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PYRITE FORMATION IN ANOXIC ENVIRONMENTS
OF THE BALTIC

CARSTEN BOESEN" and DIEKE POSTMA™

ABSTRACT. Two types of anoxic environments are found in the
Baltic: the Bornholm deep with low O,, but H,S free, bottom waters,
and the Gotland deep with H,S-containing bottom waters. Recent
sediments in both environments are rich in organic matter and pyrite.
However, the two types behave differently with respect to the process
of iron sulfide formation. The Bornholm deep is characterized by
high rates of sedimentation and sulfate reduction. In its central part,
large amounts of metastable iron sulfides (FeS) accumulate, which are
converted to pyrite only over a period of more than 500 yrs. The
reactive iron content of the sediments limits the amount of iron
sulfidized, while the supply of sulfate determines whether FeS or FeS,
is dominant. The low salinity of Baltic seawater causes sulfate starva-
tion and results in the accumulation of FeS in the center of the
Bornholm deep.

In the Gotland deep, rates of sedimentation and sulfate reduc-
tion are lower. Only very little FeS accumulates in the sediment, and
here it appears that to some extent pyrite precipitation occurs directly
without an intermediate FeS stage. Available reactive iron is appar-
ently, in both environments, the limiting factor for iron sulfide
formation.

In the Bornholm deep, C/S ratios range from normal marine to
slightly higher values. In the Gotland deep, the H,S-containing
bottom waters cause a decoupling of the processes of organic matter
accumulation and iron sulfide formation. This results in a large
scatter of C/S ratios which probably is typical for euxinic environ-
ments.

In the Gotland deep, freshwater clay below the marine muds is
presently beinﬁ sulfidized by downward diffusion of H,S. This
process of sulfidization can be described quantitatively by a diffusion
model developed by Berner (1969).

INTRODUCTION

Pyrite is one of the most widespread authigenic minerals in marine
sediments, and, therefore, considerable attention has been paid toward
understanding the process of pyrite formation through both experimen-
tal studies (Berner, 1964, 1967, 1970; Roberts, Walker, and Buchanan,
1969: Rickard, 1974, 1975; Pyzik and Sommer, 1981) and studies of
natural sediments (Berner, 1970, 1984; Goldhaber and Kaplan, 1974,
Rozanov, Volkov, and Yagodinskaya, 1974; Jgrgensen, 1977; Filipek
and Owen, 1980; Howarth and Jgrgensen, 1984).

Basically pyrite is formed in sediments of two environmental
settings. The normal case is where oxic bottom waters are superimposed
on sediments that become anoxic at shallow depth. Recent studies
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(Jgrgensen, 1977; Troelsen and Jdrgensen, 1982: Howarth and
Jdrgensen, 1984; Berner and Westrich, 1985) have shown that this
situation is very dynamic, and most organic matter and produced H,S
are reoxidized at the sediment-water interface.

Pyritic sediments may also form where anoxic bottom waters, with
or without H,S, overlie anoxic sediments. Quantitatively, the most
important examples of such environments are anoxic silled basins, like
the Black Sea and the Baltic (Grasshoff, 1975: Demaison and Moore,
1980). An important difference is that here reoxidation at the sediment-
water interface is not possible. This may result in accumulation of large
amounts of organic matter, typical for euxinic sediments (Raiswell and
Berner, 1985). Furthermore it may affect the process of iron sulfide
formation, both because conditions at the sediment-water interface are
different, but also because iron sulfide formation may already have
started in the water column. Generally, anoxic environments are much
less studied than normal marine ones, and for a large part, such studies
are confined to the Black Sea (Rozanov, Volkov, and Yagodinskaya,
1974; Hirst, 1974: Leventhal, 1983).

It is the purpose of this paper to elucidate the process of pyrite
formation in the anoxic basins of the Baltic. The Baltic is an ideal site for
the student of authigenic mineral formation in anoxic sediments. Previ-
ous studies have identified iron sulfides (Hartman, 1964: Suess, 1976;
Bloomquist, ms), manganese carbonates (Manheim, 1961, 1982; Hart-
mann, 1964: Suess, 1976, 1979; Bloomquist, ms: Emelyanov and others,
1982), and the only known occurrence of MnS§ in recent sediments
(Debyser, 1961: Suess, 1979).

At the present time, the Baltic is the largest brackish water body at
the Earth surface. A permanent halocline at 50 to 80 m depth
(Grasshoff, 1975) causes stagnant bottom water conditions in the deep
basins. Only during infrequent heavy storms is fresh seawater pressed
from the North Sea through the Danish Straits into the central part of
the Baltic. Salinity decreases east and northward from the Bornholm
Deep to the Landsort Deep (fig. 1) (Kullenberg, 1981). Salinities in the
deep waters of the Bornholm and Gotland deeps have been measured
since 1900 and show variations from 14 to 21 permil and 11 to 14
permil, respectively (Fonselius, 1986): at present the salinity values are
16 and 12.5 permil. Generally the salinity in the Baltic has decreased
since the start of the present marine stage at 7700 yr BP. Bloomquist
(ms) reports for surface waters of the southern Baltic a decrease from 13
permil during the early marine stage to the present day value of 8
permil.

The sediments in the deep Baltic basins consist of organic rich
marine muds. The thickness of the mud deposits is highly variable and
may amount to 20 m, which were deposited since 7700 yrs BP (Larsen,
1979). Below the marine mud we encounter the Ancylus clay which
represents the freshwater stage of the Baltic from 9200 to 7700 yrs BP
(Kogler and Larsen, 1979). A number of our piston cores did penetrate
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Fig. 1. Anoxic basins and core locations in the Baltic. In the Bornholm deep, core
data are @ 7a at 70 m depth and 55°18'N, 15°01'50"E; @ 12 at 90 m depth and 55°21'N,
15°17°E. In the Gotland deeP core data are; @ 30 at 165 m depth and 57°00'N, 19°20’E;
@ 31 at 230 m depth and 57°20'N, 20°03’ E.

through the marine mud into the Ancylus clay, which displays an
entirely different chemistry.

Our studies of pyrite formation in the Baltic have been aimed at
two purposes: (A) the formation of pyrite in the marine mud and
limiting factors for pyrite formation, (B) the present day sulfidization of
the freshwater Ancylus clay by downward diffusion of hydrogen sulfide
from the marine mud into the Ancylus clay.

This is the first of a two-part contribution on authigenic mineral
formation in the deep basins of the Baltic. A subsequent paper
(Jakobsen and Postma, in preparation) will deal with the formation of
Ca-rhodochrosite in the same sediments.
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METHODS

Sediment cores were taken with a piston-corer capable of recover-
ing cores of up to 4 m length and 8 cm in diameter. Cores were stored
upright at in situ temperature (5°C) until analysis, which was done
aboard the ship as soon as possible, but always within 48 hrs.

Cores within coreliners were sectioned and placed into a No-filled
glove box. In the glove box, pore water extraction and analysis of
oxidation-sensitive components were carried out via the methods of
Postma (1981). Pore waters were extracted with a Reeburgh-type
sediment squeezer through 0.45 um membrane filters with up to 4 atm
No-pressure. Also in the glove box, pH was measured, alkalinity titrated,
and reagents added for spectrophotometric analysis of Fe?* and H,S.
Remaining sediments and filter cakes were frozen and stored for later
analysis.

pH was measured with a Radiometer PHM-80 and a GK2401G-
combination electrode using appropriate buffers at the same tempera-
ture as the samples. Fe?* was determined with the Ferrozine method
modified after Stookey (1976). For H,S analysis, each sample was
drained directly from the sediment squeezer into a Zn-acetate solution,
in order to avoid loss of H,S. The H,S concentration was then measured
on the ZnS suspension with the methylene blue method (Cline, 1969).
Chloride was titrated with AgNOs, using a chromate-dichromate indi-
cator (Grasshoff, 1976). Sulfate was determined with Howarth’s (1978)
titrimetric method. Both chloride and sulfate analyses were calibrated
with standard seawater.

Acid volatile sulfide was determined by H,S-distillation with 10
percent HCI under a stream of nitrogen. Frozen chunks of sediment
were entered in the reaction vessel, and at the end of the distillation, the
sediment suspension was gently boiled. Evolving H,S was trapped in a
Zn-acetate solution and analyzed by the methylene blue method (Cline,
1969).

After distillation, the sediment was filtered and washed repeatedly
with HyO. Dissolved Fe in the filtrate was determined by AAS. The
remaining sediment was digested overnight with aqua regia, and the
released sulfate determined gravimetrically. SO,-S measured in this way
is attributed to pyrite-S, even though it includes organic-S (Kaplan,
Emery, and Rittenberg, 1963; Goldhaber and others, 1977). However,
at the organic matter and pyrite contents of the marine sediments in the
Baltic, the contribution of organic-S will be small (Postma, 1982). For
sediments low in organic-S, the aqua regia procedure yields similar
results as the Cr(Il) reduction method (Zhabina and Volkov, 1978;
Howarth, 1984).

Total organic carbon was measured by combustion in a LECO
IR-212 after removal of carbonates with HCI. All chemical sediment
data are presented on a dry weight basis.
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RESULTS

Anoxia occur in the deep basins of the Baltic with variable
frequency and intensity, depending on sill depths and distance to the
source of freshwater supply (Grasshoff, 1975; Fonselius, 1986). In some
basins anoxia occur only sporadically, whereas others are close to
perennial anoxicity with H,S in bottom waters. This enables us to
examine the process of pyrite formation in different types of anoxic
environments.

The Bornholm deep (fig. 1) is an example of an environment where
anoxia are of short duration, whereas H,yS is normally absent in the
bottom waters. In contrast, the Gotland deep (fig. 1) is more or less
permanently anoxic with H,S contained in bottom waters.

Bornholm deep.— Anoxic bottom waters occur here for periods of
up to a few years but are normally of much shorter duration (Kégler and
Larsen, 1979: Fonselius, 1986). At the time of sampling (September
1983) the 1 ml/I O, level was found at a depth of 75 m, while minimum
values were at 0.15 to 0.25 ml/l O, close to the sediment surface.
Hydrogen sulfide is seldom present in the bottom water (Fonselius,
1986). According to the classification of Rhoads and Morse (1971) the
environment in the Bornholm deep can be described as dysaerobic
(0.1-1.0 ml/1 Oy).

The halocline was found at 50 to 70 m depth which is close to the
bottom, since maximum water depth is 105 m, and in most of the
Bornholm deep it is much less. This explains the unstable stagnant
conditions in the basin while its proximal position to the source of water
exchange through the Danish Straits is also of importance (Kullenberg,
1981).

The uppermost sediment layer in the Bornholm deep consists of
marine mud, and it was not totally penetrated by our cores. The
sediments reflect the periodic changes between oxic and anoxic bottom
water conditions, as a whole range from non-bioturbated to bioturbated
sediments is found (Kogler and Larsen, 1979). This is in agreement with
the dysaerobic character of the environment (Rhoads and Morse, 1971).
The marine muds are rich in organic matter whose concentration is very
constant with depth (core @12; 4.2 + 0.6 mole/kg org-C). The maxi-
mum thickness of the marine mud sequence in the central part of the
Bornholm deep has been estimated to 20 m, which corresponds to a
sedimentation rate of 0.26 cm/yr (Larsen, 1979). For site @12, the
accumulation rate was determined by 210pp dating to be 1115 g/mzyr
dry matter (Pheiffer Madsen, 1985). At a porosity of 0.85 this yields a
sedimentation rate of 0.29 cm/yr, which is close to the average. In the
marginal part of the Bornholm deep (core (37a) the sedimentation rate
is somewhat less (Kégler and Larsen, 1979).
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The distribution of iron sulfides in the sediments of the Bornholm
deep is shown in figure 2. Core @7a is situated in the marginal part of
the basin at a water depth of 70 m, which is near the lower boundary of
the halocline where bottom waters at the time of sampling contained
about 1 ml/1 O,. Core @12 was taken at 90 m depth near the depocenter
of the Bornholm deep where bottom waters presently are dysaerobic.

Since our main interest concerns the role of iron in the process of
pyrite formation, measured concentrations of pyrite-S and FeS-S were
recalculated to the amount of sulfide-bound iron. FeS and FeS + FeS,
distributions are both shown in figure 2. The difference between the
two curves reflects the amount of pyrite present. Most conspicuous for
both cores is that the amount of iron bound as sulfide is very constant
from close to the sediment surface and downward. With few exceptions
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Fig. 2. Iron sulfide distribution in sediments of the Bornholm deep. The Fes + FeS,
curve indicates total sulfide-bound iron. The difference between the curves reflects the
presence of pyrite. Core (@7a is from the marginal part of the basin at 70 m depth while
@12 is from the central part at 90 m depth (fig. 1). Concentrations are expressed as

mole/kg (dry wt).
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the sulfide-bound Fe is for both cores within the range 0.25 to 0.30
mole/kg Fe. Thus, below the top layer, very little additional iron is
sulfidized during diagenesis.

A way to evaluate the extent of sulfidization of available iron in a
sediment is the degree of pyritization. The degree of pyritization (P or
DOP) is defined (Berner, 1970; Raiswell and Berner, 1985) as the ratio
between pyrite-Fe and total reactive Fe. Total reactive Fe consists of
pyrite-Fe plus Fe extractable by hot HCIL. According to Berner (1970)
the iron extractable by hot HCl is also reactive toward sulfidization by
H,S. One problem with the DOP parameter is that if significant
amounts of FeS are present, such as in core @12 (fig. 2), then the amount
of sulfidized iron is strongly underestimated. Therefore we modify the
DOP to the degree of sulfidization, DOS, which is defined as

DOS _ Fesulﬁdc

€rotal

Here Fe, 4. is Fe,, plus Fegs, whereas Fe,q, is Fe,, plus Fe extractable
by hot HCI. In most sediments Feg.s is very small, so that DOP equals
DOS:; however, this is not true in the Bornholm deep.

Values for DOS in both cores of the Bornholm deep are shown in
figure 3. Generally DOS ranges between 0.2 and 0.55 which is in good
agreement with values for normal marine sediments (Berner, 1970:
Jgrgensen, 1978). However DOS values for @7a from the marginal part
of the basin are distinctly higher than in @12 in the central part of the
basin. This is surprising since the amount of sulfide-bound iron is the
same in both cores (fig. 2). Apparently more HCl-soluble Fe is present in
the sediment of @12 which is not easily sulfidized.

Pyrite formation proceeds in marine sediments mainly through an
intermediate iron monosulfide (FeS) phase which with time is trans-
formed to pyrite (Berner, 1970, 1984: Jgrgensen, 1977: Howarth and
Jdrgensen, 1984). In aerobic bottom water environments, the amount of
FeS is normally very small compared with FeS, (Berner, 1970:
Jgrgensen, 1978), and this is also found in the marginal part of the
Bornholm deep (core D7a, fig. 2). However, in the central part of the
Bornholm deep (core @12, fig. 2) very high contents of iron mono-
sulfides amounting up to 75 percent of the sulfide-bound iron are
found.

With depth, the iron monosulfide is transformed to pyrite, and
since the amount of sulfide bound to iron remains roughly constant (fig.
2), the process must essentially be addition of sulfur. This is in good
agreement with conclusions derived by others (Berner, 1970: Sweeney
and Kaplan, 1973). Note also that traditional plotting of FeSy-S for core
D12 would show a strong increase with depth, while the amount of
sulfide-bound iron remains constant.
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Fig. 3. Degree of sulfidization in marine sediments of the Bornholm deep, DOS =
Fesu.ﬁde/g Fe,qu- For location, see figure 1.

The rapid depletion of sulfate in pore waters (fig. 4) indicates high
rates of sulfate reduction. Boesen (ms) obtained sulfate reduction rates
for core @12 by mathematical modelling following the procedures of
Berner (1980). Core @12 was also the only one of our piston cores
complete enough in the top layers to enable modelling. Calculated peak
rates of sulfate reduction for core @12 were in the range 72 to 126
nmole/cm®day, while depth integrated rates yield 5.0 to 6.9 mmole/
m®day. These values are well within the range for fjords and bays in
Jdrgensen’s (1982) compilation.

In the Gdansk deep, another of the Baltic deeps which is compa-
rable to the Bornholm deep, Lein (1983) measured **SO, peak reduc-
tion rates of up to 83 nmole/cm’day, in good agreement with our
values.

Our estimates of sulfate reduction rates in the Bornholm deep
indicate that 25 to 30 percent of the reduced sulfate is accumulated as
iron sulfide in the sediment while the remainder is reoxidized or escapes
from the sediment surface. For comparison, Jgrgensen (1977) found for
Limfjorden that 90 percent was reoxidized, while Berner and Westrich
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Fig. 4. Pore water chemistry in marine sediments of the Bornholm deep. For
location, see figure 1.

(1985) estimated a sulfur loss from 72 to 94 percent, excluding one core
with a sulfur loss of only 25 percent.

Gotland deep.— Anoxic bottom water conditions lasting for periods
of at least 10 yrs have been common in the history of the Gotland deep
(Ignatius and others, 1981; Hallberg, 1974; Fonselius, 1986). The
halocline is here normally situated between 60 and 70 m depth (Kullen-
berg, 1981). Since the maximum water depth is 250 m, the system is
much more stable than the Bornholm deep. At the time of sampling the
1 ml/1 O, level was between 100 and 150 m depth, while below this
depth no oxygen is present. Since the last major water renewal in 1952,
the bottom waters have mostly been HyS-containing, and the present
H,S period has lasted for 8 yrs (Fonselius, 1986). Thus, according to
Rhoads and Morse’s (1971) classification, the present environment is
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anaerobic or azoic. Still during the past, the Gotland deep has occasion-
ally also known aerobic bottom water conditions (Ignatius and others,
1981).

The surface sediments of the Gotland deep consist of marine muds
which in several intervals display a fine lamination corresponding to
anoxic bottom water periods. A further characteristic of these sediments
is the occurrence of authigenic manganese-carbonate (Manheim 1961,
1982; Hartmann, 1964; Suess 1976, 1979), for which new results will be
discussed elsewhere. Below the marine muds, freshwater clay sediments
of the Ancylus period (9200-7700 yr BP) are found. Both our cores
penetrated down into these Ancylus clays.

Sedimentation rates in the Gotland deep are lower than in the
Bornholm deep. While the maximum thickness of marine muds in the
Bornholm deep is about 20 m (Larsen, 1979), they amount to only 5 to 7
m in the Gotland deep (Niemist6 and Voipio, 1974; Ignatius and others,
1981). Sedimentation rates do, however, vary greatly even in the
deepest part of the Gotland deep (Niemist6 and Voipio, 1974).

In our core P31 (fig. 1) at 230 m depth, in the deepest part of the
Gotland deep, we found only 1.77 m marine mud which, assuming
continuous sedimentation, corresponds to a rate of only 0.023 cm/yr.
The marginal core (@30) contained 1.29 m marine mud, which corre-
sponds to an average sedimentation rate of 0.017 cm/yr. Thus it
appears that sedimentation rates in the Gotland deep are 3 to 10 times
lower than in the Bornholm deep.

The content of organic matter in the marine mud of the Gotland
deep is high and quite variable, ranging from 2.3 to 9.4 mole/kg org.-C
(figs. 8 and 10). Still the general level is, however, about the same as in
the Bornholm deep (fig. 10). This is surprising, considering the much
lower sedimentation rates in the Gotland deep. Zsolnay (1971) made a
comparative study of organic matter in sediments of the Gotland and
Bornholm deeps and estimated, based on pristane contents, that the
primary production is 1.5 times higher over the Bornholm deep.
Zsolnay furthermore concluded that organic matter in sediments of the
Gotland deep is of a less degraded type, containing a larger percentage
of less condensed and unsaturated compounds. Thus, the same level of
organic matter contents in both basins appears to be the result of a high
primary production and high sedimentation rate (dilution by clastics) in
the Bornholm deep versus lower sedimentation rate and less degrada-
tion of organic matter in the Gotland deep. Note that this is different
from environments with oxygenated bottom waters where higher sedi-
mentation rates normally are associated with higher organic contents
(Goldhaber and Kaplan, 1975).

The distribution of iron sulfides in the central Gotland deep is
shown cumulatively in figure 5. Similar data for a station more marginal
to the deep is shown in table 1. The boundary between marine muds and
freshwater Ancylus clay is indicated by M/F. Most conspicuous is that
the marine muds are high in iron sulfides, while the Ancylus clay only
contains iron sulfide near the interface with the marine muds. The
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F{g}.] 5. Iron sulfide distribution in marine and freshwater sediments in the Gotland
deep. The marine/freshwater interface is indicated by the dotted line marked M/F. The
difference between the FeS and FeS + FeS, curves represents pyrite. For location, see
figure 1.

variability of the iron sulfide content in the marine muds of the Gotland
deep (fig. 5, table 1) is much larger than in the Bornholm deep (fig. 2).
However the general level appears to be the same in both environments
or only slightly higher in the Gotland deep. A comparison of DOS
between the Bornholm deep (fig. 3) and the marine muds of the Gotland
deep (fig. 6) shows the latter has DOS values slightly higher (0.3-0.6)
than the central part of the Bornholm basin (0.2-0.45, core ()12) but
quite comparable to the marginal core (@7a). Note that below the
marine mud/freshwater clay interface the uppermost DOS values are
the same as in the marine mud, which indicate a similar reactivity of iron
toward HoS in both types of sediment. Farther down, DOS-values
decrease with iron sulfide concentrations, showing that the availability
of H,S here limits iron sulfide formation.

Hydrogen sulfide is present in the marine muds at all depths (fig. 7
and table 2). However the concentrations in the Gotland deep are low
and do not exceed 0.25 mM, while in the Bornholm deep, values of up to
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TABLE 1

Sediment composition of core D30 in the Gotland deep. The top layers (0-129
cm) consist of marine mud, below that freshwater clay is found. Fe-total is
FeS,-Fe plus HCI extractable iron. DOS is the degree of sulfidization

Depth C-or: FeS,-S FeS-S Fe-total DOS
cm mole/kg mole/kg mmole/kg mole/kg
0-5 4.10 0.79 2.37 0.82 0.48
25-30 3.13 0.48 0.86 0.65 0.37
45-50 3.58 0.51 1.13 0.72 0.36
70-75 4.48 0.53 5.69 0.79 0.34
99-100 5.68 1.01 10.3 0.73 0.70
120-125 9.40 0.91 10.0 0.96 0.48
127-128 6.26 0.61 5.40 0.63 0.49
145-146 1.53 0.41 0.03 0.58 0.35
159-160 0.89 0.67 0.02 0.78 0.43
167-168 — 0.22 0. 0.50 0.22
170-175 — 0.06 142. 0.80 0.22
180-181 1.41 0.04 40.8 0.70 0.09
220-225 0.63 0 4.16 0.78 0.01
272-277 — 0 2.42 0.62 0
320-325 0.34 0 0.01 0.51 0
409-414 0.41 0 0.02 0.77 0
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1.5 mM were measured. In good agreement, sulfate depletion is moder-
ate (fig. 7, table 2) in the marine mud, and the concentration remains
constant in the freshwater Ancylus clay. Since the sedimentation rate in
the Gotland deep is much, lower than in the Bornholm deep, this
suggests that sulfate reduction rates also are considerably lower. In
agreement, Lein (1983) reported from the Gotland deep ¥%80,-
reduction rates which are about one third lower than in the Bornholm
deep. An interesting result of Lein (1983) is that the major part of the
radioactive **S label is found in the pyrite fraction. Howarth and
Jgrgensen (1984) report that in normal marine sediments only 14 to 32
percent of the *S label is recovered in the pyrite fraction while the
remainder is found in the FeS fraction. This supports Berner’s (1970)
contention that pyrite formation mainly proceeds through an interme-
diate FeS stage. Lein’s (1983) results suggest that pyrite formation
under euxinic conditions in some cases, as in the Gotland deep, may
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Fjﬁ; 7. Pore water chemistry in marine and freshwater sediments in the Gotland
deep. The marine/freshwater interface is indicated by the dotted line marked M/F.



588 Carsten Boesen and Dieke Postma—Pyrite formation in

TABLE 2

Pore water composition of core (D30 in the Gotland deep. BW = bottom water.
The top layers (0—129 cm) consist of marine mud, below that freshwater clay is

found

Depth Cl- SO2%- H,S Fe?*
cm mM mM uM uM
BW — 10.0 — —
0-5 184 6.7 59 0
5-10 190 6.0 134 0
10-15 193 6.9 200 0
15-20 196 6.9 188 0
25-30 193 6.3 154 0
35-40 198 6.4 147 0
45-50 193 5.6 205 0
70-75 193 5.4 (27) 0
120-125 193 5.7 247 0
170-175 196 5.3 37 0
220-225 198 5.0 5 11
272-277 206 4.9 2 39
320-325 189 6.5 3 15
370-375 179 5.7 0.2 66
409-414 198 4.5 0.6 75

proceed directly without an intermediate FeS phase. In good agreement
the concentration of FeS in the marine muds of the Gotland deep (fig. 5
and table 1) is very low. In salt marshes (Howarth, 1979; Howarth and
Giblin, 1983; Howarth and Merkel, 1984), pyrite formation without
intermediate FeS also appears to be the dominant process. Howarth
(1979) argued that the reason for this is that pore waters are undersatu-
rated for FeS. At the H,S level of the Gotland deep (fig. 7), we calculated
with Wateqf (Plummer, Jones, and Truesdell, 1976) that Fe?*-concen-
trations in that case should be less than 0.05 uM which is well below our
detection limit.

The organic-rich marine muds are superimposed on freshwater
clay from the Ancylus period which is poor in organic matter (fig. 8). At
the interface between the two deposits, sulfidization of the freshwater
clay apparently takes place. Porewater data (fig. 7 and table 2) show that
no further sulfate depletion (nor alkalinity production) occurs in the
freshwater clay while hydrogen sulfide appears to diffuse downward.
Dissolved Fe** (fig. 7 and table 2) shows a reverse gradient with higher
values in the lower part which decrease upward. In the zone where both
H,S and Fe®* are present, iron sulfide precipitation must take place.
Sediment data are in good agreement with this general picture. Iron
sulfide is only present in the upper part of the freshwater clay (fig. 5 and
table 1) and shows a downward decrease coinciding with the hydrogen
sulfide profile. At the same time DOS values decrease (fig. 6). Near the
iron sulfide front, FeS is found almost exclusively. The presence of FeS
is also easily observed on fresh cores since it results in pronounced black
banding. Such black sulfide bands in the upper part of the freshwater
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Fig. 8. Distribution of organic carbon and iron sulfide between marine and fresh-
water sediments in the Gotland deep. The marine/freshwater interface is indicated by the
dotted line marked M /F.

Ancylus clay have been observed at many places in the Baltic (Papunen,
1968; Bloomquist, ms; Kégler and Larsen, 1979). The overall process
seems to be: The freshwater clay is low in organic carbon and originally
contains little iron sulfide. The superimposed marine mud is rich in
organic matter, sulfate reduction takes place, and the resulting H,S
diffuses downward and sulfidizes the freshwater clay. However, this
picture is slightly idealized, since the top of the Ancylus clay also
contains organic carbon (fig. 8). Still pore water data clearly show that
downward H,S diffusion takes place. A diffusion model for this process
of sulfidization will be discussed in a later section.

The conversion of FeS to FeS, within the iron sulfide front (fig. 5,
table 1) confronts us with a stoichiometric problem. For FeS formation
we may write:

2FeOOH + 3HS™ — 2FeS + S° + H,O + 30H"~
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Then FeS can be oxidized to pyrite, stoichiometrically by:
FeS + S° — FeS,
The total reaction between H,S and FeOOH as oxidant now becomes:
2FeOOH + 3HS™ — FeS + FeS,; + H,O + 30OH™

Thus if no oxidant other than iron oxide is present, equal amounts
of pyrite and FeS should be the final result while we observe that nearly
all FeS is converted to FeS,. The conversion of FeS to FeS, at the surface
of normal marine sediments is no problem, since here additional $° can
be supplied by H,S oxidation (]Jgrgensen, 1977). However, in the
Ancylus clay no other oxidant appears to be present. Both oxygen and
nitrate must be absent in Fe’* containing pore water, and the Mn-oxide
content is far too low. The only alternative electron acceptor present is
sulfate. However, sulfide/sulfate reactions have been strongly rejected
by Berner (1970). Unless a hithero unknown oxidant exists, the only
explanations seem to be either downward diffusion of polysulfides or
that the FeS/FeS, distribution reflects an historical change. The latter
possibility seems, however, unlikely to us.

DISCUSSION

Limiting factors for pyrite formation.—Principally, two factors may
limit the amount of pyrite formed in a sediment: these are reactive iron
and dissolved sulfide. The latter is controlled again by organic matter
and sulfate. Based on observed C/S relationships and low degrees of
pyritization, Berner (1970, 1984) argued that available organic matter,
and thereby H,S, is the limiting factor in normal marine sediments. On
the other hand, Jgrgensen (1978) maintains that since only 10 percent of
the produced H,S is conserved in the sediment as iron sulfide, reactive
iron must be the limiting factor.

With respect to euxinic environments, it is generally considered
(Leventhal, 1983 Berner, 1984; Raiswell and Berner, 1985) that reac-
tive iron is the limiting factor for the amount of iron sulfide formed.
Several lines of evidence support that this is the case in both the
Bornholm and Gotland deep.

First, in the Gotland deep about 100 m of H,S bearing water
overlies the sediment and H,S is also present in the pore water (fig. 7).
Also because sedimentation rates are low here, any reactive iron should
have ample opportunity to react with H,S.

In the Bornholm deep, bottom waters are depleted in oxygen but
free of H,S. Therefore all iron sulfide formation must occur within the
sediment. The most striking feature here is the constant amount of
sulfide-bound-iron from close to the sediment surface down to 3 to 4 m
depth (fig. 2). At the measured sedimentation rate of 0.29 cm/yr, this
sediment sequence represents a period of more than 1000 yrs. Particu-
larly core @7a (fig. 4) has very high H,S concentrations in the pore water
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down to 3.5 m. Thus both time and H,S are here available for further
diagenetic iron sulfide formation. However, since sulfide-bound-iron
does not increase with depth (fig. 2) one must conclude that all iron
available for iron sulfide formation reacts in the top layer of the
sediment. Thus, reactive iron constrains the amount of iron sulfidized.

While the content of sulfide-bound-iron is the same in cores @7a
and @12 (fig. 2), the sulfur concentration in the sediments is very
different. This is due to the presence of large amounts of FeS in core
D12 (fig. 2). The pore water of @12 contains only appreciable amounts
of H,S in the upper 75 c¢m (fig. 4), and the limited conversion of FeS to
FeS, seems therefore due to sulfur starvation (Berner, 1974; Berner,
Baldwin, and Holdren, 1979). In contrast, the pore water of core B7a
contains abundant H,S at all depths (fig. 4), and here almost all iron
sulfide is present as pyrite (fig. 2). Therefore, while the reactive iron
content limits the amount of sulfide-bound-iron, available H,S controls
the FeS/FeS, ratio.

The low salinity of the Baltic seawater confines the amount of
sulfate available for reduction. This is the main reason for the exhaus-
tion of sulfate in the porewater of the Bornholm deep at less than 1 m
(fig. 4). Therefore salinity may control the FeS/FeS, ratio (see also
Berner, Baldwin, and Holdren, 1979.

Kinetic studies (Rickard, 1974; Pyzik and Sommer, 1981) have
shown that the rate of iron sulfide formation increases with the dissolved
sulfide concentration. Therefore it is expected that more iron sulfide
forms in high H,S environments within a given period of time. The HyS
concentration level varies a great deal in different parts of the Baltic.
Figure 9 shows for the different cores the amount of sulfide-bound iron
versus maximum H,S concentrations in the pore water. Assuming
diagenetic conditions that approach steady state, a given sediment layer
must pass through the zone of maximum H,S and pyritize accordingly.
However, figure 9 shows that the amount of sulfide-bound iron is
independent of the maximum H,S concentration in the pore water. This
is not an artifact of different sedimentation rates, since a similar plot of
DOS against maximum H,S concentration gives the same trend. Appar-
ently any iron that may sulfidize does so regardless of the H,S concentra-
tion, within the range 0.2 to 1.5 mM. Therefore, our general conclusion
is that reactive iron controls the amount of sulfide-bound iron formed in
both dysaerobic and euxinic environments of the Baltic.

Generally one expects that the degree of sulfidization (DOS or
DOP) should be greater in euxinic than in normal marine environments.
This is particularly true if one accepts that organic matter is the limiting
factor for pyrite formation in normal marine sediments. Also, DOS
values should be higher in the Gotland deep than in the Bornholm deep,
since the former contains H,S-rich bottom waters and has a lower
sedimentation rate.

The Gotland deep marine sediments yield DOS values in the range
of 0.30 to 0.60 (fig. 6) which is slightly higher than for the central
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Fig. 9. The relation between the amount of sulfidized iron in the sediments and
maximum H,S concentration in the pore waters for anoxic basins of the Baltic. The two
data points at the right side are from the Bornholm deep, and the two data points at the left
side are from the Gotland deep. Error bars reflect standard deviation.

Bornholm deep (DOS = 0.20-0.45, core @12, fig. 3) but in the same
range as the marginal core @7a (fig. 3). Apparently there is no signifi-
cant difference in DOS between these two environments. For compari-
son the Black Sea sediments yield DOP values in the range 0.1 to 0.5
(Raiswell and Berner, 1985) which is comparable to the Baltic but also
quite similar to what is found in normal marine environments (Berner,
1970; Jgrgensen, 1978. This makes us speculate on the significance of
DOS/DOP values and more specifically on HCl-extractable iron as a
measure for reactive iron. It appears that, in recent sediments, DOS/
DOP values higher than about 0.6 are only reported from swamp
sediments, where values up to 0.95 are found (Postma, 1982). Typical
for this environment is the near absence of clays and other fine-grained
terrigeneous material. Berner (1970) reported that iron released by hot
HCI treatment reflects maximum possible reactivity toward H,S. How-
ever, HCl-treatment releases large amounts of iron from silicates (Pe-
tersen, 1976) while H,S, at least in short term experiments, extracts very
little iron from silicates (Drosdoff and Troug, 1935). Although silicate-
iron may be released during later diagenesis (Curtis, 1967; Drever,
1971), this process appears to be of minor importance in recent
sediments. Different DOS/DOP values in recent sediments may there-
fore reflect more the content of fine-grained non-reacting Fe-bearing
silicate than the amount of iron available for iron sulfide formation,
probably mainly iron oxides. This would explain why present-day
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euxinic environments do not yield higher DOS/DOP values than
normal marine environments.

In ancient sediments, euxinic environments display much higher
DOP values than normal marine sediments (Raiswell and Berner, 1985;
Raiswell, Buckley, and Berner, 1987). A possible explanation for the
difference in DOP behavior between ancient and recent sediments
could be that slowly released silicate-iron is the main iron source for
later diagenetic pyrite formation, while the high organic content of such
sediments ensures continuing reducing conditions.

C/S ratios and sedimentary environment.—Recently, interest has
arisen for distinguishing euxinic from normal marine environments in
the fossil sedimentary record by means of C/S ratios (Levanthal, 1983:
Berner and Raiswell, 1983; Berner, 1984; Raiswell and Berner, 1985).
Normal marine environments are recognized by correlating organic
carbon and sulfur contents with a molar ratio of 7.5 + 4.0 (Berner and
Raiswell, 1983). In contrast euxinic environments, using the Black Sea
as a recent example, show much higher C/S ratios.

The C/S correlation in normal marine sediments has a dynamic
origin. H,S is produced by bacterial sulfate reduction and may precipi-
tate as iron sulfide, However, the amount of sulfide that ends up as iron
sulfide is only a fraction, 5 to 30 percent ( Jgrgensen, 1977; Berner and
Westrich, 1985) of the total production of H,S. Organic carbon will be
consumed by sulfate reduction and also by aerobic degradation.
Jgrgensen (1977) found for Limfjorden that only 12 percent of the
organic carbon produced in the overlying water did accumulate in the
sediment. Thus a C/S plot represents the relation between the small
remainders of the original pools of sulfide and organic carbon. Accord-
ing to Berner (1984) the origin of the constant C/S ratio in normal
marine sediments is that constant fractions of organic carbon and
produced H,S are preserved in the sediment. An implicit assumption
here is that abundant reactive iron and sulfate are available so that the
amount of iron sulfide is controlled by the input of reactive organic
matter.

In euxinic environments such as the Black Sea and Gotland deep,
bottom waters contain H,S. This means that iron sulfide formation may
already start in the water column. Furthermore, advection of H,S-
containing waters may result in high pyrite/low organic carbon sedi-
ments. These factors are the reason why C/S values from euxinic
environments deviate from the normal marine C/S ratio and can be
used to identify fossil euxinic environments (Levanthal, 1983: Berner,
1984; Raiswell and Berner, 1985).

Figure 10 shows C/S distributions in the sediments of the Born-
holm and Gotland deeps. Also outlined in figure 10 are the ranges of
C/S ratios in normal marine and Black Sea sediments. Note that the
Bornholm and the Gotland deeps behave differently with respect to
their C/S ratios. Compared to the Black Sea both C and S values are
high in the Gotland deep while low C/S ratios are not obvious (fig. 10).
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The considerable scatter of C/S data in the Gotland deep sediments is in
good agreement with the decoupling of organic carbon accumulation
and iron sulfide formation in euxinic environments. A separation into
syngenetic and diagenetic iron sulfide, such as proposed by Raiswell and
Berner (1985), is not obvious for the Gotland deep data (fig. 10).
Perhaps data that scatter away from the normal marine C/S ratio could
be a more typical aspect of euxinic environments. In any case it would be
quite difficult to recognize a fossil equivalent of the Gotland deep
sediment from C/S data alone. Supportive evidence from sedimentary
structures such as lamination and lack of burrowing activity would be
advisable. In the Bornholm deep (fig. 10), C/S ratios are less variable,
showing values ranging from normal marine toward higher C/S ratios.
Some of these sediments (fig. 2) contain large amounts of FeS, due to
sulfate exhaustion in the pore water, which results in high C/S ratios. If
the FeS-S content is recalculated to FeS,-S, the potential C/S ratio
which should be attained during further diagenesis can be plotted.
These potential C/S values are also shown in figure 10 and fit nicely at
the upper end of the normal marine egg as expected for an organic
carbon control on the sulfur content. However, this potential sulfur
content is equivalent to the sulfide-bound iron content. Since reactive
iron controls the content of sulfide-bound iron, the agreement with the
normal marine C/S ratio is not due to organic carbon control on iron
sulfide formation but rather to a coupling of organic carbon and iron
sedimentation (Berner, 1984). Raiswell and Berner (1985) suggest that
the latter case should result in DOP/DOS values independent of the
organic carbon content. However, our DOS /organic carbon data do not
carry this out, probably due to larger variations of DOS compared to
variations in organic carbon. Generally the Bornholm deep example
illustrates that the origin of C/S ratios is complex and requires a very
careful interpretation.

Sulfidization at the marine-freshwater interface.—Both the Baltic and
the Black Sea have changed between freshwater and marine conditions
in recent geological history (Ignatius and others, 1981: Ross, Stoffers,
and Trimonis, 1978). This appears to be a logical consequence of their
restricted character, necessary to maintain stratification in brackish/
marine stages, but which, due to eustatic fluctuations, may result easily
in occasional freshwater periods.

In the context of iron sulfide formation, the change from marine to
freshwater conditions has as its most important consequence the shift
from a high to a low sulfate environment. In the Baltic there was an
additional change from organic-poor freshwater sedimentation to
organic-rich marine/brackish sedimentation (fig. 8). As described in an
earlier section, both the distribution of iron sulfide in the sediment (fig.
5) as well as the pore water chemistry (fig. 7) suggest that downward
diffusion of dissolved sulfide causes progressive sulfidization of the
underlying freshwater clays.
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This type of situation, where organic-rich sediments are superim-
posed on organic-poor sediments, has been treated both theoretically
and experimentally by Berner (1969). Depending on the amount of
reactive iron available in the organic-rich layer, three cases were
identified (fig. 11): In the low iron situation, HyS production rapidly
exceeds available iron, resulting in downward H,S diffusion and iron
sulfide precipitation in the top of the organic-poor layer. In the high
iron case (fig. 11), available iron exceeds H,S production, so that only
dissolved orgamc matter diffuses downward. This causes the reduction
of iron oxides in the organic-poor layer, and the upward flux of Fe?* will
give rise to an iron-sulfide enriched layer near the interface. The third
case is the intermediate one, where distinct iron sulfide bands are
precipitated, which resembles Liesegang banding.

Comparison of these ideal cases with the data from the Gotland
deep gives some problems. Berner (1969) arbitrarily defined the high
iron case as where the original iron concentration, which is able to react
with H,S, is greater than ten times the initial molar concentration of
sulfate and organic-S available for sulfide formation. In the marine
muds of the Gotland deep, this ratio was estimated to be 13, using
actually sulfidized iron as measure for the reactive iron content. Accord-
ingly it belongs to the high iron case. However, no accumulation of iron
sulfide at the marine/freshwater interface is observed (fig. 5). Actually
both the content of iron sulfide in the upper freshwater clay (fig. 5) and
the downward diffusion of H,S (fig. 7) are in better agreement with the
low iron case. Thus the criteria for identification of the low and high
iron cases need to be revised.

Furthermore, pore water profiles (fig. 7) seem at first hand to be in
better agreement with the intermediate case (fig. 11). However, in order
to produce a distinct iron sulfide band, the upward Fe**-flux ( Jyre-)

LOW IRON HIGH IRON INTERMEDIATE

155 ORGANIC RICH SEDIMENT

IRON SULFIDE FORM.

ORGANIC FREE SEDIMENT

Fig. 11. Models for iron sulfide formation at the interface between high organic
matter sediments and low organic matter sediments (after Berner, 1969).
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should more or less balance the downward HyS-flux ( Jyus-;3 HS™ is the
dominant diffusing species at seawater pH) that is;

Js[Fez*] = —_].qHs-]
Application of Fick’s first law of diffusion yields

d[HS] d[Fe?*|
- Ds|HS"] 4 T = Ds[Fe“] ¢ T

Where @ is porosity and Dgyg-j and Dyge-) are whole sediment diffusion
coefficients. For tracer diffusion coefhicients, Li and Gregory (1974)
report that Dgus-; = 3Dgge+. Assuming the same ratio for whole
sediment diffusion coefficients and from the concentration gradients for
HS~ and Fe** (fig. 7), it was calculated that the diffusive flux of HS™ is
about 30 times that of Fe?*. Thus the Fe?* flux is by far subordinate to
the downward HS™ flux, and since the iron sulfide front is sharp (fig. 5),
it means that virtually all iron is sulfidized in situ by reactions between
dissolved sulfide and iron oxides in the sediment. Our conclusion is
therefore that the situation at the interface between freshwater and
marine sediments is best described by Berner’s (1969) low-iron model.

Here, the downward migration of the iron-sulfide front can be
described by the mass balance expression;

d_X _ —®D,us-([HS™]/9%),-x 1
de fL

where

X = position of the iron sulfide front (cm) below the marine/
freshwater interface
t = time (sec)
® = porosity
Dyus-) = whole sediment diffusion coefficient (cm?/sec)
f= c0113centration of solid reactive iron in the sediment (umole/
cm”)
L = number of moles sulfide that react with one mole iron to
form iron sulfide
Substitution of Fick’s 2nd law and solving yields (Berner, 1969):

5 _ [42HS JoDyust] 2
| vafL + ®[Hs|,

[

@)

Where [HS], is the concentration at the marine/freshwater interface.
This solution is valid if the term X /2 VDt is constant and less than
0.5. In the Baltic this term equals ~0.02. Schematically, the model is
illustrated in figure 12.

Several input parameters are required. First time (t) reflects the
start of marine sedimentation 7700 yrs ago (Bloomquist, ms). Measured
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Fi%. 12. Schematic outline of the low iron model for diffusion of HS™ and iron
sulfide formation at the interface between high organic marine sediments (M) and low
organic freshwater sediments (F).

porosities (®) range from 0.69 to 0.76. Since porosity must have been
larger in the past, a constant value of 0.8 is used in the calculations. The
value of [HS™], was estimated as the average of the three highest values
in the marine mud and is assumed constant through time. Goldhaber
and Kaplan (1975) have shown that maximum concentrations of
dissolved sulfide can be correlated with the sedimentation rate. Since
the maximum dissolved sulfide concentrations in the Gotland deep are
found in the lower part of the marine mud (fig. 7 and table 2), the
reasonable assumption of a constant sedimentation rate should result in
more or less constant values for [HS™], through time.

Dyus-jat 5°C and ® = 0.8 can be calculated from Dys- values of Li
and Gregory (1974) using the empirical relations of Lerman (1979) and
Berner (1980) and yield a value of 6.9 + 0.3 . 107° cm®/sec. An
alternative estimate of 7.2 - 107® cm?/sec was obtained from the
‘assumption that Dyus-)/Dycy = Dyus-)/Dya-) using data of Li and
Gregory (1974). An average of Dyyus-) = 7.05 - 107° cm®/sec was used in
the model. Effects of ion-pairing on D, (Lasaga, 1979) can be neglected.

The concentration of reactive iron (f') was obtained from the mean
concentration of sulfide-iron in the upper layers of the freshwater clay
(fig. 5 and table 1). Finally, L indicates the number of moles of dissolved
sulfide that react with one mole iron to form iron sulfide. Here, the final
product is pyrite, albeit through an intermediate FeS phase. For the
reaction between HyS and FeOOH to form pyrite, one obtains a value of
L equal to 2.
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Since the model describes the amount of dissolved sulfide that
diffuses downward, the presence of FeS (fig. 5) introduces a problem in
estimating a measured value for the depth of the iron sulfide front (X)
below the interface. This was solved by adjusting the total depth of the
iron sulfide front to the level where the amount of FeS-S below equals
the amount of sulfur necessary to convert FeS above this level to FeS,.

The results are shown in table 3 and show very good agreement
between measured and calculated values for the iron sulfide front. The
results are not affected significantly by small variations in values of &, t,
Dyus-y, f, and L, although different [HS™], estimates could introduce
larger errors. Generally, our conclusion is therefore that Berner’s
(1969) low-iron model quantitatively describes the ongoing sulfidization
of the freshwater clay below the marine mud. Berner (1969) tested his
model in short term (~0.5 yr) experiments where the migration of the
iron sulfide front was followed visually. The fact that the model can be
applied both to short time experiments as well as to our 7700 yr old
situation in the Gotland deep is particularly encouraging. Note also that
the application of the low iron model is in agreement with our earlier
conclusion, that reactive iron is the limiting factor for pyrite formation
in the marine mud.

Running the model forward in time, we may predict (eq 2)
decreasing migration rates for the iron sulfide front. Therefore,
although the first half meter was pyritized within 10,000 yrs, pyritiza-
tion of the whole sequence of up to 4 m freshwater clay (Kogler and
Larsen, 1979) would take more than 1 my. Actually, decreasing values of
[HS~], and ® would slow the migration of the iron sulfide front even
more.

Finally, if the Baltic in the future changes back to freshwater
conditions, sulfate would become rapidly depleted, and sulfide produc-
tion would cease. In that case, it is likely that the black FeS-band at the
iron sulfide front (fig. 5) would become preserved in the sediment. Such
preserved black bands have been found in a similar setting in the Black
Sea by Berner (1974).

TABLE 3

Measured and calculated values for the iron sulfide front advancement in the
Jreshwater clay of the Gotland deep. For explanation, see text

[HS™], fro X calc. X meas.
Core umol/cm® umol/cm3 cm cm
230 0.217 182 + 78 42 44 + 3

231 0.196 166 + 33 43 43 +5
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CONCLUSION

The results of this study demonstrate that pyrite formation in
anoxic environments of the Baltic may vary considerably, depending on
factors such as sedimentation rate, the presence or absence of H,S in the
bottom waters, and salinity.

In the Bornholm deep, high sedimentation rates combined with
low O,, but H,S free bottom waters, result in the accumulation of high
contents of iron monosulfides and near normal marine C/S ratios.
Reactive iron limits the amount of sulfide-bound iron, while sulfate
availability controls the FeS/FeS, ratio.

In the Gotland deep, with lower sedimentation rates and H,S-
containing bottom waters, little iron monosulfide accumulates. Reactive
iron limits here iron sulfide formation. Due to decoupling of organic
matter accumulation and iron sulfide formation, large variations in C/S
ratios are displayed. The freshwater muds underlying the marine muds
are presently sulfidized by downward H,S diffusion.
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