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Abstract: A study on sulfur circulation in sediments was
carried out in dam reservoirs (Sulejów, Siemianówka, Turawa) with different hydrological and age characteristics
as well as with a different level of sediment accumulation
and organic matter content.
Differences in the isotopic composition of SO2−
4 in the water column and small variations in the concentration of
this ion were observed in the Turawa reservoir. The investigations did not show vertical variation in the watercolumn concentrations and isotopic composition. This is
due to the small depths of the reservoir and mixing of water. A part of sulfate sulfur from the water column is reduced by incorporating it into cell structures, while a part
of it is deposited in the sediment. The study revealed a
small exchange of SO2−
4 between the water column and the
sediment. Depending on the season of the year and the
sediment sampling site, biogeochemical transformations
of sulfur species are observed.
A significant variation in the biogeochemical processes
was found between the Siemianówka and Sulejów reservoirs, both in the concentrations and in the isotopic composition of particular sulfur species. This primarily results
from the different characteristics of either of these reservoirs (flows, sedimentation, and material discharge to the
lake). The main source of sulfur supplied to the sediments
in the Siemianówka reservoir is organic sulfur contained in
organic matter deposited at the bottom. In the sediment,
organic sulfur is bacterially oxidized and fixed as SO2−
4 .
This is manifested in a substantial enrichment of sulfate in
34
S. The presence of polysulfides was found in both reservoirs, but a distinct depletion of δ34 S(S2− ) in the light sulfur isotope was observed in the Siemianówka reservoir. In
a part of the Sulejów reservoir, polysulfides are oxidized to
SO42− ,probably at the sediment/water interface.
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In freshwater lakes, sulfur occurs as oxidized and reduced
inorganic and organic compounds [1–3]. The main sources
of sulfur are weathering of rocks within the catchment
area (oxidation of organic sulfur), burning of fossil fuels,
and discharge of wastewater containing the sulfate(VI) ion
[1, 2, 4–6]. Sulfur compounds are transported by water primarily through surface runoff, penetration from groundwater, and to a lesser extent through precipitation.
Under favorable conditions, SO2−
4 can be transported
to the anaerobic zone where it is bacterially reduced to
H2 S. In such conditions, hydrogen sulfide can react with
metals and be precipitated in the sediment as mono- and
polysulfides.
Sulfides are usually formed in the zones of bacterial
sulfate(VI) reduction in which the activity of benthic fauna
and the physical processes associated with, among others,
waves are marginal [7].
Only a small portion of reduced sulfur (< 10%) remains
deposited in the sediment over a longer period of time
[8–11]. Sulfur deposition is an effect of the balance of two
opposite processes: sulfate(VI) reduction and sulfide oxidation [5], which are associated with the activity of bacteria found in sediments deposited at the bottom of lake
water bodies.
The elemental sulfur (S0 ) formation mechanisms have
not been fully identified to date, but probably bacterial oxidation of sedimentary sulfides is a very important pathway
of S0 formation [12].
The sulfur isotopic composition of the sulfate(VI) ion
is determined by the sources of its origin and redox reactions, which are predominantly controlled by the biosphere and which in consequence lead to changes in its
concentration in the water column and in the sediment
[13–15].
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Figure 1: Location of sampling points.

The process that modifies the isotopic composition of the
sulfate(VI) ion to the greatest extent is bacterial sulfate(VI)
reduction which causes sulfate(VI) to be enriched in the
heavy sulfur isotope (34 S), because sulfate(VI) reducing
bacteria prefer the light sulfur isotopes (32 S) [16]. The process of bacterial sulfate(VI) reduction is characterized by
an inversely proportional correlation between sulfate(VI)
concentration and the value of δ34 S(SO2−
4 ). Isotopic fractionation of sulfur is also associated with the photosynthetic reduction of sulfate(VI) by plants during the incorporation of sulfur into the amino acid structures [17, 18].

Phosphorus fertilizers washed out from crop fields are
characterized by δ34 S values, ranging from -6.5h to
+11.7h [19, 23, 24] and usually cause an enrichment of lacustrine sulfate(VI) in the heavy sulfur isotopes with increasing concentration of this sulfate. On the other hand,
municipal wastewater discharge causes a decrease in the
34
S value down to about 4.7h, which is a result of the
discharge of oxidation products of reduced organic sulfur
present in municipal wastewater [19].

The sulfur isotopic composition of the sulfate(VI) ion
depends on the source of its origin. SO2−
4 originating from
the oxidation of pyrite is characterized by negative values
of δ34 S(SO42− ), from ca. -4.5h to ca. -3.5h [17], but values of
about -15h are sometimes found in aquatic environments
[19]. In each case, the sulfate(VI) ion from emissions of
burning fossil fuels is distinguished by a specific value of
δ34 S(SO42− ) characteristic for a particular emitter. The isotopic ratio of sulfur dioxide ranges from +3.0h to +9.0h
[17].

2 Localization

Under lacustrine conditions, oxidation reactions of reduced organic sulfur are accompanied by small isotopic effects and hence the products of this oxidation reflect the
isotopic composition of dead organic matter deposited at
the bottom of lake water bodies. It is usually significantly
impoverished in the heavy sulfur isotopes [17]. Therefore,
the oxidation of reduced organic sulfur provides a large
amount of sulfate(VI) impoverished in 34 S [20] or only increases the concentration of sulfate(VI) without changing
its isotopic composition [21, 22].

The present study was conducted in water bodies with
different hydrological and age characteristics, a different
level of sediment accumulation as well as with varying organic matter contents (Figure 1). Samples were collected
from the Siemianówka and Sulejów reservoirs in 2011,
whereas in the Turawa reservoir sampling was done on
May 20, 2011, September 6, 2011, and September 30, 2012.
The depths from which samples were taken and redox conditions are shown in Appendix No. 1.
Turawskie Lake was created in the lower course of the
Mała Panew River during the period 1933-1938. Before its
creation, this area had been used for agricultural purposes
as fields and pastures. The areas located to the north of
the river are almost completely forested, mainly with pine
forests. The maximum depth of this water is 13.68 m [25].
The reservoir’s surface area is 2200 ha, whereas its storage
capacity is more than 108 mln m3 .
The Sulejów dam reservoir was constructed in the mid-
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1970s in the middle section of the Pilica River. Until 2003, it
had been the main water supplying drinking water to the
city of Łódź. Furthermore, it is an important tourism and
recreation site for the residents of the nearby localities.
Sulejów is a shallow eutrophic reservoir [26]. The
catchment area of this reservoir is used for agricultural
purposes in more than 64%, whereas forests account
for 26.9% [27]. At the maximum impoundment level, the
length of the reservoir is 17 km and its maximum width
2 km, whereas its depth increases of towards the dam from
1.5 to 11 m.
The Siemianówka reservoir was created on the Narew
River. It was constructed in the 1960’s and is a storage
reservoir. Its capacity is about 80 million m3 of water,
while its catchment area is 1094 km2 [28]. Three basins,
differing in their storage capacity, can be distinguished
within the reservoir bowl [29].

3 Methods
Lacustrine sediment sampled at 15 sites in the area of the
reservoirs was analyzed. Moreover, in the Turawa reservoir
water samples were collected above the sediment and from
the water surface as well as at the inflow and outflow of the
Mała Panew River in order to determine the concentration
and isotopic composition of the sulfate(VI) ion in this water. In all the reservoirs, samples of a dozen or so grams
(up to 50 g dry weight) were taken from the first 3 cm (at
the sediment/water column interface). The sediment sampled from the reservoirs was frozen to prevent the oxidation of sulfides and bacterial degradation of organic compounds. In the laboratory, the defrosted sediment was initially centrifuged, dried in a freeze drier (to counteract oxidation), and subsequently homogenized and divided into
two parts. One part was used to determine the quantitative
content of organic matter, while the other part was used for
chemical analysis. The organic matter content was determined by drying a sample at 105°C and then combusting it
at 550°C for 5 hours [30]. The difference in the weight determined the organic matter content. The water-column SO2−
4
concentration was determined with a spectrophotometer
and expressed in mg/dm3 water. The content of individual
sulfur species was expressed in mg/g dry sediment.
As a result of the chemical analysis, the following
forms of sedimentary sulfur were separated and analyzed
in quantitative terms (Figure 2):
1. sulfate(VI) ion;
2. elemental sulfur (S0 );
3. organic sulfur;

4. monosulfides (e.g. FeS );
5. polysulfides (e.g. FeS2 ).
The analysis was performed based on the previously published papers on methods of separation of sulfur at different levels of oxidation occurring in lacustrine and marine sediments [31–35] and by using an extraction line designed by the paper’s author [36].

4 SO2−
4 dissolved in water
To perform the quantitative and qualitative analysis of
SO2−
4 dissolved in the water column, the sulfate(VI) ion was
separately precipitated as BaSO4 sediment. For this purpose, a sample of water was heated and acidified with 6 M
hydrochloric acid up to a pH = 2. Next, the sample was filtered and 20 ml of BaCl2 was added. The sediments were
purified of chlorides by multiple washing and centrifugation steps.

5 Sedimentary SO2−
4
The defrosted sample was initially centrifuged. Then, the
sediment was dried in a freeze dryer. After drying, the
sediment was weighed, submerged in distilled water and
stirred using a magnetic stirrer for 5 hours at 50°C. This
was designed to rinse out SO2−
4 which had sorbed on mineral grains and was occurred in the interpore spaces [32].
The SO2−
4 concentrations were expressed in mg/g sediment
dry weight. It was further analyzed in the same way as
water-dissolved SO2−
4 .
The remaining lacustrine sediment was dried in the
freeze dryer and used for further chemical analysis.

6 Extraction of elemental sulfur
To extract elemental and organic sulfur from the sediment, a modified standard Soxhlet apparatus was used
[35]. Spectrally pure dichloromethane (CH2 Cl2 ) was used
to dissolve elemental and organic sulfur [37, 38]. A previously weighed and dried sample was placed in a glass
thimble located in the middle part of the Soxhlet extractor. Sedimentary elemental and organic sulfur was dissolved and leached into the solution. The dissolved elemental sulfur precipitated on copper granules as copper(II) sulfide, whereas the organic sulfur remained in
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Figure 2: Diagram of sulfur species extraction from sediments.

the dichloromethane solution. After completion of the extraction, the sediment was dried under a fume hood until the dichloromethane was completely evaporated. The
dichloromethane solution was purified using filter paper
and concentrated in the evaporator. The metallic copper
used was washed with fresh dichloromethane, dried with
a gaseous nitrogen stream, and used during the next analysis.

drogen sulfide (H2 S). Heating the solution to a temperature
of 50°C accelerated the reactions of monosulfide decomposition to hydrogen sulfide. Under the influence of the flow
of nitrogen, the obtained H2 S was transported through a
buffer with sodium citrate with a pH = 4 (it prevents the
formation of AgCl) and supplied to a washer containing
AgNO3. In the reaction of hydrogen sulfide with silver(I)
ions, the S− ion was precipitated as silver sulfide sediment.

7 Extraction of organic sulfur

9 Decomposition of polysulfides

The solution of organic sulfur compounds obtained as a result of extraction with dichloromethane in stage I was concentrated and analyzed by the oxidation method in a Parr
bomb apparatus [39]. This process involved the explosive
combustion of the sample in an atmosphere of pure oxygen under a pressure of 20 atm in the presence of water
(ca. 20 ml). As a result of combustion, SO2 is released and
then oxidized to SO2−
4 . The obtained aqueous solution con2−
taining SO2−
4 was filtered and subsequently the SO4 ions
were precipitated to BaSO4 using the BaCl2 solution.

8 Decomposition of monosulfides
Sediment digestion with a hot 6 M HCl solution in an atmosphere of nitrogen was used to decompose monosulfides
[40]. The analysis was performed using a glass apparatus.
As a result of the reaction with hydrochloric acid, the sulfur contained in the monosulfides was converted into hy-

The decomposition of polysulfides was carried out in an
identical apparatus as in the case of monosulfides. A properly prepared solution of 1 M CrCl3 · 6H2 O and 0.5 M HCl
was used to break down the compounds [34]. This solution
was poured into a Jones reducer containing metallic zinc
and Cr3+ was reduced to Cr2+ . After a bright blue color was
obtained, the chromium(II) salt solution was poured into a
flask with the sediment and heated. Similarly as in the case
of monosulfides, the hydrogen sulfide produced as a result
of the decomposition of polysulfides was transferred to the
washer with silver(I) nitrate(V) and after the reaction with
silver(I) ions it precipitated as silver(I) sulfide sediment.
For S isotopic analyses, pure BaSO4 and Ag2 S were
combusted with catalysts at 950°C [41]. The SO2 produced
was cryogenically purified using a vacuum preparation
line [42]. The isotopic analyses were carried out using the
Delta Advantage V mass spectrometer in the Laboratory
of Isotope Geology and Geoecology, Department of Applied Geology and Geochemistry, Institute of Geological
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Sciences, University of Wrocław. The δ34 S values were reported in reference to VCDT international standard and expressed in h. The measurement error was less than 0.3h.
The extraction apparatus was calibrated using the standards for all sulfur forms. The standards were analyzed
in terms of the isotopic composition before the extraction
and after the completion of the analysis.

10 Results
All results for the concentrations and isotopic composition
of sulfur species are presented in Appendix1, 2 and 3.

10.1 The Turawa reservoir
The concentrations and isotopic composition of sulfur
species in the Turawa reservoir are graphically presented
in Figure 3 and Figure 4.
The concentration of SO2−
4 collected from the Mała
Panew River flowing into the reservoir ranged from 73.1 to
78.2 mg/dm3 , whereas in the samples taken at the outlet
from the reservoir it ranged from 52.7 to 56.4 mg/dm3 .
In the Turawa reservoir, lower values of SO42− concentration in the water column (47.9 – 60.0 mg/dm3 ) were observed compared to the feeding stream. A clear seasonal
variation in the sulfur isotopic composition of SO2−
4 was
also found. The highest δ34 S(SO2−
4 ) values were recorded
in September 2011 (7.8h – 10.0h), while the lowest ones
in May 2011 (6.2 – 8.6h).
The sedimentary SO2−
4 concentrations were in the
range of 0.01 to 0.90 mg/g sediment, with an average value
of 0.26 mg/g. The δ34 S(SO2−
4 ) values in the tested samples
greatly vary and range between -15.2h and 3.5h (on average -5.8h).
The S0 concentrations from 0.01 mg/g to 1.39 mg/g
sediment (on average 0.4 mg/g). The δ34 S(S0 ) values in the
tested samples slightly vary and range between -13.2 and
-10.9h (on average -7.3h). The recorded monosulfide concentrations were very low, ranging from values below detection limit to 0.18 mg/g sediment (on average 0.04 mg/g
sediment). The highest concentration was found in the
sample taken from site no. 2. The values of δ34 S (monosulfides) range from -17.6 to -6.1h (on average -11.7h).
The polysulfide concentrations range from values below detection limit to 1.4 mg/g sediment (on average
0.5 mg/g sediment). The δ34 S(S2− ) values range between
-14.2 and 4.0h (on average -7.8h).

10.2 The Siemianówka reservoir
The concentrations and isotopic composition of sulfur
species in the Siemianówka reservoir are graphically presented in Figure 5 and Figure 6.
The SO2−
4 concentrations in the water range from 0.01
to 0.4 mg/dm3 , with an average value of 0.12 mg/dm3 . The
δ34 S(SO2−
4 ) values range between 1.9h and 3.2h, averaging 2.5h.
The S0 concentrations in the sediment are in the range
of 0.05 to 0.6 mg/g, with an average value of 0.3 mg/g sediment, whereas the δ34 S(S0 ) values range from -2.1h to
0.5h, with an average value of -0.4h. Monosulfides were
not found to be present in the studied sediments.
The sedimentary polysulfide concentrations range
from 0.06 mg/g to 0.69 mg/g, with an average value
of 0.3 mg/g sediment. The δ34 S(S2− ) values range between -3.0h and 0.9h, averaging -1.1h. The organic sulfur concentrations in the sediment range between 0.4 and
0.9 mg/g, averaging 0.6 mg/g sediment. The δ34 S(S− org.)
values are in the range of -4.0h to -2.5h, with an average
value of -3.3h. The percentage of organic matter in the sediment ranged from 3.1 to 15.4%, averaging 7.4%.

10.3 The Sulejów reservoir
The concentrations and isotopic composition of sulfur
species in the Sulejów reservoir are graphically presented
in Figure 7 and Figure 8.
The SO2−
4 concentrations in the water range of 0.04 to
1.3 mg/dm3 , with an average value of 0.5 mg/dm3 , while
the δ34 S(SO2−
4 ) values are in the range of -7.7h to -2.0h,
with an average value of -4.0h.
The S0 concentrations in the sediment are in the range
from 0.01 to 0.03 mg/g, with an average value of 0.02 mg/g
sediment. The δ34 S(S0 ) values are in the range from -3.8h
to -2.8h, averaging -3.3h. Monosulfides were not found to
be present in the studied sediments.
The sedimentary polysulfide concentrations range
from 0.04 to 0.3 mg/g, with an average value of 0.16 mg/g
sediment, whereas the δ34 S(S2− ) values are in the range
from -12.3h to -10.8h, with an average value of -11.7h.
The organic sulfur concentrations in the sediment
range of 0.3 to 0.8 mg/g sediment, averaging 0.6 mg/g sediment. The δ34 S(S− org.) values are within the range of 2.8h to -1.3h, with an average value of -2.0h.
The concentration of organic matter in the sediment
ranged from 0.3 to 3.4%, averaging 2.4%.
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Figure 4: Isotopic composition of sulfur species in the Turawa reservoir.
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Figure 5: Concentrations of sulfur species in the Siemianówka reservoir.

Figure 6: Isotopic composition of sulfur species in the Siemianówka reservoir.
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Figure 7: Concentrations of sulfur species in the Sulejów reservoir.

Figure 8: Isotopic composition of sulfur species in the Sulejów reservoir.
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11 Discussion
11.1 The Turawa reservoir
11.1.1 The origin and transformation of the SO2−
4 in the
water column
The main source of SO2−
4 discharged into the Turawa reservoir is the Mała Panew River and to a lesser extent the
Lubawa and Rosa Rivers. In the total water balance of
the reservoir’s catchment, the Mała Panew accounts for
87% of catchment inflows, the Lubawa for 9%, and the
Rosa for 4%. Among the streams flowing into the reservoir,
the highest flow (7.2 m3 /s) is recorded in the Mała Panew,
whereas the Lubawa (0.7 m3 /s) and the Rosa (0.3 m3 /s) are
characterized by much lower flows. Due to significant pollution of the Mała Panew and lower pollution of the other
watercourses, the Mała Panew is the main source of SO2−
4 .
Direct runoff from the forest areas and crop fields and municipal wastewater discharge are another source of sulfate
discharge into the reservoir [25]. Owing to the substantial
improvement in the state of the natural environment in the
study area, precipitation is characterized by a low sulfate
ion concentration and therefore affects the total balance of
SO2−
4 in this lake water to a very small extent [43].
The SO2−
4 concentration in the water sampled from the
Mała Panew flowing into the Turawa reservoir shows values higher by more than 20 mg/dm3 compared to the concentration recorded in the reservoir. On the other hand,
the samples collected in the outflow from the reservoir
had similar concentrations compared to those found in the
samples taken from the reservoir (Figure 9).
The investigations revealed a high variation in seasonal changes in the isotopic composition of watercolumn sulfate and a smaller variation in the concentrations of this ion. In the samples taken in spring 2011, a
clear enrichment of SO2−
4 in the light sulfur isotope can be
observed. This is sulfate originating from the discharge of
products of oxidation of reduced organic sulfur present in
municipal wastewater. Such discharge causes a decrease
in the δ34 S value.
The samples collected from different depths of the
reservoir did not show distinct differences in SO2−
4 concentrations or its sulfur isotopic composition. The observed
vertical homogeneity of the water column is the result of
relatively small depths of the reservoir and mixing of water in the reservoir.
Water-column SO2−
4 concentrations are usually controlled by planktonic seston living in the pelagic zone.
The living organisms consumed sulfate sulfur incorporat-
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ing it into their cell structures, at the same time increasing the pool of organic sulfur subsequently deposited in
the sediments. A part of the sulfate ion deposited in the
sediments was converted to reduced forms of sulfur (polysulfides). The deposited sulfate ion and the reduced forms
were not observed to be released into the water column
above the sediment. If such an exchange took place, the
isotopic composition of sulfate ion in the water samples
collected above the sediment should be much more impoverished in isotopically heavy sulfur compared to the samples taken from the sediments, but this was not observed.
Moreover, the sulfide content measurements made spectrophotometrically in the water samples above the sediment surface were characterized by values below detection (0.02 mg/dm3 ).

11.1.2 Transformations of sulfur species in sediments
The presence of both oxidized forms of sulfur (SO2−
4 ) and
reduced forms (elemental sulfur, organic sulfur, monosulfides, and polysulfides) was found in the lacustrine sediment. The analysis of SO2−
4 from the water column above
the sediment and of sulfate sampled from the sediment
showed a large variation in the isotopic composition. The
sedimentary sulfate ion was characterized by an depletion
in the heavy sulfur isotope relative to the water-column
SO2−
4 .
A correlation (R = 0.91) was shown between the concentration of sedimentary SO2−
4 and the isotopic composi2−
34
tion of sedimentary SO4 (δ S(SO2−
4 )h) (Figure 10) Along
with a decrease in the concentration of sedimentary SO2−
4 ,
this ion is enriched in the heavy sulfur isotope. The photosynthetic reduction of the sulfate ion may occur here,
which is frequently observed both in the water column and
in lacustrine sediments [43].
In the samples collected on May 20, 2011, a negative correlation was demonstrated between the concentrations of sedimentary polysulfides and the isotopic compo34
2−
sition of sedimentary SO2−
4 (δ S(SO4 )h) (Figure 11). The
polysulfides were probably oxidized to sulfates. It was observed that the lower the sedimentary polysulfide concentration, the more the sedimentary sulfate was enriched in
the heavy sulfur isotope. A similar relationship was not
however shown in the other samples.
Moreover, a positive correlation (R = 0.54) was observed between the δ34 S isotopic composition of polysulfides and the δ34 S isotopic composition of SO2−
4 (Figure 12).
Together with a shift in the δ34 S values of the polysulfides
towards positive values, the SO2−
4 is also enriched in the
heavy sulfur ion. This process is best observed in the sam-
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2−
Figure 9: Relationship between the isotopic composition of SO2−
4 and the concentration of dissolved SO4 in the tributaries and in the Turawa reservoir. This figure presents the results obtained for the water surface and for the water column above the sediment as well as the
results for the Mała Panew from its inflow to the reservoir and downstream from the reservoir’s dam.

Figure 10: Relationship between δ34 S(SO2−
4 ) and the concentration
of sedimentary SO42− .

Figure 11: Relationship between δ34 S (SO2−
4 ) and the concentration
of polysulfides in the Turawa reservoir.
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pling from May 2011 (R = 0.95) and to a lesser extent in the
other samples (R = 0.54 in the samples from September 6,
2011, and R = 0.39 in the samples from September 30, 2012).
The monosulfides were shown to have a low concentration in the sediments or to be completely absent (from
0 – 0.18 mg/g sediment). A particularly low concentration was recorded in the samples from September 30, 2012,
which made it impossible to conduct an isotopic analysis. The main reason for such low concentrations of sedimentary monosulfides is the high solubility of such compounds and their quick conversion to polysulfides, mainly
to pyrite [10, 44, 45]. In the other two samplings, a slight
positive correlation was shown between the sulfur isotopic
composition of polysulfides and the sulfur isotopic composition of monosulfides (Figure 13). Together with a shift
in the values of the sulfur isotopic composition of polysulfides towards positive values, the monosulfides are also
enriched in the heavy sulfur ion.
In the sampling from September 9, 2011, a negative correlation was observed between the sedimentary
organic matter content and the isotopic composition
δ34 S(SO2−
4 )h (R = -0.6) (Figure 14). Together with a decrease in the content of sedimentary organic matter, there
is a shift in the isotopic composition of sedimentary sulfate(VI) ion towards positive values. Such process probably occurred only at the sediment - water column interface
where more oxidizing conditions are found.

11.2 The Siemianówka and Sulejów
reservoir
11.2.1 The origin and transformation of sulfate
Significant differences between both reservoirs were observed both in the concentrations and in the isotopic composition of particular sulfur species. This primarily results
from the different characteristics of either of these reservoirs (flows, sedimentation, and material discharge to the
lake).
The analysis of sedimentary δ34 S(SO2−
4 ) showed a
large variation between the Sulejów and Siemianówka
reservoirs. In the case the Siemianówka reservoir, the
δ34 S(SO2−
4 ) values were positive, ranging from 1.9 to 3.2h,
whereas the isotopic composition of SO2−
4 in the Sulejów
reservoir ranged from -1.9 to -7.7h. The Siemianówka reservoir is located in immediate vicinity of vast wetlands and
peatlands. Moreover, during the time of filling the reservoirs, a part of the marshy areas was inundated. The sulfur isotopic composition of peat-forming plants ranges between +4.8h and +10.8h [36]. That is why the main source
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Figure 12: Comparison of the sulfur isotope composition of sedimentary SO2−
4 and the sulfur isotope composition of polysulfides.

of sulfur supplied to the sediments of this water is organic
sulfur contained in organic matter deposited at the bottom. In the sediment, organic sulfur is bacterially oxidized
and fixed as SO2−
4 (Figure15). It was observed (except for a
single site in the Sulejów reservoir (St- 14) and in the Siemianówka reservoir (St-11) that, together with a decrease in
the sedimentary organic matter content, the isotopic composition of sedimentary SO2−
4 is shifted towards positive
values.
Organic sulfur contained in the organic matterdegrading bacteria preferentially reduced or oxidized the
isotopically lighter sulfur, and thus the remaining residue
was enriched in 34 S. The produced sulfate ion became isotopically heavier, because the remaining organic matter
became isotopically heavier.
The presence of polysulfides was revealed in all
sediment samples analyzed and the values significantly
differed between the Sulejów and Siemianówka reservoirs. The samples collected from the Siemianówka
reservoir were shown to exhibit an evident impoverishment of δ34 S(S2− ) in the light sulfur isotope compared to the Sulejów reservoir (δ34 S(S2− )(Siemianówka)
- δ34 S(S2− )(Sulejów)= 10.6h). In the Sulejów reservoir, a
negative correlation (R = -0.9, except for site no. 19) was
demonstrated between the δ34 S isotopic composition of
polysulfides and the δ34 S isotopic composition of sedi34
mentary SO2−
4 (Figure16). Together with a shift in the δ S
values of the polysulfides towards negative values, the sulfate(VI) ion is enriched in the heavy sulfur isotope. In a
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Figure 13: Comparison of the sulfur isotope composition of sedimentary polysulfides and the sulfur isotope composition of sedimentary monosulfides.

Figure 15: Comparison the isotope composition of sedimentary
SO2−
4 and the sedimentary organic matter content.

Figure 14: Comparison of the sulfur isotope composition of sedimentary SO2−
4 and the sedimentary organic matter content.

Figure 16: Comparison of the δ34 S isotope composition of polysulfides and the isotope composition of sedimentary SO2−
4 .
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12 Conclusions

Figure 17: Comparison of the isotopic composition of sedimentary
elemental sulfur and the sulfur isotopic composition of sedimentary
polysulfides.

part of the reservoir, the sedimentary polysulfides are oxidized to sulfate and the produced sulfate ion is enriched in
the heavy sulfur isotope. This is consistent with the principle that during an oxidation reaction heavier isotopes are
oxidized more readily. The above processes were not observed in the Siemianówka reservoir.
The conducted analysis of the sediments showed
the complete absence of sedimentary monosulfides. This
made it impossible to conduct an isotopic analysis that
would allow the transformation pathways of these sedimentary compounds to be traced. The main reason for
such low concentrations of sedimentary monosulfides is
the high solubility of these compounds and their quick
conversion to polysulfides, mainly to pyrite [10, 44, 45].
Elemental sulfur was found in the all sediment samples collected from both reservoirs, but higher concentrations were recorded in the Siemianówka reservoir (0.06 0.6 mg/g sediment). In the Siemianówka reservoir, a correlation was observed between the δ34 S(S0 ) values and the
δ34 S values of polysulfides (R = - 0.78) (Figure 17). Together
with an enrichment of the polysulfides in the light sulfur
isotope, the produced elemental sulfur is enriched in the
heavy sulfur isotope. The analysis of the obtained data reveals that sulfide oxidation is not the only processes of elemental sulfur formation. This process is more complex and
at the present stage not fully explained for the investigated
reservoirs.

Based on the performed analyses of sulfur compounds
found in the three dam reservoirs, it can be concluded as
follows:
Turawa
(a) There were clear differences in the isotopic composition of SO2−
4 in the water column and smaller
differences in the concentration of this ion. This
results from the differences in the sources of
SO2−
4 discharge into the reservoir (among others,
the seasonal discharge of sulfate from municipal wastewater). The investigations did not show
vertical variation in the water-column concentrations and isotopic composition. This is due to the
small depths of the reservoir and mixing of water.
(b) The SO2−
4 concentrations in the outflow from the
reservoir are lower by about 20 mg/l than in the
inflow into the reservoir. A part of sulfate sulfur
is reduced by incorporating it into cell structures,
while a part of it is deposited in the sediment and
subjected to redox processes.
(c) A large variation was observed in the isotopic
composition of SO2−
4 from the sediment and in the
water column. The sulfate ion in the sediment was
characterized by a distinct impoverishment in the
heavy sulfur isotope compared to water-column
SO2−
4 . This indicates low interaction between the
water column and the sediment.
(d) Depending on the season of the year and the sediment sampling site, biogeochemical transformations of sulfur species are observed. In the spring
season of 2011, polysulfides were observed to be
oxidized to sulfates. The sulfate produced as a result of oxidation was enriched in the 34 S isotope.
Siemianówka and Sulejów
(a) Significant variation was shown between these
reservoirs, both in the concentrations and in the
isotopic composition of particular sulfur species.
This primarily results from the different characteristics of either of these reservoirs (flows, sedimentation, and material discharge to the lake).
(b) The main source of sulfur supplied to the sediments in the Siemianówka reservoir is organic sulfur contained in organic matter deposited at the
bottom. In the sediment, organic sulfur is bacterially oxidized and fixed as SO2−
4 . This is manifested
in a substantial enrichment of sulfate in the heavy
sulfur isotope.
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(c) The presence of polysulfides was found in both
reservoirs, but a distinct impoverishment of
δ34 S(S2− ) in the light sulfur isotope was observed
in the Siemianówka reservoir. In a part of the Sulejów reservoir, polysulfides were shown to be oxidized to SO2−
4 (probably at the sediment/water column interface).
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Depth
(m)

4
4.4
2.3
1.5
2
5.2
4
3
2.2
2.3
4.5
4
2.7
1.8
2.5

sampling

St-1 (06.09.2011 r.)
St-2 (06.09.2011 r.)
St-3 (06.09.2011 r.)
St-4 (06.09.2011 r.)
St-5 (06.09.2011 r.)
St-1 (20.05.2011 r.)
St-2 (20.05.2011 r.)
St-3 (20.05.2011 r.)
St-4 (20.05.2011 r.)
St-5(20.05.2011 r.)
St-1 (30.09.2012 r.)
St-2 (30.09.2012 r.)
St-3 (30.09.2012 r.)
St-4 (30.09.2012 r.)
St-5(30.09.2012 r.)

(ls/cm)
241
226
192
112
210
n.a
n.a
n.a
n.a
n.a
n.a
n.a
n.a
n.a
n.a

Conductivity

(mg/g)
0,72
0,53
0,04
0,06
0,01
0,51
0,04
0,13
0,17
0,12
0,36
0,91
0,14
0,05
0,13

SO2−
4

[h]
-11,2
-7,4
-3,4
-5,1
-4,0
-15,2
3,5
-6,0
-7,2
-6,4
-1,6
-5,6
-2,3
-12,9
-3,2

δ34
S(SO24 )

(mg/g)
0,28
0,3
0,6
0,2
0,4
1,39
0,5
N.D.
0,4
0,7
0,38
0,84
0,01
0,03
0,02

Elemental
S

[h]
-13,2
-12,0
-12,8
-1,4
-11,4
-11,0
-9,4
N.D.
-5,6
-9,1
-1,9
-3,8
-3,3
-4,4
-3,1

δ34 S
(S0 )

(mg/g)
0,09
0,18
0,02
N.D.
0,01
0,03
0,02
0,02
0,02
0,01
N.D.
N.D.
0,02
N.D.
N.D.

Monosulphides

[h]
-15,3
-17,7
-13,5
N.D.
-13,5
-14,8
-6,1
-6,8
-8,3
-7,4
N.D.
N.D.
-13,9
N.D.
N.D.

δ34 S
(Monosulphides)

Table 1: Concentration and δ34 S of sulfur speciation (in sediment) in the Turawa dam ( n.a. - not analyzed, N.D. - not detected).

(mg/g)
0,21
0,38
0,31
N.D.
0,03
1,41
0,03
N.D.
0,21
0,12
1,8
0,92
0,34
0,05
0,11

Polysulphides

[h]
-13,1
-13,3
1,3
-7,8
-9,2
-14,2
4,0
N.D.
-9,8
-8,3
-9,4
-8,8
-2,1
-11,5
-7,3

δ34 S
(Polysulphides)

(mg/g)
0,63
0,43
0,23
0,28
0,19
0,61
0,71
0,39
0,41
0,25
0,79
0,6
0,48
0,11
0,21

[h]
-5,3
-4,9
-3,2
-3,8
-3,0
-4,5
-5,4
-3,5
-2,7
-3,0
-4,0
-4,8
-2,4
-4,1
-2,5

Organic δ34 S
S
(Organic
S)

3,3
4,5
0,8
0,4
0,2
4,1
0,7
0,3
0,7
0,8
6,4
8,3
2,9
1,8
1,9

C (organic
matter)
[%]
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St-1 (06.09.2011 r.) 0m
St-1 (06.09.2011 r.) 5.8 m
St-2 (06.09.2011 r.) 0m
St-2 (06.09.2011 r.) 5,8 m
St-3 (06.09.2011 r.) 0m
St-3 (06.09.2011 r.) 3,9 m
St-4 (06.09.2011 r.) 0m
St-4 (06.09.2011 r.) 1,5 m
St-5 (06.09.2011 r.) 0m
St-5 (06.09.2011 r.) 0,5 m
MP/PZ 30.09.2012
MP/PZ 06.09.2011
MP/ZZ 30.09.2012
MP/ZZ 06.09.2011
MP/PZ 20.05.2011
MP/ZZ 20.05.2011

Sampling

54,7
57,2
60,0
54,4
56,9
52,9
58,9
59,1
57,2
57,1
73,09
78,23
52,71
56,43
79,2
50,32

SO2−
4
(mg/g)

δ34 S
(SO2−
4 )
[h]
9,2
9,1
9,8
10,0
7,9
8,9
9,0
8,6
8,9
9,7
9,2
9,5
8,2
8,3
9,0
8,7
St-1 (20.05.2011 r.) 0m
St-1 (20.05.2011 r.) 7,4 m
St-2 (20.05.2011 r.) 0 m
St-2 (20.05.2011 r.) 6m
St-3 (20.05.2011 r.) 0m
St-3 (20.05.2011 r.) 4 m
St-4 (20.05.2011 r.) 0m
St-4 (20.05.2011 r.) 3,2
St-5(20.05.2011 r.) 0m
St-5(20.05.2011 r.)1,9 m

Sampling

Table 2: Concentration and δ34 S(SO2−
4 ) in column water in the Turawa dam.

54,6
54,9
47,9
53,7
57,4
50,9
59,2
51,1
54,6
54,4

SO2−
4
(mg/g)

δ34 S
(SO2−
4 )
[h]
8,0
6,2
7,8
8,1
8,0
6,6
8,6
7,8
7,0
7,5
St-1 (30.09.2012 r.) 0m
St-1 (30.09.2012 r.) 4 m
St-2 (30.09.2012 r.) 0 m
St-2 (30.09.2012 r.) 4,2m
St-3 (30.09.2012 r.) 0m
St-3 (30.09.2012 r.) 2,3m
St-4 (30.09.2012 r.) 0m
St-4 (30.09.2012 r.) 0,5m
St-5(30.09.2012 r.) 0m
St-5(30.09.2012 r.)1,5 m

Sampling

52,26
50,98
53,91
52,31
51,47
51,82
52,65
52,08
53,49
52,83

SO2−
4
(mg/g)

δ34 S
(SO2−
4 )
[h]
8,0
8,6
8,6
7,5
8,7
8,5
8,5
8,0
7,3
8,5
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ST 2 (Siemianówka) 93
ST 11 (Siemianówka) 190
ST 13 (Siemianówka) 139
ST 12 (Siemianówka) 107
ST 14 (Siemianówka) 290
ST 1 (Sulejów) 138
ST 11 (Sulejów) 120
ST 4 (Sulejów) 246
ST 9 (Sulejów) 240
ST19 (Sulejów) 290

Points Conductivity (ls/cm )

0,09
0,07
0,01
0,05
0,40
0,04
0,30
0,90
1,34
0,85

SO2−
4
(mg/g)

2.9
3,2
2,3
1,9
2,6
-2,0
-4,6
-2,9
-3,0
-7,7

δ34 S
(SO2−
4 )
[h]
0,60
0,06
0,05
0,08
0,52
0,03
0,01
0,01
0,02
0,02

Elemental S
(mg/g)

0,1
0,6
-0,9
0,3
-2,1
-3,0
-3,0
-3,8
-2,8
-3,7

δ34 S
(S0)
[h]
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

Monosulphides
(mg/g)
0,68
0,06
0,69
0,06
0,13
0,09
0,07
0,33
0,30
0,04

Polysulphides
(mg/g)

δ34 S
(Polysulphides)
[h]
-1,6
-1,1
0,9
-0,8
-3,0
-12,3
-10,8
-12,2
-12,0
-11,5
0,90
0,50
0,45
0,62
0,39
0,82
0,69
0,32
0,54
0,54

-4,0
-3,2
-3,8
-2,5
-3,0
-2,2
-2,8
-1,8
-1,3
-1,9

Organic δ34 S
S(mg/g) (Organic
S) [h]

Table 3: Conductivity, concentration and δ34 S of sulfur speciation (in sediment) in the Siemianówka and Sulejów dam ( N.D. - not detected).

C (organic
matter)
[%]
8,87
3,13
4,73
5,07
15,42
2,65
0,33
2,88
3,42
2,73
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