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Abstract. Measurements were made of sulphur and oxygen isotope ratios of sulphate in some
Slovenian rivers, lakes and tap waters. 5°*S ranged from —0.2 to +13.3%,, 6'*0 ranged from +4.9to
+13.69%,, and the sulphate content varied from 0.8 to 41.4 mg/L. Rivers flowing from the Julian
Alps contain a very low amount of sulphate that is leached from a thin horizon of soil by rain. As
confirmed by their low 3'%0 values, these sulphates do not enter the rivers directly in rain, but arise
from biochemical cycling in the soil. The low §**S of this sulphate indicates that it originates from
the oxidation of sedimentary sulphides. The evolution of sulphates along the river course was
investigated for the Sava and Ljubljanica rivers. The variations observed in sulphate from the
waters studied result from variations in the contribution of sulphates of different origin. Down-
stream the Sava River sulphate is depleted in the heavy isotopes of both sulphur and oxygen, with
o-values gradually tending toward the o-values of groundwater sulphates in the watershed. In
contrast, the -values of sulphate in the Ljubljanica River are almost constant and similar to those
of sulphate in local groundwater. Introduction of water from Italian and Slovenian mines was
recorded in the Soca River, where the lowest 6°*S value of sulphate sulphur (—0.2%,) was observed.
In addition, the influence of sulphate from the oxidation of sedimentary sulphides was recorded in
the Sotla River. No evidence was found for introduction of sulphate from factories.
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1. Introduction

Sulphate in rivers and groundwater has various origins. It can come from
dissolution of soluble sulphate minerals in sedimentary rocks, oxidation and
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leaching of sedimentary sulphides (mostly pyrite), directly from the atmosphere
and soil, or from anthropogenic sources like acid rains and organically-bound
sulphur (e.g., Moncaster et al., 2000). All of these sulphates are mixed in rivers,
and may be partly absorbed by plants, partly reduced by anaerobic bacteria in
the bottoms of stagnant waters and reformed by oxidation processes. These
different sulphate-forming processes will become active at different times
according to varying conditions during the year (e.g., Krouse, 1980; Krouse
and Grinenko, 1991; Krouse and Mayer, 2000). They are very well known and
discussed in detail elsewhere (Béttcher and Thamdrup, 2001; Béttcher et al.,
2001; Canfield, 2001; Dold and Spangenberg, 2005). Most aqueous sulphate is
formed by biochemical processes such as dissimilatory reduction which en-
riches them in the heavy isotopes of both sulphur and oxygen. Assimilation of
sulphate by plants or by soil micro-organisms does not change its isotopic
composition (Van Stempvoort et al., 1990; Krouse and Grinenko, 1991).

Generally isotopic exchange between sulphate and H,S or H,O may be
ignored, because these exchange processes are very slow in comparison to the
rate rapid sulphur cycling. Different sources of sulphate can be distinguished
by their isotopic signatures.

Sulphate derived from dissolved evaporites always has positive 6**S and
6'%0 values, from +10 to +30%, and from +12 to +20%,, respectively
(Claypool et al., 1980), whereas sulphates from oxidation of sulphides or from
biogenic emissions may have strongly negative 5°*S values (Yang et al., 1997).
Sulphate released during the weathering of igneous rocks and hydrothermal
deposits is characterised by 5°*S values near zero. Oxidation processes produce
sulphates with sulphur isotope compositions similar to those encountered in
oxidized organic or inorganic material, while their 6'%0 is low (< + 10%,)
because oxygen comes from the water (Lloyd, 1968; Taylor et al., 1984; Toran
and Harris, 1989).

Other fluxes of SOF~ discharged into the river system may come from
anthropogenic sources such as municipal and industrial waste, mining
activity, and coal power plants.

Acid rains in Central Europe predominantly contain air borne sulphate
from combustion of fuels. Mean §°*S values of atmospheric sulphate range
from +2.1 to +3.5%, in southern Germany and Austria (Mayer, 1998), from
+1.4to +6.89%,, with amean value + 3.89,, in Poland (Trembaczowski, 1991),
while the mean values for Central Europe range from about +10 to + 129,
(Krouse and Mayer, 2000). Sulphate aerosol in a heavily industrialised part of
the northern Czech Republic at the border with Germany was characterised by
average 0°'S values of + 7.5%, while atmospheric SO,was isotopically lighter
with a mean 6°*S of +4.7%, (Novak et al., 2000).

Sulphates coming from fertilisers. The §**S values of sludge and effluent
particulates from the Deer Island Treatment Facility range from +4.5 to
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+8.4%, (Hunt et al., 1995). The fertilisers have slightly more negative 5**S
values of —1.19,, for ammonium sulphate and + 79, for NPK 5:7:10 (Otero
and Soler, 2002).

The concentration of sulphate varies along the river course as sulphates
from different natural and anthropogenic sources are added. Sulphur and
oxygen isotope compositions of river water sulphates were first studied in
Italy by Longinelli and Cortecci (1970). They observed small seasonal vari-
ations and significant variations along the river course. They also found
correlation between 5°*S and 0'®*0. They concluded that the isotopic com-
position of these sulphates were not established entirely in the river envi-
ronment as they had also observed similar J-variations in well waters.
Hitchon and Krouse (1972) investigated rivers and streams in the McKenzie
River system of north-western Canada and found a relation between the
1sotopic composition of the river sulphate and the geology of the basin.
Schwarcz and Cortecci (1974) made a similar study of the sulphates of spring
and stream water from the Italian Alps and the Apennines. Chukhrov et al.
(1975) investigated sulphates in rivers flowing throughout the U.S.S.R. They
observed §°*S variations along the course the Kuma River that were caused
by the changes in the origin of the sulphates discharged into it.

Several investigations have been made of sulphur and oxygen isotopes
variations of river sulphates in Poland (Trembaczowski, 1991; Trem-
baczowski and Halas, 1993; Trembaczowski et al., 2004). These variations
are caused by processes occurring in local groundwater and reflect sulphur
cycling processes in the environment.

The investigations of the sulphate origin in rivers by means of isotopic
techniques are widely documented (Morrison et al., 1999; Soler et al., 1999;
Bottrell et al., 2000; Haubrich and Tichomirowa, 2002; Otero and Soler,
2002; Soler et al., 2002). This paper presents the results of the first extensive
stable isotope study of soluble sulphate in the major rivers of Slovenia.

2. The Study Area

The study area is shown in Figure 1. The sampling sites, according to
numbers shown in Figure 1, are given in Table 1.

2.1. THE SAVA RIVER

The Sava River is the longest river in Slovenia and is fed by two springs; one
in Zelenci discharging the Sava Dolinka (the main river) and the other dis-
charging the Sava Bohinjka, which is treated as a confluent. The main river in
Zelenci spews out of the bottom in the form of little geysers. The Sava
Bohinjka spring yields the Savica waterfall, which after a few hundred meters
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Figure 1. Map of the river system in Slovenia (sampling sites — see Table I). Crossed
hammers denote locations of mines, abandoned mines and outcrops, which may discharge
sulphur into the river system.

flows into Lake Bohinj. From there it proceeds its course as the Sava
Bohinjka and finally flows into the Sava River near the village of Radovljica,
from which point the river is called the Sava. It has a length of 219 km from
the spring in Zelenci in the foothills of the Julian Alps on one side and the
Karavanke Mountains on the other, to the border with Croatia. The Sava
River joins the Danube River in Belgrad, Serbia.

In the study area, from Zelenci to Brezice, the Sava River flows through
villages and towns of different touristic and industrial importance (e.g.,
Kranjska Gora, Dovje, Jesenice, Radovljica, Kranj, Ljubljana, Litija, Zag-
orje, Trbovlje, Hrastnik, RadeCe, Sevnica and Brezice) with populations
ranging from a hundred to several hundred thousand (Ljubljana), respec-
tively, as well as through the agricultural areas of the SE Slovenia. The Sava
water balance is chiefly controlled by its tributaries. The most important
tributaries from Dovje to the sampling points in Brezice are: the Sava Bo-
hinjka, the Trziska Bistrica, the Kokra, the Sora, the Kamniska Bistrica, the
Ljubljanica (the Ljubljanica River will be treated separately in this paper) the
Savinja and the Mirna (Figure 1). These tributaries also control the chemical
and isotopic characteristics of the Sava River.

The geology of watershed area of the Sava River at its spring in Zelenci is
dominated by Mesozoic sediments, mostly carbonate rocks and to a minor
extent by Paleozoic carbonates and siliciclastites. In the middle part, from
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Table I. Sampling sites according to numbers shown in Figure 1.
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Sava Dovje

Sava Okroglo

Sava Crnuce

Sava Kresnice

Sava Trbovlje

Sava Hrastnik

Sava Radece

Sava Sevnica

Sava Brezice

Sava Bohinjka
Trziska Bistrica
Savinja

Sotla

Ljubljanica Mocilnik
Ljubljanica Podpec
Ljubljanica Livada
Ljubljanica Vevce
Ljubljanica Podgrad
Drava

Soca

Vic
Siska
Bezigrad
Bericevo
Moste
Kresnice
Trbovlje
Sevnica

Brezice

Lake of Zbilje
Lake of Bled

Koseski Bajer
Podpeca Lake
Slivnica Lake

Okroglo to Vevce, the Sava River drains Quaternary beds, while in its lower
part, from Vevce to BrezZice Paleozoic, Mesozoic and Cenozoic sedimentary
rocks. In the wider area between Ljubljana and Radece, in Late Paleozoic
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and Triassic sediments, called Sava Folds, copper, iron and lead ores were
mined. The most important mining centre at the beginning of the last century
was Litija. The drainage basins of most tributaries such as the Sava Bohinjka,
the TrziSka Bistrica, the Kokra, the Sora, and the KamniSka Bistrica are also
dominated by sedimentary, mostly carbonate lithologies.

The watershed geology of the Savinja River is dominated by volcanic
rocks (andesite, spilite and keratophyre) of Smrekovec Mountain and the
Savinian Alps, as well as by Mesozoic carbonates and Tertiary sediments
(carbonates, sandstones, conglomerates, clays). A Pliocene lignite-bearing
succession in the Salek area (Velenje coal mine) comprises exclusively non-
marine deposits that were laid down in lacustrine and various fluvial systems
(Plenicar, 1956). The lower part of the Savinja drainage system is dominated
by the Carboniferous, Permian and Triassic beds, containing mostly Pb—Zn
sulphide minerals, as well as a Oligocene to Pliocene coal-bearing succession.
It is important to note that some small tributaries on the left side of the Sava
River in the vicinity of the Zagorje, Trbovlje and Hrastnik area also drain
coal mine waters from the adjacent coal mines into the Sava River.

Taking into account the geologic features of the main tributaries of the
Sava River, except the Savinja, are similar to those of the main river, any
large deviation of the chemical and isotopic composition can be interpreted as
resulting from an anthropogenic impact, since domestic or industrial wastes
are discharged more-or-less directly into the Sava River and its tributaries.

2.2. THE LJUBLJANICA RIVER

The Ljubljanica River is one of the most important tributaries of the Sava
River. The watershed area of the Ljubljanica River extends about 25 km west
and southwest of the city of Ljubljana. The Ljubljanica River is fed by the
well-known Mocilnik spring as well as two other nearby springs the Malo
and Veliko Okence. The main tributaries of the Ljubljanica River are the
Ljubija, the Bistra, the ISka, the ISCica, the Horjuls¢ica and the Gradascica.
In Podgrad, about 46 km from its spring, the Ljubljanica River spills into the
Sava River.

The watershed area of Ljubljanica and its tributaries comprises Mesozoic
carbonates and Upper Paleozoic sedimentary rocks. The Ljubljanica River
drains the so-called Ljubljansko barje, which is a semi-dried marsh pan
consisting of alluvial sediments, lenses and delta-type clastic sediments like
gravel, sand and clay (Pezdi¢, 1998). Most of the water of the Ljubljanica
River at its springs is derived from the surrounding karst area.

The composition of rocks in the watershed area of the Ljubljanica River
and its tributaries should control the downstream evolution of the Ljublja-
nica River chemistry. Nonetheless, the natural pattern can be disturbed by
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anthropogenic influences due to introduction of wastes from domestic and
urban usage as well as sources in the highly industrialised and partly agri-
culturally developed area in the vicinity of Ljubljana.

3. Analytical Methods

In September, 2000 we sampled Sava River water at seven locations spread
over 210 km along its course (Figure 1, Table I). Ljubljanica River water was
also sampled that same month at five locations spread over 46 km. Sava
River water was also sampled in November, 2002 at three locations. In
addition, four major tributaries were sampled close to their confluence with
the Sava River. In order to characterise the sulphur isotope signature in
Slovenian natural waters, water samples were also collected from some other
rivers and lakes as well as tap waters.

Water samples were placed in 1.5 L plastic vessels and transported
immediately to the laboratory. The volumes of the water samples were
measured (with accuracy of 10 mL), after which the waters were filtered and
acidified with HCl to pH=1. With this treatment any microbiological
activity which could possibly affect the sulphate was excluded. Then BaCl,
solution was added to the solution and the sulphate was precipitated as
BaSQy. The precipitate was recovered by filtering, washed with distilled water
to remove CI™ anion, and dried. The pure BaSO,4 was then weighed, and the
SO3~ concentration was determined.

For sulphur isotope analysis barium sulphate samples were converted to
SO, in a vacuum line at 800 °C in Cu-boat where BaSO, was loaded with
appropriate reagents (Halas and Szaran, 2001; 2004). For 6'%0 analysis the
BaSO, was reduced with graphite at 1000 °C to BaS and CO which was
quantitatively converted to CO, by glow discharge (Mizutani, 1971). The
isotopic compositions of SO, and CO, were measured with a dual-inlet,
triple-collector mass spectrometer (Halas, 1979).

The standard uncertainty of 0**S and 6'%0 values is 0.05%,. The results
were normalised to the international sulphur standard V-CDT
(Vienna—Canyon Diablo Troilite) by comparison of delta values with that of
the NBS-127 standard (Ding et al., 2001; Halas and Szaran, 2001) and to V-
SMOW (Vienna—Standard Mean Ocean Water). Sulphate extracted from a
water sample taken in Adriatic Sea (Portoroz) had §°*S= +21.19%,.

4. Results and Discussion

The results are summarised in Table II and presented in Figures 2-5. The
data are limited and the discussion emphasizes biochemical processes that
occur in surface water. However, dissolved sulphate has the advantage of
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being labelled isotopically in nature by the action of two biogeochemical
systems.

4.1. RAINWATER

Sulphate in three samples of rainwater had 0**S values of +4.7%,, +5.2%,
and +5.8%, and 'O values of +18.0%, and +11.7%, (Table II). These
values are typical for sulphates in atmospheric precipitation. The concen-
tration of sulphate in rain collected in September 2000, in Ljubljana was
0.2 mg/L. The relatively low 6**S value of rainwater indicates that in the
continental part of Slovenia the precipitation contains a very small fraction
of sea spray SO3~ with a 534S value close to +21.19%, (measured in Portoroz).
Although marine biogenic sulphur with mean §°*S values close to 0%, can
constitute a significant component of sulphate in atmospheric aerosols due to
oxidation of dimethyl sulphide and H,S (Mitzutani and Rafter, 1969;
Wakshal and Nielsen, 1982; Turner et al., 1988), the SOﬁ_ in the Kozina
rainwater seems to originate predominantly from continental sources of
sulphur, with 5°*S values closer to + 5%,

The isotopic composition of sulphur in Slovenian rainwater is similar to
that in atmospheric SO, of the northern Czech Republic at the border with
Germany (Novak et al., 2000). Because mean annual precipitation in the
watershed areas of the Sava River and its tributaries is generally between
1200 and 2000 mm and the sulphate concentration is below 1.5 mg/L, the
input of sulphate from rainwater seems negligible.

4.2. THE SAVA RIVER

The water of the Sava-Bohinjska has a very low sulphate concentration of
0.8 mg/L. The down river evolution of SO~ concentration and variations of
sulphate 6**S and 8'®0 values are plotted in Figure 2 (see also Table II).
Sulphur and oxygen isotope compositions of sulphate have generally
similar downstream trends. 6'%O values rise from +10.9 to +11.8%, while
5**S values rise from +10.6 to +10.9%, in the first 60 km from Dovije to
Okroglo. An inverse trend is observed in the Okroglo—BreZice section, where
there is a downstream depletion in the heavy isotopes of sulphur and oxygen.
The lowest 5**S (+6.6%,) and 8'*0 (+ 5.8%,) of river sulphate were measured
at Brezice. However, the only exception in this section represents the sam-
pling point near Trbovlje where the 6**S value was slightly higher at + 8.3%,.
The sulphate concentration is low at the spring, but from Dovje village to
Okroglo village it increases to double the initial value (Figure 2). In that
sector the 0**S and 0'®0 values increase up to +11.9%, and —+10.9%,
respectively. These shifts are due to a significant admixture of sulphates from
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Table II. Oxygen and sulphur isotope compositions of sulphates in Slovenian rivers, tap water,

rains and lakes.

River, sampling place SO3~concentration 5"%0v_smow 0**Sv.cpT
[mg/L] [0l [0l

Rivers

Samples collected in September 2000 (if not indicated)

The Sava, Dovje 8.7 10.64 10.90

The Sava,Okroglo 15.5 10.89 11.85

The Sava,Crnuée 13.2 9.08 9.86

The Sava, Kresnice 7.6 8.20 7.63

The Sava, Kresnice 7.4 8.34 7.69

(sampling — November 2002)

The Sava, Trbovlje 14.0 7.59 8.25

The Sava, Hrastnik 11.9 7.45 7.31

(sampling — November 2002)

The Sava, Radece 12.3 7.35 6.21

(sampling — November 2002)

The Sava, Sevnica 17.3 7.29 6.71

The Sava, Brezice 20.0 5.82 6.61

The Ljubljanica, Mocilnik 4.8 7.35 6.60

The Ljubljanica, Podpec 12.6 7.08 6.48

The Ljubljanica, Livada 14.7 7.84 7.59

The Ljubljanica, Vevce 11.8 8.47 7.52

The Ljubljanica, Podgrad 14.4 7.37 6.55

Confluents of the Sava River

The Sava Bohinjska 0.8 5.38 0.49

(sampling in 2000)

The Trziska Bistrica 41.4 13.57 13.33

(sampling in 2001)

The Savinja (sampling in 2001) 7.21 4.13

The Savinja, Zidani Most 27.7 7.59 4.06

(sampling — November 2002)

Other rivers(2001)

The Drava 8.37 7.65

The Soca 5.47 -0.15

The Sotla 4.85 1.41

Tap water

Tap water samples collected along the Sava River in November 2002

Brezice Very small amount of sulphates

Sevnica 29.5 5.31 5.54

Trbovlje 9.0 4.13 6.95
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Table II. Continued.

River, sampling place SOi’ concentration 5180v.smow 634SV_CDT
[mg/L] [%0) [%0)

Kresnice 7.9 2.36 3.40

Tap water samples collected in Ljubljana

Bericevo 14.9 5.27 3.00

(sampling in 2000)

Bezigrad 11.9 6.16 6.75

(sampling in 2002)

Moste 17.6 5.85 6.54

(sampling in 2002)

Siska 53 5.99

(sampling in 2002)

Vic (sampling in 2002) 3.0 4.59

Rainwater

Ljubljana—Bericevo 0.15 5.83

(September 2000)

Ljubljana 2001 11.69 5.19

Kozina 2001 18.04 4.71

Lakes

Zbiljsko Jezero 9.6 10.45 10.27

Blejsko Jezero 10.2 6.07 9.34

Koseski Bajer 14.3 6.17 7.42

Podpesko Jezero 4.9 3.86 4.25

Slivnisko Jezero 18.9 3.75 9.29

the left side confluent, the TrziSka Bistrica River, which is rich in
isotopically heavy sulphate (concentration 41.4 mg/L, 5°*S= +13.3%, and
080 = +13.6%,). Although the delta values suggest an evaporitic origin, it
cannot be excluded that at least part of the sulphate came from industrial
wastes (iron industry in Jesenice, power plant in Moste, food production in
Lesce and a shoe factory in Trzic).

A relatively low sulphate concentration and high 6°*S values of sulphate in
the Sava River at Dovje (8.7 mg/L and +10.99,,) indicate dissolution of
structurally substituted sulphate and to a minor degree evaporites in the
Mesozoic carbonates of the watershed area of the Sava River in the Julian
Alps. The very low sulphate concentration and 5**S = +0.5%, encountered in
its tributary, the Sava Bohinjka River, can be attributed to oxidation and
dissolution of reduced sulphur minerals. A possible SO7~ reduction in
the anaerobic environment of Lake Bohinj does not appreciably modify the
sulphur isotope composition of the sulphate. However, the inflow of the
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Figure 2. Sulphate concentration and sulphur and oxygen isotope compositions along the
course of the Sava River. Open circles refer to sampling repeated after 2 years, squares
refer to confluents and triangles refer to tap water.
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Trziska Bistrica tributary at Okroglo considerably changes the chemical and
isotopic composition of the main river. The higher sulphate concentration, as
well as higher 9**S values of river sulphate, can be interpreted as resulting
from dissolution of evaporitic sulphates during weathering of evaporite se-
quences in the watershed area of the TrziSka Bistrica River in the Karavanke
Mountains. Evaporitic sulphates and structurally substituted sulphates of the
Upper Permian and Triassic sedimentary sequences in the Karavanke
Mountains and in western Slovenia have §**S values between + 129, and
+ 249, (Dolenec et al., unpublished). Gypsum samples near Idrija mine had
6**S values of +12.3%, and + 16.4%,, within the range of Permian to Middle
Triassic marine evaporites (Lavric and Spangenberg, 2003). So the sulphur
isotopic composition suggests that the sulphate in the TrziSka Bistrica trib-
utary is derived mostly from the dissolution of marine sulphates in the ex-
posed sediments of its watershed area. The main anthropogenic source of
sulphates in the TrziSka Bistrica tributary is admixture of domestic and ur-
ban wastes, as well as the industrial influents from the textile industry, shoe
factory and paper industry. However, these sulphate sources did not signif-
icantly change the primary evaporitic isotope signature.

From Okroglo to Kresnice the concentration of SO~ decreases from
15.5 to 7.5 mg/L, and then returns to higher values (up to 20 mg/L) in the
Kresnice-BreZice section. A steady depletion in **S and 'O was observed
along the river course. This isotopically light sulphate may come from tap
water as well as from the groundwater, which is similar to the water
supplying the springs of the Ljubljanica River.

A strong lowering of sulphate concentration was observed in the Sava
River below Crnuce to Kresnice. Such a low sulphate concentration in
Kresnice (about 7.5 mg/L) was observed in September, 2000 as well as in
November, 2002. The decrease of the sulphate concentration from Okroglo
to Kresnice, accompanied by a simultaneous decrease of 6°*S and 4'%0
values (Figure 2), is most likely due to the input of relatively unpolluted
tributaries, including the Kokra, the Sora and the Kamniska Bistrica, which
carries weakly mineralised water. The waters of these tributaries contain only
trace amounts of isotopically light sulphate, which probably originate from
oxidation of sedimentary sulphides. The inflow of the tributary in Dolsko,
which is located about 500 m east from the VevCe sampling point, has no
influence on the sulphate concentration, nor on the sulphur isotope com-
position of sulphate. The sulphate concentration and sulphur isotope com-
position of sulphate in the Ljubljanica River in VevCe are very similar to
those of the Sava River in Kresnice (Table II).

From Kresnice to Brezice the concentration of sulphate gradually
increases, while the 6'%0 value decreases. A small, but noticeable increase of
0*S in river sulphate was recorded from Kresnice to Trbovlje. The increase
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of sulphate concentration from Kresnice to Brezice is followed by a general
decrease of both delta values.

The following four contributions can control the chemistry of water in this
section of the Sava River and its downstream evolution. (1) The input of
sulphates with relatively low §°*S values from the oxidation of sulphide
ores and minerals in the old Pb—Zn mines that which occur in the Sava Folds in
the broad area around Kresnice, 534ssulphides =-3to —10%,, and 534Ssu1phates =
+ 16 to + 189, in the Litija-Sitarjevec mine (Drovenik et al., 1976) and the late
oxidized minerals gypsum and greenockite have 6**S values of —19.5
to —16.19%, (median —17.0%,) and -19.2 to —7.89%, (median —12.2%),
respectively, in the MeZica Pb—Zn deposit (Spangenberg et al., 2001). (2) The
water draining the coal mine from Trbovlje-Zagorje—Hrastnik area. The 6°*S
of sulphate from coal mine waters in the Trbovlje—Zagorje—Hrastnik area
varies between -+ 1.4 and +44.6%, (Dolenec et al., 1989). Thus the **S
enrichment of sulphate in Trbovlje could be explained by addition of waters
that drain the coal mines in this area. (3) The tributary to the Sotla which
leaches sulphides from magmatic and hydrothermal rocks and from Tertiary
coal-bearing sediments in the Salek area (Velenje coal mine). (4) Domestic and
industrial wastes (cement factory, coal power plant), discharging into the Sava
River and its tributaries.

Down the course of the Sava River the sulphates become depleted in **S
and 80, towards d-values characteristic of sulphates in the local tap water.
Although there are some factories near this section of the Sava River, sig-
nificant variations of isotopic composition have not been observed. The
influence of industrial pollution does not change the isotopic composition of
either sulphur or oxygen in this section.

A further increase in the sulphate content and decrease in 5**S and §'*0
values of sulphate from Trbovlje to Sevnica reflect the influence of the
Savinja River, whose water has almost twice the concentration of sulphate as
the Sava River (Figure 2, Table II). These sulphates have significantly lower
5**S, while 6'®0O values are very similar. The Sava River passes the paper
factory and coal mines in this section.

The Sevnica—Brezice section is more industrialised; there are paper fac-
tories, food production factories and pharmaceutical factories. All of them
use tap water, so they discharge the sulphates of groundwater origin into the
Sava River, which obviously results in a decrease of delta values. No further
changes of isotopic composition were observed in this section. The sulphur
isotope composition of wastes is unknown.

4.3. THE LJUBLJANICA RIVER

The lowest sulphate concentration observed in the Ljubljanica River system
was in the spring water at Mocilnik (Table II and Figure 3). Sulphate
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concentrations generally increase downstream (up to Podpec¢) from 4.8 to
12.6 mg/L, while the sulphur and oxygen isotope compositions remain rel-
atively unchanged at about 6**S= +6.5%,, 6'*0= +7.3%, (Figure 3). The
increase in sulphate concentration may reflect discharge of urban and
industrial wastes into the Ljubljanica River and its tributaries, as well as the
agricultural activity in this area.

The constancy of the isotopic compositions strongly suggests a common
origin for the sulphate, most probably leached from rocks or soil. The rel-
atively low 6°*S values of sulphate (from +6.6 to +7.6%,, Table II) could
also be attributed to anthropogenic and agricultural sources.

Another source of sulphate in the Ljubljanica River seems to be sedi-
mentary sulphides in the exposed rocks in the watershed area and in semi-dry
marsh pan sediments. Oxidation of these sulphides can take place in soil or in
the river water. No changes were observed in the isotopic compositions of
sulphate which could be caused by activity of the leather factory in Vrhnika.
The S and O the isotope composition of sulphates would probably be con-
stant along the whole course of the Ljubljanica River, if no anthropogenic
sulphates were introduced. Municipal sewage and industrial waste are
sources of sulphate enriched in heavy isotopes, but this pollution is carried by
tap whose sulphate is isotopically lighter and less concentrated than sulphate
in the river. Thus introduction of tap water causes a lowering of both the
sulphate concentration and the 6°*S and 'O values. This effect makes it
difficult to quantify the contribution of anthropogenic sources to the
Ljubljanica River system.

In the section of the river from Livada to VevCe we recorded a distinct
decrease of sulphate concentration while 0**S and §'®0 values shifted to-
wards higher values (Figure 3). About 10 km below Ljubljana, in Podgrad,
the concentration of sulphate in the river and the S and O isotope compo-
sitions return to the values that were observed upstream of the town. The
observed shift of dJ-values in the vicinity of Ljubljana is caused by the
admixture of tap water.

4.4. OTHER RIVERS

The sulphur isotope composition of sulphate in other rivers under investi-
gation (Table I) depends primarily on the geology of the respective watershed
areas, and anthropogenic impacts that arise mainly from mine water pollu-
tion. Inflow of mine waters draining Pb—Zn ores in the Raibl mine (Italy) and
from the mercury mine Idrija (Slovenia) is the most common source of
pollution of the So¢a River, where the lowest §°*S value of sulphate (—0.2%,)
was recorded. 6°*S values of pyrites from the Idrija mine are —22.4 to
+13.2%, (Lavri¢ and Spangenberg, 2003). Similarly, a low 6**S value of
sulphate was encountered in the Sotla River, which is the tributary of the
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Figure 3. Sulphate concentration and sulphur and oxygen isotope compositions along the
course of the Ljubljanica River. Triangle refers to tap water.

Sava River, south of the sampling point in BreZice. Its low %S value is
probably related to the oxidation of sedimentary sulphides in the Tertiary
beds exposed in the watershed area as well as along the river course.
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Sulphate in the Drava River has 6**S= +7.7%, and 6'%0 = + 8.4%_, values
that are very similar to those measured in the Sava River in Kresnice.

4.5. TAP WATERS

One of the objectives of the present study was the determination of some
geochemical characteristics of tap waters, which could provide insights in the
recharge and storage of groundwater in the vicinity of Ljubljana, Trbovlje,
Sevnica and Brezice.

Tap water in Ljubljana was investigated at five sampling points: BeriCevo,
Bezigrad, Moste, Siska and Vic¢ regions (Table IT). Sulphate concentrations
range from 3.0 mg/L (Vi¢) to 17.6 mg/L (Moste) with the mean value of
10.5 mg/L. '%0 values varied over a narrow range from +4.6 to +6.2%,,
with a weighted mean of +5.7%,. Sulphur isotope compositions were mea-
sured at three locations where sulphate concentrations were above 6 mg/L.
These 5°*S values ranged from + 3.0 to + 6.8, with a weighted mean value
of +5.49,.

Tap water in Brezice has a very low concentration of sulphates (below
3 mg/L), and for this reason the isotopic compositions were not measured.
The concentrations and d-values of oxygen and sulphur of sulphate in tap
water in Kresnice, Trbovlje and Sevnica range from 7.9 to 29.5 mg/L, from
+2.4 to +5.3%, and from +3.4 to +6.99,, respectively (Table II).

In the southern part of Ljubljana city the drinking water is supplied into
the pumping station from Tertiary aquifers charged mainly by karst water.
The sulphate contents as well as the isotopic compositions reflect the indi-
vidual conditions present in the water-bearing layers, that consist mainly of
various granulated and permeable alluvial clastic sediments (Pezdi¢, 1998).
Tap waters from Moste and Bericevo have a sulphate concentration similar
to that in the Ljubljanica River, but the 5**S and 8'®0 values are lower. Tap
waters from Vi€ and SiSka have very low concentrations of sulphate, while
tap water in BeZigrad has an isotopic composition similar to that of the Sava
River in Crnuce. These data most probably indicate a variable influence of
river water (from the Ljubljanica River and the Sava River) into aquifers
being recharged and stored in the Ljubljana area.

The geochemical characteristics of tap water in Sevnica can be explained
by an inflow of relatively polluted Sava River water to the aquifer, as well as
by the infiltration of precipitation, flushing oxidised Pb—Zn sulphides into the
aquifers. These sulphides come from nearby SE parts of Sava Fold. The tap
water data at Trbovlje indicate only limited infiltration from the Sava River
beds. Most of the water in this aquifer is supposed to be supplied from local
precipitations. Tap water at Kresnice probably originates in the Sava River.

Sulphates in the tap waters investigated have lower concentrations and
lower delta values than those in the Ljubljanica and the Sava rivers.
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4.6. LAKE WATERS

A preliminary investigation of Slovenian lakes (Table II and Figure 5) ex-
hibit rather uniform concentrations of sulphate and sulphur isotope com-
positions that are similar to those in river water. The isotopic composition of
sulphate observed in lakes also reflects the isotopic composition of sulphur
compounds existing in the watershed areas. The artificial Lake Zbiljsko Je-
zero, has a sulphate content and isotopic signature that is similar to those in
the Sava River. This is not surprising, as the lake formed from damming the
Sava River in Medvode.

634

4.7. THE CORRELATION BETWEEN &°%s AND 6'%0

A good linear correlation (R*=0.78, n=75) was observed between 5°*S and
6'80 values of sulphates in the Ljubljanica River and an even better corre-
lation (R*=0.90, n=7) was found for the Sava River. The regression line for
all the river sulphate data (black dots) is plotted (R*=0.79, n=22) in
Figure 4. No such correlation is observed for sulphates in tap water or in
lakes. The 0**S and 4'®0O correlation observed in sulphate along the river
course may result from gradual evolution of river sulphates that is caused by
the admixture of sulphates from numerous sources: tributaries, groundwater
and anthropogenic waste.

5. Concluding Remarks

1. Sulphur and oxygen isotope compositions of sulphate in Slovenian rain are
the same as those of sulphates in precipitation falling in other regions of
Europe. They originate mainly from combustion of fossil fuels. The oxygen
isotope composition of such sulphate varies seasonally.

2. Tap waters have low concentrations of sulphate. Sulphate coming from
Tertiary aquifers was observed in the southern part of Ljubljana city. The
influence of water coming from the Ljubljanica and Sava rivers into the local
groundwater aquifers was observed in Bezigrad, Kresnice, Trbovlje and
Sevnica.

The presence of sulphate from oxidation of sulphide minerals could not be
excluded by analyses of tap waters in Sevnica and Kresnice. The low §°*S
values of sulphate most likely indicate the oxidation of sulphide from sur-
rounding old Pb—Zn mines.

3. Sulphates in lakes are characterised by a rather narrow ranges of
o-values. This may be result from mixing of sulphates of different origin. The
sulphur isotope composition of sulphate in lakes reflects the isotopic com-
position of sulphur compounds existing in the adjacent watershed.
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4. Rivers contain sulphates of different origin, derived from their wa-

tershed. Rivers flowing from Julian Alps (the Kokra, the Sora and the
Kamniska Bistrica) contain very low amounts of sulphate that is leached
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from a thin stratum of soil by rainwater. These clean, weakly mineralised
waters of tributaries dilute the water of the main rivers. The oxygen isotope
compositions of these sulphates confirm that they do not originate directly
from rain, and the sulphur isotope compositions suggest that the sulphate
gets into rivers after biochemical cycling in the soil. The isotopically light
sulphur probably originates from the dissolution and oxidation of sedimen-
tary sulphides.

The anthropogenic impact in the form of an inflow of mine waters
draining the Pb—Zn ores from the Raibl mine (Italy) and from the mercury
Idrija mine (Slovenia) was recorded in the Soca River, where the lowermost
5**S value (=0.2%,) was observed. Similarly a low 5°*S value of sulphate
was measured in the Sotla River, a tributary to the Sava River. The
influence of oxidation of sedimentary sulphides in Tertiary beds was re-
corded in the Sotla River.

5. The evolution of sulphates along the river course is caused by the
delivery of sulphates of different origin by tributaries, wastes and tap water.
Some tributaries carrying weakly mineralised water may lower the sulphate
content. Our observations can be summarised as follows:

(1) The relatively low sulphate concentrations and high 6°*S values (the
Sava River in Dovje) indicate dissolution of structurally substituted
sulphate and to a minor degree leaching of evaporites from the
Mesozoic carbonates in the watershed of the Sava River in the
Julian Alps.

(2) The high concentrations of sulphate enriched in **S result from
dissolution of weathered Upper Permian and Triassic evaporites in the
watershed area of the Trziska Bistrica River in the Karavanke
Mountains and in western Slovenia.

(3) Sulphates with relatively low 0**S and 6'%0 values may come from tap
water as well as from groundwater.

(4) Waters that drain coal mines enrich the river sulphate in heavy
sulphur.

(5) Down the course of the Sava River sulphate is gradually enriched in
light isotopes, while almost constant J-values are observed in the
Ljubljanica River. The difference between the two rivers can be
explained by significant inflow of heavy sulphates at the beginning of
the course of the Sava River. The river water is subsequently diluted by
groundwater with low J-values.

(6) Waste from factories located near the rivers does not cause significant
variations in the isotopic compositions of river sulphate. This is
because all the factories dispose tap water, so they discharge sulphates
of groundwater origin into the rivers.
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