107 mol m1 year1. The layer occurs is
due to reduction and dissolution of sinking
suspended Fe(III). A small net consumption of
dissolved iron below 230 m may also be
explained by fast production of iron sulﬁdes
(Rickard, 1997).

5. Sinking rates for particulate manganese and iron
The values of the average sinking rates of
particulate manganese and iron can be calculated
from Eq. (7) and their concentrations and dissolved ﬂuxes (see Figs. 1 and 3). The value of
external source is set to 0.43 mmol m2 d1 for
manganese (Lewis and Landing, 1991) and
35 mmol m2 d1 for iron (Muramoto et al.,
1991). The computed proﬁle of the sinking rate
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Fig. 5. Vertical proﬁles of particulate iron by Lewis and Landing (1991) (dashed line) and the calculated vertical proﬁle of the rate of
sinking (solid line) for the observed distribution of particulate iron. (All calculations are based on utilization of Eq. (7).)

of particulate iron (Fig. 5) attains a value of
571 m d1 within the suboxic layer and the
upper part of the anoxic zone above 200 m at
st16.5 kg m3. It then sharply decreases to
1 m d1 near 250 m and st16.7 kg m3, followed by a gradual increase up to 2 m d1 near
the bottom. The sinking rate of particulate
manganese (Fig. 6), on the other hand, undergoes
more pronounced variations in the water column.
Its typical value of 15 m d1 near the suboxic–anoxic interface around st16.0 kg m3, 100 m,
sharply increases to a value of 200 m d1 at
st16.4 kg m3, 150 m. It then decreases almost
linearly with respect to density toward the bottom
(Fig. 6a). When plotted with respect to depth (Fig.
6b), these variations show different trends at
different layers of the water column. The most
dramatic changes occur within the 150-m thick
layer right below its maximum value, where it
decreases to 75 m d1 at 300 m. Thereafter, it
decreases to 10 m d1 within the next 700 m
layer, and ﬁnally to p5 m d1 within the deepest
part of the water column. The chemical fractionation analyses by Lewis and Landing (1991)
suggested suspended forms of manganese and
iron in the deep waters are primarily in the form

of sulﬁdes. The fact that the ﬂuxes of iron,
particulate organic matter and sulﬁde are highly
correlated in deep waters (Muramoto et al., 1991)
implies generation of iron and manganese sulﬁdes
in ﬂocks or aggregates of sinking particular
organic matter. Our estimates of the rate of
sinking (Figs. 5 and 6) are comparable with the
POM sinking rates of 0.8 m d1 derived from
sediment trap data reported by Karl and Knauer
(1991).
Particulate iron and manganese are dominated
by their oxides within the upper part of the anoxic
waters (Lewis and Landing, 1991). Our sinking
rate estimates of the order of 10 m d1 near
the onset of sulﬁde layer are typical for amorphous
forms of particulate iron and manganese (Oguz
et al., 2001; Diercks and Asper, 1997). The
sinking rates for manganese on the order of
100 m d1, on the other hand, indicate the presence
of another particulate form at intermediate
depths of the water column. This might be MnCO3
as suggested by Spencer and Brewer (1971).
Landing and Lewis (1991) argued for undersaturation of the Black Sea waters with respect
to MnCO3, but they applied equilibrium thermodynamic modeling and did not consider any

ARTICLE IN PRESS
S. Konovalov et al. / Deep-Sea Research I 51 (2004) 2027–2045

2036

Particulate Mn, nM
0

20

10

Particulate Mn, nM
30

0

14.5

0

15.0

100

16.0

MnO2.xH2O

30

MnO2.xH2O
MnCO3

200

300

MnCO3

16.5

900

17.0

1800

MnS(MnS2)
0

(a)

Depth, m

15.5

20

10

50
100
150
Sinking rate of
particulate Mn, m/day

MnS(MnS2)
0

200

(b)

50
100
150
Sinking rate of
particulate Mn, m/day

200

Fig. 6. Vertical proﬁles of particulate manganese by Lewis and Landing (1991) (dashed line) and the calculated vertical proﬁle of the
rate of sinking (solid line) for the observed distribution of particulate manganese. (All calculations are based on utilization of Eq. (7).)

heterogeneous processes. This type of modeling
crucially depends on the quality of the published
solubility products and ability to precisely
calculate the activity of ions, rather than their
concentrations. Biogeochemical cycling in marine
environments is kinetically controlled, and
a heterogeneous process of reduction of sinking
particulate Mn oxide can easily result in a
locally high concentration of dissolved Mn(II)
that would be enough to precipitate MnCO3.
Thus, iron cycling within the suboxic–anoxic
waters of the Black Sea requires consideration
of its dissolved form, Fe(III) hydroxide in the
suboxic layer and the upper part of the anoxic
zone, and Fe(II) sulﬁde within the rest of
the anoxic water column. Manganese cycling,
on the other hand, requires consideration of
Mn(II) carbonate in addition to Mn(IV) oxide
and Mn(II) sulﬁde. In our subsequent analysis, we
set the sinking rate of Fe(III) hydroxide to
5.3 m d1 as a mean value between st15.5 and
16.5 kg m3, and of Fe(II) sulﬁde to 0.8 m d1.
The corresponding value for hydrous Mn(IV)
oxide is taken as 14.7 m d1 and for Mn(II) sulﬁde
0.8 m d1. We also assume that the maximum of
198 m d1 for the sinking rate of particulate
manganese (Fig. 6) is the sinking rate of Mn(II)
carbonate.

6. Fractionation of particulate manganese and iron
Assuming that iron hydroxide and iron sulﬁde
predominantly exist above st16.55 kg m3 and
below st16.75 kg m3, respectively, and that
changes in the rate of sinking of particulate iron
from st16.55 to 16.75 kg m3 are due to changes
in the ratio of iron hydroxide to iron sulﬁde, Eq.
(6) for this layer can be expressed as
C FeðOHÞ3 ðzÞ V FeðOHÞ3 þ C FeS2 ðzÞ V FeS2 þ FFeðIIÞ ðzÞ
¼ Fext :

ð9aÞ

This expression together with
C FeðOHÞ3 ðzÞ ¼ C Fesusp ðzÞ  C FeS2 ðzÞ

(9b)

can be solved for concentrations of iron hydroxide
C FeðOHÞ3 ðzÞ and iron sulﬁde C FeS2 ðzÞ: Their vertical
proﬁles and individual contributions to the total
particulate iron inventory are shown in Fig. 7 as
percent and Fig. 8 as concentration. Fig. 7 reveals
that the hydroxide contribution declines rapidly
from 195 to 265 m, while the sulﬁde contribution
increases. They attain equal contributions at
st16.6 kg m3. Below st16.75 kg m3, the concentration C FeS2 ðzÞ decreases gradually (Fig. 8).
This decrease might reﬂect transformation between different iron sulﬁde species, which cannot
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layer above st=16.4 kg m3

be resolved with the existing data. Variations in
the sinking rate of POM and temporal variations
in the external ﬂux of iron may also contribute to
the near-bottom variations of iron sulﬁde concentrations.
Similarly, suspended manganese can be partitioned into hydrous Mn(IV) oxide and Mn(II)
carbonate forms within the layer of st16.1 to
16.4 kg m3, and its carbonate and sulﬁde forms
below st16.4 kg m3. Then, we can write for the

C MnO2 ðzÞV MnO2 þ C MnCO3 ðzÞV MnCO3
þ FMnðIIÞ ðzÞ ¼ Fext ;

20

40

60

ð10aÞ

C MnO2 ðzÞ ¼ C Mnsusp ðzÞ  C MnCO3 ðzÞ
and for the layer below st=16.4 kg m

(10b)
3

C MnCO3 ðzÞ V MnCO3 þ C MnS2 ðzÞ V MnS2
þ FMnðIIÞ ðzÞ ¼ Fext ;

ð11aÞ
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Fig. 7. Partitioning of iron hydroxide (circles) and iron sulﬁde (squares) as percent of the total particulate iron.
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C MnCO3 ¼ C Mnsusp  C MnS2 :

pended carbonate very important for the overall
cycle of manganese.

(11b)

Solutions to these equations are shown in Figs. 9
and 10. While hydrous Mn(IV) oxide dominates
the layer near the onset of sulﬁde, manganese
sulﬁde appears increasingly toward the bottom.
The concentration of manganese carbonate is low
throughout the water column (Fig. 10), but it
exceeds 50% of total suspended manganese from
st16.25 to 16.7 kg m3 (Fig. 9) making sus-
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7. Reaction kinetics for iron cycling
A set of speciﬁc reactions for production and
transformations of the particulate and dissolved
forms of iron and manganese discussed in the
previous sections is suggested here. Beside oxidation of dissolved Fe(II) by suspended Mn(IV)
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oxide (Eq. (8)), cycling of iron involves reduction
of Fe(III) hydroxide to dissolved Fe(II) by sulﬁde
in the upper part of the anoxic zone

V FeðOHÞ3

8FeðOHÞ3 þ HS þ 15Hþ ¼ 8Fe2þ þ SO2
4
þ20H2 O

ð14bÞ

(12b)

According to the principles of formal chemical
kinetics, the rate of these reactions can be deﬁned
by
1=2

Fe
RFe
1 ¼ K 1 C Fe2þ C MnO2 : oxidation of

FeðIIÞ ðEq: ð8ÞÞ;

qC FeðOHÞ3 ðzÞ
1=2
¼ K Fe
1 C Fe2þ ðzÞ C MnO2 ðzÞ
qz
1=8
 K Fe
2 C FeðOHÞ3 ðzÞ C HS ðzÞ;

ð12aÞ

and reaction of dissolved Fe(II) with hydrogen
sulﬁde to form pyrite (FeS2) at deeper levels
Fe2þ þ 2HS ¼ FeS2 þ H2 :

2039

ð13aÞ

1=8

Fe
RFe
2 ¼ K 2 C FeðOHÞ3 C HS : reduction of
FeðIIIÞ ðEq: ð12aÞÞ;

ð13bÞ
2
Fe
Fe
RFe
3 ¼ K 3 C Fe2þ C HS  K 3 C Fe2þ : production of

FeS2 ðEq: ð12bÞÞ;

V FeS2

qC FeS2 ðzÞ
¼ K Fe
3 C Fe2þ ðzÞ:
qz

(14c)

While Eq. (14a) applies for the suboxic layer, Eqs.
(14b) and (14c) describe the balance for the upper
part of the anoxic layer near the onset of sulﬁde
and intermediate-deep layers of the water column,
respectively. Given the concentrations and sinking
rates as described in the previous sections, these
equations are solved for unknown rate constants
Fe
Fe
K Fe
1 ; K 2 and K 3 representing the speciﬁc rate of
Fe(III) hydroxide production, hydroxide dissolution and iron sulﬁde production, respectively. The
1
value of K Fe
3 varies between 0.0034 and 0.0049 d .
1
Its mean value is 0.003870.004 d . The mean
values of other rate constants are determined by
1
least-squares ﬁtting as K Fe
nmol1/2
1 =0.023 d
1
1/8
Fe
and K 2 =0.051 d nmol
(Table 1).
These parameterizations were tested by simulating the vertical proﬁle of the total suspended iron

ð13cÞ
The approximation suggested in Eq. (13c)
assumes that concentrations of hydrogen sulﬁde
remain at a steady state within the deeper levels of
the water column.
The suggested Eqs. (13a)–(13c) do not represent
the actual mechanisms of the considered processes
but they are rather a formal description of the rate
law. Both the species term, whose concentration
appears in the rate law, and exponents need not be
a reactant or product in the overall stoichiometric
reaction (Stumm and Morgan, 1996). These values
are chosen to keep the speciﬁc rate of processes to
a steady state as close as possible.
Following Eq. (4), the equations describing the
budget of the individual particulate iron species
are then expressed by
V FeðOHÞ3

qC FeðOHÞ3 ðzÞ
1=2
¼ K Fe
1 C Fe2þ ðzÞ C MnO2 ðzÞ;
qz
(14a)

Table 1
Average rates of sinking and speciﬁc rates of reactions driving
cycling of iron and manganese in the suboxic–anoxic water
column of the Black Sea
Parameter

Value

Manganese
of Mn(IV) oxide production
K Mn
1
V Mn
of Mn(IV) oxide sinking
1
K Mn
of Mn(IV) oxide dissolution
2
K Mn
of Mn(II) carbonate production
3
V Mn
of Mn(II) carbonate sinking
2
K Mn
of
Mn(II) carbonate dissolution
4
K Mn
of Mn(II) sulﬁde production
5
V Mn
of Mn(II) sulﬁde sinking
3

0.00046 d1 nmol1.4
14.7 m d1
2.3 d1
2.7 d1
198 m d1
3.8 d1 nmol0.7
0.014 d1 nmol0.7
0.8 m d1

Iron
K Fe
1 of
V Fe
1 of
K Fe
2 of
K Fe
3 of
V Fe
2 of

0.023 d1 nmol0.5
5.3 m d1
0.051 d1 nmol0.125
0.0038 d1
0.8 m d1

Fe(III) hydroxide production
Fe(III) hydroxide sinking
Fe(III) hydroxide dissolution
Fe(II) sulﬁde production
Fe(II) sulﬁde sinking
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Fig. 11. Observed (dashed line) and calculated (solid line) vertical distribution of total particulate iron.

concentration (Fig. 11) using analytical data for
dissolved Fe(II), external ﬂux of iron and the
parameterizations given by Eq. (14). The computed and observed proﬁles of particulate iron
compare reasonably well, from the onset of the
anoxic layer to a depth of about 300 m and
st=16.75. At greater depth the computed proﬁle
is vertically uniform, while the observed proﬁle
exhibits a gradual decline. This difference is related
to the simpliﬁcations and assumptions (such as a
vertically constant sinking rate and temporarily
constant external ﬂux) introduced during the
analysis of the iron cycle.

MnO2 þ HS þ 3Hþ ¼ Mn2þ þ S0 þ 2H2 O;
(15b)
0
þ
MnO2 þ HS þ HCO
3 þ 2H ¼ MnCO3 þ S

þ 2H2 O; ð15cÞ
MnCO3 ¼ Mn2þ þ CO2
3 ;

(15d)

Mn2þ þ 2HS ¼ MnS2 þ H2 :

(15e)

The kinetics of these reactions are formally
expressed as follows:
2=5

RMn
¼ K Mn
1
1 C Mn2þ C NO C MnO2 : oxidation of MnðIIÞ
3

ðEq: ð15aÞÞ;

8. Reaction kinetics for manganese cycling
The reactions proposed to control manganese
cycling include (i) oxidation of dissolved manganese in the suboxic layer by nitrate (Eq. (15a)), (ii)
reduction of Mn(IV) oxide by sulﬁde (Eq. (15b))
followed by formation of Mn(II) carbonate in the
upper part of the anoxic layer (Eq. (15c)), (iii)
dissolution of manganese carbonate in the deeper
layers (Eq. (15d)) and formation of manganese
sulﬁde (Eq. (15e)).
2þ
2NO
þ 4H2 O ¼ N2 þ 5MnO2 þ 8Hþ ;
3 þ 5Mn
(15a)

ð16aÞ

RMn
¼ K Mn
2
2 C MnO2 : reduction of MnðIVÞ
ðEq: ð15bÞÞ;
ð16bÞ
RMn
¼ K Mn
3
3 C MnO2 : production of MnðIIÞ
carbonate ðEq: ð15cÞÞ; ð16cÞ
1:7
¼ K Mn
: dissolution of MnðIIÞ
RMn
4
4 ðC MnCO3 Þ

carbonate ðEq: ð15dÞÞ;
ð16dÞ
1:7
RMn
¼ K Mn
: production of MnðIIÞ
5
5 ðC MnCO3 Þ
sulfide ðEq: ð15eÞÞ: ð16eÞ
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As in the case of iron, the equations can be
written for manganese as
qFMnðIIÞ
2=5
diss ðzÞ
¼ K Mn
ðzÞ C MnO2 ðzÞ;
1 C Mn2þ ðzÞ C NO
3
qz
(17a)
V MnO2

qC MnO2 ðzÞ
¼ K Mn
2 C MnO2 ðzÞ;
qz

V MnCO3

V MnCO3

(17b)

qC MnCO3 ðzÞ
¼ K Mn
3 C MnO2 ðzÞ
qz
1:7
 K Mn
4 ðC MnCO3 ðzÞÞ ; ð17cÞ
qC MnCO3 ðzÞ
1:7
¼ K Mn
4 ðC MnCO3 ðzÞÞ ;
qz
(17d)

V MnS2

qC MnS2 ðzÞ
1:7
¼ K Mn
5 ðC MnCO3 ðzÞÞ :
qz

(17e)

While Eq. (17a) is applied for the suboxic layer,
Eqs. (17b) and (17c) are applied for the upper part
of the anoxic layer and Eqs. (17d) and (17e) are
applied at intermediate and lower depths of the
anoxic zone.
Oxidation of dissolved Mn(II) by nitrate has
been suggested in many sediment studies (see Oguz
et al., 2001 for a review) and in the Black Sea
(Murray et al., 1995). This process has never been
conﬁrmed by direct microbiological rate experiments in the Black Sea (B. Tebo, pers. comm.), but
Ottley et al. (1997) demonstrated direct chemical
reduction of nitrate by dissolved Fe(II) in laboratory experiments. An attempt to parameterize
oxidation of dissolved Mn(II) by oxygen according
to the reaction kinetics (Murray and Brewer, 1977)
q½MnðIIÞ
¼ k½MnðIIÞ ½MnO2 ½OH 2 ½O2
(18)
qt
revealed that the usually traced concentrations and
vertical distribution of oxygen in the suboxic zone
(Murray et al., 1995) cannot support oxidation of
manganese in the lower part of the suboxic zone,
while nitrate can, if the reaction kinetics are
parameterized as
q½MnðIIÞ
2=5
¼ k½MnðIIÞ ½MnO2 ½NO
:
(19)
3
qt
The role of MnO2 in auto-catalytic oxidation of
dissolved Mn(II) by oxygen, suggested by Murray

2041

and Brewer (1977), has been found to be
important when nitrate is formally assumed as
the oxidant of dissolved Mn(II) in reaction (15a).
The effect of pH has not been detected. This might
be due to the narrow range of pH values observed
near the onset of dissolved Mn(II) over the sea
during different cruises. The best results have been
obtained if the rate of dissolved Mn(II) oxidation
is parameterized in the form of Eqs. (16a) and
(17a).
We have found that the rate of reduction of
Mn(IV) oxide (Eq. (15b)) does not depend on the
sulﬁde concentration in ambient waters. Similarly,
the power of 1.7 has been found to provide the
best results in parameterizing production and
dissolution of particulate MnCO3. This situation
is usual for heterogeneous reactions, when diffusion controls the overall rate of the process, for
example, and equations of chemical reaction imply
the mass balance, rather than kinetics of a process
(Stumm and Morgan, 1996).
The set of Eqs. (17a)–(17e) can be solved for the
Mn
Mn
Mn
unknown rate constants K Mn
1 ; K2 ; K3 ; K2 ;
Mn
Mn
K 4 ; and K 5 representing the speciﬁc rates of
Mn(IV) oxide production and dissolution, Mn(II)
carbonate production and dissolution, and Mn(II)
sulﬁde production, respectively. The value of K Mn
1
varies in the range of 0.0003–0.00084 d1 nmol1.4.
Its mean value is obtained as 0.0004670.0002
d1 nmol1.4 (Table 1). The mean values of other
1
rate constants are determined as K Mn
2 =2.3 d ,
1
1
0.7
Mn
Mn
Mn
K 3 =2.7 d , K 4 =3.8 d nmol , and K 5 =
0.014 d1 nmol0.7 (Table 1).
These parameters are hard to be tested in the
same simple way, as for iron (Fig. 11), because a
system of the second-order differential equations
cannot be analytically solved. Still, these parameters have been successfully applied to numerically simulate and investigate nitrogen reactions in
the suboxic zone (Murray et al., 2003) and the
redox budget and evolution of the suboxic zone in
the Black Sea (Konovalov et al., 2003).

9. Discussion
The aim of this work is to provide deeper
insights into iron and manganese cycling in the
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suboxic
(15.6pstp16.2)
and
anoxic
(stX16.2) layers of the Black Sea water column.
Contrary to our previous knowledge, these metals
reﬂect different redox and dissolved-particulate
element cycling. The residence time of dissolved
iron, determined by the ratio of its inventory to its
removal rate from the water column, is much
shorter than that for dissolved manganese. The
difference between the residence times suggests
that the concentration of iron is very sensitive to
its external ﬂux into the Black Sea. As available
data show a broad range of temporal variations in
the atmospheric ﬂux of iron at the sea surface
(Mitropolsky et al., 1982), the 1.5-fold changes in
the maximum concentrations of dissolved iron
from 1988 to 1994 (Fig. 1a and b) provide evidence
for its short residence time in the water column.
The vertical distribution of dissolved manganese
(Fig. 1c and d), on the other hand, appears to
remain uniform for the same period reﬂecting its
longer residence time.
The
upward
ﬂux
of dissolved
iron
(6.36  108 mol year1) at the onset of sulﬁde
(Fig. 3a and b) is small when compared to the
external inﬂux of iron of 36  108 mol year1, as
an equivalent to the mean deep-area integrated sedimentation rate of iron sulﬁdes of
35 mmol m2 d1 (Muramoto et al., 1991). This is
opposite to the case for manganese and may
explain the absence of a maximum in the vertical
distribution of suspended iron at the suboxic/
anoxic interface. As the downward ﬂux of
suspended oxidized species equals the sum of the
upward ﬂux of the dissolved form and the external
ﬂux, the maximum becomes detectable when the
ﬂux of the dissolved form exceeds its external ﬂux
a few-fold. This is true for manganese but not for
iron.
The analysis of the production–consumption
rates conﬁrms net oxidation of dissolved manganese in the suboxic zone, which is an expected
result from the redox potential of Mn(II)/Mn(IV).
This is also true for iron. An intriguing feature of
iron cycling is that a major part of the upward ﬂux
of dissolved iron is removed below the onset of
sulﬁde suggesting oxidation of dissolved iron
inside the anoxic zone (Fig. 3). We believe this
occurs due to oxidation of dissolved Fe(II) by

suspended Mn(IV), as has been suggested for
ground waters (Postma, 1985) and demonstrated
in laboratory experiments (Postma and Appelo,
2000). This makes cycling of iron in the Black Sea
suboxic–anoxic water column highly dependent on
cycling of manganese, rather than being independent. Redox cycling of manganese, on the other
hand, is nearly independent of the cycling of iron,
as only 1% of the ﬂux of suspended Mn(IV) oxide
is needed to oxidize Fe(II).
The analysis of the downward ﬂux of particulate
iron and manganese has revealed additional
differences in cycling of these elements in the
anoxic water column. We found that two particulate species of iron are needed to explain the
vertical proﬁle of suspended iron (Fig. 12), while
three particulate species are necessary to parameterize the proﬁle of suspended manganese
(Fig. 13). The two forms of suspended iron are
proposed to be Fe(III) hydroxide and iron sulﬁde.
We do believe that iron sulﬁde undergoes a
sequence of transformations to ﬁnally form pyrite
(Rickard, 1997; Rickard and Luther, 1997), but
available data on the vertical distribution of
particulate iron and temporal variations in the
external ﬂux of iron to the Black Sea are not
sufﬁcient to resolve and parameterize these processes. In addition to Mn(III, IV) oxides and
manganese sulﬁde, it was found that another
(third) form of suspended manganese should exist
to explain the calculated sharp increase in the rate
of sinking of suspended manganese from about 15
to almost 200 m d1 (Fig. 6). This suspended form
has been attributed to manganese carbonate,
which might exist as an individual solid phase for
the conditions of the observed concentrations of
dissolved Mn(II) and carbonate (Spencer and
Brewer, 1971). We expect it to be formed in the
upper part of the anoxic zone, then to sink and
dissolve in deeper layers as the concentration of
dissolved manganese decreases two-fold toward
the bottom (Fig. 1c and d) and ambient waters
become undersaturated with respect to manganese
carbonate. Sinking MnCO3 provides an effective
downward ﬂux of manganese that compensates the
upward ﬂux of dissolved manganese and ﬂux of
manganese sulﬁde from the water column. This
maintains rather high concentrations of dissolved
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Fig. 12. Scheme of the parameterizations of iron cycling in the suboxic–anoxic water column of the Black Sea.

Fig. 13. Scheme of the parameterizations of manganese cycling in the suboxic–anoxic water column of the Black Sea.

manganese in the middle and deep part of the
anoxic zone. Fe(II) carbonate is not formed as the
ion activity product is lower than the conventional
solubility product. The downward ﬂux of dissolved iron rapidly expires above st16.7 kg m3
to form suspended iron sulﬁde. Thus, solubility of
iron sulﬁde controls the concentration of dissolved
iron at a very low level in the anoxic zone below
st16.7 kg m3, while dissolution of manganese
carbonate keeps the concentration of dissolved
manganese at a higher level, as compared to
dissolved iron.

An overall scheme of the processes, as schematically shown in Figs. 12 and 13 for iron and
manganese cycling, respectively, suggests three
individual layers for both of these metals. Layer
I, above the sulﬁde onset (st=16.2 kg m3) is the
suboxic layer. It is dominated by oxidation of
dissolved Mn(II) and Fe(II). Data are ﬁt best when
nitrate is assumed to oxidize dissolved Mn(II) to
Mn(III, IV) oxides, which in turn oxidize dissolved
Fe(II). Layer II, the upper part of the anoxic zone,
is the site of reactions dealing with reduction and
dissolution of suspended Fe(III) and Mn(III, IV)
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oxides. It is also the layer of active oxidation of
dissolved Fe(II) by Mn(III, IV) oxides and the
layer of production of suspended MnCO3. Particulate Fe(II) carbonate does not exist as the
concentration of dissolved iron is about 1/30 of
that for dissolved manganese. The ion activity
product is lower than the conventional solubility
product and water remains undersaturated with
respect to Fe(II) carbonate. Layer III, the deeper
part of the anoxic zone, is the layer of precipitation
of sulﬁdes of manganese and iron, but fast sinking
of MnCO3 at a rate of about 200 m d1 provides
an effective downward ﬂux of manganese, while
the downward ﬂux of dissolved iron is limited to
the middle part of the anoxic zone to generate the
ﬂux of iron sulﬁde.
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