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Chemical and isotope analyses on groundwater sulfate
and ®H measurements on groundwater were used to determine
the sulfate sources and sulfur transformation processes
in a heterogeneous karst aquifer of the Franconian Alb,
southern Germany. Sulfate was found to be derived

from atmospheric deposition. Young groundwater was
characterized by high sulfate concentrations and 63*S values
similar to those of recent atmospheric sulfate deposition.
However, the 680 values of groundwater S042~ were depleted
by several per mil with respect to those of atmospheric
deposition. This isotopic shift is indicative of mineralization
of carbon-bonded S in the vadose zone of the karst
system. In groundwater with mean residence times of
more than 60 years, a trend of increasing 0%S values and
0'80 values with decreasing sulfate concentrations was
observed. This trend could not be solely explained by
preindustrial atmospheric sulfate deposition with higher
038 values, and hence, we conclude that bacterial
(dissimilatory) sulfate reduction in the porous matrix of
the karst aquifer must have occurred. This process has the
potential to contribute to long-term biodegradation of
contaminants in the porous rock matrix representing the
dominant water reservoir of the fissured porous karst aquifer.

Introduction

Since the industrial revolution, increasing amounts of
anthropogenic sulfur (S) have been emitted to the atmo-
sphere, although a significant decline in the rates of S
deposition was observed across large regions in Europe and
North America during the past two decades (I). Current
atmospheric deposition of S in industrialized countries is
mainly derived from anthropogenic sources (2) and is
characterized by 0%S values typically between 0%o and 5%o
(3). Several recent studies of historical archives including
alpine ice cores (4) and archived wheat grains (5) have
suggested that preindustrial atmospheric S had higher %S
values between 8%o and 11%o. Also, Edmunds et al. (6)
interpreted ¢3S values near 9%o for sulfate from the East
Midlands aquifer in northern England as indicative for sulfate
in Holocene rainfall. Marine emissions (sea-spray-derived
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sulfate, dimethyl sulfide), one of the major natural atmo-
spheric sulfur sources, are characterized by ¢3!S values of
sulfate between 15%o0 and 21%o (7). Therefore, increasing
0%8S values are expected with decreasing contributions of
anthropogenic S to atmospheric sulfate deposition.

Biogeochemical transformation processes in terrestrial
and aquatic ecosystems may alter the isotopic composition
of deposited sulfate. Throughout the last five decades, the
effect of adsorption/desorption (8—10), immobilization,
mineralization (11, 12), sulfide oxidation and bacterial
(dissimilatory) sulfate reduction (BSR) (13—15) on the isotopic
composition of sulfate in soil horizons, aquifers, and sedi-
ments has been intensively investigated. Dissimilatory
bacterial SO42~ reduction was found to be the major process
in the S cycle causing isotope fractionation, enriching %S
and 80 in the remaining sulfate (16, 17) and hence causing
trends of increasing 0**S and 680 values as sulfate concen-
trations decrease.

So far, most studies on bacterial (dissimilatory) sulfate
reduction using isotope techniques were performed in porous
aquifers and marine basins (e.g., refs 13 and 18). Little is
known about the microbial process, S turnover, and mixing
patterns of S from different sources in heterogeneous karst
environments. Bottrell et al. (19) found evidence in a dual-
porosity aquifer that bacterial sulfate reduction was restricted
to the fissures of a limestone aquifer. Moncaster et al. (20)
showed for the same aquifer that autotrophic denitrification
occurred and was controlled by pyrite availability near the
fissures. Hose et al. (21) characterized the microbial com-
munity in a H,S-rich karst environment and identified
biogeochemical processes, while Bottrell et al. (22) suggested
an ore mineral weathering source for sulfate in the karst
aquifer of the Derbyshire Peak District on the basis of S isotope
data.

The objective of this study was to determine the sources
and the processes affecting sulfate in oxygen-rich, *H-dated
karst groundwater of the Franconian Alb in southern
Germany.

Material and Methods

Study Site. The karst aquifer investigated in this study is
located in southern Germany north of the Danube River and
stretches from the Nordlinger Ries in the west to the city of
Kehlheim in the east (Figure 1). The catchment area is
approximately 2000 km?. The bedrock is composed of Upper
Jurassic carbonates, representing two consecutive cycles of
sedimentation with marls on the base overlain by well-bedded
limestones. The latter contain reef complexes which have
been dolomitisized. The bedded limestones have porosities
of less than 2%, whereas the reef facies is characterized by
a rock matrix porosity ranging from 4% to more than 20%,
with an arithmetic mean value of 7% (23).

Groundwater flow velocities are considerably lower in
the reef facies than in the bedded facies (24). Seiler et al. (24)
and Einsiedl (25) provided evidence for the existence of a
double-porosity system in the Franconian Alb karst aquifer.
The double-porosity concept, previously described by Mal-
oszewski et al. (26) for fissured rocks, is revealed by artificial
tracers with different diffusion coefficients. This concept
requires the occurrence of diffusive exchange of artificial or
environmental tracers between the immobile water in the
porous rock matrix and the more mobile water in the fissures
of the aquifer. Diffusion processes between the immobile
water of the rock matrix and the more mobile water in the
fissures (double-porosity concept) influence the water flow
and the pollutant transport in the porous reeffacies, resulting
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FIGURE 1. 1. Site map of the Franconian Alb karstic catchment area
and the investigated springs.

in increasing mean transit times (MTTs) of water and
contaminants in the aquifer if matrix diffusion influences
the water flow to the springs.

The investigated springs are situated both in the bedded
and in the reef facies of the karst aquifer. Annual rainfall is
approximately 0.75 m/year. Water balance estimates suggest
an annual evapotranspiration of ca. 0.5—0.6 m/year (27).
The average air temperature is approximately 8 °C. Ground-
water recharge for the Franconian Alb is in the space range
of 0.13—0.25 m/year (27, 28).

Sampling. To investigate the S cycle in the karst aquifer
of the Franconian Alb, groundwater discharging from 11
springs (site nos. 1—9, Bohming spring, Grossdorf spring)
and seepage water of a cave (site no. 10) were sampled (Figure
1). Spring nos. 1 and 4—8 arelocated in the reef facies, whereas
all other springs occur in the bedded facies. Groundwater
samples from the 12 sampling sites were obtained up to five
times between 2001 and 2004 for chemical and isotope
analyses. Atmospheric deposition was sampled repeatedly
between February and December of 2001 near the B6hming
spring using four rain gauges. Up to 5 L of precipitation water
was collected to yield enough sulfate for isotope analyses.

Methods. The standard field measurement program
included temperature (°C), electrical conductivity (uS/cm),
pH value, alkalinity, and redox potentials (E,). Water samples
obtained from springs for chemical measurements of major
cations (Na*, K*, Ca?", Mg?") and anions (Cl~, SO,*7, NO;")
were 0.45 um field filtered, collected in 0.5 L plastic bottles,
and stored at 5 °C prior to analysis. Standard ion chroma-
tography (Dionex DX 100) was used for determining the
concentrations of major cations and anions with an analytical
error of less than +3%. Samples for determination of DOC
contents were collected in 10 mL glass bottles. DOC contents
were determined using a TOC analyzer (TOC 500, Shimadzu
Co.) with an analytical error of approximately +£15% at a
DOC concentration of about 0.08 mM.

Sulfur and oxygen isotope ratios of sulfate in groundwater
and atmospheric deposition were determined. Water samples
were acidified to pH < 4 to remove HCOs ™. Sulfate for isotope
analyses was precipitated as BaSO, with 5 mL of 0.2 M
reagent-grade BaCl,-6H,O solution. The precipitate was
recovered by filtration, carefully washed with distilled water,
and dried prior to isotope analyses. Low sulfate concentra-
tions in the rainwater samples required preconcentration of
SO42~ prior to precipitation as BaSO,. Up to 5 L of rainwater
was passed through an anion-exchange resin (Biorad AG-
1X8), and the sulfate was subsequently recovered from the
resin with 0.25 L of a 1 M NaCl solution. Thereafter, sulfate

was precipitated as BaSO,4 and purified as described above.
Sulfur isotope analyses were performed by isotope ratio mass
spectrometry after conversion of BaSO, to SO, via high-
temperature reaction of BaSO, with V,05 and SiO, (29). For
080 measurements on sulfate, CO, and CO were produced
through thermal decomposition of BaSO4 with pure graphite
in molybdenum foil under vacuum at more than 1000 °C
followed by quantitative conversion of CO to CO, in a
discharge chamber and subsequent isotope ratio mass
spectrometry (30). Water samples for carbon isotope mea-
surements on dissolved inorganic carbon (DIC) were injected
into 5 mL of phosphoric acid (96%) in a pre-evacuated flask
at 25 °C. The produced CO, was purified repeatedly using
acetone-dryice traps and subsequently used for isotope ratio
mass spectrometry.

Carbon, sulfur, and oxygen isotope ratios are reported in
parts per thousand (%o) using the conventional ¢ notation:

6sample (%0) = [(Rsample = Rya)/Ryql x 1000 1

where Rsample and Ryq are the 3C/12C, 34S/32S, or 180 /160 ratios
of the sample and the standard, respectively. 6%*S values are
reported relative to Canon Diablo troilite (V-CDT) and 680
values relative to Vienna standard mean ocean water (V-
SMOW). Two international reference materials, NBS-127 and
OGS, as well as several laboratory internal standards were
repeatedly measured to ensure accuracy. Reproducibility was
+0.2%o for 6*S measurements and +0.5%o for 6'¥0 mea-
surements on sulfate. The *C/'2C ratios of DIC are reported
relative to V-PDB with a reproducibility of +0.2%eo.
Tritium (°H) contents were determined for groundwater
sampled from the springs in 2003 (site nos. 4—7 and 9,
Bohming spring, Grossdorf spring) during base flow condi-
tions. Tritium measurements were conducted by liquid
scintillation counting of water after electrolytic enrichment
of 3H (31). The detection limit of this method is 0.7 TU.

Results

Water Chemistry. Table 1 summarizes median values for
physical and chemical parameters for groundwater from the
karst springs. The karst groundwater was characterized by
pH values of 7.1 & 0.3 and a temperature of ca. 10 °C (cave
seepage water pH 8.5, temperature 4 °C, Table 1). Electrical
conductivity varied between 555 and 747 u4S/cm, and the
redox potential ranged between 310 and 157 mV. HCO3~
concentrations ranged between 5.0 and 6.5 mM (Table 2).
All groundwater samples are of the Ca?*/Mg?>*—HCO;~ type
characteristic for carbonate aquifers. DOC concentrations
in springwater varied between 0.08 and 0.25 mM. Nitrate
concentrations ranged from not detectable to 0.75 mM, and
chloride concentrations varied between 0.08 and 0.73 mM.
In one spring (no. 6) a Cl~ concentration of up to 1.3 mM
was observed. Sulfate concentrations varied between 0.08
and 0.36 mM.

Tritium Data. The precipitation record for tritium was
obtained from the German precipitation stations at Regens-
burg (1978—2003), Passau (1970—1977), and Stuttgart (1962—
1969) located close to the study area. The *H input data were
extended backward from 1961 to 1953 using corrected IAEA
records from Ottawa and Vienna because no other IAEA
stations reported 3H data prior to 1961.

Tritium contents in groundwater obtained from site nos.
4—7 and 9 and the Gréssdorf spring in 2003 ranged from 10.7
to 19.8 TU (Table 3). Additional tritium measurements were
conducted for groundwater from the Bohming spring sampled
in 1999 and 2001, yielding tritium values of 16.6 and 16.7 TU,
respectively. Additional tritium data for samples collected
between 1969 (32) and 1980 (33, 27) were also evaluated in
this study (Table 3). Tritium contents of up to 182.4 TU were
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TABLE 1. Concentrations of Major Dissolved Species in Groundwater Shown as Median Concentrations of the Sampling Intervals hetween 2001 and 2004
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determined for groundwater obtained in 1969 from spring
no. 2 located in the bedded facies of the karst aquifer.
Throughout the past 30 years tritium contents of ap-
proximately 15 TU were consistently found in groundwater
at spring nos. 1 and 5, which emerge from the reef facies of
the aquifer.

Isotopic Composition of Sulfate and DIC. The ¢3S values
of groundwater sulfate ranged from 1.2%o to 8.4%o. The 680
values of sulfate varied from 1.5%o to 13.6%o (Table 4). The
highest 6**S value of 8.4%o in spring no. 5 corresponded
with the highest 6'%0 value of sulfate (13.6%o). 0'3C values
of DIC were ca. —13%o for all samples (Table 2).

The isotopic composition of sulfate in atmospheric
deposition sampled between February and December 2001
near Bohming is presented in Table 5. The %S values ranged
from 0.0%o to 4.9%o. The 6'80 values in precipitation sulfate
varied in the observation period between 8.3%o in winter
and 15.5%o in summer.

Discussion

Tritium Data and Mathematical Modeling as a Groundwater
Dating Tool. The long-term tritium record for precipitation
(injection function) and tritium data for groundwater from
the 12 sampling sites combined with a simple lumped
parameter approach were used to approximate the mean
transit time #p of the tracer and to determine the dispersion
parameter Pp, (reciprocal of the Peclet number) in the aquifer
using a dispersion model. Precipitation water with a known
tracer concentration Ci,(?) infiltrates at the surface of the
catchment area and flows through channels with the volu-
metric flow rate Q.(f). During very low discharge periods
(low-flow condition), the transport of dissolved species in
the infiltrated water flowing via sinkholes connected to the
conduits (preferential flow) to the springs is practically
negligible, and the theoretical tritium concentration for the
fissured porous system (low water flow) can be calculated.
During low-flow conditions, the water chemistry becomes
constant and no significant water component from prefer-
ential flow paths mixes with the base flow water. The
discharge of the karst springs shows little variability. A
dispersion model (eq 2) has to approximate the transit time
distribution function of the tracer flow in the fissured porous
aquifer (slow water flow) (34).

1 —7/t)?
1 exp P 2)
T\1/2 T
r(4nPD—) 4Py—
tP tP

gr) =

The model calibration was performed using the 35 year
tritium record for the test field Bohming spring and spring
no. 4 (25). The dispersion model applied to the tritium
contents observed in the outflow of the springs between 1969
and 2003 at base flow conditions yielded mean transit times
tp of the tracer (Table 3) between 10 years (e.g., no. 9) and
more than 100 years (e.g., nos. 1 and 5), and a dispersion
parameter of 0.6 for all springs was calculated (Figure 2).
From the hydrogeological viewpoint (groundwater recharge,
thickness of the aquifer), the long mean transit time of *H
in the reef facies (with matrix porosity) can only be explained
if diffusion processes between fissure water and stagnant
matrix water are taken into account. Matrix diffusion is much
higherin the reef facies (matrix porosity ca. 7%) as compared
to the bedded facies (matrix porosity <2%). This resulted in
considerably higher mean transit times for springwater in
the reef facies as compared to water from springs in the
bedded facies.

Isotopic Composition of Groundwater Sulfate. In Figure
3, sulfate concentrations (a), 9*'S values (b) and 6'%0 values



TABLE 2. 6'3C Measurements and HCO;~ Concentrations in Springwater during June 2003 (Low-Flow Conditions)

spring spring spring spring spring spring spring srping  spring spring Béhming  Grossdorf

no. 1 no. 2 no.3 no. 4 no.5 no. 6 no.7 no. 8 no.9 no. 10 (cave) spring spring
MTT (years) 150 23 70 120 90 80 10 7-10 62 60
6"3C (%o) -12.3 nd nd nd —-12.8 —-126 —135 nd —12.7 nd —13.5 —13.5
[HCO3 1 (mM) 5.4 5.3 nd 6.2 53 5.4 5.3 nd 6.1 5.0 6.5 5.6

TABLE 3. Tritium Contents in Groundwater hetween 1969 and 2003 during Base Flow (Low Flow) and Calculated MTTs

spring spring spring spring spring spring spring spring spring spring
no. 7

no.1 no.2 no.3 no.4 no.5 no.6
calcd MTT (years) 150 23 - 70 120 90
[3H](1969) (TU) 182 - 33
[3H](1980) (TU) 13 - 12
[3H1(1982) (TU) 16 - 34 7 29
[3H](1983) (TU) 15 - 39 20 30
[3H1(1992) (TU) 11 -
[3H1(1994) (TU) 10 - 18 13 17
[3H](1999) (TU) -
[3H]1(2001) (TU) -
[3H1(2003) (TU) - 13 11 12

44

spring Bohming Grossdorf
no.8 no.9 no.10 no. 11(cave) spring spring
80 - 10 —  7-10 (estimated) 62 60
- - 25
- - 63 51
38 - 69 - 56 51
- 69 - 46 58
- - 27 33
18 - 21 - 24 27
- — 17
- - 17
13 - 14 - 17 20

TABLE 4. 6*S and 0'®04,,e Measurements in Springwater from September 2001 to February 2004

spring spring spring spring spring spring spring spring spring

no.1 no.2 no.3 no.4
MTT (years) 150 23 70
September 2001

(during Groundwater Recharge)

0%4S (%o) 7.4 15 26 5.4
0"80suifate (%o) 4.1 32 42 38
June 2003 (Low-Flow Conditions)
034S (%) nd 1.2 3.4 48
0"80suifate (%o) nd 32 36
August 2003 (Low-Flow Conditions)
034S (%) 6.3 1.5 45 3.9
(jwosulfate (%0) 3.1 2.3 4.1 2.9
January 2004 (Low-Flow Conditions)
034S (%) nd nd 3.1 4.4
0"80suifate (%o) nd 26 3.0 31
February 2004 (Low-Flow Conditions)
034S (%) 7.3 nd 33 4.2
0"80suifate (%o) 36 nd 26 29

spring  Bohming Grassdorf

no.5 no.6 no.7 no.8 no.9 no.10(cave) spring spring
120 90 80 10 7-10 62 60
5.4 6.3 49 37 1.4 1.3 2.0 1.9
3.8 58 44 55 33 3.3 3.0 4.9
8.4 7.3 58 59 21 nd 2.0 2.5
136 43 34 32 21 nd 2.7 nd
6.6 nd 49 nd 1.9 nd 2.4 2.0
2.5 nd 24 nd 1.7 nd 1.7 1.5
5.9 nd nd nd 20 nd nd 2.2
3.4 nd nd nd 23 nd nd 2.1
6.6 nd 46 nd 2.1 nd 2.2 1.7
5.1 nd 25 nd 2.1 nd 1.8 15

TABLE 5. Precipitation (mm), Sulfate Concentration (mM), and
Isotopic Composition (%) of Atmospheric Deposition $0,2~

period precip [S0.27] o%S 4'0
February to April 2001 217 0.033 0.03 83
June to August 2001 267 0.036 4.77 15.5
September to October 2001 150 0.041 4.9 12.3
November to December 2001 121 0.038 11.7

(c) of sulfate, and sulfate/chloride ratios (d) are plotted versus
the calculated mean transit times. The groundwater samples
with the highest mean residence times were characterized
by the lowest sulfate concentrations (ca. 0.08 mM). These
springs were characterized by 03*Sgyiaie Values around 6.5%o
and 0'80gue Values between 2.5%o0 and 13.6%o0 (nos. 1, 5,
and 6). In the seepage water of the cave (no. 10) and in karst
groundwater from springs with low mean transit times (nos.
2and9), SO4*" concentrations were significantly higher (~0.36
mM) and lower **Ssurie Values of ca. 1.5%o and 0®Osuitate
values between 1.7%o0 and 3.3%o were observed.

The 0%4S values for sulfate in groundwater with low mean
transit times (nos. 2, 9, and 10) are similar to those of
atmospheric sulfate deposition in southern Germany. Sulfate
in atmospheric deposition sampled between April and

December 2001 at Bohming (Table 5) had a mean amount-
weighted 634S value of 3.3%o. This is consistent with previously
reported data from refs 10 and 35 for stations in the vicinity
of Munich, indicating that 0%*S values of sulfate in atmo-
spheric deposition in southern Germany range between 1%o
and 3%o. Therefore, we hypothesize that sulfate in atmo-
spheric deposition is a major source of springwater sulfate.
The 680 values of sulfate in the groundwater sampled from
the springs, however, were ca. 10%o lower than those of
atmospheric sulfate deposition (amount-weighted mean
value, 0'80ufate = 12.3%o0, Table 5).

Mineralization of Carbon-Bonded S in the Vadose Zone.
Since oxygen isotope exchange between H,O and SO,*~ under
environmental conditions proceeds extremely slowly (106 to
107 years) (36), marked changes of 4'80 values of sulfate in
a flow system are usually caused by SO,*~ reduction and
reoxidation. Immobilization of seepage water sulfate in soils
and subsequent mineralization of carbon-bonded S have
been shown to cause shifts in 80 of SO42~ (10) similar to
those observed in this study. During the formation of
mineralized sulfate in the soil zone, four oxygen atoms are
incorporated into the newly formed sulfate molecules, with
water and atmospheric oxygen constituting the two potential
oxygen sources. Using 0'%0 values of —9.5%0 for the
incorporated water oxygen (37), enrichment factors € = 0.0%o
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and +4%o for water oxygen (38, 39) and ¢ = —8.7%o for
molecular oxygen (680 = +23.5%o) (40), and an incorpora-
tion of 60—70% water oxygen (10, 41), SO~ formed by
mineralization of carbon-bonded S is expected to have 620
values near 0%o. 6'80 values of about 2%o. (Figure 3c) and
0%4S values similar to those of precipitation sulfate (Figure
3b) are consistent with the hypothesis that sulfate in
groundwater with mean transit times of less than 30 years
is predominantly derived from sulfate in atmospheric
deposition, which has undergone at least one immobiliza-
tion—mineralization cycle in the soil zone before percolating
into the groundwater. Sulfate concentrations in springwater
with short mean residence times were ca. 7—10 times higher
(0.36 mM) than those in recent atmospheric deposition (Table
5). This is consistent with sulfate enrichment due to
evapotranspiration (by a factor of 3—6), higher sulfate
concentrations in atmospheric deposition until the mid-
1980s, and potential contributions from previously stored
soil sulfate (1). If sulfate in young groundwater (<30 years)
is predominantly derived from atmospheric deposition, the
following question arises: Why are sulfate concentrations in
older groundwater (>60 years) significantly lower (Figure
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3a) and 6*S values significantly higher (Figure 3b)? Three
potential explanations are discussed below.

Bedrock Sulfate. An explanation for increasing %S values
of sulfate in karst groundwater with mean residence times
of >60 years could be sulfate contributions from bedrock
weathering. Structurally substituted sulfate in Malm carbon-
ates has 0%S values between 15%o and more than 20%o (42),
while oxygen isotope ratios for Malm sulfate are believed to
range between 14%o and 17%o (43). If sulfate in older
groundwater was increasingly derived from dissolution of
carbonate bedrock, this would result in trends of increasing
concentrations and ¢S and 030 values of sulfate. Since we
observed decreasing sulfate concentrations with increasing
groundwater age and only minor increases in 6'®Ogyifae Values,
it appears that dissolution of bedrock is not a major source
of sulfate in the karst groundwater system.

Preindustrial Atmospheric Sulfate Deposition. The
calculated mean transit time of water for different springs
using a dispersion model represents a flow time distribution,
where each stream line represents a flow time of a single
tracer particle (z) (44). Figure 4 shows the portion of different
stream lines representing the mean transit times of 60 and
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150 years in the groundwater. The modeling results show for
groundwater systems representing mean transit times ofless
than 60 years that flow times 7 of water older than 150 years
(preindustrial times) are negligible. These groundwater
systems are characterized by sulfate with 63!S values near
2%o. Groundwater with a mean transit time of 150 years has
a portion of ca. 30% of the preindustrial water component,
and the 6**S values of groundwater sulfate in these waters
are ca. 7%o. We tested whether the increase of the 434S values
of sulfate in karst groundwater situated in the reef facies
(matrix diffusion processes) can be explained by mixing of
deposition-derived sulfate of industrial and preindustrial
times, with the latter being stored in the porous rock matrix
of the reef facies. Mathematical modeling was performed
using a 6%S value of 3.5%o (3) for sulfate in atmospheric
deposition during industrial times, and sulfate concentrations
in atmospheric deposition were markedly lower during
preindustrial times compared to those of recent precipitation
(45). Assuming that sulfate concentrations in preindustrial
atmospheric deposition were more than 50% lower than those
in current precipitation, modeled 6**S values higher than
21%o for sulfate in preindustrial precipitation were required
to explain the observed 6*S values of groundwater sulfate
in spring nos. 1 and 5. Since this value is higher than that
of sea-salt-derived sulfate, we consider it to be unrealistic
for preindustrial atmospheric sulfate deposition. Hence, we
conclude that sulfate from preindustrial atmospheric depo-
sition can explain only part of the observed patterns in the
chemical and isotopic composition of sulfate in the karst
groundwater.

Bacterial (Dissimilatory) Sulfate Reduction. Neither
hydrodynamic effects (matrix diffusion processes) nor bed-
rock weathering provides a fully satisfactory explanation for
the observed trend of decreasing concentrations and in-
creasing 6*'S values of sulfate in groundwater with mean
transit times of >60 years. Therefore, we suggest that BSR
is partially responsible for the observed trends of decreasing
sulfate concentrations while enriching the remaining sulfate
in %S and '®0 (46). In a closed system, isotope fractionation
during BSR can be described by the Rayleigh equation:

R,/ R, = (CIC)H™7! 3)

R;and R, denote the sulfur isotope ratios of sulfate and Cand
Corepresent the concentrations of sulfate at times # and zero,
respectively, and a is the isotopic fractionation factor. If the
difference between the 6 values is small, this equation can
be simplified to (36)

R,= R, + €In(CICy) 4)

Plotting the ¢3S values of groundwater sulfate versus C/ Cy
yielded linear trends characteristic for BSR (Figure 5). The
isotope fractionation during BSR is commonly quantified in
terms of the kinetic fractionation factor o or the isotope
enrichment factor € (36). The slope of the linear relationships
shown in Figure 5 is equal to € (13). The enrichment factors

10 y = -8.7734x + 9.8659
R? = 0.861
8 y =-11.368x + 10.183
— X R?= 07682
Z 6 y = -6.4600x + 7.
= R? = 0.8045
éﬂ y=-7 52766x + 84168
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FIGURE5. *S as a function of sulfate concentration at times tand
zero (C/Cy) for two sampling intervals in 2001 (squares) and 2003
(circles, triangles, times signs).
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FIGURE 6. Sulfur and oxygen isotope composition of karst water
sulfate during base flow conditions in June 2003, August 2003,
January 2004, and February 2004.

€ determined for data sets from the four sampling events of
this study varied between —6.5%o0 and —11.4%eo. Similar
values have been reported for other groundwater systems
(e.g., ref 13). 6'%0 values of the remaining sulfate are also
expected to increase during BSR. Typically, increases in 63§
values are up to 4 times higher that those of 4!80 values in
the remaining sulfate during BSR, if fractionation factors are
small, reduction rates of sulfate are high, and a limited sulfate
supply is assumed (47). Therefore, the increase of the %S
values of ca. 5%o for sulfate in old groundwater (Figure 3b)
was expected to be accompanied by an increase of ca. 1.25%o
in the 0"®Osure values, if bacterial (dissimilatory) sulfate
reduction was the major process responsible for the observed
trend. Figure 6 shows that this was indeed the case during
low-flow conditions (except for the sampling period in
November of 2001) and that the §%S/6'®0 ratio in the
remaining sulfate was in fact close to 4/1. This, together with
adecrease in SO4>~/Cl" ratios (Figure 3d), indicates that BSR
provides a suitable explanation for the observed trends in
the chemical and isotopic composition of sulfate in the karst
groundwater. Additional chemical and isotopic parameters
indicative of BSR such as HCOs;~ concentrations and 6'3C
values of DIC proved less informative in our study (Table 2).
All groundwater samples had comparatively high HCO3~
concentrations between 5 and 6.5 mM and 0'3Cpc values
around —13%o.. Compared to these background values, the
expected increase of HCO;~ concentrations and decrease in
0BCpic values due to BSR is small and well within the
analytical uncertainties of the respective methods and the
observed natural variability in HCOs;~ concentrations in
springs without BSR. In addition, the presence of sedimentary
carbonates of marine (6'*C ~ 0%o) and nonmarine origin
(013C ~ —8%o) has been suggested for the Franconian Alb
aquifer (48), making carbon isotope ratios of DIC an
unreliable indicator for BSR. Indeed, little variation in HCO3~
concentrations and 6'*Cp;c values (Table 2) was observed
between young and older groundwater, the latter being
affected by BSR.

Implications and Environmental Significance

We conclude that sulfate in karstic groundwater of the
Franconian Alb in southern Germany is predominantly
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derived from atmospheric deposition. Immobilization of
deposited sulfate in the vadose zone and remineralization
of carbon-bonded S have little influence on the S isotope
ratios of sulfate in recharging groundwater but shift its 480
to values significantly lower than those of atmospheric sulfate.
Consequently, young groundwater is characterized by rela-
tively high sulfate concentrations and 6**S and 6'®0 values
around 2%o. Lower sulfate concentrations and elevated %S
values in karstic groundwater with mean residence times of
more than 60 years could only partially be explained with
potentially higher *S/32S ratios in preindustrial atmospheric
sulfate deposition. Increasing 0!S and 6'®0 values at a ratio
close to 4/1 with decreasing sulfate concentrations and SO,/
Cl™ ratios suggested that bacterial (dissimilatory) sulfate
reduction in the rock matrix of the reef facies is partially
responsible for the low sulfate concentrations in the older
groundwater.

Feastetal. (49) suggested for a similar dual-porosity chalk
aquifer in the United Kingdom that elevated sulfate con-
centrations with “modern” sulfate isotopic composition mix
with an older water component in which BSR had occurred
presumably in the late Pleistocene. We are unable to judge
from our data at which time BSR had occurred in the matrix
of the karst groundwater system of the Franconian Alb.
However, we point out that there are significant differences
in the size of the pore throats in the limestone and chalk
aquifer studied by Bottrell et al. (19) and Feast et al. (49)
compared to those of the reef facies in our study area. Michel
(23) measured pore diameter distributions for the reef facies
between 1 and 50 um and found typical pores with 10 um
in independent laboratory studies. Frederickson et al. (50)
found that sulfate-reducing microorganisms range typically
from 0.7 to 3 um in size, indicating the possibility of microbial
growth in the porous rock matrix of the reef facies of our
study area. In contrast, Bottrell et al. (19) found that pore
throats in a chalk and a limestone aquifer in the United
Kingdom were too small for growth of microorganisms in
the porous rock matrix. Therefore, the presence of a porous
rock matrix suitable for microbial growth might enhance the
occurrence and affectivity of BSR in the Franconian karst
aquifer compared to the aquifer studied by Feast et al. (49)
and Bottrell et al. (19).

The karst system of the Franconian Alb represents a
double-porosity system that contains rather immobile water
in the porous rock matrix and more mobile water in the
fissures. The rock matrix is the dominant reservoir for water
(25). Heterogeneities of the rock matrix porosity could
facilitate anoxic processes (BSR) in the predominantly oxic
zone of the karst system. The lack of biodegradation potential
in the fissures may explain the presence of nitrate in waters
which show evidence of some bacterial sulfate reduction.

Since karst groundwater systems are highly vulnerable to
contamination, groundwater protection is a major challenge.
There is increasing evidence that anaerobic processes in karst
systems with matrix porosity may facilitate biodegradation
of contaminants. Some studies have shown (e.g., refs 51 and
52) that, athydrocarbon-contaminated sites, sulfate-reducing
microorganisms contribute extensively to the mineralization
of organic contaminants, implying the importance of bacterial
sulfate reduction for biodegradation of contaminants (53).
Natural attenuation processes including anaerobic microbial
degradation of organic contaminants (54—56) could become
increasingly important in karst systems with matrix porosity
for protecting these groundwater reservoirs as future drinking
water resources. The occurrence of nitrate in karst ground-
waters with high mean transit times and evidence that BSR
had occurred indicate that the limiting factor for biodeg-
radation is probably the separation of electron donor and
acceptor in a strong heterogeneous aquifer including matrix
diffusion effects.
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