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Abstract

The distribution of reactive iron in sediments of the northwestern shelf, the shelf edge and the abyssal part of the Black Sea
has been studied. In the euxinic Black Sea, iron sulfides (pyrite and iron monosulfide) are formed in the upper part of the anoxic
water column and sink to the deep-sea floor where they are buried in the sediment. This flux of iron sulfides from the water
column is reflected in enhanced concentrations of highly reactive iron and a high degree of pyritization (0.57-0.80) for the
deep-water sediments of the Black Sea. The iron enrichment of deep-water sediments is balanced by a loss of highly reactive
iron from the oxic continental shelf. Calculations from a numerical diagenetic model and reported in situ flux measurements
indicate that the dissolved iron flux out of the shelf sediments is more than sufficient to balance the enrichment in reactive iron
in deep-sea sediments, and that the majority of the dissolved iron efflux is redeposited on the continental shelf. This iron
mobilization mechanism likely operates in most shelf areas, but its net effect becomes only apparent when reactive iron is
trapped in sulfidic water bodies as iron sulfides or when iron is incompletely oxidized in low oxygen zones of the ocean and

transported over long distances. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Black Sea is the world’s largest permanently
anoxic body of water and has been proposed as the
modern equivalent of ancient euxinic basins (e.g.
Berner and Raiswell, 1983; Berner, 1984; Calvert
and Karlin, 1991; Lewis and Landing, 1991; Middel-
burg et al., 1991; Lyons and Berner, 1992; Lyons,
1997; Wilkin et al., 1997). Pyrite formation in euxinic
basins is not limited to the sediment but also takes
place in the upper reaches of the anoxic water column
where dissolved sulfide is in contact with reactive iron
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phases (Goldhaber and Kaplan, 1974; Leventhal,
1983; Calvert and Karlin, 1991; Muramoto et al.,
1991; Lyons, 1997; Wilkin et al., 1997). The produc-
tion of pyrite in the water column and its settling to the
sea floor leads to a decoupling of carbon and sulfur
burial (Leventhal, 1983; Raiswell and Berner, 1985;
Calvert and Karlin, 1991; Lyons and Berner, 1992),
higher degrees of pyritization (Berner, 1970; Canfield
et al.,, 1996) and higher reactive iron contents for
euxinic sediments of the Black Sea compared to
“normal” oxic marine sediments (Canfield et al,,
1996; Raiswell and Canfield, 1998).

In marine deposits underlying oxic water, pyrite is
formed in the sediments during early diagenesis
(Goldhaber and Kaplan, 1974; Berner, 1984). In
these sediments, sulfur concentrations are linearly
related to the organic carbon content (Goldhaber and
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Fig. 1. Map of the northwestern Black Sea showing sampling locations.

Kaplan, 1974; Berner, 1984) because: (1) pyrite
production is usually limited by the availability of
biologically metabolizable organic matter (Berner,
1984); and (2) sulfide retention and carbon preserva-
tion are often coupled (Berner and Westrich, 1985). In
euxinic basins, where iron sulfides form in the water
column, pyrite production is to a certain degree
decoupled from the amount of locally deposited sedi-
mentary organic matter. In these systems, the avail-
ability of reactive iron is a more important factor
limiting the production of pyrite (Raiswell and
Berner, 1985; Boesen and Postma, 1988; Middelburg,
1991). This is often reflected in a lack of relation
between concentrations of sulfur and organic carbon
in these sediments (Berner and Raiswell, 1983;
Leventhal, 1983; Calvert and Karlin, 1991; Lyons
and Berner, 1992). Another indicator of iron-limita-
tion for pyrite formation is the degree of pyritization
(DOP) in the sediment. DOP indicates the extent to
which “reactive” iron is present in the form of pyrite
(Berner, 1970). The relatively high DOP values of
deep-water sediments in the Black Sea and the
absence of a relation between DOP and organic

carbon content support the idea of iron-limitation ft
pyrite formation (Raiswell and Berner, 1985; Calve
and Karlin, 1991; Lyons and Berner, 1992).
Formation of pyrite in the upper reaches of tf
anoxic water column is also reflected in the reacth
iron enrichment relative to the total iron content (
euxinic sediments (Canfield et al., 1996; Raiswell an
Canfield, 1998). The term “reactive iron” refers to th
iron fraction that is reactive towards dissolved sulfid
at early diagenetic time scales, or is present in th
form of pyrite (Bemer, 1970; Goldhaber and Kaplai
1974; Raiswell and Canfield, 1998). Despite th
generally high rates of sulfate reduction in coast!
sediments, the abundance of reactive iron can prever
free sulfide from accumulating in the pore watt
(Canfield, 1989; Raiswell and Canfield, 1998
However, in addition to the amount of reactive iroi
the time scale of reactivity is critical. Half-time reac
tion rates of various sedimentary iron mineral
with sulfide are known and vary over orders c
magnitude (Canfield et al., 1992), and it is nc
possible to measure the concentration of most ¢
these specific iron minerals in the sediment usin
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Sampling characteristics of the stations in the northwestern part of the Black Sea, Stations are grouped into 5 areas according to their

geographical position. Oxygen concentration of the bottom water was measured by CTD, except data indicated by * that were measured in

the overlying water of the box corer

Station Location Area
Latitude Longitude

2 45°12'N 29°51'E Danube delta
6 43°45'N 2848'E Central shelf
9 44°34'N 29°46'E Central shelf
to 44°18'N 30°05'E Central shelf
13 46°03'N 30°29'E Dniester delta
16 45S10'N 31°03'E Central shelf
19 4429'N 31°00'E Shelf edge
22 43'18'N 31°02'E Deep-sea

24 44°00'N 30°29'E Shelf edge

“Measured by deck incubations (for method description, see Wijsman

b N.D., not determined.

standard techniques. However, they can be delineated
through extraction into general “classes” ofreactivity.
A number of chemical extraction techniques have
been used to subdivide the iron pool that is active
on the time scale of early diagenesis (Lovley and
Phillips, 1987; Canfield, 1989; Kostka and Lulher,
1994; Raiswell et al.,, 1994). Based on such extraction
procedures Raiswell and Canfield (1998), found that
the euxinic sediments in the Black Sea are enriched in
highly reactive iron compared to “normal” marine
sediments deposited under an oxygenated water
column. They also provided evidence for a small
enrichment in highly reactive iron relative to total
iron in euxinic Cariaco Basin sediments, but other
euxinic systems such as the Orca Basin and Kau
Bay were not enriched. Since Raiswell and Canfield
(1998) had no data for the oxic continental shelf sedi-
ments, they could not show if this enrichment in
highly reactive iron relative to total iron is restricted
to the deep-sea or is characteristic of the Black Sea as
a whole.

Previous studies in the Black Sea have focussed on
the upper part of the anoxic water column (e.g. Lewis
and Landing, 1991), the euxinic sediments of the
deep-sea (e.g. Canfield et al.,, 1996; Lyons, 1997) or
the sediments at the shelf edge, near the interface
between oxic and anoxic bottom water (e.g. Shaffer,
1986; Lyons et al., 1993). In this study, special
emphasis was paid to the oxic northwestern continen-
tal shelfarea. This allows direct evaluation ofreactive

Depth Oxygen Oxygen uptake
(m) (pM) (mmol 0 2m -2 d-1)%
26 207 37.9
52 285 14.0
57 243 11.6
72 284 11.0
13 350 26,3
54 314’ 10.0
120 126* 6.1
1494 0° N.D.b
137 190* 3.1
et al.,, 1999).

iron enrichment of Black Sea euxinic sediments rela-
tive to shelf settings. Moreover, assuming that the iron
source to the Black Sea as a whole is not enriched in
reactive iron relative to other marine systems, any
enrichment of deep-water sediments should be
balanced quantitatively by depletion in reactive iron
of shelf sediments.

2. Sample collection and analysis

Nine stations of the 49th cruise of the R.V. Prof.
Vodyanitsky spawning a range of sedimentological
settings in the northwestern Black Sea were selected
for this study (Fig. 1; Table 1). Stations 2 and 13 were
situated just in front of the Danube and Dniester
deltas, respectively. Stations 6, 9, 10 and 16 were
located on the shallow central shelf. Two stations
(19 and 24) were positioned near the oxic/anoxic
interface on the shelfedge, and Station 22 was located
in the euxinic deep basin with Unit I microlaminated
sediments. Sediment was sampled using a Reineck
box-corer (60 x 30 x 30 cm3), and subcores were
sliced with a resolution of 0.5-5 cm aboard ship
inside a N2-filled glove box. Sediments were stored
frozen in diffusion-free bags under N ratmosphere
until analysis.

The sediment was subjected to several chemical
leaching experiments to determine various iron
fractions; HCI extractable iron (FeH; cold 1N
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Fig. 2. Depth profiles of highly reactive iron present in acid-volatile sulfides (AVS), pyrite and other highly reactive (oxidized) iron sp

poorly reactive iron and unreactive iron at representative stations in the Black Sea. All data are in units of weight percentage iron ofthe tol

sediment. For station 22 no data were available for depths greater than 15 cm.

hydrochloric acid, 24 h) (Canfield, 1988; Canfield.
1989; Leventhal and Taylor, 1990; Raiswell et al,,
1994), dithionite extractable iron (FeD; sodium
dithionite 50 gI-1 in 0.2 M sodium citrate/0.35 M
acetic acid, pH = 4.8, 2h) (Canfield, 1988; Kostka
and Luther, 1994) and total iron (FeT; microwave
extraction with hydrochloric acid (12 N) and nitric
acid (14 N)) This method for total iron extraction
has been shown to be consistent with traditional
total iron extractions involving HF (Nieuwenhuize
et al.. 1991). Iron from the HCI (FeH) and dithionite
(FeD) extractions was determined spectrophotometri-
cally using reducing ferrozine (Stookey and Ferro-
zine. 1970; Phillips and Lovley, 1987). The HCI
extractions were measured directly, but the dithionite
extractions were stored >1 day before adding redu-
cing ferrozine in order to oxidize the dithionite, as
recommended by Canfield et al. (1993). Total iron
(FeT) was measured on a Perkin-Elmer atomic
absorption spectrometer. Dithionite extracts iron
from poorly and well crystallized iron oxides (except
magnetite) as well as iron from AVS and carbonates
and adsorbed onto sediment particles (Canfield, 1989;
Canfield et al,, 1993). HC1 extracts the same iron frac-
tions as dithionite with addition ofpoorly reactive iron
silicates. Acid-volatile sulfides (AVS) were deter-
mined by means of a cold acid distillation with hydro-

chloric acid (6 N, 2 h) (Fossing and Jorgensen, 1989).

Pyrite content was measured by the chromium re
tion method (1 M Cr~Tin 4 N HC1, 2 h) (Zhabina
Volkov, 1978; Canfield et al., 1986) after ace
extraction to remove elemental sulfur (Passier el
1996). The liberated H2S in the AVS and p;
extractions was stripped w'ith Ny gas and trappe
de-oxygenated Zn(Ac)2 (for a more detailed desc
tion, see Wijsman et al., 2000) Fe in pyrite (FeP)
AVS (FeAVS) was calculated from the sulfur cont
trations and mineral stoichiometry, assuming “F
for AVS.

3. Results and discussion
3.1. Reactive iron

Raiswell and Canfield (1998) partitioned the tc
sediment iron pool into three operationally deéfit
iron fractions with respect to their reactivity towa
dissolved sulfide. Highly reactive iron (FeHR) is
sum of the dithionite extractable iron (FeD) and i
iron that is present in the form of pyrite (FeP). Poo
reactive iron (FePR) is defined as the différer
between the HC1 extractable iron (FeH) and t
dithionite extractable iron (FeD) and consists mair
of iron silicates that are not very reactive towai
sulfide (half life time > [O5yr) on early diagenei
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Fig. 3. Variations in the content of (A) highly reactive iron (FeHR = FeD + FeP), (B) poorly reactive iron (FePR= FeH —FeD) and (C)
umeactive iron (Felj = FeT —FeH - FeP) with total iron in the sediments of the Black Sea. For each station within the various regions, the
individual data for all sediment depths are presented. Dotted lines in (A) and (B) represent the upper and lower ranges, and the line in (C)

represents the regression based on the comprehensive global data set of Raiswell and Canfield (1998) encompassing aerobic and dysaerobic

continental shelf and deep-sea sediments. Station numbers are indicated between brackets.

time scales (Canfield et al., 1992). The unreactive iron
(Feu) is defined as the total iron pool (FeT) minus the
HCl-extractable iron (FeH) and the iron present in the
form of pyrite (FeP).

Fig. 2 shows the partitioning of total iron over the
various fractions as a function of depth in the sedi-
ments of stations 2, 13, 16, 19 and 22. The data for all
stations are listed in Appendix 1. The shelfstations (2,
13,16 and 19) were characterized by a surface peak of
highly reactive iron, other than FeS and pyrite. These
iron enrichments, probably composed of iron oxides,
are either derived from sedimentation or from re-
oxidation in the upper part of the sediment. The
contribution of pyrite to the highly reactive fraction

increased with depth at the expense of highly reactive
iron oxides. The stations near the Danube and
Dniester rivers (stations 2 and 13, respectively) were
characterized by relatively high concentrations of
AVS in the sediment, as is usually observed in rapidly
accumulating sediments (Middelburg. 1991; Kostka
and Luther, 1994; Gagnon et al., 1995; Lyons, 1997,
Hurtgen et al,, 1999). At the deep-sea station (22),
pyrite was the dominant form of highly reactive
iron, and oxidized forms were absent.

Fig. 3 shows the relationships between the highly
reactive, poorly reactive and unreactive iron fractions
and total iron for Black Sea samples together with the
global trends derived by Raiswell and Canfield
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Table 2

Summary of ratios of highly reactive iron content to total iron
content (Fem/FeT). measured in this study and as compiled by
Raiswell and Canfield (1998)

Station Average S.E. N

Delta area

2 0,12 0.012 12
13 0.27 0.035 12
Total 0.19 0.024 24

Central shelf

6 0.29 0.022 12
9 0.13 0.016 11
10 0.15 0.033 12
16 0.20 0.042 11
Total 0.20 0.017 46
Shelf—edge

19 0.23 0.039 11
24 0.10 0.027 12
Total 0.16 0.027 23
Total shelf 0.19 0.012 93
Deep-sea

22 0.47 0.018 10
Overall Black Sea 0.21 0.014 103

Raiswell and Canfield (1998)

Continental margin 0.28 0.009 46
Deep Sea 0.25 0.013 56
Dysaerobic 0.28 0.020 26
All data 0.27 0.008 128

(1998). The latter are based on a comprehensive
global data set of acrobic and dysaerobic continental
margin and deep-sea sediments. The highest concen-
tration of highly reactive iron (>1.5 wt%) was found
in the upper cm of Station 19 located at the shelfedge.
This enrichment, relative to total iron, is probably due
to intensive recycling (remobilization) of iron by
redox reactions near the sediment-water interface
(Wijsman et al., 2000). The fraction ofhighly reactive
iron in iron-rich sediments of the Danube delta
(FeHK/FeT = 0.12 + 0.012 SE) is significantly lower
(Students i-test, p < 0.01) compared to the Dniester
(FeHR/FeT = 0.27 £ 0.035 SE)
(Table 2). Sediments from the euxinic deep-water
station 22 were enriched in highly reactive iron but
not as pronounced as the non-turbidite Black Sea sedi-
ments of Raiswell and Canfield (1998). Nevertheless,
the FeHR/FeT ratio at station 22 ranged from 0.38 to
0.58 (average 0.47 = 0.018 SE), which is significantly

delta sediments

higher (Students Mest, p<0.01) than the data of
Raiswell and Canfield (1998) for acrobic and dysaero-
bic marine environments. The highly reactive iron
fraction at this deep-sea station was almost entirely
composed of pyrite (97-100%; Fig. 2), which formed
in the upper part of the anoxic water column (Mura-
moto et al., 1991; Lyons, 1997). The FeHR/FeT ratio in
the non-turbiditic Black Sea sediments of Raiswell
and Canfield (1998) ranged from 0.5 to 1. These
higher ratios might be attributed to an overestimation
of the FeD. Based on a cross-calibration with a small
number of samples (n = 5), Raiswell and Canfield
(1998) estimated that 38% of the HCl extractable
iron is extractable by dithionite. However, in our
deep-sea samples dithionite extractable iron contrib-
uted only 2.5% to the HC1 extractable iron pool.

About 35% (£2.3% SE) of the total iron content in
all our northwestern Black Sea sediments, was
composed of poorly reactive iron. The shelf stations
were enriched with poorly reactive iron compared to
the continental margin sediments studied by Raiswell
and Canfield (1998). Finally the unreactive iron
content shows a linear relation with the total iron:
Fey = 0.72-FeT - 0.40 (n = 99; R2= 0.91). The
negative intercept indicates that at total iron concen-
0.56 wt% (= —intercept/
slope = 0.4/0.72), the iron pool is entirely composed
of reactive iron (Fenit + FeRR).

trations lower than

3.2. Degree ofpyritization

The DOP has successfully been used as a marker
for ancient euxinic sediments (Raiswell et al., 1988).
It measures the extent to which reactive iron has been
converted to pyrite and is usually calculated as:

where FeP is the iron present in the form of pyrite, and
Fe* is the reactive iron that has not yet reacted with
sulfide. The reactive iron fraction (Fe") in the sedi-
ments is usually determined using a boiling HCI
extraction (12 N, 1min)(Bemer, 1970) or a cold
HCI extraction (1 N, 24 h; this study). The cold HC1
extraction is suggested to yield DOP values for Black
Sea sediments comparable to those of the traditional
boiling HC1 method (Leventhal and Taylor, 1990),
hut this does not necessarily hold for all type of
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Fig. 4. Depth profiles of D 0 pucr (filled circles) and DOP[, (open circles) in the sediment at representative stations in the Black Sea. Dotted
reference lines indicate DOP = 1, i.e. the situation where all the reactive iron has been converted into pyrite.

sediments. Typical values of DOP based on HCl
extraction (DOPhci) are less than 0.42 for sediments
deposited during oxygenated conditions, 0.42 to 0.8
for low oxygen environments and 0.55 to 0.93 for
euxinic depositional conditions (Raiswell et al.,
1988). In this study, the D O PHa values for the deep-
sea Station 22 ranged from 0.57 in the upper part to
0,80 at depths & —10cm in the sediment (Fig. 4),
consistent with observations by Lyons and Berner
(1992), Canfield et al. (1996), Calvert and Karlin
(1991) and Lyons (1997). The slight increase with
depth might result from the diagenetic component of
pyrite formation (Lyons, 1997). The oxic shelf
stations have lower DOPH values (<0.4). However,
at stations 19 and 24, located in the zone of alternating
oxic and anoxic bottom water conditions (Lyons et al.,
1993), the DO PHci increased to >0.5 at depths o f more
than 10 and 6 cm, respectively.

Due to the high sedimentation rates at the shallow
water stations, their surficial sediments are relatively
young compared to surficial sediments in the deep-

sea. The processes of carbon degradation and pyrite
formation at these shallow stations are not yet
completed, and part of the reactive iron might still
be converted to pyrite during burial, see Station 15
in Lyons (1997) and Hurtgen et al. (1999) for related
observations. The degree of sulphidization (DOS;
Boesen and Postma, 1988; Middelburg, 1991), calcu-
lated as:

FeP + FeAVS
DOS =
FeP + FeH

yielded similar values as the DOPHcr for stations 19,
22 and 24, which are poor in FeAVS. However, at the
AVS-rich delta stations 2 and 13, DOS values were
higher than the D O Pucr values and ranged from 0.03
to 0.75. The abrupt decrease in DOP values at a depth
of 10 cm probably results from a non-steady state
deposition.

Suits and Wilkin (1998) introduced DOPDh in
which dithionite extractable iron (FeD) is used as a
measure of reactive iron because it extracts only a
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Fig. 5. Diagenetic model derived fluxes of dissolved iron into the water column (filled circles) and cycling efficiencies of iron in the sediment

(open circles) as a function of the bottom water oxygen concentration. Hatched area indicates the range of net iron (luxes (2.22-7,44 nmol -

Fe cm": d'l) that is required to sustain enrichment of highly reactive iron in the deep-sea.

small fraction of the poorly reactive iron silicates
(Raiswell et al., 1994). At all stations, DOPUh
approached unity at depths greater than 10 cm, except
for the stations located in front of the river estuaries
(Stations 2 and 13). Therefore, DOPDn values of
subsurface sediments have limited power to resolve
ancient bottom-water oxygen conditions.

3.3. The source ofreactive iron

In contrast to the deep-sea sediments of the Black
Sea, the shelf sediments were significantly depleted
(Students (-test, p < 0.01) in highly reactive iron
(FeHR/FeT ratio = 0.19 = 0.012SE)
normal oxic and suboxic marine sediments in general
(Raiswell and Canfield, 1998) (Table 2). This might
be due to a re-allocation of highly reactive iron from

compared to

the continental shelf to the deep-water euxinic sedi-
ments. A possible mechanism for this re-allocation is
that dissolved iron, produced by iron reduction, is lost
from the shelf sediments and subsequently transported
to the chemocline in the euxinic part of the Black Sea.
Lewis and Landing (1991) found elevated concentra-
tions in dissolved iron in the upper part of the anoxic
water column where pyrite formation occurs (Mura-
moto et al.,, 1991). The pyrite formed in the water
column is lost from the system through sedimentation
and burial in the sediment. Assuming that the micro-
laminated Station 22 is representative for the whole

euxinic part of the Black Sea, this area is enriched in
highly reactive iron by 0.24 and 0.81 wt% as
compared to the upper and lower boundary, respec-
tively, of the range characterizing normal aerobic and
dysaerobic continental margin and deep-sea sedi-
ments (Raiswell and Canfield, 1998). This may repre-
sent an overestimate because turbiditic sediments
cover only part of the basin and have lower reactive
iron contents (Lyons, 1997). Based on a sediment
accumulation rate of 0.02 cm yr 1in the deep-sea
area (Buesseler and Benitez, 1994) and an average
porosity of 0.86 in the upper 15 cm, this results in a
supplementary highly reactive iron flux of 0.82 to
2.75 nmol Fe cm”2d” 1 Since the euxinic part covers
73% of the total area of the Black Sea (Sorokin, 1983),
a net flux of 2.2 to 7.4 nmol Fe cm™"d 1 is required
from the continental shelfsediments to account for the
enrichment in highly reactive iron in the deep-sea.
Oxygen present in the bottom water and in the
upper few mm of the sediment column can possibly
act as a trap for dissolved iron in the sediment. The
reactive iron will then be recycled within the sediment
through iron reduction at depth and iron oxidation and
precipitation in the surface layer. We have investi-
gated the influence of bottom water oxygen concen-
tration on the internal cycling of iron and the
dissolved iron flux out of the sediment by means of
a numerical model for early diagenetic processes in
Black Sea sediments (Wijsman et al., 2000). This
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model explicitly resolves the major processes
involved in sedimentary iron cycling. The parameter
settings of Wijsman et al. (2000) were used, with a
total depth integrated rate of mineralization (.£/?mn) of
1370 nmol C cm : d~land a reactive iron flux to the
sediment (7Fc(0h>)3) 0f 28 nmol cm __ d 1 The oxygen
concentration in the bottom water was varied in the
calculations between 0 and 300 fiM. Fig. 5 shows the
dissolved flux over the sediment-water interface and
the cycling efficiency of iron (E) as a function of
bottom-water oxygen concentrations. The cycling
efficiency of iron is defined as:

£. ~red

A c(OH)3 + “red

where Rmiis the rate ofiron reduction, and Jf*om is the
flux of iron oxides to the sediment (Wijsman et al.,
2000). At all bottom water oxygen levels, sulfate reduc-
tion is the dominant pathway for organic matter degra-
dation. Under anoxic bottom-water conditions, the iron
cycling efficiency is low (0.5), indicating that on average
each mole of reactive iron arriving on the sediment is
used once for iron reduction. The cycling efficiency of
iron increases with increasing oxygen concentration in
the bottom water, to a maximum value of 0.9 at an
oxygen concentration of 300 piM. At this oxygen
concentration, each iron molecule is reduced nine
times before it is lost by burial or escapes into the
water column. The calculated dissolved iron efflux
reaches a maximum of 23 nmol cm '2d-1 at a bottom-
water oxygen concentration of about 50 p.M. At lower
oxygen concentrations, more iron is permanently buried
in the sediment in the form of iron sulfides. At higher
oxygen concentrations, the dissolved iron flux decreases
to a minimum value of 7 nmol cm-2d 1lbecause of a
more efficient trapping in the surface layer. However,
the trapping of iron in the surface layer is never
complete, not even under fully oxygenated conditions.
Friedl et al. (1998) and Friedrich et al. (2000) measured
iron fluxes at 11 sites in the northwestern continental
shelf using an in situ benthic flux chamber. Neglecting
one extreme high value of 1633 nmol Fe cm-2 d-1 at
the shelf edge (station BS26; Friedl et al., 1998), iron
fluxes ranged from 0.5 to 184 (average 46) nmol
Fecm'2d 'L

The gross dissolved iron fluxes out of the sediment
as calculated by the diagenetic model (7-22 nmol
cm 2d  Fig. 5) and as measured in situ (average

46 nmol cm-2 d~') were higher than the net transfer
of reactive iron from shelf sediments to the deep-sea
predicted from reactive iron enrichment (2.4 to
7 nmol cm-"' d-1). Clearly, the majority of the sedi-
mentary iron efflux does not reach the deep-sea and is
redeposited on the continental shelf. Most of the
reduced iron diffusing out of sediments is rapidly
oxidized and reprecipitated, but part of it may be
transported laterally after incorporation in algae,
bacteria or colloids (Schoeman et al., 1998). The
northwestern shelf of the Black Sea is similar to
other temperate continental shelf systems in terms of
sediment characteristics and organic matter fluxes
(Wijsman et al., 1999). The iron mobilization
mechanism observed in the Black Sea likely operates
in other shelf ecosystems as well, e.g. the North Sea
and Californian shelf (Slomp et al., 1997; Johnson et
al., 1999). Such an iron mobilization mechanism
might be important to sustain high shelf productivity
(Martin, 1990). The net effect of this iron mobilization
mechanism becomes apparent only if: (1) there is a
process driving (or facilitating) lateral transport; and
(2) there is a sink of reactive iron. Both criteria are
met in the Black Sea. The sulfidic water column and
underlying sediments act as an efficient scavenger of
any reactive iron being delivered, and there is significant
transfer from the shelf to the interior of the Black Sea
related to formation of the cold intermediate waters at
the shelf (Tolmazin, 1985; Stanev, 1990; Oguz and
Malanotte-Rizzoli, 1996). A similar mechanism may
explain the transfer of dissolved iron from the shelf to
the ocean interior in the low oxygen zones along the
ocean margin. Landing and Bruland (1987) and Saager
etal. (1989) clearly documented the importance of shelf
mobilization and lateral transport in iron supply to the
ocean interior. The mechanism underlying transfer of
reactive iron (shelf-mobilization, lateral transport, and
sulfide trapping) is generic, i.e. not specific to the Black
Sea, and may be the key to understand ancient euxinic
systems.

4. Conclusions

It has been suggested by Canfield et al. (1996) and
Raiswell and Canfield (1998) that the formation of
iron sulfides in the upper part of the anoxic water
column of the Black Sea results in enrichment in
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highly reactive iron of the deep-sea sediments. New
data from the abyssal part of the Black Sea show that
these sediments are indeed enriched in highly reac-
tive iron. The tlux of iron sulfides from the water
column to the sea bottom is also reflected in the
relatively high DOP values (0.57-0.80) in the
deep-sea sediments. Additional data from the oxic
continental shelf show that these sediments are
depleted in highly reactive iron compared to other
oxic and suboxic marine environments as summar-
ized by Raiswell and Canfield (1998) (see Table 2).
This depletion in reactive iron indicates that reactive
iron is lost from these sediments. The total flux of
dissolved iron from the sediments of the continental
shelf into the water column is more than sufficient to
balance for the burial of excess highly reactive iron in
deep-sea sediments. The reported iron-transfer
mechanism is generic and likely operates in most
environments, but it is highly efficient in the Black
Sea due efficient mechanisms for lateral transport and

iron scavenging by sulfides.
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Appendix A

Depth distributions (cm) of various iron compo-
nents and degree of pyritizations in northwestern
Black Sea sediments. Total iron (FeT), HCl-extracta-
ble iron (FeH), dithionite-extractable iron (FeD),

Depth FeT FeH FeD FelR FeR Fel, Pyrite AVS DOPhe, DOPDh
0-0.5 4.27 176  0.595 0.64 1.17 2.46 0.052 0.001 0.025 0.071
oS~ 3.54 161  0.494 0.54 111 1.89 0.049 0.001 0.026 0.079

1-2 4.01 149  0.348 0.40 1.14 2.47 0.058 0.013 0.033 0.127
2-3 4.17 145 0.249  0.30 1.20 2.66 0.063 0.053 0.036 0.180
3-4 4.37 126 0.214  0.29 1.04 3.04 0.087 0.118 0.057 0.260
4-5 4.26 119 0215 0.44 0.97 2.85 0.259 0.154 0.159 0.511
5-7 3.98 1.09 0.194 0.51 0.90 2.57 0.366 0.153 0.226 0.621
7-9 4.28 1.29 0.444  0.90 0.85 2.53 0.524 0.492 0.261 0.506
9-11 4.66 1.37 0.249  0.72 1.12 2.83 0.540 0.238 0.255 0.654
14-16 5.10 141 0357 041 1.06 3.63 0.060 0.303 0.036 0.128
19-21 4.72 141 0343 041 1.07 3.24 0.073 0.166 0.043 0.157
24-26 4.61 151  0.456  0.50 1.05 3.06 0.045 0.276 0.025 0.078
29-31 - 1.69  0.145  0.17 1.55 - 0.027 0.052 0.014 0.141
0-0.5 1.50 124 0.596 0.61 0.65 0.24 0.016 <0.001 0.011 0.023
0.5-1 115 097  0.298  0.32 0.67 0.16 0.028 0.002 0.025 0.076
1-2 0.84 0.88 0.301 0.32 0.58 -0.06 0.025 0.011 0.024 0.067
2-3 1.06 0.68 0.173  0.24 0.50 0.31 0.078 0.034 0.091 0.282
3-4 11 078  0.133  0.34 0.65 0.12 0.238 0.038 0.209 0.608
4-5 141 0.70 0.147 031 0.55 0.54 0.192 0.075 0.193 0.532
5-7 0.80 0.60 0.156 0.31 0.44 0.04 0.182 0.039 0.209 0.503
7-9 095 0.74 0.100 0.33 0.64 -0.02 0.261 0.039 0.234 0.695
9-11 1.76  0.57  0.137 0.43 0.43 0.90 0.340 0.023 0.343 0.683
14-16 0.80 071  0.070 0.26 0.64 -0.10 0.224 0.007 0.216 0.736
19-21 194 054  0.047 045 0.49 1.00 0.459 0.003 0.425 0.895
24-26 1.86 0.63 0.018 0.32 0.61 0.93 0.348 0.002 0.325 0.944
0-0.5 1.38  0.106  0.12 1.27 - 0.014 0.021 0.009 0.103
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3.61
4.84
2.01
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FeH

0.90
0.99
0.86

1.13

1.21
0.99
0.71
0.82
0.72
0.79

1.31
0.83
0.61
0.37
0.09
0.22
0.16
0.02
0.27
0.91
0.71

0.51
0.50
0.72
0.58
0.48
0.58
0.17
0.24
0.30
0.61
1.01

0.92
0.86
0.62
0.41
0.45
0.46
0.55
0.41
0.43
0.77
0.48

2.16
2,08
1.28
0.78

FeD

0.084
0.175
0.149
0.126
0.081
0.060
0.048
0.046
0.013
0.007
0.018
0.014

0.284
0.274
0.081
0.039
0.025
0.010
0.013
0.012
0.011
0.005
0.011
0.006

0.410
0.427
0.262
0.130
0.111
0.070
0.266
0.090
0.030
0.359
0.498
0.632

0.309
0.204
0.189
0.097
0.059
0.026
0.010
0.003
0.014
0.006
0.013

1.666
1.936
0.603
0.397

Femr

0.10
0.20
0.20
0.29
0.33
0.32
0.30
0.44
0.69
0.39
0.61
0.56

0.28
0.28
0.08
0.04
0.03
0.04
0.06
0.21
0.48
0.28
0.39
0.22

0.50
0.52
0.33
0.16
0.14
0.10
0.35
0.21
0.18
0.53
0.55
0.70

0.31
0.21
0.20
0.10
0.07
0.05
0.09
0.19
0.13
0.08
0.07

1.67
1.94
0.61
0.40

Farr

0.81
0.82
0.71
1.00
1.12
0.93
0.66
0.77
0.70
0.78

1.02
0.56
0.53
0.33
0.07
0.21
0.15
0.00
0.26
0.90
0.70

0.10
0.07
0.45
0.45
0.37
0.51
-0.09
0.15
0.27
0.25
0.51

0.61
0.65
0.43
0.31
0.40
0.44
0.53
0.41
0.41
0.76
0.47

0.50
0.14
0.68
0.38

Feli

0.66
1.39
2.53
2.49
1.18
1.02
1.04
1.65
1.92
0.85

0.17
0.67
1.08
0.89
1.12
0.60
0.49
0.85
0.37
0.02
1.47

0.88
1.44
-0.02
0.29
0.30
0.08
0.37
0.37
0.28
1.74
1.94

-0.37
-0.05
0.36
0.37
0.31
0.11
0.07
0.09
0.06
-0.16
0.03

1.44
2.76
0.72
1.02

Pyrite

0.023
0.032
0.055
0.190
0.288
0.300
0.294
0.453
0.779
0.436
0.678
0.628

0.001
0.001
0.004
0.004
0.008
0.036
0.059
0.227
0.540
0.312
0.432
0.247

0.105
0.109
0.080
0.038
0.038
0.032
0.092
0.135
0.172
0.199
0.059
0.077

0.004
0.010
0.014
0.005
0.011
0.033
0.097
0.215
0.136
0.085
0.063

0.011
0.004
0.007
0.004

AVS

0.022
0.041
0.057
0.048
0.024
0.014
0.007
0.005
0.003
0.002
0.005
0.006

<0.001
0.001
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.002
0.002

0.001
0.002
0.005
0.013
0.022
0.016
0.026
0.030
0.010
0.144
0.104
0.173

<0.001
< 0.001
0.002
0.004
0.003
0.001
0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001

DOPHa

0.022
0.027
0.053
0.128
0.172
0.209
0.266
0.325
0.486
0.324

0.001
0.001
0.005
0.009
0.069
0.126
0.241
0.925
0.633
0.231
0.347

0.151
0.161
0.089
0.055
0.064
0.046
0.317
0.328
0.331
0.221
0.048

0.004
0.010
0.019
0.010
0.020
0.058
0.134
0.312
0.216
0.088
0.102

0.004
0.002
0.005
0.004

177

DOPriith

0.193
C.138
0.244
0.567
0.756
0.813
0.842
0.896
0.981
0.982
0.971
0.975

0.004
0.002
0.039
0.077
0.213
0.754
0.802
0.942
0.977
0.980
0.971
0.972

0.182
0.182
0.211
0.204
0.230
0.285
0.231
0.565
0.832
0.325
0.093
0.096

0.012
0.042
0.061
0.042
0.136
0.523
0.889
0.986
0.893
0.920
0.806

0.006
0.002
0.010
0.009
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(continued)
Station Depth FeT FeH FeD FeHR FeRR
3-4 196 0.69 0.180 0.18 0.51
4-5 1.50 0.60 0.090 0.11 0.51
5-7 149 0.74  0.056 0.13 0.68
7-9 2.51 0.88  0.039 0.38 0.84
9-11 3.45 0.83  0.049 0.71 0.78
14-16 3.29  0.77  0.028 0.86 0.75
19-21 2.16 041 0.006 0.69 0.41
22 0-0.5 175  0.45  0.022 0.66 0.43
0.5-1 198 0.70  0.028 0.97 0.67
1-2 2.18 0.48 0.016 0.92 0.47
2-3 1.86 033 0.002 0.83 0.32
3-4 2.14 037  0.005 0.95 0.36
4-5 2.58 0.37 0.009 1.11 0.36
5-7 2.09 034 0.004 0.93 0.34
7-9 205 0.26 0.002 1.07 0.26
9-11 0.94 0.17 0.005 0.54 0.17
14-16 1.67 0.31 0.010 0.84 0.30
19-21 1.64 0.26 - - -
24-26 1.35 054 - - -
24 0-0.5 1.05  0.62  0.031 0.05 0.59
0.5-1 1,21 0,37  0.015 0.02 0.36
1-2 1.49 0.67 0,009 0.01 0.66
2-3 1.31 0.52  0.007 0.01 0.51
3-4 197 041 0,007 0.01 0.40
4-5 2.10  0.52 0.013 0.06 0.51
5-7 2.63 0.43 0.013 0.20 0.41
7-9 1.88 030 0.005 0.34 0.29
9-11 1.86 029 0.004 0.41 0.29
14-16 2.40 037  0.008 0.60 0.36
19-21 290 0.44 0.007 0.52 0.43
24-26 283 - 0.008 0.49 -

highly reactive iron (FellR), poorly reactive iron (FePR)
and unreactive iron (Feu) are given in wt% Fe. Pyrite
and AVS are in wt% S.
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