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Abstract:

The hydrochemical composition of groundwater and the isotopic composition of sulphur compounds in sediments
(6**S of sulphide, inorganic sulphate) and groundwater (534S, §'80 of dissolved sulphate) have been investigated to
reveal the reasons for elevated concentrations of dissolved groundwater sulphate in the drinking water catchment area
of Torgau—Mockritz (Germany).

The three most important anthropogenic sources of sulphate identified in this study are historic atmospheric sulphate
deposition, predominantly of anthropogenic origin, inorganic fertilization, and dissolution of gypsum from waste dumps.
Owing to their overlapping isotopic range, no clear differentiation between the individual anthropogenic sources is
possible. Sulphate from the oxidation of sedimentary sulphides, however, was recognized by its negative sulphur
isotope signature (84S < — 5%o).

The mobilization of sulphate from different soil sulphur species is closely connected with variable isotopic
fractionations, resulting in a wide isotopic variation range for the sulphate entering the saturated zone. Generally,
sulphur and oxygen isotope ratios of the dissolved groundwater sulphate range from —19 to +37%o (Vienna Cafion
Diablo troilite) and from —2 to +19%o (Vienna standard mean ocean water), respectively. Sulphate from the majority of
groundwater samples can be assigned to anthropogenic sources. Sulphate from sulphide oxidation is especially present
in samples from the upper sampling level and the groundwater surface. Sulphate concentrations above 700 mg 17!
are mostly caused by the oxidation of sulphide. Sulphate that occurs in low and moderate concentrations dominantly
originates from anthropogenic sources.

§%S distribution patterns were used to locate the sources for the elevated sulphate concentrations in the raw water. It
was shown that the sulphate is not mobilized in the immediate vicinity of the production wells. Rather, it originates in
an area ~1-5 km west of the intake. The main mobilization mechanism there is the oxidation of reduced sedimentary
sulphur species.

Beyond its local significance, this study presents a general example how changes in the sulphur cycle indicate
major, anthropogenically induced alterations of the hydrochemical situation in catchment areas. Copyright © 2005
John Wiley & Sons, Ltd.
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INTRODUCTION

The waterworks of Torgau—Mockritz in eastern Germany (Figure 1), as part of the water company Fern-
wasserversorgung Elbaue—Ostharz, is one of the biggest suppliers of drinking water in the densely populated
industrial region surrounding the major cities of Leipzig and Halle. Owing to a lower drinking water demand
after German unification, the water production rate of the Torgau—Mockritz waterworks was drastically
reduced in the mid 1990s. Simultaneously, a significant elevation of the sulphate concentration was observed
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Figure 1. Overview of the study area (coordinates: Kraus-Krueger, Bessel-ellipsoid)

in the raw water that was collected from certain production wells, especially in the Mockritz I water intake
(Figure 1).

Nowadays, the main goal of many water companies is to manage their water resource according to the
principles of sustainability. Regarding those principles, and owing to the low toxicity of dissolved sulphate, the
sulphur cycle seems to play just a secondary role. However, changes in the sulphur cycle indicated by rising
sulphate concentrations point to a major alteration of the general hydrochemical and hydrological situation in
the watershed.

Despite the low toxicity of sulphate, its presence deteriorates the quality of the drinking water. High
sulphate concentrations influence the water hardness, cause corrosion in water pipelines, and impair the taste
of the drinking water. According to the EU Drinking Water Directive, sulphate is considered as an indicator
parameter with a parametric value of 250 mg 1=, These quality aspects put economic constraints on the
water companies to take measures keeping the sulphate concentration in the collected drinking water as low
as possible.

Transformation and redox processes connected with the sulphur cycle in catchment areas have been
investigated in many studies (e.g. Kolle et al., 1983; Hendry et al., 1989; Strebel et al., 1990; Bottrell et al.,
1991, 2000; Dowuona et al., 1993; Robertson et al., 1996; Moncaster et al., 2000; Dogramaci et al., 2001),
using a variety of hydrochemical and stable isotope methods.

The general objective of this research paper is to determine the reasons for the elevated sulphate concentra-
tions in the raw water produced by means of hydrochemical stable environmental isotope investigations. The
assessment is focused on the evaluation of the relevant sulphate sources and of possible sulphur pathways by
examining the hydrochemical composition of the groundwater and the isotopic composition of dissolved and
sedimentary sulphur compounds in soils and groundwater.

Copyright © 2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 34453465 (2005)



SULFUR CYCLING IN A DRINKING WATER CATCHMENT AREA 3447

REGIONAL SETTING

The drinking water catchment area of Torgau—Mockritz, situated in the northwestern part of Saxony in
Germany, northwest of the city of Torgau and west of the River Elbe (Figure 1), covers an area of ~100 km?.
For collecting drinking water, the water company presently operates three of the four existing water intakes.
The two intakes close to the River Elbe (Mockritz III and IV in Figure 1) do not produce sulphate-rich
drinking water, since they exclusively collect low-mineralized bank filtrate from the River Elbe. The Mockritz
I water intake, however, is strongly affected by high sulphate concentrations, because it receives its raw water
from the western groundwater inflow. Owing to the reduced production rate, the northernmost water intake
Mockritz—Elsnig II is no longer operated.

In 1930, the waterworks were originally built to supply water for nearby ammunition and explosive factories
(WASAG, MUNA-Siiptitz; see Figure 1), which were destroyed during World War II. After 1945, drinking
water was produced at a very low rate in order to contribute to the regional water supply. Between 1968
and 1981, the technical production capacity of the water works was progressively increased from 30 000
to 124000 m® day~'. The highest production of ~36 x 10° m?® year~! was realized in the mid 1980s. From
1989 to 1995, the production was reduced to 10 x 10® m? year™!.

The catchment area is mainly used for agriculture. Forest use is limited to the southwestern and western
border of the area. The general groundwater flow direction is from the upland in the west to the River Elbe
in the east, as demonstrated by the equipotential lines in Figure 1.

Geologically, the area is divided into two different sections: a Holocene flood plain in the eastern part and
a very heterogeneously structured moraine area in the western part. Situated in a wide glacial erosion basin,
the aquifer in the flood plain predominantly consists of sands and gravels of variable grain size and reaches
a thickness of about 50—60 m. Generally, the flood plain is covered by meadow loam of variable thickness
and low permeability and underlain by Tertiary clay. Locally, where the loam cover is missing, coarse-
grained silts to fine-grained sands of much higher permeability conceal the aquifer instead. The moraine area
is characterized by complicated stratigraphic sequences consisting of pushed moraines, including uplifted
fragments of Tertiary layers. Despite the large number of drill holes, the geological situation in the moraine
area and in the transition zone between flood plain and moraine area has not been clarified satisfactorily yet.

The study area is situated in the central European climatic changeover range between temperate maritime
and continental climate. The average precipitation amounts to 587 mm year™!. The mean annual temperature is
9.0°C. Although the mean groundwater recharge rate in the moraine area ranges from 110 to 130 mm year™',
a smaller rate of ~80 mm year—!' was postulated for the flood plain (Nestler et al., 2004).

In the study area, more than 100 groundwater sampling locations have been installed since the early 1970s
(Figure 1). Most of the wells have two or three sampling levels. This dense network of sampling wells was
set up for monitoring the groundwater quality in the inflow of the water intakes and for assessing possible
groundwater contamination in the outflow of the former ammunition and explosives production sites. For this
study, 27 additional sampling wells along hypothetical flow paths were installed, especially where they provide
access to the groundwater surface. Numerous samples from the groundwater surface were also collected during
the drilling work.

ANALYTICAL METHODS AND SAMPLING

Groundwater samples from a total of 256 sampling wells were taken after three well volumes had been
purged and the field parameters measured at the wellhead had stabilized. Samples for the measurements of
sulphate concentrations were filtered on site through a 0-45 pm membrane. The sulphate concentration analysis
was performed by ion chromatography. Groundwater samples for sulphur and oxygen isotope analysis were
stabilized with chloroform and zinc acetate. Dissolved sulphate was recovered by precipitation as BaSO, at
70°C after the pH of the solution was adjusted to 2-5. For the preparation of the sulphate from inorganic

Copyright © 2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 3445-3465 (2005)
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fertilizers, 10 g of the respective fertilizer material was dissolved in 100 MI deionized water. The solution
was filtered and then the sulphate precipitated as BaSQy, as explained above.

Soil samples were collected in the course of the drilling work for installing new groundwater sampling
wells. The soil samples were immediately transferred into gas-tight plastic bags that were thoroughly flushed
with nitrogen before closing. Inorganic sulphate from soil was extracted by shaking 150 g of dried unground
soil sample with 1000 ml deionized water for 18 h. The supernatant liquid was centrifuged and then filtered
through a 0-45 um membrane. Again, the sulphate was precipitated as BaSOj.

Inorganic sulphur compounds from sediment samples were recovered by a two-step distillation method
(Canfield et al., 1986; Fossing and Jorgensen, 1989). Initially, sediment samples were reacted with 6 M
hydrochloric acid in a distillation apparatus under permanent nitrogen gas flow. Acid volatile sulphur (AVS)
was liberated as H,S, precipitated as ZnS and subsequently converted to Ag,S by addition of 0-1 m AgNO;
solution.

After complete extraction of AVS, the supernatant acidic solution was removed from the reaction apparatus.
Subsequently, the remaining sediment sample was boiled for 2 h after addition of acidified CrCl, solution
(Canfield et al., 1986; Fossing and Jorgensen, 1989). The H,S resulting from the conversion of FeS, and
SY (chromium reducible sulphur (CRS)) was carried with the N, gas flow into a zinc acetate trap and then
converted to ZnS and Ag,S as described above.

Sulphur isotopic compositions were measured after conversion of BaSOs or AgS, to SO, using the
continuous flow combustion technique coupled with isotope-ratio mass spectrometry (delta S, Finnigan MAT).
Sulphur isotope measurements were performed with an analytical error of the measurement of +0-3%0 and
results are reported in & notation (8**S) as parts per thousand (%¢) deviation relative to the Vienna Cafion
Diablo troilite (VCDT) standard. For normalizing the §**S data, the IAEA-distributed reference materials
NBS 127 (BaSO4) and IAEA-S1 (Ag,S) were used. The assigned values were 20-3%0 (VCDT) for NBS 127
and —0-3%o0 (VCDT) for IAEA-S1. Oxygen isotope analysis on BaSO, samples was carried out by pyrolysis
at 1450°C in a TC/EA connected to a delta plus XL mass spectrometer (Finnigan MAT) with an analytical
precision of £0-5%. The results of oxygen isotope measurements are expressed in 8 notation (8'%0) as parts
per thousand (%o) deviation relative to Vienna standard mean ocean water (VSMOW). The normalization of
oxygen isotope data of sulphate was carried out using the reference material NBS 127 with an assigned §'%0
value of 9-3%0 (VSMOW).

RESULTS AND DISCUSSION

Sources of dissolved sulphate in the study area

The essential basis for the description of the sulphur cycle in drinking water catchment areas by means
of stable isotopes is the exact knowledge of the isotopic composition and the local and regional relevance
of the present sources of dissolved sulphate. Generally, natural and anthropogenic sulphate sources can be
distinguished in the catchment area of Torgau—Mockritz.

Possible natural sources of sulphate are sulphides in deeper sequences of the aquifer and sulphate-rich
brines from the underlying Palaeozoic Zechstein aquifer. Investigations of the hydrodynamics in the catchment
area by Trettin et al. (2002) showed that there is no evidence for an infiltration of such. Hence, the highly
mineralized brines can be ruled out as a source of sulphate.

The anthropogenic sulphur input occurs from diffuse sources and from point sources. Diffuse sources are the
application of inorganic fertilizers and atmospheric sulphur deposition. Even though the atmospheric deposition
contains a natural component, those natural emissions are likely to be two to three orders of magnitude
lower than the anthropogenic component in highly industrialized regions (Whelpdale, 1992). Therefore, the
atmospheric deposition in the study area is considered as an anthropogenic source, neglecting the natural
component. Point sources are expected in the closer vicinity of gypsum waste dumps. Those dumps were
deposited during the operation of former ammunition and explosives factories.

Copyright © 2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 3445-3465 (2005)
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Isotopic composition of sedimentary sulphides

Of the 60 soil samples that were prepared for the isotopic analysis of reduced inorganic soil sulphur, only
nine samples contained AVS. The AVS content in those samples was approximately two orders of magnitude
lower than the respective CRS content. The term ‘sedimentary sulphide’ used throughout the following
discussion only refers to the CRS fraction, which is predominantly composed of disulphide. Elemental sulphur
normally contributing to the CRS fraction only occurs in traces and can hence be neglected (Nestler et al.,
2004).

Generally, the §%*S values of sedimentary sulphides from all depths of the saturated zone scatter in a wide
range between —48 and —5%0 (VCDT). The frequency distribution of all samples analysed (Figure 2) does not
show a significant maximum. However, Figure 2 reveals a systematic behaviour of the §’*S values depending
on the sampling depth. For sedimentary sulphide samples from the depth range between 5 and 40 m below
the groundwater surface, a relatively uniform isotopic composition between —30 and —20%.0 (VCDT) was
observed. This isotopic range is typical for sulphides formed in marine Tertiary sediments (Knoller, 2000;
Strauch et al., 2003, Knoller et al., 2004). The Quaternary sediments of the aquifer are glacial formations that
mainly consist of displaced, mixed, and redeposited Tertiary material. Therefore, a Tertiary age of formation
of the major portion of the sulphides in the depth range below 5 m seems very likely. Sulphides present in
a depth range of 0 to 5 m below groundwater surface in areas that are covered by fine-grained silt or clay
show a much larger scattering of their §**S values (—48 to —5%o).

The oxidation of sedimentary sulphide is accompanied by no (Nakai and Jensen, 1964; Taylor et al., 1984b)
or at most by a minor sulphur isotopic fractionation (Toran and Harris, 1989) between sulphide and the newly
formed sulphate. Hence, a tight correspondence between the sulphur isotopic compositions of sulphide and
dissolved sulphate is expected. Since all sulphide samples showed §°*S values lower than —5%0 (VCDT),
sulphate that comes from sulphide oxidation should also have a clearly negative sulphur isotope signature
(<—5%0).

The oxygen isotope composition of dissolved sulphate depends strongly on the mechanism of sulphide
oxidation (Taylor et al., 1984a,b; Van Everdingen and Krouse, 1985; Toran and Harris, 1989; Taylor and
Wheeler, 1994; Van Stempvoort and Krouse, 1994). If pyrite is oxidized in aerobic conditions by dissolved
0,, only 12:5% of the oxygen in the newly formed sulphate is derived from water. 100% oxygen from water
is incorporated into the sulphate molecule if the oxidation is carried out in anoxic conditions by ferric iron.
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Figure 2. Depth-dependent variability and relative frequency distribution of the 5>*S values of sedimentary sulphides
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The two oxygen sources show a large difference in their isotopic compositions. Whereas atmospheric oxygen
has a 6'30 value of 23-5%o (Kroopnick and Craig, 1972), the oxygen isotopic composition of water is typically
negative, in our case showing a mean value of approximately —9%o (Trettin et al., 2002). Taylor and Wheeler
(1994) suggested the following equation for calculating the relative proportions of oxygen derived from water
and air:

§"%0g0,2- = Xo, (6" 00, + £0,) + Xn,0 (8" Om,0 + en,0) (1)

where Xo, and Xy, are the relative proportions of oxygen from air and water respectively, and €p, and ey,0
are the enrichment factors for incorporation of oxygen from air and water respectively.

The enrichment factors scatter widely under different environmental conditions, with e, of 0 to —11-4%o
and ep,o of 0 to 9-7%0 (Van Stempvoort and Krouse, 1994). Taylor et al. (1984a,b) postulated o, of
—11-2%0 (mediated by Thiobacillus ferrooxidans, aerobic conditions, pyrite submersed) and an ep,o of 4-0%o
(abiological, anaerobic oxidation, pyrite submersed). Considering the predominant environmental conditions
in the investigation area, the values by Taylor et al. (1984a,b) appear to be the ones that are most suitable for
our study.

Equation (1) yields a theoretical range for §'80-SO42~ (12-5 to 100% incorporation of oxygen from water)
of —5 to +10%0 (VSMOW). However, Toran and Harris (1989) observed that, under natural conditions, the
incorporation of oxygen from water varies between 35 and 80% with a maximum at ~60%. This narrows the
range of the expected oxygen isotope data to —2 to +6%eo.

Isotopic composition of atmospheric sulphur deposition

In eastern Germany, the relevance of the atmospheric sulphur deposition as a source of sulphate changed
considerably within the last two decades. Before 1990, deposition rates often exceeded 16 g m~2 year™!
(Richter and Meissner, 2003). After German reunification in 1990, the industrial and domestic sulphur emission
rate decreased continuously, leading to a significant reduction in atmospheric sulphur deposition. Since 1996,
a very stable annual deposition rate of 0-1 to 0-3 g m~2 has been observed (Richter and Meissner, 2003).

The annual sulphur uptake of plants ranges from 0-1 to 0-4 g m~2 (Bloem, 1998). Prior to the reduction of
the deposition rate the positive balance of sulphur input and plant uptake yields an immense surplus of sulphur
in the unsaturated soil zone. This surplus was partly transported with the seepage water into the saturated
zone, but most of it was accumulated in the soil matrix in the form of different soil sulphur species, such as
inorganic soil sulphate, reduced inorganic sulphur, organic sulphate, and carbon-bound sulphur (CS; Richter,
2003; Schmalz et al., 2003; Nestler and Grischek, 2004). Presently, the negative sulphur balance between
input and uptake leads to a consumption of the accumulated soil sulphur pool in the topsoil.

The investigation of the isotopic composition of the sulphate component in the atmospheric sulphur
deposition was carried out at three different stations in eastern Germany in the period from 1999 to 2001.
One of the stations (Melpitz) is located only a few kilometres west of the study area. The data obtained in
the observation period are only representative of the isotopic composition of the recent deposition. Owing
to the lack of direct measurements, the estimation of isotope data of the more relevant historic deposition is
much more difficult. These data have to be derived indirectly from the isotopic composition of the historic
deposition sources of which sulphur-rich lignite is the most important.

Generally, no significant differences in the isotopic composition of the sulphate were observed between the
three locations or between deposition forms (total deposition, wet-only deposition). Table I gives an overview
of the mean isotopic composition of the sulphate deposition at the different stations. Mean §**S values of
the wet and total deposition are in a very narrow range between 4 and 5% (VCDT). The standard deviation
is better than 2-6%o. The oxygen isotope data show a slightly larger variability, with values between 11 and
13-4%0 (VSMOW) for both deposition forms. Owing to the large standard deviation of 4%o, the 2%o difference
between §'80 of the total and the wet-only deposition is not significant. The temporal variations of §**S and
8180 of the wet-only deposition at the station Leipzig are shown in Figure 3.

Copyright © 2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 3445-3465 (2005)
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Table 1. Average plus/minus standard deviation of the isotopic composition of different
forms of the atmospheric sulphate deposition at three different stations in eastern Germany
(observation period January 1999—-December 2001)
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Figure 3. Temporal variation of the isotopic composition of the atmospheric sulphate deposition at the Leipzig station

The composition of the total deposition strongly influences its sulphur and oxygen isotope signatures. The
small isotopic differences between the different deposition forms in the recent investigation are due to the
large portion of the wet-only deposition in the total deposition. The recent ratio Siy/Swet-onty is 1-1 (Gauger
et al., 2000). For historic atmospheric sulphur deposition, this ratio is much larger (average of 3-3; Richter and
Meissner, 2003). Before 1990, the total deposition consisted of 70% dry deposition and 30% wet deposition.
The dry deposition is related to the combustion of fossil fuels (power plants with no or insufficient filtering
systems, domestic heating), especially of lignite. Despite the considerable equilibrium and kinetic isotope
effects during the transformation of gaseous SO, to dissolved sulphate (e.g. Saltzman et al., 1983), §**S
values of historic dry deposition are expected to be in the same range as the §**S values of the total sulphur
in the lignite. Depending on the oxidation mechanism, the sulphate can be enriched in **S (heterogeneous
oxidation) or depleted in 3*S (homogeneous oxidation) relative to the initial SO,. However, assuming that
most deposited SO, will eventually be converted to sulphate in the soil zone (given those high deposition
rates) and that sulphate from the wet deposition formed by early atmospheric oxidation of SO, mixes well
with that formed later, the net isotope effect will be very small. Therefore, the isotopic sulphur composition
of sulphate from historic atmospheric deposition can be derived indirectly from the isotopic composition of
the lignite sulphur.

The lignite that was combusted during the years of the highest pollution came from three different lignite
seams of the central German lignite district (main seam Borna, upper seam Bohlen, seam Bitterfeld). §4S

Copyright © 2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 3445-3465 (2005)
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values of the total sulphur in lignite samples from those seams varied between 4-7 and 11-9%. (VCDT)
(Knéller, 2000). Since most of the historic deposition consisted of sulphur from lignite combustion, the §*S
values of the historic deposition were most likely higher than those of the recent deposition.

No estimate of the oxygen isotope data of sulphate from the historic deposition can be made. However,
different research papers that discuss the behaviour of the oxygen isotopes during the atmospheric oxidation
of SO, (Holt er al., 1981, 1982, 1983; McCarthy et al., 1998) suggest a similar range of the 8'80 in recent
and historic deposition.

According to our own measurements, to literature data, and to the estimation of the isotopic composition
of the historic deposition, §3*S values between —1 and +10%0 (VCDT) and §'80 values between 6 and 18%o
(VSMOW) for the atmospheric sulphate input into the catchment area of Torgau—Mockritz can be assumed.

Isotopic composition of inorganic fertilizers

Sulphate-containing inorganic fertilizers can contribute considerably to the sulphate input into catchment
areas with predominant agricultural use. In most cases, the application of sulphate-containing fertilizers did
not aim at the attenuation of possible sulphur deficiencies, but rather on the supply of basic plant nutrients,
especially nitrogen or phosphorus. For example, between 1977 and 1989, ammonium sulphate (average sulphur
content 24%) was used for nitrogen fertilization in large areas of the investigation site. In the same period of
time superphosphate (average sulphur content 12%) was applied for phosphorus fertilization. The application
of those fertilizers further increased the sulphur surplus in the soil zone that was already achieved by the high
atmospheric deposition rate.

In the same way as for the atmospheric deposition, not only the recent fertilizer input has to be considered.
Owing to the storage capacity of the soil zone, the historic fertilizer input of recent decades can also play
an important role in the sulphur budget of the catchment area. For that reason, the isotopic composition of a
variety of recently used fertilizers was investigated and the results compared with isotope data of fertilizers
that were applied in the 1970s and 1980s.

The 8°*S values of fertilizer sulphate are shown in Table II. Generally, the data for the recently used
fertilizers vary in a wide isotopic range between —1 and +12%0 (VCDT). The only exception is the fertilizer
HydroSulfan (8**S: 22%c), which has been on the market since 1996. §'80 values show a much smaller
variation, between 10 and 15%0 (VSMOW). Basically the same range is covered by the historically applied
fertilizers. The observed isotopic variation range of ammonium sulphate fits very well into the frequency
maximum of world-wide fertilizer samples (0 to 10%o) postulated by Mizota and Sasaki (1996).

The isotopic composition of sulphate in fertilizers is determined by the composition of the raw materials
used and by the production technique. In the former East Germany, the major part of inorganic fertilizers was

Table II. §3*S data of recently and historically applied inorganic fertilizers

Data after Mallén (2000) Data this study
Fertilizer Year of production §**S (%o VCDT) Fertilizer Year of production §**S (%0 VCDT)
(NH4),SO, gypsum technique 1938 10-9 Ferrogranul 1999 4.4
(NH4),SO4 gypsum technique 1988 11-3 Kieserit 1999 9-5
(NH4),SO, mixed 1985 89 HydroUreaS 1999 71
(NH4),SO, saturation techn. 1996 2-8 Solumas 1999 10-1
(NH4),SO, saturation techn. 1997 —0-8 HydroSulfan 1999 22-0
Superphosphate 1980 83 Tripel 1999 12-3
Kamex 1996 9.8 KAS 1999 5-0
K 40/50 1996 9.8 SSA 1999 5-1
AmSupKa 5-10-16 1996 4.2 SSA fine 1999 1-5
NPK 20-8-8 + 3 1996 9-1 SSA coarse 1999 0-2

Copyright © 2005 John Wiley & Sons, Ltd. Hydrol. Process. 19, 3445-3465 (2005)
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produced using salt minerals from the Zechstein evaporitic sequence by the so-called gypsum technique. §3*S
values of those sulphate minerals (mostly anhydrite) vary between 10 and 14%. (VCDT) (Claypool et al.,
1980). Mallén (2000) showed that ammonium sulphates produced by the gypsum technique indeed reflect
this isotopic range (Table II). If the ammonium sulphate is produced by the so-called saturation technique,
during which ammonia is introduced into sulphuric acid, the raw material for the production of sulphuric acid
determines the isotope signature of the fertilizer. In the former East Germany, isotopically relatively light
sulphidic ore (8°*S: ~0%0) was used for the production of sulphuric acid. Therefore, ammonium sulphate
from the saturation technique shows clearly lower §**S values than ammonium sulphate from the gypsum
technique.

Because ammonium sulphate from the gypsum technique and superphosphate was exclusively applied in the
catchment area before 1996, a sulphur isotopic range of the historic fertilization between 8 and 12%. (VCDT)
can be assumed. Since the end of the 1990s, deliberate sulphur fertilization has been practiced to compensate
the sulphur deficiencies in the topsoil resulting from the recent negative balance between atmospheric input
and plant uptake. For that purpose, combined nitrogen/sulphur fertilizers, such as SSA and HydroUreaS, have
been applied, so that the recent fertilizer input has 2 to 5%o lower §**S values than the historic input.

Since no stock farming is practiced in the investigation region, the application of organic fertilizers is not
considered as a relevant source of sulphate.

Isotopic composition of sulphate from gypsum waste dumps

Gypsum waste dumps that can act as point sources of sulphate are present at two different locations in the
study area. One dumpsite is situated in the northwestern part of the catchment area (WASAG) and the other
is at its southern border (MUNA-S{iptitz). Both sites are related to the operation of neutralization facilities
of former explosive factories. In the course of the production process, large amounts of sulphuric acid were
used to stabilize the explosives. The sulphuric acid used was neutralized with CaO and the resulting gypsum
was deposited on the respective waste dumps.

To investigate the isotopic composition of the sulphate that can be mobilized from the gypsum dumps, the
dissolved groundwater sulphate present in the immediate body of the waste dump was analysed isotopically,
not the solid gypsum. This approach provides the opportunity to obtain an integrated isotope signal for the
dump.

In the WASAG area, dump-influenced groundwater showed very high sulphate concentrations between 1000
and 1500 mg 1!, For 8%*S of the dissolved sulphate, a range between 7 and 10%0 (VCDT) was observed.
Oxygen isotope values were less variable, with a rather constant value of 6% (VSMOW). Despite the large
amount of gypsum deposited and the relatively high solubility, no significant influence of the dump on the
quality of the raw water produced is expected. This is partly due to the low groundwater table leaving most
of the dump body in unsaturated conditions where the gypsum solution is only of minor importance. On the
other hand, the existing groundwater flow dynamics exclude the transport of the mobilized sulphate into the
water intakes of the catchment area (Trettin et al., 2002).

An even smaller influence on the regional sulphur cycling seems to come from the gypsum waste dump at
the MUNA-Siiptitz site. Sulphate concentrations in the dump groundwater are not or are only slightly elevated
(250 to 400 mg 17!, compared with 200 to 290 mg 1! in the surroundings) and the isotopic composition of
the dissolved dump sulphate does not differ from the sulphate in the groundwater inflow into the dump area.

Comparison of the isotopic compositions of different sulphate sources

The results of the investigation of the isotopic compositions of diffuse and point sources of sulphate in
the catchment area are summarized in Table III. It is apparent that the isotopic ranges of the individual
anthropogenic input sources overlap. Hence, a clear isotopic distinction between the anthropogenic sources
is not possible. For that reason, the three sources, i.e. atmospheric deposition, fertilization, and gypsum
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Table III. Variation ranges of the isotopic compositions of different sources of

sulphate
Sulphate source 8%S (%0 VCDT) 8130 (%0 VSMOW)
Atmospheric deposition —1to +10 6-18
Inorganic fertilizers —1to +12 10-15
Gypsum waste dumps 7-10 6
Oxidation of sulphides <=5 —2to +6

waste dumps, are considered as a single anthropogenic source for the further discussion of the origin of the
groundwater sulphate.

However, a clear isotopic distinction can be made between the anthropogenic input and the sulphate from
sulphide oxidation. Oxidation sulphate shows significantly lower §’*S and 6'30 values.

Sulphur transformation in the soil zone

The high sulphur input in recent decades and the limited plant uptake have resulted in an enormous sulphur
surplus in the soil zone. Even though the opposite trend has been encountered in the top layers within the
last few years, the large surplus is still present in deeper horizons of the unsaturated soil zone (Richter, 2003;
Nestler et al., 2004).

The input sulphur is stored in the soil matrix in the form of different soil sulphur species, of which the
most important are inorganic soil sulphate, carbon-bound organic sulphur, and sedimentary sulphides (Richter,
2003; Nestler et al., 2004). On a regional scale, organic ester sulphates only play a marginal role (Knoller
and Trettin, 2003; Schmalz et al., 2003).

The fate of the inorganic sulphate in the soil zone is determined by two major processes, sorption and
desorption. Even though some uncertainties regarding the isotope effects related to those processes are still
being discussed, various research papers suggest only minor isotopic fractionations of less than 1%o for both
sulphur and oxygen (e.g. Nriagu, 1974; Van Stempvoort, 1989; Van Stempvoort et al., 1990; Mayer, 1993;
Mayer et al., 1995). For that reason, a tight correspondence between the isotopic compositions of the sulphate
input and the inorganic soil sulphate leaving the unsaturated zone is expected.

The isotopic sulphur composition of inorganic soil sulphate was measured in 152 soil samples from
the unsaturated and the saturated zone. The §%*S values vary within a very large range (—42 to +18%o).
The frequency distribution shown in Figure 4 reveals a frequency maximum of around 5%o. This maximum
corresponds with the mean 8**S value of the anthropogenic sulphur input. From this correspondence it can
be concluded that the inorganic soil sulphate is predominantly formed from the contribution of the different
anthropogenic sources. The vertical isotopic distribution, also illustrated in Figure 4, shows clear differences
in the isotopic composition of inorganic soil sulphate between the saturated and unsaturated zones. Above the
mean groundwater table, in the unsaturated zone, only minor variations in the 534S values are visible. The
soil sulphate there seems exclusively to derive from external anthropogenic sources. Below the groundwater
table, the variability of the §°*S data increases sharply. This is most likely due to the increasing influence
of isotopically light sulphate from the oxidation of sedimentary sulphides. In some samples in the saturated
zone, oxidation sulphate comprises the inorganic soil sulphate completely. For the examination of the isotopic
composition of the soil sulphate in the saturated zone, not only does the vertical transport component have to
be considered, but also a lateral component resulting from groundwater flow. Given a sufficient equilibration
time (several hours, according to the method for the complete extraction of inorganic soil sulphate described
above in the Analytical methods and sampling section), the isotope data of the soil sulphate and groundwater
sulphate are identical within an uncertainty range resulting from the small isotope effects during the sulphate
sorption/desorption.
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Figure 5. Sulphur and oxygen isotopic composition of inorganic soil sulphate from the unsaturated and saturated zones

The oxygen isotope composition of the inorganic soil sulphate was determined for 50 soil samples.
Generally, §'80 values range from —0-5 to +12%. (VSMOW) (Figure 5). In contrast to the depth-dependent
isotopic distribution of the sulphur, no differences exist between the §'®0 values in the saturated and
unsaturated zones. In resemblance to the distribution of the sulphur isotopes, one would expect that, above
the groundwater surface, §'0 values similar to those of the anthropogenic input would be present, whereas
below the groundwater surface the variability would increase due to the contribution of isotopically lighter
oxidation sulphate. However, §'30 values typical for sulphide oxidation were also observed in the unsaturated
zone, where no sulphides occur. For such low §'0 values (<5%0) a further process has to be taken into
consideration.

According to Mayer (1993; Mayer et al., 1995), the mineralization of carbon-bound organic soil sulphur
creates similar low oxygen isotope values to those of sulphide oxidation (§'80-SO4>~: —2 to 45%0). From
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the observation of oxygen isotope values of less than 6%o in the unsaturated zone, it can be concluded that
not all the inorganic soil sulphate comes directly from anthropogenic sources but some sulphate results from
the mineralization of CS. The CS itself was most likely primarily formed from anthropogenic sulphur.

The incorporation of sulphur into soil organic matter is not accompanied by an isotopic fractionation. For that
reason, secondary CS and primary anthropogenic sulphur input show a similar sulphur isotopic composition.
The reverse process, however, can produce an isotopic shift between CS and the resulting sulphate of up to
—5%0 (Mayer, 1993; Mayer et al., 1995). Such an isotopic shift was not observed in the case of the study
area. This observation agrees with the finding of Norman ef al. (2002), who report a much smaller isotope
effect during the CS mineralization than —5%o0. Whereas soil sulphate from direct anthropogenic input and
sulphate from CS mineralization can be distinguished by their oxygen isotope compositions, the §**S values
cover the same range and hence do not enable the distinction between the two types of sulphate.

Inorganic soil sulphate can originate in three different processes, i.e. direct anthropogenic sulphur input,
mineralization of CS, and oxidation of reduced inorganic sulphur. The combined examination of both sulphur
and oxygen isotopes allows the assignment of the individual sulphate samples to one of these processes
(Figure 5). However, mixing of sulphate in the soil zone is a common process that influences the isotopic
composition of the sulphate and, hence, makes it more difficult to relate the sulphate to a particular process.

The hydrolysis of organic ester sulphates is a further possible process that can contribute to the inorganic
soil sulphate pool. During this process a significant sulphur isotope fractionation of up to —10%o between the
resulting inorganic sulphate and the initial organic sulphate is observed (Mayer, 1993). Considering the fact
that (at most) only one new oxygen atom has to be incorporated into the inorganic sulphate molecule during
the hydrolysis, and knowing that the formation of ester sulphates from the primary anthropogenic input is not
accompanied by any isotope fractionation (Mayer et al., 1995), the 'O values of the newly formed inorganic
sulphate are expected to be in the same range as the initial input. Assuming the specified isotopic range of
the anthropogenic input, the hydrolysis of ester sulphates would produce an inorganic sulphate with §3*S
values of approximately —5%¢ and §'%0 values of approximately 10%c. As shown in Figure 5, no inorganic
soil sulphate sample plots in that region. This suggests a minor relevance of the hydrolysis to the sulphur
transformations in the soil zone of the catchment area.

Isotopic composition of dissolved groundwater sulphate

The investigation of the spatial distribution of the sulphate concentration yielded a very heterogeneous
pattern (Herlitzius et al., 2001). Although at the majority of the sampling locations only moderate sulphate
concentrations (up to 250 mg 17!) were measured, some locally restricted zones showed values of more than
1000 mg 17" In the catchment area of Torgau—Mockritz, three areas with significantly elevated sulphate
concentrations were observed: one in the central study area west of the Mockritz I water intake, one close
to the gypsum waste dump at the WASAG site, and one at the southern border in the vicinity of the village
of Siiptitz. The elevated sulphate concentrations are especially apparent at the groundwater surface and in
the upper sampling level. In the middle and lower aquifer levels the sulphate concentrations did not exceed
values of ~400 mg 17! (Herlitzius ez al., 2001).

The isotopic composition of the dissolved groundwater sulphate was used to estimate the local and regional
relevance of the different sulphate sources and mobilization processes. 8°*S-SO42~ was analysed for more
than 500 individual groundwater samples from 256 sampling wells. §'80-SO42~ was measured in almost 400
samples. The variation ranges of both isotope species (mean values for the single sampling wells) are shown
as frequency distributions in Figure 6.

8°4S values of the individual samples range from —19 to +37%¢ (VCDT). A significant frequency maximum
exists between 2-5 and 5%o. A smaller variation range between —2 and +19%0 (VSMOW) was observed for
8'80-S04%~. A significant frequency maximum is evident between 4 and 8%o. The positions of the frequency
maxima for 84S and §'80 give a first hint at the predominant origin of the groundwater sulphate. Whereas the
sulphur isotope data clearly suggest the dominance of a primarily anthropogenic source, the oxygen isotope
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Figure 6. Relative frequency distribution of 83*S and §'80 of dissolved groundwater sulphate (calculation based on mean values for the
individual sampling wells)

data indicate that CS mineralization and sorption/desorption of inorganic soil sulphate are the key mobilization
processes contributing considerably to the groundwater sulphate pool on the regional scale of the catchment
area.

More detailed information on the origin of the groundwater sulphate is derived from the §**S—§'30 plot
in Figure 7. The diagram also shows the specified isotopic ranges for the different sources and mobilization
mechanisms. Most samples can be assigned to the isotopic range that is typical for the direct downward
transport of sulphate from the anthropogenic input. Furthermore, a considerable number of samples plot
in the sulphide oxidation range. Fewer samples are found in the isotopic ranges of the mineralization of
organic soil sulphur. Between the single sampling levels, no clear differentiation is possible. Every rectangle
in Figure 7 contains a different number of data points from each possible level. However, sulphide oxidation
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Figure 7. Isotopic composition of dissolved groundwater sulphate (mean values for the individual sampling wells)
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and CS mineralization predominantly affect the sulphate at the groundwater surface and in the upper sampling
horizon.

The coupled investigation of §3*S and §'80 does not always enable the definite assignment of the sulphate
samples to a certain source or process. Owing to the dynamic flow regime in the entire catchment area
(Trettin et al., 2002), mixing of dissolved groundwater sulphate of different origins is a very widespread
process. Mixing processes can significantly influence the isotopic composition of the sulphate. For example, a
mixture of sulphate from sulphide oxidation and direct anthropogenic input, which is very common, especially
at the groundwater surface, suggests a sulphate that originates in the hydrolysis of organic sulphates. Owing
to the same mobilization environment, mixing of sulphate from CS mineralization and direct anthropogenic
input also seems very likely.

A further process that can change the original isotope signature of the sulphate is bacterial (dissimilatory)
sulphate reduction. Usually, a considerable enrichment of **S (e.g. Harrison and Thode, 1958; Rees, 1973;
Chambers and Trudinger, 1979; Canfield and Thamdrup, 1994; Canfield er al. 1998; Canfield, 2001) and up to
a certain level of 80 (~20%0 (VSMOW)), depending on the §'30 of the surrounding water (Fritz et al., 1989)
in the residual sulphate, is observed during this process. In several wells, especially from the lower level,
hydrochemical parameters and the simultaneous occurrence of low sulphate concentrations (10—20 mg 171)
and high 8%*S (37-2%o) and §'80 (19-2%0) values pointed to the occurrence of bacterial sulphate reduction.

The sulphur—oxygen isotope plot can only give a qualitative picture of the relevance of the different sulphate
sources. It is more important to find out what source is responsible for the high sulphate concentrations. For
this reason, the sulphate concentrations were plotted versus 8%*S and versus §'%0-SO,2~ (Figure 8). The
isotopic range typical for oxidation of reduced sedimentary sulphur is displayed by a grey rectangle in
both diagrams. Figure 8 clearly illustrates the concentration-dependent isotope differentiation. Samples with
very high sulphate concentrations (>700 mg 1~!) are almost exclusively confined to the sulphide oxidation
range. The highest concentrations are mostly found at the groundwater surface and in the upper sampling
level. However, some of the samples with high concentrations show positive §°*S values. Those samples
were taken in the immediate vicinity of the northwestern gypsum waste dump, so that the sulphate there
can undoubtedly be related to the dissolution of gypsum. Medium-high concentrations (300—700 mg 1~ ")
occurring in all sampling levels either plot in the range for anthropogenic sources or in the oxidation range.
Low and moderate concentrations, mostly present in the middle and lower aquifer levels, are dominated by
sulphate from anthropogenic sources.

An isotope differentiation depending on the sulphate concentration, as observed in the SO4>~ —§%*S plot,
is less apparent in the SO42~ —8'80 plot in Figure 8. This is partly due to the extremely variable §'80 input
signal of the anthropogenic sources. On the other hand, sulphide oxidation and CS mineralization produce
sulphate with comparable oxygen isotope signatures. Only the coupled examination of §**S and 6'®0 makes
it possible to distinguish between the two processes. Looking at the §'%0 data only, CS mineralization seems
possible as a source for very high sulphate concentrations. However, considering the negative §’*S values,
this possibility can be excluded.

Figure 9 shows the correlation between 6**S and §'30 of the dissolved sulphate in samples with very high
sulphate concentrations (>700 mg 171). Only half of the samples can clearly be assigned to sulphide oxidation.
For three samples, their origin is dissolution of gypsum. Several data points show isotope signatures that were
specified for the hydrolysis of organic ester sulphates. According to a detailed soil investigation in the study
area by Schmalz et al. (2003), hydrolysis does not play a significant role as a mobilization process of sulphate
on a regional scale, but it cannot be excluded as a local phenomenon. Another process that could possibly cause
an isotopic composition of the dissolved sulphate similar to that produced by hydrolysis is sulphide oxidation
by autotrophic denitrification. Preliminary results from laboratory experiments (unpublished results) reveal
that the oxidation of sulphide by nitrate leads to a preferred incorporation of nitrate-oxygen into the newly
formed sulphate molecule. In the study area, & ISO-NOg values between 7 and 22%0 (VSMOW) were measured
(Knoller and Trettin, 2003). Whereas sulphate produced by nitrate reduction is expected to show the same high
oxygen isotopic range as the nitrate, §3*S values would be in tight correspondence with the negative values of
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Figure 8. Relationship between sulphate concentrations and (a) §*S and (b) §'80-SO4%~ of groundwater samples from all sampling levels

sedimentary sulphides. This combination results in an isotopic composition of sulphate that fits exactly in the
range specified for the hydrolysis of organic ester sulphates. The given environmental conditions from which
the samples concerned were collected add more creditability to the suggested hypothesis. All samples with
high sulphate concentrations, high §'80, and negative §**S come from locations at the groundwater surface
where dissolved groundwater nitrate and sedimentary sulphide are present (Schmalz et al., 2003).

Regional distribution patterns of §’*S of the dissolved groundwater sulphate

The high density of sampling locations in the study area for which §**S values were determined enables
the construction of regional isotope distribution maps. By means of such distribution maps it is possible
to estimate the local and regional relevance of the different sulphate sources on the sulphur dynamics of
the catchment area. Figure 10 shows the distribution of the mean §%*S data in the upper sampling level
(groundwater surface to 10 m below). The map reveals a very heterogeneous regional distribution of the
sulphur isotopic composition of the dissolved sulphate. Despite the heterogeneity, the upper groundwater
horizon of the aquifer is dominated by sulphate with slightly positive §**S values originating in anthropogenic
sources. However, in the central part of the study area, an extended range exists that is occupied by isotopically
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Figure 9. Isotopic composition of dissolved groundwater sulphate in samples with high (>700 mg 17!) sulphate concentrations

negative sulphate from the oxidation of reduced sedimentary sulphur. That zone approximately occupies the
same area as a zone of elevated sulphate concentrations in the central part of the study area postulated by
Herlitzius er al. (2001). In the case of this so-called central sulphate zone, the high sulphate concentrations
are connected with negative 63*S values, pointing to sulphide oxidation as sulphate source.

In a zone of elevated sulphate concentrations in the northern study area (northern sulphate zone), congruence
between isotope data and sulphate content does not exist. §*S values for samples with higher sulphate
concentrations (>350 mg 17!) range from —13 to +10%o, indicating the coexistence of several sources
of sulphate in that area. According to the isotope data range, direct input from anthropogenic sources,
sulphide oxidation, and, as mentioned above, dissolution of gypsum from waste dumps have to be taken into
consideration. However, the question of why the direct input from anthropogenic sources produces higher
sulphate concentrations than elsewhere in the study area remains unclear. An accidentally or purposefully
higher application of inorganic fertilizers could be one possible reason for such a local phenomenon.

In the southern study area, elevated sulphate concentrations were detected at two different locations. The
southernmost of those locations is situated on the gypsum waste dump of the MUNA-Siiptitz site, so that the
sulphate was derived from the dissolution of gypsum. For the other location, south of the central sulphate
zone, no point source can be specified. Again, this location has to be considered as a local phenomenon that
was possibly caused by a higher fertilizer application.

The sulphur isotope distribution in the middle and lower sampling levels is less heterogeneous and the
dominance of isotopically slightly positive sulphate from anthropogenic sources is more pronounced than in
the upper level. Whereas the central sulphate zone with its typical negative 8°*S values is still present in the
middle level, only a few sampling locations of the lower level in the immediate vicinity of the Mockritz I
water intake show isotopic evidence for the presence of sulphate from sulphide oxidation.

Figure 11 shows the distribution of §3*S values in a vertical profile of a cross-section that roughly follows
the hypothetical flow path from the moraine area to the Mockritz I water intake and crosses the central
sulphate zone. The location of the cross-section is given in Figure 10. Again, extended regions of the profile
are dominated by isotopically slightly positive sulphate that was derived from anthropogenic sources. At the
western border of the flood plain, approximately marked by zero on the x-axis in the plot of Figure 11, an
area close to the surface dominantly contains isotopically negative sulphate from sulphide oxidation. This
characteristic sulphate moves progressively into deeper horizons of the aquifer with decreasing distance to
the Mockritz I water intake and finally reaches the filter range of the production wells.
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Figure 10. Regional distribution of the sulphur isotopic composition of dissolved groundwater sulphate in the upper sampling level
(coordinates: Kraus-Krueger, Bessel-ellipsoid)

The isotopic difference between the dissolved sulphate in the upper aquifer level of the surroundings of the
Mockritz I water intake and in the production well itself clearly indicates that the sulphate contained in the
raw water produced does not originate in the immediate vicinity of the intake; rather, it is mobilized in the
western flood plain and is transported laterally into the filter range.

One possible mobilization mechanism in the western flood plain is the process of autotrophic denitrification.
Groundwater flowing from the moraine area into the flood plain contains dissolved nitrate up to 180 mg 17!
from fertilization (Schmalz et al., 2003). In the western part of the flood plain the nitrate-bearing groundwater
meets sediments that contain a considerable amount of sedimentary sulphides that can easily be oxidized.
Besides the transport with the groundwater flow, nitrate-rich water (up to 300 mg 17!) is led from the
moraine area into the flood plain by a drainage channel system. The local infiltration of those drainage
waters contributes additionally to the mobilization of sulphate from sedimentary sulphides. The occurrence
of denitrification is confirmed by a quick decrease of the nitrate concentrations on the further flow path
(Schmalz et al., 2003). However, hydrochemical investigations showed that the nitrate input does not supply
enough oxidation potential to produce a sulphate concentration of more than 1000 mg 17!, Therefore, another
oxidation mechanism, such as the oxidation by dissolved oxygen and subsequent oxidation by ferric iron,
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Figure 11. Distribution of §3*S of dissolved sulphate in a cross-section through the central study area (for position see Figure 10)

has to be considered. In the immediate vicinity of the oxidation area (Figure 11) the meadow loam cover is
missing locally. Depending on water table fluctuations, oxygen can migrate through those areas with higher
permeability into sulphide-bearing sediment layers, thus causing oxidation of the sedimentary sulphides.

SUMMARY AND CONCLUSIONS

The examination of the hydrochemical composition of groundwater and isotopic composition of sedimentary
and dissolved sulphur compounds was successfully applied to reveal the details of the sulphur cycling in
the catchment area of Torgau—Mockritz. The focal points of this investigation were the identification of the
relevant sources of sulphate and their locally and temporally variable contributions to the sulphate load of
the groundwater, the characterization of sulphur transformation and transport processes, such as sulphide
oxidation, sulphate mixing, or sulphate reduction, and the recognition of superposition of various processes.

Three major anthropogenic sources of sulphate, i.e. recent and historic atmospheric sulphur deposition,
recent and historic application of inorganic fertilizers, and point emissions from gypsum waste dumps, were
identified in the study area. Owing to their similar isotopic compositions, an isotopic distinction between the
individual sources is almost impossible. However, anthropogenic sources can clearly be distinguished from
sulphate that is contributed by the oxidation of sedimentary sulphides.

The sulphate input into the groundwater is predominantly realized by diffuse vertical transport. Point sources,
such as waste dumps, only have a limited local influence on the sulphate dynamics in the catchment area. On
a regional scale, the groundwater is dominated by isotopically slightly positive sulphate from the mobilization
of inorganic soil sulphate (direct downward transport of anthropogenic input) or by the mineralization of
CS. However, larger parts of the central catchment area are affected by isotopically negative sulphate from
sulphide oxidation.

Despite the widespread regional occurrence of sulphate from anthropogenic sources, the highest sulphate
concentrations are mostly connected to sulphate from sulphide oxidation. Exceptions are present in the form of
local emissions from two gypsum waste dumps. Other mobilization processes only produce low to intermediate
sulphate concentrations.

The dynamic groundwater flow regime is responsible for an extensive mixing in all horizons of the aquifer.
This mixing has a considerable influence on the isotopic sulphate composition and, consequently, complicates
the assignment of the dissolved sulphate to particular sources. Alterations of the original isotopic sulphate
composition by bacterial sulphate reduction were only observed at a few locations in the lower sampling
level. A widespread regional influence of the reduction process can hence be excluded.
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Sulphate responsible for the elevated sulphate concentration in the raw water collected at the Mockritz 1
water intake is positively derived from the oxidation of sedimentary sulphides. Since no sulphide is present in
the immediate vicinity of the water intake, in situ oxidation can be ruled out. The regional 6**S distribution
pattern enabled the localization of the relevant oxidation zone ~1-5 km west of the intake. The sulphide
oxidation in the oxidation zone is caused by the infiltration of nitrate-rich groundwater and drainage water
into sulphide-bearing sediments and the subsequent autotrophic denitrification and by the local infiltration of
dissolved oxygen.

The localization of the oxidation zone and the characterization of the relevant mobilization processes provide
the basic knowledge for developing a successful remediation strategy. A reduction of the sulphate load in the
raw water produced can be achieved by active or by passive measures. Active measures aimed at suppressing
the oxidation process could include the considerable reduction of fertilizer input in the moraine area or
the installation of a drainage channel system that leads the nitrate-rich water around the sulphide-bearing
sediments. These measures are either very expensive or politically difficult to enforce. More practicable are
passive measures aimed at reducing the portion of the sulphate-rich groundwater from the west in the raw
water produced. This reduction could be realized by a more constant production regime in combination with
an increased production rate. The increased production rate would result in a higher inflow of low-mineralized
bank filtrate from the River Elbe into the filter range of the production wells.
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