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Abstract

Our study attempts to determine the influence of bacterial reduction on sulphate concentrations in

groundwaters. A buried valley in a southeastern section of the Gwda River drainage basin was selected for

fieldwork near the towns of Wysoka and Badecz. Deep aquifers in the area are known for their high sulphate

concentrations that result from pyrite oxidation by the Thiobacillus denitrificans bacteria. Isotope composi-

tions of SO; ions show *S enrichment at lower sulphate concentrations, which might indicate bacterial reduc-

tion processes. Theoretical curves of SO} isotope composition and ion concentration change, drawn using a

Rayleigh formula and the results of the determination of 6**O (SO;") and 6*S (SO}’ suggest widely varying

intensities of the sulphate reduction processes. It can be estimated that bacterial reduction eliminated between

30% and in excess of 50% of the initial concentrations of SO} ions in individual cases.
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Introduction

The study area is located near the villages of Wysoka
and Badecz in a southeastern section of the drainage basin
of the Gwda River along the western section of the Polish
Baltic coast. Highly dynamic changes in concentrations of
the SO; ion were detected in a deep aquifer in Pleistocene
deposits lying within a buried valley. Moreover, the deep
Pleistocene aquifer within a buried valley were found to
contain higher concentrations of chloride ions than the
changeability range of these ions observed before a buried
valley area [1]. The ascent of dilution brines from Mesozoic
aquifers is the major process responsible for the increase of
the CI” ions. However, the isotopic composition of SO}
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ions and the chemical composition of dilution brines indi-
cated other source of sulphates than the ascending brines
[2]. The higher concentrations of SO; ions had been caused
by the oxidation of syngenetic pyrite [3]. Taking into
account the fact that in the study area the groundwater is
used for human consumption, these processes in aquifers
occasionally cause serious problems. For instance, they can
induce secondary dissolution of rock-bearing minerals and
they directly influence the concentrations of Mn*', Ca*', and
Mg* ions and the amount of iron rust (Fe(OH),). Such
processes in aquifers can have a detrimental effect on qual-
ity and treatment of water. The study area is located in the
western section of the Polish Baltic coast, where similar
buried valleys interconnected with different aquifers occur
over a wide area. Hence, understanding formation process-
es of chemical composition in a deep aquifer in Pleistocene
deposits within the study buried valley is important, not
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Table 1. The well’s parameters, isotopic composition of sulfates, concentration of SO;", CI”, and O,, and temperature.
Depth of aquifer roof ] - &S O]
2. O .
No. Date Location and well screen” SO c 2 NBS-127 V-SMOW temp
[m] (mgl] | [mgl] | [mgl] [%0] [%0] [*C]
3 07.08.07 | Debrzno 149/177 7.9 6.4 0.59 4.57 10.48 10
8 03.11.06 Badecz 103/108 105.0 51.8 0.20 jgg 7.52 10.5
9 07.08.07 Wysoka 40/67 63.2 373 0.30 0.33 6.12 9.8
10 | 03.11.06 | Mtotkowo 70/84 11.2 10.8 0.35 6.95 13.04 11

" Deep of midpoint of screen.

only for understanding chemistry of groundwater, but also
for the preservation of water resources.

Microbiological processes of sulphate reduction are
widely discussed in published research [including 4-6].
Detailed discussions are found in numerous groundwater
studies. For instance, S values in groundwater are used to
identify sulfate provenance [7-9]. Moreover, it has been
shown that the process of sulphate reduction can be quanti-
tatively estimated (under some assumptions) by applying a
Rayleigh distillation model using sulfur isotopic ratios 5*'S
and concentrations of dissolved SO; [8, 10-12]. Some pre-
vious studies reported occurrences of opposing redox reac-
tions, such as sulfate reduction and sulfide oxidation with-
in one confined (locally unconfined) aquifer system [13], or
found that redox cycling of sulphur occurred where there
was a low net rate of sulfate reduction [14]. Of these,
numerous groundwater studies focused on detailed descrip-
tions of bacterial sulphate reduction in polluted aquifers
(e.g. contaminated by different kinds of hydrocarbons [15-
17], Yamanake et al. [12] undertook studies in a system with
very similar hydrogeological conditions to those studied
here (i.e. confined sandy aquifers built with Pleistocene and
Neogene deposits, tectonic faults within a valley zone, and
scale of study area) and also found that both sulphide oxida-
tion and sulphate reduction took place in the aquifer system.

Building on our relatively good knowledge of the local
hydrogeological conditions and following isotopic and
microbiological investigations, an attempt was made to
determine the influence of microorganisms on sulphate
concentrations in the local groundwaters. The research pre-
sented in this paper is a continuation of previous studies of
the development of the chemical and isotopic composition
of the local groundwaters [1-3].

Hydrogeological Conditions

The Pleistocene deposits include between two and three
aquifers of different origin. The deep Pleistocene aquifer in
the oldest sandy sediments of Pleistocene age is found only
in the buried valley. The deep the Pleistocene aquifer is
interconnected with a Miocene aquifer to form a common
groundwater flow system. The bottom of the Pleistocene
aquifer rests on top of low-permeability Neogenic deposits.

Local Miocene deposits had been replaced, partly or entire-
ly, with Pleistocene deposits. The water-bearing layers sam-
pled (Table 1) are directly interconnected hydraulically. The
deep Pleistocene aquifer was found on very similar eleva-
tions to the Miocene aquifer elevations. Despite distinct
lithology and genesis of the aquifer deposits, the deep
Pleistocene aquifer was considered together with the
Miocene aquifer as a common element of groundwater
flow system. Within a buried valley area there is a tectonic
fault found directly over a salt anticline in the underlying
Mesozoic strata. The scheme of geological and hydrogeo-
logical conditions is presented in Fig. 1.

A more extensive discussion of hydrogeological condi-
tions in the study area is available in earlier studies of the
area [1, 2].

Methodology and Results

Three samples were taken from the buried valley in
order to determine the isotopic composition of the SO;- ions
in the deep Pleistocene aquifer. A single sample was taken
from the Miocene level for comparison purposes. The sam-
pling sites are shown in Fig. 2A.

The concentration of CI” and SO; ions found in samples
from Badecz and Wysoka (Fig. 2B) is much higher than in
all other samples from the buried valley. The area’s average
concentration of ClI™ ions is 19 mg/l and that of SO; ions is
24 mg/1[1]. The increase in the SO} ion concentration seen
in Fig. 1B is non-linear and does not appear to bear any
relationship to groundwater exploitation volumes at Badecz
which, according to an oral account, remained similar
throughout 2004-07.

Tritium concentrations were either only slightly above
the error margin (+0.3) or zero. Furthermore, no typical evi-
dence of anthropogenic impact was found, which rules out
any significant addition of human-polluted waters [18].

Isotope compositions of sulphates (Fig. 3B) were deter-
mined at the Mass Spectrometry Laboratory, Institute of
Physics, UMCS of Lublin. VSMOW was adopted as the
isotopic reference for oxygen and hydrogen, while the
NBS-127 reference was adopted for sulphur and oxygen in
sulphates [19]. Sampling site characteristics are summa-
rized in Table 1.
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Fig. 3 shows the isotopic concentration of 6*'S (SO}) in
the samples as a function of the SO; ion concentration (part
A) and the variability of 8*S (SO7) and 6O (SO7) (part B).
There is a clearly visible drop in the SO} ion concentration
and an increase in the 6*S (SO} value, which according to

several authors would suggest an effect of bacterial reduc-
tion of SO; ions [6, 20, 21].
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Microbiological processes of sulphate reduction are
widely discussed in published research [4-6]. The phenom-
enon of isotope fractionation of the SO} ions occurs during
a dissimilation reduction reaction. An SO; ion is bound
with ATP (adenosine-5’-triphosphate) to form a coordina-
tion compound. This is followed by a reaction leading to the
breaking of a bond between sulphur and oxygen and the
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Fig. 2. Location sampling site and map concentrations of SO; ions in study area against Gwda catchments and the time variability of

chloride and sulfate ion concentrations for samples from Badecz.
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Fig. 3. The variability of the isotopic composition of sulfates vs.
and 80O (SOy) (part B).

transformation of the SO; ion into an SO; ion. During this
phase of the reaction, there is no isotopic effect. In the sec-
ond phase (i.c. isotope exchange reactions), the SO ion is
reduced to H,S and an isotopic fractionation (i.e. an equi-
librium re-distribution of isotopes among species) occurs as
in reaction (1), below:

2807 + H)'S «*— *SO; + H,S e
...where k is the reaction rate constant.

Isotope exchange reactions can be viewed as a subset of
kinetic isotope reactions — under fixed, adequate conditions
[22]. At isotopic equilibrium, the forward and backward
reaction rates of any particular isotope are identical.
Although the isotopic exchange reactions can take place
under more-or-less equilibrium conditions, more typically
the system is out of chemical equilibrium (e.g. evolution of
SO; ions during groundwater flow) or the products become
partially isolated from the reactants (e.g. diffusion of dis-
solved H,S, precipitation of sulphides). Under these condi-
tions, the isotopic compositions of reactant are affected by
an additional kinetic isotope fractionation and the isotope
reactions may, in fact, be partially (or purely) unidirection-
al. Kinetic isotope fractionation is caused by the fact that
the covalent bond between the isotopically light sulphur
and the also light oxygen is easier to break. As a result,
there is a large difference in the reaction speed between the
light and heavy sulphur isotopes. Kinetic fractionations,
especially unidirectional ones, are usually larger than the
equilibrium fractionation factor for the same reaction in
most low-temperature environments. Numerous isotope
reactions occurring in nature (e.g. sulphate reduction,
methane oxidation, nitrification) can be modelled with
Rayleigh-type models. The Rayleigh model can also be
applied to equilibrium closed systems and kinetic fraction-
ations [22].

In this study the Rayleigh distillation model was applied
under the following assumption:

concentration of sulfates ions (part A) and the plot of value §*S (SO;")

1) The study-confined aquifer is an open system that con-
tinuously interacts with its environment.

Products are continuously removed from the system
(probably as a result of diffusion — see the direction of
groundwater flow in Fig. 1).

The “resource” of SO; ions is limited (note the high
dynamic of changes of SO; ion concentrations and the
short period of these changes, about 3-4 years; Fig. 2A.
Microbiological sulphate reduction processes are
known to cause the greatest isotopic variability of sulphur
in nature. Other processes involving the formation of sul-
phur compounds in the natural environment, such as oxida-
tion, cause a much less significant isotopic effect than bac-
terial reduction [23].

The microbiological analysis of ground water samples
was performed at the laboratories of the Department of
Water Microbiology and Biotechnology, Nicolas
Copernicus University of Torun. The methodology of deter-
mination of the bacterial count and the results obtained are
extensively presented by Kotowski and Burkowska [3].

2)

3)

Interpretation of Results

Negative values of 6**S (SO?) determined in the study
suggest that the oxidation of sulphur compounds at lower
oxidation levels may be the source of the sulphates found at
Badecz. Considering that there were no anthropogenic
influences, it was concluded that the higher SO; ion con-
centrations had been caused by the oxidation of syngenetic
pyrite [3]. The mineral is ubiquitous in Oligocene and
Neogene sediments in the study area [24, 25]. The pyrite
oxidation process may occur in oxidizing conditions
according to the reaction below [26, 27].

FeS, + 3%H,0 + 3%0, — Fe(OH), + 2SO0 + 4H' (2)

In low- or no-oxygen environments pyrite oxidation can
proceed by way of microbiological denitrification process-
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es in the presence of nitrates, as shown in the reaction
below [28, 29].

5FeS, + 14NO5 +4H" — S5Fe* + 10SO; + 2H,0 + 7N, 1
3)

In light of the very low oxygen concentrations in deep
aquifers (Table 1) and the presence of nitrate that has been
detected [4], the bulk of the pyrite oxidation is most likely
to follow the pattern shown in reaction (3). The high value
of 80 (+0.752%) determined in the sulphates from Badecz
exceeds the values of 3'*0 observed in sulphates that origi-
nated from pyrite oxidation, which range from —0.8% to
+0.5%. The effect is probably caused by the isotope frac-
tionation of oxygen in oxidation reactions [30].

Samples taken at Badecz were microbiologically tested
for the Thiobacillus denitrificans bacteria and high counts
were found (210 NPL per 100 cm’®) [3]. Thiobacillus deni-
trificans is a strict autotroph and in anaerobic conditions
can oxidize pyrite through a denitrification reaction in
which the oxygen is obtained from nitrates by reducing
them to nitrogen as in reaction (3).

As no sulphate-reducing bacteria were detected in the
samples from Badecz, it is difficult to determine the influ-
ence of microbiological reduction processes on the isotope
composition of sulphates in this case. Taking into account
the very high dynamics in the SO} ion concentrations (Fig.
2B), this influence is minor, despite the high fractionation
factor (1.5-2.5%) observed during these reactions [6]. This
could be explained by the fact that the fractionation factor
is inversely proportional to temperature, which is low in
normal ground waters and in the sampling area is ca. 10°C
(Table 1). Bacterial reduction reactions proceed relatively
slowly in these conditions despite the high fractionation
factor. The sharp increase of the SO} ion concentrations
observed at Badecz suggests that the isotope compositions
of the dominant sulphates are either unmodified or modi-
fied only slightly.

The value of 6*S (SOy) in the sample from Wysoka is
clearly higher than in the one from Badecz (Fig. 3A), which
probably indicates that the sulphates from Wysoka are
enriched in heavy sulphur isotopes as a result of reduction
processes. While no bacteria that reduce SO} ions were
detected in the Wysoka sample, a single sample is not suf-
ficient to rule out the presence of such bacteria in the past,
as was also the case with the Badecz sample. Indeed, dur-
ing regular three-year surveys of the underground
Omulewski aquifer Niewolak et al. [31] found bacteria
reducing the SO; ions in 50-80% of the samples taken from
various wells. In each well the bacteria occurred periodi-
cally and their occurrence and count were highly variable in
time.

In view of the fact that non-bacterial sulphate reduction
processes require high temperatures and are characterized
by a low isotope fractionation factor [23], one must reject
the possibility that sulphate reduction is taking place solely
through abiotic factors in this instance.

The count of Thiobacillus denitrificans detected in the
sample from Wysoka (150 NPL per 100 cm®) was similar to

that from Badecz [3]. However, there are no pyrites in the
Pleistocene formations and therefore no pyrite oxidation
can occur in the Wysoka area. For this reason it can be
determined with a high degree of certainty that the high
concentration of SO} ions found at Wysoka comes from
recharge by groundwaters found near Badecz that contain
such high concentrations. This hypothesis is confirmed by
similar values of 6O (SO}) and &*S (SO;) found in the
samples from Badecz and Wysoka (Fig. 3B). Also, the CI”
ion concentration found in the Wysoka sample was clearly
higher than the hydrochemical background, thus suggesting
a considerable volume of groundwater inflow from the
Badecz area [18]. Groundwaters from the Mesozoic levels
at Badecz were found to ascend through the tectonic fault
and this is also where the highest concentration of CI” ions
was found in a deep Pleistocene aquifer within a buried val-
ley [1]. Taking all this into account, it is assumed that the
isotopic composition of SOj ions in the sample from
Wysoka was the result of their modification by the bacteri-
al reduction of sulphates.

Values of 8*S (SO;) found in samples taken at Debrzno
and Mlotkow are markedly higher than typical values deter-
mined in sulphur compounds produced as a result of the
transformation of previously reduced forms (e.g. pyrite,
marcasite). These values, however, are not high enough to
assume that the process of dissolving evaporites could be
the main source of SO; ions. According to Clark and Fritz
[32], one can also reject the hypothesis that the sulphates
originated as dissolved maritime evaporites when sulphate
&S is less than +10%o. It was therefore concluded that the
clear shift visible in 6*S (SO;) values toward positive in
samples from Debrzno and Miotkéw suggests an enrich-
ment of the sulphates with heavy sulphur isotopes, most
likely as a result of microbiological sulphate reduction
processes.

Theoretical Model of Bacterial Reduction

Despite the low number of samples tested, an attempt
was made to estimate the original (primary) &S value in
the water samples from Debrzno, Mlotkéw, and Wysoka. A
Rayleigh formula was used:

0= 0, +1000(a —1)In C£ 4)

o

...where:
0 — original value of 6*S (SO;)
0, — currently observed value of &*S for SO} ions in the
samples tested
o — isotope fractionation factor during bacterial reduction
C - current concentration of SO} ions from tests
C, —assumed original concentration of SO} ions
Using formula (4), above, and the fact that SO} ion con-
centrations went down as a result of bacterial reduction,
theoretical 6*S variability curves were drawn as a function
of the reversed concentration of SO; ions (Fig. 4).
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Fig. 4. The variability of 6**S vs. function of inverse concentration of SO, ions.
1 — the average values of 6*S (SO;") of anthropogenic parentage as a result of fossil fuel burning [after 33, 34]
2 — the average values of 6**S (SO;") of natural geological parentage as a result of pyrite oxidation [after 30, 35]

3 — the assumed range of variability concentration of SO;" ions
4 — the calculated range of variability of 8*S (SO;")

The hydrogeochemical background values (n=101)
determined for deep aquifers in the Gwda drainage basin
were used for an assumed range of concentration variation
of SO} ions produced as a result of pyrite oxidation [18].
The theoretical curves shown in Fig. 4 were drawn for iso-
tope fractionation factors ranging from 1.5%o to 2.5%o.
These are the most frequently observed values in ground-
waters [6]. In particular, when H,S is removed from
groundwaters (for instance as a result of sulphide precipita-
tion) the isotope fractionation factor often fails to reach its
maximum value [23].

In drawing the theoretical curves (Fig. 4) the authors
took into account the fact that SO} ions produced by pyrite
oxidation in the deep aquifer near Badecz have an isotope
composition that is either unchanged or only slightly
changed. For this reason it was assumed that the isotope
composition of SO} ions found in the sample from Badecz
should be regarded as being characteristic of, or close to
characteristic of, an isotope composition of SO; ions pro-
duced by pyrite oxidation in physico-chemical conditions
typical of the study area.

The analysis of the theoretical curves indicates that the
original SO} ions had a lighter isotope composition, which
was typical of SO; ions produced by pyrite oxidation [30].

By taking the &*'S values in the sample from Badecz as
a reference point one can estimate that the original concen-
tration of SO ions in Debrzno and Miotkéw did not exceed
20 and 30 [mg/1], respectively. In this way it can be con-
cluded that bacterial reduction processes effectively
removed half of the original concentration of these ions.
The situation at Wysoka is somewhat different, as the
recharging groundwater from Badecz was most likely to be
responsible for the mixing of two groundwater compo-
nents. Lab testing for the concentration of CI” and SO; ions
performed in October 2007 showed similar results of 49.6
and 73.2 [mg/l], respectively, at Badecz and 38.3 and 72.8
[mg/1] at Wysoka. Additionally, isotopic composition test-
ing for sulphates from the two sites at Wysoka and Badecz
yielded results that showed more similarity between them
than in comparing them to all other sites. The theoretical
original concentration of SO; ions in the sample from
Wysoka did not exceed 100 [mg/1], a similar result to that
at Badecz. Therefore, the drop in the SO; ion concentration
at Wysoka in comparison to Badecz can be put at ca. 30
[mg/1].

The chemical composition of groundwater noticeably
changes during groundwater flow through a buried valley
area (Fig. 5).
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Fig. 5. Variability of selected ion concentrations in the deep
Pleistocene and Miocene aquifers.

Pyrite oxidation is the process responsible for the
increase of SO; and Ca*" ions within a study area. The low-
ering of pH as a result of this process has not been observed
in the deep Pleistocene aquifers due to buffering by calcite
dissolution. This process directly influences the concentra-
tions of Ca*" ions. At once, the higher concentrations of iron
ions (not shown on Fig. 5) were found within a buried val-
ley [1]. Most probably it is linked with the oxidation pyrite.
The sharp decrease of the concentrations of SO; related to
sulphate reduction. It has indicated the highly dynamic and
large intensity of these processes.

The increase of concentration of CI” ions is mainly con-
nected with the ascent of dilution brines, via fault, from the
deep Mesozoic aquifers. The tectonic fault within a study
area (Fig. 1) is unrelated with the oxidation of pyrite. In the
study area, the tectonic faults occur in Mesozoic rocks only
and they discontinue the surfacing of terrain (not intersect-
ed Neogene and Pleistocene deposits). Moreover, soft
Pleistocene and Neogene deposits (mainly clays and tills)
have effectively muffled tectonic dislocations. Hence, the
oxidation pyrite by flow of unconfined groundwater
accompanied by dissolved oxygen into confined aquifers
via fault is not possible. Indeed, the currently observed con-
centration of dissolved oxygen in deep Pleictocene aquifers
is low (Table 1).

The alteration of the chemical composition of ground-
water is connected with two major separate processes: the
oxidation of pyrite and ascent of dilution brines. This has
been described in detail by Kotowski et al. [1-3] and is not
discussed here.

Conclusions
It is generally concluded that the SO; ions in the study

had been and may continue to be produced in deep aquifers
of the study area primarily as a result of bacteria-assisted

pyrite oxidation. A more extensive discussion of the origin
of sulphate in the area is available from a study by
Kotowski and Burkowska [3].

No sulphate-reducing bacteria were detected in the
samples, but the isotope composition of the samples and the
generally low concentration of SO; ions (often <1 [mg/1])
in the study area indicate that intensive bacteria reduction
processes used to, and may continue to, occur at a regional
scale. Additionally other research suggests that sulphate-
reducing bacteria often occur periodically and their occur-
rence and counts are highly variable in time [31].

Taking into account the theoretical curves the interpre-
tation of the currently observed concentrations of SO; ions
in the samples tested would suggest that the intensity of sul-
phate reduction (and pyrite oxidation) processes varied
widely.

It can be estimated that bacterial reduction has elimi-
nated between 30% and 50% or more of the original SO}
ion concentration in the cases analyzed. While in light of
the small sample size the assumptions adopted undermine
slightly the train of thought adopted when using the
Rayleigh formula, the results obtained may provide a
departure point for further study.
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